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This textbook was necessitated by the
broadening recognition of cytokine storm
syndromes (CSS) and their import and
impact on health worldwide. We dedicate this
to the clinicians and scientists who explore
CSS and to the patients and their families
who allow us to learn how best to diagnose
and treat CSS. We also would like to dedicate
this work to our families who supported us
during the process of preparing this textbook.

Foreword

The coeditors of the textbook Doctors Cron and Behrens have bravely embarked on
the ambitious course of bringing together a group of international experts to dissect
the current knowledge of cytokine storm syndrome (CSS) underlying both the primary (p) and secondary (s) haemophagocytic lymphohistiocytosis (HLH). The
resulting state-of-the-art chapters cover the historic background, clinical and laboratory features, criteria for diagnosis, and current classification (Part I), pathophysiology (genetics, immunology, and murine models—Parts II, III, VII, respectively),
different potential triggers (infections, rheumatic, various others—Parts IV, V, VI,
respectively), and current treatment options (Part VIII).
Raising awareness of the CSS within the wide physician community is one of the
textbook editors’ major goals. The term ‘cytokine storm’ refers to an activation
cascade of auto-amplifying cytokine production due to unregulated host immune
response to different triggers, resulting in clinical presentation of a desperately ill
patient with unremitting fever, hepatosplenomegaly, progressive liver failure with
coagulopathy, cytopenias, hyperferritinemia, and often central nervous system
(CNS) involvement. If this constellation of clinical features is not recognised and if
adequate treatment is not promptly instituted, progression to multiple organ failure
vii
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(MOF) and eventual death is inevitable. Infections are the earliest recognised and by
far the most common cause; other triggers include malignancy; rheumatic (autoimmune and autoinflammatory) disorders—where the process is termed macrophage
activation syndrome (MAS)—as well as iatrogenic insults such as graft-versus-host
disease (GvHD) in the course of haematopoietic stem cell transplantation (HSCT);
and administration of different immunotherapeutic agents (e.g. monoclonal antibodies, chimeric antigen receptor (CAR) T cells, etc.).
Since the initial reports in the early 1990s of ‘cytokine release syndrome’ [1]
and/or ‘cytokine storm syndrome’ [2] and the discovery of a number of underlying genetic mutations affecting primarily T and natural killer (NK) lymphocyte
cytotoxicity in young children with rare hereditary diseases of immune dysregulation, the familial (primary) haemophagocytic lymphohistiocytosis (pHLH) [3],
the understanding of the underlying pathogenesis continues [4]. It is well documented that other mechanisms besides failure of lymphocyte cytotoxicity, classical for pHLH-
associated gene mutations, can lead to hyperinflammation,
including primary macrophage activation (by accumulation of metabolites, constitutive activation, or dysregulation of inflammasomes), impaired control of
common viruses (by impaired lymphocyte signalling, development, or function),
defects in interferon signalling, or impaired autophagy [5]. Nevertheless, all
patients lacking pHLH-associated gene mutations are still classified as sHLH,
even those with proven genetic predisposition, such as an increasing number of
other primary (genetic) immunodeficiency disorders (PID) (e.g. severe combined
and combined immunodeficiency (SCID and CID, respectively), chronic granulomatous disease (CGD), autoimmune lymphoproliferative syndrome (ALPS),
etc.) and certain hereditary metabolic disorders (e.g. lysosomal acid lipase deficiency, lysinuric protein intolerance). Moreover, the genetic predisposition to
sHLH has been supported by an animal model implying that select combined
variants in pHLH-associated genes (e.g. mutational burden) may be clinically
relevant and by reports of variations of pHLH-associated gene mutations (e.g.
biallelic hypomorphic mutations, mono-allelic or digenic mutations in genes
affecting lymphocyte cytotoxicity) found in patients with underlying rheumatic
disorders and malignancy, with or without MAS [6]. However, recent report of
whole-exome sequencing (WES) study of a large patient group did not support a
digenic model of susceptibility for HLH as the majority of such variants were
present in general population. Nevertheless, the study pointed to the association
between HLH and genetic variants in a group of dysregulated immune activation
or proliferation (DIAP) genes, most of yet unknown significance but including
significant associations for mono-allelic and biallelic variants in some of the
inflammasome genes (e.g. NLRC4 and NLRP12, and NLRP4, NLRC3, and
NLRP13, respectively) [7].
The precise genetic diagnosis is primarily of major clinical importance as that
information, alongside the progress in understanding the nature of the initiation
and progression of the systemic (hyper)inflammatory process characterising CSS,
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enables clinical intervention relevant to and specific for individual patients, further paving the way towards precision medicine era [8]. This knowledge is already
in practice, influencing important clinical decisions regarding appropriate treatments, such as targeting different and specific non- or malfunctioning pathways
(e.g. failure of T- and NK-cell cytotoxicity, uncontrolled macrophage activation,
overproduction of an array of different cytokines including interferon-gamma
(IFN-γ), interleukin (IL)-1, IL-6, IL-18, tumour necrosis factor (TNF) [5]) and
identifying the potential novel targets [9], as well as the role of allogeneic HSCT
[10]. The multidisciplinary team (MDT) approach to the complex clinical management is paramount [11], both for recognising the underlying cause and for
deciding about the most appropriate and specific treatment as demonstrated by
our recent experience with a 2-year-old patient who initially presented to the
haematology team with acute EBV-related liver and bone marrow failure and
CNS involvement but failed to respond to HLH-2004 protocol. During the
2-month-long dramatic clinical course in paediatric intensive care unit, the diagnosis was confirmed as X-linked lymphoproliferative syndrome type 1 (XLP1),
and in spite of escalating treatment regimen with an arsenal of classic (prolonged
HLH-2004 protocol, anti-T-lymphocyte globulin (ATG)) and newly (at the time)
emerging therapies (including rituximab, alemtuzumab, infliximab, and
anakinra—the high-dose ‘Cron regimen’), the immunology team only achieved
transient and incomplete remission of the HLH process. However, and most
importantly, this offered the window of opportunity for a curative allogeneic
HSCT using a reduced-intensity conditioning regimen with alemtuzumab, treosulfan, and fludarabine [12].
As several overlapping themes are reviewed by the different authors, certain
degree of repetition was inevitable. However, many topics, for example, the one on
historic background, experienced and presented by the authors who ‘lived through
the journey’ only enrich the reader’s insight into the prolonged process, lasting over
decades, to firstly recognise and subsequently define HLH as a new disease entity
and to understand the underlying cytokine storm as ‘a co-morbidity of another concurrent immunologic disease process’ (Cron RQ and Behrens EM, Preface). No surprise that I reflected on my first experience with this devastating disease: back in the
early 1980s with a trainee in Belgrade, former Yugoslavia, I looked after a dramatically sick young girl with very active systemic juvenile idiopathic arthritis (sJIA)
who developed florid Epstein-Barr virus (EBV) infection—not that I knew at the
time, of course, but only realised decades later that she was dying from macrophage
activation syndrome!
Paradoxically, some of the challenges looming on the horizon may be directly
induced by the unprecedented progress presented in this book. The precise genetic
diagnosis [3, 13] may precipitate the ‘information storm’, and finding the right way
out may not be easy. What is the actual clinical diagnosis of a complex phenotype
including HLH features caused by multiple gene mutations defining different clinical entities [14]? What is the best management plan for asymptomatic children with
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underlying HLH confirmed by gene mutation (e.g. healthy siblings of a patient)
[15]? The progress nevertheless continues, both in understanding the pathogenesis
[3–5, 16] and in approaching the management [8, 11, 12] of CSS, irrespective of the
numerous possible underlying causes.
Mario Abinun mario.abinun@ncl.ac.uk
Department of Paediatric Immunology, Great North Children’s Hospital
Newcastle Upon Tyne Hospitals NHS Foundation Trust
Newcastle upon Tyne, UK
Primary Immunodeficiency Group, Institute of Cellular Medicine
Newcastle University
Newcastle upon Tyne, UK
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Preface

‘The beginning of knowledge is the discovery of something we do not understand’.
– Frank Herbert

Cytokine storm syndromes (CSS) are some of the scariest clinical scenarios for
clinicians, patients, and their families. Many patients with CSS are in multi-organ
system failure requiring intensive care, and mortality can be quite high. First and
foremost, however, is the recognition of the CSS. The earlier the recognition of CSS
and the earlier the treatment, the better the outcome. Unfortunately, CSS is frequently
not recognized at all or until late in the process when therapy is less effective.
There are many aetiologies for poor recognition of CSS. Many clinicians, particularly of older generations, have never even heard of CSS. It was first described
in the medical literature in 1952, with only 3 publications on the topic in the 1950s,
1 in the 1960s, and less than 20 in the 1970s. Thus, CSS is a relatively recently
described phenomenon with over 6000 PubMed citations in a relatively short time
frame (Fig. 1). Moreover, as it has been described by many different investigators in
unique fields of study, CSS has many largely overlapping differently named entities.
CSS, also referred to as cytokine release syndrome, is the systemic expression of a
vast array of inflammatory mediators that impact the body as a whole. CSS is associated with hemophagocytic syndromes, including hemophagocytic lymphohistiocytosis (HLH). HLH is often divided into primary, or familial, and secondary, or
acquired or reactive, forms of HLH. The genetic distinction between familial
(fHLH) and secondary HLH (sHLH), however, is being blurred by the recognition
in sHLH patients of contributory heterozygous mutations in genes also responsible
for fHLH when they are present as homozygous or compound heterozygous mutations. Moreover, sHLH can result from infectious, oncologic, and rheumatic triggers, where it is termed macrophage activation syndrome (MAS). Thus, the current
CSS nomenclature is partly responsible for its poor clinical recognition.
Another important clinical concept is that CSS is not a diagnosis of exclusion.
Rather, it is often a co-morbidity of another concurrent immunologic disease process. Although a trigger of CSS is sometimes never identified, CSS is often the
result of an underlying inflammatory disease with or without a recognized trigger
xiii
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Fig. 1 Citations of CSS/MAS/HLH by year. PUBMED publication numbers (Y axis) reported by
calendar year (X axis) by searching, “cytokine storm syndrome OR macrophage activation syndrome
OR hemophagocytic lymphohistiocytosis OR haemophagocytic lymphohistiocytosis”

(often infectious). Thus, one can have bacterial sepsis and CSS on top of the infection. Similarly, a child with systemic juvenile idiopathic arthritis (sJIA) can have a
severe flare of disease activity with or without associated CSS (MAS). This is also
true of leukaemia or lymphoma, for which a subset of patients will have coincident
CSS. In addition to diagnoses with a propensity to develop CSS (e.g. sJIA, T-cell
leukaemia), various infections, particularly herpes virus family members such as
EBV, are common triggers in these settings. Indeed, otherwise healthy individuals
may also develop CSS after infection. Therefore, the astute clinician must be alert
to the possibility of CSS in a variety of clinical scenarios, particularly in those
strikingly ill febrile individuals.
Recently, attempts have been made to provide clinicians with diagnostic and
classification criteria for CSS. HLH criteria are the most well-known, but the revitalized 2004 HLH criteria, while excellent for diagnosing fHLH, are often too
restrictive and untimely for many of the CSS presenting as sHLH. In response, criteria have been proposed for recognizing CSS among some of the more commonly
associated disorders, such as sJIA and systemic lupus erythematosus. While these
criteria perform better than the 2004 HLH criteria in diagnosing CSS (MAS), they
are specific to each disease for which they were generated and studied/validated. To
overcome this lack of broad utility, the HScore was developed to recognize CSS
associated with any form of sHLH. These criteria, while potentially broadly applicable, are rather cumbersome. Perhaps, simpler but less specific approaches, such as
prolonged fever and hyperferritinemia, will serve as better screens with maximal
sensitivity followed by additional testing which may then be employed to confirm
the diagnosis following the initial suggestive findings.
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CSS involve a broad array of clinicians, from emergency room doctors to intensivists, both paediatric and adult, to many in between. CSS, such as HLH, are often
under the auspices of haemato-oncologists and bone marrow transplant physicians,
particularly those cases associated with cancer, as well as those requiring bone
marrow transplantation (familial HLH). Similarly, rheumatologists often care for
those afflicted by secondary HLH CSS. Paediatric rheumatologists frequently treat
MAS in children with sJIA, systemic lupus erythematosus (SLE), and Kawasaki
disease, whereas adult rheumatologists recognize MAS in SLE, adult Still disease,
and other forms of chronic arthritis. As infection, particularly herpes virus family
members, often triggers CSS, infectious disease experts need to be aware of their
role in identifying infectious agents and treating the underlying infection. Other
subspecialists may also run across CSS in their patient populations, including neonatologists (fHLH), immunologists (immunodeficiencies), gastroenterologists
(inflammatory bowel disease), cardiovascular surgeons (CSS associated with cardiac bypass circuit), geneticists (certain metabolic disorders), and others. Thus,
educating physicians as a whole to the existence, diagnostic tools, and therapies
available for CSS is critical.
Similarly, a broad array of research scientists, from immunologists to geneticists
to cell biologists to pathologists to haematologists, all have and continue to contribute to a broader understanding of CSS pathogenesis. The works in murine models
and human cells have often mirrored each other’s findings. Much of the work has
centred around genetic defects in the perforin-mediated cytolytic pathway employed
by cytolytic CD8 T lymphocytes and natural killer cells in infants with fHLH
(Fig. 2). The recognition of heterozygous defects in fHLH genes in many sHLH
patients has expanded the potential roles of these mutations acting in dominant-
negative or hypomorphic fashions to contribute to CSS. In addition, whole genome
sequencing is also identifying mutations in non-exonic regulatory regions of fHLH
genes in CSS patients. As the immune system has evolved not only to fight infection
but also to regulate overexpansion of lymphocytes, defects in cytolysis of antigen-
presenting cells (APC) can result in prolonged engagement between the cytolytic
lymphocyte and the APC, resulting in a pro-inflammatory CSS. However, it would
be a disservice and dangerous to assume that defective cytolysis is the only explanation for CSS physiology. Innovative, new work has demonstrated that beyond the
perforin-mediated cytolytic pathway defects, there are other mechanisms which can
result in similar cytokine storms (e.g. inflammasomopathies, autoinflammatory diseases), resulting in the end-common pathway of CSS. Many of these processes
result in increased expression of common pro-inflammatory cytokines [e.g. interleukin-1 (IL-1), interferon-gamma (IFN-γ), IL-6, tumour necrosis factor (TNF),
IL-18] that have been implicated in various aspects of the CSS and the resulting
organ system failure that ensues.
As the cytokine storm itself appears to be responsible for much of the pathology
in fHLH, sHLH (including MAS), and other forms of CSS, treatment aimed at
dampening the pro-inflammatory cytokine storm is crucial for improving patient
survival. Depending on the underlying illness, associated infections, genetic burden, and severity of the CSS, a variety of therapeutic approaches have evolved.
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Fig. 2 Model of HLH pathogenesis. Depicted is a schematic summarizing some of the major
mechanisms thought to lead to IFNγ production during HLH. Antigen presenting cells display
peptide/MHC I complexes to the T-cell receptor of a CD8+ cytotoxic T lymphocyte. This results in
a signal to produce and secrete IFNγ as well as a signal to activate the release of perforin and
granzyme B. Release of perforin and granzyme B requires the coordination of a number of gene
products to successfully accomplish sorting of these proteins to the correct vesicle, polarization of
these vesicles to the immune synapse, docking of the vesicle with the plasma membrane, and priming and fusion of the vesicle. Loss of function of any of the genes required for this process (listed
in italics underneath each function) results in the inability of perforin to reach the antigen presenting cell. Perforin normally would form a pore in the antigen presenting cell, allowing granzyme B
to reach the cytoplasm and induce apoptosis, killing the cell and thereby eliminating further antigen presentation, stimulation of the CD8+ cytotoxic lymphocyte, and continued IFNγ production.
In the absence of functional perforin capability, this does not happen and unchecked IFNγ production leads to disease manifestations. Increasingly, non-perforin related activities are being recognized as critical for this process as well, including the IL-1 family members IL-1β, IL-18, and
IL-33. Genetic constitutive activation of the NLRC4 inflammasome leads to overproduction of
IL-1β and IL-18, with IL-18 in particular leading to the secretion of IFNγ. IL-1β in other circumstances, such as Systemic Juvenile Idiopathic Arthritis, has been noted to be potentially part of
disease progression. IL-33 has recently been established as being required in addition to T cell
receptor signaling for the production of pathogenic IFNγ in HLH

Broadly, immunosuppressive approaches aimed at dampening the immune system
and/or preparing for bone more transplant have been employed. These include chemotherapeutic agents, such as etoposide, lymphocyte targeting (e.g. cyclosporine),
and high-dose corticosteroids. These therapies often deplete the immune system
functionally and in numbers and, thus, increase the risk of secondary infections.
Recently, the advent of biologic agents which target cytokines has led to alternative
approaches to broadly immunosuppressive therapy. IL-1 blockade has proved useful in many sHLH patients, particularly those with sJIA, and IL-6 inhibition has
proven valuable in cytokine release syndrome triggered by CAR-T cell therapy for
refractory leukaemia. Clinical trials are currently exploring approaches to treat CSS
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by blocking IL-1, IL-18, or IFN-γ. As infections agents are frequent triggers of
CSS, treatment of any underlying infection is also critical to help abate the CSS. This
therapy may include antibiotics, antivirals, B-cell depletion of EBV-infected cells,
and intravenous immunoglobulin. A host of other approaches, including plasmapheresis, T-cell depleting agents, and downstream inhibitors of cytokines (e.g. JAK
inhibitors), are also being explored in treating CSS. The information in this textbook is designed to provide the reader with the fundamental basic and applied clinical science that represents the current state of the art in treating the various
populations that develop CSS. We hope that with continued advancement, the not
too distant future will entail not just these general principles but a truly personalized
medicine approach to treat CSS. We look forward to the possibility of future editions of this work that will be able to outline all of the wonderful new advancements
we believe are sure to come with the continued dedication of the physicians and
scientists working on these issues.
Birmingham, AL, USA  Randy Q. Cron
Philadelphia, PA, USA   Edward M. Behrens
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Part I

Background

History of Hemophagocytic
Lymphohistiocytosis
Gritta E. Janka

First Descriptions
Hemophagocytic lymphohistiocytosis (HLH) is a severe cytokine storm syndrome
(CSS) which was described in its primary, familial form (pHLH) in 1952 by
Farquhar and Claireaux as “haemophagocytic reticulosis” [1]. Interestingly, hemophagocytosis, which gave HLH its name was not present during life in the two siblings but was found at autopsy only. Nevertheless, until not long ago
hemophagocytosis was considered a sine qua non for the diagnosis of HLH.
Thirteen years earlier a clinical picture typical for HLH (fever, hepatosplenomegaly, cytopenias, and widespread histiocytic infiltration on autopsy) had been
described in adults by Scott and Robb-Smith under the term “histiocytic medullary
reticulosis” (HMR) [2]. Eight of these cases were later reviewed with more refined
histological techniques. Five patients were found to have had malignant lymphomas; four were of T cell origin [3]. Lymphomas are now a well-known cause for
secondary HLH (sHLH).
Another form of sHLH associated with viral infections (virus-associated hemophagocytic syndrome [VAHS]) was described in 1979 by Risdall and coworkers [4].
Interestingly, their cohort not only included adults under immunosuppression but
also some children who may have had primary (familial) HLH (pHLH). Subsequent
reports by other investigators linked sHLH to various infectious agents, including
bacteria, protozoa, and fungi, though viruses, especially herpes viruses remain the
most common trigger. The majority of Epstein–Barr virus-associated cases of HLH
have been reported from Asia. The reason for this susceptibility remains mysterious
to date.
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Risdall et al. emphasized that the histological picture in sHLH is distinct from
malignant histiocytosis. Not all authors agreed, and the first case of sHLH due to
Leishmania was published under the title “Systemic Leishmaniasis Mimicking
Malignant Histiocytosis” [5]. Until the 1980s, malignant histiocytosis was considered a true histiocytic malignancy. Nearly all cases could later be reclassified as
neoplasm of lymphoid origin, now called large-cell anaplastic lymphoma.
Since then, the list of conditions predisposing to the development of HLH has
expanded, including metabolic diseases, other rare inborn immune defects, acquired
immune deficiencies such as AIDS, and iatrogenic immunosuppression. The HLH-
like picture in autoinflammatory/autoimmune diseases is usually called macrophage
activation syndrome (MAS), a special subset of sHLH. pHLH is a rare disease with
an estimated incidence of 1:50,000 live births [6]. Secondary forms are far more
frequent. Between the first description of pHLH in 1952 and the turn of the century,
PubMed lists only about 200 publications on HLH. Since then this syndrome has
rapidly gained increased attention resulting in about 4600 additional publications of
which more than 75% appeared in the last 10 years.

First Personal Experience
My first encounter with HLH was in the 1970s with four children of one family,
three of whom died in early infancy [7]. The parents and an older sibling were
healthy. The babies had unexplained high fever, hepatosplenomegaly, and cytopenias, the characteristic triad of HLH. The first child went from a cellular marrow to
bone marrow aplasia after weeks of uncontrolled fever; lacking a better alternative
at that time the final diagnosis was aplastic anemia. When the second child developed the same symptoms it became evident that this must be an inherited disease.
Abundant histiocytes in the bone marrow and a liver biopsy prompted a search in
the huge medical index called Index Medicus—a painstaking effort at a time when
Internet research was far away. The search led to the publication by Farquhar and
Claireaux. Since in their second patient a temporary remission was obtained with
adrenocorticotropic hormone, our patient was treated with prednisolone. However,
only some minor and transient improvement was achieved. When the third baby
showed the same symptoms the family refused treatment but had the generosity to
allow diagnostic procedures including a bone marrow aspirate and spinal tap, the
latter showing a lymphocytic pleocytosis and increased protein level—my first
encounter with central nervous system (CNS)-HLH. Unfortunately, no material was
stored; thus, one can only speculate as to the type of genetic defect in this family.
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Terminology
Various terms for pHLH were initially used such as familial reticulosis, lymphohistiocytic reticulosis, familial erythrophagocytic lymphohistiocytosis, familial histiocytosis, generalized lymphohistiocytic infiltration and others. After the first review
on pHLH in 1983, which included 121 cases from the literature and 6 of my own
cases [8], the term hemophagocytic lymphohistiocytosis was adopted by most
authors. There has been some recent discussion whether to use a different name for
HLH which takes into account that HLH is a severe hyperinflammatory syndrome
and that lymphocytes (T cells) are not an absolute necessity for the syndrome to
develop. However, as yet no consensus has been reached. sHLH is often called macrophage activation syndrome (MAS), especially in internal medicine. Pediatricians
agree to reserve the term MAS for HLH in autoinflammatory/autoimmune
diseases.

 irst HLH Symposium and Foundation of the FHL Study
F
Group
Initially, there were only few pediatricians and pathologists who were interested in
HLH. Through a colleague who had worked in Paris, I gained access to a doctoral
thesis on pHLH (“histiocytose familiale”) from Alain Fischer’s group in which
eight cases were described. Parts of it were later published [9]. The pathologist’s
description was presented by Christian Nezelof from Paris and Julio Goldberg, a
visiting pathologist from Argentina. [10]. Another group led by Jan-Inge Henter in
Stockholm had started to thoroughly investigate all Swedish cases. A third group,
represented by Maurizio Aricó and Roberto Burgio, who also had a general interest
in histiocytosis, finally organized a first international workshop on HLH in Pavia in
1988. One year later, the FLH (pHLH) Study Group was founded as a part of the
international Histiocyte Society which had existed since 1985. FHL Study Group
founding members were Maurizio Aricó, Göran Elinder, Blaise Favara, Jan-Inge
Henter, Gritta Janka, Diane Komp, Christian Nezelof, and Jon Pritchard; at the HLH
protocol meeting in 1994, several additional members joined.
In 1991, the FHL Study Group presented the first diagnostic guidelines for HLH
[11]. The suggested diagnostic criteria consisted of five clinical and laboratory
items which were easy to ascertain and which gained wide acceptance.

6

G. E. Janka

State of Knowledge Before Study HLH-94
When the first international HLH study started in 1994, the knowledge about HLH
was still quite limited. It was evident that there were familial (genetic) and secondary forms; the latter due to infections or malignancies. However, the distinction
between pHLH and infection-associated HLH was not possible when the family
history was blank, since children with pHLH were found to have viral infections as
well [8, 12]. Involvement of the central nervous system (CNS) was recognized as a
serious complication; the common appearance on autopsy was that of “leptomeningitis,” but parenchymal lesions were described as well [13]. With long-term survival, cognitive and psychosocial sequelae due to CNS involvement have now
become a major concern in children with HLH [14]. CNS-HLH is still poorly
understood, and treatment options are limited [15].
Although high levels of cytokines and soluble interleukin-2 receptor alpha chain
[16–18] suggested uncontrolled activity of macrophages and lymphocytes, the etiology and pathogenesis of HLH remained elusive for a long time. Various, but
inconsistent, immunological abnormalities were reported initially. The general
assumption that HLH must be an immunodeficiency was finally confirmed by a
profound deficit in natural killer (NK) cell activity [19]. Impaired NK cell activity
had already previously been described in two immune deficiencies with partial albinism, namely, Griscelli syndrome (GS-2) and Chédiak–Higashi syndrome (CHS).
GS-2 and CHS are frequently complicated by HLH and are now counted among the
primary forms of HLH.
Study HLH-1994 could fall back only on limited experience regarding therapy of
HLH. Various measures had been tried, such as splenectomy, exchange transfusions, corticosteroids, and cytotoxic drugs, but the prognosis of pHLH was dismal;
only four children with prolonged survival had been reported in the first review [8].
A promising agent seemed to be the epipodophyllotoxin derivate, etoposide (VP-
16), which produced longer remissions but could not prevent reactivations, including CNS relapses [20]. The efficacy of VP-16 combined with steroids and CNS
directed therapy could be confirmed by other groups [7, 21]. Treatment with chemotherapy or immunotherapy, however, was only able to reverse disease activity for
some period but was not curative in familial cases. Thus, it was a big step forward
when the first patient receiving a hematopoietic stem cell transplant (HSCT) from
his HLA-identical sibling remained free of disease without therapy [22].
There was another promising approach from a single institution with anti-
thymocyte globulin (ATG), corticosteroids, and cyclosporin A [23] which, however,
was not considered for the large international study due to less general experience
with ATG and inferior availability.
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HLH-94 Study
Between July 1994 and December 2003, study HLH-1994 recruited 249 patients
fulfilling inclusion criteria from 25 countries. The protocol included an initial intensive therapy with dexamethasone and etoposide for 8 weeks. Dexamethasone was
chosen due to its better penetration into the cerebrospinal fluid (CSF). Intrathecal
methotrexate therapy was recommended for patients with progressive neurological
symptoms and/or persisting CSF abnormalities. For patients with familial, persistent, or relapsing disease, continuation therapy, with cyclosporin A and periodic
etoposide and dexamethasone pulses until HSCT, was recommended. Interim
results were published in 2002 [24]. In the final report at 6.2-years median followup, probability of survival was 54% [25]. This was a very gratifying result, although
at least about 20% of the patients must have had non familial disease, as evident
from reactivation-free survival in 49 children without HSCT. Death was due to poor
response to treatment within the first 8 weeks, reactivations before HSCT (median
time to HSCT 6.1 months), and complications after HSCT, mostly due to the toxicity of myeloablative conditioning.
The second international study, HLH-2004, was based on the HLH-94 protocol
with only few changes: Cyclosporin A was added up front, and intrathecal therapy
was supplemented by corticosteroids. The revised diagnostic criteria also included
impaired natural killer cell activity, a hallmark of the disease, hyperferritinemia, and
increased levels of soluble interleukin-2 receptor alpha chain [26]. The results of
study HLH-2004 have recently been published, reporting a 62% 5-year probability
of survival [27].

Advances in Understanding HLH
Genetics
The description of the first genetic defect in pHLH [28] revolutionized our understanding of the pathogenesis of HLH. Previously, linkage analysis in a Pakistani
family had revealed a putative disease gene on chromosome 9 [29]; thus, pHLH due
to mutations in the Perforin (PRF1) gene was called FHL-2. Perforin, a component
of cytolytic granules in cytotoxic cells is critical for the access of proteolytic
enzymes to the target cell to initiate apoptotic death. Perforin is released into the
immunological synapse between effector and target cell by cytolytic granules which
traffic to the contact site, dock, and fuse with the plasma membrane. Notably, the
cytotoxic effector response not only targets infected cells but also antigen-presenting
cells (APCs). Elimination of APCs is an important negative feedback for the immune
response. The identification of perforin deficiency as cause of pHLH showed the
importance of this protein for controlling and terminating the immune response.
The failure to contract the immune response in patients with pHLH explains the
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persistently high cytokine levels which are responsible for the symptomatology.
Later, another critical role for perforin, which is immune surveillance, became evident from temperature-sensitive missense mutations where residual protein activity
was present. These mutations were associated with late-onset pHLH and the occurrence of lymphomas or leukemia [30].
Within the next 10 years, three additional genetic defects for pHLH were
described; all were found to also impair granule-dependent cytotoxic function. The
genes are UNC13D (FHL-3) [31], Syntaxin11 (FHL-4) [32], and STXBP2 (FHL-5)
[33, 34]. In addition, mutations in Griscelli syndrome (RAB27A) and Chédiak–
Higashi syndrome (LYST) were found to also affect the cytolytic granule pathway of
cytotoxic cells, and present as pHLH. Another rare disorder of lysosomal trafficking, Hermansky–Pudlak syndrome type 2 (HPS2), has only a low risk of developing
HLH. Additionally, X-linked lymphoproliferative (XLP) disease types 1 and 2 were
noted to have a high risk for developing HLH, particularly in the setting of EBV
infection. Despite the fact that the XLP mutations do not affect the cytolytic pathway, they are now counted among the primary forms of HLH.
Disease onset and severity in primary forms of HLH are highly variable, depending on the gene involved and the type of mutation, determining complete or only
partial loss of protein structure and function. When age at onset was taken as a surrogate marker for disease severity in patients with predicted severe protein impairment, FHL-2 patients had the earliest onset followed by GS-2, FHL-4, and CHS
[35]. In FHL-5, patients with missense or splice-site mutations differ markedly in
age of onset and presence of diarrhea, an atypical newly described symptom [36].
There are still a small number of patients with absent degranulation, indicative for
biallelic mutations in the cytolytic pathway, but no mutation in the known genes.
Classical cases of pHLH are either autosomal recessive with biallelic mutations
(FHL2–5, GS, CHS, and HPS) or hemizygous as in XLP-1 and XLP-2. Digenic
inheritance with mutations within PRF1 and a degranulation gene or within two
genes of the degranulation pathway has also been described [37]. Reports on heterozygous mutations in patients with HLH have appeared with increasing frequency.
They were found to have only reduced but not completely absent perforin expression or degranulation [38]. This suggests that these patients either have other
unknown genetic factors outside the cytolytic pathway or environmental factors
contributing to the development of HLH. It has to be emphasized that parents or
heterozygous siblings of patients with pHLH typically do not show signs of
HLH. Heterozygous carriers are accepted as donors for HSCT.

Mouse Models
Mouse models, created for pHLH and sHLH, have largely contributed to our understanding of how the genetic defects could be responsible for the aberrant immune
response in HLH. Studies in perforin-deficient mice, infected with LCMV, have
shown that activated CD8 T cells and interferon-γ (IFNγ) production play a central

History of Hemophagocytic Lymphohistiocytosis

9

role in the pathogenesis of HLH. HLH could be prevented by neutralization of IFNγ
[39]. This was confirmed also for Rab27a deficient mice [40]. In the PRF1 deficiency mouse model, the therapeutic effect of etoposide involved deletion of activated T cells [41]. Polyclonal T cells are activated in both pHLH and sHLH [42],
and INFγ is increased [16, 17]. However, the pathogenesis of HLH does not always
involve T cells; patients with severe combined immunodeficiency and T cells <1000/
μL can develop HLH, as well [43]. Activation of T cells as a prerequisite for HLH
was also not required in a mouse model with a normal genetic background where
repeated toll-like receptor 9 stimulation produced an HLH-like picture [44]. Innate
immune stimulation may be an important pathway to develop HLH in patients without a cytotoxic defect.
A recent study in mouse and human cytotoxic cells demonstrated that failed target cell killing, leading to a prolonged synapse time, greatly amplifies cytokine
secretion by NK cells and cytotoxic lymphocytes. Of note, blocking caspase in the
target cell, important for the extrinsic pathway of apoptosis, phenocopied perforin
deficiency regarding prolonged synapse time. This could be an explanation for
sHLH in viral infections and malignancies since virus-infected or transformed cells
often have defects in their apoptotic machinery [45].
The clinical and laboratory symptoms of HLH can all be explained by hypercytokinemia and organ infiltration by activated lymphocytes and histiocytes [46].
Macrophages secrete plasminogen, which is cleaved into plasmin, mediating fibrinolysis. A recent investigation in a murine model showed plasmin to be also an
important regulator for the influx of inflammatory cells and the production of
inflammatory cytokines leading to HLH [47].

Advances in HLH in Adults
Although the first cases of HLH had been described in adults [2], it took a long time
until HLH received adequate interest in internal medicine. HLH was commonly
regarded as are rare pediatric syndrome, and HLH patients outside of pediatric centers have been at high risk of not being diagnosed. Only recently, case reports and
larger case series [48] of HLH in adults have been published with greater frequency.
The recognition that mutations in HLH-relevant genes are also found in adults in a
substantial number of patients [49] has further increased interest. Nevertheless, in
most countries, a network of experts, as is present in pediatrics, is missing, although
there is even a registry in one country (www.hlh-registry.org). Thus, HLH in adults
is still very likely underdiagnosed.
The majority of HLH cases in adults are secondary to infections and malignancies; a smaller number is due to autoimmune diseases [48]. The true incidence of
genetic cases is not known; mutations in these patients allow for residual protein
expression and hence partially preserved cytotoxic function. There are no separate
diagnostic criteria for HLH in adults. Usually the HLH-2004 criteria [26] or a
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recently developed score, the HScore [50], is used. Treatment of HLH in adults is
challenging since older patients have a diminished hematopoietic reserve and may
have comorbidities which limit treatment intensity. Lymphomas, often occult, have
to be ruled out vigorously before treatment. Recommendations for the management
of HLH in adults have been published [51].

Advances in Diagnostics
Diagnosis of HLH is based on a set of diagnostic and laboratory parameters; no
single parameter, including hemophagocytosis, is sufficiently specific for HLH.
pHLH and sHLH cannot be distinguished by these parameters, including NK cell
activity. Differentiation between genetic and secondary forms, however, is crucial
for early organization of a stem cell transplant. In 2012, a joint collaboration
between five European countries showed that degranulation assays, a measure
quantifying lytic granule exocytosis, were a reliable tool to identify patients with
mutations in the cytolytic pathway [52]. In combination with intracellular measurement of perforin, SAP (XLP-1), and XIAP (XLP-2), also obtained by flow cytometry, this approach can give guidance whether a genetic analysis should be performed
and a transplant should be prepared. A diagnostic algorithm how to proceed in
patients with HLH has been proposed [53]. Recently, perforin and degranulation
testing were shown to be superior to measurement of NK cell function for screening
patients for genetic HLH [54]. Unfortunately, these assays have been established in
larger HLH centers only and require rapid transport of material. Additionally,
repeated testing may be necessary with equivocal results. In the future, with increasingly more rapid and less costly genetic testing, these functional assays may eventually be replaced by mutation analysis although functional testing will remain
important as our knowledge of the entire genetic landscape of HLH remains incomplete. Moreover, a blurring of the distinction between pHLH and sHLH has been
noted for patients with complete [55] or partial dominant-negative [56] heterozygous mutations in known HLH-associated genes.

Developments in Therapy
Stem Cell Transplantation
Like in other immunodeficiencies, HSCT is the only curative treatment for pHLH. In
the absence of a suitable related or unrelated donor, haploidentical transplantation
or cord blood HSCT constitute alternatives [57]. Post-transplant mortality after
myeloablative conditioning (MAC) was high with a survival probability of only
49–64% in larger studies [58]. Liver (mainly veno-occlusive disease) and lung
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problems were leading causes of death. It was important to learn that sustained
remissions could be achieved in all patients with a donor chimerism ≥20% [59]. In
line with this, in the PRF1 mouse model either a mixed hematopoietic or CD8 T cell
chimerism of ~10–20% was sufficient for reestablishment of immune regulation
[60]. The introduction of reduced-intensity conditioning was a big step forward;
more than 80% of patients with pHLH can now be expected to survive HSCT [58,
61]. An increased incidence of mixed chimerism can be seen after RIC conditioning. In a large retrospective study from 23 bone marrow transplant centers, the protective effect of >20% donor cells against late reactivations could be confirmed.
Interestingly, there were five patients living reactivation-free for 1.1–10 years
(median 5.1) with ≤10% donor cells [62].
Whereas in XLP-2, HSCT should be reserved for patients with severe disease,
there is a general indication for HSCT in patients with XLP-1, even before first
exposure to EBV [57]. These patients not only have life-threatening EBV-associated
HLH but also progressive hypogammaglobulinemia, and the risk of developing
lymphomas.
Although HSCT should be reserved for patients with pHLH, there are some
patients with EBV-associated HLH who may need a transplant. In a survey from
Japan, fourteen pediatric patients with sHLH due to EBV were collected who failed
HLH-2004 therapy and underwent HSCT [63]. Since such transplants were also
successful with autologous stem cells, cells from an identical twin, and with graft
failure, resetting of the adaptive immune response was suggested as mechanism for
success, rather than replacement of a genetically defective immune system [63].

New Therapies
Etoposide-based treatment can currently be regarded as the standard of care for
HLH. Two studies conducted in North America and Europe evaluated the combination of ATG, dexamethasone, and etoposide. The studies have been closed; results
are not published yet. A French study is currently evaluating the role of the monoclonal anti-CD52-antibody alemtuzumab as first line treatment. Another promising
approach is therapy with an anti-IFNγ antibody, which is currently tested in a phase
II/III study. Recently, two groups used several mouse models to show that ruxolitinib, a Janus kinase inhibitor was not only successful in preventing [64] but also in
treating manifest HLH [65]. As yet there are only two case reports in humans [66,
67]. A review on salvage therapy of HLH identified alemtuzumab as the only drug
with data in a larger number of patients. A partial response was achieved in 14 of 22
patients [68]. Plasma exchange, a very old method, has received renewed interest
[69]. It may still be of value, especially when therapy with etoposide is not possible
due to renal failure. An interesting approach is cytokine absorption which has been
successfully applied in some adult patients with HLH [70]. Specific targeting of
pro-inflammatory cytokines, including IL-1, IL-6, and tumor necrosis factor is also
being explored as therapy for CSS [71, 72].
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Open Questions And Outlook
Our knowledge of HLH has increased rapidly within the last 20 years. However, our
understanding is still incomplete, and many questions remain. Just to name a few:
What other genes in the degranulation pathway are involved? What activates the T
cells in children with pHLH where no readily identifiable infectious organism is
found? What are the pathogenetic mechanisms of sHLH? Why do some genetic
defects have a higher likelihood of CNS-HLH? Is there a place for drugs with good
penetration into brain tissue such as thiotepa in refractory CNS disease? Why do
some patients respond so poorly to frontline chemoimmunotherapy? Can efficacy
and toxicity of frontline therapy be improved with the newer drugs? What compensatory mechanisms prevent recurring HLH in some patients with graft failure?
Which patients in the ICU with severe hyperinflammation, fulfilling HLH criteria,
could profit from immunosuppressive therapy?
HLH is no longer a disease of marginal existence but is increasingly being recognized as an important and dangerous syndrome. New drugs as supplement or
substitution in initial therapy will hopefully improve response rates and long-term
results. Gene therapy is presently being explored in animal models of HLH but will
take time until introduction into the human setting.
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The History of Macrophage Activation
Syndrome in Autoimmune Diseases
Earl D. Silverman

The aim of this chapter is to present an overview of the history of macrophage activation syndrome (MAS) or secondary hemophagocytic lymphohistiocytosis (HLH).
In 1952, Farquhar et al. first described a familial disease that was clinically characterized by fever, hepatosplenomegaly, skin rash, lymphadenopathy, and central
nervous system (CNS) involvement. Laboratory investigation showed a pancytopenia, a low ESR, abnormal liver function tests (LFTs), an abnormal prothrombin time
(PT), and an abnormal cerebral spinal fluid examination (CSF) [1]. They termed this
syndrome familial hemophagocytic reticulosis (FHR). The term was later changed
to familial hemophagocytic lymphohistiocytosis (FHLH) and then just hemophagocytic lymphohistiocytosis (HLH). In 1997, the HLH Study Group defined primary
HLH and secondary HLH. Both illnesses were characterized by activation of the
mononuclear phagocytic system. Secondary HLH included virus-associated hemophagocytotic syndrome (VAHS) [now called infection-associated hemophagocytic
syndrome (IAHS)], malignancy-associated hemophagocytic syndrome (MAHS),
and HLH following prolonged intravenous nutrition, including administration of
soluble lipids (fat overload syndrome). There was no mention of rheumatic diseases
as a cause of secondary HLH [2]. HLH criteria were further updated in 2004, and
these are the criteria that are currently used [3].

Secondary HLH
In 1939, Scott et al. described four patients with HLH and reviewed five patients
found in the literature. These patients were described as having “atypical Hodgkin’s
disease.” The patients had the following clinical features in common: fever, wasting,
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generalized lymphadenopathy, and hepatosplenomegaly with jaundice and purpura.
Laboratory investigations showed anemia, thrombocytopenia and marked leukopenia. Post-mortem examination revealed hyperplasia of histiocytes throughout the
lymphoreticular tissue, and, importantly, there was evidence of profound erythrophagocytosis by histiocytes. The cellular proliferation with active phagocytosis was
most prominent in the medullary portion of node, spleen, and periportal areas of
liver. The authors therefore termed this syndrome histiocytic medullary reticulosis
(HMR) [4]. Even as late as 1973, a large review of histiocytic disorders still referred
to HMR as a malignancy and felt it was a ‘well differentiated form of reticulum cell
sarcoma’ [5]. It was not until 1979 that Risdall et al. introduced the term viral-
associated hemophagocytic syndrome (VAHS) to differentiate HMR from malignant histiocytic disorders. It should be noted however, that 5 out of 19 patients
described did not have a documented, or any evidence of, infection at the time of
diagnosis of VAHS [6]. Despite this and other publications, even as late as in 1984
HMR was still occasionally called a malignant disorder, although the term “reactive” was beginning to gain usage [7]. It soon became recognized that his syndrome
was associated with multiple hematologic malignancies as well as viruses (reviewed
in [8]). However, the term macrophage activation syndrome (MAS) was not coined
until 1993.

MAS in Rheumatic Diseases
Difficulty in Diagnosis of MAS in Rheumatic Diseases
The term MAS appears to be used only when secondary HLH is associated with an
autoimmune disease and has led to confusion in terminology and diagnosis.
Furthermore, it can be difficult to be sure of the diagnosis of secondary HLH in
autoimmune diseases (MAS) as a result of the great overlap of the clinical and laboratory features between HLH and the underlying autoimmune disease. This is likely
because activation of the immune system, including macrophages, is characteristic
of autoimmune disease while the diagnostic criteria for HLH were based on the differentiation of this disease entity from other diseases of histiocytes rather than from
patients with chronic activation of the immune system as seen in autoimmune diseases. Therefore, absolute levels of many of the diagnostic features may not be
relevant in patients with autoimmune diseases. Furthermore, the criteria have not
been validated in either pediatric or adult cases of MAS [9]. This was first recognized in patients with systemic juvenile idiopathic arthritis (sJIA) [10] but also
applies to patients with other autoimmune diseases including systemic lupus erythematosus (SLE) which is frequently associated with levels of both soluble interleukin-2 receptor (sIL-2R) and ferritin (both part of the diagnostic criteria of HLH)
within levels in the diagnostic criteria of HLH, while fibrinogen is often not below
HLH diagnostic levels. The latter observation is likely the result of the elevation of
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baseline fibrinogen levels, as it is an acute phase reactant. Similarly, triglycerides
maybe elevated in patients on corticosteroids. By contrast, elevated liver function
tests (LFTs), generalized lymphadenopathy, hypoproteinemia, hyponatremia, and
decreased HDL in MAS are frequently seen although only considered supportive of
the diagnosis of HLH according to 2004 criteria [3].

MAS in Juvenile Idiopathic Arthritis (JIA)
The first use of the term “activated macrophages” in patients with what we now
refer to as sJIA was in 1985 by Hadchouel et al. [11]. They described seven patients
who developed sudden onset of fever with altered level of consciousness bleeding
and hepatosplenomegaly. Laboratory investigations showed a fall in fibrinogen,
hemoglobin, white blood cell count, platelets, and ESR with increased fibrin split
products, and LFTs. In three patients, it was following a second injection of gold
(vide infra), while in the other 4 there was either evidence of a recent infection, non-
steroid anti-inflammatory drug (NSAID) use, or no known cause. Liver biopsy
showed evidence of diffuse Kupffer cell hyperplasia. Many of the Kupffer cells
contained ceroid or lipofuscin pigments but were without evidence of “excessive
phagocytosis” and no erythrophagocytosis. Bone marrow examination in two
patients showed large macrophages with phagocytosed material but no erythrophagocytosis. They concluded that the main histological feature was macrophage activation and hypothesized that these activated macrophages secreted enzymes that
lead to the clinical picture. The first published paper which used the term macrophage activation syndrome in its title was in 1993 [12]. This paper described four
patients with childhood-onset rheumatic diseases who clinically had fever, hepatosplenomegaly, pancytopenia, low ESR, abnormal LFTs, and hypofibrinogenemia.
Bone marrow aspiration showed active hemophagocytosis. In two patients, there
was evidence of high levels circulating cytokines. In 1994, it was then proposed that
activated macrophages can lead to this syndrome, including the low fibrinogen and
increased fibrin degradation products commonly seen in these patients [13].
Although these papers referred to the above defined MAS as a disease entity,
previous publications described patients with sJIA who had this clinical syndrome.
However, the authors used different names to describe the clinical and laboratory
findings in these patients. It is likely that the first report was in 1971. This paper
described seven patients with abnormal LFTs accompanied by a fall in ESR, platelets, hemoglobin, and/or white blood cell (WBC) count. Many of the patients had
a new-onset macular rash which was different from the rash of sJIA and/or
increased adenopathy, and/or hepatosplenomegaly. It is likely that at least some of
these patients had MAS. In one patient each, the clinical syndrome was present a)
shortly following diagnosis; b) following second injection of gold; and c) with
concomitant EBV infection [14]. The next reports were not until 1983 when two
papers appeared that described patients with sJIA who developed a picture of disseminated intravascular coagulation (DIC)/consumptive coagulopathy [15, 16].
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Silverman et al. described seven patients with sJIA who had a fall in hemoglobin,
platelet count, fibrinogen, and ESR with elevated LFTs, PT, and/or PTT, and fibrin
split products. In two patients, this clinical picture occurred following the second
injection of gold salts, while in the other five it was either at presentation or during
a time of disease flare. In two patients, this syndrome recurred [16]. The other
paper, by De Vere-Tyndall et al., described two patients with sJIA who developed
a fall in hemoglobin, platelet count, ESR, with elevation of PT/PTT, fibrin degradation products, and evidence of active bleeding. In one patient, it followed a third
injection of gold and in the other following an infection [15]. A paper from 1985
reported a patient with sJIA who developed what appears to be MAS during an
episode of chickenpox. A bone marrow aspiration was reported as showing histiocytic medullary reticulosis (hemophagocytosis). The final diagnosis was VAHS
[17]. In the same year, a patient with sJIA developed the clinical syndrome of
MAS during a Coxsackie infection. Bone marrow aspiration showed hemophagocytosis, and the patient was reported to have histiocytic medullary reticulosis [8].
sJIA is now the most commonly cited cause of MAS and classification criteria
have been proposed [18], although systemic lupus erythematosus (SLE) in MAS
may account for more patients in total (see below).
Although MAS in patients with JIA is most commonly seen in patients with
sJIA, it has also been described in other JIA subtypes [19].

MAS in Systemic Lupus Erythematosus (SLE)
Despite the recognition of MAS as early as 1985 in sJIA and in adult-onset Still
disease (AOSD), it was until 1991 that the first recognized case of MAS in patients
with SLE was described in the literature [20]. However, in 1979, Risdall et al.
described a case of virus-associated MAS in a patient with SLE [6]. The reason for
this late recognition in SLE is likely for two reasons: (1) As described above, there
are many overlapping clinical and laboratory features of SLE and MAS; and (2)
Unlike sJIA patients, SLE is known to have a significant mortality even at presentation. However, since then, there have many cases series and large cohorts of patients
with both childhood-onset SLE (cSLE) and adult-onset SLE (aSLE) [21].
In adults, SLE is the most common rheumatic disease leading to MAS, and most
reviews report that SLE is responsible for the majority of cases of MAS in adult rheumatic diseases (described below). The incidence of MAS in aSLE has been reported
to be between 0.9 and 4.6% [22]. A report from France in 2017 reported 89 patients
with aSLE and MAS [23]. A review of the literature of MAS in patients with rheumatic disease showed that the most common reported cause was sJIA with SLE second. However, similar to what is seen in aSLE, in our hospital, we see more cases of
MAS secondary to SLE than sJIA (unpublished data), although others have reported
that MAS occurs more frequently in sJIA than cSLE [24]. In childhood, MAS has
been associated with Kikuchi’s disease with and without associated SLE [25].
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MAS in Kawasaki Disease (KD)
The first reported case in the literature of MAS secondary to KD appeared in a
1995 article that described a 32-month-old boy from Japan who developed HPS
during KD that was resistant to treatment. It is interesting to note that this patient
had elevated interferon-gamma (IFN-γ) levels at the time of MAS but not earlier
during the course of his KD [26]. A systematic review of MAS in KD, as of
September 2016, reviewed 67 cases of MAS in the literature, and two reported new
cases. The first four case reports suggested that MAS occurred late following the
diagnosis of KD (range 20–24 days after onset first symptom) and following failure
of IVIG treatment (2–5 courses). The systemic review demonstrated that in KD,
MAS either preceded (6%) or was simultaneous with KD presentation (21%). The
initial observation that MAS in KD tended to be in older children was confirmed in
a systemic review, as 34/69 KD patients were >5 years old [27]. Similar to what has
been described in other causes of MAS, mild MAS may be seen in KD, and, in fact,
Choi suggested that all patients with refractory KD should be considered to have
‘occult’ MAS [28]. A systematic review of MAS in rheumatic disease patients in
2012 reported that in 6% of patients MAS was associated with KD [29]. Conversely,
MAS occured in 1.9–4.7% of KD patients [30, 31]. In 2016, it was suggested that
HLH criteria may not be a good indicator of MAS in KD and suggested the possibility of testing the MAS using sJIA 2016 MAS criteria [32].

MAS in Adult Rheumatic Diseases
The first patient with adult rheumatoid arthritis (RA) with MAS was described in
1977 [33]. Interestingly, although the authors concluded it was HMR presenting
as RA, the patient had a 4-year history of joint pains, but at the time of presentation the patient developed pancytopenia, a fall in ESR, hepatosplenomegaly, and
generalized lymphadenopathy, and died. Postmortem examination of lymph
nodes, liver, and spleen revealed histiocytic infiltrate with marked erythrophagocytosis. By 2007, 11 cases secondary to RA had been reported in the Japanese
literature [34]. A review of 30 cases of MAS in adults showed that it occurred in
order of frequency: SLE—18 cases, ASOD—3 cases, and 2 cases each in patients
with RA, polymyositis/dermatomyositis (PM/DM), systemic sclerosis (SSc), and
Sjögren syndrome (SS), and one case in a patient with vasculitis [35]. MAS has
also been reported in adults with polyarteritis nodosa, mixed connective tissue
disease, pulmonary sarcoidosis, Goodpasture disease, Behcet disease, granulomatosis with polyangiitis, and ankylosing spondylitis [29, 36–38]. It has been proposed that the EULAR/ACR/PRINTO classification criteria for MAS can be used
in AOSD [39].
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Therapy of MAS
As MAS was first recognized in rheumatic diseases in sJIA, the initial treatment
was dictated by the treatment of sJIA and included steroid, high dose oral or pulse,
and IVIG. If this failed, then treatment was either initiated with HLH 1994 (mostly
etoposide) or cyclosporine alone [40, 41]. By the early 2000s, the drug of choice for
patients who failed steroid and IVIG therapy was cyclosporine [42], although other
authors reported success with anti-TNF agents [43]. Calcineurin inhibitors (cyclosporine or tacrolimus) remain alternatives in patients who fail or are dependent on
high doses steroids and IVIG. A key to the use of a calcineurin inhibitor is likely its
earlier introduction. In the mid-2000s, other therapies included the use of anti-
thymocyte globulin [44, 45] or monoclonal anti-CD25 antibodies [46, 47], but these
therapies are not routinely used. Currently, many investigators suggest that IL-1
inhibition, in particular, anakinra, with its short half-life, is the drug of choice when
a calcineurin inhibitor does not control the MAS or is contra-indicated [48–51].
However, the doses of anakinra that are required to control MAS may exceed the
standard daily dose, and more frequent dosing may be required [51, 52]. There is at
least a theoretical word of caution for the use of IL-1 inhibition in SLE patients with
MAS as blocking the IL-1-TNF (Th1 pathway) may lead to production of Th2
cytokines which have been implicated in the pathogenesis of SLE. This issue
remains to be resolved.
In resistant cases, treatment with the HLH-2004 protocol should be considered.
Hematologists who treat patients with HLH are frequently involved in the treatment
of patients with MAS. They tend to advocate the use of dexamethasone rather than
prednisone and the early use of the HLH-2004 protocol for steroid/IVIG failures.
The rationale for the use of dexamethasone over prednisone is that dexamethasone
penetrates the CSF better than prednisone and patients with HLH frequently have
CNS involvement. Certainly, when CNS involvement is seen in patients with MAS
then dexamethasone should be used but its routine use in MAS is not as clear. There
have not been any studies that compare prednisone to dexamethasone in MAS. The
use of the HLH-2004 protocol and, in particular, the use of etoposide is frequently
advocated by hematologists and resisted by rheumatologist because of its significant immunosuppressive properties and the potential for the development of malignancy [3]. Patients treated with etoposide are at high risk for sepsis, including
invasive infection with opportunistic organisms leading to death. However, severe
unresponsive MAS also leads to death. The current protocol at our institution is the
use of IVIG and high dose prednisone, including pulse methylprednisolone, with
the early introduction of a calcineurin inhibitor. If response is unsatisfactory, then
the rapid introduction of anakinra is advocated with escalating doses and decreasing
time between doses to get a rapid response to avoid the requirement for life-support.
The requirement for admission to an intensive care unit is associated with a poor
prognosis, and all attempts should be made to prevent this, including the consideration of the use of the HLH-2004 protocol.
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Newer, more specific therapies directed against other cytokines may available in
the future. A mouse model of MAS showed there was a significant upregulation of
the interferon-gamma (IFN-γ) pathway. Mice were treated with an anti-IFN-γ antibody showed a significant improvement in survival which was associated with a
significantly decreased level of circulating chemokines, CXCL9 and CXCL10, and
downstream pro-inflammatory cytokines [53]. In patients with active MAS and
other secondary for types of HLH, levels of IFN-γ and of IFN-γ-induced chemokines were markedly elevated during times of active MAS. Furthermore, in patients
with sJIA and active MAS, these levels were higher than in patients with active sJIA
without MAS [54].
A second cytokine, interleukin-18 (IL-18), which is upstream of IFN-γ, may also
be important in the pathogenesis of MAS, and blocking its action may be another
potential therapeutic target. As early as 2001, elevated levels of IL-18 were found in
patients with active AOSD [55]. A mutation in the NLRC4 gene leads to infantile
enterocolitis and recurrent MAS, which is associated with increased production of
IL-18, and treatment with recombinant IL-18 binding protein (IL-18BP) was associated with resolution of MAS [56, 57]. Furthermore, it was shown that very high
serum IL-18 levels were associated with the development MAS in patients with
sJIA [58]. In the CpG-treated IL-18BP(−/−) mouse model of MAS, levels of IFN-γ
and IFN-γ -associated chemokines were significantly increased as compared to
wild-type mice, and the use of IL-18BP decreased the severity of both MAS and the
IFN-γ response [59].

Animal Models
Animal models can be useful to suggest important pathogenic mechanism of human
disease and to test potential therapies. I will briefly review the history of animal of
HLH and MAS.
In 2004, Jordan et al. developed a murine model of HLH by infecting a perforin-
deficient (pfp−/−) mouse strain with lymphocytic choriomeningitic virus (LCMV).
These mice had multiple clinical and histologic features of HLH. There was evidence of activated CD68+ macrophages and elevated levels of both IFN-γ and, to a
lesser extent, IL-18. Depletion experiments showed that CD8+ T cells secreting
IFN-γ were required for the development of the HLH-like syndrome and death [60].
This model was used to demonstrate that perforin is required for the functioning of
a reciprocal interaction between CD8+ T cells and dendritic cells, whereby antigen-
primed DCS activate T cells, while primed CD8+ T cells suppress DC function (T
cell activation) [61]. An animal model of familial HLH type4 (FHL4) has also been
developed in a Stx11-deficient mouse. This model was used to show the importance
of T-cell exhaustion as an important factor for determination of disease severity in
HLH [62]. The generation of doubly or triply heterozygous for mutations in HLH-
associated genes (perforin, Rab27a, and syntaxin-11) demonstrated that the accumulation of multiple monoallelic mutations increased the risk of developing HLH [63].
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The results of this study suggest that double heterozygotes for HLH genes may
develop HLH.
The development of animal models for secondary HLH or MAS has been less
successful. Models using either repeated stimulation of TLR9 or chronic typhoid
fever have been less helpful in gaining insights in HLH/MAS [64, 65]. However, the
mouse model using repeated stimulation of TLR9 was used to show the importance
of tissue levels of IFN-γ, and that CXCL9 and CXCL10 blood levels were important, and that neutralization of tissue IFN-γ correlated with CXCL9 and CXCL10
blood level normalization [66]. A CMV model of secondary HLH developed only a
mild phenotype, and depletion of CD8+ T cells could not inhibit or cure the HLH-
like syndrome [67]. More promising was the development of EBV-associated
hemophagocytic lymphohistiocytosis (EBV-HLH) in a human CD34+ cell-
transplanted humanized mouse model [68].
In two different murine models of HLH, JAK1/2 inhibitor or anti-IFN-γ antibody
treatment prevented full-blown HLH when given after the development of disease
[69, 70]. In the CMV-prf−/− model, treatment with IL-18 binding protein (BP)
decreased hemophagocytosis and reversed liver as well as spleen damage and cytokine production by CD8+ T and NK cells [71]. Although these results are encouraging, there have not been clinical trials of these treatments undertaken in MAS.

Genetics
The history of the genetics of HLH began as early as 1999 [72]. Subsequently, autosomal recessive defects in PRF1, UNC13D, STX11, and STXBP2 genes were
shown to be responsible for types 2, 3, 4, and 5 types of primary or familial HLH
(FHL). These four genes are important in perforin-mediated lymphocyte cytotoxicity. Similarly, autosomal recessive mutations in RAB27A and LYST genes were
shown to lead to secondary HLH seen in Griscelli syndrome type 2 (GS2) and
Chédiak–Higashi syndrome (CHS). Patients with X-linked lymphoproliferative disease and mutations in SH2D1A or XIAP will frequently present with secondary
HLH that is often triggered by Epstein–Barr virus (EBV) infection (reviewed [73]).
Monogenic mutations leading to macrophage activation and autoinflammatory disease have been associated with MAS. One example is a defect in the NLRC4 inflammasome that leads to an early onset systemic inflammatory disease with MAS [74].
MAS had been seen in multiple auto-inflammatory diseases, including cryopyrin-
associated periodic syndrome, mevalonate kinase deficiency, familial Mediterranean
fever, and tumor necrosis factor receptor-associated periodic syndrome [75].
Testing of FHL-associated genes in patients with sJIA has shown that there is an
increased frequency of heterozygous, but not homozygous, mutations patients with
a history of MAS as compared to those without a history of MAS [76–79]. These
mutations were associated with decreased perforin gene expression and/or function
[79]. Similarly a heterozygous mutation in the perforin gene was found in a patient
with adult RA who died of MAS [73].
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The recognition and understanding of MAS pathophysiology has come a long
way in the last several decades. New diagnostic criteria and the availability of agents
targeting inflammatory cytokines should help survival of patients with rheumatic
diseases who go on to develop MAS. The future is looking more encouraging for
these patients, in terms of preventing fatal outcomes.
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Clinical Features of Cytokine Storm
Syndrome
Masaki Shimizu

Introduction
Cytokine storm syndrome (CSS) is a severe life-threating condition characterized
by a clinical phenotype of overwhelming systemic inflammation, hyperferritinemia,
hemodynamic instability, and multiple organ failure (MOF), and if it is untreated, it
can potentially lead to death. The hallmark of CSS is an uncontrolled and dysfunctional immune response involving the continual activation and expansion of lymphocytes and macrophages, which secrete large amounts of cytokines, causing a
cytokine storm. Many clinical features of CSS can be explained by the effects of
proinflammatory cytokines, such as interferon (IFN)-γ, tumor necrosis factor (TNF),
interleukin (IL)-1, IL-6, and IL-18 [1–7]. These cytokines are elevated in most
patients with CSS, as well as in animal models of CSS [8, 9]. A constellation of
symptoms, signs, and laboratory abnormalities occurs that depends on the severity
of the syndrome, the underlying predisposing conditions, and the triggering agent.
Various infectious and noninfectious diseases have a causal relationship with
CSS. Hemophagocytic lymphohistiocytosis (HLH) is a representative hyperinflammatory disease characterized by uncontrolled cytokine storm. HLH is classified as
either primary (pHLH) or secondary HLH (sHLH) based on their etiology and
pathogenesis. pHLH is an autosomal recessive, monogenic disorder caused by loss-
of-function mutations in genes involved in the cytotoxic function of natural killer
cells and CD8+ T lymphocytes. sHLH is a similar clinical syndrome but lacks a
known genetic basis. sHLH occurs in the context of an underlying immunological
condition, including malignancy, infection, or autoimmune or autoinflammatory
disease. sHLH associated with autoimmune or autoinflammatory disease is called
macrophage activation syndrome (MAS).
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CSS is a life-threatening disease; therefore, a timely and prompt diagnosis is
essential to initiate life-saving treatment. Early recognition of the syndrome is
essential for the selection of an appropriate therapeutic intervention in a timely fashion. Therefore, CSS should be considered in patients with unexplained and atypical
symptoms suggesting MOF.

Clinical Manifestations in CSS
pHLH frequently occurs in patients aged <4 years, whereas sHLH may present in
older patients. However, both pHLH and sHLH may present at any age. The common clinical features of CSS are sustained fever, splenomegaly, hepatomegaly with
liver dysfunction, lymphadenopathy, coagulopathy, cytopenia, skin rash, and variable neurologic symptoms. The initial symptoms of CSS are nonspecific, with either
acute or subacute (1–4 weeks) clinical presentation. CSS can affect all organ systems. Table 1 shows the clinical features indicating a diagnosis of CSS. Many of
these features are seen in patients with severe systemic sepsis, pHLH, and sHLH as
phenotypes of hyperinflammatory reactions. The clinical features of CSS may be
difficult to distinguish from those of the underlying diseases and may vary from
disease to disease (Table 2) [10–18]. Awareness of the disease associations and
highly suspecting CSS in patients with some of the clinical features are critical to
the diagnosis of CSS. Each feature alone is nonspecific; however, the combination
of clinical signs and symptoms and laboratory abnormalities, their severity, and
changes over time facilitates correct diagnosis.
Sustained fever is a cardinal feature of CSS, which is usually high-grade
(>38.5 °C), prolonged, and unresponsive to anti-infective treatment. For example, in
patients with systemic juvenile idiopathic arthritis (s-JIA)-associated MAS, the type
of fever changes from daily spiking fever to continuous unremitting fever once
MAS develops. Rapid weight loss may also occur.
As a manifestation of macrophage and T-lymphocyte proliferation and activation
in the reticuloendothelial system, peripheral lymphadenopathy is seen in 17–51.4%
of patients and is not always evident on physical exam [10–18]. Splenomegaly is
seen in 27.2–98% of patients [10–18]. Reported hepatomegaly is also quite variable, ranging from 18.8% to 94% of patients [10–18]. Hepatosplenomegaly is usually progressive and is accompanied with severe liver dysfunction. Liver involvement
may manifest as jaundice and portal hypertension. The elevation of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) levels, which is almost
always observed in patients with CSS, does not only reflect hepatic injury but also
represents systemic tissue damage induced by cytokines, such as TNF. AST levels
are usually higher than alanine aminotransferase levels. Creatinine kinase levels are
also often elevated in patients with CSS as a result of the tissue damage. In addition,
hypoalbuminemia, hyponatremia, and high direct bilirubin level are often observed
in association with tissue edema caused by capillary leakage.
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Table 1 Clinical and laboratory features of cytokine storm syndrome
System
General

Hematological

Skin

Respiratory
Cardiac
Renal
Gastrointestinal

Clinical manifestations Laboratory findings
Fever
Elevated C reactive protein
Fall in erythrocyte sedimentation rate
Elevated soluble interleukin 2 receptor
Petechiae
Leukopenia
Purpura
Anemia
Ecchymoses
Thrombocytopenia
Epistaxis
Hemophagocytosis in bone marrow aspiration
Lymphadenopathy
Hyperferritinemia
Rash
Erythroderma
Edema
Acute respiratory distress
Pulmonary infiltrates

Hematemesis
Rectal bleeding
Hepatomegaly
Splenomegaly

Central nervous system Altered mental state
Seizures
Encephalopathy
Coma

Acute kidney injury
Transaminitis
Elevated bilirubin
Hypoalbuminemia
Elevated ammonia
Elevated triglycerides
Pleiocytosis in cerebrospinal fluid

Table 2 Comparison of clinical features in each cytokine storm syndrome
Clinical features
Fever
Hepatomegaly
Splenomegaly
Lymphadenopathy
CNS involvement
Hemophagocytosis in the bone marrow
References

FHL
91%
94%
98%
17%
47–73%
85%
[10–12]

s-JIA MAS
96.1%
70.0%
57.9%
51.4%
35.0%
60.7%
[13]

SLE MAS
96.9–100%
18.80%
27.2–56.3%
31.30%
36.90%
60.7–100%
[14, 15]

EBVHLH
100%
87.8%
64.3%
50.0%
18.4%
92.7%
[16]

Cytopenia likely results from multiple causes. Some have implicated depression
of hematopoiesis and others hemophagocytosis in the bone marrow as mechanisms,
but none have truly been established as the cause of cytopenia. Most all patients
with CSS have anemia, which is usually non-regenerative. Serum chemistry findings may suggest hemolysis, with hyperbilirubinemia and elevated LDH level.
Thrombocytopenia is almost consistently present, occurs early in the course of CSS,
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and is usually profound. Leukopenia is less common, less severe, and occurs later in
the course of the disease. In some reports, three of every four patients with CSS
have pancytopenia and all have bicytopenia [8, 19].
Hemophagocytosis in bone marrow aspirate is a hallmark of HLH/
MAS. Hemophagocytosis may not be observed in the initial stage of HLH/MAS
and may evolve subsequently. However, hemophagocytes are not essential in the
diagnosis of HLH/MAS and can be seen in patients with juvenile arthritis without
overt MAS [20]. In addition, hemophagocytes are commonly found in a wide variety of CSS, including sepsis, and following bone marrow transplant [21, 22]. Thus,
hemophagocytosis is not pathognomonic for CSS, being neither highly sensitive nor
specific for the diagnosis.
Coagulopathy with elevated fibrin degradation products and d-dimer are often
observed even in the absence of overt disseminated intravascular coagulation (DIC),
indicating subclinical endothelial dysfunction. In patients with CSS, disruption of
the homeostasis of endothelial function by angiopoietin-1 and -2 has been reported
[23, 24]. High levels of plasminogen activator secreted by macrophages stimulate
plasmin and cause hyperfibrinolysis [25]. Consequently, plasma fibrinogen levels
decrease. Hypofibrinogenemia is present at diagnosis in approximately two-thirds
of the patients [26]. Fibrinogen as an acute phase protein is usually increased in
febrile illness. Therefore, a fibrinogen level below the normal range in a child with
fever for several days may indicate CSS. A falling erythrocyte sedimentation rate
(ESR), as a result of decreasing fibrinogen from consumption, in the setting of a
rising C-reactive protein is common in CSS. Some have even suggested that the
ratio of ferritin divided by the ESR can be used to identify MAS/CSS [27]. In addition, consumption of complement proteins can be seen in MAS/CSS [28]. DIC is a
very important predictor of MOF development and when this occurs, it is associated
with high mortality [29–32].
Many other organs may also be involved. Skin manifestations are seen in
approximately 20–65% of the patients and are commonly in the form of transient
maculopapular, nodular, or purpuric lesions [33]. Cases of erythroderma in patients
with CSS have also been described [34]. Pulmonary involvement is frequent (in
approximately 40% of the patients), and symptoms can include cough, dyspnea,
and respiratory failure [35], especially in cases triggered by respiratory viruses.
Pulmonary infiltrates are found in 20–30% of the patients [36]. Gastrointestinal
symptoms are found in approximately 20% of the patients. Symptoms can include
diarrhea, nausea, vomiting, and abdominal pain, with specific presentations including gastrointestinal hemorrhage and ulcerative bowel disease [35]. Acute pancreatitis can be also complicated because of severe hypertriglyceridemia. Cardiac
involvement occurs less frequently. A case of an infant with HLH with severe transient left ventricular pseudohypertrophy, likely caused by interstitial edema followed by increased vascular permeability, has been reported [37]. Furthermore, a
patient with Epstein–Barr virus (EBV)-associated HLH complicated with myocarditis and coronary artery aneurysm has also been reported [38]. Renal dysfunction
including acute kidney injury (AKI) as a part of multiple organ dysfunction,
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nephrotic syndrome, and mild proteinuria has been reported in patients with HLH
[39–42]. The most frequent renal manifestation is AKI. Aulagnon et al. reported
that AKI occurred in 62% of patients with HLH [39]. Six-month survival of patients
with AKI was lower (37%) compared with 56% in those without AKI. Most
patients showed stage 2 or 3 AKI, and dialysis was required in 59% of them [39].
AKI was due to acute tubular necrosis (49%), hypoperfusion (46%), tumor lysis
(29%), or glomerulopathy (17%). Nephrotic syndrome (NS) was also present.
Approximately 32% of surviving patients had chronic kidney disease.
Glomerulopathy and NS complicating HLH result from primary podocyte pathology. It has been reported that the underlying lesions proven by kidney biopsy were
collapsing focal segmental glomerulosclerosis, minimal change disease, and
thrombotic microangiopathy [40, 41]. Renal failure during CSS is usually a later
finding, reflective of multiorgan failure.
Central nervous system (CNS) symptoms including coma, seizures, meningitis,
encephalopathy, ataxia, hemiplegia, cranial nerve palsies, mental status changes, or
simply irritability are commonly reported in patients with CSS [12, 35, 43]. These
neurologic abnormalities are seen in up to 70% of patients at the time of diagnosis
[12]. In severe cases, mechanical ventilation is required because of alterations in
consciousness. Pleocytosis, increased protein, or both in the cerebrospinal fluid are
observed in more than 50% of the patients [43]. On neurologic imaging studies,
enhancing nodular parenchymal lesions, leptomeningeal enhancement, demyelinization, delayed myelination, parenchymal calcification, and atrophy have been
reported and suggested to correlate with clinical symptoms [44]. Cases of patients
with isolated CNS symptoms without accompanying systemic findings, which is
known as cerebral HLH, have been reported [45, 46]. However, it is often challenging to recognize cytokine storm in these patients. In addition, therapy may contribute
to posterior reversible encephalopathy syndrome in a subset of CSS patients [47].
The clinical presentation of CSS is different in neonates compared with those in
older patients [48]. Fever is commonly absent; therefore, coagulopathy, hepatomegaly, and cytopenia should raise suspicion of CSS in neonates. A neonate with pHLH
presenting as isolated fulminant liver failure has also been reported [43]. In this case,
it may be difficult to distinguish CSS from neonatal hemochromatosis, although
patients with neonatal hemochromatosis do not usually have fever, cytopenia, and
hypertriglyceridemia.
Taken together, CSS constitutes a medical emergency at any age. Because of the
nonspecific nature of its clinical presentation, this disease is often overlooked. The
clinical findings in overt CSS are dramatic. Patients become acutely ill with persistent fever, mental status changes, splenomegaly, lymphadenopathy, hepatomegaly
with liver dysfunction, easy bruising, mucosal bleeding, etc. These symptoms are
closely related to precipitous fall in blood cell lines. Therefore, clinicians must
highly suspect CSS in any patient with unexplained cytopenia and fever, so that
appropriate testing can be rapidly conducted. It is important for physicians to recognize that CSS is not a diagnosis of exclusion and can occur in multiple settings (e.g.,
autoimmunity, cancer, infection).
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 elationship Between Key Cytokines and Clinical Features
R
of CSS
Many features of CSS could potentially be explained by the known effects of proinflammatory cytokines, including IFN-γ, TNF, IL-1β, IL-6, IL-10, and IL-18 [1–7].
The relationship between these key cytokines and characteristic clinical features of
CSS are shown in Table 3. Fever and systemic illness is induced by IL-1β, IL-6,
IFN-γ, and TNF-α. Cytopenia results from both hemophagocytosis in the bone marrow and depression of hematopoiesis by IFN-γ, IL-1β, and TNF [49]. TNF and
IFN-γ production contributes to macrophage activation, resulting in hemophagocytosis. Coagulopathy is associated with fibrin deficiency due to liver dysfunction, and
DIC develops as a result of IFN-γ and TNF overproduction. Liver dysfunction
including cytolysis and cholestasis is frequently reported [6, 50]. IFN-γ can contribute to the development of cholestasis and also cause apoptosis and liver damage
[51]. IFN-γ elevation also leads to hypoalbuminemia [52]. AKI may be related to
Table 3 Relationship
between key cytokines and
clinical features of cytokine
storm syndrome

Key cytokines Clinical manifestations
IFN-γ
Fever
Depression of hematopoiesis
Hemophagocytosis
Macrophage activation
Disseminated intravascular coagulation
Hypoalbuminemia
TNF
Fever
Cachexia
Depression of hematopoiesis
Hypertriglyceridemia
Liver injury
Disseminated intravascular coagulation
Hypoalbuminemia
Hyperferritinemia
Neurological symptoms
IL-1β
Fever
Acute phase proteins
Depression of hematopoiesis
Hyperferritinemia
IL-6
Fever
Acute phase proteins
Anemia
Acute kidney Injury
NK cell dysfunction
IL-18
Liver injury
NK cell dysfunction
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excess nephrotoxic IL-6 [53]. Hypertriglyceridemia has been reported to be the
consequence of inhibition of lipoprotein lipase by TNF [54, 55]. Serum ferritin
elevation may be caused by IL-1β and TNF elevation [56]. Thus, proinflammatory
cytokines can disrupt homeostasis of many organ systems.
Immunologically, low or absent natural killer (NK) cell activity is a characteristic finding of HLH and is included as a criterion for its diagnosis [57]. Although the
exact mechanism is still unknown, hypercytokinemia might be closely associated
with NK cell dysfunction. IL-18 is a well-known stimulator of NK cell activity;
however, a previous report has shown that high IL-18 plasma levels were significantly correlated with low NK cell activity in patients with MAS [58]. In a previous
study, the response of NK cells to exogenous IL-18 was impaired in a patient, resulting from defective phosphorylation of the IL-18 receptor [59]. These findings indicate that continuous high IL-18 levels together with other cytokines, such as IL-6,
may induce over-activation or exhaustion of NK cells. Recently, IL-6 elevation has
been shown to lower NK cell function by lowering perforin and granzyme expression [60]. Reduced NK cell numbers and reduced cytotoxicity will lead to decreased
killing of activated immune cells, thereby worsening the symptoms of HLH/
MAS. Moreover, defective cytolytic activity results in prolonged engagement
between the lytic lymphocyte and the target cell, and subsequent increased cross
talk yielding elevated proinflammatory cytokines responsible for the CSS clinical
feature [61].
The clinical presentations of CSS, although broad, can be similar to the background disease process; therefore, they may be difficult to distinguish from those of
the underlying diseases. However, the cytokine release pattern may be different
among patients with different backgrounds. Nevertheless, the clinical characteristics may bear a close resemblance [62]. For example, serum IL-18 levels in patients
with s-JIA-associated MAS were significantly higher than those in patients with
EBV-HLH or Kawasaki disease (KD). Serum IL-6 levels in patients with KD were
higher than those in patients with EBV-HLH or s-JIA-associated MAS. Serum
neopterin levels in patients with EBV-HLH were higher than those in patients with
s-JIA-associated MAS or KD. Furthermore, a patient with systemic lupus
erythematosus-associated MAS showed TNF dominant pattern [63]. These findings
indicate that monitoring cytokine profile may be useful in differentiating backgrounds of patients with CSS. Future studies may also help identify broadly important elevated cytokines as biomarkers of disease in many associated forms of CSS.

Conclusion
The common clinical features of CSS are sustained fever, splenomegaly, hepatomegaly with liver dysfunction, lymphadenopathy, coagulopathy, cytopenia, skin
rash, and variable neurologic symptoms. The clinical presentations of CSS can
be similar to the underlying disease processes. Thus, CSS may be difficult to
distinguish from the underlying diseases. Awareness of, and high suspicion for,
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CSS in patients with some of the clinical features are critical to the diagnosis of
CSS. Each feature alone is nonspecific; however, the combination of clinical
signs and symptoms and laboratory abnormalities, their severity, and changes
over time facilitates correct diagnosis. Ultimately, monitoring the cytokine profile may be useful in differentiating the backgrounds of patients with CSS, as
well as tracking the disease course.
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Laboratory Features and Pathology
of the Cytokine Storm Syndromes
Flavia G. Rosado and Purva Gopal

The laboratory diagnosis of cytokine storm syndromes (CSS), that is, hemophagocytic lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS), is
often challenging. The laboratory features using routinely available tests lack specificity, while confirmatory testing is available in only few laboratories in the
USA. The disease mechanisms are still largely unclear, particularly in adults. In this
chapter, the pathogenesis of the CSS, its associated laboratory findings, and recommended diagnostic strategies are reviewed.

Pathogenesis
The pathogenesis of the cytokine storm syndromes (CSS) is better understood in the
primary (genetic, familial) types of this disease, in which there are known associated genetic mutations. The mechanisms associated with other types of CSS are
presumably similar, albeit less clearly defined [1]. It is based on an impaired function of cytotoxic T-lymphocytes and natural killer (NK) cells, resulting in an inability of the immune system to clear the original antigenic insult. The persistence of
this insult leads to a continued and uncontrolled release of cytokines, which manifests as the sepsis-like clinical picture characteristic of this disease [2].
In unaffected individuals, certain types of antigenic insults (e.g., intracellular
pathogens) activate the T-helper cell 1 (Th1)-type of inflammatory response, in
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which cell-mediated immunity predominates. This type of inflammatory response is
characterized by high levels of interferon γ (IFN-γ), tumor necrosis factor (TNF),
interleukin-18, interleukin-1, and interleukin-6. These cytokines are strong activators of macrophages, involved in phagocytosis, and T-cells and NK-cells, effector
cells containing cytotoxic granules. When T/NK-cells are activated through interactions with the target cells, their granules migrate and fuse with the cell membrane,
and the cytotoxic molecules are released in the microenvironment [3].
Granzymes and perforin are the two main types of cytotoxic molecules. Granzymes
are proteases that induce apoptosis by activating caspases that damage the membrane
permeability of mitochondria leading to cell death. Granzymes also directly cause
oxidative damage to intracellular pathogens [4]. Perforin is a protein that creates pores
on the target cell cytoplasmic membrane leading to lethal osmotic instability and the
delivery of granzyme B to trigger apoptosis of the target cell [5–8]. When this
sequence of events is successful, macrophages phagocytize the cellular debris, the
Table 1 Pathogenesis of cytokine storm syndromes
Disease
Familial HLH
FHL1

Mutation

Potential mechanism

Unknown

Potential locus on
chromosome 9q23
Deficiency of perforin
Impaired exocytosis
Impaired exocytosis
Impaired exocytosis

FHL2
PRF1
FHL3
UNC13-D
FHL4
STX11
FHL5
STXBP2
Primary immunodeficiency HLH
Chediak–Higashi LYST
Dysregulation lysosome
trafficking
Griscelli
Syndrome Type 2
XLP1
XLP2 (Duncan
Disease)
Secondary HLH
Infections
EBV, Herpes,
CMV
Malignancy
T/NK cell
lymphoma
Macrophage
activation
syndrome

RAB27A
SH2D1A
(SAP)
XIAP

Phenotype

HLH in childhood

Dysregulation lysosome
trafficking
Activation of T/NK cells

Oculocutaneous albinism,
immunodeficiency, HLH,
neurologic symptoms
Skin/hair hypopigmentation,
immunodeficiency, HLH
Immunodeficiency, HLH

Antiapoptotic protein

Susceptibility to EBV, EBV-HLH

T-cell function
suppression

T/NK cell dysfunction?

Deficient secretion of
perforin/inhibition of
SAP gene

XLP X-linked lymphoproliferative disorder, HLH hemophagocytic lymphohistiocytosis
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triggering agent is removed, and the stimulus to inflammation subsides [1]. In contrast, in individuals affected by the CSS, one of the steps above-described is defective,
and clearing of the insulting trigger is not successful. The inflammatory stimulus
persists, and the level of cytokines, particularly IFN-γ and TNF, rises uncontrolled [3].
The causes of T/NK cell dysfunction vary according to the type of CSS, as discussed
below and summarized in Table 1.

Primary Hemophagocytic Lymphohistiocytosis
Primary HLH encompasses familial HLH and HLH related to primary immunodeficiencies. In the majority of the primary forms of HLH, T-cell/NK-cell function is
impaired due to a mutation in genes involved in the release of cytotoxic granules. As
a result, there is either decreased production of cytotoxic granules contents or defective exocytosis of these granules [3].
Familial HLH (FHL) is a rare inherited autosomal recessive disease. They are
subtyped into FHL1–5, according to the gene mutated. FHL2 and FHL3 account for
the majority of the familial cases worldwide, while FHL4 and 5 occur more frequently in some ethnic groups in Turkey and Central Europe [9].
FHL1 is caused by a mutation in a yet unknown gene located on chromosome
9q21 [10]. FHL2 is caused by a mutation in the perforin gene PRF1 resulting in low
levels of perforin. FHL3 is caused by a mutation in the gene UNC13D (also known
as MUNC13-4) leading to an abnormal formation of microtubules and cytoskeleton
proteins and ineffective granule exocytosis [11, 12]. In FHL4 and FHL5, mutations
in genes STX11 and STXBP2 (also known as UNC18B, or UNC18-2), respectively,
cause defective granule exocytosis through a mechanism similar to that of FHL3
[13–15]. Despite significant progress in identifying the genes that cause familial
HLH, a number of patients presenting with primary HLH have no identifiable
genetic alteration [16].
The primary immunodeficiencies more frequently associated with HLH are the
rare Chediak–Higashi syndrome, Griscelli syndrome type 2, X-linked lymphoproliferative disorder type 1 and type 2 (known as Duncan disease). Other rare types of
primary immunodeficiency disease that have been reported in association with HLH
include Hermanksy–Pudlak syndrome type 2 and XMEN syndrome [17].
Chediak–Higashi syndrome is caused by a mutation in the LYST gene, which is
involved in the regulation of lysosome trafficking, including cytotoxic granule trafficking [9]. Impaired granule exocytosis in these patients affects not only T/NK cell
function but also exocytosis of melanosomes and vesicles in neurologic synapses. In
consequence, patients with this syndrome characteristically show oculocutaneous
albinism and signs of neurologic dysfunction, in addition to a strong predisposition
to HLH. In Griscelli syndrome type 2, a mutation in gene RAB27A also results in
defective lysosome trafficking. These patients also show cutaneous hypopigmentation and a characteristic silvery hair discoloration. In X-linked lymphoproliferative
disorder (XLP) type 1, HLH occurs due to a mutation in SH2D1A gene (also known
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as SAP gene), which is needed for normal activation of T and NK cells. In XLP type
2, or Duncan disease, mutations in gene XIAP cause a defect in an antiapoptotic
protein that appears to protect against Epstein Barr virus infections. Patients with
Duncan disease are therefore prone to develop severe complications of Epstein Barr
virus (EBV) infection, including development of EBV-related HLH [9].

Secondary Hemophagocytic Lymphohistiocytosis
In the secondary forms of HLH, the mechanisms of disease are not well understood.
Numerous conditions have been reported in association with HLH, and include a
variety of infections, malignancies, immunosuppressive therapy, autoimmune diseases and others [3]. The wide range of associations with secondary HLH, the lack of
specificity of the HLH diagnostic criteria, and the known overlap between HLH and
systemic inflammatory response syndrome (SIRS) have raised the possibility of an
HLH overdiagnosis in the literature [18]. Nevertheless, it is also possible that the
associations are truly random, as they simply represent a triggering mechanism in
individuals with an underlying susceptibility to HLH. Alternatively, SIRS is also
known to inhibit NK-cell function and could itself lead to HLH in susceptible individuals [19, 20]. In spite of this controversy, there are few secondary associations that
appear to be more strongly associated with HLH than others. These include infections by EBV and other herpesviruses (e.g., herpes simplex and cytomegalovirus),
certain types of T/NK-cell lymphomas, and some autoimmune disorders [21, 22].
EBV most frequently infects B-cells and CD4-positive T-cells, but occasionally CD8-positive cytotoxic T-cells are also infected [23, 24]. In infected T-cells,
the viral-encoded latent membrane protein 1 (LMP-1) inhibits SAP/SH2D1A
gene expression, with impaired T/NK-cell function and an increased risk of
HLH [23, 25–28]. EBV also promotes survival of infected T-cells by blocking
apoptotic signaling through activation of nuclear factor-κB signaling pathway
and TNF /TNF receptor 1 [29].
Many types of solid and hematologic neoplasms have been reported in association with HLH, yet the disease mechanisms are largely unclear. The most frequent
association is seen with malignant neoplasms of T-cells and NK-cells and non-
Hodgkin B-cell lymphomas [30].
Autoimmune and autoinflammatory diseases have been associated with development of a an HLH-like syndrome, known as macrophage activation syndrome
(MAS), particularly in children with systemic-onset juvenile idiopathic arthritis
(Still disease), Kawasaki disease, systemic lupus erythematosus, and seronegative
spondyloarthropathies [31]. The pathogenesis is linked to the decreased expression
of perforin gene and SAP gene described in these patients [31–33]. In addition,
heterozygous mutations in know HLH-associated genes (e.g., PRF1, MUNC13-4)
have been associated with MAS in rheumatic diseases, and likely contribute to disease pathology as in primary HLH [34–36].

Laboratory Features and Pathology of the Cytokine Storm Syndromes

47

Laboratory Features
Patients with CSS show laboratory findings that are nonspecific and overlap with
those of SIRS/sepsis [18]. The abnormalities included in the diagnostic criteria for
HLH are cytopenias affecting least 2 lineages (anemia with hemoglobin <9 g/dL, or
<10 g/dL for infants 1 month-old or less, thrombocytopenia of <100,000/μL or neutropenia <1000/μL), hypertriglyceridemia (>265 mg/dL), hypofibrinogenemia
(<150 mg/dL), impaired NK cell activity, ferritin >500 ng/mL, elevated soluble
CD25 (soluble IL-2 receptor alpha) by 2 standard deviations above age-adjusted
reference values, and hemophagocytosis in bone marrow, liver, spleen, or other
organs [3].
Ferritin is an acute phase reactant, and as such, is generally elevated in inflammatory responses of any type. However, in HLH, ferritin is elevated to levels higher than
those expected in the majority of other inflammatory states. The majority of patients
will show laboratory signs of liver dysfunction with mild to severe increase in liver
enzymes (aspartate aminotransferase, alanine aminotransferase, gamma glutamyl
transferase, and lactate dehydrogenase) and bilirubin. They also frequently show
signs of consumptive coagulopathy with decreased fibrinogen and elevated D-dimers
[37]. Hypertriglyceridemia may not be seen in the absence of liver disease [38].
In patients with neurologic symptoms, an analysis of the cerebrospinal fluid
reveals a moderate increase in cell count and protein content in about 50% of pediatric cases [32]. Brain imaging studies may show vasogenic cerebral edema predominantly in the posterior cerebral hemispheres, hypodense areas suggestive of
necrosis, and basal ganglia abnormalities [39, 40].
In the setting of macrophage activation syndrome (MAS), the laboratory values
may differ from those seen in HLH. For example, as patients with sJIA typically
have a baseline level of anemia and hyperferritinemia, a more severe change in
hemoglobin and ferritin levels needs to be considered for the diagnosis of MAS [41,
42]. Moreover, the degree of cytopenia may be less pronounced, in part due to baseline leukocytosis [32, 42]. Similarly, baseline thrombocytosis may make it less
likely to reach a threshold for thrombocytopenia.

Hemophagocytosis
The abnormal hemophagocytosis seen in HLH is characterized by an increase in
number of phagocytizing macrophages containing intact cells, which can be red
cells, white cells, platelets or hematopoietic precursors (Fig. 1). In addition to the
bone marrow, hemophagocytosis may be identified in other hematolymphoid organs
such as lymph nodes and spleen, as well as the liver, skin, lungs, meninges, and
cerebrospinal fluid [43–46]. Nevertheless, hemophagocytosis is not pathognomonic
for HLH or MAS, as it is only identified in approximately 60% of cases [47].
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Fig. 1 Bone marrow aspirate smear shows a macrophage with phagocytized neutrophil, red cells,
and platelets. Fungal yeast forms are also seen (Wright-Giemsa stain, ×1000)

Fig. 2 Bone marrow core biopsy with a lymphohistiocytic interstitial infiltrate. Hemophagocytosis
may be difficult to appreciate without immunohistochemistry (H&E, ×200)

In the bone marrow, macrophages are accompanied by small reactive lymphocytes, predominantly T-cells (Fig. 2). This process can be so pronounced that it
may mask an underlying disease, such as a T-cell lymphoma [44]. In addition, bone
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Fig. 3 Liver core biopsy shows portal lymphocytic infiltrate and endothelialitis of vein (H&E,
×100)

marrow biopsies may show granulocytic and erythroid hypoplasia, and variable
degree of megakaryocytic hyperplasia [44]. The bone marrow may also show
changes related to involvement by the triggering disease. For example, there may
be an increase in immunoblast-type cells in a case of EBV infection, or granulomas
may be present in fungal infections [44].
In the liver, there is typically Kupffer cell hyperplasia, and scattered macrophages infiltrating the sinusoids. The associated lymphocytic infiltrate tends to be
predominantly portal and periportal (Fig. 3) and consists of predominantly small
cytotoxic CD8-positive T-cells. Both Kupffer cells and intrasinusoidal macrophages
may display hemophagocytosis (Fig. 4). Bile duct injury and endotheliitis may be
seen in some cases [48–50]. Lymph node and splenic involvement is characterized
by a similar CD8-positive lymphohistiocytic infiltrate that involves the nodal and
splenic sinuses [50, 51]. In the skin, the infiltrate may be superficial and perivascular or may extend to the subcutaneous adipose tissue [52].

Pathophysiology
The majority of the SIRS-like symptoms seen in the cytokine storm syndromes are
attributed to the high levels of cytokines seen in these patients [53]. The cytokines
IFNγ and TNF are strong activators of macrophages, which then proliferate uncontrolled and infiltrate, along with activated lymphocytes, hematopoietic organs such
as liver, spleen, lymph nodes and bone marrow. Hyperactivated macrophages
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Fig. 4 Hemophagocytosis is noted in Kupffer cells lining the sinusoids (H&E, ×600)

phagocytize nearby blood cells independent from interactions with receptors on the
surface of target cells [53, 54]. This type of abnormal phagocytosis does not induce
apoptosis, and the phagocytized cells are thus seen intact within the macrophages
(Fig. 1) [55].
High levels of IFNγ and TNF also cause direct apoptosis of hematopoietic precursors contributing to cytopenias [55]. The cytopenia is often associated with bone
marrow hypoplasia, thus supporting intrinsic bone marrow injury as the likely
underlying mechanism.
The lymphohistiocytic infiltration of the liver and the spleen manifests as hepatosplenomegaly and may contribute to the liver dysfunction, with increased serum
levels of transaminases and bilirubin. Neurologic symptoms are attributed to both
infiltration of the brain parenchyma and leptomeninges by macrophages and to the
direct neurotoxicity of cytokines and free radicals [56].
Activated macrophages release plasminogen activators in the serum, resulting in
hyperfibrinolysis and consumption of fibrinogen [57]. The resulting drop in fibrinogen can also lead to abnormally low erythrocyte sedimentation rate [58].
Hypercytokinemia inhibits lipoprotein lipase, then resulting in elevated triglycerides, which may also be a consequence of liver dysfunction [38]. Ferritin levels
increase in response to an increased breakdown of heme by heme-oxygenase-1, an
enzyme that is induced by tissue hypoxia and cytokines [59]. The elevated level of
serum ferritin has also been attributed to increased secretion from activated macrophages, cells that normally store ferritin in tissues [60].
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Laboratory Diagnosis
The diagnosis of hemophagocytic lymphohistiocytosis is based on the identification
of either known homozygous (or compound heterozygous) HLH-associated genetic
mutations, or five of eight HLH diagnostic criteria. The criteria are fever, splenomegaly, cytopenias, hypertriglyceridemia or hypofibrinogenemia, hyperferritinemia, tissue hemophagocytosis, low/absent NK cell function, and increased
soluble CD25 [32]. These diagnostic criteria, validated for the diagnosis of primary
HLH in children, have been criticized by their lack of sensitivity and specificity for
the diagnosis of secondary HLH [61]. More recently, a scoring system was proposed in an attempt to facilitate the diagnosis of HLH in adults [62, 63]. Specific
diagnostic criteria for the diagnosis of macrophage activation syndrome in the setting of sJIA and lupus have been proposed [64–67].
A step-wise approach for the laboratory diagnosis of HLH starts with an initial
evaluation with noninvasive, inexpensive, and readily available tests. The goal of this
initial assessment is to confirm the clinical concern for HLH [61]. Results indicating
the possibility of HLH will support the request of additional testing that is invasive,
not readily available, or expensive [61]. These include tissue biopsy, levels of sCD25,
NK cell function testing, and flow cytometry. If there is concern for an underlying
immunodeficiency, the evaluation may also include immunoglobulin levels and
determination of lymphocyte subsets by flow cytometry. Genetic testing is recommended in selected adult patients and in most children [61]. Additional testing is also
indicated to identify a potential triggering event [61]. In adults with suspected HLH,
the identification of active EBV infection with EBV viral titers and the concurrent
diagnosis of certain types of T-cell lymphomas, such as gamma delta T-cell lymphoma, may help to reinforce the clinical suspicion for HLH. Genetic testing for the
XLP mutations is recommended in children with a documented EBV-associated
HLH [11]. Testing strategies for the diagnosis of HLH are summarized in Table 2.
Table 2 Diagnostic testing for cytokine storm syndromes
Initial testing
CBC, triglycerides, fibrinogen
Liver function tests
Ferritin
EBV levelsa
Search triggering event
Bone marrow biopsy
sCD25
NK-cell function assay
Flow cytometry screening
Genetic testing

Advantages
Available
Non-expensive

Provides additional criteria for HLH dx Nonspecific, invasive
Send-out

Positive test confirmatory
Familial HLH
Primary HLH

Additional testing recommended to detect potential triggering events

a

Limitations
Nonspecific
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Initial Testing
An initial assessment to identify the laboratory findings most commonly associated
with the cytokine storm syndromes include a complete blood count, serum levels of
ferritin, triglycerides and fibrinogen, and liver function tests (i.e., aspartate aminotransferase, alanine aminotransferase, gamma glutamyl transferase, lactate dehydrogenase, albumin, and bilirubin). These tests are readily available in the majority
of health care facilities. Moreover, a trend of a rising CRP in the setting of a falling
ESR over time is highly suggestive of MAS [68].
While a ferritin level greater than 500 ng/mL is required to be considered one of
the diagnostic criteria for HLH, a level greater than 3000 ng/mL has been proposed
as more specific for HLH [63]. Ferritin level of >10,000 ng/L is considered to be
90% sensitive and 96% specific for the diagnosis of HLH in children [69]. However,
the significance of extremely high levels of ferritin for the diagnosis of HLH has
been questioned in a study of adults [18]. In fact, a different study has shown that
extremely high ferritin levels (greater than 50,000 ng/mL) in adults may actually
impart reduced specificity for HLH in adults [70]. Results of one study suggests that
the serum levels of hemeoxygenase-1 (HO-1) may help to interpret the significance
of hyperferritinemia in this context, as HO-1 is increased in hyperferritinemia due
to HLH but not in hyperferritinemia due to other causes [71].

Tissue Biopsy
A bone marrow biopsy may be indicated in patients with suspected HLH to identify
abnormal hemophagocytosis. However, the sensitivity and specificity of bone marrow hemophagocytosis has been questioned in studies of adult patients [18, 72].
Hemophagocytosis may be absent in early cases, and may also be seen in patients
with hemolysis, sepsis, and history of recurrent blood transfusions [73]. In the bone
marrow, hemophagocytosis is best appreciated in bone marrow aspirates (Fig. 1).
The core biopsy shows a lymphohistiocytic infiltrate with a variable number of small
lymphocytes comprising predominantly CD8-positive T-cells [50]. In addition to the
bone marrow, hemophagocytosis may also be identified in biopsies of the liver,
lymph nodes, skin, and spleen. The utilization of immunohistochemical studies for
histiocyte markers CD68 or CD163 facilitate the identification of hemophagocytosis
in core biopsies [61]. In situ hybridization studies for EBV-encoded RNA protein
(EBER) may be considered to determine an association with EBV [50].

Serum Soluble Receptor Testing (sCD25 and sCD163)
Activated T-lymphocytes express high levels of IL-2 receptor (CD25) on their cell
surface and eventually release its soluble alpha-subunit in the serum. Increased
sCD25 is useful as a diagnostic criterion for HLH as well as a marker of disease
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activity [74]. The ratio of level of sCD25 to ferritin has been also utilized to favor
the diagnosis of a lymphoma-associated HLH [75].
The expression of hemoglobin-haptoglobin scavenger receptor CD163 also significantly increases in activated macrophages; therefore, the quantification of
sCD163 in the serum has been proposed as a potential marker of HLH [76].

Flow Cytometry
Flow cytometric studies can be used to assess the level of surface or cytoplasmic expression of proteins involved in T/NK-cell function, such as perforin, granzyme B, XIAP, or
SAP/SDH2D1A [77]. Some institutions have used this technique to screen for those
cases in which subsequent confirmatory genetic testing is indicated [78]. This approach
is limited in FHL2 because patients heterozygous for the PRF1 gene mutation may
develop the disease, despite normal expression levels of perforin protein [79].
Peripheral blood flow cytometry to quantify the expression of surface CD107a
(also known as lysosomal-associated membrane protein 1, LAMP-1) on mononuclear cells is another method to evaluate the effectiveness of NK/T-cell granule exocytosis. CD107a is a molecule that is highly expressed on the cell surface upon
normal exocytosis [80]. A decreased CD107a expression following standardized
stimulation indicates defective granule exocytosis [81].

51-Cr Release Assay
The 51-Cr release assay measures the quantity of radionuclide 51-Cr that is released
in granules of previously labeled NK-cells. In patients with HLH, the release of the
radioactive marker is decreased or absent, indicating an impaired granule exocytosis
[82]. This method is regarded as the closest to a “gold standard” test to evaluate NK
cell function; however, it is a labor-intensive test available in only few reference
laboratories in the USA [1, 83]. More recently, flow cytometric (nonradioactive)
approaches have been proposed assessing natural killer cell function [84].

Genetic Testing
Genetic testing is uniformly indicated in children with suspected HLH, since genetic
forms of HLH are more likely to occur in this age group [32, 85]. This test may also
be indicated for individuals with a strong family history of HLH [11]. The recommended workup includes testing for all known mutations associated with familial
HLH (PRF1, UNC13D or MUNC13-4, STX11, and STXBP2 or UNC18B). In EBV-
associated cases, or in males, testing for mutations associated with XLP syndromes,
SH1D1A/SAP, and XIAP [11, 86]. Additional testing for and LYST, RAB27A, and
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AP3B1 mutations may be recommended in HLH arising in the setting of suspected
Chediak–Higashi, Griscelli syndrome type 2, and Hermansky–Pudlak syndrome,
respectively. Using whole exome sequencing, heterozygous mutations have also
been identified above the background rate in the population for many of the HLH-
associated genes among patients with sHLH and MAS [35, 87]. Some of these
heterozygous mutations have been shown to act in a dominant-negative fashion contributing to decreased NK cell function and sHLH pathophysiology [84, 88]. More
recently, whole genome sequencing, or targeted sequencing, has identified mutations in non-coding regions of HLH-associated genes among patients with sHLH
[89, 90]. There are likely other contributory genes to be identified which contribute
to sHLH pathophysiology [35].

Cytokine Levels
A recent large study of HLH in adults has suggested that measuring levels of cytokines could be used to distinguish HLH from sepsis or acute EBV infection [91, 92].
In this study, the cutoff of IFNγ level of 75 pg/mL or greater and level of IL-10 of
greater than 60 pg/mL yielded a sensitivity of 98.9% and specificity of 93% for the
diagnosis of HLH. While measuring cytokine levels has not yet been incorporated
in the diagnostic algorithms of HLH and is not routinely available in most laboratories, the data suggests a potential use for this parameter in the diagnosis of HLH,
particularly in adults. Finally, the relative ratio of IL-18 to IL-6 may help to identify
sJIA patients at risk MAS development [93].
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Criteria for Cytokine Storm Syndromes
Francesca Minoia, Sergio Davì, Alessandra Alongi, and Angelo Ravelli

Introduction
Cytokine storm syndromes (CSS) are a heterogeneous group of life-threatening
hyperinflammatory disorders that are part of the spectrum of hemophagocytic lymphohistiocytosis (HLH). In the current classification of histiocytic disorders, HLH
is subdivided into primary and secondary forms [1–3]. Primary HLH (also called
familial HLH) refers to the cases associated with several inherited monogenic illnesses [4]. Secondary HLH (also known as acquired or reactive HLH) occurs as a
complication numerous conditions, which include infections, malignancies, and
rheumatic diseases. Conventionally, secondary HLH associated with rheumatic
disorders is termed macrophage activation syndrome (MAS) [5–7]. This complication occurs most commonly in systemic juvenile idiopathic arthritis (JIA) and in its
adult counterpart, adult-onset Still disease. However, it is reported with increasing
frequency also in childhood-onset systemic lupus erythematosus (SLE) [8],
Kawasaki disease [9, 10], and juvenile dermatomyositis. In spite of recent reports
in periodic fever syndromes [11, 12], the occurrence of MAS in autoinflammatory
diseases is rare.
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Both primary and secondary HLH are potentially fatal and require immediate
recognition to initiate prompt treatment and avoid deleterious outcome. However,
because all forms of HLH bear close clinical similarities, their differentiation may
be challenging. In addition, some clinical, laboratory, or histopathologic abnormalities of HLH may be seen in a number of non-hemophagocytic diseases. Differentiation
among the various forms of HLH and between HLH and unrelated illnesses is
essential to select the appropriate therapeutic interventions.
The difficulties in making the diagnosis, the recent therapeutic progress, and
the advances in understanding pathophysiology of hemophagocytic syndromes
highlight the need for diagnostic tools and well-established classification criteria.
Well-validated and widely agreed upon diagnostic or classification criteria for CSS
would be useful to enable timely diagnosis and correct classification of patients,
to assist in the evaluation of different therapeutic approaches, and to facilitate
communication among specialists in different fields who might be interested in
hemophagocytic syndromes. Diagnostic or classification criteria would also be
important for both educational and research purposes.
In recent years, there has been a great deal of effort to develop diagnostic guidelines or classification criteria for CSS. The purpose of this chapter is to provide a
summary of the work accomplished thus far in this area of research.

The HLH-2004 Diagnostic Guidelines
In 1991, the Histiocyte Society published the first set of diagnostic guidelines for
HLH, which were based on its most typical clinical, laboratory, and histopathologic
findings [13]. Several years later, the recognition that these criteria did not allow
recognition of cases with an atypical or insidious onset and that a number of patients
could develop one of more of the diagnostic criteria over the course of the disease,
together with the emerging knowledge on the clinical and laboratory features of the
syndrome, prompted the Histiocyte Society to develop revised criteria, which were
named HLH-2004 diagnostic guidelines [14].
All five items comprised in the 1991 guidelines (fever, splenomegaly, cytopenias
affecting at least two of three lineages in the peripheral blood, hypertriglyceridemia
and/or hypofibrinogenemia, and hemophagocytosis in the bone marrow, spleen, or
lymph nodes) were retained in the new guidelines. In addition, the following three
criteria were included: (1) low or absent NK-cell activity, (2) hyperferritinemia, and
(3) high levels of soluble IL-2 receptor-alpha chain. The incorporation of these parameters was deemed necessary owing to the recent clinical and experimental evidence
suggesting their diagnostic value in HLH [14]. It was established that the diagnosis of
HLH would require the fulfillment of at least five of the eight criteria (Table 1). It was,
however, acknowledged that patients with a molecular diagnosis consistent with HLH
do not necessarily need to meet the diagnostic criteria [15, 16].
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Table 1 HLH-2004 diagnostic guidelines
The diagnosis of HLH can be established if (A) or (B) below is fulfilled
(A) Molecular diagnosis consistent with HLH
(B) Diagnostic criteria for HLH fulfilled (5 of the 8 criteria below)
  1. Fever
  2. Splenomegaly
   3. Cytopenia (affecting ≥2 lineages in peripheral blood):
    • Hemoglobin <90 g/L (infants <4 weeks: hb < 100 g/L)
   • Platelets <100 × 109/L
   • Neutrophils<1.0 × 109/L
   4. Hypertriglyceridemia and/or hypofibrinogenemia:
    • Fasting triglycerides >3.0 mmol/L (i.e., >265 mg/dl)
   • Fibrinogen <1.5 g/dL
   5. Hemophagocytosis in bone marrow, spleen, or lymph nodes
   6. Low or absent NK-cell activity
  7. Ferritin ≥500 ng/mL
   8. Soluble CD25 (i.e., IL-2 receptor-α) ≥ 2400 U/mL
Adapted from Henter JI et al. HLH-2004: diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer 2007;48:124–31

 he Preliminary Diagnostic Guidelines for MAS Complicating
T
Systemic JIA
In 2005, preliminary diagnostic guidelines for MAS in systemic JIA were published
[17]. The authors followed the classification criteria approach, which is based on the
comparison of patients with the index disease with patients with a “confusable”
disease. The former group included 74 patients with systemic JIA-associated MAS
reported in the literature or seen by the authors, whereas the second group comprised 37 patients with systemic JIA seen by the authors who had 51 instances of
“high disease activity” but not believed to have clinical MAS. The capacity of clinical, laboratory, and histopathologic variables in discriminating patients with
MAS from patients with high disease activity was assessed by computing the
sensitivity, specificity, area under the receiver operating characteristic curve, and
diagnostic odds ratio. The combinations of variables that led to best separation
between patients and control subjects were identified through “the number of criteria
present” method.
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Table 2 Preliminary Diagnostic Guidelines for MAS complicating sJIAa
Laboratory criteria:
1. Platelet count ≤262 × 109/L
2. Aspartate aminotransferase >59 U/L
3. White blood cell count ≤4 × 109 U/L
4. Fibrinogen ≤2.5 g/L
Clinical criteria:
1. CNS dysfunction (irritability, disorientation, lethargy, headache, seizures, coma)
2. Hemorrhages (purpura, easy bruising, mucosal bleeding)
3. Hepatomegaly (≥ 3 cm below the costal arch)
Histopathologic criterion:
 Evidence of macrophage hemophagocytosis in the BM aspirate
Adapted from Ravelli A et al. Preliminary diagnostic guidelines for macrophage activation syndrome complicating systemic juvenile idiopathic arthritis. J Pediatr 2005;146:598–604
a
Diagnostic rule: The diagnosis of MAS requires the presence of any two or more laboratory criteria or of any two or three or more clinical and/or laboratory criteria. A bone marrow aspirate for the
demonstration of hemophagocytosis may be required only in doubtful cases

The final set of guidelines included four laboratory criteria and three clinical
criteria (Table 2). Laboratory criteria included decreased platelet count
(≤262 × 109/L), elevated levels of aspartate aminotransferase (>59 U/L), decreased
white blood cell count (≤4.0 × 109/L), and hypofibrinogenemia (≤ 2.5 g/L). Clinical
criteria were hepatomegaly, hemorrhagic manifestations, and central nervous
system dysfunction. The diagnosis of MAS requires the presence of at least two
laboratory criteria or the presence of at least one laboratory criterion and one clinical criterion. The demonstration of macrophage hemophagocytosis in the bone marrow aspirate is required only in doubtful cases or for the purpose of differential
diagnosis.

 LH-2004 Guidelines Versus Preliminary MAS Guidelines
H
in Systemic JIA-Associated MAS
Until recently, the optimal diagnostic criteria for MAS complicating systemic JIA
were unclear. The recognition that the syndrome is clinically similar to primary HLH
led some to recommend the use of the HLH-2004 diagnostic guidelines. An alternative approach was based on the application of the preliminary diagnostic guidelines
for MAS complicating systemic JIA. However, although both guidelines are considered potentially suitable for detecting MAS in systemic JIA, it has been argued that
each of them is limited by a number of potential shortcomings [18–20].
The main limitation of using the HLH criteria in diagnosing MAS is due to the fact
that some criteria may not apply to patients with systemic JIA. Due to the prominent
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inflammatory nature of systemic JIA, the occurrence of a relative drop in white
blood cell count, platelets, or fibrinogen rather than the absolute decrease required
by the HLH criteria may be more useful to make an early diagnosis [21]. Patients
with systemic JIA often have increased white blood cell and platelet counts as well
as increased serum levels of fibrinogen as part of the underlying inflammatory process. Therefore, when these patients develop MAS, the degree of cytopenia and
hypofibrinogenemia observed in HLH may only be reached in the late phase, when
management may be more difficult. Furthermore, the minimum threshold level for
hyperferritinemia required for the diagnosis of HLH (500 μg/L) is not suitable to
detect MAS in children with sJIA. It is well known that many patients with active
systemic JIA, in the absence of MAS, have ferritin levels above that threshold [22].
In the acute phase of MAS, ferritin levels may peak to more than 5000 μg/L. Thus,
a 500 μg/L threshold may not discriminate MAS from a flare of systemic JIA. Other
HLH criteria that are not readily applicable to MAS are the identification of low or
absent natural killer cell activity or soluble IL-2 receptor-α chain above normal
limits for age, as these tests are not routinely performed in most pediatric rheumatology centers.
Although the preliminary MAS guidelines have the merit of being data-driven,
they have the disadvantage that the study that led to their development lacked several laboratory measurements in a number of patients and had insufficient data
available for some important laboratory parameters of MAS, namely ferritin, triglycerides and lactic dehydrogenase.
The diagnostic performance of the two sets of guidelines was recently scrutinized using real patient data [23]. This study compared their potential to discriminate between MAS and two conditions potentially confusable with MAS, represented
by active systemic JIA without evidence of MAS and febrile systemic infection
requiring hospitalization. The preliminary MAS guidelines were found to perform
better than the HLH-2004 guidelines in identifying MAS in the setting of sJIA,
whereas the adapted HLH-2004 guidelines (with the exclusion of assessment of
bone marrow hemophagocytosis, NK cell activity and sCD25 levels) and the preliminary MAS guidelines with the addition of a ferritin level > 500 ng/mL
discriminated best between MAS and systemic infection. These findings led to the
conclusion that the HLH-2004 guidelines are not appropriate for identification of
MAS in children with sJIA.

 he 2016 Classification Criteria for MAS Complicating
T
Systemic JIA
An international collaborative effort aimed to develop a set of classification criteria
for MAS in the context of systemic JIA has been accomplished recently [24, 25].
These criteria were based on a combination of expert consensus, available evidence
from the medical literature and analysis of real patient data. The project was
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conducted through the following steps: (1) Delphi survey among international pediatric rheumatologists aimed to identify clinical, laboratory, and histopathologic features potentially suitable for inclusion in classification criteria; (2) large-scale data
collection of patients with systemic JIA-associated MAS and two potentially confusable conditions; (3) web-based consensus surveys among experts; (4) selection
of candidate criteria through statistical analyses; and (5) definition of final classification criteria in a consensus conference.
The purpose of the first step of the project was to identify candidate items using
international consensus formation through the Delphi survey technique. This exercise involved 232 pediatric rheumatologists from 47 countries and led to the selection of the following nine features that were felt to be important as potential
diagnostic criteria for MAS by the majority of the respondents: falling platelet
count, hyperferritinemia, evidence of macrophage hemophagocytosis in the bone
marrow, elevated serum liver enzymes, falling leukocyte count, persistent continuous fever greater than or equal to 38 °C, falling erythrocyte sedimentation rate
(ESR), hypofibrinogenemia, and hypertriglyceridemia [26].
In the second phase, international pediatric rheumatologists and pediatric
hematologists were invited to participate in a retrospective cohort study of patients
with systemic JIA-associated MAS and with two conditions potentially confusable with MAS, represented by patients with active systemic JIA not complicated
by MAS, and by children hospitalized for acute febrile infections [23, 27, 28].
The data of 1111 patients (362 with systemic JIA-associated MAS, 404 with
active systemic JIA without MAS and 345 with systemic infection) were entered
in the study website by 95 pediatric specialists practicing in 33 countries in five
continents.
The final part of the project involved a panel of experts, composed of 20 pediatric rheumatologists and 8 pediatric hematologists with specific expertise in the
care of children with MAS and related disorders. The participants were first asked
to classify, by means of a series of web-based consensus procedures, a total of 428
patient profiles as having or not having MAS, based on the clinical and laboratory
features recorded at disease onset. The profiles were selected randomly among the
1111 patients collected in the previous phase and comprised 161 patients with
MAS, 140 patients with active sJIA without evidence of MAS and 127 patients
with systemic infection. The experts were purposely kept unaware of the original
diagnosis and of the overall course of the patient. The minimum level of agreement was set at 80%.
The best performing criteria were selected by means of univariate and multivariate statistical analyses based on their ability to classify individual patients as having
or not having MAS, using the experts’ diagnosis as the gold standard. Candidate
classification criteria were partly derived from the literature and partly generated
from the study data, through the combination of criteria approach or multivariable
logistic regression. A total of 982 candidate classification criteria were tested. For
each set of criteria, the sensitivity, specificity, area under the ROC curve (AUC-
ROC), and k value for agreement between the classification yielded by the criteria
and the diagnosis of the experts were calculated. It was established that to qualify
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Table 3 2016 Classification Criteria for MAS complicating sJIA
A febrile patient with known or suspected sJIA is classified as having MAS if the following
criteria are met:
Ferritin >648 ng/mL
and any two of the following:
Platelet count ≤181 × 109/μL
Aspartate aminotransferase >48 U/L
Triglycerides >156 mg/dL
Fibrinogen ≤360 mg/dL
Adapted from Ravelli A et al. 2016 Classification Criteria for Macrophage Activation Syndrome
Complicating Systemic Juvenile Idiopathic Arthritis: A European League Against Rheumatism/
American College of Rheumatology/Paediatric Rheumatology International Trials Organisation
Collaborative Initiative. Ann Rheum Dis 2016;75:481–9 and Ravelli A et al. 2016 Classification
Criteria for Macrophage Activation Syndrome Complicating Systemic Juvenile Idiopathic
Arthritis: A European League Against Rheumatism/American College of Rheumatology/Paediatric
Rheumatology International Trials Organisation Collaborative Initiative. Arthritis Rheumatol
2016;68:566–76

for inclusion in the expert voting procedures phase at the consensus conference, a
set of classification criteria should demonstrate a kappa value ≥0.85, a sensitivity
≥0.80, a specificity ≥0.93, and an AUC-ROC ≥0.90. An exception was made for the
historical literature criteria [14, 17], which were retained for further consideration
even if they did not meet all statistical requirements. Forty-five criteria were selected
for further evaluation in the consensus conference.
The International Consensus Conference on MAS Classification Criteria was
held in Genoa, Italy, on 21–22 March 2014, and was attended by all 28 experts who
participated in the web-consensus evaluations. Attendees were randomized into two
equally sized nominal groups and, using the Nominal Group Technique, were asked
to decide, independently of each other, which of the classification criteria that met
the above statistical requirements were easiest to use and most credible (that is, had
the best face/content validity). A series of repeated independent voting sessions was
held until the top three classification criteria were selected by each voting group.
Then, an 80% consensus was attained on the best (final) set of classification criteria
in a session with the two tables of participants combined.
The 2016 Classification Criteria for MAS complicating systemic JIA are presented in Table 3.

 xpert Consensus on Dynamics of Laboratory Tests
E
for Diagnosis of MAS in Systemic JIA
All the criteria described above emphasize the achievement of a certain threshold in
laboratory test value for the diagnosis of MAS. However, it has been argued that the
relative change in laboratory values over time may be more relevant for making an
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early diagnosis than the decrease below, or increase above, a certain threshold, as
stipulated by the criteria [18–20, 24, 25]. It is well known that patients with active
systemic JIA often have elevated platelet counts as well as increased levels of ferritin or fibrinogen as part of the underlying inflammatory process [22, 29]. Thus, the
occurrence of a relative decline (in the case of platelet count or fibrinogen) or elevation (in the case of ferritin) in these laboratory biomarkers, rather than the achievement of an absolute threshold required by the criteria, may be sufficient to herald the
occurrence of MAS in the setting of sJIA [19, 27].
To address this issue, the 2016 MAS Classification Criteria project aimed to
identify the laboratory tests whose change over time is most valuable for the timely
diagnosis of MAS in the setting of systemic JIA. A multistep process, based on a
combination of expert consensus and analysis of real patient data, was conducted.
A panel of experts was first asked to evaluate 115 profiles of patients with MAS,
which included the values of laboratory tests at the pre-MAS visit and at MAS
onset, and the change in values between the two time points. The experts were
asked to choose the five laboratory tests whose change was most important for the
diagnosis of MAS and to rank the five selected tests in order of importance. The
relevance of change in laboratory parameters was further discussed and ranked by
the same experts at the consensus conference. Platelet count was the most frequently selected test, followed by ferritin, aspartate aminotransferase (AST), white
blood cell count, neutrophil count, fibrinogen, and ESR. Ferritin was assigned
most frequently the highest score. At the end of the process, platelet count, ferritin,
and AST were the laboratory tests whose change over time was felt by the experts
as most important [21].

 erformance of the 2016 Classification Criteria in Instances
P
of MAS Developing Under Biologic Therapy
Recently, several episodes of MAS have been observed in systemic JIA patients
under treatment with the cytokine blockers canakinumab and tocilizumab in randomized controlled clinical trials and in postmarketing experience [30–32].
Because these agents inhibit the biologic effects of IL-1 and IL-6, respectively,
which are among the proinflammatory cytokines involved in the physiopathology
of MAS [7], it is conceivable that MAS episodes developing during treatment with
these biologics may lack fever or some of the typical laboratory abnormalities of
the syndrome. Clinical symptoms of patients with sJIA-associated MAS receiving
tocilizumab were found to be milder than those of patients not receiving this medication [33].
Recently a systematic literature review identified 84 sJIA patients who developed MAS while treated with IL-1 and IL-6 blocking agents [34]. Clinical and laboratory features of 35 patients treated with canakinumab and 49 with tocilizumab has
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been compared to those of an historical retrospective cohort of sJIA associated
MAS patients, that were not receiving biologic treatment at MAS onset [27].
The 2016 Classification Criteria were less likely to correctly classify MAS in
patients treated with tocilizumab compared to the historical cohort and to patients
treated with canakinumab (56.7% vs 78.5% and 84%, respectively; p < 0.01).
Patients who developed MAS under canakinumab trended to have lower levels of
serum ferritin at MAS onset than historical cohort, but not other differences were
noted. Conversely, patients treated with tocilizumab at MAS onset were less likely
febrile, had much lower ferritin levels, and trended towards lower platelet counts,
lower fibrinogen and higher AST levels. These findings suggest that the observed
alterations in MAS features may limit utility of the 2016 classification criteria for
diagnosis of systemic JIA in patients treated with biologics. However, more data
from the real world of clinical practice are needed to establish whether the criteria
should be refined to increase their power to pick up the instances of MAS occurring
during treatment with IL-1 and IL-6 inhibitors.

 he MS Score: A Diagnostic Tool for Early Detection of MAS
T
in Systemic JIA Based on an Improper Linear Model
An unconventional statistical approach was recently applied to create a diagnostic
score for early diagnosis of MAS in patients with systemic JIA (Minoia F, unpublished). The clinical and laboratory features of 362 patients with systemic JIA-
associated MAS and 404 patients with active systemic JIA without evidence of MAS
collected in the aforementioned multinational collaborative project were employed
in the analyses. Eighty-percent of the study population was used to develop the score
and the remaining 20% constituted the validation sample. All features associated
with the diagnosis of MAS in univariate analysis (p < 0.05) were further scrutinized
in multivariable logistic regression procedures. By means of an improper linear
model method, the variables that entered the best fit model of logistic regression
were assigned a score based on their β-coefficient value (score 1 for β-coefficients
≤1, score 2 for β-coefficients >1, score 3 for β-coefficients ≥2). The total score was
made up by summing the scores of each individual variable. The score cut-off that
discriminated better MAS from active systemic JIA was computed by means of
receiver operating characteristic (ROC) curve analysis. The sensitivity, specificity,
area under the curve (AUC), and kappa value of the score were calculated for both
developmental and validation samples.
The 12 variables that were most closely associated with a diagnosis of MAS in
logistic regression analysis are presented in Table 4, together with their respective
score. The final score ranged from 0 to 21. A cut-off value >7 performed best in
discriminating MAS from active sJIA (sensitivity 84%, specificity 84%, AUC 0.91,
kappa 0.69). The good performance of the score was confirmed in the validation
sample (sensitivity 92%, specificity 88%, AUC 0.90, kappa 0.80).
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Table 4 The MS score
CNS involvement
Hemorrhagic manifestations
Platelet count ≤340 × 109/L
Triglycerides ≥145 mg/dL
Ferritin ≥1550 ng/mL
Lactic dehydrogenase
≥640 U/L
Albumin ≤3.3 g/dL
White blood cell count
≤14 × 109/L
Aspartate aminotransferase
≥48 U/L
Hepatomegaly
Absence of skin rash
Absence of arthritis

β-coefficient
2.9
2.3
1.6
1.5
1.4
1.2

Points
3
3
2
2
2
2

0.8
0.8

1
1

0.7

1

0.6
−1.0
−1.4

1
1
2

The new diagnostic score, provisionally named MAS/SJIA (MS) score, represents
a powerful and feasible tool for the early detection of MAS in patients with active
systemic JIA. Notably, the use of an improper linear model method may potentially
allow the application of the score in different diseases.

Distinguishing MAS from Primary HLH: The MH Score
As mentioned above, because primary HLH and MAS bear close clinical similarities, their differentiation may be challenging. Distinction may be particularly difficult when MAS develops at onset of systemic JIA, and arthritis is not yet present or
when primary HLH occurs at a later age [35]. Indeed, although pHLH typically
develops in the first year of life, it is now understood that there are patients with a
genetic basis for this illness who remain asymptomatic until the toddler or adolescent age [36]. Recognition of biallelic pathologic mutations in a disease-associated
gene is the gold standard diagnostic test for primary HLH. However, these studies
take weeks to complete and may not be available in resource-limited areas. In addition, although most cases of primary HLH can be molecularly verified, some cases
still elude molecular diagnosis [37]. Finally, some genetic overlap between MAS
and pHLH has been identified [38–42].
Timely differentiation between primary HLH and MAS is, nevertheless fundamental because primary HLH is often more severe than MAS and the management
of the two conditions differs. Although both are treated with intravenous corticosteroids, the treatment protocol recommended for primary HLH (HLH-94) [43]
includes dexamethasone and etoposide, with the optional addition of cyclosporine,
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whereas the first-line treatment for MAS in pediatric rheumatology settings almost
always involves methylprednisolone and cyclosporine, often in combination with an
IL-1 blocker [7]. Furthermore, primary HLH patients often require allogeneic
hematopoietic stem cell transplantation [37], whereas MAS patients almost never
need such treatment.
Until recently, the capacity of the HLH-2004 and MAS criteria to discriminate
between the two conditions has never been investigated. An international collaborative initiative has led to devise a diagnostic score that may aid to distinguish between
primary HLH and systemic JIA-associated MAS [44]. Clinical, laboratory, and histopathologic features of 362 patients with MAS and 258 patients with primary HLH
were collected by both pediatric rheumatologists and pediatric hematologists. Eighty
percent of the population was used to develop the score and the remaining 20% constituted a validation sample. Variables that entered the best fitted model of logistic
regression were assigned a score, based on their statistical weight. The MAS/HLH
(MH) score was composed of the individual scores of selected variables and comprised six items: age at onset, neutrophil count, fibrinogen, splenomegaly, platelet
count, and hemoglobin (Table 5). The MH score ranged from 0 to 123 points, and
its median value was 97 (1st–3rd quartile 75–123) and 12 (1st–3rd quartile 11–34)
in primary HLH and MAS, respectively. The probability of a diagnosis of primary
HLH ranged from <1% for a score < 11 to >99% for a score ≥ 123. By means of ROC
curve analysis, a cut-off value ≥60 was found to perform best in discriminating
primary HLH from MAS.
The MH score may assist physicians in differentiating timely of primary HLH
and systemic JIA-associated MAS, facilitate the decision-making process regarding
initial therapy and aid selection of patients who require further evaluation to diagnose suspected primary HLH. Its feasibility and easy applicability may foster its
widespread use in different centers and in diverse countries.

Table 5 The MH score
Age at onset, years
Neutrophil count, ×109/L
Fibrinogen, mg/dL
Splenomegaly
Platelet count, ×109/L
Hemoglobin, g/dL

Points for scoring
0 (>1.6); 37 (≤1.6)
0 (>1.4); 37 (≤1.4)
0 (>131); 15 (≤131)
0 (no); 12 (yes)
0 (>78); 11 (≤78)
0 (>8.3); 11 (≤8.3)

Adapted from Minoia F et al. Development and
initial validation of the macrophage activation
syndrome/ hemophagocytic lymphohistiocytosis
score, a diagnostic tool that differentiates primary
hemophagocytic lymphohistiocytosis from macrophage activation syndrome. J Pediatr 2017;
189:72–78
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Diagnostic Criteria for MAS in Childhood-Onset SLE
As stated above, in recent years MAS has been reported with increasing frequency in
childhood-onset SLE. Furthermore, it has been suggested that MAS in this disease
may be underrecognized [45]. In 2009, Parodi et al. reported the demographic, clinical and histopathologic features of 38 patients with MAS as a part of childhood-onset
SLE, collected in the context of a multinational survey or obtained from a systematic
literature review [46]. Patients who had evidence of macrophage hemophagocytosis
on bone marrow aspirate were considered to have definite MAS, and those who did
not have such evidence were considered to have probable MAS. Patients with definite and probable MAS were comparable for all clinical and laboratory features of
the syndrome, including the American College of Rheumatology lupus criteria at
diagnosis, except for a greater frequency of lymphadenopathy, leukopenia, and
thrombocytopenia in patients with definite MAS. Around two-thirds of the patients
with MAS developed this complication within 1 month after diagnosis of childhoodonset SLE. The frequency of admission to the ICU was 43.7%, and the mortality rate
was 11.4%. These figures indicate that MAS in childhood-onset SLE is a serious
condition.
The clinical and laboratory features of the 38 childhood-onset SLE patients with
MAS (20 definite and 18 probable) were compared with those of a control group
composed of 416 patients with active childhood-onset SLE without MAS. The ability of each feature to discriminate MAS from active disease was evaluated by calculating sensitivity, specificity and AUC-ROC. Overall, clinical features revealed
better specificity than sensitivity, except for fever, which was highly sensitive but
poorly specificity. Among laboratory features, the best sensitivity and specificity
were shown by hyperferritinemia, followed by increased levels of lactate dehydrogenase, hypertriglyceridemia, and hypofibrinogenemia. Both HLH-2004 diagnostic
guidelines and preliminary diagnostic guidelines for MAS complicating systemic
JIA were tested in the study sample, but were found to be inappropriate for detecting MAS in the context of childhood-onset SLE.
On the basis of the results of statistical analyses and using the “number of criteria present approach,” a set of preliminary diagnostic guidelines for MAS in
childhood-onset SLE was devised, which included five clinical criteria and six
laboratory criteria. The best diagnostic performance was obtained by the simultaneous presence of any one or more clinical criteria and any two or more laboratory criteria, which yielded a sensitivity of 92.1% and a specificity of 90.9%
(Table 6) Owing to the strong discriminatory ability shown by this definition, the
demonstration of macrophage hemophagocytosis in the bone marrow aspirate was
deemed necessary for diagnostic confirmation only in uncertain cases. The practical recommendation that came out from the study findings was that in the clinical
setting, the occurrence of unexplained fever and cytopenia, when associated with
hyperferritinemia, in a patient with childhood-onset SLE should raise the suspicion
of MAS.
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Table 6 Diagnostic criteria for MAS in childhood-onset SLEa
Clinical criteria:
1. Fever (38 °C)
2. Hepatomegaly (3 cm below the costal arch)
3. Splenomegaly (3 cm below the costal arch)
4. Hemorrhagic manifestations (purpura, easy bruising, or mucosal bleeding)
5. Central nervous system dysfunction (irritability, disorientation, lethargy, headache, seizures,
or coma)
Laboratory criteria:
1. Cytopenia affecting two or more cell lineages (white blood cell count ≤4.0 × 109/L,
hemoglobin ≤90 gm/L, or platelet count ≤150 × 109/L)
2. Increased aspartate aminotransferase (> 40 units/L)
3. Increased lactate dehydrogenase (> 567 units/L)
4. Hypofibrinogenemia (fibrinogen ≤1.5 g/L)
5. Hypertriglyceridemia (triglycerides >178 mg/dL)
6. Hyperferritinemia (ferritin >500 μg/L)
Histopathologic criterion:
Evidence of macrophage hemophagocytosis in the bone marrow aspirate
Adapted from Parodi A et al. Macrophage activation syndrome in juvenile systemic lupus erythematosus: a multinational multicenter study of thirty-eight patients. Arthritis Rheum 2009;60:
3388–99
a
Diagnostic rule: the diagnosis of macrophage activation syndrome requires the simultaneous presence of at least one clinical criterion and at least two laboratory criteria. Bone marrow aspiration
for evidence of macrophage hemophagocytosis may be required only in doubtful cases

Generic MAS Criteria
Recently, Fardet et al. developed and validated a weighted diagnostic score for the
broader category of reactive hemophagocytic syndrome (HS), called the HScore
[47] (Table 7). This score was created and tested using a multicenter retrospective
cohort of 312 patients (many with oncologic conditions) who were classified by an
expert panel to have reactive HS (n = 162), not to have reactive HS (n = 104), or in
whom the diagnosis of reactive HS was undetermined (n = 46). For the construction
of the score the population was divided in a developmental group and in a validation
group. Ten explanatory variables, obtained from a previous Delphi survey involving
24 experts in HS from 13 countries, were analyzed in the study [48]. After the demonstration of their association with a positive diagnosis of HS in univariate analysis,
the ten variables were included in a multivariate logistic regression model to assess
their independent contribution to the outcome. Continuous variables were dichotomized and their threshold values were calculated by means of ROC curve analysis
(for variables showing a linear relationship with the outcome), or by computing the
lowest smoothing function and examining the resulting plot (for variables not showing a linear relationship with the outcome). The coefficients resulting from multiple
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Table 7 HScore
Parameter
Known underlying
immunosuppressiona
Temperature (°C)
Organomegaly
No. of cytopeniasb
Ferritin (ng/mL)
Triglyceride (mmoles/L)
Fibrinogen (gm/L)
Serum glutamic oxaloacetic
transaminase (IU/L)
Hemophagocytosis features on bone
marrow aspirate

No. of points (criteria for scoring)
0 (no) or 18 (yes)
0 (<38.4), 33 (38.4–39.4), or 49 (>39.4)
0 (no), 23 (hepatomegaly or splenomegaly), or 38
(hepatomegaly and splenomegaly)
0 (1 lineage), 24 (2 lineages), or 34 (3 lineages)
0 (>2000), 35 (2000–6000), or 50 (>6000)
0 (>1.5), 44 (1.5–4), or 64 (>4)
0 (>2.5) or 30 (≤2.5)
0 (<30) or 19 (≥30)
0 (no) or 35 (yes)

Adapted from Fardet L et al. Development and validation of the HScore, a score for the diagnosis
of reactive hemophagocytic syndrome. Arthritis Rheumatol 2014;66:2613–20
a
Human immunodeficiency virus positive or receiving long-term immunosuppressive therapy (i.e.,
glucocorticoids, cyclosporine, azathioprine)
b
Defined as a hemoglobin level of ≤9.2 g/dL and/or a leukocyte count of ≤5000/mm3 and/or a
platelet count of ≤110,000/mm3

logistic regression analysis were used to assign score points to each variable for
construction of the HScore.
Nine variables, three clinical, five biologic, and one cytologic were included in
the HScore. The maximum possible score assigned to each variable ranged from 18
for underlying immunosuppression to 64 for triglyceride level. In the validation
set, the median HScore was 222 (interquartile range, 202–284) for patients with a
positive diagnosis of reactive HS and 129 (interquartile range, 77–152) for patients
with a negative diagnosis. The HScore revealed excellent diagnostic performance
and discriminative ability in both developmental and validation data sets. The
probability of having HS ranged from <1% with an HScore < 90 to >99% with an
HScore ≥250.
General limitations of the HScore include the retrospective nature of the data collection, the heterogeneity of the underlying diseases and the small size (only 10% of
the entire study population) of the validation data set. Because the patient sample
included in the study of Fardet et al. was only composed of adults with HS, no information can be reliably drawn regarding the applicability of the HScore to pediatric
patients with reactive HS, particularly those with systemic JIA-associated
MAS. Moreover, it can be anticipated that the use in this condition of some individual
criteria included in the HScore may be problematic. For instance, the item “known
underlying immunosuppression” involves the use of some medications that are seldom
prescribed in children with systemic JIA, such as cyclosporine A and azathioprine and
does not include the newer cytokine antagonists that are a part of the treatment of this
disease and have been associated with the occurrence of MAS [7, 30–34].
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In addition, the threshold level for the platelet count (110,000/mm3) is too low
for a highly inflammatory condition like systemic JIA, which is typically characterized, in its acute phase, by marked thrombocytosis. As discussed above, due to the
prominent inflammatory nature of systemic JIA, the occurrence of a relative drop in
platelets, rather than an absolute decrease below a certain threshold, is more useful
for an early diagnosis [21]. A further problem with the HScore is that the demonstration of hemophagocytosis in the bone marrow aspirate is rarely sought for in
children with systemic JIA-associated MAS and does not constitute a mandatory
requirement in either the HLH-2004 guidelines or the preliminary MAS
guidelines.

Conclusions and Future Directions
Owing to the work performed in the past two decades, a variety of well-established
diagnostic guidelines, classification criteria and diagnostic scores for CSS are now
available. Altogether, these tools will increase the knowledge and awareness of
these serious conditions among specialists in different fields, facilitate timely diagnosis in routine clinical settings, foster genetic, etiopathogenetic, and clinical
research, and ensure inclusion of properly characterized patients in future therapeutic trials.
Although the most recent criteria have been developed using modern and rigorous methodologic and statistical procedures and appropriate and large patient samples, they have generally been based on retrospectively collected data. There is,
thus, the need to scrutinize their validity in different patient populations evaluated
prospectively. Furthermore, because some signs and symptoms of MAS in systemic
JIA may be blurred under therapy with cytokine blockers, further studies of the
diagnostic performance of existing criteria in patients treated with biologics are
warranted. The validity of the 2016 Classification Criteria for MAS has been
recently demonstrated in Japanese patients with systemic JIA [49].
Because MAS may occur in rheumatic diseases other than systemic JIA, particularly SLE and Kawasaki disease, there is the need to explore the validity of proposed criteria in these illnesses. As mentioned above, MAS is likely underrecognized
in childhood-onset SLE [45]. Notably, it has been suggested that a fraction of children with Kawasaki disease who are refractory to intravenous immunoglobulin may
have “occult” MAS and that the 2016 Classification Criteria for MAS in sJIA may
be suitable to detect MAS in Kawasaki disease [50, 51]. Recently, the same criteria
were found to be useful for the recognition of MAS and the identification of patients
at risk for a poor outcome in patients with adult-onset Still disease, which is the
adult equivalent of systemic JIA [52]. Finally, a facile calculation of the serum
ferritin-to-ESR ratio may help to distinguish MAS from flares of disease in children
with sJIA, and potentially other conditions with CSS [53].
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Lymphohistiocytosis
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Introduction
Hemophagocytic lymphohistiocytosis (HLH) constitutes a rare, potentially life-
threatening hyperinflammatory immune dysregulation syndrome that can present
with a variety of clinical signs and symptoms including fever, hepatosplenomegaly,
and abnormal laboratory and immunologic findings such as cytopenias, hyperferritinemia, hypofibrinogenemia, hypertriglyceridemia, elevated blood levels of soluble
CD25 (IL-2 receptor α chain), or diminished natural killer (NK) cell cytotoxicity
(reviewed in detail in chapter “Immunology of Cytokine Storm Syndromes: Natural
Killer Cells” of this book). While HLH can be triggered by an inciting event (e.g.,
infections), certain single gene mutations have been associated with significantly
elevated risk of development of HLH, or its recurrence in patients who have recovered from their disease episode. These monogenic predisposition syndromes are
variably referred to as “familial” or “primary” HLH (henceforth referred to as
“pHLH”) and are the focus of this chapter. Conversely, secondary HLH (sHLH)
often occurs in the absence of genetic lesions that are commonly associated with
pHLH, and can be triggered by infections, malignancies or rheumatologic diseases;
these triggers and the genetics associated with sHLH are discussed in more detail in
other chapters in this book.
While the initial therapy of HLH is not dependent on the identification of an
underlying genetic lesion, the subsequent confirmation of a mutation predisposing
to pHLH is of clinical importance for several reasons. First, pHLH constitutes
genetically heterogeneous disorders that are characterized by defective cytotoxic T
lymphocyte (CTL) and natural killer (NK) cell cytolytic activity and include life-
threatening immunodeficiencies, as well as predisposition to development of lymS. Karageorgos · H. Bassiri (*)
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phoproliferative diseases (LPD). Therefore, it would be important for patients with
pHLH to be started on infectious prophylaxis, and be periodically monitored for
LPD. Second, the diagnosis of genetic lesions associated with pHLH bears important implications as to whether the patient should receive a hematopoietic stem cell
transplant (HSCT) in order to avoid the future recurrence of HLH and/or LPD. Third,
identification of genetic lesions in a patient may precipitate the genetic testing of
blood relatives, in order to diagnose other affected family members.
The pathogenesis of HLH is described in greater detail in chapter “CD8+ T Cell
Biology in Cytokine Storm Syndromes” and will not be covered here. Yet, germane
to this chapter, it is important to note that CTL and NK cells not only kill infected
or transformed cells, they also cull antigen presenting cells (APCs), leading to the

Fig. 1 Model of HLH pathogenesis. Depicted is a schematic summarizing some of the major
mechanisms thought to lead to IFNγ production during HLH. Antigen presenting cells display
peptide/MHC I complexes to the T-cell receptor of a CD8+ cytotoxic T lymphocyte. This results in
a signal to produce and secrete IFNγ as well as a signal to activate the release of perforin and granzyme B. Release of perforin and granzyme B requires the coordination of a number of gene products to successfully accomplish sorting of these proteins to the correct vesicle, polarization of these
vesicles to the immune synapse, docking of the vesicle with the plasma membrane, and priming
and fusion of the vesicle. Loss of function of any of the genes required for this process (listed in
italics underneath each function) results in the inability of perforin to reach the antigen presenting
cell. Perforin normally would form a pore in the antigen presenting cell, allowing granzyme B to
reach the cytoplasm and induce apoptosis, killing the cell and thereby eliminating further antigen
presentation, stimulation of the CD8+ cytotoxic lymphocyte, and continued IFNγ production. In
the absence of functional perforin capability, this does not happen and unchecked IFNγ production
leads to disease manifestations. Increasingly, non-perforin related activities are being recognized
as critical for this process as well, including the IL-1 family members IL-1β, IL-18, and IL-33.
Genetic constitutive activation of the NLRC4 inflammasome leads to overproduction of IL-1β and
IL-18, with IL-18 in particular leading to the secretion of IFNγ. IL-1β in other circumstances, such
as Systemic Juvenile Idiopathic Arthritis, has been noted to be potentially part of disease progression. IL-33 has recently been established as being required in addition to T cell receptor signaling
for the production of pathogenic IFNγ in HLH
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removal of the depots of antigen, and the termination of ongoing immune responses
(Fig. 1). CTL and NK cells perform these cytotoxic functions by either the exocytosis of granules containing perforin and granzymes, or via a non-secretory pathway
that involves the upregulation of surface expression of death ligands such as Fas
ligand (CD95L or CD178) or tumor necrosis factor (TNF)-receptor apoptosisinducing ligand (TRAIL; CD278). Interestingly, many of the pHLH syndromes
involve defects in the ability to induce cytotoxicity via the granule exocytosis pathway; these defects disrupt either the proper formation of full-length perforin or the
trafficking, docking, or exocytosis of cytotoxic granules. This granule exocytosis
pathway is not only used for the packaging and delivery of apoptosis-inducing proteins at the immune synapse, they are also used in melanocytes to deliver melanin
pigment to keratinocytes; this shared biology therefore explains the overlap of certain pHLH syndromes with hypopigmentation and oculocutaneous albinism.
Finally, certain pHLH genetic mutations also appear to predispose patients to
severe and even fulminant infections with Epstein–Barr virus (EBV), and/or EBV-
mediated lymphoproliferative diseases (EBV LPD). In this chapter, we provide an
overview of the pHLH syndromes and their relevant genetic mutations, including
those associated with hypopigmentation and the syndromes associated with EBV
LPD (summarized in Table 1).

Primary HLH Without Hypopigmentation
pHLH1
pHLH1-linked locus on chromosome 9q21.3 was identified in 1999 in four consanguineous Pakistani families by using homozygosity mapping [1]. The affected individuals all presented with clinical and laboratory criteria consistent with
HLH. Although the authors of this study speculated on the involvement of two
genes (CKS2 and GAS1) from within the identified region, to date no causative
genes have been definitively linked to this locus.

pHLH2: Perforin Deficiency
Perforin deficiency is caused by mutations in the perforin gene, which in humans is
located on chromosome 10q21 (syntenic with mouse chromosome 10) [2]. Mutations
in PRF1 were the first to be associated with pHLH [3], and depending on ethnic
origin, pHLH2 currently accounts for 20–30% of all pHLH cases worldwide [4, 5]
and up to 50% of pHLH cases in African American patients [6, 7].
Even though the perforin gene sequence is homologous with that of the channel-
forming, complement proteins (C6–C9), the perforin locus is not linked to that of

pHLH with partial
albinism

pHLH without
hypopigmentation

RAB27A
15q2.3

LYST
1q42.3

AP3B1
5q14.1

ChediakHigashi
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Pudlak 2

STXBP2
19p13.2

UNC13D
17q25.1
STX11
6q24.2

Gene and
chromosome
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9q21.3-22
PRF1
10q22.1

Griscelli
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pHLH5

pHLH4

pHLH3
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Syndrome
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Table 1 Primary HLH syndromes

603553 Perforin
Pore forming protein,
apoptosis,
cytotoxicity
608898 Munc13-4
Vesicle priming factor
603552 Syntaxin 11
Vesicle fusion with
the cell membrane
613101 Munc 18-2/
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protein
Vesicle fusion with
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607624 Rab27a
GTPase, promotes
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Lysosomal trafficking,
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Trafficking from
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Protein name (bold)
OMIM and functions
267700 Unknown

221 aa
12 exons
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61 exons
1094 aa
29 exons
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irregular melanin granules
Giant lysosomes in leukocytes, pyogenic
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bleeding, neurologic manifestations
Facial dysmorphisms, platelet defects &
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Protein
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SLC7A7
14q11.2

SH2D1A
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XLP 1

LPI

MAGT1
Xq21.1

MAGT1
deficiency

XIAP
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CD27
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CD27
deficiency
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ITK
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ITK
deficiency
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IL-2 inducible T cell
kinase, T cell
signaling
615122 CD27
TNFR member,
lymphocyte
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transporter 1
T cell activation via
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apoptosis
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Combined immunodeficiency with
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Combined immunodeficiency with loss of T AR
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Progressive CD4 T cell loss and
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Abbreviations: pHLH primary hemophagocytic lymphohistiocytosis, LPD lymphoproliferative disease, AR autosomal recessive, aa amino acids. All protein
lengths and exon counts were obtained from gene searches on useast.ensembl.org and ncbi.nlm.nih.gov/gene respectively

pHLH without
EBV-LPD

pHLH with
EBV-LPD
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the genes involved in the terminal complement pathway [2]. The perforin gene consists of 3 exons; exons 2 and 3 are translated and encode a 555-amino acid polypeptide, whereas the exon 1 is untranslated [8]. The perforin protein consists of three
domains: the membrane attack complex/cholesterol-dependent cytolysin (MACPF/
CDC) domain, the epidermal growth factor (EGF-like) domain and the carboxyl-
terminal (C2) domain [9]. Full length perforin forms a soluble, pore-forming protein that is normally stored within the cytotoxic granules of a variety of T and NK
cell populations, and gets secreted in a targeted manner at the immune synapse
between these cytolytic effector lymphocytes and cells undergoing immune surveillance [9]. Mutations in any of the three domains of perforin result in either decreased
protein expression or the complete absence of intact protein in the granules that are
necessary for T and NK cell cytolytic function.
More than 90 different mutations in the PRF1 gene have been described thus far
in pHLH2 patients, including missense, nonsense, and microdeletion mutations
along the length of the chromosome. Although not absolute, the age of onset for
patients with nonsense mutations tends to be earlier than that of patients with
missense mutations [10–12]. Missense mutations fall into three subclasses based on
expression of human perforin in rat basophilic leukemia (RBL-1) cells, as first presented by Risma et al. in 2006 [13]. Class 1 mutations result in partial maturation of
perforin and variable cytotoxic function, while class 2 mutations abrogate the maturation of perforin and class 3 mutations lead to protein misfolding and increased
degradation [13]. Clinically, patients with class 1 mutations present with later disease onset compared with the other two classes. Patients class 2 and 3 mutations
present with severe HLH within the first 6 months of life, whereas patients with
decreased perforin function (atypical form of pHLH2) present with other clinical
manifestations (aplastic anemia, recurrent fever, sterile encephalitis) and later onset
of disease [14], some as late as the seventh decade of life.
Interestingly, some PRF1 mutations follow a geographical distribution, as
recently shown by Willenbring et al. [15]. Moreover, some mutations recur in certain populations, suggesting a possible founder effect. For instance, the L364 frameshift (1090delCT) mutations is present in Japanese families, the Trp374 stop
(G1122A) is found frequently in Turkish origin families and is associated with
early-onset disease [12], and in South Asian population, missense mutations resulting in Val145Ala, Ala211Val, Ala437Val, and Arg232His substitutions have been
frequently described, whereas in Latino populations, the substitutions Ile266Val
and Gly149Ser are the most frequent. The L17 frameshift (50delIT) alteration along
with missense mutations Arg4His and Val135Met constitute more than 50% of
pHLH2 mutations in patients of African descent; these patients also appear to present with very early disease onset [7]. Finally, Ala91Val (A91V) substitution mutation, resulted by the common polymorphism C272T, results in a 50% reduction in
perforin activity and is present in 8–9% of the Caucasian population [16]. The
majority of homozygous PRF1A91V/A91V patients present with severe immunodeficiency, whereas A91V heterozygosity (PRF1A91V/+) has been linked with immune
disorders and hematologic malignancies (including leukemia/lymphoma), and com-
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pound heterozygosity of A91V and a mutant allele with “null” activity results in
pHLH [16].

pHLH3: Munc13-4 Deficiency
pHLH3 was first described by Feldmann et al. in 2003 [17] in ten patients from
seven different families. pHLH3 was shown to be caused by homozygous or compound heterozygous mutations in the UNC13D gene (located on chromosome
17q25 in humans), which encodes for Munc13-4 protein [17]. All patients presented
with fever, hepatosplenomegaly, pancytopenia, coagulation abnormalities and signs
of hemophagocytosis in the bone marrow, associated with increased numbers of
activated T cells [17]. UNC13D gene includes 33 exons and encodes a 123 kDa
protein that contains two calcium-binding (C2) domains divided by two Munc13
homology domains (MHD1, MHD2) [18]. Mutations in UNC13D include deletion,
insertion, missense, nonsense, or splice-site alterations, as well as those affecting
mRNA splicing; these mutations typically lead to significant changes in either the
protein structure or its expression. Consistent with this, in a recent study Schulert
et al. described a novel UNC13D gene intronic variant (c.117 + 143A>G), which
was found to reduce Munc13-4 transcript levels and to also alter the binding of
NFκB to a transcriptional enhancer element; they further demonstrated that a partial
reduction in Munc13-4 was associated with defective NK cell degranulation [19].
Overall, mutations in the UNC13D gene are responsible for about 30% of pHLH
cases [5]. While a correlation has been suggested to exist between the 847A>G
(I283V) mutation and African American patients, no other significant correlations
between ethnic groups and specific mutations have been definitively demonstrated.
Munc 13-4 is essential for the release of cytolytic granules from the cytoplasmic
membrane at the immune synapse. In fact, T lymphocytes that lack Munc13-4 still
have cytotoxic granules docked at the cytoplasmic membrane, but these granules
fail to be released, supporting that notion that defects in Munc13-4 is necessary for
granule exocytosis [17]. Moreover, lack of Munc13-4 does not result in defects in
the secretion of IFN-γ and in conjugation and polarization of lymphocytes with
target cells. Furthermore, perforin expression is either normal or increased in
patients with pHLH3 [17]. Of note, Munc13-4 differs from the other Munc13 proteins in that it is not expressed in the brain, although it is highly expressed in T and
B lymphocytes, monocytes, and in non-hematopoietic tissues such as the lungs and
placenta. Despite its lack of expression in the brain, CNS involvement is observed
more frequently with pHLH3 than that in pHLH2 [20, 21].
HLH in patients with pHLH3 typically presents in the first year of life.
Phenotypically, patients with pHLH3 are similar to patients with perforin deficiency
(pHLH2). Of interest, prenatal onset in utero has also been reported [22]. Moreover,
several atypical manifestations including increased susceptibility to infections,
hypogammaglobulinemia, granulomatous disease of the lung and liver have been
described, especially in patients with splice site or missense mutations [23, 24].
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These clinical manifestations resemble those seen in common variable immunodeficiency (CVID). Patients with recurrent episodes of HLH may develop a CVID-like
manifestations, triggered by the impact of chronic activation of macrophages and T
cells on B cell differentiation in lymphoid organs. Interestingly, Munc13-4 deficiency may also affect mast cell degranulation and platelet function, but no clinical
correlations have been reported [25].

pHLH4: Syntaxin 11 Deficiency
Mutations in the Syntaxin 11 gene (STX11; located on chromosome 6q24 in
humans), are associated with the development of pHLH4. This syndrome was first
described using genome-wide homozygosity in a large consanguineous Kurdish origin family in 2005 [26]. The STX11 gene consists of nine exons and spans a 37 kb
genomic interval. Only exon 2 is translated and gives rise to a protein that consists
of 287 amino acid residues [26].
Syntaxin 11 is a member of the target membrane-associated soluble
N-ethylmaleimide sensitive factor-attachment protein receptor (tSNARE) family
[26]. These proteins play a vital role in granule membrane fusion, thus regulating
the release of cytotoxic granules. STX11 is expressed in monocytes, NK, and CD8+
T cells and participates in vesicle priming and membrane fusion [27]. Mutations
identified in STX11 gene are mostly null mutations and result in defective degranulation and abrogation of NK cell cytotoxicity. Importantly, interleukin 2 (IL-2) stimulation has been shown to partially restore NK cell degranulation and cytotoxicity.
Finally, T cell cytotoxicity in patients with pHLH4 may also be spared [28]. The
precise step of the cytotoxic pathway that is regulated by STX11 is yet to be further
characterized. The IL-2-mediated amelioration of STX11 function and the lineage-
specific differential effects of STX11 loss may collectively explain the less severe
clinical course observed in pHLH4 patients.
Currently, pHLH4 represents approximately 20% of all pHLH cases. The homozygous mutation Val1124fsX60 was found in all patients of the Kurdish family and
was associated with an early termination codon and complete loss of STX11 protein. Furthermore, a 5 bp deletion, a large 19.2 kb deletion spanning the entire coding region of STX11 exon 2, and a nonsense mutation that lead to a premature stop
codon were also detected in five families with pHLH4 [26, 29, 30]. While many
pHLH4 mutations have been described in families with Turkish and Kurdish origin,
Caucasian patients and those of Hispanic origin have also been shown to harbor
pHLH4 mutations [31].
In patients with pHLH4, age of onset of HLH is usually later than in pHLH2 and
3, typically after the second year of life. In a study published in 2006, one patient
with pHLH4 was noted to have developed lymphoma [29]. The clinical course of
pHLH4 also appears to be less severe than that of patients with perforin deficiency.
Of interest, in a study performed in three patients of Caucasian and Hispanic origin,
two novel mutations of STX11 were detected [31]. The first two patients, born to
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consanguineous Hispanic parents, had the homozygous nonsense 73G>T (E25X)
mutation that resulted in lack of STX11 protein. In both patients poor NK cell
degranulation and cytotoxicity, accompanied by early onset of disease were
reported. The third patient from a Caucasian family, possessed two biallelic heterozygous missense mutations, the first to be described in STX11 gene, the 106G>C
(E36Q) that is located in the N-terminal region of STX11 and the 616G>A (E206K)
that results in a non-conservative replacement of glutamic acid located proximal to
the SNARE core motif [31]; interestingly, this mutated STX11 protein still allowed
for normal NK cell degranulation and in vitro cytotoxicity, which could explain the
patient’s later disease onset and more favorable response to therapy. Finally, complex congenital heart defects were observed in some patients [31], which may be
associated with the expression of STX11 in the heart tissue and needs to be further
studied.

pHLH5: Munc18-2 Deficiency
Homozygous or compound heterozygous mutations of the syntaxin-binding-protein
2 (STXBP2) gene are associated with the development of pHLH5, first described by
two independent groups in 2009 [32, 33]. The STXBP2 gene is located on chromosome 19p13, which encodes for the mammalian uncoordinated protein 18-2
(Munc18-2) [32]. Munc18-2 protein is a member of the Munc-18/Sec1 family of
fusion accessory proteins, which along with SNARE proteins play a crucial role in
membrane fusion. Similar to syntaxin 11, Munc18-2 is variably expressed [32, 33].
Zur Stadt et al. studied 15 patients with HLH (14 Turkish origin, 1 Saudi Arabia
origin) from consanguineous family backgrounds that were known to not harbor
mutations in PRF1, UNC13D or STX11. Using autozygosity mapping they detected
9 homozygous and heterozygous mutations in 12 patients, five missense mutations
affecting highly conserved residues, one in-frame and two frameshift deletions, as
well as a mutation at the splice acceptor site of exon 15 of the STXBP2 gene [32].
They also observed allelic heterogeneity at this locus, as the same mutation was
found in Turkish and Saudi Arabian families even after a founder effect was
excluded. In another study by Cote et al. complete absence of Munc18-2 due to a
P477L mutation was associated with early onset and more severe disease course
[33]. On the contrary, a hypomorphic mutation was related to delayed disease onset
[33].
Mutations in the STXBP2 gene affect protein stability and expression [26, 33].
Interestingly, lymphoblasts that are Munc18-2 deficient are found to have low
STX11 levels, suggesting that STX11 is not only the main partner of Munc18-2 in
lymphocytes but that the former is required for stable expression of the latter.
Cytotoxicity assays have shown that Munc18-2 deficient NK cells and CTL have
decreased killing due to impaired cytotoxic granule exocytosis, as evidenced by
decreased or absent surface CD107a expression [33]. Of note, although the precise
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mechanism of action of Munc18-2 is still being elucidated, defects in cytotoxicity
and degranulation are partially reversible via IL-2 stimulation.
The majority of patients with STXBP2 gene mutations develop HLH in first
6 months of life. On the other hand, certain patients with features of CVID present
with milder clinical manifestations and later onset of HLH; this appears to be associated with c.1247-1G > C splice site mutations in exon 15 [26, 33]. Interestingly,
in one study, chronic diarrhea that necessitated parenteral nutrition was present in
14 out of 37 patients with early-onset pHLH5. Diarrhea preceded the pHLH5 diagnosis and persisted even after HSCT in six out of eight patients [34]. Moreover,
sensorineural hearing loss was also observed in six patients (between 4 and 17 years
of age), whereas other neurological manifestations, bleeding disorders, and hypogammaglobulinemia were also reported [35]. Finally, Hodgkin disease was diagnosed at age 9 years in a patient with biallelic STXBP2 mutations [35].

Primary HLH with Hypopigmentation
Griscelli Syndrome 2
Biallelic mutations in the RAB27a gene, located on the 15q21 chromosome, are
responsible for the development of Griscelli syndrome 2 (GS2). The RAB27a gene
gives rise to a 221-amino acid polypeptide with 25 kDa molecular mass [36, 37].
The RAB27a gene encodes the Rab27a protein, a small GTP-binding GTPase protein, that is ubiquitously expressed [36]. Thus far, 45 mutations including nonsense
mutations, deletions, splice-site alterations, single-nucleotide insertions and few
missense mutations have been identified in the RAB27a gene in approximately 100
patients [36]. Most mutations typically result in loss-of-function of Rab27a protein
via early protein truncation of the carboxyl-terminal motif that participates in protein geranyl-geranylation. Notably, in some patients with GS2 no disease-causing
mutations could be identified.
Griscelli syndrome 2 was initially described in 1978 in patients who presented
with partial albinism and immunodeficiency—manifestations resembling Chediak–
Higashi syndrome—but were distinguished by a different pattern of hypopigmentation and absence of giant lysosomal granules in leukocytes [38]. Patients with GS2
present with cutaneous pigmentary dilution, silvery-gray hair and accumulation of
melanosomes in melanocytes [39–41]. Defects in the protein complex formed by
Rab27a (along with melanophilin and myosin-Va) have been shown to be responsible for capturing mature melanosomes and transferring these to keratinocytes.
This defect explains the accumulation of melanosomes in melanocytes. In addition
to defects in Rab27a, pigmentary dilution with primary neurological manifestations
are also found in GS1, which is caused by mutations in the myosin-Va (MYO5A)
gene (chromosome 15q21.2 in humans); finally, GS3 is caused by mutations in the
melanophilin (MLPH) gene (chromosome 2q37.3 in humans).
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Importantly, patients with GS2 may develop recurrent HLH with waxing and
waning phases. Infections are typically involved as a trigger for the development of
HLH in these patients by eliciting continuous activation and proliferation of T cells
and macrophages. Of note, activated lymphocytes and macrophages can infiltrate
the brain of patients with GS2 and give rise to secondary neurological manifestations such as seizures, meningitis or coma [36, 41]. Conversely, the neurological
manifestations seen in patients with GS1 appear to be primary in origin, as opposed
to the secondary neurological manifestations that present with CNS involvement of
activated lymphocytes in GS2 [36]. Lastly, mutations in the RAB27a gene predispose to the development of HLH by their effects on granule exocytosis. Variable
defects in cellular immunity have also been reported. GS1 and GS3 present with
similar defects in their melanosome, but do not have defective cytotoxicity; hence,
they do not predispose to HLH [39].
Rab27a-deficient NK cells and CTLs demonstrate impaired exocytosis of cytotoxic granules. Remarkably, interactions between RAB27a and Munc13-4 are critical for the exocytosis of lytic granule by coordinating docking and priming of lytic
granules [42, 43]. Indeed, RAB27a deficient cytotoxic granules cannot reach the
immune synapse to dock to the plasma membrane. Lastly, polarization of cytotoxic
granules can be delayed by a heterozygous RAB27a mutation [44].

Chediak–Higashi Syndrome
Mutations in lysosomal trafficking regulator (LYST) gene, also known as CHS1
gene, are responsible for the development of Chediak-Higashi syndrome (CHS).
The LYST gene, located on chromosome 1q43 in humans, consists of 61 exons and
gives rise to a ubiquitously expressed cytosolic protein (425 kDa) consisting of
3801 amino acids [45, 46].
The CHS1/LYST protein constitutes a member of the vesicle trafficking regulatory proteins named “beige and Chediak–Higashi” (BEACH) proteins [47]. This
gene was first described in mice that had an altered beige coat color [48]. BEACH
proteins are reported to play important roles in membrane dynamics and receptor
signaling [49, 50]. The significant length of the LYST gene and the exonic complexity makes the LYST gene prone to mutations. Of note, the majority of LYST genetic
abnormalities identified thus far are nonsense or frameshift mutations that result in
the truncation of the protein and the impairment of protein function [51]. Genotype–
phenotype correlations for CHS were first described in 2002 by Karim et al. [51]. It
appears that patients with homozygous mutations that lead to truncated protein
present with early onset of severe clinical manifestations of CHS and HLH with an
“accelerated phase,” which is typically fatal without bone marrow transplantation.
This accelerated phase is characterized by fever, increasing hepatosplenomegaly
and lymphadenopathy, bleeding, and worsening pancytopenia; this phase can be
triggered by viruses including EBV infections, which can predispose to development of all of the features of pHLH. On the other hand, phenotypic heterogeneity
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has been documented even in patients with homozygous mutations within the same
family [51]. Missense mutations have been shown to give rise to milder clinical
aspects of CHS, typically in adults who may or may not present with HLH.
Clinically, patients with CHS typically present with hypopigmentation of hair
and skin, and a predisposal to recurrent pyogenic infections (especially of the skin,
respiratory tract and mucous membranes), bleeding diathesis, and progressive
impairment of neurological function. Other manifestations include oral ulcers, gingivitis and periodontal disease [52], and enterocolitis [53]. The time of diagnosis is
typically within the first ten years of life, and is usually precipitated by an uncontrolled EBV infection, although some cases are diagnosed in adulthood. Importantly,
patients with CHS develop neurological manifestations either early in the disease
course or after childhood. Notably, in CHS patients the neurological manifestations
are primary and are not believed to be caused by the infiltration of the central nervous system with macrophages and activated lymphocytes, as has been described
for GS2 syndrome. Hence, it is clinically important to distinguish between patients
with CHS and GS2.

Hermansky–Pudlak Syndrome 2
Homozygous or compound heterozygous mutations in the gene that encodes the
beta-3A subunit of the AP3 complex (AP3B1) gene, located on chromosome
5q14.1 in humans, result in Hermansky–Pudlak syndrome 2 (HPS2), an autosomal
recessive lysosomal trafficking disorder [54]. HPS is an autosomal recessive disorder in which abnormal biogenesis of lysosome-related organelles lysosomal storage
of ceroid lipofuscin is believed to result in a number of multisystemic clinical manifestations. There are ten human genetic disorders in the HPS group. While HPS is
generally rare, type 1 HPS appears to have an elevated incidence in those of Puerto
Rican descent [55], with most of the carriers and the affected patients carrying the
same 16-bp duplication in exon 15 of HPS1 (chromosome 10q23) [56].
The HPS types share common clinical features such as tyrosinase positive
hypopigmentation and oculocutaneous albinism, as well as platelet defects due to
abnormalities in dense (delta) granules [57, 58]. An additional clinical manifestation in some patients is chronic neutropenia; while this is reversible in some patients
by administration of granulocyte colony stimulating factor (G-CSF) [59], it can
predispose to recurrent infections, and bleeding. Patients with HPS2 may also have
facial dysmorphisms, developmental delays, nystagmus, and neurological manifestations including hearing loss. Finally, some patients with HPS2 also develop pulmonary fibrosis and interstitial lung disease, as well as granulomatous colitis [60,
61].
The AP3 complexes are either ubiquitous or neuron-specific cytoplasmic complexes that consists of multiple subunits. In HPS, the beta-3A protein, which is a
component of the AP3B1 complex, is defective. This complex shuttles cargo proteins from the trans-Golgi and tubular-endosomal compartment to endosome-
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lysosome related organelles [62, 63]. Thus, AP3 plays a vital role in protein sorting
to lysosomes. Defects in the AP3 complex result in disruption of the complex and
rapid degradation of the subunits.
While HPS can be caused by several gene defects, only HPS2 is associated with
pHLH. HPS2 was first described in 1999 by Dell’Angelica et al. in two male siblings that were found to have heterozygous mutations in the gene that encodes the
β3A subunit of the AP3 adaptor complex [54]. Later, heterozygous nonsense mutations in the AP3B1 gene were detected in a patient with severe clinical presentation
consistent with HPS2 [54]. Finally, a homozygous deletion was reported in two
patients from a consanguineous family of Turkish origin twelve years after the original report of the patients using genetic linkage analysis and targeted gene sequencing [57, 64].
AP3 deficiency is associated with abrogation of cytotoxicity in CTL and NK
cells due to impaired biogenesis and degranulation of lytic granules that contain
perforin. Clark et al. found that AP3 deficient CTLs derived from patients with
HPS2 showed reduced cytotoxicity when exposed to target cells, and demonstrated
that this defect was due to a secretory defect [65]. Despite this defect in cytotoxicity
and degranulation, few patients with HPS2 patients appear to develop HLH,
suggesting that risk of developing HLH is lower in HPS2, as compared to other
pHLH syndromes such as GS2 or CHS. Interestingly, in one of the patients with
HPS2 that developed HLH, a heterozygous RAB27a mutation was also detected,
begging the question of whether some HPS2 patients may harbor additional mutations that may further predispose to the development of HLH [66].

Primary HLH Associated with EBV LPD
Primary Epstein–Barr virus (EBV) infection can induce the development of EBV-
HLH. Even though the exact mechanism of EBV-HLH has not been elucidated, it
has been reported that EBV-infected B cells have the ability to induce the robust
proliferation of CD8+ cytotoxic T lymphocytes. This T cell activation is believed to
lead to the exuberant activation of macrophages and hypercytokinemia (“cytokine
storm”) [67, 68]. In certain instances, EBV can has also been demonstrated to infect
NK and T cells; this appears to occur more commonly in Asian and South American
populations, and leads to chronic viremia, infiltration of organs with virally infected
lymphocytes, lymphoproliferative disorders (LPDs), and/or EBV T/NK cell lymphomas [69].
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ITK Deficiency
First described in two sisters of consanguineous Turkish descent in 2009 [70], ITK
(interleukin-2-inducible tyrosine kinase) deficiency results from biallelic mutations
in the ITK gene (on chromosome 5q in humans). Since 2009, a number of patients
from a variety of other ethnic backgrounds have been described [70–76]. Most of
these patients presented clinically with massive EBV LPD, manifesting as fever,
lymphadenopathy, hepatosplenomegaly, EBV viremia, and in some, pulmonary
nodules [75]. In other patients, additional viral infections were also noted (e.g.,
cytomegalovirus or varicella), in addition to nephritis, thyroiditis, and predisposition to Pneumocystis jirovecii infections and pHLH.
The ITK gene comprises 18 exons that encode for a 620-amino acid 71 kDa protein tyrosine kinase of the TEC/BTK family [71]. These kinases are important for
development and signaling in specific lymphoid lineages. Structurally ITK resembles Bruton’s tyrosine kinase (BTK), consisting from the N-terminus of a pleckstrin
homology domain, a Tec homology domain, an Src homology 3 (SH3) and an Src
homology 2 (SH2) domain, and a C-terminus catalytic kinase domain. Mutations in
the pleckstrin homology, the SH2, and the catalytic domains have all been described
[71].
While most of these mutations do not appear to decrease ITK protein levels,
affected T cells have been shown to display decreased Ca2+ mobilization [71]. This
is consistent with the way in which ITK is believed to function in T cells. Upon T
cell receptor ligation, ITK is phosphorylated and activated by another Src family
kinase, LCK, allowing ITK to phosphorylate phospholipase C gamma 1 (PLCγ1),
which leads to cleavage of phosphatidyl inositol substrates and results in Ca2+ mobilization and further phosphorylation events via ERK and MAP kinase pathways,
and the translocation of cytosolic nuclear factor of activated T cells (NFAT) to the
nucleus to allow for new gene transcription, cytokine production, and T cell differentiation and clonal expansion [77, 78]. In the absence of ITK, patients develop
certain common immunologic features, including progressive loss of CD4+ T cells
and onset of hypogammaglobulinemia. Of note, in a study from ITK-deficient mice
it was shown that in the absence of ITK, the CD8+ T-cell expansion and maturation
to CTLs is impaired and results in decreased CD8+ T-cell cytotoxic responses [79].
Also, ITK deficient patient have deficient response in EBV infections. Although the
exact mechanism is not yet delineated, it could be explained by the defective maturation and expansion of CD8+ T cells against EBV.

CD27 Deficiency
CD27 deficiency is caused by biallelic mutations in the CD27 gene, which in
humans is located on chromosome 12 (12p13.31). The CD27 gene encodes the
costimulatory protein tumor necrosis factor superfamily receptor (TNFSFR) 7,
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which is highly expressed on T cells and memory B cells [69]; in fact, lack of
CD27-expressing B cells is often seen in B cell differentiation abnormalities, including CVID.
CD27 binds to its ligand, CD70 (TNFSF7), to enhance T-cell survival and expansion. CD27-CD70 interactions are also important for lymphocyte effector functions,
including those necessary for control of EBV by CD8+ T cells. As such, CD27 deficiency is the latest of 11 genetic disorders described thus far that are associated with
immunodeficiency and EBV LPD. While CD27 deficiency and four other gene
mutations discussed here (XLP1 and 2, ITK deficiency, and MAGT1 deficiency)
share susceptibility to pHLH and EBV LPD, five other genetic syndromes (including mutations in WAS [Wiskott–Aldrich syndrome] [80], CORO1A [Coronin actin
binding protein 1A] [81], MST1/STK4 [Mammalian sterile 20-like kinase 1/Serine-
threonine protein kinase 4] [82], DCLRE1C [DNA cross-link repair 1C] [83], and
IL10 [interleukin 10] [84]) include EBV LPD in the absence of HLH.
The first 10 patients with CD27 deficiency were identified from 4 kindreds; these
patients all harbored homozygous mutations (c.G24A/p.W8X and c.G158A/p.
C53Y [85, 86], but other novel mutations have since been described, including one
patient with deficiency caused by compound heterozygous mutations [87].
Immunologic analyses in these latter patients revealed a decreased percentage of
central memory cytotoxic T cells and TH17-like CD3+ cells, but normal frequencies
of TREG, invariant natural killer T (iNKT) cells and recent thymic emigrants; some
individuals had expanded CD8+ T cells, leading to inverted CD4:CD8 T cell ratios.
Additionally, the majority also displayed impaired NK cell function. To date almost
all CD27 deficient patients that have been described presented with EBV LPD
(B-cell lymphoma, Hodgkin’s lymphoma) and EBV-triggered HLH [87]. Finally,
uveitis and oral ulcers have also been described [87, 88].
While predisposition to EBV-mediated diseases are prominent in CD27 deficiency [85, 89], humans and mice in whom CD27-CD70 interactions were disrupted
also displayed impaired immunity against other pathogens including influenza
virus, lymphocytic choriomeningitis virus (LCMV), vesicular stomatitis virus
(VSV), and even Listeria monocytogenes [90–92].

MAGT1 Deficiency
First described in 2011, MAGT1 (magnesium transporter 1) deficiency results in
XMEN syndrome (X-linked immunodeficiency with magnesium defect, EBV infection, and neoplasia), due to hemizygous mutations in MAGT1 gene [93]. In humans,
the MAGT1 gene sits on the X chromosome (Xq21.1) and encompasses 10 exons,
allowing for 3 protein coding isoforms, consisting of 367, 355, and 134 amino acids
[93, 94], with the full-length protein comprising of a predicted signaling sequence
in the amino terminal segment and a consensus phosphorylation site in the carboxy
terminus. Thus far, there are 11 male patients described in the literature with
MAGT1 deficiency [93, 95]. The mutations described appear to be randomly
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distributed in the various exons, although mutations in the intronic sequence and the
3′ UTR have also been described [96]. Typically, patients present with splenomegaly, CD4+ T cell lymphopenia (with reversal of CD4:CD8 T cell ratio), chronic EBV
infection with elevated numbers of EBV-infected B cells, and eventually the development of EBV-associated B-cell lymphomas. The immunodeficiency in these
patients usually manifests with frequent sinopulmonary infections, epiglottitis, and
diarrhea. Other less common manifestations include presentation with HHV-8
Kaposi’s sarcoma [97]. Copy number variations in MAGT1 have also been associated with skin disorders [98] and intellectual disabilities [99], although the latter
association has been questioned by a more recent analysis by the NHLBI of a large
number of X chromosomes from “normal” subjects [100].
The MAGT1 gene encodes a ubiquitously expressed transmembrane transporter
which participates in the maintenance of free basal intracellular Mg2+ pools. MAGT1
is evolutionarily conserved and does not have structural similarity to other Mg2+
transport proteins [96]. The tumor suppressor TUSC3 is a human gene paralog to
MAGT1 [101], although TUSC3 has more limited tissue distribution and appears to
be more permissible in its substrate specificity [102].
The MAGT1 protein localizes to the plasma membrane and mediates voltage-
dependent Mg2+ transport in a selective manner [102]. Specifically, after T cell
receptor engagement, MAGT1 mediates a transient influx of Mg2+ that is required
for the activation of phospholipase C gamma 1 (PLCγ1), which subsequently drives
a rise in Ca2+ and downstream signaling [93]. As such, abolishment of MAGT-1
function has been shown to impair TCR-mediated signaling in T cells [93]. In
addition, MAGT1 appears to also be required for the expression and function of
NKG2D (natural killer receptor group 2 member D) and DAP10 (DNAX activation
protein 10), which are expressed by NK, γδ T, and CD8+, and certain subsets of
CD4+ T cells [103]. Importantly, NKG2D recognizes self ligands that are induced
by cellular stress (e.g., senescence, infection, or malignancy) and are important for
clearance of such cells. Consistent with this function, NKG2D ligands are upregulated on EBV-infected B cells, and MAGT1-deficient CD8+ T cells display defective
cytotoxic activity against EBV-transformed B cells [104]. Notably, NKG2D expression, cell cytotoxicity, and immunity to EBV in MAGT1-deficient patients are
restored by supplementation of magnesium in vivo and in vitro [103]. Curiously,
while MAGT1-deficient B cells also demonstrated defective Mg2+ homeostasis,
when stimulated via the immunoglobulin receptor, these cells display a heightened
influx of Ca2+ and increased phosphorylation of B cell receptor-associated signaling
proteins, resulting in elevated frequencies of CD19+ and marginal zone B cells and
decreased proportions of plasma cells [105], implying that MAGT1 deficiency may
contribute to the array of disorders seen in patients with XMEN syndrome.
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X-linked Lymphoproliferative Disease (XLP)
XLP encompasses a rare inherited immunodeficiency with an approximate incidence of one in a million males. XLP, was initially identified as Duncan disease by
Purtilo et al. in 1970s [106]. Patients were described as boys who presented with
cytopenias, hypogammaglobulinemia, and fulminant EBV mononucleosis or EBV-
LPD. Since this initial description, however, two different genetic mutations (XLP1
and XLP2) have been described that associate with the clinical features typical of
XLP syndrome.

XLP1: SAP Deficiency
The gene responsible for the development of XLP1 was initially described using
positional and functional cloning methods by three different research teams in 1998
[107–109]. The SH2 domain protein 1A (SH2D1A) gene is located on chromosome
Xq25 in humans, consists of 4 exons, and encodes for a 128-amino acid protein,
consisting of a 5-amino acid N-terminal sequence, an SH2 domain and a 25-amino
acid C-terminal tail. The protein encoded by SH2D1A is called the signaling-
lymphocytic-activation molecule (SLAM)-associated protein (SAP) [110]. Defects
in SAP have been described to arise from a variety of mutations including insertions, deletions, single nucleotide substitutions and splice-site abnormalities. XLP1
is inherited as an X-linked recessive syndrome, with de novo mutations being rare.
Recently, the Arg55stop mutation was identified in 4 out of 21 families of Japanese
origin with XLP1, suggesting that it may be a mutational hotspot. Yet there is no
strong racial or ethnic predispositions for XLP1 [111, 112] and genotype–phenotype correlations appear to be poor, with considerable phenotypic variability being
observed in family members harboring the same genetic mutation [113]. While
XLP1 is a disease of males, and female carriers are typically asymptomatic, some
females can be partially or fully affected due to skewed or unbalanced X-inactivation
or lyonization [114]. Finally, certain patients display spontaneous somatic reversion
[115]—further complicating phenotype–genotype correlations.
The three most common clinical manifestations of XLP1 are fulminant infectious mononucleosis (FIM) due to EBV (over 50% of patients), dysgammaglobulinemia (in 20–30% of patients), and development of lymphoproliferative disease
(LPD; in up to 30% of patients) [116]. While the EBV-induced FIM appears to be
the most common manifestation, the dysgammaglobulinemia and LPD can occur in
the absence of prior exposure to EBV [117, 118]. FIM is associated with HLH
physiology and can be severe, although HLH can occur in response to other triggers.
While the LPD is most commonly either due to diffuse large B cell lymphoma
(DLBCL) or Burkitt’s lymphoma, T cell lymphoma was described in one patient
[117]. Other less common clinical features include lymphocytic vasculitis, lympho-
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matoid granulomatosis, and aplastic anemia [119]. Much of what we now know
about XLP1 arises from a worldwide registry that was started in 1980 [120].
SAP is produced exclusively in various T, NK, and invariant natural killer T
(iNKT) cells and acts as a key regulator protein of normal immune function [109,
121]. SAP interacts with the cytoplasmic tail of most (but not all) members of the
SLAM family (SLAMF) receptors including SLAM itself (CD150; SLAMF1), Ly9
(CD229; SLAMF3), 2B4 (CD244; SLAMF4), CD84 (SLAMF5), NTB-A (CD352;
SLAMF6), and CRACC (CD319; SLAMF7). These SLAMF members bind each
other homotypically (except for 2B4, which binds CD48) [121, 122]. These interactions are postulated to improve cell–cell adhesion and costimulate certain lymphocyte functions. Specifically, 2B4 has been demonstrated to increase NK cell
cytotoxicity [123, 124].
SAP may function in three non-mutually exclusive manners in lymphocytes.
First, via its SH2 domain, SAP binds to immunoreceptor tyrosine-based switch
motifs (ITSM) in the cytoplasmic domains of SLAMF receptors. In the case of its
association with SLAM (but not other SLAMF receptors), it appears that the ITSM
tyrosines do not necessarily need to be phosphorylated, although phosphorylation
of these residues further stabilizes SAP:ITSM binding. In this manner, SAP acts as
an adapter molecule to allow for recruitment of the Src family protein, tyrosine
kinase Fyn, thereby promoting downstream phosphorylation events [125, 126].
Second, SAP competes with another SH2-containing protein, SHP2 (a phosphatase), to restrict the access for the latter protein to the ITSMs [109]. Loss of SAP
expression and/or function results in reduced T, NK, and iNKT cell cytotoxicity
[127, 128], poor germinal center formation due to impaired follicular T helper (TFH)
cell function and altered TH2 cytokine production [129, 130]. Moreover, patients
with SAP deficiency have impaired development of memory B cells [131]. Finally,
SAP enhances apoptosis in T and B cells, especially upon restimulation [132–134].
Thus, the lack of SAP may lead to decreased apoptosis of CD8+ T cells responding
to EBV [135]. This reduction in apoptosis, combined with decreased cytolytic activity, likely contributes to an over-exuberant proliferation of T cells that are unable to
clear the virus, culminating in FIM and HLH.

Primary HLH Without EBV-LPD
XLP2: XIAP Deficiency
In 2006, a second gene was identified in close proximity to the SH2D1A gene on
Xq25 in humans [136]; this gene consists of 9 exons and spans 42 kb. Importantly,
hemizygous mutations in this gene, called the X-linked inhibitor of apoptosis
(XIAP), were present in patients with clinical manifestations of XLP who lacked
mutations in the SH2D1A gene [136]. Thus far, more than 100 patients with mutations in XIAP have been described [137]. Mutations in XIAP include missense and
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nonsense changes, as well as deletions and insertions, and these mutations have
been identified in all exons; these mutations can result in loss or decreased expression of the XIAP protein. Although the patients with XIAP mutations are described
as having XLP2, this may be a misclassification, as thus far no patients with XLP2
have been reported to develop lymphomas. These patients do, however, develop
recurrent episodes of HLH [138, 139]. As such, this syndrome may be better classified as “X-linked pHLH” rather than “XLP.”
In contrast to SAP, XIAP is ubiquitously expressed, rather than being restricted
to certain lineages of the hematopoietic system [138]; this likely contributes to the
difference in clinical manifestations between XLP1 and XLP2. Similarly to XLP1,
patients with XLP2 commonly present with HLH in the context of EBV infection.
In addition to pHLH, XLP1 and XLP2 patients can both develop hypogammaglobulinemia (more common in XLP1 than XLP2). On the other hand, XLP2 predisposes
to other clinical manifestations that are not common in XLP1; these include chronic
colitis (with features of Crohn’s disease), and other autoinflammatory symptoms
including uveitis, erythema nodosum, and nephritis [140, 141]. Lastly, patients with
XLP2 rarely develop neurologic manifestations [139].
XIAP encodes for a 497-amino acid antiapoptotic molecule [142–144], known as
baculoviral inhibitor of apoptosis (IAP)-repeat-containing 4 (BIRC4) protein. In
addition to containing baculoviral IAP-repeat (BIR) domains, this protein also contains an UBA domain (which allows this protein to bind ubiquitin) and a carboxy
terminal RING (Really Interesting New Gene) finger domain with E3 ubiquitin
ligase activity [145]. The main function of the XIAP protein is the inhibition of
apoptosis via its direct interaction with caspases. Specifically, the BIR domain interacts with and inhibit caspases 3, 7, and 9 [144, 146]. Moreover, BIRC4 is involved
in a number of innate and adaptive immune cell and non-immune cell signaling
pathways, including that of transforming growth factor-beta receptor (TGFβR),
Notch, MAP kinase, c-Jun N-terminal kinase (JNK), and NFκB signaling pathways.
However, it is still not fully understood how mutations in XIAP, and the disinhibition of apoptosis, give rise to the clinical manifestations of XLP2 [116].
In contrast to XLP1, NK and CTL cell cytotoxic activity is preserved in patients
with XLP2. Yet, following T-cell receptor (TCR) activation, T cells from XLP2
patients show heightened activation-induced cell death (AICD) [136]; similarly,
there is increased apoptosis to ligation of death receptors such as FAS (CD95) and
TRAIL receptor [136, 147]. These findings may explain the less severe HLH manifestations in patients with XLP2, while increased apoptosis in B cells may contribute to the development of hypogammaglobulinemia.

Lysinuric Protein Intolerance (LPI)
Initially described in 1965 as an inborn error of metabolism [148], lysinuric protein
intolerance (LPI)I was later shown by Lauteala et al. [149] to be due to biallelic
mutations in the SLC7A7 gene using genome-wide linkage analysis in patients of
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Finnish origin. One year later, this group also found similar mutations in chromosome 14 in non-Finnish patients with LPI (the majority of whom were of Italian
descent) [150]. Since this time, more than 200 patients have been reported with LPI,
with one-third being of Finnish origin [151]. Consistent with this ethnic predisposition, a homozygous founder mutation was detected in Finnish patients by Torrents
et al. [152]; this was later shown to be due to a splice acceptor mutation that led to
a frameshift and premature termination of translation [153]. In addition to this
Finnish mutation, a founder mutation (p.R410∗ mutation) was also described in
patients of Japanese origin [154–156]. In a recent study in Japanese patients with
LPI, pR410∗ was the most frequent mutation identified [156]. Despite these ethnic
associations, no genotype–phenotype correlations have been established thus far in
LPI patients [156].
The SLC7A7 gene encodes for the y(+)L amino acid transporter-1 (y(+) LAT-1)
protein [152, 153]. The y(+) LAT-1 protein normally heterodimerizes with the 4F2
heavy chain (4F2hc), which is encoded by SLC3A2, in order to form a cationic
amino acid exchanger (CAA) [157]. CAA are localized mainly at the basolateral
membranes of the tubular kidney and small bowel cells. Mutations in SLC7A7 gene
lead to defects in CAA structures, which result in leakage of arginine, lysine, and
ornithine [158].
Clinically, patients with LPI present with variable clinical characteristic; these
include gastrointestinal symptoms which can be severe enough to result in failure to
thrive [159], urea cycle dysfunction and hyperammonemia stemming from the low
levels of arginine and ornithine in hepatocytes [158, 159], and neurological impairment. Correction of hyperammonemia leads to improvement of patient outcomes
[160]. On the other hand, protein intolerance, splenomegaly, hepatomegaly, lung
disease, kidney failure, and immunological disorders (autoimmunity and HLH) may
be attributed to the expression of y(+) LAT-1 in cells of the lung and spleen, as well
as hematopoietic cells such as monocytes and macrophages [160].
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Introduction
Secondary hemophagocytic lymphohistiocytosis (sHLH) is typically defined as
HLH occurring in the setting of triggers leading to strong immunological activation,
without known genetic predilection [1, 2]. This is in contrast to primary or familial HLH (pHLH), which is caused by defined genetic mutations affecting lymphocyte cytotoxic functions (see chapter “Genetics of Primary Hemophagocytic
Lymphohistiocytosis”). Secondary HLH can occur in the setting of numerous severe
infections, rheumatic disorders, and various malignancies, most notably lymphoma.
However, these conditions are relatively common compared to the incidence of
HLH, and many patients with even severe manifestations of these do not develop
sHLH. Indeed, this suggests there may exist underlying genetic factors which
may synergize with these disease and/or environmental triggers, leading to sHLH.
Here, we review reported genetic contributions to the various forms of sHLH in
adults and children (Table 1). Finally, we use these findings to discuss how the
consequences of this emerging understanding of HLH genetics may support

reexamining the primary vs. secondary dichotomy.
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Cytokine production/signaling
pathway

Microtubule organization

Gene function/pathway
Granule-mediated cytolytic
pathway
Granule fusion
Granule fusion
Granule docking
Granule trafficking
Migration
Actin depolymerization
Regulates actin dynamics
Actin cytoskeleton stabilization
Immunoregulation
IFNγ receptor
IFNγ receptor
Immunoregulation
Pyrin inflammasome, cytokine production
NOD-like receptor, cytokine production
Interferon regulatory factor transcription
factor
Regulation of exocytosis
Immunoregulation and cell cycle control
Vesicular trafficking between organelles
FTS/Hook/FHIP complex

STX11
STXBP2
Rab27a
LYST
CCDC141
MICAL2
ARHGAP21
XIRP2
TGFB
IFNGR1
IFNGR2
IL-10
MEFV
NLRC4
IRF5

CADPS2
FKBPL
GDI1
FAM160A2

Function
Pore formation
Granule priming

Gene
PRF1
UNC13D

Table 1 Genes associated with sHLH and/or MAS

AIF
AIF
AIF
AIF

Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Unknown
Unknown
Unknown
Unknown
Unknown
Decreased/absent
Decreased/absent
Unknown
Unknown
Activated
Unknown
Unknown
Unknown
Unknown
Unknown

[98]
[98]
[98]
[98]

sHLH triggers
References
Inf, AIF, AI, Mal [22, 30, 57, 96]
AIF, AI, Mal
[43, 65, 66, 97,
98]
AIF, Mal
[43, 56, 69, 98]
AIF, Mal
[43, 56, 98]
AIF
[34]
Inf, AIF
[22, 98]
AIF
[98]
AIF
[98]
AIF
[98]
Inf, AIF
[22, 98]
Inf
[10]
Inf
[99]
Inf
[99]
Inf
[100]
Inf, AI, AIF
[22, 33, 34]
AIF
[48, 49]
Inf, AI
[9]

Gene function
alteration
Decreased/absent
Decreased/absent
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Immunoglobulin-like receptor
Immunoglobulin-like receptor
Receptor tyrosine kinase
Signaling in T and NK cells
Apoptotic suppressor protein
TNF-receptor superfamily
CD27 ligand
Magnesium transporter, N-glycosylation
Intracellular tyrosine kinase in T cells
Zinc-finger transcription factor
Maintaining transcriptional repression
Histone acetyltransferases

Inf infection, AI autoimmune, AIF autoinflammatory, Mal malignancy

KIR2DS5
KIR3DS1
Cell signaling
ALK
SH2D1A
XIAP
CD27
CD70
MAGT1
ITK
Gene expression/transcriptional GATA2
regulation
EZH2
MYST3-CREBBP
fusion

NK cell receptors

Unknown
Unknown
Activating
Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Decreased/absent
Activating

Inf
Inf
Mal
Inf
Inf
Inf
Inf
Inf
Inf, Mal
Inf, Mal
Mal
Mal

[101]
[101]
[73, 74]
[11]
[11]
[13]
[14]
[15]
[12]
[76]
[77]
[72, 75]
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Genetics and Genomics in Infection-Associated CSS
SHLH can occur in the course of a severe and uncontrolled infection, including
those caused by viral, bacterial, fungal, protozoal (leishmaniasis and malaria), rickettsial, visceral leishmaniasis, or mycobacterial pathogens [3]. Infection can serve
as triggers for the full clinical spectrum of CSS including pHLH, but in cases where
there is no evidence of familial recurrence, they are referred to as “sporadic” or
sHLH. In a proportion of these cases, one may find cytolytic defects similar
(although typically less profound) to those seen in patients with pHLH, but by definition no biallelic mutations are detected in known HLH associated genes that are
typically inherited in an autosomal recessive fashion.
Infection, most often by virus, is the most common identified cause for sHLH,
and is a statistically significant predictor of poor prognosis [4]. Of these, herpes
viruses, and particularly Epstein–Barr virus (EBV), are the most frequently identified. Cattaneo et al. examined 35 adult patients diagnosed with sHLH based on
HLH-2004 criteria and found infection by EBV in 28.6% of cases. With more than
90% of the world’s population infected with EBV, primary EBV infection is
asymptomatic in most people. Rarely, however, EBV causes life threatening infection in the form of EBV-associated HLH and chronic active EBV (CAEBV) infection. It typically affects older patients with no central nervous system (CNS)
involvement, in contrast to pHLH. However, Magaki et al. [5] reported a case of
fatal EBV-associated HLH with severe involvement of the CNS showing florid
hemophagocytosis in the choroid plexus, with extensive neuron loss and gliosis in
the cerebrum, cerebellum, and brainstem. Latent asymptomatic EBV infection is
established for life in most immunocompetent individuals in B cells and nasopharyngeal epithelial cells. In contrast, in EBV-associated sHLH, the predominant
EBV-infected cells are CD8-positive T lymphocytes, whereas in CAEBV, EBV
infects mainly CD4 or CD8 positive T lymphocytes and NK cells [6]. Acute cytomegalovirus (CMV) associated sHLH in the immunocompetent host has been
rarely reported, and most of these only partially met the HLH-2004 criteria [7].
Patients with infection-associated HLH other than EBV-HLH often enter remission
when they are treated with CS, IVIG, and/or CSA, in addition to specific treatment
for the infectious disease [8]. Genetic causes are largely not investigated and
largely unknown until recently. While the pathogenesis of EBV-HLH remains
unclear, sequence variations in cytokine production, cell proliferation and programed cell death (apoptosis) signaling related genes (Table 1) have been associated with susceptibility to this condition [9, 10]. Other inherited immune disorders
are known to be associated with EBV-HLH, such as X-linked lymphoproliferative
disease type1 (XLP1-SH2D1A) and type 2 (XIAP-BIRC4) [11], IL-2-inducible T
cell kinase deficiency (ITK) [12], CD27 deficiency [13], CD70 deficiency [14], and
magnesium transporter gene (XMEN-MAGT1) [15]. They should be ruled out clinically, as they may warrant more aggressive therapy, such as bone marrow transplantation, for a better clinical outcome.
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Of particular note is influenza A virus, which until recently was only rarely
reported in sHLH, and mostly in coinfection with other viruses such as EBV [16].
However, the recent global outbreak H1N1 influenza affecting children and young
adults included many patients with clinical features resembling sHLH and MAS,
and with a significantly high fatality rate. Several reports of fatal infection demonstrated liver dysfunction, cytopenias, coagulopathy, hyperferritinemia, and hemophagocytosis, which were successfully treated with HLH specific therapy [17, 18].
The potential contribution of H1N1 influenza to the development of sHLH and
associated genetic and genomic defects has not been studied extensively. None of
the reported patients had prior histories suggestive of immunodeficiency, but all
required intensive care with mechanical ventilation and circulatory support [19–21].
Interestingly, a comprehensive genetic study using whole exome sequencing (WES)
in fatal cases of H1N1 influenza identified mutations in genes have been associated
with pHLH and MAS [22]. This analysis found sequence variants in the genes that
encode perforin (PRF1-A91V), the granule trafficking protein LYST, and other
genes that associate with MAS. These genes include Xin actin-binding protein 2
(XIRP2), leucine-rich repeats and guanylate kinase-domain containing protein
(LRGUK), nipped-B homolog (NIPBL) and FAM220A. These de novo changes were
predicted to alter the protein function and disrupt lymphocyte cytolytic function and
contribute to the development of MAS/HLH like clinical syndrome in these H1N1
infected patients. In addition, two in cis MEFV variants, the causative gene of familial Mediterranean fever, also were identified in one H1N1 patient along with the
A91V-PRF1 allele (discussed further below). With supportive functional studies of
NK cell cytotoxicity, this suggests that pHLH and MAS associated gene variants
indeed contributed to CSS in fatal H1N1 influenza, although further functional studies are needed to confirm a causal link. Together, this evidence suggests that sHLH/
MAS may be a common complication in fatal H1N1 influenza infection in patients,
in particular those with certain genetic backgrounds.
There are sporadic cases reported of sHLH associate with bacterial, fungal, and
other types of infectious triggers [23–25], but the genetic cause of these cases were
not known and/or not well studied.

 enetics and Genomics in Rheumatic Disease Associated CSS,
G
Often Referred to as Macrophage Activation Syndrome
HLH occurring in the setting of rheumatic diseases has historically been categorized as macrophage activation syndrome (MAS, see chapter “The History of
Macrophage Activation Syndrome in Autoimmune Diseases”). However, MAS is
now broadly considered to be a form of secondary HLH. sHLH/MAS occurs most
frequently in children with systemic juvenile idiopathic arthritis, the genetics of
which are discussed separately (see chapter “Genetics of Macrophage Activation
Syndrome in Systemic Juvenile Idiopathic Arthritis”). However, this can occur
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albeit less commonly in children and adults with a variety of other rheumatic disorders, including both autoimmune and autoinflammatory syndromes. In general,
sHLH/MAS most often complicates rheumatic diseases in periods of high or persistent disease activity, and is associated with substantial morbidity and mortality.
Other than systemic JIA, sHLH/MAS is most frequently reported in patients
with systemic lupus erythematosus (SLE) [26]. While the vast majority of SLE
patients do not appear to develop sHLH/MAS, it represents a major cause of death
in this disease, associated with a substantial increase in in-hospital mortality for
febrile SLE patients [27]. The largest series of sHLH/MAS episodes in patients with
SLE found that nearly half of episodes occurred at time of SLE diagnosis, and that
15% of patients with sHLH/MAS had relapse or recurrent episodes [28]. However,
little is known regarding potential genetic contributors to sHLH/MAS in patients
with SLE. There is scant data regarding the occurrence of variants in pHLH-
associated genes in patients with SLE and sHLH/MAS, as with few exceptions [29],
sequencing is either not performed or not reported. There is a single report of a
patient with atypical biallelic PRF1 missense mutations who developed early-onset
lupus as well as HLH [30]. Several large genome-wide association studies have
identified IRF5 haplotypes as significant risk factors for development of lupus [31,
32]. Interestingly, Yanagimachi and colleagues identified a IRF5 haplotype that was
significantly associated with development of sHLH, although none of the patients in
that study were identified as having lupus [9]. Another recent report described a
patient with SLE-associated MAS and a heterozygous P369S-R408Q variant in
MEFV, which encodes the pyrin inflammasome and is the causative gene of familial
Mediterranean fever (FMF) [33]. Although these MEFV variants are relatively common (minor allele frequency 0.5–2% depending on the population), they have also
been identified in multiple other patients with sHLH/MAS [22, 34]. This is particularly intriguing in light of recent findings regarding the role of inflammasome,
macrophage-intrinsic genetic defects such as NLRC4 in triggering HLH/MAS (see
below and chapter “The Intersections of Autoinflammation and Cytokine Storm”).
Kawasaki disease is a self-limited vasculitis of unknown etiology, and one of the
most common vasculitides during childhood. This includes a myocarditis in many
patients, with late development of coronary artery aneurysms in up to 25% of
untreated patients [35]. There are numerous reported cases of sHLH/MAS complicating the acute phase of Kawasaki disease, with a recent cross-sectional study suggesting it occurs in at least 1% of cases [36]. Most often, Kawasaki disease-associated
sHLH/MAS occurs in patients with prolonged and treatment refractory courses,
with a high incidence of coronary abnormalities and death [36, 37]. However, little
is known regarding genetic risks for sHLH/MAS in patients with Kawasaki disease.
Genetic analysis of pHLH genes is reported in a small number of cases and all have
been negative [36–39]. There are no additional putative genetic variants that have
been reported in patients with sHLH/MAS complicating Kawasaki disease.
There are scattered reports of sHLH/MAS occurring in patients with various
other rheumatic diseases, including nonsystemic subtypes of JIA, rheumatoid arthritis, spondyloarthritis, dermatomyositis, mixed connective tissue disease, Sjogren’s
syndrome, and antiphospholipid antibody syndrome [26, 40, 41]. sHLH/MAS
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appears to be a very rare complication of these disorders, and to most often occur
during periods of persistently high disease activity. Two recent reports have highlighted patients with spondyloarthropathy and uveitis complicated by sHLH/
MAS. Genetic testing found these patients carried heterozygous variants in the
pHLH genes PRF1 [42], UNC13D, and RAB27A [43]. Potential genetic contributions to sHLH/MAS in other rheumatic diseases is largely unexplored. Several case
reports have described negative genetic testing of pHLH genes in patients with
sHLH/MAS and dermatomyositis [44] and Sjogren’s [45] syndrome.
In addition to the autoimmune disorders discussed above, sHLH/MAS also
occurs in patients with autoinflammatory disorders such as the monogenic periodic
fever syndromes [46]. Autoinflammatory syndromes are characterized by seemingly unprovoked episodes of inflammation in the absence of high-titer autoantibodies or autoreactive lymphocytes, and generally believed to involve defects in
innate immunity [47]. The links between sHLH/MAS and autoinflammation were
highlighted particularly by the recent discovery of gain-of-function variants in the
inflammasome component NLRC4 in patients with recurrent episodes of CSS
resembling pHLH [48, 49]. The phenotype of these patients suggests a linkage
between macrophage-intrinsic defects and development of CSS. Indeed, there is
some evidence that sHLH/MAS may occur relatively frequently in other autoinflammatory disorders. In one large cohort of patients with mevalonate kinase deficiency, 6% had a history of sHLH/MAS [50]. In support of this, an infant with
severe mevalonate kinase deficiency and recurrent sHLH/MAS was found to have a
rare heterozygous PRF1 variant [51]. Whether similar variants in pHLH genes
occur in patients with other autoinflammatory syndromes is unknown.

Genetics and Genomics in Malignancy Associated CSS
Malignancy is the single most common trigger for HLH in adults, being present in
nearly 50% of all adult cases [52]. When considering all pediatric HLH, including
hereditary forms, malignancy-associated sHLH is less common, but still may be a
trigger in approximately 10% of cases [53, 54]. sHLH is most commonly reported in
association with non-Hodgkin’s, B-cell or T-cell lymphoma, but have also been
reported in Hodgkin’s lymphoma, acute leukemia, and a variety of solid tumors [52].
While overall sHLH is a rare complication of hematologic malignancies, it can occur
in up to 20% of some lymphoma subtypes [52]. The occurrence of sHLH in Hodgkin’s
lymphoma is particularly notable given the association between this malignancy and
EBV, which as discussed above and elsewhere (see chapter “Cytokine Storm
Syndromes Associated with Epstein–Barr Virus”) is a key infectious trigger of HLH
more broadly [55]. While a majority of malignancy-associated sHLH cases were
diagnosed either at onset or immediately prior to identification of cancer, a substantial number of cases occurred during treatment, particularly with antileukemic therapies [56]. Malignancy and sHLH have multiple shared pathologic mechanisms,
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including dysfunction of immune surveillance and immunomodulation. As such,
identifying shared genetic risks is an area of urgent clinical need.
Perforin is a key cytolytic protein that is essential for cytotoxic CD8 cell (CTL)
and natural killer (NK) cell function, including killing of transformed cells. As discussed in Arico chapter, perforin deficiency is also the most common identified cause
of pHLH. The role of perforin at the intersection of malignancy and HLH is controversial, with multiple studies with contradictory findings. In 2005, Clementi et al.
first reported four lymphoma patients with biallelic perforin mutations, all of which
had evidence of sHLH [57]. Concurrently, a large Italian study found that the perforin A91V polymorphism, which leads to a more mild impairment in NK cell function
[22, 58, 59], was overrepresented in patients with acute lymphoblastic leukemia
(ALL) [60]. However, a subsequent large study from the Children’s Oncology Group
could not confirm this association with ALL [61]. Other small cohort studies have
found perforin A91V in association with anaplastic large cell lymphoma [62], B-cell
lymphoma, melanoma [63], and BCR-ABL positive ALL [61], although in none of
these reports was the coexistence of sHLH discussed. There are also several reports
of known pathogenic perforin variants found in patients with lymphoma and signs of
sHLH [30, 57, 64]. Together, the totality of evidence supports a role for perforin as a
risk factor both for certain malignancies and malignancy-associated sHLH.
In support of this pathologic linkage, there are several reports of patients with
malignancy-associated sHLH and variants in other cytolytic pathway genes linked
to pHLH. Chang and colleagues described a 3-year-old who developed sHLH with
heterozygous variant in UNC13D, which causes pHLH3 [65]. Four months after
recovery, this child developed acute monoblastic leukemia. Other patients with
UNC13D variants in association with malignancy and sHLH have also been
reported [43, 65, 66]. Mutations in syntaxin 11 cause the hemophagocytic syndrome pHLH4 [67]. Recently, syntaxin 11 was proposed to function as a tumor
suppressor gene in T-cell lymphomas, with several reports of patients with genomic
deletions and genetic variants [68]. In support of this, there are reports of syntaxin
11 variants in patients with both leukemia and T-cell lymphoma who also developed malignancy-associated sHLH [56, 69]. Finally, one patient has been described
with biallelic variants in STXBP2, which causes pHLH5, who developed sHLH in
association with nodular sclerosing Hodgkin’s lymphoma [56]. Most intriguingly,
Lofstedt and colleagues recently found that first-degree relatives of Swedish children with pHLH had a significantly increased risk of cancer compared to matched
controls [70].
Several other genetic factors have been reported in patients with malignancy-
associated sHLH. Chromosomal abnormalities including pericentric inversion 12
and deletions of the long arm of chromosome 6 have been reported in patients with
leukemia who presented with sHLH [66, 71]. More specifically, several fusion
genes have been described in infants and children with hematologic malignancies
and sHLH, including MYST3-CREBBP fusion at t(8;16)(p11;p13) and ALK fusions
[72–75]. In particular, the MYST3-CREBBP fusion, which has histone acetylase
activities from both genes and activates numerous cell cycle control genes, is associated with hemophagocytosis in a majority of cases at diagnosis [72, 75]. Two
immunodeficiency syndromes, with loss of the IL-2-inducible T-cell kinase ITK
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and the transcription factor GATA2, cause susceptibility to EBV including EBVassociated cancers and sHLH [12, 76]. Finally, mutations in EZH2, which cause
Weaver syndrome and are associated with hematologic malignancies, have also
been reported in leukemia-associated sHLH [77]. Taken together, multiple genetic
mutations and chromosomal alterations that affect cell cycle and leukocyte proliferation may also contribute to development of sHLH.

Genetics and Genomics of Other Causes of Acquired CSS
Several other disorders associated with sHLH have been reported. Selective
immunoglobulin M deficiency (sIgMD) is a rare form of dysgammaglobulinemia
characterized by an isolated low level of serum IgM. Agarwal et al. reported an
adult case of primary sIgMD with absent B cells and sHLH who presented with
recurrent infections, fever, splenomegaly, hemophagocytosis in bone marrow, and
pancytopenia [78]. However, genetic studies were not carried out in this case for
either pHLH or B cells/antibody deficiency. There is also a report of a patient who
developed fatal sHLH in the setting of X-linked chronic granulomatous disease
(CGD), which is caused by defects in the phagocyte NADPH oxidase [79]. In this
case, the patient was found to have a novel heterozygous PRF1 variant, although
no functional studies were performed to determine the consequence of this change.
Transplant-related sHLH have been reported in the setting of HSCT, umbilical
cord blood [80], and organ transplants such as kidney [81] and liver [82] transplants.
In these cases, CSS is induced by multiple factors such as tissue damage due to
conditioning, cytokine production from hematopoietic cells that proliferate at
engraftment, immunological interactions between host antigen presenting cells
(APC) and donor lymphocytes, and reaction of latent virus. Recently, many reports
have suggested reduced intensity of HLH-specific treatment for the patients with
less immunosuppressive therapy may lead to better outcome [83]. Genetic causes of
these transplantation related HLH are not known.
Some congenital metabolic diseases have been reported to have a clinical complication similar to clinical sHLH, including LCHAD [84], lysinuric protein intolerance [85], multiple sulfatase deficiency [86], galactosemia [87], Gaucher disease
[88], Pearson syndrome [89], and galactosialidosis [90]. These cases typically carried mutations in genes associated with the underlying metabolic conditions. Genetic
studies of HLH associated genes have not identified any defects and/or susceptibility
factor led to the development of clinical HLH. There are also patients with gastroparesis and associated sHLH found to have pathogenic variants in STXBP2 [43].
Finally, another therapy that has been recently associated with sHLH is use of
novel immunotherapeutics. Several reports described a “cytokine release syndrome”
after using chimeric antigen receptor-modified (CAR) T-cells, bispecific T-cell engagers and cytotoxic T calls in cancer patients [91, 92]. These conditions p resented a
CSS-like pattern of elevated ferritin, sIL2Ra, IFNγ, IL-6, IL-8, and IL-10, but whether
there is a specific genetic susceptibility to this “cytokine release syndrome” remains
an open question. These conditions can be managed by cytokine-directed therapy.
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Summary
HLH has historically been described in binary terms as “primary” or “familial,”
indicating Mendelian inheritance of genetic mutations resulting in cytotoxic lymphocyte dysfunction, or “secondary” indicating an acquired reactive disorder without strong genetic component. This remains a critical distinction clinically, as it
largely directs patient management. In many cases of infection associated sHLH,
the cytokine storm resolves with appropriate specific antimicrobial therapy and no
need for other immunosuppressive therapy. Even for patients with sHLH or MAS
who do require aggressive therapy directed at the cytokine storm, such as the etoposide/dexamethasone protocol, once in remission, they typically remain disease free.
Therefore, it is important to distinguish pHLH from sHLH, so that HSCT can be
undertaken quickly for patients with pHLH and, just as importantly, patients with
sHLH are spared unnecessarily aggressive therapy.
However, as discussed here and proposed by others [93, 94], increasing evidence
has revealed HLH as a more complex phenomenon, resulting from specific immune
activation in patients with a susceptible genetic background (Fig. 1). The clinical

Fig. 1 Interplay of genetic background and environmental triggers leading to CSS. It is increasingly clear that both genetics and specific environmental factors or diseases together contribute to
risk of CSS such as HLH. In the setting of biallelic, loss of function mutations in the perforin
cytolytic pathway, common infections or even no identified trigger are sufficient to induce fulminant HLH. In contrast, hypomorphic variants in these genes, as well as numerous other genes
involved in immune signaling or cytokine production, are increasingly identified in patients with
sHLH/MAS associated with rheumatic disease or severe infections. In other cases, including those
with significant immune dysregulation such as malignant transformation or EBV infection, no
predisposing genetic variants can be identified. The collective burden of these genetic variants may
predict the level of environmental trigger required to trigger CSS
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development of HLH can be considered as being pushed over the edge of a cliff
into a potentially catastrophic drop by an environmental trigger [95]. If the push
(systemic immune activation by an infection, autoimmune/autoinflammatory disorder, or malignant transformation) is powerful enough, anybody can be made to fall.
However, if the edge is lowered (through certain genetic variants with mild defects in
lymphocyte cytolytic function), a much weaker push might be sufficient to produce
the same result. This is most strikingly apparent in children with pHLH and biallelic
mutations in genes such as PRF1, where life-threatening cytokine storm can be
caused by trivial or even imperceptible triggers.
At the same time, most patients with sHLH have not undergone comprehensive
genetic testing, even of known HLH-associated genes such as PRF1. Even for those
who have had some genetic testing, one wonders whether patients with sporadic
HLH in whom no mutation in pHLH-related genes are found might have mutations
in other genes, such as those that control the production or secretion of IFNγ, or
even in regulatory or noncoding genomic regions of known pHLH-related genes.
The expanded use of clinical genetic testing, and particularly the availability of
whole-exome sequencing and now whole genome sequencing, may provide compelling
answers to this crucial question.
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Genetics of Macrophage Activation
Syndrome in Systemic Juvenile Idiopathic
Arthritis
Alexei A. Grom

Macrophage activation syndrome (MAS) is a life-threatening episode of hyperinflammation driven by excessive activation and expansion of T cells (mainly CD8)
and hemophagocytic macrophages producing proinflammatory cytokines [1, 2].
MAS has been reported in association with almost every rheumatic disease, but it is
by far the most common in systemic juvenile idiopathic arthritis (sJIA). Clinically,
MAS is similar to familial or primary hemophagocytic lymphohistiocytosis
(pHLH), a group of rare autosomal recessive disorders [3, 4] linked to various
genetic defects all affecting the perforin-mediated cytolytic pathway employed by
NK cells and cytotoxic CD8 T lymphocytes [5–9]. Decreased cytolytic activity in
pHLH patients leads to prolonged survival of target cells associated with increased
production of proinflammatory cytokines that overstimulate macrophages [10–14].
The resulting cytokine storm is believed to be responsible for the frequently fatal
multiorgan system failure see in MAS.
Initially HLH was described as a group of rare autosomal recessive immunodeficiency disorders of early childhood [4]. More recently, HLH has been recognized as both a familial disorder (pHLH) and as a sporadic one that is usually
referred as secondary HLH (sHLH) [3, 4]. sHLH may occur at any age and is typically associated with malignancies, infections, or rheumatologic disorders [1–4].
When sHLH occurs in association with a rheumatic disease, it is usually referred
to as macrophage activation syndrome (MAS) [1, 2].
Primary HLH is not a single disease but rather a constellation of rare autosomal
recessive immunodeficiency disorders linked to various genetic defects all affecting
the perforin-mediated cytolytic pathway [3, 4]. In about 30% of pHLH patients the
cytolytic dysfunction is due to loss of function mutations in the gene encoding perforin (PRF1), a protein which cytolytic cells utilize to induce apoptosis of target
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Fig. 1 Cytolytic cells cause destruction of target cells by delivering granules that contain perforin
and granzymes (Modified from Jordan, et al. Blood 2011 [3])

cells [5]. When released at the surface interface with the target cell, also called the
“immune synapse,” peforin self-polymerizes creating pores in the plasma membrane (Fig. 1). Granzymes then pass through the perforin pores into the target cell
to trigger apoptosis. The genes implicated in three other types of pHLH (MUNC13-4,
STX11, and MUNC18-2) encode proteins involved in the intracellular transport of
perforin- and granzyme-containing granules to the immune synapse [6–9]. The
cytolytic cells in these patients with pHLH produce sufficient amounts of perforin,
but the poor ability to release perforin into the immune synapse with a target cell
leads to profoundly decreased cytolytic activity. Although mutations in PRF1,
MUNC13-4, STX11, and MUNC18-2 explain the disease in the majority of patients
with pHLH, about 30–40% of clearly familial cases are still awaiting molecular
definition [3] suggesting that there are likely other genes involved in defective cytolytic granule transport. Depressed cytolytic function due to abnormal movements of
intracellular granules also contributes to the development of pHLH in Griscelli syndrome type 2 (GS2) and Chediak–Higashi syndrome, caused by mutations in
RAB27A and LYST, respectively [15, 16].
In normal physiologic conditions, cytolytic cells, such as cytotoxic CD8 T lymphocytes or natural killer (NK) cells, induce apoptosis of cells infected with viruses
or cells undergoing malignant transformation. It has been shown that even moderate
defects in the cytolytic pathway may lead to prolonged survival of target cells, ultimately leading to overproduction of proinflammatory cytokines [10]. In many
pHLH patients however, extensive workup often fails to identify infectious triggers,
suggesting that the cytolytic function may be important in controlling T cell
homoeostasis even in the absence of apparent infectious stimuli [11]. Thus cytolytic
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cells may also be directly involved in the termination of immune responses by
inducing apoptosis of overly activated immune cells [12–14]. Based on these observations, it has been postulated that in HLH, failure to induce apoptosis of target cells
by cytotoxic T cells and/or NK cells may delay the contraction stage of the immune
response leading to persistent expansion of activated T cells and macrophages and
escalating production of proinflammatory cytokines creating a cytokine storm [3].
Similar mechanisms may be responsible for the development of HLH in the primary
immunodeficiencies, X-linked Lymphoproliferative Syndromes type 1 and 2,
caused by mutations in SH2D1A and XIAP (or BIRC4), respectively [17, 18]. HLH
in these patients is usually triggered by EBV infection causing rapid expansion of
activated lymphocytes. Genetic defects in XLP type 1 interrupt activation-induced
apoptosis of immune cells, leading to their prolonged survival and increased production of cytokines. Although lymphoproliferation plays a role in the development
of HLH in XLP type 2 as well, these patients may also have additional intrinsic
abnormalities in the myeloid cells. More specifically, XIAP has been shown to modulate NOD2 signaling, and thus it may affect inflammasome activity [19, 20].
Like pHLH, rheumatologic patients with MAS also have profoundly depressed
cytolytic function, although it tends to improve with better control of the activity of
the underlying rheumatic disease [21, 22]. The development of cytolytic dysfunction in sHLH appears complex and is influenced by the inflammatory activity of the
underlying disease and by a genetic component [1]. To explore the genetic component in sJIAs-associated MAS patients, Kaufman et al., used whole exome sequencing (WES) [23]. This methodology allows detecting rare variants both in the genes
localized to a specific locus and in the genes from multiple loci involved in the same
pathway. First, this methodology was used to identify novel and previously reported
rare protein-altering SNPs/indels in the known pHLH-associated genes. Overall,
rare protein-altering variants in pHLH-associated genes were present in 36% of
sJIA/MAS patients [23], similar to the percentage of sJIA patients at risk for MAS
[24, 25]. Remarkably, these patients were more likely to have recurrent episodes of
MAS [23]. In the same study, subsequent genome-wide recessive homozygosity
and compound heterozygosity analysis identified additional potentially pathogenic
variants in other genes encoding proteins important for intracellular vesicle transport that need to be explored further. Targeted sequencing of pHLH-associated
genes in patients with MAS presenting as a complication of various rheumatic diseases performed by other groups [26, 27] revealed an even higher proportion of
patients with heterozygous variants (above 40%).
Marked enrichment for rare variants in the genes involved in the intracellular
transport of perforin-containing granules as well as in the perforin gene itself was
seen in sHLH cohorts, but not in sJIA patients with no MAS history, or in healthy
individuals [23, 26, 27], suggesting causal roles in disease pathogenesis. Indeed,
many of these variants have been clearly associated with pHLH, and therefore are
likely pathogenic. The functional and clinical relevance of many other variants,
however, is not clear. In the pHLH literature, it has been suggested that the degree
of cytolytic defect resulting from specific pLH gene mutations correlates with severity of disease in murine models of HLH and in patients with pHLH [28]. It has been
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also documented that heterozygous mutations in the pHLH gene, MUNC18-2, can
function as dominant-negative proteins resulting in lethal sHLH [29].
Along these lines, Zhang et al. have recently characterized the impact on NK
cell lytic activity of a novel heterozygous RAB27A p.A87P missense mutation
identified in two teenagers with sHLH/MAS responsive to immunosuppression
[30]. Introduction of the RAB27A p.A87P mutation into a human NK cell line by
lentiviral transduction resulted in decreased NK cell degranulation and cytolytic
activity against K562 target cells. Confocal microscopy revealed delayed cytolytic granule trafficking/polarization to the immunologic synapse in RAB27A
p.A87P expressing NK cells (Fig. 2a). This delay in cytolytic granule transport
and defective cytolysis from the RAB27A A87P mutation prolonged the interaction of the lytic lymphocyte and its antigen presenting cell (APC) target and was
associated with increased production of IFN-γ (Fig. 2b) [30]. This was highly
consistent with the recent report demonstrating a fivefold increase in the duration
of the contact between the lytic lymphocytes and the antigen-presenting cells
resulting in a proinflammatory cytokine storm and subsequent clinical sHLH [10].
Interestingly, the same RAB27A p.A87P mutation was present in each of the
patients’ fathers who were both asymptomatic. NK function assessment in one of
the fathers revealed decreased NK cell lytic activity and degranulation. Furthermore,
he also was noted to have a markedly elevated baseline serum ferritin value (a
marker of MAS) [30], suggesting that he may be at risk for MAS after encountering
certain infections or a rheumatic inflammatory disease. Thus, either a modifying
gene(s) and/or an inflammatory trigger (e.g., certain infections) are required for
MAS/sHLH to present clinically in those with heterozygous dominant-negative

Fig. 2 (a) RAB27A p.A87P mutation delays granzyme B polarization to the immunologic synapse. Vector control (top row), RAB27A WT (middle), and RAB27A p.A87P mutant (bottom) transduced NK-92 cells were stimulated with K562 cells for the indicated time periods prior to
intracellular analysis of granzyme B polarization assessed by confocal microscopy. One representative experiment is shown, where green represents granzyme B staining and blue denotes cell
nuclei (DAPI stain). (b) Increased IFN-γ expression by mutant RAB27A p.A87P compared with
WT Rab27a-expressing NK-92 cells following incubation with K562 target cells
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pHLH gene mutations. Alternatively, perhaps the vesicular transport defects that
affects perforin function only mildly may also affect other cellular functions yet to
be explored (such as cytokine secretion, for instance), and these are the true cause
of both MAS and sJIA pathophysiology.
Schulert et al. used a custom enrichment assays targeting the extended haplotype
on chromosome 17 region of approximately 1 Mbps that has been associated with
MAS in patients with sJIA [31, 32]. While there were no pathogenic variants in the
protein-coding region, examination of these highly conserved regions known to bind
transcription factors including some introns revealed several interesting variants
[33]. One example is the variant c.118-308C>T in Intron 1 of the MUNC13-4 gene.
This variant is identical to what has been recently described by another group which
shown that c.118-308C>T mutation abrogates transcription of an alternative form of
MUNC13-4 specifically in cytotoxic lymphocytes [34]. Residual transcripts of the
conventional MUNC13-4 isoform appear insufficient for supporting any cytotoxic
lymphocyte degranulation. This variant has now been linked to the development of
pHLH [34]. MUNC13-4 expression in PBMCs of sJIA patients with this variant was
decreased as determined by RT-PCR compared to healthy controls [33]. This intronic
variant partially disrupted NFκB engagement relative to the WT sequence. Moreover,
reporter genes containing the variant sequence demonstrated diminished transcriptional enhancer activity consistent with decreased MUNC13-4 message as seen in
the patient. These observations suggest that relevant pathogenic variants in sJIA
patients with MAS can be present in both coding and non-coding regions.
Genetic variations predisposing to MAS may not be limited to only the cytolytic
pathway. Thus, in patients with gain-of-function mutations in the NLRC4 gene,
MAS-like clinical presentation seems to be induced by a macrophage-intrinsic
defect in the absence of primary cytotoxic abnormalities [35, 36] suggesting that in
the future the search for pathogenic variants should be extended beyond the cytolytic pathway and include macrophage activation pathways as well. Another informative example is XLP type 2 where the occurrence of HLH could be linked to
abnormal lymphoproliferation as well as intrinsic abnormalities in the myeloid cells
related to the ability of XIAP to regulate NOD2 signaling and inflammasome activation [19, 20]. Of note, these genetic diseases are characterized by strikingly high
circulating levels of IL-18, a feature that they both share with sJIA, raising the possibility of both pathophysiologic and genetic overlaps.
Additionally, a recent study from Japan identified IRF5 (interferon regulatory factor 5) gene polymorphisms as risk factors for MAS development in patients with sJIA
[37]. Given the presumed role that IFN-γ has in the pathophysiology of MAS [38],
this observation is very intriguing and needs to be confirmed in other ethnic groups.
In summary, MAS is a life-threatening condition that affects 10–40% of children
with sJIA [1–4]. Unfortunately, at present, MAS is frequently diagnosed at the later
stages when it may be fatal. However, if sHLH/MAS is diagnosed in a timely fashion, immunosuppressive therapy, including corticosteroids, cyclosporine, and anti-
proinflammatory cytokine therapy, can markedly improve outcomes [1–4]. We are
just beginning to recognize the breadth of genetic risk factors which predispose to
MAS development in sJIA and other rheumatic diseases. A better knowledge of
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variants in cytolytic pathway genes and the degree to which they confer susceptibility to MAS development will be crucial to improved and earlier recognition of MAS
other populations. The experience with MAS in patients with gain-of-function
mutations in the NLRC4 gene as well as patients with XLP2 also suggests that the
search for pathogenic variants should be extended beyond the cytolytic pathway and
should include macrophage activation pathways. This type of personalized medicine approach (knowing one’s MAS genetic risk) will also be helpful in predicting
outcomes, potential for MAS recurrence, and those most likely to benefit from bone
marrow transplantation therapy.
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Introduction
Cytokine storm syndromes (CSS) represent a group of potentially fatal hyperinflammatory syndromes. Hemophagocytic lymphohistiocytosis (HLH) is characterized by unremitting fever, hepatosplenomegaly, hyperferritinemia, cytopenia, and
sometimes hemophagocytosis. Familial forms of the HLH are typically early-onset
and often triggered by infections (e.g., herpes viruses) that lead to acute, fulminant,
and unremitting inflammation [1, 2]. High levels of pro-inflammatory cytokines,
including interferon (IFN)-γ, tumor necrosis factor (TNF), interleukin (IL)-6,
IL-12, and IL-18, as well as the anti-inflammatory cytokine IL-10, have been
reported in HLH [3–6]. In one study high levels of IFN-γ, interferon-inducible protein-10 (IP-
10/CXCL10, a chemokine induced by IFN-γ), and IL-10 were
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associated with early mortality [7]. Histologically, HLH is characterized by activated macrophages and expansion of CD8+ T cells that infiltrate tissues [8, 9].
According to current clinical criteria, at least five of eight defined criteria need to
be fulfilled for the diagnosis of HLH [10]. Clinically, macrophage activation syndrome (MAS) has similar diagnostic criteria as, and can be difficult to distinguish
from, HLH [11]. A clinical scoring system can assist discrimination of HLH from
MAS [12]. Providing a biological marker potentially differentiating HLH from
MAS, chronic elevation of IL-18, unbound from the IL-18 binding protein, has
recently been associated with an increased risk of MAS [13]. Another form of CSS
has been reported following T cell-directed therapies (e.g., upon administration of
agonistic anti-CD28 antibodies or treatment of B-precursor acute lymphoblastic
leukemia with CD19/CD3-bispecific T cell receptor engaging antibodies) [14, 15].
The pathophysiology of CSS after immunotherapy is still poorly understood, but is
linked to massive T cell-mediated release of cytokines following strong therapeutic
stimuli. In turn, these cytokines may trigger activation of innate immune cells,
exacerbating inflammation.
Here, we focus on the role of CD8+ T cells in the pathophysiology of CSS, with
a particular emphasis on congenital forms of HLH noted for CD8+ T cell
dysfunction.

 enetic Hemophagocytic Lymphohistiocytosis Predispositions
G
Implicating CD8+ T Cells
Through seminal studies of patients with familial forms of HLH by Kumar and colleagues, biallelic loss-of-function mutations in the gene encoding perforin, PRF1,
were identified as a cause of primary HLH [16]. This study thereby provided a
definitive link between perforin-mediated cytotoxicity and disease, demonstrating
that lymphocyte cytotoxicity required not only for clearing abnormal cells but also
for controlling the magnitude of immune responses. Perforin is specifically
expressed by cytotoxic lymphocytes and is stored together with apoptosis-inducing
granzyme proteins in cytotoxic granules, a form of secretory lysosome. Of note, Fas
ligand is another apoptosis-inducing transmembrane protein that localizes to cytotoxic granules in unstimulated cells [17]. Defects in Fas ligand-mediated killing of
lymphocytes, typically caused by somatic, dominant-negative mutations in the Fas
receptor are also associated with lymphoproliferative disease [18], termed autoimmune lymphoproliferative syndrome (ALPS). However, in contrast to HLH, ALPS
is typically characterized by chronic, non-infectious lymphoadenopathy or splenomegaly, in addition to an elevated frequency of CD3+TCRαβ+CD4−CD8− double-
negative T cells in peripheral blood [19].
In subsequent studies of other families with familial HLH, biallelic loss-of-
function mutations in UNC13D, STX11, and STXBP2 were also identified as causative of disease [20–23]. These genes encode the cytosolic proteins Munc13-4,
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syntaxin-11 (Stx11), and Munc18-2, respectively, which are widely expressed in the
immune system as well as other hematopoietic cell types and certain tissues. Studies
of lymphocytes from patients with biallelic nonsense mutations in these genes have
established that that their protein products are required for exocytosis of perforincontaining cytotoxic granules [20, 22–24], providing an explanation for why such
mutations may give rise to syndromes that clinically phenocopy perforin deficiency.
In addition, Griscelli syndrome type 2 (GS2) and Chediak–Higashi syndrome
(CHS), caused by mutations in RAB27A and LYST, respectively, display partial albinism and are also associated with development of HLH [25, 26]. Both GS2 and
CHS patients display impaired lymphocyte cytotoxicity due to defective cytotoxic
granule exocytosis [25, 27]. Furthermore, patients with X-linked lymphoproliferative syndrome (XLP) caused by mutations in SH2D1A and XIAP [28–31], respectively, may also present with HLH although an overt defect in lymphocyte
cytotoxicity per se is not usually observed [32].
Altogether, genetic studies have provided strong links between mutations in
genes required for lymphocyte cytotoxicity and hyperinflammatory syndromes
such as HLH, representing an example of how rare human diseases can provide
molecular insights to crucial physiological processes. Retrospective analyses have
demonstrated that patients with biallelic nonsense mutations in PRF1 or UNC13D
invariably present with HLH within their two first years of life [33–35]. Nonsense
mutations in STXBP2, RAB27A and in particular STX11 may present later in childhood. The incidence of such autosomal recessively inherited HLH in infancy and
childhood has been estimated to 1/50,000 live-births [36], which is for example
comparable to that of severe combined immunodeficiency [37]. Warranting functional studies of patients [32], disease-causing mutations are not necessarily
detected by sequencing the coding regions of genes. Noncoding mutations can
explain a high proportion of early-onset HLH cases [38–41]. These studies have
revealed a lymphocyte-specific intronic enhancer and alternative transcriptional
start site of UNC13D controlled by ETS family transcription factor binding [42]. In
the same intron, another mutation affecting NFκB transcription factor binding has
been associated with impaired UNC13D transcription in a patient diagnosed with
recurrent MAS [43]. Moreover, deletions of the RAB27A promoter have been
reported in GS2 [44, 45], in certain cases deleting a lymphocyte-specific promoter
that thereby impaired lymphocyte cytotoxicity without affecting the pigmentation
of melanocytes. Results from multiple lines of investigation suggest that only mutations that severely reduce the function of specific proteins required for lymphocyte
cytotoxicity are associated with familial HLH, whereas hypomorphic variants can
be associated with later onset of disease and reduced penetrance [46, 47]. In accordance with these observations, mouse studies of perforin-mediated immune regulation in the context of mixed chimerism indicate that 10–20% of perforin-expressing
lymphocytes is sufficient to avoid development of hyperinflammatory diseases
upon viral challenge in an animal model of HLH [48]. Similarly, clinical data suggest more than 20% donor cells suffice to prevent HLH reactivation in transplanted
patients [49]. Nonetheless, biallelic hypomorphic variants in HLH-associated
genes have also been associated with presentation of HLH, more commonly in
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adults [33, 50, 51]. The degree to which monoallelic mutations in HLH-associated
genes may cause disease is not clear [50, 52]. Mouse models suggest that heterozygous mutations in different HLH-associated may add up in terms of HLH susceptibility [53], although analyses of HLH patient exomes do not suggest that polygenic
effects are a major cause of HLH [54]. Adding to the complexity of HLH genetics,
two recent reports have suggested that certain mutations in HLH-associated genes
may act in a dominant negative manner. Two rare heterozygous STXBP2 missense
variants have been described in children with HLH [55], albeit with incomplete
penetrance. In vitro membrane fusion assays revealed that these variants arrest the
late steps of soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE)-complex assembly, explaining reduced cytotoxic granule exocytosis and
potentially HLH susceptibility. Furthermore, two unrelated adolescents with HLH
have been described to carry a specific heterozygous RAB27A missense variant,
again with incomplete penetrance [56]. This Rab27a variant displayed impaired
interactions with Munc13-4 and overexpression of the variant reduced lymphocyte
degranulation.
Together these genetic findings suggest a strong association between lymphocyte
cytotoxicity, in part mediated by CD8+ T cells, and HLH. Genetic associations highlight a continuum of mutations that also includes heterozygous, dominant negative
variants. It can be assumed that only a fraction of individuals carrying hypomorphic
variants in HLH-associated genes actually present with HLH. Given the prevalence
of loss-of-function variants in HLH-associated genes, it is quite possible that many
individuals present with other diseases as a consequence of impaired lymphocyte
cytotoxicity (e.g., cancer) [46, 57–59].

 ey Roles of CD8+ T Cells in the Pathophysiology of Familial
K
Forms of Hemophagocytic Lymphohistiocytosis
In human peripheral blood, natural killer (NK) cells and differentiated CD8+ T cells
represent the major perforin-expressing cell subsets [60, 61]. In agreement with the
finding that autosomal recessive loss-of-function mutations in perforin cause HLH,
a characteristic laboratory finding of HLH is defective NK cell-mediated cytotoxicity [62, 63]. Animal models have offered more detailed understanding of the cellular
processes underlying HLH. Although both NK cells and T cells can play important
roles in protection against infected or transformed cells, perforin-deficient mice do
not develop HLH-like symptoms unless they are infected [64–66]. Moreover, a
murine cytomegalovirus (MCMV) susceptibility screen of N-ethyl-N-nitrosoureamutagenized mice identified an Unc13d splice mutation, with animals susceptible to
HLH-like disease upon lymphocytic choriomeningitis (LCMV) infection, but not
upon infection with MCMV or the intracellular parasite Listeria monocytogenes
[67]. Notably, a seminal study by Jordan and colleagues infecting perforin-deficient
mice on the C57BL/6 background with LCMV revealed that disease could be
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ameliorated by depletion of CD8+ cells or neutralization of IFN-γ, but not other
cytokines including TNF, IL-12, and IL-18, suggesting central roles for CD8+ T cells
and IFN-γ in HLH pathogenesis [68]. In this mouse model, administration of antiIFN-γ could ameliorate disease, indicating therapeutic potential [69]. Providing
insights to the cellular basis for pathophysiology, the perforin-deficient mouse model
displays greater CD4+ and CD8+ T cell expansions upon LCMV infection [65]. In
this context, CD8+ T cells mediate a negative feedback loop involving perforin-
dependent elimination of antigen-presenting dendritic cells (DCs) [70]. Genetic
interference of Itgb2, encoding the β2-integrin important for lymphocyte adhesion,
or Tnf upon LCMV infection of Munc13-4-deficient mice demonstrated that neither
cell contact nor TNF was essential for development of disease [71]. However, studies of perforin-deficient mice have indicated that defective lymphocyte cytotoxicity
mechanistically results in prolonged interactions between cytotoxic effector cell and
their target cell, greatly amplifying the quanta of IFN-γ secreted by CD8+ T cells and
NK cells [72]. Disruption of Myd88, encoding a cytosolic adaptor protein for inflammatory signalling pathways, in Munc13-4-deficient mice infected with LCMV
blocked development of HLH-like disease, revealing a key role for MyD88 in promoting myeloid and lymphoid proliferation [71]. IL-33 is a cytokine belonging to
the IL-1β and IL-18 family that signals via a MyD88-
dependent pathway.
Interestingly, blockade of IL-33 receptor, ST2, improves survival of LCMV-infected
perforin-deficient mice, reducing serum levels of IFN-γ [73]. This finding suggests
that danger signals such as IL-33 released from tissues can act as amplifiers of
immune dysregulation in viral-triggered forms of familial HLH.
Together, these studies of the LCMV-infection based mouse model of HLH point
to key roles of CD8+ T cells and IFN-γ in driving the pathogenesis of HLH. In this
context, it should be noted that mutations in genes besides those implicated in lymphocyte cytotoxicity have also been linked to HLH susceptibility [54, 74, 75].
Notably, T cell-deficient severe combined immunodeficiency patients, harboring
mutations in genes required for T cell development, can develop hyperinflammatory
disease that fulfills HLH criteria [74]. Supporting the notion of CD8+ T cell-
independent hyperinflammatory disease, persistent exposure of mice to Toll-like
receptor (TLR)9 ligand CpG resulted in an HLH- or MAS-like disease which could
develop independently of T cells [76]. Such a TLR9-triggered cytokine storm was
also partially mediated by IFN-γ and dependent on the presence of conventional
DCs, while depletion of NK cells ameliorated disease and blockade of IL-10 receptors exacerbated disease. Moreover, MCMV infection of the BALB/c strain of mice
induces an HLH-like disease that can also develop upon depletion of CD8+ T cells
specifically or in animals lacking lymphocytes altogether [77, 78]. Notably, activating mutations in NLRC4 can cause severe MAS-like autoinflammation in humans
and mice, mimicking HLH [79, 80]. Moreover, monoallelic variants in NLRP12 and
biallelic variants in NLRP4, NLRC3, and NLRP13, encoding different inflammasomes, have been linked to HLH susceptibility [54]. In settings of inflammasome
activation, IL-18 and other pro-inflammatory innate cytokines could in combination
induce IFN-γ production by T cells and NK cells [81, 82].
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Elegant studies have demonstrated that IFN-γ plays a critical role in the pathogenesis of HLH, driving macrophage activation, eliciting hemophagocytosis and
thereby leading to cytopenias affecting multiple cell lineages [83]. Potentially being
one of the major sources of IFN-γ, CD8+ T cells may represent cellular culprits of
IFN-γ-dependent pathogenicity. However, in a model of hemophagocytosis driven
by TLR9 stimulation, immunopathology was comparable between wild-type and
Ifng-deficient mice, demonstrating that fulminant MAS can arise independently of
IFN-γ [84]. Importantly, this study suggested that dysregulation of erythropoiesis
rather than hemophagocytosis may cause anemia in hyperinflammatory settings
[84]. In line with these observations, two patients with IFN-γ receptor deficiency
have been reported to fulfill HLH criteria in the context of severe viral and mycobacterial infections, with a notable lack of hemophagocytosis [85]. Interestingly,
antibody-mediated neutralization of TNF in MCMV-infected Prf1 knock-out mice,
a model of HLH that also involves the antiviral activity of NK cells, suggested a
central role for TNF in pathogenesis [66]. Interestingly, in pre-immunized mice,
pathology induced by LCMV infection is less dependent on IFN-γ and more mediated by TNF than in non-immunized, pathogen-naïve mice [86]. Thus, other cell
types and cytokines distinct from IFN-γ (e.g., TNF) may also contribute to disease.
Besides CD8+ T cells, NK cells represent a major subset of perforin-expressing
lymphocytes. Interestingly, in the mouse LCMV infection model, NK cells can
eliminate activated CD4+ T cells, thereby tuning CD8+ T cell responses [87]. In this
model, mice with CD8+ T cell-specific perforin deficiency (i.e., with intact NK cell
cytotoxicity) displayed reduced hyperinflammatory manifestations and improved
survival without reduction in viral loads relative to complete perforin-deficient mice
(i.e., also lacking NK cell cytotoxicity) [88]. In contrast, mice treated with antiNK1.1 antibody to deplete NK cells displayed exacerbated inflammation [88].
These experiments reveal a crucial contribution of NK cells to immunoregulation
and maintenance of immune homeostasis upon viral challenge via control of T cell
activation, rather than mediating HLH pathogenesis. It is also possible that NK cells
contribute to pruning of activated DCs [89].
Remarkably, Stx11 knock-out mice develop all clinical signs of HLH-like disease upon LCMV infection, but unlike Prf1 knock-out mice do not progress to fatal
disease [90]. Survival of Stx11-deficient mice was determined by exhaustion of
antigen-specific CD8+ T cells, characterized by expression of inhibitory receptors,
and sequential loss of effector functions leading to T cell deletion. Notably, in this
model, blockade of inhibitory receptors on T cells in Stx11-deficient mice resulted
in fatal HLH, potentially identifying T cell exhaustion as an important factor determining HLH disease severity. In familial HLH patients, polyclonal CD8+ T cells
typically display high expression of the activation marker HLA-DR and check-point
inhibitory receptor PD-1 [91]. By comparison, expression of activation markers was
similar in secondary HLH patients associated with viral infection but less in other
secondary HLH patients. Notably, possibly reflecting different pathways of
pathogenesis, a high proportion of polyclonal CD4+CD127− T cells expressing
HLA-DR, CD57, and perforin was a signature of infants with familial HLH, distin-
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guishing them from patients with virus-associated secondary HLH. Highlighting an
interplay between CD4+ and CD8+ T cells in development of HLH, the LCMV
infection perforin-deficient mouse model of HLH has demonstrated that excessive
activation of CD8+ T cells consumes IL-2, resulting in a collapse in regulatory CD4+
T cell numbers [92]. Diminished CD4+ T cell numbers were also observed in
patients with HLH flares [92]. With most insights to HLH pathophysiology stemming from mouse models of disease, it is important to note that standard laboratory
mice differ in several ways from human as well as murine counterparts exposed to
a natural environment that provides a greater diversity of immune challenges.
Laboratory mice typically display a T cell population with features of differentiation reminiscent of newborn humans, whereas mice exposed to a more natural environment have more differentiated T cells [93]. A recent study demonstrated that
prior antigen exposure of Prf1 knock-out mice exacerbated the course of HLH-like
disease upon LCMV infection [86]. Thus, some mouse models may display reduced
severity of disease and, with relevance to patients, a more differentiated T cell compartment may worsen the outcome of HLH.
In summary, relevant models of HLH pathogenesis in the setting of defective
lymphocyte cytotoxicity indicate that CD8+ T cells can represent drivers of disease,
releasing cytokines that promote pathology and killing target cells that further exacerbate the release of pro-inflammatory cytokines from innate immune cells (Fig. 1).
However, other forms of disease, such as MAS, may develop independently of
CD8+ T cells.

Molecular Mechanisms of CD8+ T Cell Killing of Target Cells
More than 30 years ago, prior to genetic associations with HLH, perforin was recognized as a pore-forming molecule implicated in killing of target cells [94]. In light
of its central role in lymphocyte cytotoxicity, numerous studies have been focused
on understanding how perforin itself mediates and how other HLH-associated cytosolic proteins facilitates target cell killing [95, 96]. Here, we focus on recent insights
on the molecular regulation of cytotoxic lymphocyte exocytosis and perforin-mediated target cell killing.
Perforin-mediated lysis of target cells is believed to occur either through direct
osmotic lysis or by facilitating entry of granzymes that subsequently induce target
cell death [97]. Live-cell imaging studies have demonstrated that, upon encounter of
susceptible target cells, cytotoxic lymphocytes can release cytotoxic granules and
form pores in the target cell membrane within seconds [98]. Such pores on the target
cell membrane are rapidly repaired, with signs of target cell apoptosis nonetheless
appearing within minutes of perforin-mediated permeabilization [98]. Although the
process is not completely understood, cytotoxic lymphocyte detachment from dying
target cells are caspase-dependent [72]. The virtue of individual cytotoxic lymphocytes to unidirectionally kill target cells without themselves undergoing apoptosis,
yet retain sensitivity to attack mediated by other cytotoxic lymphocytes, has been
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Fig. 1 Involvement of CD8+ T cells in different genetic forms of cytokine storm syndromes. (a) In
a normal individual, cellular infection triggers release of pro-inflammatory cytokines such as IL-1,
IL-18, and IL-33 as well as chemokines from cells in tissue. In turn, antigen presenting cells such
as macrophages and dendritic cells are recruited and activated by the cytokine environment and by
direct recognition of pathogen-derived molecules. Antigen presenting cells can produce innate
cytokines, including IL-1β, IL-6, and IL-12, as well as chemokines, alerting and recruiting other
immune cells, including CD8+ T cell and NK cells. T cells can be primed through interactions with
antigen-presenting cells and in turn kill infected cells. A major role for NK cells is in maintaining
immune homeostasis through killing of activated immune cells. In certain settings, NK cells may
also kill infected cells. Activation of CD8+ T cells and NK cells via direct target cell interactions as
well as cytokine stimulation can induce production and release of cytokines such as IFN-γ and
TNF. (b) In a patient with mutations in genes required for lymphocyte cytotoxicity and associated
with familial forms of HLH, cellular infection triggers an excessive inflammatory response.
Defective CD8+ T cells are unable to kill infected cells, leading to high levels of pro-inflammatory
cytokines. High levels of pro-inflammatory cytokines, as well as prolonged interactions with
infected cells by cytotoxic lymphocytes unable to kill, resulting in massive expansions of CD8+ T
cells and over-production of cytokines such as IFN-γ and TNF. These cytokines in turn drive
pathology, ultimately leading to multiorgan failure and death. Defective NK cell killing of activated immune cells, including CD8+ T cells, can contribute to the exacerbated immune responses
and pathology. (c) Activating mutations in NLRC4, an inflammasome component, result in high
constitutive release of IL-18 from tissue cells, which may occur without any infection. IL-18 secretion leads to immune activation, with CD8+ T cell and NK cells capable of producing large amounts
of IFN-γ in response to IL-18 in combination with certain other cytokines. IFN-γ. Black arrows
indicate activation of immune cells and red arrows indicate interactions that result in target cell
killing. Dashed arrows represent possible cytotoxic activity. The font size of cytokines indicates
their magnitude in different settings

enigmatic. A possible explanation for this feature may be concomitant surface
expression of CD107a (also known as lysosome-associated membrane protein
[LAMP]-1) upon cytotoxic granule release. CD107a is a highly glycosylated membrane integral protein localized to cytotoxic granules and is transiently expressed on
the surface of cytotoxic lymphocytes following cytotoxic granule exocytosis.
Besides representing a useful marker for quantifying the frequency and intensity of
cytotoxic granule exocytosis [32], CD107a surface expression may also facilitate
granule biogenesis and protect cytotoxic lymphocytes from self-destruction [99,
100]. Most mutations in PRF1 associated with HLH can be explained by an inability of cytotoxic lymphocytes to express perforin capable of forming pores in target
cell membranes [101]. Of note, granzyme-deficiencies have so far not been
associated with HLH, suggesting functional redundancy among different members
of the granzyme family of proteins for induction of target cell death [97]. Granzyme
B, an effector of target cell apoptosis and major constituent of cytotoxic granules, is
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activated through proteolytic cleavage by cathepsin C [102]. Papillon–Lefevre syndrome is caused by mutations in CTSC, encoding the cathepsin C peptidase.
Although NK cells from Papillon–Lefevre syndrome patients display impaired
cytotoxicity, they have not been reported to develop HLH. Rather, the syndrome is
characterized by early onset of peridontitis, which is in some cases thought to be
viral in origin [103]. The lack of HLH in Papillon–Lefevre syndrome patients might
be explained by observations that stimulation of NK cells with IL-2 restored the
ability to process granzyme B [102]. Consistent with this, another study that did not
find any cytotoxic defect in cultured NK cells from Papillon–Lefevre patients [104].
Apart from perforin and other cytotoxic granule constituents, several studies
have also attempted to elucidate how deficiency in cytosolic proteins LYST, Rab27a,
Munc13-4, Stx11 and Munc18-2 mechanistically cause disease. LYST is a large,
membrane integral protein. LYST-deficiency in CD8+ T cells results in enlarged
cytotoxic granules incapable of fusing with the plasma membrane [105]. In LYST-
deficient cells, the enlarged organelle represents a hybrid compartment, suggesting
a role for LYST in fission and biogenesis of cytotoxic granules, thus affecting effector protein compartmentalization and thereby cytotoxic granule fusion with the
plasma membrane [106, 107]. LYST is one of several members of a BEACH-domain
containing protein family. Notably, whereas LYST-deficient CD8+ T cells and NK
cells display similar defects in cytotoxic granule exocytosis, they differ in that CD8+
T cells typically have several enlarged lysosomes while NK cells typically only
contain a single enlarged lysosome [108]. Subtle differences in the function of
LYST-deficient CD8+ T cells versus NK cells may be of clinical interest. In line with
a prominent role for CD8+ T cells in HLH pathogenesis, studies of CHS patients
have also suggested that LYST mutations preferentially affecting NK cell cytotoxicity, rather than both CTL and NK cell cytotoxicity, may be associated with milder
disease and reduced predisposition to HLH, although this study could not ascribe
clear genotype–phenotype correlations [109]. Of note, adaptor protein-3 deficiency
also leads to enlarged cytotoxic granules and impaired exocytosis; however, patients
with AP3BP1 mutations typically do not develop HLH [110, 111]. Rab27a supports
anterograde transport of cytotoxic granules on actin filaments to the plasma membrane through binding of Slp3 and kinesin-1 [112]. Munc13-4 is an effector of GTPbound Rab27a [113], sensing intracellular Ca2+ concentrations that are elevated
upon recognition of sensitive target cells via two C2 protein domains [114, 115].
Interestingly, neither Munc13-4 nor Rab27a is constitutively associated with cytotoxic granules. Rather, highlighting a complex series of fusion events preceding
cytotoxic granule exocytosis, Munc13-4 and Rab27a are recruited to cytotoxic granules downstream of signals from distinct plasma membrane receptors [116, 117].
Stx11 and Munc18-2, in addition to SNAP-23 represent a plasma membrane
complex facilitating exocytosis of cytotoxic granules. Unlike most other syntaxin
family members, Stx11 lacks a C-terminal transmembrane domain but rather is
anchored to membrane through S-acetylation of C-terminal cysteine residues
[118]. Stx11 resides on recycling endosomes that are recruited to the immune synapse prior to cytotoxic granule exocytosis [119], depositing Stx11 to the plasma
membrane [120]. Stx11 interacts with Munc18-2, with Munc18-2 deficiency
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resulting in loss of Stx11 expression [22, 23]. Recent structural and mutagenesis
studies of Munc18-2, as well as mutagenesis studies of Stx11, reveal that Stx11
and Munc18-2 interactions depend on both the N-terminal peptide (corresponding
to the first few amino acids) and Habc domain of Stx11 [121, 122], similar to the
binary interaction described between Stx1 and Munc18-1 in neurons [123, 124].
Not only Munc18-2 acts as a chaperone of Stx11, but it also directly promotes
SNARE complex assembly, facilitating membrane fusion [125]. Moreover, via its
SNARE domain Stx11 interacts with SNAP-23 [118, 126], a plasma membrane
anchored protein with two SNARE domains. Interestingly, unlike Munc13-4 and
Munc18-2-deficiency, cytokine stimulation of Stx11 deficient cytotoxic lymphocytes can result in a partial gain of exocytic capacity, explaining the later onset and
somewhat milder disease progression of patients carrying biallelic STX11 mutations [24, 32, 33]. Besides Stx11, Munc18-2 can also bind Stx3, albeit with a binding affinity 20-fold lower than that for Stx11 [122]. Thus, it is possible that
Munc18-2 binding to Stx3 can contribute to cytotoxic granule exocytosis in activated cells, providing some level of redundancy for cytotoxic granule exocytosis
[122]. Furthermore, Stx11 and its interaction partner SNAP-23 may well form the
t-SNARE on the plasma membrane for cytotoxic granule fusion. The identity of
the v-SNARE for lytic granule exocytosis is not clear. Studies of murine CTL indicate that that both Vamp2 and Vamp8-deficient mice display impaired cytotoxic
granule exocytosis [119, 127, 128]. In mice, VAMP2 localizes to cytotoxic granules [129], but it is not expressed in human cytotoxic lymphocytes [120]. In human
CD8+ T cells, VAMP8 localizes to Rab11a+ recycling endosomes and mediates T
cell receptor-triggered fusion at the plasma membrane, preceding and facilitating
that of cytotoxic granules [120]. Knockdown of Stx4, a plasma-membrane localized t-SNARE, in CD8+ T cells attenuated exocytosis of Rab11a+ recycling endosomes and surface expression of CD107a, resulting in diminished cytotoxic activity
[130]. Thus, Stx4, likely together with SNAP-23, serves as a cognate plasma membrane t-SNARE for recycling endosome exocytosis. Thus far, mutations in STX4,
VAMP2 or VAMP8 have not been associated with development of HLH. Vamp8
knockout mice are viable put display severe pancreatic defects and die early [131],
whereas Vamp2 knockout mice die immediately after birth [132].
In summary, studies of proteins implicated in cytotoxic granule exocytosis have
unraveled the intricate regulation of cytotoxic lymphocyte-mediated target cell killing
(Fig. 2). Nonetheless, further studies are warranted to gain deeper understanding of
the molecular mechanism underlying lymphocyte cytotoxicity. For example, it remains
unclear how signals from transmembrane receptors precisely spatially regulate exocytosis at the immune synapse and how endocytosis and recycling of membrane-
anchored proteins is regulated for serial exocytosis and target cell killing [133].
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Fig. 2 Mechanisms of cytotoxic granule release in cytotoxic CD8+ T cells. LYST has been implicated in biogenesis of cytotoxic granules (CGs), regulating fission and fusion (not depicted). After
target cell recognition, numerous small recycling endosomes (RE) carrying VAMP8 and Stx11 (1)
traffic to the CD8+ T cell immune synapse and (2) undergo VAMP8-dependent fusion with the
plasma membrane, through interaction with plasma membrane Stx4 and SNAP-23 SNARE complex partners. Such exocytosis of recycling endosomes deposits high amounts of Stx11 molecules
in the plasma membrane, which may (3) lead to the formation of Stx11 and SNAP-23 SNARE
complexes. Munc18-2 interacts with Stx11, promoting stability and regulating Stx11 conformation. Initial activity at the immune synapse thus forms “active zones” where docking of cytotoxic
granules containing perforin and granzymes may occur. Engagement of and signaling from the
T cell receptor induces (4) recruitment of Rab27a and Munc13-4 to cytotoxic granules, facilitating
clustering of granules to the microtubule organizing center and polarization of this structure toward
the plasma membrane. At the plasma membrane, larger CGs can (5) dock through interactions of
R-SNARE proteins with plasma membrane Stx11–SNAP-23 complexes, facilitating (6) Munc13-
4-mediated CG exocytosis that releases cargo necessary for target cell killing. Proteins in which
mutations have been associated with familial forms of HLH are highlighted in red or orange. The
figure is adapted from reference [120]

 athophysiology of Cytokine Storm Syndromes in T
P
Cell-Targeted Immunotherapy
There is currently a strong interest in harnessing T cell function, in particular that of
cytotoxic CD8+ T cells, for cellular immunotherapy of cancer. Different approaches
have been taken. One promising avenue of investigation that already has reached the
clinic is chimeric antigen receptor (CAR)-modified T cells [134]. Potentially fatal
CSS represent a common complication of both epidermal growth factor receptor 2
and B cell receptor targeted T cells [135–137]. Usually occurring within days of CAR
T cell infusion, the severity of CSS correlate with tumor load. In the clinic, these
severe hyperinflammatory reactions have been treated with TNF blockade (etanercept) and anti-IL-6 receptor antibody (tocilizumab) [134, 138]. A mouse model of
potentially lethal CSS developing 2–3 days after CAR T cell infusion has recently
provided pathophysiological insights with potentially therapeutic implications. In this
model, a range of cytokines including IL-6 and IFN-γ were elevated [139]. The CSS
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in this model was ameliorated by IL-6 receptor blockade. The severity in this model
was not mediated by CAR T cell-derived cytokines, but by IL-6, IL-1 and nitric oxide
(NO) produced by recipient macrophages. Remarkably, IL-1Ra blockade protected
from severe CSS without compromising antitumor efficacy. These results demonstrate how innate immune cells can greatly exacerbate pathology instigated by strong
T cell responses [139]. Importantly, together with studies of innate cytokines in HLH
[73], they provide a rationale for targeting the innate immune system for treatment of
diverse CSS.

Summary and Therapeutic Perspectives
A large number of studies ranging from animal models to clinical observations in
CSS patient samples implicate CD8+ T cells as key culprits in propagating hyperinflammatory disease, both in settings of familial HLH as well as in T cell-mediated
immunotherapy. Their role appears more peripheral in more autoinflammatory CSS
forms such as MAS. Recent reports have highlighted the release of cytokines from
innate cells as an important component of the inflammatory cascade both downstream of inflammasome activation and of T cell-related tissue destruction in distinct forms of CSS. Such novel mechanistic insights are providing new, promising
therapeutic targets.
An etoposide and dexamethasone-based regiment has proven efficacy in treating
HLH [140], effectively ablating activated T cells [141], and thereby bridging familial HLH patients to curative hematopoietic stem cell transplantation. However,
more effective therapies based on immunological knowledge are called for [142].
IL-1β antagonists have successfully been used to treat MAS patients [143].
Molecular insights to MAS caused by activating NLRC4 mutation have uncovered
IL-18 inhibition as a promising disease target [144]. Animal models of familial
HLH have provided a rational for neutralization of CD8+ T cell-derived IFN-γ [68,
69], although this may not have any effect in some forms of HLH and may be less
effective in older individuals that have a more mature, experienced immune system
[85, 86]. Potentially attenuating pro-inflammatory cytokine signalling and production in both CD8+ T cells and innate immune cells, the JAK1/2 inhibitor ruxolitinib
has demonstrated remarkably efficacy in models of both familial HLH and MAS
[145, 146]. These findings hold promise for broadly targeting hyperactivated cells
in a variety of CSS, thereby reducing patient morbidity and mortality.
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Immunology of Cytokine Storm
Syndromes: Natural Killer Cells
Anthony R. French and Megan A. Cooper

Introduction
Natural killer (NK) cells are innate immune lymphocytes first recognized more than
40 years ago for their ability to kill tumor cells without prior sensitization [1]. Since
that time, it has been recognized that NK cell activation is tightly regulated by cytokines and through a repertoire of germ line-encoded receptors that allow NK cells
to distinguish self- and nonself cells. NK cells also play a critical role in the early
innate immune response by production of cytokines, in particular serving as an
early source of interferon-gamma (IFN-γ), a cytokine important for the elimination
of intracellular organisms and activation of an adaptive immune response. While
classified as “innate” lymphocytes, NK cells have memory-like properties with
altered responses based on prior experiences. Thus, our understanding of the biology of NK cells has changed over the last four decades, as has our appreciation of
their significance in human disease.
Here we focus on the fundamental biology of human NK cells, and how alterations in NK cell function relate to cytokine storm syndrome (CSS) in primary and
secondary HLH (pHLH and sHLH). NK cell cytotoxic function is frequently low or
absent in both pHLH and sHLH, as well as relatives of patients with HLH [2]. In
pHLH, impaired NK cell cytotoxicity is reflective of underlying genetic defects
affecting mechanisms of lymphocyte killing. In sHLH, including macrophage activation syndrome (MAS), it is not always certain whether defects in NK cell cytotoxicity are due solely to the immune status and dysregulated cytokine levels of patients
with CSS, or related to genetic risk factor(s).
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NK Cell Functional Responses
NK cells have two primary roles in the immune response, production of cytokines
and killing of cancer and virally infected cells (Fig. 1). There are many parallels
between mouse and human NK cell differentiation, maintenance, and functional
responses, and much of our knowledge of NK cell biology comes from seminal
studies in the mouse system. However, there are some distinct differences in phenotypic markers and receptors expressed by mouse and human cells, and here we
focus primarily on human NK cells and their role in CSS, with some discussion of
key biologic findings from the murine system.

Production of Cytokines by NK Cells
In response to cytokine and target cell stimulation, NK cells rapidly produce multiple cytokines within hours, the most well characterized being IFN-γ [1]. Other
cytokines released by human NK cells include proinflammatory and regulatory
cytokines and chemokines such as tumor necrosis factor alpha (TNF-α), interleukin
(IL)-10, granulocyte-macrophage colony-stimulating factor (GM-CSF), chemokine
C-C motif ligand 3 (CCL3), CCL4, and CCL5 [3–6]. Following cytokine stimulation by antigen presenting cells (APCs) including macrophages and dendritic cells,
NK cells provide an early innate immune source of IFN-γ and may also kill highly
activated APCs (Fig. 1) [7–12]. Studies in the mouse demonstrate that NK cell-
derived IFN-γ is important for the host response to tumors and viruses [13, 14].

Cytokines
IL-12, IL-18,
IL-1b

Pathogen

NK

Mq

NK cells
• Produce early IFN-g for activation
of antigen presenting cells
• Activate the adaptive immune
response (Th1 response)
• Kill target cells (infected cells,
tumor cells, activated
macrophages and DCs)
• Regulate the immune response

IFNg
Fig. 1 NK cell and macrophage cytokine cross talk during a normal immune response. NK cells
constitutively express multiple cytokine receptors and in response to infected and/or activated
macrophages NK cells produce abundant IFN-γ. Early NK cell production of IFN-γ is important
for activation of macrophages and elimination of intracellular organisms. Activated NK cells are
capable of killing target cells, and NK cell IFN-γ influences the differentiation of a Th1 adaptive
immune response. In addition, there is evidence that NK cells recognize and kill highly activated
macrophages and dendritic cells through recognition of stress ligands upregulated on these cells,
thereby helping to limit the immune response
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IFN-γ is significantly elevated in the serum of patients with pHLH and sHLH
(MAS) associated with systemic JIA (sJIA) and has been proposed to play a pathogenic role, leading to ongoing clinical trials of anti-IFN-γ monoclonal antibody
therapy for children with these disorders [ [15, 16] and ClinicalTrials.gov
#NCT01818492 and #NCT03311854]. Data from multiple animal models of primary and secondary HLH supports pathogenicity of IFN-γ, with neutralization or
genetic deletion of IFN-γ leading to amelioration of disease in several different
models [17–21]. The source of IFN-γ and relative contribution of NK cell versus T
cell-derived IFN-γ in HLH remains unclear. Uncontrolled cytokine cross talk
between NK cells and macrophages, as in Fig. 1, has the potential to result in excessive and pathogenic cytokines, including IFN-γ. While evidence points toward the
importance of IFN-γ in mediating CSS, this cytokine is unlikely to be the sole driver
of disease, as evidenced by two patients with different genetic deficiencies in components of the IFN-γ receptor who presented with CSS in the context of systemic
mycobacterial and viral (EBV and CMV) infections [22]. It is worth noting that
while these patients fulfilled criteria for HLH, hemophagocytosis was not identified
and may be dependent on IFN-γ receptor signaling in macrophages.
Interestingly, NK cells constitutively express transcript for IFN-γ and require
activation by cytokines or through their receptors for translation and secretion of
protein. The tight control of IFN-γ protein production by NK cells (and T lymphocytes) is regulated at multiple levels, including epigenetic modifications of the
IFNG locus, upregulation of transcription after stimulation, posttranscriptional regulation of mRNA, and metabolism-dependent production and release of IFN-γ protein [23, 24]. The importance of regulation of constitutive Ifng transcript is
highlighted by a murine model in which the 3′ untranslated region (UTR) of Ifng is
disrupted, leading to high systemic levels of protein and associated autoimmunity
[25]. It is unknown whether alterations in the IFNG gene or the regulatory mechanisms controlling constitutive IFN-γ transcript in NK cells production (i.e., posttranscriptional and metabolic) are associated with aberrant NK cell-derived IFN-γ
in HLH.

NK Cell Receptors and Cytotoxicity
NK cells utilize a fixed assortment of germ line-encoded activating and inhibitory
receptors (NKRs) to interact with their environment [26]. While the receptors in
mouse and human are structurally dissimilar, they serve the same purpose, an interesting example of divergent evolution within the immune system [1]. Inhibitory and
activating killer immunoglobulin-like receptors (KIR) are unique to humans and
recognize classical MHC class I molecules. Conserved C-type lectin receptors
(NKG2A and NKG2C) partner with CD94 to recognize nonclassical HLA molecules, such as HLA-E, and signal for activation (CD94/NKG2C) or inhibition
(CD94/NKG2A) of NK cell cytotoxicity. Other major activating receptors include
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CD16, an Fc receptor which directs NK-mediated antibody-dependent cellular
cytotoxicity (ADCC), and NKG2D receptor which recognizes stress-induced self-
ligands, both of which are conserved between mice and humans. The natural cytotoxicity receptor family (NCRs) in humans is comprised of NKp46, NKp44, and
NKp30 which predominantly signal for NK cell activation in response to a diverse
array of ligands, including some expressed by tumors [27]. Inhibitory KIR and
NKG2A signal through immunoreceptor tyrosine-based inhibitor motifs (ITIMs),
whereas activating receptors partner with adaptor molecules such as DAP12, TCR-
ζ, or FcεRI-γ which express immunoreceptor tyrosine-based activating motifs
(ITAMs), or DAP10 which signals through a YINM motif [26].
NK cell cytotoxicity requires the integration and overall balance of signals from
inhibitory and activating receptors, as well as second signals from other adhesion
molecules and receptors, resulting in a commitment to NK cell cytotoxicity. After
identification of target cells, the process of NK cell killing is highly coordinated and
requires the formation of an immunologic synapse between the NK cell and target
cell, proper polarization of NK cell lytic granules containing perforin and granzymes to this synapse, and degranulation across the synapse toward the target cell
[28]. Almost all genetic causes of pHLH cause impaired NK cell killing (Table 1
and Section “NK Cell Defects in Primary HLH (pHLH)”), either by deficiency of
perforin or in the ability to form an effective synapse with target cells and directionally target lytic granules. It is unknown whether there are any associations with
NKR genotype and HLH, as seen in other diseases including susceptibility to cancer, viral infection (Hepatitis C and HIV), and pregnancy complications [29–31].
Table 1 NK cell function in primary HLH (pHLH)
Disease
FHLH1
FHLH2
FHLH3
FHLH4
FHLH5
XLP-1
XLP-2
Griscelli-2
Chediak–Higashi
Hermansky–Pudlak
type 2
NLRC4
inflammasomopathy
FHLH familial HLH
References: [96–108]

GENE/protein
Unknown
PRF1/perforin
UNC13D/Munc13-4
STX11/syntaxin-11
STXBP2/syntaxin
binding protein 2
SH2D1A/SH2 domain-
containing protein 1A
BIRC4/XIAP
RAB27A/Rab-27A
LYST/lysosomal-
trafficking regulator
AP3B1/adapter related
protein complex 3 beta 1
subunit
NLRC4/NLRC4

NK
killing
–
Absent
Decreased
Decreased
Decreased

NK
degranulation
–
Normal
Absent
Absent
Absent

Function
–
Pore-forming
Vesicle priming
Vesicle fusion
Vesicle fusion

Decreased Normal

Signaling

Normal
Normal
Decreased Absent
Absent
Absent

Signaling
Vesicle fusion
Vesicle
trafficking
Vesicle
trafficking

Absent

Absent

Variable

Unknown

Inflammasome
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NK cell destruction of healthy-self cells should be prevented by recognition of
self-MHC Class I molecules by inhibitory receptors. However, expression of inhibitory NKRs is stochastic and not linked genetically to the MHC locus, and in both
humans and mice NK cells lacking inhibitory receptors specific for self-MHC class
I are found. Such NK cells are actually hypofunctional, and do not require inhibition
of their killing activity. The explanation for this phenomena comes from studies
demonstrating a requirement for NK cell “education” via their inhibitory receptors,
such that only those NK cells expressing inhibitory receptors recognizing self-MHC
class I molecules acquire functional competence [32, 33]. Interestingly, NK cell
education is not fixed, and can be altered by the environment, including cytokines
and presence or absence of MHC Class I molecules. For example, during viral
infection in mice, and following cytokine activation of human NK cells, “unlicensed” NK cells acquire the capacity for functional competence [34, 35]. Thus, it
is possible with the high levels of proinflammatory cytokines in HLH normally
tolerant NK cells, lacking appropriate self-MHC class I inhibitory receptors, might
acquire functional competence and exhibit increased cytokine production and killing in response to interactions with self-cells. There have not yet been any studies
of human NK cell education and loss of tolerance in the context of HLH, and this
will be an interesting area to investigate.

NK Cell Subsets
Human NK cells are traditionally phenotypically identified as peripheral blood lymphocytes expressing CD56 and lacking other lineage markers including the T cell
receptor CD3. With technological advances in protein and mRNA profiling, and
investigation of NK cells from other tissues, we now recognize an array of human
NK cell subsets with diverse phenotypes [4]. Indeed, NK cells are now classified as
one member of a broader group of innate lymphoid cells (ILCs), the other members
of which have distinct transcription factors and cytokine profiles, but lack inhibitory
KIR and cytotoxic capacity.
CD56bright and CD56dim Peripheral Blood NK Cells
The first subset of human NK cells to be identified were CD56bright and CD56dim NK
cells in the 1980s, based on cell-surface density of CD56 by flow cytometry. While
the role of CD56 in NK cell biology is still largely unknown, approximately 5–15%
of peripheral blood NK cells express high levels of this cell-surface receptor.
CD56bright NK cells mostly lack the activating Fc receptor CD16, have low expression of cytotoxic granules, and express high amounts of inhibitory NKG2A with
low expression of KIRs and activating receptors. CD56dim NK cells are more abundant in the peripheral blood and have higher expression of CD16, KIRs, and cytotoxic granules. These subsets have unique functional properties, with CD56bright NK
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cells producing abundant IFN-γ and other cytokines in response to cytokine stimulation with generally poor cytotoxic capacity, whereas CD56dim NK cells have
enhanced cytotoxicity and cytokine responses when triggered through their activating NKRs [6, 7, 36]. While these subsets appear to fulfill distinct roles in the immune
response, experimental evidence suggests that there is a developmental relationship
with CD56bright NK cells being precursors to more mature CD56dim NK cells [37–
39]. Relevant to HLH, in vitro stimulation of CD56bright NK cells with the cytokines
interleukin (IL)-2, 12, or 15 causes them to acquire phenotypic and functional properties of CD56dim cells [37]. Decreased percentages of peripheral blood CD56bright
NK cells have been observed in patients with HLH and sJIA [40]. The functional
significance of this finding is uncertain, as is whether this alteration is a consequence of excess cytokines or an inherent abnormality in NK cell differentiation.
Tissue Resident NK Cells
NK cells represent approximately 5–15% of peripheral blood lymphocytes, which
are only a fraction of our total body NK cells. Tissue-resident NK cells (trNK), such
as those found in lymph nodes, bone marrow, liver, spleen, gastrointestinal tract,
and uterus exhibit distinct developmental origins, phenotypes, and functions [4, 41].
Phenotypically, trNK cells express variable amounts of CD56. For example, while
in the peripheral blood CD56bright cells are the minority, but they may actually represent a majority of NK cells in our body and are the predominant NK cell type in
lymph nodes, the gastrointestinal tract, liver, uterus, visceral adipose tissue, and
inflamed tissues. trNK cells appear to have unique roles in different tissues, and
have phenotypic and functional differences when compared to peripheral blood
CD56 subsets, that is, ability to produce cytokines and kill target cells [4]. The role
and function of trNKs in HLH is unexplored. Given the diversity in the functional
and phenotypic properties of trNK cells and peripheral blood NK cells, it seems
relevant to examine the function of NK cells, particularly in affected tissues, such as
the bone marrow and liver, to examine mechanisms by which trNK cells might
modulate disease.
Adaptive NK Cells
NK cells with adaptive properties were first recognized in the murine system with
experiments demonstrating that NK cells can mediate hapten-specific contact
hypersensitivity [42]. There are three major differentiation pathways of NK cell
memory responses identified to date, including antigen-specific liver NK cell
responses in the mouse, and cytomegalovirus (CMV)-adapted NK cell memory and
cytokine-induced NK cell memory-like responses in mice and humans [42–44]. In
all of these models, following an initial activation event, NK cells display long-lived
enhanced effector functions not dependent on continual stimulation.
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A history of infection with CMV, a common trigger of CSS, is associated with an
increased percentage of peripheral blood NK cells expressing high levels of the
activating CD94/NKG2C [45, 46]. NKG2Chigh NK cells with a mature phenotype
(CD56dimCD57+NKG2A−) and loss of intracellular FcεRγ expand during acute
CMV and reactivation of latent CMV, and have been referred to as “adaptive” or
“memory-like” [47–51]. Acute infection with other viruses has also been associated
with an increased percentage of NKG2Chigh NK cells, but only in those individuals
with a history of CMV infection [52]. CMV-adapted NK cells have enhanced proliferation and production of IFN-γ in response to antibody stimulation through
CD16 [46, 50]. Epigenetic remodeling has been demonstrated in CMV-adapted NK
cells, suggesting a molecular basis for their differentiation and function [50, 51, 53].
Cytokine induction of memory-like NK cells describes the phenomena by which
a single exposure to cytokines, in particular IL-12 and IL-18, leads to the differentiation of NK cells in mouse and human with long-term enhanced capacity for IFN-
γ production and antitumor properties [43, 54–56]. Human memory-like NK cells
upregulate CD25 (IL-2Rα) expression (resulting in expression of the heterotrimeric
high affinity IL-2Rαβγ) and respond with enhanced proliferation, IFN-γ, and cytotoxicity to low-doses of IL-2 [57]. Cytokine-induced memory-like NK cells have
antitumor responses in a mouse model, and were recently reported as adoptive
immunotherapy in patients with acute myeloid leukemia [55, 58]. It remains to be
identified how cytokine-induced memory-like NK cells develop during a physiologic response in vivo, for example, in the context of infection or CSS.
NK cell memory in the context of HLH has not been investigated, and it is
unknown whether there are changes in NKG2Chigh CMV-adaptive NK cells in this
disorder. It is interesting to speculate that the cytokine environment of HLH might
induce the differentiation of cytokine-induced memory-like NK cells, which may or
may not be beneficial to the host given their high capacity for IFN-γ production, a
pathogenic cytokine in HLH.

NK Cells in Human Disease
While the focus here is on the role of NK cells in CSS, some of the most well-
defined roles for NK cells in human health is their protective role against infections
and cancer. Perhaps the best examples of the importance of NK cells in human
health are genetically defined primary immunodeficiencies in which patients lack
NK cells or have significantly impaired NK cell function, either in isolation or as
part of a larger syndrome. Patients with NK cell deficiencies (NKDs) uniformly
have difficulties with herpesviruses, in particular CMV, stressing the importance of
NK cells in our immune response to this class of viruses [59]. The nonredundant
role of NK cells in host defense against viruses has been definitively confirmed in
mice where depletion of NK cells renders mice very susceptible to viral infections,
including MCMV [60]. There is also evidence supporting NK cell KIR/HLA haplotypes associated with risk or severity of infection with human immunodeficiency
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virus (HIV) and hepatitis C, providing further support for an antiviral role of human
NK cells [31, 61].
While numerous studies in the mouse have demonstrated NK cell antitumor
responses, the important role of human NK cells for tumor immunosurveillance is
illustrated by an increased risk of cancer in patients with low NK cell function [29,
62]. NK cells are targets for cancer immunotherapy, including mismatch of NK
inhibitory receptor and MHC ligand interactions in the context of hematopoietic
cell transplantation (HCT) for acute myeloid leukemia (AML), NK cell adoptive
immunotherapy (autologous and allogenic), and administration of antibodies, cytokines, or drugs aimed at enhancing NK cell function [63–65].
There is also correlative evidence for NK cells in other states of human health,
including autoimmunity and pregnancy health [66, 67]. Human studies in rheumatoid arthritis (RA), multiple sclerosis (MS), and systemic lupus erythematosus
(SLE) provide provocative but incomplete evidence for contributions of NK cells in
the onset or progression of autoimmunity (reviewed in [67] and [68]).

NK Cell Defects in Primary HLH (pHLH)
Intrinsic disorders of NK cell cytotoxicity seen in pHLH may contribute to the
pathogenesis of HLH through the inability to kill virally infected cells and/or hyper-
stimulated immune cells. Defects in cell-mediated cytotoxicity found in pHLH and
sHLH result in impaired NK cell killing of target cells, a test used clinically to aid
in the diagnosis of patients with HLH.
The genetic mutations that underlie most forms of pHLH lead to impaired NK
and CD8 T lymphocyte cytotoxicity (NK defects summarized in Table 1) due to
disrupted perforin expression or defective cytotoxic granule movement, docking, or
fusion with the plasma membrane. The mechanisms and genetics of pHLH are
described in detail elsewhere in this text, and the relevant NK cell abnormalities are
summarized here and in Table 1. Perforin (PRF1, FHL2) is hydrophobic protein
contained in the cytotoxic granules of NK and CD8 T cells. It polymerizes into a
pore-forming structure in the plasma membrane or endosomal membrane of target
cells and facilitates the entry of cytotoxic effector molecules. MUNC13-4 (UNC13D,
FHL3) is involved in the vesicle-priming that follows granule docking but precedes
fusion of the granule membrane with the plasma membrane. Syntaxin 11 (STX11,
FHL4) is a SNARE protein (N-ethylmaleimide-sensitive factor attachment protein
receptor) and with its binding partner syntaxin binding protein 2 (STXBP2, FHL5)
facilitates fusion of the granule with the plasma membrane. In addition, there are
several additional proteins (including SH2D1A, RAB27A, LYST, and AP3B1;
Table 1) associated with immunodeficiencies that result in defective granule biogenesis or movement. Interestingly, heterozygous mutations in several of these HLH-
associated genes have been shown to be sufficient to disrupt cytotoxic granule
movement/degranulation and cause HLH [69, 70].
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Biallelic (or hemizygous) deleterious mutations in the genes encoding these 8
proteins result in defective cell-mediated cytotoxicity. A gradation in severity of
mutations in these proteins (assessed by age of HLH onset) was observed with perforin (early onset) > Rab-27a > syntaxin-11 (later onset) [71, 72]. pHLH typically
presents in the first several years life; however adult-onset HLH has been associated
with hypomorphic mutations (missense mutations or splicing variations) with later
onset and a more indolent course [73].
Beyond measurement of NK cell cytotoxic capacity during acute HLH, there is
little known about the functional role of NK cells in human pHLH. However, findings in STXBP2-deficient patients directly implicate defective NK cell cytolysis in
HLH pathogenesis [74]. There is substantially higher expression of STXBP2 in
human NK cells than CD8 T cells, and defects in degranulation have been observed
in NK cells but not in CD8 T cells from STXBP2-deficient patients [74]. An immunoregulatory role for NK cells in HLH is also supported by a murine model of
LMCV-induced HLH where cytotoxic NK cells were sufficient to protect mice from
HLH immunopathology (discussed in more detail below in Section “Dysregulation
of NK Cells During sHLH”; [75]).

NK Cell Defects in Secondary HLH
Secondary HLH (sHLH) is typically associated with infection, underlying rheumatologic disease, and/or malignancy. While defective NK cell killing is a clinical
diagnostic criterion commonly used for defining sHLH in patients, it remains
unclear whether NK cell dysfunction is critical to the pathogenesis of sHLH versus
the result of the inflammatory environment in CSS in these patients. However, heterozygous mutations in HLH-associated genes have been reported to contribute to
sHLH.

NK Cell Function in Systemic JIA
The rheumatic disease most commonly associated with sHLH is systemic juvenile
idiopathic arthritis (sJIA). Low numbers of peripheral blood NK cells and decreased
cytotoxicity have been identified in patients with sJIA [40, 76–78]. Furthermore, a
subset of sJIA patients had nearly a complete absence of circulating CD56bright NK
cells [40, 79], a NK cell subset that accumulates in the synovial fluid of inflamed
joints in adult rheumatoid arthritis (RA) patients [80, 81]. The impaired NK cell
functional responses in sJIA patients have been linked to defective IL-18Rβ phosphorylation [79], low levels of perforin [40, 77, 78], and heterozygous pHLH mutations in components of the cytolytic pathway [82–84].
Heterozygous genetic variants in pHLH-associated genes in sJIA patients is
intriguing and suggests that subtler defects in cytotoxicity may contribute to
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s usceptibility to sJIA. Several sJIA patients with and without a history of sHLH
have been identified with MUNC13-4 mutations including an 8 year old female
with sJIA without sHLH who had compound heterozygous mutations [83] and 2
sJIA patients with biallelic MUNC13-4 mutations in a study of 18 sJIA patients
who had previously had sHLH [84]. A larger European study of 56 sJIA patients (of
which 15 had a history of sHLH) performed targeted sequencing of PRF1 and found
heterozygous mutations in perforin in 11 of the patients (20%) [82]. More recently
a whole-exome sequencing study of 14 sJIA patients with a history of sHLH and
their parents found that 5 of the patients (36%) had heterozygous mutations in
known pHLH genes (of which one had heterozygous mutations in 2 different pHLH
genes) [85]. In addition, this study found 3 novel recessive pairs of genes for which
the parents were heterozygous and 20 heterozygous rare variants that occurred in at
least 2 patients. Most of these variants were involved in intracellular vesicle transport, actin stabilization, or microtubule organization [85]. Two studies reported a
high percentage of sJIA and other patients with heterozygous mutations identified
by targeted sequencing of PRF1, UNC13d, STX11, STXBP2, and RAB27a. The first
found that 13 out of 17 pediatric patients with a history of sHLH (76%) had a heterozygous mutation in at least one HLH-associated gene [86]. The second study
found monoallelic mutations in 11 of 31 sJIA patients with a history of sHLH (36%)
with 3 of the patients having heterozygous mutations in 2 genes [87]. Collectively,
these studies suggest that sJIA patients are enriched for heterozygous mutations in
pHLH-associated genes and that these mutations may potentially be contributing to
presentation of sJIA as well as to the high incidence of sHLH seen in sJIA patients.

Dysregulation of NK Cells During sHLH
There are several lines of evidence suggesting that human NK cell dysfunction
might contribute to the pathogenesis of sHLH. First, NK cells can down-modulate
the inflammatory response by killing highly activated autologous macrophages,
dendritic cells, and T cells [9–12]. For example, coculture of human NK cells with
LPS-activated, but not naïve, macrophages leads to NK cell killing of these highly
activated macrophages [9]. NK cell killing of activated macrophages was dependent
on the activating NKG2D receptor, and macrophages upregulated NKG2D ligands.
In murine models of lymphocytic choriomeningitis (LCMV) infection, NK cells
indirectly limit cytotoxic CD8 T cell responses, including IFN-γ production and
proliferation, by perforin-dependent killing of activated CD4 T cells [11, 12].
Together, these findings suggest that NK cells have the capacity to limit immunopathology associated with dysregulated immune cell activation, and the hypothesis
that a failure of NK cells to limit immunopathology might be associated with
sHLH. Second, high levels of IL-6, as seen in sJIA and CSS, inhibit NK cell function. Evidence for this comes from a study evaluating NK cell function in mice
overexpressing IL-6 and in human NK cells cultured with IL-6. In both cases, NK
cells exhibited decreased cytotoxic proteins with normal degranulation but impaired
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killing of target cells [88]. This suggests that increased levels of IL-6 in CSS might
impair NK cell function, resulting in diminished capacity of NK cells to limit immunopathology. Finally, many cases of infection-associated MAS/sHLH are associated with herpesviral infections [89]. As discussed earlier, NK cells are particularly
important for control of herpesviral infections, especially CMV and EBV. In a
mouse model of murine CMV infection, depletion of NK cells led not only to
increased susceptibility to infection, but also caused exaggerated T cell responses
and IFN-γ production [90].
These studies all suggest that intact NK cell function may limit immunopathology in HLH, although more definitive studies in patients are lacking. Murine models of HLH have demonstrated that NK cells are not sufficient to cause disease. In a
murine model of TLR9-triggered MAS, NK cells were dispensable for disease,
although mice lacking T, B, and NK cells had less disease [20]. A perforin-deficient
murine model of viral-driven (LCMV) HLH demonstrated that CD8 T cells, but not
NK cells, are required for development of disease [17]. However, while NK cells are
not sufficient to drive disease, they may still play an important regulatory role. A
bone marrow chimera model, in which either cytotoxic T cells or NK cells lacked
perforin, demonstrated that functionally competent wild-type NK cells can control
LCMV-induced HLH immunopathology observed with perforin-deficient CD8 T
cells [75]. In this model, cytotoxic NK cells controlled macrophage and cytotoxic T
cell activation, but not viral burden, suggesting a protective regulatory role for NK
cell cytotoxic function in this context.

NK Cell Function as Diagnostic Criteria for HLH
Low or absent NK cytotoxicity is one of eight diagnostic criteria in the 2004
International HLH Study Diagnostic Guidelines [91] that function as the standard in
diagnosing both pHLH and sHLH. However, NK cytotoxicity testing is a functional
assay that is not readily available at most centers. Ravelli and colleagues [92]
recently proposed an abbreviated criteria to identify sHLH (MAS) in sJIA patients
that did not include NK cytotoxicity. However, the utility of evaluating NK cytotoxicity may take on greater significance in the diagnosis of sHLH as more sJIA patients
are treated with tocilizumab (anti-IL-6 receptor monoclonal antibody) which suppresses fever and ferritin levels [93], two of the primary criteria in the recently
proposed sHLH classification scheme. However, NK killing assays do not discriminate between pHLH and sHLH, and several groups have advocated for the use of
CD107a degranulation assays as an adjunct or alternative indirect assessment of NK
cell cytotoxic capacity [94, 95].
Bryceson and colleagues studied 494 patients referred to three centers for evaluation of suspected HLH and demonstrated that CD107a degranulation studies had a
high sensitivity and specificity for the 209 patients with a biallelic genetic diagnosis
of HLH [94]. For example, 97% percent of the patients with FHLH3-5 (Table 1) had
abnormal NK cell degranulation. However, 23% of the 266 patients with
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infection-associated or incomplete HLH had borderline degranulation while 15%
had low degranulation, including two patients with heterozygous UNC13D mutations. Interestingly, the specificity was higher in those patients presenting with HLH
before the age of 2 (97% compared to 81%). Thus, this study demonstrated that
degranulation assays have the potential to rapidly and reliably identify patients with
biallelic pHLH mutations, although their utility in sHLH is not as clear.
A subsequent study by Rubin and colleagues directly compared sensitivity and
specificity of NK cytotoxicity, CD107a degranulation, and perforin expression in
1614 patients referred to a single center for targeted HLH genetic testing of seven
genes (FHLH2-5, RAB27A, Lyst, and AP3B1) who also had at least 1 of the following tests performed: perforin protein expression, NK cell cytotoxicity, and/or
CD107a degranulation [95]. They demonstrated that the combination of perforin
and CD107a degranulation was more sensitive and no less specific than NK cytotoxicity testing in screening for pHLH in patients with biallelic mutations in one of
the 7 tested HLH genes. Interestingly, 57% of the 635 patients with suspected HLH
without biallelic mutations in this panel of 7 HLH genes had low NK cell cytotoxicity. Specifically, 20 of 38 (53%) patients with monoallelic likely disease-causing
mutations, 48 of 75 (64%) of patients with variants of unknown clinical significance
(VUCS), and 296 of 522 (57%) of patients without mutations in these 7 HLH genes
had low cytotoxicity. In contrast, degranulation studies were low in almost all
patients (30 of 32, 94%) with biallelic mutations in one of the tested HLH genes,
and normal in the majority of patients (197 of 326, 60%) without identified biallelic
defects. Abnormal degranulation was observed in patients with monoallelic mutations (3 of 11, 27%), VUCS (8 of 16, 50%), and no potentially deleterious variants
(118 of 299, 39.5%) in the 7 tested HLH genes.
Thus, the approach of combining perforin and degranulation studies may have
utility in rapidly identifying patients with biallelic mutations in pHLH genes and
facilitating rapid treatment decisions. However, it may not be as useful in evaluating
sHLH, even in patients with monoallelic mutations in pHLH genes thought to be
associated with disease. In addition, this testing may not identify sHLH patients
with genetic defects in currently unknown genes that compromise NK cytotoxicity
but not degranulation, as demonstrated by higher percentage of abnormal cytotoxicity compared to abnormal degranulation in HLH patients without identified pHLH
mutations.

Conclusion
The past four decades have seen tremendous advances in our understanding of NK
cell biology and the cellular and molecular mechanisms responsible for their development and function. Genetic deficiencies in cytotoxic function are associated with
pHLH, and clinical assays of NK cell killing are helpful for the diagnosis of these
disorders. While defects in cytotoxic T cells have been the focus of much investigation of the pathogenesis of HLH, there is now increasing appreciation that
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dysregulation of NK cell cytotoxicity and failure to limit the immune response may
contribute to disease. Further investigation of the functional, phenotypic, and
molecular changes in peripheral blood and tissue resident NK cells has the potential
to yield important insight into the pathogenesis and treatment of HLH.
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Myeloid Cells in the Immunopathogenesis
of Cytokine Storm Syndromes
Lehn K. Weaver

Introduction
The innate immune system is composed of a diverse collection of cell types that
protect the host from infectious challenges and tissue damage, and ultimately preserve host fitness by returning the system to homeostasis. Neutrophils, monocytes,
macrophages, and dendritic cells patrol the blood and/or populate broad host tissues
making them positioned to respond to infectious challenges and alterations in
homeostasis. Each of these innate immune cell types expresses an ensemble of
receptors that are stimulated by endogenous and environmental triggers released by
tissue damage or infection. Upon activation, innate immune cells assume a wide
variety of distinct functional states that converts them from dormant sentinels into
effector cells that generate inflammation or exert immunoregulatory functions. How
these myeloid cells and their effector responses lead to dysregulated and hyperinflammatory immune responses is of importance to understanding the diverse mechanisms that contribute to cytokine storm pathogenesis.
A diversity of inciting triggers activates a systemic inflammatory response leading to widespread immunopathology in CSSs. The characteristic immune-mediated
collateral damage that occurs in CSSs results in widespread endothelial cell activation and damage, tissue ischemia, cell injury, consumptive coagulopathy, and multisystem organ failure. Distinct myeloid-specific functions initiate and propagate
this maladaptive systemic host response in CSSs. Activated myeloid cells produce
pro- and anti-inflammatory cytokines, exert anti-pathogen responses, and activate
surrounding immune and non-immune cells to amplify ongoing inflammatory
responses in CSSs. As potent antigen-presenting cells, myeloid cells initiate antigen-
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specific adaptive immune responses leading to further amplification of pathogenic
immune responses in certain CSSs. In contrast, recent evidence suggests that
myeloid cells have immunoregulatory and tissue-healing roles in CSSs. These
diverse effector responses of myeloid cells position them to be key contributors to
all phases of cytokine storm physiology from initiation to resolution of the systemic
inflammatory response.
Despite the growing circumstantial evidence that myeloid cells contribute to
CSS pathogenesis, there is no direct evidence of their role in CSS pathogenesis in
human systems, and only limited evidence of their role in murine models. Therefore,
this chapter contextualizes how multiple effector functions of myeloid cells have the
potential to contribute to host inflammatory responses in CSSs. Although inherently
speculative in nature, this chapter outlines how these diverse functions of myeloid
cells make them rational targets for the design of novel therapeutics for the treatment of CSSs.

 attern Recognition Receptors Initiate Cytokine Storm
P
Physiology
Myeloid cells respond to inflammatory triggers through their expression of a
restricted number of germ-line encoded pattern recognition receptors (PRRs) that
sense a diverse range of endogenous and exogenous activating signals. PRR expression allows myeloid cells to be “first responders” to the diverse inflammatory triggers known to initiate CSSs following trauma, burns, surgery, infection, or the
development of a rheumatic disease. Chronic or exaggerated activation of myeloid
cells through their PRRs initiates a dysregulated and hyperinflammatory response
that is detrimental to the host. Myeloid cells are at the forefront of systemic inflammatory responses because of their widespread tissue distribution and their ability to
recognize and respond to the diverse triggers of CSSs.
Toll-like receptors (TLRs) are the best-characterized PRRs and have been shown
to play important roles in initiating immune responses to diverse inflammatory triggers [1]. As membrane-bound receptors, TLRs are expressed at the cell surface or in
the endolysosomal compartment of immune cells where they are activated by
endogenous or exogenous “danger” signals [1]. Clinical data supports the role of
TLRs in driving cytokine storm immunopathology in macrophage activation syndrome (MAS), a type of CSS seen in patients with underlying rheumatologic diseases. Patients with systemic juvenile idiopathic arthritis (SJIA), the rheumatic
disease with the greatest predisposition to the development of MAS, have an interleukin (IL)-1 and TLR gene expression signature in their peripheral blood mononuclear cells [2]. Furthermore, SJIA patients with polymorphisms in IRF5, a
signaling molecule downstream of TLR activation, have a fourfold higher risk of
MAS [3]. The IRF5 haplotype associated with this higher risk of MAS in SJIA
patients creates a donor splice site in an alternate exon 1 of IRF5 allowing expression of higher levels of IRF5 and the production of several unique IRF5 isoforms
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[4]. These clinical data implicate signaling pathways downstream of TLRs as
important contributors to MAS pathogenesis.
The NOD-like receptor (NLR) family of PRRs is also implicated in the development of CSSs. NLRs are cytosolic proteins that can initiate immune responses to
cellular stress or invading microorganisms [5]. Stimulation of NLRs leads to inflammasome activation and the generation of the pro-inflammatory cytokines IL-1 and
IL-18 in addition to pyroptotic cell death, a form of cell death contributing to pro-
inflammatory immune responses [5]. Mutations in the NLR family member NLRC4
leads to the spontaneous development of an autoinflammatory syndrome in humans
predisposing to MAS immunopathology, termed NLRC4-MAS [6, 7]. Patients with
mutations in NLRC4 spontaneously develop early-onset enterocolitis, erythroderma, elevated acute phase reactants, and features of MAS including cytopenias,
splenomegaly, hemophagocytosis, and hyperferritinemia [6, 7]. These disease features of NLRC4-MAS are thought to occur because of the spontaneous cleavage of
caspase-1, heightened production of IL-1β and IL-18, and increased cell death in
macrophages harboring NLRC4-activating mutations [6, 7]. This leads to an excessive accumulation of pathogenic IL-1β and IL-18, as combined blockade of both
IL1β and IL-18 was sufficient to ameliorate severe disease in a critically ill infant
with NLRC4-MAS [8]. IL-18 may contribute to cytokine storm pathogenesis in
NLRC4-MAS by inducing the production of interferon (IFN)γ, as high levels of
serum IL-18 correlated with an IFNγ-associated gene expression network in whole
blood transcriptional analysis from a patient with NLRC4-MAS [8], and use of an
IFNγ-neutralizing antibody was effective in the treatment of another patient with
NLRC4-MAS [9]. The link between IL-18 and IFNγ production is of particular
interest, as other cytokine storm syndromes are also characterized by high levels of
IFNγ [10, 11], which will be discussed in detail later in this chapter. These clinical
data link spontaneous activation of NLRC4 to overproduction of IL1β, IL-18, and
IFNγ, which in turn drive cytokine storm immunopathology.
Epidemiologic observations suggest that additional factors influence the development of MAS. For example, patients with SJIA develop common manifestations
of autoinflammation including daily fevers, rash, and arthritis. However, only a subset of SJIA patients develop MAS with an incidence of 10–30% [12, 13], which
suggests the inflammatory milieu created by SJIA is not sufficient to drive MAS
immunopathology in all patients. Similarly, identical NLRC4-activating mutations
cause a spectrum of disease ranging from life-threatening to self-limited inflammatory disease in infancy [7]. As early-onset enterocolitis is a hallmark of NLRC4-
MAS, it is tempting to speculate that the gut microbiota of the host plays a role in
driving cytokine storm immunopathology in these patients. Future efforts will be
needed to determine if this is the case and whether environmental factors play a role
in other CSSs.
These clinical data suggest that PRRs contribute to the immunopathogenesis of
MAS. As myeloid cells are the main cells that express PRRs, their effector functions
downstream of PRR activation are prime suspects in driving systemic inflammation
and immunopathology in CSSs. The following section describes how myeloid cell
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responses to PRR activation contribute to the cytokine milieu that drives cytokine
storm immunopathology.

Myeloid Cells and the Pathogenic Cytokine Milieu in CSSs
As immune sentinels, activated myeloid cells mediate pathogen uptake and killing,
secrete effector molecules that have local and systemic effects, and activate adaptive
immune responses through their antigen presentation capabilities. These functions
make myeloid cells important initiators and amplifiers of immune responses that are
detrimental to host survival in CSSs. This section highlights how myeloid cell effector functions direct the production of pathogenic cytokines contributing to cytokine
storm immunopathology in MAS and primary hemophagocytic lymphohistiocytosis (HLH).

Macrophage Activation Syndrome
Soluble mediators produced during immune responses are capable of producing
diverse and widespread changes to the homeostatic landscape of the host. In patients
with SJIA who are predisposed to the development of MAS, aberrant production of
pro-inflammatory cytokines can be detected through serum cytokine analysis.
Shimizu et al. detected two dominant patterns of elevated pro-inflammatory cytokines in patients with SJIA based on elevated levels of IL-6 and IL-18 [14], both of
which are known to be produced by myeloid cells. Intriguingly, patients with high
levels of IL-6 are more prone to the development of arthritis, while patients with
high levels of IL-18 are more susceptible to MAS [14]. IL-18 is also a marker of
disease severity in MAS, as it correlates with hyperferritinemia, elevated transaminases, and is associated with clinical features of MAS flare [15]. Additional markers
of SJIA-MAS include other myeloid cell-derived products including neopterin and
soluble TNFRI/II [15], while MAS associated with systemic lupus erythematosus is
marked by elevations in TNF [16], another cytokine derived from activated myeloid
cells. In contrast, IFNγ is a lymphocyte-derived cytokine and has been linked to the
pathogenesis of MAS, as SJIA patients with MAS have an IFNγ signature that correlates with MAS disease activity and severity [10]. Pathogenic IFNγ may also be
indirectly dependent on the functions of myeloid cells as they are the main producers of IL-12 and IL-18, which stimulate lymphocyte-derived IFNγ [17]. Therefore,
myeloid cells not only directly contribute to the production of pathogenic cytokines
in MAS, but also control the production of bystander lymphocytes to produce
pathogenic IFNγ. These data suggest that heightened myeloid cell activation is central to MAS immunopathology, as cytokines produced directly or indirectly downstream of myeloid cell activation correlate with MAS disease severity.
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Myeloid cells are directly implicated in mediating cytokine storm immunopathology in murine models of MAS. In the first described model of MAS, repeated
activation of TLR9 drives IFNγ-dependent cytopenias, hepatosplenomegaly, hepatitis, dysregulated thermoregulation, hyperferritinemia, hypercytokinemia, and
hemophagocytosis [18]. This model is particularly relevant to MAS in SJIA patients
given the clinical evidence linking IFNγ to MAS disease activity and severity [10].
Although it remains unclear how IFNγ mediates end-organ damage in mice or
humans with MAS, the pathways leading to the induction of IFNγ are beginning to
be elucidated. In the TLR9-mediated model of MAS, elevated levels of IFNγ are
dependent on IL-12 production [19], which links myeloid cells to disease pathogenesis, as inflammatory monocytes are the main producers of IL-12 in this model [20].
The heightened levels of IL-12 in TLR9-mediated MAS correlate with the accumulation of inflammatory monocytes and enhanced extramedullary myelopoiesis [20].
Therefore, chronic TLR9 activation is thought to generate a feed-forward inflammatory loop, whereby the induction of inflammatory myelopoiesis accelerates the production of new inflammatory monocytes that are necessary to amplify and perpetuate
pathogenic cytokine production. As the JAK inhibitor ruxolitinib is able to inhibit
immunopathology in this model of TLR9-mediated MAS [21], it is intriguing to
speculate that JAK-activating, myeloid-specific growth factors are critical for this
feed-forward inflammatory loop in MAS. These data also suggest that JAK inhibition may be effective in the prevention and/or treatment of MAS. Definitive insight
into this possibility may come from a clinical trial testing the efficacy of the JAK
inhibitor tofacitinib in SJIA patients (clinicaltrials.gov; NCT03000439) (Table 1).
A second murine model of MAS also implicates a TLR-driven pathway in the
induction of cytokine storm and adds additional evidence for myeloid cell involvement in the pathogenesis of MAS. Strippoli et al. demonstrate that a single dose of
lipopolysaccharide or Poly I:C, TLR4 and TLR3 agonists, respectively, leads to
decreased survival in transgenic mice that overexpress the cytokine IL-6 [22].
Macrophages from IL-6-transgenic mice and human monocytes treated with exogenous IL-6 have heightened capacity to produce pro-inflammatory cytokines [22].
This suggests that high levels of IL-6, which accumulate in SJIA patients [16], may
be linked to enhanced myeloid cell-derived cytokine production and MAS immunopathology. However, SJIA patients treated with tocilizumab developed MAS despite
marked improvements in their SJIA-related symptoms [23]. These data indicate that
IL-6 blockade is not sufficient to prevent the development of MAS in all SJIA
patients, at least at the doses of tocilizumab employed (Table 2).
A third model of MAS demonstrates that a single dose of complete Freund’s
adjuvant (CFA) is sufficient to induce MAS in mice [24]. CFA is a solution of
mycobacterial antigen emulsified in oil that creates a chronic depot of multiple TLR
and PRR agonists when injected subcutaneously into mice leading to chronic activation of PRRs on myeloid cells. Intriguingly, Avau et al. demonstrate that CFA-
treated IFNγ−/− mice develop more severe MAS-like disease and arthritis than their
wild-type counterparts [24]. This IFNγ-independent model of MAS is dependent on
innate and adaptive lymphoid cell-derived IL-17, a cytokine not previously implicated in the pathogenesis of cytokine storm [24]. These data suggest that chronic
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Table 1 Murine models of HLH/MAS implicating myeloid cells in disease pathogenesis
Mouse
MAS
Wild-type
C57BL/6
mice

IL-6
transgenic
mice

Cytokine
Pathogenic Immunomodulatory Role(s) of myeloid
storm trigger cytokines cytokines
cells in disease
CpG1826
(TLR9
agonist)

IL-12,
IFNγ

LPS (TLR4
agonist) or
Poly I:C
(TLR3
agonist)
CFA (TLR2,
TLR4, and
TLR9
agonists)

IL-6, IFNγ Unknown

Wild-type
and
IFNγ-
deficient
Balb/c mice
HLH
LCMV
Perforin-
deficient
mice

IL-10

References

[18–20,
TLR9-induced
36]
production of
pathogenic IL-12;
hemophagocyte
production of
immunomodulatory
IL-10
Mediate responses [22, 42]
to LPS through
expression of PRRs

[24]

IL-17,
IL-12/
IL-23

Unknown

Mediate responses
to CFA through
expression of PRRs

IFNγ,
IL-33

IL-10

[28, 31,
Enhanced antigen
presentation and T 36, 43]
cell activation;
hemophagocyte
production of
immunomodulatory
IL-10
Induction of CD8 T [32]
cell-dependent IFNγ
production

Spontaneous IFNγ
Perforin-
deficient,
DC-specific
Fas-
deficient
mice

Unknown

TLR activation drives IL-17-mediated MAS in the absence of IFNγ. These findings
may be relevant to MAS patients that are refractory to IFNγ neutralizing antibody
therapy, which is being tested for efficacy in the treatment of CSSs (clinicaltrials.
gov; NCT01818492). These findings may also be relevant in rare cases of HLH that
develop in patients lacking the IFNγ receptor [25], which indicates IFNγ-dependent
signaling is not required for the development of cytokine storm in humans.
Therefore, both MAS patients refractory to IFNγ neutralization and IFNγR-deficient
patients that develop HLH may benefit from IL-17 blocking therapies. IFNγ-
independent cytokine storm is also described in mice treated with repeated TLR9
activation in combination with IL-10 receptor blockade [18]. These murine models
of disease demonstrate that TLR-dependent pathways generate pathogenic cytokine
storm-mediated immunopathology in the absence of IFNγ.
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Table 2 Putative myeloid effector functions that influence cytokine storm pathogenesis
Evidence in
HLH/MAS
Drivers of HLH/MAS
Myeloid cell functions
Activation of pattern recognition receptors results in pro-
inflammatory cytokine production to drive MAS-like physiology
in mice
Release of IL-12 and IL-18 augments IFNγ production by
lymphocytes
Prolonged immunologic synapse time augments CD8 T cell
effector functions
Modulators of HLH/MAS
Myeloid cell functions
Production of immunomodulatory IL-10
Patrolling monocytes remove cell debris after TLR-induced
damage to endothelial cells
Patrolling monocytes spontaneously produce IL-1RA

References

MAS

[20, 22,
24]

MAS

[8, 17, 20]

HLH

[28–30]

MAS and HLH [18, 36]
No
[39]
No

[40]

Collectively, these data link chronic TLR signals to the hyper-responsiveness of
myeloid cells as a pathogenic mechanism driving MAS in mice and humans.
Myeloid cells are capable of responding to the initial TLR signals to amplify the
production of pathogenic cytokines to mediate MAS immunopathology. The next
section will highlight how myeloid cells function as potent antigen-presenting cells
to generate a feed-forward inflammatory response in primary hemophagocytic lymphohistiocytosis (HLH).
 ntigen Presentation by Myeloid Cells Contributes to Immune
A
Dysregulation in Primary HLH
Myeloid cells initiate adaptive immune responses through their ability to present
antigens when they are encountered in the context of a “danger” signal. PRR activation of myeloid cells upregulates the ability of these cells to engulf, process, and
present endogenous and exogenous antigens on major histocompatibility complex
(MHC) I and II, respectively. These peptide–MHC complexes are transported to the
cell surface where they are recognized by their cognate T cell receptor (TCR).
Myeloid cells direct the outcome of MHC:TCR engagement through the expression
of co-stimulatory molecules needed for robust T cell activation and through the
production of cytokines that influence T cell effector functions. These antigen-
presenting capabilities of myeloid cells are critical for the activation of T cells, and
failure to downregulate the antigen presentation capabilities of myeloid cells contributes to heightened immune responses and immunopathology in primary HLH.
Primary HLH is triggered in patients with genetic defects in perforin or other
proteins critical for exocytosis of cytotoxic granules, which result in defective CD8
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T cell- and NK cell-directed cytotoxicity [26]. Patients with primary HLH are
healthy until they are infected by a virus, which triggers an ineffective yet hyperinflammatory systemic immune response [27]. Upon infection, myeloid cells are activated to present viral peptides complexed with MHC I to activate CD8 T cells to
eliminate virally infected cells. However, because primary HLH patients’ CD8 T
cells have defective cytotoxicity, they fail to eliminate the virus resulting in chronic
viremia [27]. CD8 T cells with defective cytotoxicity also fail to eliminate virally
infected antigen-presenting cells [28], a negative regulatory mechanism that inhibits
continuous and exaggerated antigen presentation during healthy immune responses.
Failure of target cell death leads to immunologic synapse engagement lasting fivefold longer than normal, which is directly linked to hypersecretion of pathogenic
pro-inflammatory cytokines by T cells and myeloid cells [29]. These findings are
likely clinically relevant, as a heterozygous mutation in the primary HLH gene
RAB27A results in delayed cytotoxic granule polarization and was sufficient to produce susceptibility to HLH in two patients [30]. Therefore, in primary HLH, CD8 T
cells are unable to kill infected antigen-presenting cells [28], which results in more
robust antigen-presenting cell–cytotoxic T cell interactions and heightened production of pathogenic pro-inflammatory cytokines that drive disease. This feed-forward
inflammatory loop is critical for HLH pathogenesis, as depletion of CD8 T cells is
sufficient to reduce overproduction of IFNγ and ameliorate clinical manifestations
of HLH in mice [31]. These data highlight that myeloid cell antigen presentation is
central to the initiation and perpetuation of hyperinflammatory CD8 T cell responses
characteristic of primary HLH, and IFNγ is a prime therapeutic target in this CSS
that is currently being tested in the clinic (clinicaltrials.gov; NCT01818492).
Termination of antigen presentation by cytotoxic lymphocyte-mediated killing
of myeloid cells is also critical to prevent HLH in mice. In mice harboring defects
in both perforin-mediated cytotoxicity and Fas-dependent cell death of CD11c-
expressing myeloid cells, features of HLH develop in uninfected mice including
cytopenias, elevated IFNγ levels, hyperactivation of T cells, hepatitis, splenomegaly, and early mortality [32]. This spontaneous model of HLH further highlights the
importance of lymphocyte-mediated killing of myeloid cells to terminate continuous antigen presentation, which is an immunomodulatory mechanism preventing
the aberrant hyperactivation of T cells capable of triggering cytokine storm.

I mmunoregulatory Functions of Myeloid Cells in Cytokine
Storm Syndromes
Although myeloid cells have multiple functions that initiate and perpetuate cytokine
storm immunopathology, their cellular plasticity makes them prime agents in mediating immunoregulatory and tissue-healing functions in the resolution phase of
CSSs. These myeloid cell functions are likely important clinically, as more patients
are surviving the first few days of the characteristic hyperinflammatory response of
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CSSs owing to improved diagnosis, therapeutic interventions and supportive care.
These individuals often have persistent hyperinflammatory responses, develop a
state of immunoparalysis predisposing to secondary infectious challenges, and
develop multisystem organ failure in the setting of a systemic catabolic state. The
etiology of these secondary effects remains largely unknown, yet they remain clinically important features of CSSs, as they contribute significantly to morbidity and
mortality. Future attempts to capitalize on the plasticity of myeloid cell functionality may offer novel therapeutic approaches to speed the resolution of inflammation
and aid in the return to homeostasis in patients with CSSs.
Evidence for an immunomodulatory role of myeloid cells in CSSs includes the
recognition that hemophagocytosing histiocytes may not play a pathologic role in
MAS and HLH, but rather have anti-inflammatory functions. Hemophagocytes are
myeloid cells that have phagocytosed hematopoietic cells and are commonly found
in the bone marrow and tissues of patients with CSSs. Schaer et al. were the first to
identify that hemophagocytosing CD163+ myeloid cells in patients with CSSs
express high levels of the anti-inflammatory molecule heme oxygenase (HO)-1
[33]. HO-1 catalyzes the degradation of heme into biliverdin, ferrous iron, and carbon monoxide, which have known anti-inflammatory, antiapoptotic, and antioxidative effects [34]. As hemophagocytes often engulf whole red blood cells, they
contain sufficient sources of heme to be degraded into its anti-inflammatory constituents in the presence of HO-1. Furthermore, Canna et al. used laser capture
microscopy to identify hemophagocytes for transcriptomic analysis, and demonstrated significant gene set enrichment of genes expressed by M2 macrophages [35].
M2 macrophages are known to have functions that decrease inflammation and support tissue repair indicating that hemophagocytic myeloid cells may have beneficial
roles in resolving inflammation during CSSs. Ohyagi et al. bring functional relevance to these observations by demonstrating that hemophagocytes are an important
source of IL-10, an anti-inflammatory cytokine, downstream of TLR and PRR activation in mice [36]. Furthermore, blockade of hemophagocytosis or defective IL-10
production by hemophagocytes increased virally induced mortality in a murine
model of a CSS [36]. The production of IL-10 by hemophagocytes may not be surprising, as HO-1-mediated degradation of heme is known to induce IL-10 production from myeloid cells [37]. These data support a role for IL-10 production and
hemophagocytosis as immunomodulatory functions of myeloid cells in preventing
collateral immune-mediated damage in CSSs. Future efforts to identify the IL-10
producers and responders mediating the immunomodulatory effect of IL-10 in CSSs
may reveal opportunities to mitigate the overwhelming hyperinflammatory response
that leads to life-threatening disease in HLH and MAS.
In addition to their immunomodulatory functions, myeloid cells may be directly
involved in reparative processes that restore homeostasis following immune-
mediated damage in CSSs. Patrolling monocytes, also known as nonclassical monocytes, are well-positioned to function in this role, as they are closely associated with
vascular endothelial cells, cells that are commonly damaged in CSSs. Patrolling
monocytes maintain close contacts with vascular endothelial cells where they detect
damaged endothelial cells [38]. Upon encounter of TLR agonists, patrolling
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 onocytes increase their interactions with small vessel endothelial cells in inflamed
m
tissues and mediate the in situ removal of cellular debris following TLR-mediated
endothelial cell death [39]. Human patrolling monocytes also spontaneously produce the anti-inflammatory molecule IL-1RA and induce lower levels of pro-
inflammatory cytokine upon activation by TLR agonists compared to inflammatory
monocytes [40], which indicate that patrolling monocytes have immunomodulatory
rather than pro-inflammatory functions. The differentiation of inflammatory monocytes into reparative patrolling monocytes has also been reported in a model of
sterile liver injury, whereby they prevent excess tissue damage through IL-4- and
IL-10-dependent mechanisms [41]. These data suggest that patrolling monocytes
are poised to respond to damaged tissues and aid in the removal of cellular debris to
promote wound healing. These myeloid cell functions are likely critical for restoring homeostasis in patients suffering from systemic tissue injury in the resolution
phase of CSSs.

Conclusions
Myeloid cells have diverse and malleable functions that empower them to influence
all phases of cytokine storm physiology from initiation to resolution making them
prime therapeutic targets in CSSs. Future efforts will be needed to identify the critical myeloid specific effector functions downstream of “danger” signal recognition
that contribute to widespread tissue damage in CSSs. Evidence linking myeloid-
derived inflammatory cytokines to specific cytokine storms may offer novel
cytokine-directed treatments for CSSs. Identification of the molecular interactions
between myeloid-derived antigen-presenting cells and pathogenic T cells could
yield effective approaches to break the perpetual cycle of antigen presentation that
drives pathogenic immune responses in primary HLH. Finally, the capacity of
myeloid cells to gain immunomodulatory and tissue-healing properties during systemic inflammatory responses could be manipulated to accelerate the resolution of
inflammation for therapeutic benefit in CSSs. Such myeloid cell-directed interventions would be welcome to combat the devastating hyperinflammatory responses
that result in severe morbidity and mortality across the spectrum of CSSs.
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Cytokines in Cytokine Storm Syndrome
Edward M. Behrens

Introduction
As the name directly implies, cytokine storm syndrome (CSS) in general is characterized by the elaboration of large amounts of multiple cytokines that are in large
part responsible for the organ toxicity of the disease. The identity of the cytokines
produced often varies depending on the underlying cause or trigger of CSS.
Additionally, the response to these cytokines is likely modulated by host factors
including genetics, resulting in different interpretations of different cytokine levels
depending on context. The advent of clinical “cytokine panel” testing allows the
clinician to survey the landscape of cytokine production with the hope that this
information may provide cues toward both diagnosis and therapy. However, the utility of serum cytokine testing is limited by a number of factors: cytokine burden is
often in the tissue and therefore not detected by sampling the blood, cytokine levels
may change rapidly in a nonlinear fashion throughout disease course rendering a
single time-point difficult to interpret, and therapy may change cytokine levels in
unpredictable and unknown ways. Nonetheless, work in both animal models and
human studies have determined some stereotypical cytokine patterns associated
with disease state and pathogenesis, and indeed in some circumstances, cytokine
targeted therapeutic approaches. Table 1 summarizes the key cytokines that are discussed in this chapter. Figure 1 presents this information graphically.
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Table 1 Major cytokines associated with CSS
Cytokine Type of evidence
IFNγ
Murine model of pHLH,
MAS
Human studies of pHLH,
MAS
IL-1
Case-series level reports
in humans
IL-18
Murine model of MAS
Case report on human
NLRC4-MAS
IL-33
Murine model of pHLH
IL-6

TNF
IL-10

IL-4

Benefits of targeting
Potent efficacy in multiple murine models

References
[1, 3–8]

Typically excellent safety profile

[15–17]

May target a more proximal mediator of
disease than IFNγ

[24–28]

May target a more proximal mediator of
disease than IFNγ
May target a different, specific population of
Murine of MAS
CSS patients that have a different
Human studies of CAR
pathophysiology from pHLH or MAS
T-cell CRS
Conflicting case reports in May be a proximate cause in a select
humans
population of CSS
May be able to enhance negative regulation
Negative regulator of
across multiple different scenarios
disease in murine MAS
model
Found to be elevated in
human pHLH
Unknown
Murine model of
hemophagocytic
syndrome

[31]
[34, 37,
38]
[41–43]
[5, 44]

[48]

Fig. 1 Schematic of
cytokine networks in CSS

Interferon Gamma
Perhaps the best studied mediator of CSS, Interferon gamma (IFNγ) has been identified as a common mediator of CSS in multiple scenarios. In seminal work by
Jordan et al. using the perforin deficient mouse to model primary hemophagocytic
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lymphohistiocytosis (pHLH), it was shown that neutralization of IFNγ ameliorates
disease [1]. Subsequent work has shown that this IFNγ is produced by overstimulated CD8 T-cells that are unable to clear stimulating antigen [2]. This has led to the
advent of clinical trials of IFNγ neutralization in HLH that are currently ongoing
(ClinicalTrials.gov Identifier: NCT03312751 & NCT03311854). IFNγ leads to the
expression of hundreds of so-called interferon stimulated genes (ISG), providing
the opportunity to direct a complex effector response. It is not yet clear which cell
types, and which IFNγ stimulated gene products lead to organ toxicity. However,
one particular ISG, CXCL9 has proven to be an effective biomarker of IFNγ activity
in HLH [3]. Furthermore, patients with lymphoma associated HLH had much higher
CXCL9 levels compared to septic patients, and levels decreased concordant with
therapeutic response [4].
IFNγ has also been implicated in forms of secondary HLH (sHLH) in both
human and murine models of disease. Using a murine model of Macrophage
Activation Syndrome (MAS) predicated on repeated toll-like receptor 9 stimulation
(TLR9-MAS), neutralization of IFNγ has been shown to ameliorate disease, much
as it has in the perforin deficient model [5, 6]. Subsequent work has shown elevated
of levels CXCL9 in this model acting as a biomarker similar in HLH [7]. This has
been translated to human disease, where IFNγ and CXCL9 if found in patients with
MAS that is not present in patients with active Systemic Juvenile Idiopathic Arthritis
(SJIA) [8], distinguishing these two often confusable conditions. In the setting of
both the murine MAS models, as well as in human disease, the source of IFNγ does
not appear to be the same as in pHLH. Cytotoxic killing defects are not universally
present in this setting like in pHLH, thus CD8 T-cell antigen stimulated IFNγ release
does not appear to always be the source of IFNγ in sHLH models. Natural killer
(NK) cells are often invoked in SJIA/MAS pathogenesis [9], and these cells may be
another potent producer of IFNγ, although evidence for their involvement in SJIA is
mixed [10]. In the TLR9-MAS model, IL-12 is essential for IFNγ production while
this is dispensable in the perforin deficient pHLH model. IL-18 (discussed in greater
detail below) may be another important IFNg-inducing factor in autoinflammatory
MAS.
While increased levels of IFNγ are present in serum of both pHLH and MAS
patients, sampling of serum may significantly underestimate the amount of IFNγ
actually present. Treatment of pHLH patients with an IFNγ neutralizing antibody
show increases of 100- to 100-fold more total IFNγ in the serum after antibody
administration, presumably as the antibody complexes with IFNγ in the tissues and
is cleared in the blood [11]. This highlights the fact that while blood is generally the
only clinically accessible tissue to sample for cytokine levels, much of the important
cytokine response may be happening in the tissue.
Notably, as central as IFNγ seems to be in multiple forms of CSS, there are also
both murine and human examples of CSS occurring in absence of IFNγ. In the
TLR9-MAS murine model, blockade of IL-10 signaling allows all symptoms of
MAS to proceed, with the exception anemia, despite neutralization of IFNγ [12].
Multiple cases of humans with IFNγ receptor deficiencies presenting with HLH
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syndromes have been reported [13, 14]. It therefore seems that while IFNγ is
certainly a critical cytokine for many CSS scenarios, it is not universally necessary
to develop many of the clinical features of CSS.

Interleukin-1 Family Cytokines
The interleukin 1 (IL-1) family cytokines include 11 related gene products, of which
IL-1β, IL-18, and IL-33, have known relevance to CSS and will be discussed herein.
IL-1 family members signal through receptors that utilize the MyD88 adaptor, and
downstream NFκB and ERK signals to direct inflammatory responses. IL-1β and
IL-18 are activated from their pre-protein forms by the inflammasomes, a class of
multimolecular complexes that activate caspase-1 to cleave the inactive pro-forms
of IL-1β and IL-18 to their active forms. Inflammasomes act as sensors for cytosolic
“danger” signals, moieties made by pathogens that enter the cytoplasm of mammalian cells. A number of genetic lesions of inflammasome function have been
described that lead to constitutive activity, and therefore overproduction of IL-1β
and/or IL-18 that in some cases result in a CSS.

IL-1β
IL-1β has been implicated in MAS due to a number of reports of the successful use
of the drug anakinra, recombinant IL-1 receptor antagonist, to treat MAS and related
CSS syndromes [15–17]. The strong association of MAS with SJIA [18] and the
well-described success of IL-1β blockade in the treatment of active SJIA [19–21]
provide an additional link to this cytokine and MAS. Which effector functions of
IL-1β that might drive the CSS in these scenarios has not been yet elucidated. In
contrast to these reports of the successful use of anakinra to treat MAS, in a large
trial of the IL-1β neutralizing antibody canakinumab in the treatment of SJIA, treatment with drug failed to show a significant protection from the development of
MAS [22]. This may be due to this study not having power to detect as small effect
size, as there was a trend toward protection, or may be due to differences in IL-1β
neutralization compared to the receptor blockade provided by anakinra, which
would block both IL-1β and IL-1α. It has also been suggested that the doses of
canakinumab used were too low to prevent MAS, since much higher doses of
anakinra seemed to help MAS like presentations of sepsis in a retrospective reanalysis of anakinra in sepsis trial [23]. Alternatively, there may be differences in the role
of IL-1β in initiating disease versus propagating disease, explaining why blockade
might not prevent MAS, and yet still show efficacy in treating it once it has occurred.
In the context of these data, it is important to note that genetic activating lesions of
the NLRP3 inflammasome result in the production of large amounts of IL-1β release
that is effectively treated by anakinra, and yet these patients do not seem to be at
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greater risk for MAS, suggesting that IL-1β alone may be insufficient for MAS
development. However, a clinical trial of IL-1 blockade for treatment of MAS is
currently underway (ClinicalTrials.gov Identifier: NCT02780583).

IL-18
The other major cytokine of inflammasome origin is IL-18. While like many other
cytokines it has many diverse effector functions, from the view point of CSS pathophysiology, its most notable function is the induction of IFNγ from both CD8 T-cells
and NK cells. High serum levels of IL-18 are associated with increased risk of MAS
in SJIA [24]. In the TLR9-MAS animal, deletion of the antagonizing IL-18 binding
protein exacerbated disease, suggesting that IL-18 does play a direct role in disease
activity [25]. Recently, activating mutations of the NLRC4 inflammasome have
been associated with an MAS-like syndrome [26, 27]. These patients have extremely
high levels of serum IL-18 not seen in the NLRP3 activating mutations. Accordingly,
a patient with NLRC4 mutation treated with a recombinant IL-18 binding protein
that antagonizes IL-18 activity was reported to have a dramatic immediate and prolonged resolution of her MAS symptoms [28]. IL-18 blockade was associated with
a decrease in the genetic signature of IFNγ response, consistent with a model of
IL-18 induced IFNγ production driving MAS. Loss of function mutations in XIAP
also cause an HLH syndrome accompanied by elevated IL-18 [29]. XIAP is a negative regulator of inflammasome function, and represses the production of inflammasome activated cytokines. A trial of IL-18 blockade with IL-18 binding protein in
XIAP and NLRC4-MAS is currently underway (ClinicalTrials.gov Identifier:
NCT03113760).
IL-18 has been studied in murine models of pHLH. Unlike the profound effect
reported in NLRC-MAS, in these murine models IL-18 blockade did not improve
survival [30]. The mice did have some improvement in liver inflammation, but
IL-18 was clearly not central to disease pathogenesis. This likely speaks to differences in underlying pathophysiology between MAS and pHLH, and the different
contributors to the pathogenic IFNγ in each case and/or inherent differences in
among mice and between humans.

IL-33
IL-33 biology is different from IL-1β and IL-18 in that it is not inflammasome produced. Rather, it is present as a nuclear protein in endothelial and epithelial cells
that is released upon inflammatory cell death. While it has traditionally been thought
to be a cytokine that drives the atopic “Th2” cytokine response (IL-4/13), it also has
a role similar to IL-18 in inducing IFNγ from CD8 T-cells. In the perforin deficient
murine model of pHLH, IL-33 was critically required for pathogenic IFNγ
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production and blockade the IL-33 receptor ameliorated disease to an extent similar
to IFNγ blockade [31]. There is not yet human data that assesses a role of IL-33;
however, it remains possible that IL-33 plays a role in pHLH similar to what IL-18
plays in MAS. Thus, there may be a role for IL-33 blockade in different human CSS
subsets.

Interleukin-6
IL-6 is perhaps one of the most pleotropic cytokines, produced by and acting on
immune and nonimmune cells, with effects across multiple organ systems. Blockade
of IL-6 receptor is effective for the treatment of SJIA; however, reports suggest that
is may not be completely efficacious in SJIA-MAS, masking inflammatory symptoms rather than actually resolving them [32]. Unlike IL-18, IL-6 elevation does not
correlate with MAS risk in SJIA [33]. There are no formal trials of IL-6 blockade in
either human or murine systems of pHLH or MAS. However, an IL-6 transgenic
mouse that constitutively produces the cytokine develops an MAS like syndrome
after treatment with the TLR4 ligand LPS, much like the repeated TLR9 model [34].
Additional studies have shown that IL-6 acts on NK cells to suppress the cytolytic
activity [8, 35]. Thus, it has been postulated that IL-6 may be an environmental
exacerbating factor that could mimic or even enhance the genetic factors that impair
cytotoxicity and lead to pHLH. It has been speculated that it is perhaps a combination of hypomorphic genetic lesions that impair cytotoxicity at a subclinical level
but are then further impaired by IL-6 high environments, leading to secondary HLH
or MAS [8, 35, 36].
Patients that experience cytokine release syndrome, a CSS that occurs in patients
with B-cell leukemia treated with chimeric antigen receptor T-cell therapy or with
the CD19/CD3 bispecific antibody blinatumomab develop extremely high IL-6 levels [37, 38]. Accordingly, the cytokine release syndrome appears to be very sensitive to IL-6 receptor blockade with tocilizumab. Thus, it would appear that in this
context, IL-6 is indeed a central cytokine in the pathogenesis of the iatrogenic CSS
of cytokine release syndrome.

Tumor Necrosis Factor
Tumor necrosis factor alpha (TNF) has long been associated with the inflammatory
response of sepsis, although its blockade did not improve outcomes in clinical trials
[39, 40]. Case reports of TNF blockade as both the cause of, and successful treatment for SJIA-MAS are present in the literature [41–43]. In murine models of perforin deficient pHLH, blockade of TNF had no effect on outcome [1]. There is little
high quality evidence for or against TNF blockade in human disease; however,
given that there are already established targets in other pathways, TNF blockade is

Cytokines in Cytokine Storm Syndrome

203

not likely to emerge as candidate for a population level trial in CSS in the near
future. Perhaps as we learn more about the specific individual lesions that lead to
CSS, TNF blockade may reemerge as an opportunity for a personalized medicine
approach.

Interleukin-10
IL-10 is an archetypical example of an anti-inflammatory cytokine acting on both
myeloid and lymphoid cells to regulate and restrict their effector functions. Notably,
along with IFNγ, it is highly upregulated in pHLH, presumably as a futile attempt
at compensatory control of the inflammation. High levels of concomitant serum
IL-10 and IFNγ distinguished pHLH patients from septic patents, who instead
tended instead to have higher IL-6 serum levels [44]. In the murine model of perforin deficient pHLH, blockade of IL-10 had no effect on disease progression; however, in the repeated TLR9 model of MAS, IL-10 blockade significantly worsened
morbidity and mortality. This may reflect the relative ability of IL-10 to control CSS
mediated inflammation during different triggers of the cytokine storm state. The
relevant sources of IL-10 and responding cells remain poorly understood, although
some reports in both human and murine settings suggest that hemophagocytes
themselves may be a source of IL-10 [45, 46]. While enhancing IL-10 levels or
function may be a possible therapeutic target in the future, there are no currently
available means to address this pathway clinically.

Hematopoietic Cytokines
Granulocyte monocyte colony stimulating factor (GM-CSF), IL-3, and stem cell
factor (SCF) are all cytokines the promote hematopoiesis of myeloid cell lineages.
In order to study xenografted human bone marrow in mice, an attempt to increase
myeloid engraftment using triple transgenic mice expressing all three of these cytokines were made. Remarkably, these developed an MAS-like phenotype after
engraftment with human umbilical cord blood that did not require lymphocytes, but
was responsive to IL-6 receptor blockade [47]. Although this murine model is not
directly related to any human clinical scenario of CSS, the implication that overexpression of myelopoietic cytokines opens up the possibility that these pathways
may play some role in certain forms of CSS particularly in cases that are IL-6 blockade responsive.
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Interleukin-4
IL-4 is traditionally considered to be a central mediator of “Th2” inflammation, the
immune response associated with atopic and antiparasitic responses. However, mice
that were exposed to chronic high levels of IL-4 using an osmotic pump developed
many of the features of pHLH, primarily cytopenia and hemophagocytosis [48].
These effects did not depend on lymphocytes, nor on IFNγ. Much like the GM-CSF/
IL-3/SCF model, there is not a direct clinical correlate for this system; however, this
raises the possibility that in cases of severe Th2 responses, some features of CSS
may become present. For instance, drug reaction with eosinophilia and systemic
symptoms (DRESS) syndrome, may be a clinical example of an over exaggerated
Th2 response that results in a CSS-like picture.

Conclusion
Given that the CSS spectrum consists of a heterogeneous group of genetic and environmental triggers, it should be expected that there will be a diverse array of cytokines that drive the initiation and propagation of disease. Further basic investigation
will no doubt clarify which mechanisms lead to which cytokine profiles, and will
inform therapeutic strategies. Improved technology to sample the cytokine milieu in
the serum as well as target tissues may be needed to make use of this knowledge.
Alternatively, biomarkers of cytokine response, such as CXCL9 for IFNγ, may
prove useful diagnostically as well as for measurement of treatment response.
Nonetheless, it remains remarkable that in many scenarios, blockade of a single, key
cytokine is often able to produce dramatic clinical benefit, highlighting the importance of cytokine biology and the need for continued therapeutic development for
these patients.
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Introduction
Primary immunodeficiency diseases (PID) are a diverse and growing category of
more than 300 chronic disorders that share a susceptibility to infections. Traditionally,
the immune systems of PID patients were considered essentially inert, but more
recently the field has identified new PIDs (or recognized new phenotypes of existing
PIDs) that demonstrate prominent inflammatory features. Whether characterized by
excessive lymphoproliferation, defective granule-dependent cytotoxicity, or an
overwhelming infection representing a unique antigenic challenge, PIDs can result
in the development of cytokine storm syndrome (CSS).
This chapter reviews CSS pathophysiology as it relates to PIDs (Table 1). For
each PID, we provide an overview of the immunologic defect and how it promotes
or discourages CSS phenomena. We highlight PID-associated molecular defects in
pathways that are postulated to be critical to CSS physiology (i.e., interferon
gamma, interleukin (IL)-6, IL-12, and TNF-alpha), and review strategies for treating CSS in PID patients with molecularly directed therapies.

Defects in Granule-Dependent Cytotoxic Killing
Cytotoxic killing is a key host mechanism for eliminating infected or malignant
cells. Impaired cytotoxicity is a general feature of PIDs predisposed to CSS events,
but there are several genetic deficiencies of specific components of the granule-
dependent cytotoxic machinery that acutely demonstrate this concept. As the associated diseases, including familial hemophagocytic lymphohistiocytosis types 1–5,
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Table 1 Association of PIDs with cytokine storm syndromes
Disease
Associated with cytokine storms
Autoimmune lymphoproliferative syndrome
Autosomal dominant hyper-IgE syndrome
CD27 deficiency
Ataxia–telangiectasia
Chronic granulomatous disease
Chronic mucocutaneous candidiasis
CTLA-4 haploinsufficiency
Dyskeratosis congenita
GATA2 deficiency
Immune dysregulation, polyendocrinopathy,
enteropathy, X-linked
ITK deficiency
Mendelian susceptibility to mycobacterial disease
NEMO deficiency
Severe combined immunodeficiency (SCID)
Wiskott–Aldrich syndrome
X-linked agammaglobulinemia
XMEN and other channel defects
Unclear association with cytokine storms
Autosomal dominant hyper-IgE syndrome
Chronic mucocutaneous candidiasis
Immune dysregulation, polyendocrinopathy,
enteropathy, X-linked
22q11.2 deletion syndrome (DiGeorge,
velocardiofacial syndrome)
Not associated with cytokine storms
Activated phosphoinositide 3-kinase δ syndrome
ADA SCID
CD40/CD40L deficiency
CD70 deficiency
STIM1 deficiency
TACI deficiency
MyD88 and IRAK4 deficiency

Genes involved

References

FAS, FASL
STAT3
CD27
ATM
CYBA, CYBB, NCF1,
NCF2
STAT1 GOF
CTLA4
TERT, TERC, DKC1,
TINF2
GATA2
FOXP3, CD25, IL10,
IL10R
ITK
IL12R, IL12, IFNg,
STAT1
IKBKG
IL2RG, IL7R, others
WASP
BTK
MAGT1, ORAI1

[28, 29]
[113]
[2–5]
[49]
[49, 142–144,
146]
[112]
[11, 12]
[49]

STAT3
STAT1 GOF
FOXP3, CD25, IL10,
IL10R
TBX1

[113]
[112]
[121]

[152, 153]
[121]
[55, 59]
[104–106]
[74, 75]
[47–51]
[49, 70]
[132]
[89–91]

[63–65]

PIK3CD, PIK3R1
ADA
CD40, CD40L
CD70
STIM1
TACI
MyD88, IRAK4

Chediak–Higashi syndrome, Griscelli syndrome type 2, Hermansky–Pudlak syndrome type 2, and X-linked lymphoproliferative syndrome type 2 are covered in
detail by other chapter authors, we will not review them further.
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Lymphoproliferative Disorders
PID patients unable to control excessive effector lymphocyte expansion or malignant/infected target cell proliferation are susceptible to CSS events.

X-linked Lymphoproliferative Syndrome Types 1
X-linked lymphoproliferative syndrome type 1 (XLP1) is caused by Src homology 2
domain protein 1A (SH2D1A) deficiency and is characterized by a predilection for
Epstein–Barr virus (EBV)-lymphoproliferative disease. Sixty percent of XLP1
patients experience recurrent hemophagocytic lymphohistiocytosis (HLH) episodes,
often related to EBV infection. XLP1 patients also demonstrate subtle hypogammaglobulinemia, impaired cytotoxicity, and are predisposed to lymphoma. XLP1 is
covered in detail in other book chapters. We mention it (briefly) here because it is the
prototypical lymphoproliferative disease and because it may be confused with other
PIDs, specifically common variable immune deficiency (CVID).

CD27 and CD70 Deficiencies
CD27 deficiency and CD70 deficiency are related autosomal recessive combined
immune deficiencies. Both CD27 and CD70 are TNF-receptor/TNF superfamily
members and are an exclusive receptor–ligand pair (Fig. 1). In healthy controls, CD70
expression on malignant and EBV-infected B cells activates CD8+ cytotoxic T
Fig. 1 Simplified
schematic: mediators of
cytokine storm-associated
primary immunodeficiency
diseases. Antigen-
presenting cell (APC), T
cell, and B cell are
depicted. Major secreted,
membrane-associated, and
intracellular proteins are
labeled. CSS-related
immune molecules
discussed in the chapter are
denoted in red. Molecules
absent in familial
hemophagocytic
lymphohistiocytosis
patients with defective
granule-dependent
cytotoxic killing are not
depicted
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lymphocytes (CTLs) through interaction with CD27 [1]. CD27 deficient patients display a combined immunodeficiency characterized by hypogammaglobulinemia and
EBV infection-related complications including HLH and malignant lymphoma [2–5].
Interestingly, despite increased EBV susceptibility, CSS events have not been reported
in CD70 deficient patients. The reason for this apparent discrepancy is unknown.

CTLA-4 Haploinsufficiency
Cytotoxic T lymphocytic antigen-4 (CTLA-4) haploinsufficiency is an autosomal
dominantly inherited PID. Incomplete penetrance is common. CTLA-4 is an important negative regulator of T-cell responses [6]. It is constitutively expressed on T
regulatory cells (Tregs), and upregulated in conventional helper T cells after their
activation. CTLA-4 acts in trans through competition with the T-cell co-activation
molecule CD28 for B7 ligands, and in cis by directly antagonizing T-cell receptor
signaling [7, 8]. CTLA-4-deficient mice experience fatal infiltrative lymphoproliferation [9]. CTLA-4 haploinsufficiency in humans manifests similarly to the murine
model of deficiency, but is also frequently associated with hypogammaglobulinemia
[10]. CTLA-4 haploinsufficient patients responding to significant antigenic challenges have experienced CSS events. For example, HLH episodes have been
reported in CTLA-4 haploinsufficient patients with EBV-induced Hodgkin lymphoma [11] and Aspergillus fungemia [12]. The later patient was successfully
treated with abatacept, a fusion protein of the IgG1 Fc-region and the extracellular
CLTA-4 domain. Chloroquine/hydroxychloroquine, which augments CTLA-4
expression by inhibiting its lysosomal degradation, may also hold promise for
restoring immune equilibrium in CTLA-4 haploinsufficient patients [13].

Autoimmune Lymphoproliferative Syndrome
Autoimmune lymphoproliferative syndrome (ALPS) type 1A is caused by deleterious germ line or somatic mutations in the gene encoding FasR. FasR is a type
I-membrane protein expressed by activated or infected lymphocytes including EBV
infected B cells [14]. Its ligand (FasL) is predominantly expressed by CTLs and natural killer (NK) cells. FasR–FasL interactions initiate caspase-8-mediated apoptosis
[15]. Absent FasR/FasL interactions, ALPS patients are unable to maintain lymphocyte homeostasis through apoptosis, and often display abnormal, expanded populations of CD4−CD8−double negative T cell receptor alpha beta T cells (DNT). ALPS
manifests clinically with impressive lymphadenopathy, splenomegaly, and autoimmune cytopenias [16–18]. Urticarial rashes, pulmonary fibrosis, and systemic lupus
erythematosus have also been reported [19, 20]. Although ALPS patients are characteristically hypergammaglobulinemic, they are at increased risk of EBV-related
infections, and lymphomas [21]. ALPS has also been reported in patients with mutations in genes encoding Caspase 8, Caspase 10, NRAS, and KRAS [22–26]. A genetic
defect cannot be identified in 20–30% of ALPS patients [27].
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CSS episodes in undiagnosed ALPS patients have been mistaken for familial
HLH [28, 29]. In confounding cases, laboratory testing including cytotoxicity
assessments, DNT enumeration, and ultimately gene sequencing are critical tools
for clinicians wishing to discriminate between these two conditions.

Other Lymphoproliferative Syndromes
It is notable that CSS events have not been reported in patients carrying heterozygous mutations in the gene encoding transmembrane activator and CAML interactor (TACI). Such mutations are exceedingly common and are highly associated with
a lymphoproliferative form of CVID [30–34]. This may be because TACI is
expressed on human B cells, not T cells, and therefore leave cytotoxicity unaffected.
Interestingly, TACI is also expressed in murine macrophages where it downregulates genes classically characteristic of a M2 activation state including IL-4Rα,
CD206, CCL22, IL-10, Arg1, IL1RN, and FIZZ1 [35]. Polarization of macrophages
away from the M1 activation state, which is associated with HLH [36], may also
explain why TACI deficient patients have not experienced CSS events despite an
affinity for lymphoproliferation.
Similarly, activated phosphoinositide 3-kinase δ syndrome (APDS), caused by
gain-of-function mutations in genes encoding PIK3CD or PIK3R1, is also characterized by humoral immunodeficiency, EBV or CMV-induced lymphoproliferation,
and a risk of B cell lymphoma, but not CSS episodes [37–40]. PIK3CD or PIK3R1
mutations cause chronic mammalian target of rapamycin (mTOR) hyperactivation
and resultant T-cell exhaustion. It is possible that exhausted PIK3CD or PIK3R1
mutated T cells are less capable of mounting a systemic CSS immune response [41].

T-Cell Deficiency Disorders
Severe Combined Immunodeficiency
Severe combined immunodeficiency (SCID) encompasses a group of primary disorders characterized by severe T-cell lymphopenia and poor T cell proliferative
responses. Several monogenic forms of SCID have been identified, and can be
transmitted by X-linked or autosomal recessive inheritance. SCID may also occur in
the context of thymic aplasia. The most common SCID causing mutations occur in
the genes encoding the IL-2 receptor gamma chain (IL-2RG), adenosine deaminase
(ADA), IL-7 receptor (IL7RA), and several gene products involved in DNA repair
(RAG, ARTEMIS, etc.) [42]. Hypomorphic mutations in SCID genes, especially
those involved in DNA repair, can result in the oligoclonal expansion of autoreactive T cells. This phenomenon, called Ommen syndrome, presents with characteristic erythroderma and diffuse alopecia from infiltrating T cells [43–45]. T cell
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mediated inflammation in Ommen syndrome also effects other organs including the
lung, liver, and intestines.
Favorable SCID outcomes correlate with early age at hematopoietic stem cell transplant (HSCT), and are inversely related to the number of pre-transplant infections [46].
Prior to the introduction of universal newborn screening assays for T cell lymphopenia, SCID patients typically presented late in infancy with severe 
opportunistic
infections and related pulmonary disease, diarrhea, and failure-to-thrive. At the time of
publication, most US states screen all newborns for congenital lymphopenia allowing
rapid identification, timely infectious prophylaxis initiation, and early transplantation.
HLH episodes have been reported in IL-2RG, RAG-1, IL7RA, and CD3ε-deficient
patients, primarily in infectious contexts. Linked pathogens include common viruses
(CMV, EBV, Rhinovirus, Adenovirus), enteric bacteria (Enterobacter, gram-negative
sepsis), and opportunistic microbes (P. jirovecii, P. aeruginosa, Candida) [47–51]. In
many cases, patient bone marrow aspirates characteristically display extensive hemophagocytosis, but absent T lymphocytes. This finding clearly suggests that T cell
contributions to CSS episodes are nonessential in this setting. It is interesting to the
authors’ that CSS episodes have not been reported in adenosine deaminase (ADA)
deficient SCID, whereas elevated serum ADA concentrations are reported in immune
competent HLH patients [52]. Adenosine possesses several dose-dependent, antiinflammatory properties and it is possible that accumulation of extracellular adenosine simultaneously promotes SCID and prevents CSS immunopathology [53].

Interleukin 2-Inducible T Cell Kinase Deficiency
Interleukin 2-inducible T cell Kinase (ITK) deficiency is an autosomal recessive
combined immunodeficiency. ITK is a member of the TEC family, and functions as
a non-receptor protein-tyrosine kinase in the development and signaling of lymphoid cells [54]. ITK-deficient patients exhibit hypogammaglobulinemia and progressive loss of CD4+ T cells [55] which predisposes them to bacterial and viral
infections. Like XLP1, ITK-deficient patients are especially susceptible to EBV-
induced B cell proliferation and Hodgkin lymphoma [56–58]. EBV related HLH
has been reported in multiple ITK-deficient patients [55, 59].

Chromosome 22q11.2 Deletion Syndrome
22q11.2 deletion syndrome (also known as DiGeorge syndrome, as well as velocardiofacial syndrome) is a multisystem developmental disorder. Although most 22q11.2
deletions occur de novo, they can also be inherited in an autosomal dominant manner.
Many features of the syndrome are caused by haploinsufficiency of TBX1 which is
essential to forming the third and fourth pharyngeal arches during embryogenesis.
The result is midline developmental defects including cleft palate, conotruncal
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cardiac anomalies, thymic aplasia, and hypoparathyroidism [60, 61]. Most chromosome 22q11.2 deletion syndrome patients have sufficient thymic tissue to generate an
adequate number of T cells for immune protection. Patients who do not have sufficient thymic tissue require thymic, not hematopoietic, transplantation [62].
There are five reports of 22q11.2 deletion syndrome patients with CSS-like
episodes. One with thymic aplasia and reduced cytotoxicity assessments presented
with HLH [63], although others with thymic tissue and/or normal T/B-cell function
and NK cell activity presented similarly [64]. More recently, a 25-year-old man
with 22q11.2 deletion syndrome developed EBV-associated T-cell lymphoma and
hemophagocytosis [65]. 22q11.2 deletion and HLH have been proposed by some
to be non-randomly associated, but given the large number of 22q11.2 deletion
syndrome patients (incidence = 1:3000 births) and the limited number of HLH
cases reported in the literature, it is likely that these conditions are independent
events that casually co-occur.

Wiscott–Aldrich Syndrome
Wiscott–Aldrich Syndrome (WAS) is an X-linked PID that is characterized by
thrombocytopenia, eczema, and a variable degree of combined immunodeficiency
[66, 67]. WAS results from a deficiency in the WAS-protein (WASp), which is
expressed in hematopoietic cells and is an important regulator of actin polymerization [68]. Because it is expressed in all hematopoietic cells, the immunologic consequences of WASp deficiency can be broad and include impaired migration,
phagocytosis, and immune synapse formation in T cells, B cells, and innate immune
cells. Autoimmunity is also common, and presents in early childhood with
antibody-mediated cytopenias and vasculitis [69]. B-cell lymphoma (often EBVpositive) and leukemias are common in adolescent WAS patients, and EBV and
CMV-associated HLH episodes have been reported [49, 70]. WASp is essential for
NK cells to form a cytotoxic synapse with a target cell [71], possibly accounting
for the difficulty WAS patient have clearing viral infections and controlling immune
responses.

NEMO Deficiency
NF-kappa-B essential modulator (NEMO) deficiency is an X-linked combined
immune deficiency. NEMO, encoded by the X-linked gene IKBKG, is an essential
component of the nuclear factor-κβ (NFκβ) activation complex. As NFκB is biologically ubiquitous, NEMO deficiency manifests as a multi-system disease with features including ectodermal dysplasia, osteopetrosis, lymphedema, and immune
deficiency [72]. In the context of immunity, NEMO is positioned downstream of
many cell surface receptors including the B/T-cell receptors, toll-like receptors
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(TLRs), CD40, and cytokine receptors that utilize JAK-STAT signaling, including
those for IL-1 and TNF. Although first described as form of hyper-IgM syndrome,
NEMO deficient patients display wide-ranging alterations in innate and adaptive
immunity, including impaired NK cell cytotoxicity [73]. Like other diseases associated with impaired cytotoxic killing, NEMO deficiency appears to confer a risk of
HLH [74, 75].

CD40/CD40L Deficiency
CD40 deficiency is an autosomal recessive combined immune deficiency, and
CD40L deficiency is an X-linked combined immune deficiency; they are otherwise
indistinguishable. CD40, a TNF receptor superfamily member, is expressed on B
cells and other professional APCs. Its ligand (CD40L, also known as CD154) is transiently expressed on the surface of activated CD4+ T cells [76]. CD40/CD40L interactions mediate key aspects of humoral immunity like class-switch recombination
and somatic hypermutation [77–79]. CD40/CD40L interactions are also essential for
T helper cell (TH) type 1 priming of cellular immunity. Hence, CD40/CD40Ldeficient patients are highly susceptible to both sinopulmonary and opportunistic
infections. CD40/CD40L-deficient patients also develop inflammatory diseases
including cytopenias, arthritis, inflammatory bowel disease, and development of
organ-specific autoantibodies, highlighting the importance of this signaling pathway
for normal immune tolerance [80]. Despite the tendency to develop autoimmune
disease, CSS episodes are yet to be reported in CD40/CD40L-deficient patients.
This may suggest that CD40/CD40L co-activation is an important component of
CSS physiology. Alternatively, independent of CD40, CD40L deficient B cells have
demonstrated resistance to EBV lymphoblastic transformation, and may also be
resistant to malignant transformation [81].

Ataxia–Telangiectasia
Ataxia–telangiectasia (AT) is an autosomal recessive DNA repair disorder. AT is
caused by mutations in the tumor suppressor gene ATM which encodes an eponymous protein that stalls cell cycle progression upon detection of double-stranded
DNA breaks [82, 83]. Absent ATM, VDJ recombination is highly inefficient, leading
to a combined immunodeficiency [84]. ATM-deficient cells also accumulate somatic
mutations, increasing the risk of malignant transformation. As a result, lymphomas
and acute leukemias occur commonly in AT patients. HLH has also been reported in
at least one AT patient infected with EBV and parvovirus infections [49].
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Dyskeratosis Congenita
Dyskeratosis congenita (DC) describes a group of primary disorders caused by
mutations in genes that maintain telomeres [85, 86]. DC patients present with dysplastic nails, lacy reticular pigmentation of the upper chest and/or neck, and oral
leukoplakia. Accelerated telomere shortening limits lymphocyte replicative lifespan
causing progressive bone marrow failure and combined immunodeficiency [87].
Squamous cell carcinomas commonly occur in DC patients. HLH has also been
reported in at least one DC patient infected with EBV [49].

Calcium and Magnesium Channel Defects
Monogenic ion channel defects can present with cellular immunodeficiency and
CSS episodes. One such disorder is caused by biallelic mutations in the gene encoding ORAI1, the pore subunit of the Calcium release activated channel (CRAC) [88].
ORAI1-deficient T cells, display altered calcium flux and attenuated cytotoxicity.
CMV-infection associated HLH has been reported in an ORAI1-deficient patient
[89]. Similarly, magnesium transporter (MAGT1) deficiency is an X-linked immunodeficiency with magnesium defect, Epstein–Barr virus infection, and neoplasia
(XMEN). Absent magnesium flux through MAGT1, XMEN T cells cannot eliminate chronic EBV infections or EBV-associated tumors. A fatal episode of HLH was
reported in an XMEN patient with chronic EBV infection. He succumbed shortly
after HSCT [90, 91]. Finally, STIM1 deficiency is an autosomal recessive combined
immunodeficiency caused by defective cellular store-operated calcium entry [92].
STIM1 deficient T cells proliferate poorly and produce few cytokines yet display
normal cytotoxicity. Unlike ORAI1 or MAGT1-deficient patients, CSS episodes
have not been reported in STIM1-deficient patients [93].

Defects in Specific T-Helper Cell Subsets
There are at least four commonly recognized subsets of CD4+ T cells, each with a
distinct cytokine expression profile and function.
TH1 cells assist with clearance of intracellular infections. They are characterized
by expression of the transcription factor T-bet, are induced by IL-12, and produce
IL-2, IFNγ, and TNFα [94]. IFNγ induces high and sustained IL-12 production by
macrophages and dendritic cells, establishing a positive feedback loop known as the
IL-12/IFNγ axis. STAT1 serves the IFNγ receptor.
TH2 cells mediate humoral immune responses. They are characterized by expression of the transcription factor GATA3, are induced by IL-4, and produce IL-4, IL-5
and IL-13 [95]. STAT6 serves the IL-4 receptor.
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TH17 cells control fungal and bacterial infections at mucosal sites. They are
characterized by expression of the transcription factor RORγt, are induced by
TGFβ, IL-6, IL-21, IL-1β, and IL-23, and produce IL-17, IL-21, and IL-22 [94].
Upon detection of fungal pathogens, mucosal epithelial cells secrete IL-6 and
IL-23 that bind to receptors on naïve T cells and induce differentiation into TH17
cells. IL-17 licenses mucosal epithelial cells to secrete bactericidal particles,
among other effector functions.
Treg cells regulate/suppress other T-helper cell and CTL responses. They are
characterized by expression of the transcription factor FOXP3, are induced by
TGFβ and IL-2, and produce IL-10. IL-2 is critical to Treg function. CD25, the high
affinity IL-2 receptor, is highly expressed on Tregs allowing these cells to act as
IL-2 sinks [96].
Several PID phenotypes are categorized according to similar T helper cell-subset
defects.

Mendelian Susceptibility to Mycobacterial Disease
There are several monogenic PIDs that manifest with a narrow infectious susceptibility to nonpathogenic mycobacteria, including the Bacillus Calmette–Guerin vaccine strain. These disorders are collectively named Mendelian susceptibility to
mycobacterial diseases (MSMD). MSMD genetic defects are primarily deleterious
autosomal recessive mutations in genes encoding components of the IL-12/IFNγ
axis. For instance, patients that are IL-12 receptor deficient, IL-12 deficient, IFNγ
receptor deficient, and STAT1 deficient have been identified [97, 98].
Given the importance of the IL-12/IFNγ axis to mouse models of inflammatory
disease, and the relative efficacy of anti-IFNγ antibodies in treating human inflammatory diseases [99–103], one might expect patients with MSMD to be resistant to
CSS. Yet, CSS has been reported in IL-12 receptor, IFNγ receptor, and STAT1 deficient patients [104–106]. Although this may appear counter-intuitive, it is consistent
with the mouse model of TLR9 agonist-induced CSS. In this model, both wild-type
and IFNγ-deficient mice develop CSS in the absence of IL-10 signaling [107], indicating that IFNγ is not required for some aspects of CSS physiology.

Chronic Mucocutaneous Candidiasis
There are several monogenic PIDs that manifest with chronic mucocutaneous candidiasis (CMC) of the nails, skin, oral cavity, and genital mucosae. About half of
CMC patients harbor heterozygous STAT1 gain-of-function (GOF) mutations [108,
109]. It is thought that increased STAT1 activity limits the signals from STAT3-
dependent receptors like the IL-6R and IL-23R which are critical to Th17 cell development and function [108, 110, 111]. Despite the role of STAT1 in the IL-12/IFNγ
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axis, STAT1 gain-of-function patients appear to develop CSS episodes less frequently than MSMD patients; a 2016 review of 274 immune-deficient STAT1 gain-
of-function patients uncovered only one with a HLH/CSS history [112].
CMC is also a common finding in autosomal dominant hyper-IgE syndrome, a
disease caused by heterozygous loss-of-function STAT3 mutations. As STAT3
serves the IL-6 receptor, and IL-6 is considered a key CSS mediator, it is interesting
that at least one patient carrying a loss of function STAT3 mutation experienced a
CSS episode secondary to Histoplasmosis [113]. Similarly, CSS episodes have not
been yet described in the growing number of patients carrying heterozygous STAT3
gain-of-function mutations [114, 115]. Both observations suggest IL-6 may be
expendable in CSS physiology.

T Regulatory Cells
There are several monogenic PIDs that manifest with immune dysregulation due to
Treg deficiency. The prototypical Treg disorder is immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome. IPEX syndrome is caused by
deleterious mutations in the gene encoding FOXP3—the master Treg transcriptional
regulator [116, 117]. FOXP3 expression is driven by IL-2 through the high-affinity
heterodimeric IL-2 receptor comprised of IL-2RA and IL-2RG. The receptor is serviced by STAT5b. IL-2RA and STAT5b deficient patients also present with an
IPEX-like disease [118, 119].
Many IPEX and IPEX-like patients develop symptoms of autoimmune disease in
utero that become apparent shortly after birth. The most common IPEX disease
features include severe diarrhea and failure to thrive, diabetes mellitus, eczema,
hemolytic anemia, autoimmune thrombocytopenia, and hypothyroidism [118, 120].
Considering the dramatic autoimmune phenotype, the immunodeficiency associated with these conditions is comparably mild, but often exaggerated by immune
suppressive therapy. HSCT offers a potential cure for IPEX patients yet, unfortunately, in the IPEX context, the procedure has been associated with significant morbidity and mortality [121]. Without HCST, patients succumb during childhood to
infectious disease.
There is evidence from animal models suggesting that functional Tregs may prevent CSS episodes by acting as IL-2 sinks. When lymphocytic choriomeningitis virus
(LCMV) infected perforin-deficient mice develop HLH, Treg frequencies decreases
leaving excess free IL-2 to activate CTLs. Similarly, transient Treg deficiencies have
also been noted in HLH patients early in CSS episodes. Despite these interesting
observations, there is only one report of a CSS episode in an IPEX patient, and it
occurred 29 months after a fully engrafted HSCT [121]. Given the paucity of cases,
the importance of Tregs in preventing CSS episodes remains unclear at this time.
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B Cell Defects
Undifferentiated CVID
Common Variable Immunodeficiency is the most common, clinically significant
immunodeficiency. CVID onset typically occurs after four years of age and can
develop in adult patients. Characterized by a deficiency in antibody production,
CVID is a genetically heterogeneous group of disorders that, unlike the majority of
PIDs, is likely largely polygenic in nature. Monogenic causes currently account for
approximately 20% of patients. In addition to infection susceptibility, CVID is complicated by autoimmune and lymphoproliferative complications [34, 122].
CVID-associated CSS episodes have primary been reported in CTLA-4 deficient
patients (discussed above) or in undifferentiated CVID patients who lack a specific
genetic diagnosis. Notably, several CSS cases have been reported in u ndifferentiated
male CVID patients affected by EBV infections or lymphoma [123, 124]. Given
these reoccurring features and the absence of molecular diagnoses, alternative
X-linked diagnoses such as combined immune deficiencies or lymphoproliferative
disorders, may better explain the CSS episodes in these patients.

X-Linked Agammaglobulinemia
X-linked agammaglobulinemia (XLA) patients are absent B cells and hypogammaglobulinemic. XLA is caused by deleterious mutations in the gene encoding
Bruton’s tyrosine kinase (BTK) [125–128]. BTK is critical for B cell receptor
(BCR) signaling, and essential to B cell development [129]. XLA patients are predisposed to sinopulmonary infections and enteroviral meningoencephalitis [130].
BTK has been shown to interact with MyD88 and TRIF to promote TLR signaling,
providing an additional mechanism by which BTK may provide protection against
disseminated enteroviral infections [131].
CSS episodes do not occur commonly in XLA, but have been reported in two
brothers who developed HLH [132]. One brother was treated with dexamethasone,
cyclosporine, and etoposide. He succumbed to his disease. Adenovirus was i dentified
in the bronchoalveolar lavage fluid of the second brother. He was successfully
treated with cidofovir and IVIG. These two cases emphasize the importance of
identifying the trigger of CSS episodes, and tailoring therapy accordingly.
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Granulocyte and Other Innate Defects
Chronic Granulomatous Disease
Chronic granulomatous disease (CGD) encompass X-linked and autosomal recessive
inherited deficiencies of NADPH oxidase components [133, 134]. NADPH oxidase
mediates the oxidative burst, a process used by phagocytes to destroy engulfed
microbes [135]. CGD patients are particularly susceptible to bacterial and fungal
infections of the lung, skin, and lymph nodes. Catalase, which counters oxidative
burst stress, is expressed by many organisms infecting CGD patients including S.
aureus, Aspergillus species, B. cepacia, S. marcescens, and Nocardia spp. [136, 137].
CGD is traditionally managed with antimicrobial prophylaxis alone [138, 139],
although HSCT is now becoming a preferred therapeutic modality [140].
CGD patients can develop inflammatory and autoimmune complications including inflammatory bowel disease, lupus, and arthritis [141]. They also can experience
CSS episodes. Many HLH cases have been reported in CGD patients, typically in
the context of infections [49, 142–144]. Without the ability to kill engulfed microbes,
CGD phagocytes are continuously activated resulting in a state of systemic
hyper-inflammation associated with elevated IL-1, IL-6, and TNFα concentrations
[145]. Given this suspected pathophysiology, steroids and high-dose IVIG have
been added to targeted antibiotic therapies to treat CGD-associated CSS episodes
with good effect [143, 146]. Treatment with the IL-1 receptor antagonist, anakinra,
may also be a beneficial adjuvant therapy [145].

GATA Binding Protein 2 Deficiency
Heterozygous germ line mutations in the gene encoding GATA2 have been associated
with a broad phenotype, including myelodysplasia, congenital deafness, and lymphedema (classically termed Emberger syndrome), and convey an increased risk of
developing myelodysplastic syndrome/acute myeloid leukemia [147]. GATA2 is a
zinc-finger transcription factor that controls early erythroid development, thrombopoiesis, and myeloid/monocytic/dendritic cell maturation. GATA2-haploinsufficient
patients may be specifically monocytopenic, and present with MSMD [148]. They
may also be congenitally neutropenic [149]; demonstrate aplastic anemia [150]; or
display isolated B-cell immunodeficiency [151]. Finally, GATA2-deficient patients
can lack dendritic cells, monocytes, B cells, and NK cells, and present with recurrent
EBV infection, EBV-associated lymphomas, and HLH [152, 153].
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MyD88 and IRAK4 Deficiency
MyD88 deficiency and IRAK4 deficiency are autosomal recessive innate immunodeficiencies. Like NEMO, IRAK4 and MyD88 mediate TLR and interleukin-1 receptor-mediated immunity, but they have a comparatively more limited role in adaptive
immunity [154–157]. Accordingly, MyD88 deficient and IRAK4 deficient children
struggle with invasive and noninvasive bacterial infections until they can develop
adaptive immunological memory. Subsequently, infections typically cease.
Whereas Unc13d deficient mice, which exhibit impaired NK and CD8(+) T cells
cytotoxicity, develop CSS with LCMV infection, Unc13d/MyD88 double knockout
mice do not [158]. Consistent with this animal model, CSS episodes have not been
described in MyD88 or IRAK4 deficient patients. Together, these observations suggest that chronic innate immune system activation by recognition of persistent
pathogen-associated molecular patterns may be key drivers of CSS physiology.

Conclusion
PIDs featuring impaired cytotoxic function and/or a lymphoproliferative proclivity are
often complicated by CSS episodes. Additionally, tumors and pathogens that thrive in
the altered environment provided by PID patients may present insurmountable antigenic
challenges that provoke systemic inflammatory events. Compared with the immune
competent host, establishing the underlying immunologic defect in PID patients is critical to understanding the cause and therefore the best treatment of CSS episodes.
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Infectious Triggers of Cytokine Storm
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Infectious Triggers of Cytokine Storm
Syndromes: Herpes Virus Family
(Non-EBV)
Daniel Dulek and Isaac Thomsen

The ability of infectious agents to trigger cytokine storm syndromes (CSS) was first
reported in 1979, with the recognition of a series of cases of hemophagocytic lymphohistiocytosis (HLH) with apparent viral triggers [1]. Notably, in this this series,
14 of the 15 cases with viral triggers were associated with members of the
Herpesviridae family, also known as the herpesviruses. In the nearly 40 years since,
it remains evident that the herpesviruses, particularly Epstein–Barr Virus (EBV, discussed in a separate chapter), cytomegalovirus (CMV), herpes-simplex virus (HSV),
and human herpesvirus 6 and 8 (HHV-6, HHV-8) are clearly associated with triggering primary or secondary HLH (pHLH or sHLH, respectively). A causal association
is often difficult to prove, however, particularly in light of the known propensity of
latent herpesviruses to reactivate in settings of systemic stress. In this chapter,
the clinical aspects of herpesvirus-associated CSS will be discussed, along with the
current state of our understanding of the pathogenesis of—and specific genetic
lesions predisposing to—herpesvirus-associated CSS.

Pathogenesis, Clinical Features, and Treatment
The specific molecular pathways that link non-EBV herpesvirus infection with CSS
are yet to be elucidated. One defining feature of herpesviruses is their ability to
modulate and evade the immune response and establish latent infection in the host.
It stands to reason, therefore, that these same immunomodulatory features may, in
certain situations or in susceptible hosts, lead to dysregulated inflammation and
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cytokine storm syndromes. Recent murine models suggest that chronic and excessive Toll-like receptor (TLR) stimulation, as may be present during chronic herpesvirus infection, is associated with the development of CSS [2]. In addition, the
proven ability of the herpesviruses to interfere with natural killer cell or T-cell cytotoxic activity may predispose the host to CSS [3, 4]. Additional mechanisms such as
molecular mimicry targeting cytokines and signaling pathways, as well as inhibition
of apoptotic pathways, have also been proposed [5], and future work is needed to
elucidate these complex pathways.
The clinical features of CSS are complex and variable, and diagnosis is frequently
challenging (see chapters “Clinical Features of Cytokine Storm Syndrome” and
“Criteria for Cytokine Storm Syndromes”). There are no specific or unique clinical
features of CSS triggered by herpesviruses. The identification of active or recent
herpesvirus infection in the setting of a clinical syndrome consistent with CSS,
however, is often illuminating given the strong association of these viruses with
CSS. While often useful in securing the diagnosis of CSS, the identification of
herpesviral infection does not distinguish between primary or secondary CSS, as
pCSS can be triggered by herpesvirus infection [6], particularly in infants [7].
While most commonly reported in the pediatric literature, herpesviruses-
associated CSS is frequently reported in adults as well. In a recent cohort at a large
medical center, 73 adult patients met full diagnostic criteria for HLH, of which 41%
were associated with infections as a presumed trigger. Of these cases, herpesvirus
infection was the most common infectious trigger identified (9/30 cases) [8]. It is
overall estimated that non-EBV herpesviruses represent approximately 20% of
HLH cases with an infectious trigger in adults, with CMV being the most frequently
associated [9]. Identification of a triggering infectious agent, if present, is important
for the management of CSS. Primary herpesvirus infection is most common in pediatric patients and immunocompetent hosts, whereas reactivation of chronic EBV or
CMV infection is most common in immunocompromised adults. In the latter case,
quantitative PCR from serum may be useful as serology is typically unhelpful in
these cases.
No randomized controlled trials for the treatment of viral-triggered CSS exist. For
cases proven or suspected to be triggered by a herpesvirus, most experts recommend
appropriate antiviral therapy if available. Importantly, however, the treatment is not
limited to pathogen-directed therapy. Immunomodulation and other CSS-specific
supportive care (See chapter “Alternative Therapies for Cytokine Storm Syndromes”)
is critical, as cases typically do not resolve with antiviral therapy alone [10].
Intravenous immunoglobulin therapy has been investigated for use in cases of
viral-triggered CSS. One small series showed apparent benefit in a case of CMV-
triggered HLH [11], while a larger series of 17 patients with EBV- or HHV-6-
associated HLH received IVIG or etoposide therapy [12]. Both modalities appeared
effective in improving outcomes, and two of nine patients developed sustained complete response with IVIG therapy alone. Many experts recommend that for CSS
triggered by herpesviruses, the potential benefits of IVIG therapy likely outweigh
the risks [13].
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Non-EBV Herpesviruses in CSS
Cytomegalovirus
Cytomegalovirus (CMV) is second only to EBV in frequency of reports as an infectious trigger of cytokine storm syndromes. The majority of humans have been
infected by CMV by the age of six [14]. Similar to EBV, CMV infection persists for
the life of the host (residing latent in a variety of organs such as the lungs, spleen,
salivary glands, and especially within myeloid progenitor cells in bone marrow),
and can reactivate in settings of immune suppression or settings of acute systemic
stress such as critical illness [15, 16]. CMV has been associated with CSS in children and adults, as a trigger of both primary and secondary CSS, and following
either primary infection or reactivation of latent disease. Identification of CMV in
the blood (by culture, antigen detection, or PCR) is more suggestive of true disease
(and, therefore, of a potential trigger for CSS), as the virus may be shed in the urine
for months in the absence of clinical disease, potentially confounding the interpretation of CMV viruria/antigenuria [17, 18].
Many of the reported cases and series of CMV-associated CSS involve viral reactivation during immune suppressed states. A wide variety of immune-suppressing
states have been implicated, including Inflammatory bowel disease [19], solid organ
transplantation in both adults and children [20, 21], and rheumatologic disease [22].
The prognosis of CMV-associated CSS, as with most other cytokine storm syndromes, is traditionally poor, though recent reports indicate improved outcomes with
modern supportive care and therapeutics. One series of infants with HLH in Japan
included five children with CMV-associated HLH, four of whom did not survive
[23]. Recently, there are reported cases of excellent outcomes with a combination of
ganciclovir (an antiviral medication that inhibits viral DNA polymerase) and IVIG
therapy for CMV-associated CSS, including in a very young child (5 months old)
[24]. IVIG alone [25] or ganciclovir alone [19] has also been reported to lead to
favorable outcomes. Foscarnet, a DNA polymerase inhibitor often used in acyclovir
or ganciclovir-resistant infections, has also been used with success for CMV-
associated HLH, in combination with corticosteroids or ganciclovir [26, 27].

Human Herpes Virus 8
Human herpesvirus-8 (HHV-8) is clearly implicated in numerous reported cases of
CSS, though much less frequently than EBV or CMV. Following primary infection,
HHV-8 establishes lifelong latency (primarily within CD19 B cells), and the virus is
perhaps more notable for its propensity to cause lymphomas and other malignancies
(e.g., Kaposi sarcoma). The majority of reported cases of HHV-8 associated CSS
occurred in the setting of immunocompromise, most commonly HIV (especially
with associated Kaposi sarcoma) or solid organ transplantation. Multicentric
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Castleman disease, a lymphoproliferative disorder strongly associated with HHV-8
(especially in the setting of HIV coinfection) has also been associated with CSS. One
recent report described a 61 year-old immunocompetent man who developed HHV-8
associated HLH in the setting of multicentric Castleman disease, which was unfortunately fatal. HHV-8 was also implicated in a case of female triplets, two of which
developed HLH (one at age 4 months, the other at age 6 months) [28]. The two
infants had identical mutations in the Perforin pathway, as well as proven HHV-8
infection triggering HLH. This case serves as an instructive example of herpesviral
infection triggering primary CSS with a clear genetic susceptibility.
The overall outcomes in the reported cases of HHV-8 associated CSS have been
fair. Several patients have recovered with an etoposide-containing regimen [29]; one
reported patient recovered after treatment with foscarnet plus doxorubicin [30].
Current literature would suggest potential benefit from either an etoposide-
containing or with antiviral therapy in addition to supportive care. The HLH-94
regimen (etoposide, corticosteroids, cyclosporin A, followed by bone marrow transplant) was employed in the case of triplets with HHV-8 associated HLH, with favorable outcome [31].

Herpes Simplex Virus
Like all members of the Herpesviridae family, Herpes simplex virus types 1 and 2
(HSV-1 and HSV-2) establish lifelong latency following primary infection, residing
primarily in sensory neural ganglia. Much like HHV-8, the majority of cases of
Herpes simplex virus (HSV)-associated CSS occur in immunocompromised hosts.
Reported cases of CSS triggered by HSV involve underlying comorbidities such as
autoimmune/rheumatologic diseases with concomitant immunomodulatory therapy
[32, 33], bone marrow failure syndromes [34], or primary immunodeficiencies [35].
Cytokine storm syndromes are associated with both primary HSV infection as
well as reactivated disease, even in immunocompetent hosts [36]. One high risk
group appears to be pregnant women with genital herpetic lesions, in whom there
are numerous reported cases of HSV-triggered CSS [37–39].
As with CSS triggered by the other herpesviruses, treatment typically involves
CSS-specific supportive care, often with the addition of antiviral therapy, most commonly acyclovir.

Herpesviral Infection and CSS in Specific Clinical Scenarios
Neonatal HSV Infection and Possible HLH
One area of significant current controversy regarding herpesvirus-associated CSS is
that of neonatal disseminated HSV infection and its possible role in triggering
HLH. The large majority of putative cases of neonatal HSV-associated HLH
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reported in the literature do not involve the definitive diagnosis of HLH. In many
cases, the diagnosis is presumed based on a markedly elevated ferritin level, and the
association of high ferritin with HLH in pediatrics [40]. This study concluded that a
ferritin level >10,000 μg/L was 96% specific for HLH, although only 10 of the 330
patients in this study were confirmed to have HLH and there were no cases of disseminated neonatal HSV in the comparator group. Further, there are no published
studies of typical ferritin levels in cases of disseminated HSV with severe hepatic
involvement.
Some reported cases of neonatal HSV-associated CSS involve a diagnosis
that was based on suggestive findings such as hemophagocytosis on bone marrow
aspirate or elevated circulating Interleukin-2 receptor alpha (IL-2R, CD25) levels.
The presence of hemophagocytosis is neither sensitive nor specific for HLH [41],
however, and is generally considered a weaker diagnostic criterion [13]. Elevated
soluble CD25 levels are also associated simply with severe systemic inflammation
and are not specific to HLH [42, 43]. It is also known that that fever, hypertriglyceridemia, and neutropenia were unreliable markers in newborns, thus making HLH
diagnosis in this population even more challenging [44].
One recent case series reported three cases of neonatal HSV with massive hyperferritinemia which were initially diagnosed as presumed HSV-associated HLH consistent with previous literature [45]. In each of these cases, however, definitive
diagnosis was never secured (e.g., no genetic lesions were identified), and the
hyperferritinemia may have been due to hepatocyte destruction from disseminated
HSV disease rather than extreme inflammation from concomitant HLH, as ferritin
levels correlated closely with transaminase values for all three patients. Importantly,
one of the subjects in this series died of an infectious complication of the immunomodulatory regimen that was initiated for presumed HLH. This emphasizes that the
diagnosis of CSS should be very carefully considered in the neonate in general, and
in the setting of disseminated HSV infection in particular. Early molecular diagnosis is recommended given the risks of immunosuppressive therapy, especially in the
setting of systemic infection [13]. Overall, expert guidance indicates that immunosuppression should be used only with careful consideration in cases of disseminated
HSV with possible associated CSS, as it remains unclear whether these cases represent HSV infection alone, or secondary HLH following HSV infection (for which
treatment with antiviral therapy may be sufficient).

Herpesviral Infection and pHLH
The association between herpesviral infection and genetic predisposition to CSS
(also referred to as pHLH) was first defined through investigation of severe EBV
infection in a multigenerational kindred of males followed by subsequent genetic
analysis [46, 47] (see chapter “Cytokine Storm Syndromes Associated with Epstein–
Barr Virus”). To date, despite ten genetic defects having been shown to impart
increased risk for HLH, virus-specific associations between non-EBV
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herpesviruses and specific genetic etiologies of pHLH have not been described.
Several cases and case series of herpesviral infection associated with pHLH are
reported in the literature (Table 1). Analysis of these cases and detection of future
cases such as these holds potential for further understanding of herpesviral CSS/
sHLH.
Three cases of HHV-8 infection have been detected in the setting of pHLH
[28, 48] (Table 1). Two of these cases were in female infants of a triplet gestation in
whom compound heterozygous mutations in PRF1 were identified [28]. The first
infant presented at 4 months of age with hepatosplenomegaly, anemia, leukopenia,
thrombocytopenia, and elevated ferritin with hemophagocytosis noted in her bone
marrow biopsy. HHV-8 PCR was positive from whole blood PCR but negative in
cerebrospinal fluid (CSF). No other infectious triggers were identified. Genetic testing following illness onset revealed compound heterozygous mutations in PRF1.
The second infant of this triplet gestation was found to have the same PRF1 mutations as her sister but was asymptomatic until 6 months of age when she developed
persistent fevers, hepatomegaly, neutropenia, thrombocytopenia, elevated ferritin,
and bone marrow hemophagocytosis. HHV-8 PCR from her CSF was positive. In
both infants, NK cell perforin expression was absent and NK cell target killing was
significantly impaired. Both infants responded well to etoposide, dexamethasone,
and cyclosporine therapy. There is no report of whether they required further therapy
or underwent subsequent hematopoietic stem cell transplant (HSCT) [28].
In a separate case, a 2.5-year-old boy presented with night sweats and macular
rash followed by persistent fever and diffuse lymphadenopathy [48] (Table 1).
Hepatosplenomegaly, anemia, and thrombocytopenia were noted along with elevated ferritin. HHV-8 DNA was detected by PCR from peripheral blood mononuclear cells (PBMCs) and bone marrow. HHV-6 viremia was also documented with
quantitative PCR showing 13,110 copies/mL in the plasma and 9685 copies/106
cells in PBMCs. The authors reached a diagnosis of X-linked lymphoproliferative

Table 1 Non-EBV Herpesvirus infections associated with pHLH
Year published
(Reference)
2005 [26]
2012 [46]

Publication
type
Case series
n=2
Case report
n=1

2014 [48]

2016 [33]

Prospective
cohort
n=1
Case report
n=1

Virus Age Affected gene
HHV- 4m PRF1
8
6m
HHV- 2.5y Absent SAP
8
expression;
No mutation
identified
HHV- 2y SH2D1A
6

HSV- 18y GATA2
1

Other infection
history
None
none

Not reported

Blastomyces
dermatitidis

Treatment/
outcome
Tx: HLH-94
Both survived
Tx:
HLH-2004
Survived
RIC-HCT
Outcome not
reported
Death
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disorder in this patient by demonstrating absent SAP expression in activated T and
NK cells. Interestingly, no mutations in SH2D1A, BIRC4, or PRF1 were identified
by “mutation analysis.” This patient was treated with etoposide, dexamethasone,
and cyclosporine with full clinical response.
There is one additional allusion to HHV-6 detection associated with lymphoproliferation in the setting of XLP due to SAP deficiency. Very little HHV-6 related
information is given in this case as the study was mechanistic rather than descriptive
[49]. A second case of HHV-6 associated HLH in an XLP patient noted in a separate
study though this may be the same patient [50].
GATA2 deficiency has been associated with HSV-1-induced HLH in one reported
case [35] (Table 1). This patient presented at 18 years of age with fevers and headache and developed pancytopenia, transaminase elevation, markedly elevated ferritin, and hypofibrinogenemia with hypotension. She progressed to cardiac arrest and
death despite broad spectrum antimicrobial treatment. HSV-1 DNA was detected in
her blood prior to death and disseminated HSV-1 infection involving lungs and liver
was diagnosed on autopsy. Due to a prior history of lymphedema, NK-cell dysfunction, as well as pneumonia due to Blastomyces dermatitidis, GATA2 deficiency was
suspected and genetic testing demonstrated a GATA2 frameshift mutation [35].
To the best of our knowledge, the above cases represent the known literature for
non-EBV herpesviral infection in the setting of known or subsequently diagnosed
pHLH. Literature search using known pHLH-associated genes/gene products along
with non-EBV herpesviruses did not reveal further cases. Attention to thorough
evaluation for viral triggers, including herpesviruses, in the setting of known or
potential pHLH is critical for identifying possible novel associations.

Herpesviral Infection and CSS in Immunocompromised Patients
As noted previously, CSS associated with non-EBV herpesvirus infection most frequently occurs in the setting of underlying immunocompromised states. Though
some of this literature has been reviewed above, we will review here relevant
English-language literature regarding non-EBV herpesvirus-associated CSS in the
context of specific categories of immune-compromise with attention to treatment,
outcomes, and potential viral associations. Recognizing the limitations of interpretations of accumulated case reports and small case series, we will point out potential
trends and associations that merit further evaluation in future studies. Though little
to no true incidence data is available for the frequency of CSS occurrence in each of
these settings, the greatest number of cases is reported in two settings—underlying
hematologic/oncologic/HSCT diagnosis (Table 2) and patients with iatrogenic
immunosuppression due to autoimmune/autoinflammatory disease (Table 3). In this
latter patient group, it is difficult to distinguish the relative contributions of immunosuppression and underlying disease in the predisposition to CSS.
Four recent single or multicenter studies have accumulated data related to
HLH which provides insight into the relative incidence of specific etiologies of
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virus-associated HLH. In one recent single-institution series of 35 adult onset HLH
patients, three-quarters of patients had an underlying hematologic diagnosis whereas
11% of patients had an underlying autoimmune/autoinflammatory disease [53].
In this series, EBV was the most frequently associated virus (28.6%) but was closely
followed by CMV (22.9%) and HHV8 (17.1%). In a multicenter study of 162 adult
HLH patients with infectious triggers, half of patients had a diagnosis of HIV and
roughly one third of patients were immunocompromised for other reasons [52]. Of
the patients with 17 patients with viral HLH triggers, 11 patients had CMV detected,
three had EBV detection, and HHV-8 and HSV-2 were detected in two and one
patient, respectively.
Non-EBV herpesvirus-associated CSS in patients with hematologic/oncologic/
HSCT diagnoses is relatively frequently reported. Cases of each of the herpesviruses associated with CSS can be found in the literature (Table 2). No large prospective series exist for this patient population. Given the attention given to prophylaxis
(HSV, VZV) and close monitoring/prophylaxis (CMV) in this patient population, it
is likely that cases of non-EBV herpesvirus-associated CSS are prevented through
these strategies. HSV-2 and VZV associated CSS are reported in three total patients;
one patient with an undifferentiated bone marrow failure syndrome [34] and two
patients with GVHD following HSCT for AML [58]. Two of these three patients
did not survive CSS. CMV-associated CSS is reported in three patients with ALL
[54, 59], two patients with aplastic anemia [60], one patient with multiple myeloma
[60], and one patient with Hodgkin lymphoma [62]. HHV-6 and HHV-8 in patients
with hematologic/oncologic/HSCT diagnoses occurred in patients with diagnoses
of nephroblastomatosis, autoimmune hemolytic anemia, and multicentric Castleman
disease (Table 2).
When the diagnosis of herpesviral-associated CSS was made antemortem, antiviral therapy was generally administered as part of the therapeutic approach. In
several cases corticosteroids and/or IVIG were administered along with antivirals
though data is too limited to comment on outcomes related to therapeutic approach.
Outcomes following CSS diagnosis in these patients were poor with 50% mortality
for reported in those patients for whom data was available. There was a potential
trend towards improved survival in young pediatric patients compared to teenagers
and adults (Table 2).
Patients with iatrogenic immunosuppression secondary to autoimmune or autoinflammatory diseases are also reported to develop CSS in association with non-
EBV herpesvirus infection (Table 3). Underlying diagnoses range from inflammatory
bowel disease, to neurologic autoimmune disease, to rheumatologic diagnoses.
Notably, the majority of reported CSS cases in these patients were associated with
CMV [19, 22, 27, 61, 63, 64, 66–68]. Identification of CMV in these cases led to
antiviral treatment and outcomes were good with only one reported patient dying as
a result of their CMV-associated CSS [67]. In contrast, one patient with HSV-2associated CSS died, though HSV-2 was not identified until postmortem evaluation
and antiviral therapy was not administered [33].

HHV-8

CMV;
RSV
VZV

CMV

HHV-6
CMV
HHV-8

CMV

EBV,
CMV

2007 [51]

2009 [52]

2009 [54]

2010 [55]
2013 [56]
2016 [57]

2017 [58]

2017 [59]

2009 [53]

Virus
HSV-2

Year published
(Reference)
2006 [32]

1

2

1
1
1

3

2

1

1

60 years

6.5 years

7 years

None

Maintenance chemotherapy

Vincristine, actinomycin
NR
None

2: Corticosteroids, mycophenolate,
rituximab
Atgam + Cyclophosphamide ×2
subjects; melphalan ×1 subject

17 years

30 years,
18 years,
56 years
14 months
NR
61 years

1: Corticosteroids

Consolidation chemotherapy

Corticosteroids

Immunosuppression
Oxymetholone, corticosteroids

14 years

18 months

63 years

#
patients Age
1
33 years

Treatment/outcome
Acyclovir, IVIG;
pt died
IVIG, ganciclovir; pt died

Hodgkin lymphoma

ALL

Nephroblastomatosis
Schwachman–Diamond
Multicentric Castleman’s

Aplastic anemia ×2,
multiple myeloma

NR
NR
Vincristine, doxorubicin,
dexamethasone;
pt died
1: Ganciclovir, foscarnet;
survived
2: Dexamethasone,
ganciclovir; survived
Dexamethasone, etoposide,
IVIG, ganciclovir; survived

NR

Ganciclovir, IVIG, ribavirin;
pt survived
AML/HSCT with GVHD in 1: Increased corticosteroid
both patients
dose, cyclosporine; pt died
2: Treatment NR; pt survived

Autoimmune hemolytic
anemia
Pre-B cell ALL

Underlying diagnosis
Bone marrow failure
syndrome

Table 2 Non-EBV Herpesvirus infections associated with CSS in the setting of hematologic/oncologic disorders or hematopoietic stem cell transplantation
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Table 3 Non-EBV Herpesvirus infections associated with CSS in the setting of autoimmune/
autoinflammatory disease
Year
#
published Virus patients Age
Immunosuppression
2006 [17] CMV 1
22 years Infliximab
6-MP

Underlying
diagnosis
Crohn
disease

Treatment/
outcome
Ganciclovir,
splenectomy; pt
survived

2011 [60] CMV 1

32 years Azathioprine

Crohn
disease

Ganciclovir; pt
survived

2011 [25] CMV 2

32 years Azathioprine (both)

Ulcerative
colitis;
Crohn
disease
Ulcerative
colitis

Ganciclovir (both);

2013 [61] CMV 1

52 years None

Neurologic autoimmune disease
2014 [62] CMV 1
47 years Azathioprine,
corticosteroids

2016 [31] HSV2 1

Myasthenia
gravis

56 years Fingolimod,
corticosteroids

Multiple
sclerosis

Rheumatologic disease
2002 [63] CMV 1

44y

Corticosteroids,
cyclophosphamide

SLE

2005 [20] CMV 1

80y

Corticosteroids

2008 [64] CMV 1
2010 [30] HSV- 1
1

58 years Corticosteroids,
azathioprine
57 years Azathioprine,
prednisone

2015 [65] VZV

5 years

1

2017 [66] CMV 1

Corticosteroids

70 years None

Both survived
Ganciclovir;
survived
Etoposide,
dexamethasone,
valganciclovir;
survived
None; pt died

CMV-Ig,
ganciclovir,
corticosteroids; pt
died
Adult-onset Ganciclovir; pt
Still disease survived
SLE
Ganciclovir;
survived
Wegener/
Corticosteroids,
GPA
etoposide, IVIG;
survived
HSP
Acyclovir, IVIG,
plasma exchange;
survived
Sjogren
Acyclovir,
syndrome
corticosteroids,
cyclosporine;
survived

Fewer cases of CSS associated with non-EBV herpesviruses are reported in solid
organ transplant patients (Table 4). Cases include patients with CMV, HHV-6, and
HHV-8 [21, 69–73] with a notable absence of reported cases of HSV or VZV-
associated CSS in this population. Outcomes were mixed with some patients
responding to antiviral treatment and/or chemotherapy and others succumbing. Few
conclusions can be drawn from this small series of cases.
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Table 4 Non-EBV herpesvirus infections associated with CSS in the setting of solid organ
transplantation
Year
#
published Virus patients Age
2002
HHV- 1
61 years
[69]
8

Underlying
Immunosuppression diagnosis
Cyclosporine,
Kidney
corticosteroids
transplant,
Kaposi
sarcoma

2006
[70]

Cyclosporine,
azathioprine

CMV 2

46 years

Kidney
transplant

28 years
2006
[21]

CMV 1

2008
[71]

HHV- 1
6

2016
[72]

HHV- 1
8

2017
[73]

HHV- 1
8

27 months Tacrolimus,
azathioprine,
corticosteroids
49 years
Basiliximab,
cyclosporine,
mycophenolate,
corticosteroids
66 years
Tacrolimus,
mycophenolate,
prednisone

Liver
transplant

39 years

Liver/
kidney
transplant

Tacrolimus

Treatment/outcome
IVIG, reduced
immunosuppression,
foscarnet,
daunorubicin; pt
survived
1: Ganciclovir; pt
died
2: Ganciclovir,
IVIG; pt died
Ganciclovir; pt
survived

Liver/
kidney
transplant

No therapy; pt died

Liver
transplant

Immunosuppression
decrease,
ganciclovir,
corticosteroids,
rituximab,
cyclophosphamide;
pt died
Cidofovir;
foscarnet+
rituximab;
corticosteroids+
rituximab;
foscarnet+rituximab;
pt survived

Non-EBV herpesvirus-associated CSS in HIV patients is unique in that there is
a clear association between HIV/AIDS and CSS due to HHV-8 (Table 5). The first
such report was published in 1998 from a patient with AIDS and Kaposi Sarcoma
(KS) who developed significant hepatosplenomegaly in association with cytopenias. HHV-8 DNA was detected by PCR of peripheral blood mononuclear cells,
lymph node tissue, colonic tissue, and bronchoalveolar lavage fluid. Antiviral treatment, along with therapy for his underlying KS, resolved his HHV-8 viremia and
antiretroviral therapy resulted in a good outcome [74]. Since that initial report, several other cases of HHV-8-associated CSS have been reported in the literature.
Generally, these have been associated with high viral loads and marked CD4 T cell
count suppression (Table 5). More recently, in two larger series of patients, this
association between CSS and HHV-8 in HIV-positive patients has been described as
“Kaposi sarcoma-associated herpesvirus inflammatory cytokine syndrome” (KICS)
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Table 5 Non-EBV Herpesvirus infections associated with CSS in the setting of HIV/AIDS
CD4 count
(cells/μL)
HIV viral
load (VL)
Year
(copies/
published
#
mL)
(Reference) Virus patients Age
1998 [74]
HHV- 1
28 years CD4: 204
8
VL: NR

Other
concurrent
infections or
malignancy Treatment/outcome
KS
Foscarnet, ART,
vincristine, daunoxome;
pt survived

2000 [75]

HHV- 1
8

38 years CD4: 94
VL: NR

PEL

2003 [76]

HHV- 5
8

NR

KS, n = 4

Ganciclovir, vincristine,
cyclophosphamide,
corticosteroids; pt died
Treatment NR

MCD, n = 3

Survived, n = 3

KS, MCD

Corticosteroids,
ganciclovir,
cyclophosphamide; pt
died

KS

Foscarnet, ART,
corticosteroids,
doxorubicin; pt survived

KS, n = 3

Treatment NR; n = 3
died

None

Foscarnet, ganciclovir;
pt survived

KS, n = 6

Treatment NR; n = 6 pts
died

2007 [77]

HHV- 1
8,
EBVa

2009 [78]

HHV- 1
8,
CMVb

2010 [79]

HHV- 6
8

2013 [80]

CMV

2016 [81]

HHV- 10
8

1

CD4:
165–234
VL:
50–25,000
45 years CD4: 64
VL:
>1 × 105
39 years CD4: 16
VL:
1.3 × 106
c
38 years CD4c: 255
VLc=4650
29 years CD4: 120
VL: 2 × 105
c
36 years CD4c: 88
VLc: 72

Abbreviations: KS Kaposi sarcoma, ART antiretroviral therapy, MCD multicentric Castleman
disease, NR not reported, PEL primary effusion lymphoma
a
EBV diagnosed by PCR of lymphoid tissue
b
CMV viral load was at the lower limit of detection
c
Values provided are medians

[79, 81]. Uldrich et al. first identified 10 HIV-positive patients with Kaposi Sarcoma
or HHV-8 viremia but without evidence of multicentric Castleman disease (MCD).
Patients with KICS had higher virally expressed serum IL-6 (vIL-6) levels than
patients with HHV-8 associated MCD or patients with KS alone [79]. Subsequently,
a similar syndrome was defined prospectively in a distinct cohort of 10 patients with
KICS [81]. In this cohort, subjects with KICS had higher human IL-6 expression
compared to controls with or without active HIV viremia. Unlike the prior study,
differences in vIL-6 were not noted between KICS and control patients. Thus,
HHV-8 associated CSS has a unique association with HIV-infection with or without
associated HHV-8 tumors. Mortality in these patients is high and further study is
warranted to better understand the pathogenesis of this association.
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Conclusions
Herpesvirus infection plays a significant role in the etiology and pathogenesis of
CSS. Despite the clear association of most members of the herpesvirus family with
CSS, the specific factors responsible for this relationship remain unclear. All members of the herpesvirus family establish lifelong latent infection in the host, and the
related balance of host control of a persistent pathogen may confer risk of immune
dysregulation in the setting of reactivation. Unique aspects of non-EBV herpesvirus
immunopathogenesis provide insight into the pathways of aberrant inflammation
that contribute to CSS in both immune-competent and immunocompromised
patients. Laboratory evaluation for evidence of primary or reactivated herpesviral
infection in the setting of CSS provides opportunity for early initiation of specific
antiviral therapy. Heightened clinical suspicion for non-EBV herpesvirus-associated
CSS in immunocompromised patients is warranted given the apparent increased
risk for CSS in these patients. Moreover, thorough immunophenotypic and genetic
assessment of patients with non-EBV herpesvirus-associated CSS is critical for
understanding of the pathogenesis and epidemiology of CSS. Multicenter prospective studies are needed to further define the epidemiology, optimal treatment, and
outcomes of non-EBV herpesvirus-associated CSS.
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Cytokine Storm Syndromes Associated
with Epstein–Barr Virus
Katherine C. Verbist and Kim E. Nichols

Introduction
The mammalian immune system incorporates an array of strategies to defend against
infectious pathogens such as viruses. Under certain circumstances, however, the
virus and host can adopt counter-regulatory defense strategies leading to a situation
in which both exist in equilibrium. Epstein–Barr virus (EBV), which can establish
lifelong infection in humans, is a perfect example of this relationship. Human beings
are the only known natural host for EBV, and it is estimated that more than 90% of
the human population is seropositive [1]. This observation highlights the strict
dependency of the virus on humans for its existence and propagation.
Surveillance mediated by effector cells of the immune system is critically important in controlling EBV, with most individuals developing an asymptomatic infection in childhood and enduring a subclinical latent infection for life. This host–virus
homeostasis requires a very delicate balance between the necessity of EBV to preserve the host and the host to protect itself from the virus. As might be expected,
when this balance is perturbed, EBV-driven diseases can occur. Among these are
included nonmalignant lymphoproliferative disorders such as acute infectious
mononucleosis (IM), chronic active EBV infection (CAEBV), hemophagocytic
lymphohistiocytosis (HLH) [1], and posttransplant lymphoproliferative disorder
(PTLD) [2], as well as a wide spectrum of hematopoietic and solid malignancies
[3–6] (Table 1).
In many of these diseases, feed-forward loops involving cells of the innate and adaptive immune systems and the cytokines that they produce drive development of associated cytokine storm syndromes (CSS), which at times may be associated with significant
morbidity and mortality. In this chapter, we review the processes of EBV infection and
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Table 1 EBV-driven disease states
Reference
Nonmalignant
Infectious mononucleosis (IM)
Chronic active EBV (CAEBV)
Hemophagocytic lymphohistiocytosis (HLH)

Epstein et al. [7]
Kimura et al. [8]
Sullivan et al. [9] and
Imashuku et al. [10]
Paya et al. [11]

Posttransplant lymphoproliferative disorder (PTLD)
Malignant
Weiss et al. [3] and
Hematopoietic: Burkitt Lymphoma, Hodgkin Lymphoma, Diffuse
Jones et al. [4]
Large B cell Lymphoma, rare NK or T cell Lymphomas, and HIVAssociated Lymphomas
Solid: Nasopharyngeal Carcinoma and EBV-Associated Gastric Cancer Neparidze and Lacy [6]

the host anti-EBV immune response. We also discuss several EBV-induced CSS and
describe the roles played by various immune cells and their cytokines in driving disease
pathogenesis.

 pstein–Barr Virus Infection and the Anti-EBV Immune
E
Response
EBV is a double-stranded DNA virus belonging to the lymphocryptovirus (LCV)
genus of the γ-herpesvirus subfamily. Divergence in DNA sequence divides EBV
into two variants referred to as type 1 and type 2 [12]. Both variants are found
widely distributed throughout the world and exist in together in most populations.
There appears to be no relationship between these different strains and specific
EBV-related diseases [13]. The EBV genome codes for nearly 100 unique proteins
that organize the virus into the characteristic nucleoid, icosahedral capsid, and protective envelope derived from host nuclear or cellular membrane [14]. It is these
proteins that interact with and elicit responses from the host immune system.
Transmission of EBV occurs via saliva, where early infection occurs in cells of
the oral cavity—probably in epithelial cells as well as B cells present at or just
beneath mucosal surfaces (Fig. 1) [15, 16]. Mechanisms of viral entry into B cells
and epithelial cells are distinct, though both depend on viral glycoproteins (gp) [16].
To infect B cells, EBV envelope proteins gp350 and 220 [17] bind with high affinity
[18] to the complement receptor type 2 (CR2, also known as CD21) on the B cell
surface [19], but other viral gp are also likely involved in this process [20]. The
fusion between the virus and the host cell membrane is then mediated by the viral
proteins gHgL, gB, and gp42 [21–23] which bind to B cell human leukocyte antigen
(HLA) class II molecules. Either independently, or as part of a complex with the B
cell surface proteins CD19 and CD35 (complement receptor 1; CR1), CR2 signaling activates nuclear factor (NF)-κB and induces production of interleukin (IL)-6 by
the infected B cell, a cytokine that drives B cell survival, expansion, and maturation
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Fig. 1 Cytokine responses and therapeutic approaches to EBV-associated CSS. EBV infection of
epithelial cells in the oral cavity is recognized by pattern recognition receptors and induces type I
interferon production and NF-κB activation. Subsequent inflammasome activation results production of IL-33 and IL-1 family members. Viral infection moves to the B cell that induces a type I
interferon antiviral state and IL-6 production. Innate cell recognition of infected cells causes IL-18
and chemokine production by neutrophils, IL-1 and IL-6 production by monocytes and macrophages, type 1 interferon production by NK cells, and Type I and Type II cytokine production by
NK and iNKT cells. Infected B cells move into secondary lymphoid tissues and elicit cytokine
production by CD4 and CD8 T cells, including copious amounts of IFNγ, TNF, IL-2 (and its receptor CD25), IL-6, and IL-10. There are numerous points of potential therapeutic intervention,
including antibody-mediated neutralization of specific cytokines or their receptors, or inhibition of
cytokine-induced intracellular signaling, as shown
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[24–26]. It is not known whether cytokine production is initiated as a result of a
gp42-HLA class II interaction; however, since signaling via HLA class II molecules
is well documented under other circumstances, this remains a possibility [27].
Following viral entry, the replicative cycle of EBV results in the expression of
more than 80 viral proteins involved in assembly of new virions, activation and
proliferation of B cells, and evasion of immune system [28]. During this early lytic
phase, innate immune mechanisms are primarily at play. Infected epithelial cells
and B cells targeted by EBV express a variety of pattern recognition receptors
(PRRs) whose downstream signaling results in an environment hostile to virus replication. EBV is initially recognized by toll-like receptors (TLRs), namely TLR2 at
the cell surface and TLR9 at the endosome [29]. EBV also triggers RNA and DNA
sensors and inflammasomes, whose recognition of the virus induces a cascade of
signaling events culminating in activation of interferon-regulatory factors (IRFs)
and NF-κB. Specifically, EBV proteins interact with (and repress) IRF3 and IRF 7
[30]. Because of IRF and NF-κB activation, type I interferons and proinflammatory
cytokines are produced, including IL-1α, IL-1β, IL-6, and tumor necrosis factor
(TNF). These and other secreted cytokines are recognized by surface cytokine
receptors that signal through signal transducer and activator of transcription (STAT)
molecules (type 1 interferons, IL-6), myeloid differentiation primary response gene
88 (MyD88; IL-1α, IL-1β) or other pathways (TNF) to induce downstream transcription of cytokine response genes, such as interferon-stimulated genes (ISGs),
whose products can exert direct antiviral functions [28] (Fig. 1).
Natural killer (NK) and invariant natural killer T (iNKT) cells may also be
important points of immune control early during primary EBV infection. NK cells
recognize and kill virally infected cells via MHC-I mediated mechanisms though
EBV proteins interfere with this process [31]. NK cells are potently activated by
EBV-induced ligands on infected B cells [32], and NK and iNKT cells can inhibit
EBV-mediated transformation of B cells [33–35]. Depletion of NK cells in humanized mouse models also exacerbates the signs of EBV infection [36, 37]. Thus, a
failure of early viral control by NK and/or iNKT cells may lead to IM or a more
fulminant primary viral infection. NK and iNKT cells respond to EBV infection
rapidly and copiously produce cytokines such as IL-2, IL-15, and interferon (IFN)
γ, which further drive NK cell activation and enhance the expansion, activation, and
cytotoxic functions of CD8 T lymphocytes.
Once inside B cells, EBV quickly establishes a latent infection that is dependent
on the expression of latent viral proteins. The EBV genome is replicated once and
only once per cell cycle, leading to a “need” on the part of the virus to induce B cell
immortalization for its continued replication. In this way, EBV DNA is maintained
in latently infected B cells that undergo proliferation. EBNA2 and LMP1 are two
viral proteins required for B cell immortalization [38, 39]. These two proteins, especially LMP1, activate NF-kB and c-Jun N-terminal kinase pathways, resulting in
production of survival and growth factors, such as IL-6 and IL-8, by the B cells to
stimulate differentiation and proliferation [39, 40]. The viral latency EBNA3
proteins regulate expression of certain cellular genes, including specific receptors
such as CD28, CD19, CD21, CD23, and CD30; T cell costimulatory molecules
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CD80/CD86; adhesion molecules such as intercellular adhesion molecule-1, leukocyte factor antigen-1, and leukocyte factor antigen-3; and a member of the src oncogene family, c-fgr [41]. Thus, as latent infection is established, B cells are
simultaneously becoming lymphoblasts, functionally differentiating, secreting
cytokines themselves, and disseminating into the circulation and secondary lymphoid organs (spleen, lymph nodes, and bone marrow).
Although the role for humoral immunity is less clear, cellular immunity is indisputably required for control of EBV. This is made evident by the fact that individuals with defects in T cell development or function exhibit greatly exacerbated
disease upon infection [42, 43]. In acute IM, the absolute number of total peripheral
blood T cells increases 5–10-fold above that of asymptomatic carriers, and during
lytic infection up to 50% of the total CD8 T cell pool may be specific for EBV epitopes [42, 44]. During latent infection, there may be a tenfold reduction in the magnitude of this response, but the EBV-specific CD8 T cell response remains elevated
[44]. EBV-specific CD4 T cells expand to a lesser degree, accounting for 0.1% (in
latent infections) to 1% (in IM patients) of all circulating CD4 T cells [45, 46].
While CD4 T cell responses may be less pronounced than CD8 T cell responses,
CD4 T cells exhibit specificity for a broader range of viral antigens and may be very
important to EBV control, demonstrated by the observation that human immunodeficiency virus (HIV)+ individuals with low CD4 T cell counts have high EBV viral
loads and are prone to develop EBV-associated B cell lymphomas [45, 47].
Consistently, improved outcomes have been noted in PTLD patients receiving both
EBV-specific CD4 and CD8 T cells, as opposed to CD8 T cells alone [48, 49].
Normally, this acute expansion and activation of CD8 and CD4 T cells resolves,
and a symbiosis between EBV and the infected host is reached. Remarkably, despite
the robust T cell response, virus-infected B cells are never completely eradicated,
even in immunocompetent individuals. Approximately 1 in 10,000 to 1 in 100,000
memory B cells remain infected throughout the life of the host. Under normal circumstances, this frequency of EBV-infected B cells is stable with an estimated total body
load of 104–107 (mean 0.5 × 106) EBV-positive memory B cells [50–53]. It is from this
pool of infected memory B cells that the virus periodically reactivates leading to the
release of infectious virions and ultimately to reinfection of additional B cells.

Acute and Chronic Active EBV (CAEBV) Infection
For reasons that are not well understood, children infected with EBV do not generally develop symptoms. If infection occurs in an adolescent or adult, however, IM
may develop, with peak incidences being between 17 and 25 years of age [7]. IM is
traditionally characterized by fever, pharyngitis, generalized lymphadenopathy, and
splenomegaly, with demonstration of an atypical lymphocytosis in the peripheral
blood (defined as >50% lymphocytes and >10% atypical forms in the differential)
and presence of a positive heterophile antibody titer. Most early symptoms are nonspecific and include myalgias, fatigue, and malaise. Fever occurs and may reach
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peaks of up to 40 ° C in up to a third of patients. While these are the most common
and sometimes the only symptoms, other findings include cough, rashes, headaches,
and ocular manifestations such as photophobia, ocular muscle pain, dry eyes, and
conjunctivitis. The symptoms of IM develop gradually and usually resolve in
1–2 weeks; however, fatigue may linger longer. IM typically occurs only once in the
lifetime of the host [7].
Rarely, EBV can cause CAEBV, a condition characterized by unrelenting active
infection in apparently immunocompetent individuals. CAEBV is most common in
older children or young adults and is characterized by persistent or recurring IM-like
symptoms, often with hepatosplenomegaly and unusual anti-EBV antibody patterns. The diagnostic criteria consist of: (1) evidence of severe, progressive EBV
illness beginning as a primary EBV infection and lasting more than 6 months with
abnormally high anti-EBV titers (anti-VCA IgG > 1:5120 and anti EA >1:640), and/
or abnormally low anti EBNA (<1:2); (2) histologic evidence of major organ
involvement; and (3) increased amounts of EBV in peripheral blood and/or affected
tissues. CAEBV may be lethal, with mortality rates around 30–50% within 5 years
of diagnosis [8]. Most deaths are due to the development of an HLH-like syndrome,
which is driven by hypercytokinemia (a CSS).
The etiology of CAEBV is unknown. Early studies suggested that the disease
might be due to mutant strains of EBV that result only in lytic infection [54].
However, it was subsequently shown that the same lytic strain was present in control
individuals [55]. Observations also favor a potential genetic cause. Towards this
end, CAEBV is rare in the USA but relatively common in Asia and South America
[56], indicating a possible ethnic bias. Second, CTL and NK cell activity are reduced
when cells are obtained from CAEBV patients and their parents, suggesting a heritable nature to the cellular defect [57]. In support of this notion, Katano et al.
recently identified biallelic inactivating mutations in the gene encoding perforin in
a patient with CAEBV [57]. In CAEBV, high levels of EBV DNA are found in CD4
T cells and NK cells, but not in B cells [58], as is seen in typical EBV infection. The
significance of this finding and the mechanisms underlying the preferential infection of T and NK cells remain to be elucidated. CAEBV clinically overlaps with
EBV-HLH and further investigations are needed to differentiate between these disorders and determine the role of EBV in disease pathogenesis.

 BV–Associated Hemophagocytic Lymphohistiocytosis
E
(EBV-HLH)
Sometimes referred to as fulminant infectious mononucleosis (FIM), EBV-
associated HLH is a classic CSS. Hemophagocytic syndrome was first described in
1939 by Scott and Robb-Smith and represents a spectrum of diseases characterized
by the aberrant activation of NK cells and macrophages resulting in hypercytokinemia, which in turn leads to cellular damage, organ dysfunction, and death [10, 59].
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Classically, HLH has been categorized as “primary” (familial) or “secondary”
(sporadic). In primary HLH, patients harbor germline mutations that disrupt the
PRF1, UNC13D, STX11, STXBP2, or RAB27A genes. In contrast, patients with
secondary HLH lack mutations in these genes. In either scenario, various infectious can trigger disease with EBV being a major culprit [9, 60]. Several additional primary immune deficiencies (PID) can lead to HLH, with many of these
caused by mutations in genes associated with lymphocyte survival, activation, or
cytotoxic function (see below, Primary Immune Deficiencies Associated with
EBV-HLH) [61]. In adults, EBV-HLH often develops in association with NK or
T cell lymphomas [62, 63].
In 1991 Henter et al., put forth diagnostic criteria for HLH that include fever,
splenomegaly, cytopenia, hypertriglyceridemia, or hypofibrinogenemia, and
hemophagocytosis in secondary lymphoid organs [64]. These criteria have been
revised over time to also include low or absent NK cell activity, high serum ferritin levels, and high serum levels of soluble CD25 (the high affinity receptor for
IL-2; also known as IL-2Ra) [64]. For EBV-HLH, the diagnostic criteria are the
same, but the individual must also be EBV positive. As many patients with EBVHLH are immunocompromised, serological responses to the virus may be greatly
reduced or even absent. Accordingly, measurement of anti-EBV titers is not generally helpful in making the diagnosis [65]. Rather, EBV positivity is best determined by quantitation of EBV DNA via polymerase chain reaction of the blood or
affected tissues.
The course of EBV-HLH can be variable, ranging from multiorgan failure developing over hours to persistent or recurring IM-like symptoms lasting for months. An
atypical lymphocytosis is usually present during early stages, but patients subsequently develop cytopenias, hepatic dysfunction, central nervous system involvement, and ultimately multiorgan failure. In EBV-HLH, organs are extensively
infiltrated by activated CD8 T cells and macrophages [66]. Early in the disease, the
bone marrow may be hypercellular; however, the marrow later becomes hypocellular with increasing numbers of infiltrating histiocytes [67, 68] often with evidence
of hemophagocytosis. Liver biopsies reveal portal infiltration with lymphocytes and
histiocytes, with occasional erythrophagocytosis [69]. Perivascular mononuclear
cell infiltrates of the brain, mononuclear cell myocarditis, and interstitial nephritis
are also rarely observed [66–68, 70].

Primary Immune Deficiencies Associated with EBV-HLH
Several PID have been described in which EBV-induced lymphoproliferation is a
common feature, and ruling out or confirming whether a patient has one of these
PIDs is an important objective when EBV-HLH is suspected. PIDs are generally
caused by monogenetic mutations that impair immune cell development, differentiation, proliferation, apoptosis, and/or function, leaving affected individuals more
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Table 2 Primary immune deficiencies associated with EBV-HLH
Disease
XLP1

XLP2

EBV-Induced
Lymphoproliferation
Increased susceptibility
to EBV progressing to
HLH (~55% of patients;
lethal in ~65%) and
lymphomas

Gene
(Location)
SH2D1A
(Xq25)

Deficient
protein
SAP
SLAM-
associated
protein

Autoimmune
manifestations and
EBV-HLH in ~76% of
patients without
lymphomas

BIRC4 /
XIAP
(Xq25)

XIAP
X-linked
inhibitor of
apoptosis
protein

ITK
(5q33.3)

ITK
IL-2 inducible
T- cell kinase

ITK
EBV-HLH-like
deficiency symptoms with
progression to Hodgkin
lymphoma

XMEN
disease

MAGT1
Indolent EBV-driven
(q21.1)
lymphoproliferation
progressing to lymphoma
with rare HLH

MAGT1
Magnesium
transporter 1

Cellular phenotypes
• Loss of iNKT cells
• Decrease in optimal
T-B cell interactions
and killing
• Impaired T cell RICD
• Th1-cytokine skewing
• Increased apoptosis of
CD8 T cells
• Increased cytokine
production upon TNF
stim.
• Shift from apoptotic to
necroptotic cell death
• Compromised TCR
activation
• Reduced iNKT cells
• Impaired Th2 with
robust Th1 cytokine
production
• Impaired Th17
differentiation
• Decreased optimal
TCR activation
• Decreased NKG2D
expression on NK and
CD8 T cells

susceptible to EBV. Studies of these individuals provide important new insights into
the molecular mechanisms regulating the interaction of EBV-infected B cells with
T, NK, and other cells of the immune system (Table 2). Below, we discuss several
PIDs in which EBV is responsible for inducing the most severe manifestations.
X-Linked Lymphoproliferative Disease Type 1 (XLP1; SAP Deficiency)
In 1974 and 1975, Purtilo described a family in which 6 of 18 boys died of a lymphoproliferative disease associated with EBV infection [71, 72]. Initially named
Duncan’s disease after this family, this condition is now more commonly referred to
as XLP1. As the name implies, the genetic mutation responsible for disease is
located on the X chromosome, and XLP1 affects approximately 1 out of every million male individuals [73]. Notably, affected boys and young men exhibit increased
susceptibility to EBV but not to other childhood viruses. Three phenotypes are common and include [1] EBV-HLH, [2] malignant lymphoma, and [3] dysgammaglobulinemia. Less common manifestations include vasculitis, pulmonary lymphomatoid
granulomatosis, and aplastic anemia [73, 74]. EBV-HLH affects 45–70% of XLP1
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patients [73, 75, 76] and is the most lethal of the XLP phenotypes with up to 65%
of patients dying, even with contemporary therapies [75]. The median age of EBV-
HLH onset is 5 years, but the condition has occurred as late as 40 years [73]. The
pathology and clinical findings are identical to those seen in patients with EBV-
HLH but without XLP.
The gene responsible for XLP1 is SH2D1A, which encodes a small cytoplasmic
adaptor protein known as signaling lymphocytic activation molecule (SLAM)associated protein (SAP) [77–79]. The diagnosis of XLP1 can be strongly suspected
based on reduced or lack of SAP protein expression by flow cytometric assessment
of peripheral blood lymphocytes and confirmed by identification of inactivating
mutations in SH2D1A [80]. SAP is an SH2-domain containing adaptor molecule
that regulates intracellular signaling downstream of the SLAM family of receptors,
which are broadly expressed on hematopoietic cells. Studies of SAP-deficient cells
have revealed critical roles for this protein in the promotion of stable interactions
between T and B cells, which are required for the recognition and killing of B cells
by CD8 T cells and the induction of B cell dependent humoral responses by CD4 T
follicular helper cells [78, 81, 82]. Attenuation of these processes in XLP1 patients
presumably allows for the outgrowth of EBV-infected B cells and underlies the
susceptibility to EBV that is observed in XLP1. Additionally, T cells from XLP
patients exhibit impaired restimulation-induced cell death (RICD), which may lead
to excessive accumulation of effector cells [83]. The exclusive susceptibility of
these patients to EBV and not to other pathogens has revealed a potentially unique
role for SAP in host defense against EBV.
Mice deficient for Sh2d1a have been generated, and studies of these animals
have revealed a Th1 skewing in cytokine production upon infection with Lymphocytic
choriomeningitis virus (LCMV) [84]. This abnormal response is not limited to viral
infection, because exposure to T. gondii also results in elevated IFN-γ production
from Sap-deficient T cells. Even lymphocytes from uninfected mice exhibit
increased Th1 and decreased Th2 cytokine production (especially IL-4) [84]. iNKT
cells, which play important immunoregulatory roles and produce copious amounts
of cytokines [85], are also lacking in Sap-deficient mice [78]. Collectively, these
observations suggest that poor control of EBV-infected B cells along with dysregulation of the cytokine milieu towards a more proinflammatory state, likely contribute to the pathogenesis of EBV-HLH in patients with XLP1.
X-Linked Lymphoproliferative Disease, Type 2 (XLP2; XIAP Deficiency)
In 2006, a second X-linked disorder associated with EBV-HLH was described as
caused by inactivating mutations in the BIRC4 gene (now known as XIAP) [86].
The similarity in EBV sensitivity between patients with SAP and XIAP deficiency
initially led to the naming of this condition as XLP2. Over time, however, it has
become apparent that XIAP deficient patients exhibit many differences in clinical
manifestations compared to SAP deficient patients [87–89]. For example, XIAP
deficient males are prone to developing colitis, uveitis, and other autoimmune
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manifestations, which are not observed in SAP-deficient patients. Conversely,
SAP deficient patients develop lymphoma, a phenomenon not observed in XIAP
deficient patients. A comparison of patients with SAP and XIAP deficiency showed
that HLH was more common in XIAP (76%) versus SAP deficiency (55%), but
more likely to be fatal in SAP versus XIAP deficiency [89]. Interestingly, HLH may
be triggered in XIAP deficient patients by a broad array of infectious agents, not just
by EBV. As with SAP deficiency, the diagnosis of XIAP deficiency is suspected
based on reduced or lack of XIAP expression by flow cytometric assessment of
lymphocytes and can be confirmed by identification of inactivating mutations in
XIAP [80].
It remains unclear how loss of XIAP expression leads to the manifestations of
XLP2. XIAP-deficient CD8 T cells exhibit normal cytotoxic activity so HLH is not
likely to be caused by qualitative T cell defects. One function of XIAP is to inhibit
apoptosis. Accordingly, T cells lacking XIAP exhibit increased apoptosis following
T cell receptor engagement [86]. It has been suggested that this excessive death of
cytotoxic T lymphocytes may lead to ineffective control of EBV infection and development of EBV-HLH. Studies in animals, though, have revealed that XIAP (and
other IAP family members) repress inflammatory cytokine production. XIAP negatively regulates cytokine production, including TNF to disrupt myelopoiesis, and
limits cytokine production in a dying cell by preventing RIP kinase activity [90].
Furthermore, treatment of mice with bivalent IAP antagonists results in a significant
increase in IL-1β production by TNF-primed macrophages [91]. Deletion of XIAP in
bone marrow derived macrophages also shifts their cell death pathways away from
the anti-inflammatory apoptotic cell death towards the more proinflammatory
necroptotic cell death pathways and primes cells for spontaneous inflammasome
assembly [91, 92]. Thus, it remains possible that in XIAP deficiency, EBV infection
drives B cells to undergo a more inflammatory cell death pathway, leading to
excessive cytokine production by the cells that phagocytose them.
IL-2 Inducible T Cell Kinase (ITK) Deficiency
ITK encodes the IL-2 inducible T cell kinase, a non-receptor tyrosine kinase
expressed by hematopoietic cells that is involved in proximal TCR signaling via its
regulation of phospholipase C-γ phosphorylation [82]. Biallelic inactivating mutations in ITK cause an interesting autosomal recessive PID associated with development of EBV-positive Hodgkin lymphoma (HL). The disorder was originally
identified in two female siblings from a consanguineous family who developed
EBV-HLH-like symptoms with progression to HL [93]. Including this original
report, eleven patients from eight unrelated families have been identified, 21 of
whom presented with EBV viremia and lymphoproliferation that often progressed
to HL [82]. Patients also exhibited CD4 T cell lymphopenia, reduced iNKT cells,
and progressive hypogammaglobulinemia. Although most of the patients responded
favorably to HL-directed chemotherapy, many experienced a relapse. Of the 13
reported cases, only 5 (42%) are alive at the time of reporting, with 2 having received
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allogeneic hematopoietic stem cell transplantation (HSCT) [82]. Collectively, these
reports suggest that genetic defects that impair ITK function are an important cause
of HL, especially when it occurs in young children and in the setting of EBV infection. Although the mechanisms underlying the sensitivity to EBV and development
of HL remain to be determined, it is possible that ITK deficiency leads to disease by
compromising TCR activation, which is further compounded by a reduction of
iNKT cells, leading to an outgrowth of EBV-infected B cells.
Here, too, animal models of disease have yielded insights into how the loss of ITK
gene function might contribute to disease [94]. ITK-deficient patients have high levels of EBV viremia, which may result from poor T cell activation and expansion and
subsequent inability to control infection. However, analysis of T cells from Itk−/−
mice reveals only a modest impact of Itk deficiency on naïve T cell activation [95].
Most strikingly, Itk−/− mice are resistant to the development of allergic asthma due
to impaired secretion of Th2 and strong secretion of Th1 cytokines [96, 97]. T cells
lacking ITK also display interesting selective alterations in cytokine production that
highlight the complex nature of the signaling pathways that regulate T cell effector
responses. One example is the role of Itk in the regulation of cytokine production by
Th17 cells (a CD4 effector T cell lineage that differentiates in response to IL-6 and
transforming growth factor (TGF)β and expresses the proinflammatory cytokines
IL-17A, IL-17F, IL-21, and IL-22), as Itk deficient T cells show impaired differentiation into this lineage [98]. Although it is not known how or whether IL-17 plays a
role in the CSS of EBV-HLH, these studies demonstrate the importance of ITK in
regulating cytokine responses in general and highlight the impressive need for further research into the role of many of these cytokines in disease pathogenesis.
 -Linked Immunodeficiency with Magnesium Defect, EBV Infection
X
and Neoplasia (XMEN) Disease
XMEN disease was discovered in 2011, and only seven cases have thus far been published [99] so the natural history of the disease is currently uncertain. As the inheritance is X-linked, all cases have been males, and prevalence of XMEN disease and
the frequency of female carriers are unknown but expected to be uncommon [99].
Female carriers exhibit skewed lyonization, favoring expression of the wild-type X
chromosome [100]. All patients thus far described exhibited persistent high levels
of EBV, reduced CD4 T cell counts, and splenomegaly. B cell lymphoproliferation
is the most common cause of morbidity and mortality with four post-pubertal males
developing EBV-positive lymphomas [99, 100]. XMEN patients may also be more
susceptible to sinopulmonary and ear infections, viral pneumonias, and other viral
infections, but these are generally mild or infrequent. Indeed, all XMEN patients
exhibit normal growth and development, and most did not even come to medical
attention until an EBV-associated lymphoproliferative disorder developed.
XMEN is caused by loss of function mutations in the gene MAGT1 (Magnesium
Transporter 1 located at Xq21.1), a ubiquitously expressed magnesium cation transporter. MAGT1 is a critical regulator of the levels of free (ionized) magnesium in
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cells, and although this pool is generally less that 5% of all intracellular magnesium
[101], discovery of this disease has revealed an important and nonredundant role for
free magnesium in T cells. A transient T cell receptor-mediated Mg2+ influx is a
signaling step that enhances the efficiency of T cell activation [99]. Furthermore,
influx of free magnesium is required for the upregulation of expression of the natural killer (NK) stimulatory receptor “natural-killer group 2, member D” (NKG2D)
on NK and CD8 T cells, which is important for control of EBV, although exact
mechanisms are not yet known. XMEN patients show defective expression of
NKG2D, and remarkably supplementation with magnesium L-threonate resulted in
an increase of NKG2D on endogenous NK and CD8 T cells and enhanced control
of EBV [102]. Treatment depends on the individual clinical features but is likely to
include immunoglobulin replacement therapy and antibiotic prophylaxis (similar to
other humoral PIDs), antiviral prophylaxis, chemotherapy for malignancy, rituximab, and allogeneic hematopoietic stem cell transplantation. Currently, there is no
animal model for XMEN disease but generation of one would likely rapidly advance
insights into the cellular mechanisms of disease and specific points of intervention.
It remains unclear whether or not patients with XMEN, particularly those with EBV
infection, are predisposed to CSS as are XLP patients.

Secondary Immune Deficiencies Associated with EBV-HLH
Individuals with acquired defects of the immune system, particularly those with uncontrolled human immunodeficiency virus (HIV) infection or those who have undergone
solid organ or allogeneic HSCT, are at increased risk to develop EBV-associated cytokine storm and/or full blown HLH (as well as EBV-associated cancers). Similarly,
elderly or malnourished individuals, or patients undergoing chemotherapy, may experience a CSS upon EBV infection. Therefore, a high index of suspicion is warranted in
any immunosuppressed patient with signs and symptoms of EBV infection.
EBV Infection in Individuals with HIV
EBV infection is generally established prior to HIV infection, and EBV-infected B
cells are kept in check by T cells. As HIV specifically infects and kills T cells,
patients with HIV are at risk of losing control of EBV infection. It has been observed,
for example, that patients with poorly controlled HIV infection have at least 10
times as many EBV-infected B cells in the circulation as healthy persons, and T
cells from these HIV+ patients suppress EBV-infected B cells less effectively, leading to increased viral shedding of EBV in oropharyngeal tissue [103]. The onset of
EBV-associated CSS in HIV-infected individuals generally begins with symptoms
much like IM, including fever, pharyngitis, and lymphadenopathy. If left untreated,
however, EBV infection can rapidly progress. Corticosteroids are often used to limit
the detrimental effects of EBV-induced hyperinflammation, such as airway

Cytokine Storm Syndromes Associated with Epstein–Barr Virus

265

obstruction due to enlarged tonsils and lymph nodes, thrombocytopenia, and hemolytic anemia. Antiviral agents such as acyclovir and/or ganciclovir are also often
employed to limit viral load and shedding [104, 105].
EBV-PTLD
Recipients of allogeneic HSCT and solid organ transplantation are susceptible to
EBV infection or reactivation, which may occur naturally or be transmitted from the
donor graft, and result in the development of nonmalignant or malignant
PTLD. PTLD may present with a wide spectrum of clinical manifestations, including fever, lymphadenopathy, hepatitis, lymphoid interstitial pneumonitis, and
meningoencephalitis, or it may present as an IM-like CSS [11]. Surgery, radiotherapy, or both are effective in curing localized disease, but this benefits only a small
percentage of patients. Ultimately, successful treatment generally involves controlling EBV-driven B cell proliferation, usually by facilitating development of an
appropriate EBV-specific cytotoxic T cell (EBV-CTL) response. The approach most
widely used as initial therapy for patients post solid organ transplantation with
PTLD is reduction of immunosuppression. In some cases, this is sufficient to control the disease, especially in localized, polymorphic cases or cases that present like
IM. In contrast, reduction of immune suppression is rarely successful following
allogeneic HSCT because the major issue in these patients is delayed CTL recovery,
not suppression of CTL function. Therefore, provision of CTL is an alternative therapeutic intervention. In this approach, T cells are isolated from the patient with
PTLD or an unrelated third party, expanded in vitro and activated by exposure to
EBV-specific antigens. These cells are then reintroduced. A retrospective study of
PID patients who received virus-specific CTL before or after HSCT showed that
more than 70% of patients treated therapeutically for active EBV exhibited a complete or partial response to this therapy [106, 107].

Cytokines and Their Roles in EBV-HLH: Fueling the Fire
A hallmark of all forms of EBV-HLH is the cytokine storm. Failure to clear the
infected B cells and/or the antigen presenting cells directing the T cell response
leads to feed-forward loops that fuel immune activation and uncontrolled cytokine
production. It has been observed that EBV-HLH patients whose disease is rapidly
fatal often have extremely high serum cytokine levels. For example, IFNγ levels in
these individuals can exceed 100 U/ml (normal levels are <1.0 U/ml), and sCD25
levels can exceed 10,000 U/ml (normal is <2000) [108, 109]. Serum levels of
sCD25, IFNγ, IL-6, IL-10, and IL-18 (and TNF to a lesser extent) are elevated significantly above those of non-EBV-HLH patients [110], and these cytokines are not
merely characteristic of the disease but are also central to the pathophysiology.
Levels of IL-4, and IL-2 have also been observed to be significantly elevated in
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patients with EBV-HLH, but levels of these cytokines are not different from patients
with sepsis. Moreover, levels of these cytokines did not change after treatment, so
their relative importance is unclear [111].
Both immune effectors (mostly CD8 T cells but also CD4 T cells, NK/iNKT
cells, monocytes, and neutrophils) and immune targets (mostly infected B cells but
also epithelial cells) secrete copious amounts of cytokines in response to EBV
(Fig. 1). Most immediately, signaling pathways downstream of PRRs culminate in
the release of IL-1 family member cytokines and their receptors, such as IL-1α and
β, IL-18, IL-33, and the IL-33 specific receptor chain ST2. In murine models of
HLH, ST2 has been shown to greatly contribute to later T cell hyperactivation
[112]. Also within the first 24 h of infection, type 1 interferons (IFNα and β) are
released from NK cells and B cells [113]. EBV can also interact with neutrophils
and monocytes. EBV binding of the surface of monocytes activates expression of
IL-6 but inhibits that of TNF [114, 115]. EBV binding to macrophages also induces
IL-8, macrophage inflammatory protein-1α (MIP-1α), and granulocyte macrophage colony stimulating factor (GM-CSF) [116]. During the innate phase of the
antiviral response, NK cells and monocytes also produce IL-1α and β [113].
Neutrophils may also contribute to innate IL-1α and β production. Interestingly,
EBV can modulate this response in favor of the production of IL-1 receptor antagonist (IL-1Rα) [117], and simultaneously EBV can induce neutrophil apoptosis
[118]. Regardless, IL-1 levels are high early after infection, and this IL-1 together
with rising levels of IL-2 from expanding T cells drive effector T cells to produce
large quantities of IFNγ [113]. Accordingly, serum levels of IL-1α, IL-2, IL-6, and
IFNγ are reported to be very high in symptomatic patients with acute or chronic
EBV infection [119, 120]. Other reports based on gene expression data indicate
that additional cytokines, such as IL-18 and monokine (in addition to IFNγ), are
high in EBV-infected tonsils [121].
Circulating virus-specific CD8 and CD4 T cells produce numerous cytokines and
are thought to be major contributors to the immune pathogenesis associated with
EBV infection. Concomitant with the rise of T cell numbers is an increase in serum
levels of the proinflammatory and immunoregulatory cytokines they produce, such
as IFNγ, TNF, IL-6, IL-10, and TGFβ [82]. With high levels of circulating IFNγ, it
stands to reason that T cells in EBV-infected individuals are highly Th1 polarized
(strongly proinflammatory), and indeed there is evidence to this effect [122].
Conversely, Steigerwald-Mullen et al. showed that EBNA1-specific CD4+ T cells
preferentially produce Th2 type cytokines (IL-5) in response to antigenic stimulation [123]. These divergences in polarization could reflect differences in the time
points in the immune response during which T cells were isolated or analyzed, or
they could result from different contexts of in vivo T cell activation and/or in vitro
stimulation. As several of the genes involved in PIDs associated with EBV-CSS
disrupt iNKT development and/or function, it is tempting to speculate how these
cells might influence the cytokine polarization towards Th1 and away from the more
anti-inflammatory Th2 responses, but a great deal more research is needed in this
area. Overall, the cytokine milieu is subject to constant change throughout the
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duration of the immune response and from site to site as some cytokines will be
produced and/or consumed locally at sites of immune cell infiltration while others
will be released systemically and lead to the pathology of CSS.

Treatment of EBV-Associated Disorders: Putting Out the Fire
Once EBV-HLH develops, therapy can be challenging. To be reductive, control of
the CSS is largely dependent on immunosuppression and elimination of the trigger.
Standard treatment often incorporates corticosteroids, most often administered with
the chemotherapeutic agent etoposide [124, 125], while lymphomas have been
treated with standard NHL therapy [8]. Cyclosporin A (CsA) with or without corticosteroids has also been shown beneficial [126]. For cases that do not respond to
these treatments, T cell-depleting agents such as antithymocyte globulin (ATG) may
be employed as a salvage therapy [127]. Because CD52 is broadly expressed on a
variety of immune cells, alemtuzumab (anti-CD52) is profoundly immunosuppressive and may also be employed up front or as a salvage treatment [128, 129].
To eliminate the trigger in EBV-HLH, antiviral agents such as acyclovir and/or
ganciclovir may be employed [130]; although, it remains unclear to what extent
these agents lessen disease. More recently, drug screening has revealed that the use
of EBNA1 inhibitors might provide a way to halt EBV infection [131, 132].
Eliminating the reservoir for the virus might also reduce viral load. The anti-CD20
monoclonal antibody rituximab has also been used to eliminate EBV-infected B
cells. Rituximab is generally given in combination with chemotherapy or immunosuppressive medications (steroids, CsA), so successful outcomes are also dependent on the prevention and treatment of concurrent infections. EBV can, however,
replicate in NK and T cells (as observed in individuals with CAEBV and in some
patients with EBV-HLH); thus, lack of response or recurrence after rituximab treatment is a possibility [133]. The only curative therapy for patients with EBV-HLH
and underlying HLH genetic mutations or those with a PID is allogeneic HSCT.
Despite the use of this approach, the overall survival rate may only be as high as
50% [134, 135].
A more experimental approach focuses on targeting the cytokines that are elevated in EBV-HLH (Fig. 1). In this vein, clinical trials to block IFNγ are underway
with the antibody NI-0501 (https://clinicaltrials.gov/ct2/show/NCT01818492). The
IL-1 family of cytokines (IL-1β, IL-18, and IL-33) comprises a class of potential
targets. Antibodies blocking/neutralizing IL-1, such as canakinumab and rilonacept,
or proteins that block the IL-1 receptor, such as anakinra (recombinant IL-1Ra),
have been shown to be helpful in other CSS such as macrophage activation syndrome
[136], but to date these have not been explored in EBV-HLH. Similarly, in XIAP,
blockade of IL-18 is in clinical trials and may also be a point of intervention in
EBV-HLH (https://clinicaltrials.gov/ct2/show/NCT003113760). Blocking the
IL-33 receptor ST2 is also an as yet unexplored treatment possibility, as this method
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has shown efficacy in mice [112]. Beyond the IL-1 family of cytokines, antibody-
mediated blockade of IL-6 or TNF (using tocilizumab, siltuximab, infliximab,
adalimumab, and golimumab) may be viable options for the treatment of EBV-
HLH, as there have been successes reported with these approaches in patients with
other CSS [133]. Many of the cytokines elevated in HLH or other EBV-driven CSS
are downstream products of JAK-STAT signaling, so a final and potentially more
attractive experimental approach with which to target numerous cytokines in HLH
is the use of JAK inhibitors. Inhibitors of JAK signaling such as ruxolitinib, tofacitinib, and barocitinib have recently become available for the treatment of autoimmune diseases such as rheumatoid arthritis and ulcerative colitis, as well as
myeloproliferative disorder [137]. As these inhibitors can target multiple cytokines
by blocking the function of numerous JAK-dependent receptors, it is possible that
unwanted side effects might result [133]. Nevertheless, a recent case report describes
positive results in a single patient with refractory HLH following treatment with
ruxolitinib [138].

Conclusion
EBV has a long history with its human host, and in most people the virus maintains
a latent infection throughout life. This symbiosis between host and pathogen is
dependent on immune surveillance, and loss of control of EBV infection by any
number of mechanisms can lead to an overactive and detrimental immune response.
EBV is a potent immune stimulus, and as such is associated with a variety of CSS,
the most common of which are discussed above. Ultimately, treatment of these CSS
depends on restoring the balance between the virus and the host, and many
approaches towards the achievement of this goal have or are being explored. To
date, treatment has focused on the use of antiviral and immunosuppressive agents.
These treatments, however, are toxic and not always very effective. As we have
come to appreciate the importance of cytokines in disease pathogenesis, we can now
use targeted therapies to dampen hyperinflammation while minimizing unwanted
side effects. In the future, cytokine-directed therapies might ultimately prove to be
a safer and more effective treatment of EBV-driven CSS.
Acknowledgements We thank Brandon Stelter in the Biomedical Communications Department
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Cytokine Storm Syndrome Associated
with Hemorrhagic Fever and Other Viruses
Ethan S. Sen and A. V. Ramanan

Introduction
Cytokine storm syndrome (CSS) results from the failure to regulate appropriately the
immune response with particular dysfunction of cytotoxic T cells and NK cells [1]. A
potent trigger for activation of these cells is infection, and particularly viral infections, in subjects both with and without genetic mutations associated with primary
HLH (pHLH) [2]. The most common viral infection triggering CSS is Epstein–Barr
virus (EBV) and was the cause in 74% of children in whom an infectious agent was
identified from a cohort of 219 with infection-associated CSS [3]. CSS associated
with EBV and other herpes viruses are discussed elsewhere and the focus of this
chapter will be other viruses, including hemorrhagic fever viruses [4]. In order to
diagnose virus-associated HLH, presence of the pathogen should be confirmed by
serology (paired acute and convalescent samples) or specific viral polymerase chain
reaction (PCR) testing of blood or tissue. Other infectious or noninfectious causes of
secondary HLH would also need to be excluded, although in cases of severe or lifethreatening CSS prompt initiation of immunosuppressive / immunomodulatory treatment without delay is more important than determination of the underlying etiology.

Viral Hemorrhagic Fevers
The viral hemorrhagic fevers (VHFs) are caused by viruses belonging to one of five
families: Arenaviridae, Bunyaviridae, Filoviridae, Falviviridae, and Togaviridae [5,
6]. They are all RNA viruses and require a nonhuman vertebrate or insect host to
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provide a natural reservoir. Initial infection occurs when humans come into contact
with a host but subsequently human-to-human transmission of some of these viruses
does occur. Typical presenting features include fever, dizziness, fatigue, muscle
aches and weakness. Frequently VHFs occur as outbreaks or epidemics. The viruses
and infections they cause are summarized in Table 1.
A systematic review of sHLH in zoonoses conducted in 2012 and covering studies
published between 1950 and 2012 identified reports of HLH associated with CrimeanCongo hemorrhagic fever (CCHF) and hantaviruses [7]. Multiple cases of sHLH linked
to dengue [8–39], Chikungunya [40], CCHF [41–43], hantavirus [44], and severe fever
with thrombocytopenia syndrome (Bunyavirus) [45–47] have been described.
Dengue is a relatively common tropical infection [48] and may progress to more
severe forms: dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS).
DHF is defined as dengue infection accompanied by fever lasting 2–7 days, hemorrhagic tendencies, thrombocytopenia and evidence of plasma leakage due to increased
vascular permeability [49]. DSS is classified as DHF plus evidence of circulatory
failure. The primary aspects of management are supportive with fluids and blood
Table 1 Viral hemorrhagic fever viruses and their associated diseases
Virus family Host
Arenaviridae Rodents—Spread
through contact with
excrement
Bunyaviridae Arthropods (ticks,
mosquitoes, sand flies)
and rodents
Ticks

Flaviviridae

Togaviridae

Lassa virus
Lujo virus
Phlebovirus—Rift valley
fever virus
Nairovirus—Crimean-
Congo hemorrhagic fever
virus
Hantavirus—Hantaan
virus
Sin Nombre virus

Disease
Argentine hemorrhagic
fever
Lassa fever
Lujo hemorrhagic fever
Rift valley fever

Crimean-Congo
hemorrhagic fever

Hemorrhagic fever with
renal syndrome (HFRS)
Hantavirus pulmonary
syndrome (HPS)
Fruit bats, Rousettus bats Marburgvirus
Marburg hemorrhagic
fever
Fruit bats, primates
Ebolavirus
Ebola hemorrhagic fever
Mosquitoes
Yellow fever virus
Yellow fever
Mosquitoes
Dengue virus
Dengue fever, dengue
hemorrhagic fever
Mosquitoes
Japanese encephalitis virus Japanese encephalitis
Mosquitoes
West Nile virus
West Nile fever
Mosquitoes
Zika virus
Zika
Ticks
Tick-borne encephalitis
Tick-borne encephalitis
virus
Chikungunya virus
Chikungunya
Rodents

Filoviridae

Examples
Junin virus

Adapted from [5, 6]
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products as required [50]. Corticosteroids have been used; however, there has been
uncertainty among clinicians about the efficacy and safety of corticosteroids in treatment of dengue with some considering them harmful [51]. An RCT of oral prednisolone (0.5 mg/kg or 2 mg/kg daily for 3 days) versus placebo, which included 225
patients with early dengue infection, found no prolongation of viremia or other
adverse events in the steroid recipients [52]. It was not powered to assess efficacy;
however, there appeared to be no reduction in the development of shock or other
dengue-related complications. A Cochrane review published in 2014 which included
8 RCTs or quasi-randomized studies found the evidence to be of low or very low
quality and insufficient to conclude whether corticosteroids are of benefit in dengue
at an early stage or DSS [53]. Others, however, have suggested that the timing of
steroids and patient selection may be critical [54]. A non-randomized retrospective
study of adults with DSS with the most severe disease found those given a single
dose of methylprednisolone (1 g intravenously) as a rescue treatment had a lower
mortality (13%, 3/13 patients) than those not receiving steroids (47%, 15/32 patients)
[55]. In these most severely affected cases it may be that patients had developed CSS.
Dengue has frequently been the trigger for HLH [56]. A large study in India of
212 patients with dengue identified 31 (14.6%) who developed CSS, including 23
with evidence of bone marrow hemophagocytosis [29]. In this group of 23 patients,
19 received IVIg and all recovered. Another study from Kolkata, India, reported 8
patients (2.2%) with HLH of 358 with dengue during the outbreak in 2012 [27]. The
8 cases received supportive therapy, blood component transfusions as required and
parenteral dexamethasone (10 mg/m2 in 3–4 divided doses/day) until hemodynamically stable before switching to oral tapering treatment for 21 days. IVIg (1 g/kg)
was used in one patient as rescue therapy after failing to respond to 48 h of steroids.
The patients with HLH were distinguished by persistence of fever for more than
7 days together with prolonged or progressive cytopenias, organomegaly, and sterile
cultures. In a series of 33 children with HLH from Chennai, India, an infectious
etiology was identified in 14 and specifically dengue in 5 [57].
Using a case-control design comparing patients with dengue who developed
HLH (cases, n = 22) with patients with dengue without HLH (controls, n = 88), one
study found cases had a younger age (median 1 vs. 13 years, p < 0.01), more frequent coinfection (18.2% vs. 4.5%, p = 0.04), and longer duration of fever (7 vs.
5 days, p < 0.01) [15]. Several studies have suggested testing for laboratory markers
of HLH in cases of dengue, in particular ferritin, sCD163, and sCD25 [9, 10]. In a
cohort of 208 patients with dengue, ferritin and sCD163 were significantly increased
in patients with severe dengue. A report including patients with dengue during an
outbreak on Aruba in the Caribbean found that levels of ferritin were significantly
higher in patients with dengue compared with other febrile illnesses [58]. In another
cohort of dengue-infected patients in Brazil, hyperferritinemia was associated with
disease severity and a pro-inflammatory cytokine profile [58].
The features of severe dengue infection, as seen in dengue hemorrhagic fever or
dengue shock syndrome, overlap with HLH suggesting a similar pathogenesis
involving overactivation of the immune system leading to a hypercytokinemia [58,
59]. These features also seem to be shared in some cases of CCHF [41, 43]. One
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reported a 14-year-old boy from Turkey with CCHF associated with leukopenia,
thrombocytopenia, hypertriglyceridemia, hyperferritinemia and bone marrow
hemophagocytosis. The pathogenesis of viral hemorrhagic fevers may overlap with
CSS. A report of 5 patients with CCHF treated with high dose intravenous methylprednisolone (IVMP) suggested resolution of fever, increase in leukocyte and platelet counts and clinical improvement within 5 days of treatment [60]. Another study
reported outcomes in 12 patients with CCHF treated with IVMP (up to 30 mg/kg/
day), fresh frozen plasma (FFP), and intravenous immunoglobulin (IVIg) [61]. The
treatment appeared to be successful with reduction of fever within 2 days, white cell
count above 4500/μL in 4 days and platelets above 150,000/μL in 9 days. Finally, it
has been suggested that Ebola outbreaks share many features of CSS [62–64].
While the VHFs represent an important group of viruses associated with CSS, a
host of other viruses more commonly seen in North America and Europe can also
trigger hemophagocytic syndromes.

Nonhemorrhagic Fever Viruses
A wide range of viruses other than those discussed above have been associated with
CSS. These are summarized in Table 2 and reviewed in more detail below.

Influenza and Parainfluenza
CSS has been identified in association with seasonal influenza [65, 86–89], influenza
A (H5N1, “avian flu”) [90, 91], and pandemic influenza A (H1N1, 2009 “swine flu”)
infection [92–100]. In some cases, patients were immunocompromised or had additional risk factors such as leukemia [86, 97, 98], post-bone marrow transplantation
for lymphoma [93], genetic predisposition [101], or cystic fibrosis [99]. However,
CSS developed in previously healthy individuals following influenza H1N1 and
H5N1 leading to death in both adults [95] and children [91, 100, 102]. A case of
HLH following influenza vaccination in a patient with aplastic anemia undergoing
allogeneic bone marrow transplantation has also been documented [103].
During the 2009 influenza H1N1 pandemic, a center in Germany conducted a
prospective observational study of 25 critically ill patients with the infection [66].
All developed severe acute respiratory distress syndrome and hypoxemia and were
mechanically ventilated. HLH was diagnosed based on the presence of three of four
major criteria (fever, cytopenia, hepatitis, or splenomegaly) and at least one minor
criterion (evidence of hemophagocytosis in bone marrow samples or increase in
serum level of sIL-2Rα or ferritin, respectively). Nine (36%) of 25 patients met
these criteria and eight (89%) of them died, compared with 4 (25%) of 16 patients
without HLH. Six of the patients with HLH were treated (four with etoposide and
dexamethasone, two with steroids alone) but the other three were moribund at the
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Table 2 Nonhemorrhagic fever viruses associated with cytokine storm syndromes
Virus
Influenza
Parainfluenza
Adenovirus

Parvovirus

Hepatitis viruses

Measles

Mumps

Rubella

Enterovirus

Parechovirus

Rotavirus
Human
T-lymphotropic
virus

Clinical associations
Pneumonia, myocarditis,
encephalitis, myositis
Croup, bronchiolitis,
pneumonia
Upper respiratory tract
infection, pneumonia,
conjunctivitis, gastroenteritis,
hepatitis, myocarditis,
encephalitis
“Slapped cheek syndrome”/
fifth disease, aplastic crisis,
arthropathy, hepatitis,
myocarditis
Hepatitis, arthritis,
leukocytoclastic vasculitis
Interstitial pneumonia,
encephalitis,
thrombocytopenic purpura
Parotitis, pancreatitis,
orchitis, meningitis,
encephalitis
Arthralgia, arthritis,
encephalitis, congenital
rubella syndrome
Respiratory and
gastrointestinal infections,
pancreatitis, meningitis,
encephalitis, neonatal sepsis,
Sepsis-like illness,
meningitis, encephalitis,
hepatitis
Gastroenteritis, seizures,
encephalopathy/encephalitis
Adult T cell leukemia/
lymphoma, demyelinating
disease, autoimmune diseases

Outcomes
References
Mechanical ventilation, recovery [65–67]
Recovery

[68]

Recovery, more severe
manifestations in
immunocompromised hosts

[69, 70]

Recovery, pure red cell aplasia, [71]
chronic arthritis, hydrops fetalis,
chronic fatigue syndrome
Recovery (hepatitis A), chronic
hepatitis, cirrhosis,
hepatocellular carcinoma
Recovery, subacute sclerosing
panencephalitis

[72–74]

Recovery, deafness, sterility
rarely after orchitis

[78, 79]

Deafness, developmental delay,
cardiovascular and ocular
defects in congenital rubella
syndrome
Neurological impairment in
some children after meningitis

[80]

Neurological sequelae in some
young infants

[82, 83]

[75–77]

[81]

Recovery, rarely intussusception [84]
Tropical spastic paraparesis,
systemic lupus erythematosus,
Sjögren’s syndrome

[85]

time of diagnosis with HLH and were not considered suitable for treatment. The
study suggests that CSS/HLH may have been a significant contributor to multiorgan
failure and death in critically ill patients during the influenza A H1N1 pandemic.
Reports have indicated that avian influenza A (H5N1) can lead to severe and
widely disseminated infection outside the respiratory system. In one case, a
previously healthy nine-year-old Vietnamese girl died following encephalitis and
coma with virus detected in rectal swabs, serum and cerebrospinal fluid [102].
Hemophagocytosis was detected in bone marrow from several patients with H5N1
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infection [90, 91, 104–106]. In vitro studies indicated that recombinant hemagglutinin
(H5) from H5N1 influenza suppressed perforin expression and reduced cytotoxicity
of human CD8+ T cells to kill H5-bearing cells [107]. This failure of clearance of
infected cells could promote lymphoproliferation and hypercytokinemia as seen in
CSS. Another study measured cytokine levels in a familial group of patients with
H5N1 influenza in Hong Kong and found particularly high serum concentrations of
interferon induced protein-10 (also known as CXCL10) and monokine induced by
interferon γ (CXCL9) [108]. Taken together with other in vitro work, the authors
suggest this hypercytokinemia may contribute to pathogenesis in fatal influenza
infection. How might these cases be treated?
Drawing parallels with EBV-associated HLH, Henter et al. proposed a modified
HLH-94 treatment protocol for influenza A (H5N1)-associated HLH in addition to
antiviral and supportive therapy [109, 110]. For children, they suggested intravenous etoposide 150 mg/m2 once per week and dexamethasone initially 10 mg/m2
once daily. They recommended reduced doses of both drugs in patients aged
15 years or older and advised against upfront use of cyclosporin A (CsA) in all cases
due to the relative frequency of renal complications in H5N1 infection.
Influenza B has been suggested as the trigger for HLH in a 24-year-old man with
systemic lupus erythematosus (SLE) [111]. Several weeks after his initial diagnosis
of SLE when he presented with a pericardial effusion, he developed fever, erythematous rash, splenomegaly, hypertriglyceridemia, and ferritin of 95,703 ng/mL. Influenza
virus B was detected in the patient’s nasal lavage sample and no other infective triggers for HLH were apparent. His pericardial effusion recurred with progression to
cardiac tamponade, and he was managed with ventilation and pericardiocentesis. His
condition initially improved after steroid pulse treatment, but he was started on colchicine 1 mg/day after reaccumulation of the pericardial fluid. He remained stable on
low-dose prednisolone and colchicine. The relative contributions of SLE and influenza infection to pathogenesis of CSS in this case are unclear. While many reports
have associated influenza with HLH, parainfluenza has been documented once.
A case of CSS in a 33-year-old Chilean man characterized by fever, evanescent
rash, hepatosplenomegaly, anemia, thrombocytopenia, hyperferritinemia, and
hemophagocytosis on bone marrow biopsy was attributed to parainfluenza virus-2
infection detected by polymerase chain reaction (PCR) testing of respiratory and
enteric samples [112]. He was treated with etoposide, dexamethasone, and CsA following the HLH-94 protocol, and he made a complete recovery remaining in remission after 2 years of follow-up.

Adenovirus
Adenovirus infections are frequent in childhood presenting with respiratory, gastrointestinal, or ocular manifestations [70]. These are usually mild in immunocompetent hosts but may lead to more severe disease including pneumonia, hepatitis, and
encephalitis in the immunocompromised.
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CSS has been described in adults and children secondary to adenovirus infection [113–124]. It has occurred in previously healthy children with the initial presentation of pneumonia [114, 115, 120]. One of the patients was treated with
dexamethasone and CsA and the other two with IVIg, and all recovered. In a large
single-center study of HLH in children under 1 year of age, three of four infants
with adenovirus-associated HLH survived [116]. A case in an adult while receiving
chemotherapy for a solid tumor has been reported [121]. A young child being
treated with chemotherapy for Langerhans cell histiocytosis developed recurrent
viral-associated HLH, in one instance caused by adenovirus [117]. Several cases of
adenovirus-associated HLH have been reported post-hematopoietic stem cell transplantation [113], associated with sJIA [119], and in brothers with X-linked agammaglobulinemia [124].

Parvovirus
Parvovirus B19 is the cause of erythema infectiosum (fifth disease or “slapped
cheek syndrome”), which is common in childhood [71]. In addition to a rash, adults
more frequently develop arthralgia and myalgia.
CSS has been reported in adults and children in association with parvovirus B19
infection [125–132]. One report detailed five previously healthy adults whose disease
resolved spontaneously [133]. In other cases, the most frequent underlying disease
was hereditary spherocytosis [4, 128]. Cases of CSS triggered by parvovirus B19 in
patients with another underlying condition have been reported: post-renal transplant
[134], post kidney-pancreas transplant [135], B-cell acute lymphoblastic leukemia
[136], autoimmune hemolytic anemia [137], Evans syndrome (autoimmune hemolytic anemia and autoimmune thrombocytopenia) [138], and pregnancy [139].
Coinfection with parvovirus B19 and another pathogen has been reported in association with HLH in several cases, including EBV [126, 140] and Klebsiella [141].
Among 28 cases of parvovirus-associated HLH, the majority were woman over
15 years of age, and 22 survived despite 16 of them having no specific treatment
[142]. This suggests a better prognosis than other forms of viral-associated CSS [4],
although fatalities and serious complications such as acute myocarditis have been
reported [143, 144]. Case reports have detailed use of glucocorticoids, IVIg, CsA,
and anakinra (IL-1 receptor antagonist) in treatment of parvovirus B19-associated
HLH [145].
In some of the cases of HLH attributed to parvovirus B19, viral nucleic acid was
detected in blood or tissues by PCR. It is known that virus may persist for weeks or
months, and therefore detection of viral DNA in tissues does not definitively confirm acute infection [71]. The most reliable marker of this is detection of virus-
specific IgM and a fourfold increase or seroconversion of IgG in paired serum
samples. However, care should be taken in interpretation of serology samples in
patients after treatment with IVIg.
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Hepatitis Viruses
Various hepatitis viruses have been detected in association with CSS. Hepatitis A
virus is the most-frequently reported [146–157]. Features of fulminant acute viral
hepatitis may be similar to CSS. Hepatitis A-triggered MAS has been reported in
several patients with underlying systemic JIA or Still disease [148, 154, 157].
Successful treatments for hepatitis A-triggered HLH have included glucocorticoids,
IVIg [150, 156], and the HLH-2004 etoposide-based protocol [154]. In addition to
hepatitis A, other hepatitis viruses have also been found to cause HLH.
Hepatitis B virus has been reported as a potential trigger for CSS [158, 159]. The
first reported case did not respond to steroids, IVIg, or CsA, but the patient did
respond to etoposide, although subsequently succumbed to fulminant infection
[158]. A fatal case of CSS was reported in a patient with the combination of chronic
active hepatitis B and acute hepatitis C infection despite intensive immunosuppressive (intravenous methylprednisolone, intravenous CsA, granulocyte-colony stimulating factor, IVIg, and anti-thymocyte globulin), and supportive treatment [160].
CSS was identified in a 60-year-old woman with chronic hepatitis C infection
[161]. In this case, it was speculated whether the more acute triggers for development of sHLH were the interferon and ribavirin used as treatment for hepatitis C
virus which were started 3 months before the characteristic features of CSS: fever,
splenomegaly, coagulopathy, anemia, and thrombocytopenia.
Hepatitis E is typically a self-limited illness with average duration of 4–6 weeks
and presenting with fever, nausea, vomiting, abdominal pain, anorexia, hepatomegaly, and jaundice [162]. CSS associated with hepatitis E infection has been reported
in a small number of cases [163–165]. In one patient with rheumatoid arthritis,
MAS developed within 24 h of her fourth tocilizumab infusion. Investigations for
infections revealed positive serology, and hepatitis E virus RNA was detected in
blood and stool by PCR [164]. In a second patient, sHLH appeared to be triggered
by coinfection with hepatitis A and hepatitis E [165].

Measles, Mumps, and Rubella Viruses
CSS has occurred in a small number of cases following measles infection [18, 75,
76, 166]. In eight of the cases patients developed interstitial pneumonia. The
reported therapies included supportive treatment alone, intravenous methylprednisolone, or the HLH-2004 protocol. One case of sHLH following measles vaccination has been reported in a 19-month-old girl who developed persistent fever,
hepatosplenomegaly, pancytopenia, liver dysfunction, and hemophagocytosis
1 week after vaccination [167]. A second case of suspected sHLH was reported in a
previously healthy 14-month-old girl following the combined measles, mumps and
rubella (MMR) vaccination and the authors speculate whether there may have been
an underlying genetic predisposition [168].
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Mumps infection has rarely been associated with CSS [78, 169]. In one case
from China, a previously healthy 21-year-old male had persistent painful parotid
gland swelling for 30 days and fever for 15 days together with typical features of
CSS, including hemophagocytic macrophage infiltration on bone marrow biopsy.
Anti-mumps virus IgM was positive but testing for bacteria and other viruses in
peripheral blood was negative. Although there was initial response to high doses of
methylprednisolone, IVIg, and etoposide, he succumbed 4 weeks after admission.
In the second case, a 39-year-old female with parotitis and acute pancreatitis followed by features of CSS achieved complete response with corticosteroids.
Rubella virus-associated HLH has been reported in patients with ages ranging
from young infants to adults [170–173]. In one case of a 26-year-old woman, serology was positive for both varicella-zoster virus (VZV) IgM and rubella virus IgM
suggesting dual infection.

Enterovirus
Enteroviruses, which include the Coxsackieviruses and echoviruses, can cause a
wide range of clinical presentations from mild respiratory and gastrointestinal infections, and hand-foot-and-mouth disease, to more severe conditions such as pancreatitis, meningitis, encephalitis, and neonatal sepsis [81]. Over 10 cases of
enterovirus-associated CSS have been reported in the literature [116, 174–181]. One
case occurred in an adult infected with Coxsackie virus A9 [174]. However, a significant proportion were in neonates or infants [116, 175, 179–181]. A case of vertical transmission of Coxsackie virus B1 leading to HLH in a 4-day-old neonate was
reported with virus isolated in the throat and stool, and exclusion of inherited disease
with normal perforin and CD107a expression [180]. The baby was successfully
treated with corticosteroids, CsA, and etoposide. A case of fatal HLH was described
in a 4-month-old infant with liver dysfunction (AST 626 IU/L, ALT 121 IU/L), high
ferritin (1100 ng/mL), and hemophagocytosis in a liver biopsy [176].

Parechovirus
Virus of the Parechovirus genus are within the family Picornaviridae and were
previously considered to be within the Enterovirus genus [81]. Human parechovirus-3 (HPeV-3) in neonates and infants can manifest with a sepsis-like presentation,
and one publication has reported young infants with fever, rash, leukopenia, thrombocytopenia, and hyperferritinemia [181]. This and other studies have suggested
that HPeV-3 can cause an HLH-like illness, although the reason why other types of
HPeV do not seem to cause a similar febrile illness is not clear [82].
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Rotavirus
Rotavirus is one of the leading causes of infectious, dehydrating gastroenteritis in
children globally with over 200,000 deaths reported annually [84]. CSS associated
with rotavirus infection has been described in a small number of cases in the published literature [182–184]. In two of the cases there were significant underlying
conditions. In the first, a 67-year-old man developed rotavirus enteritis 1 month after
live-unrelated renal transplantation, and he developed fever, pancytopenia, altered
consciousness, elevated liver enzymes, hypofibrinogenemia, and hyperferritinemia
[182]. He also had herpes zoster infection and varicella zoster virus DNA was
detected in his CSF. Bone marrow analysis confirmed hemophagocytosis, and he
responded to acyclovir and pulsed methylprednisolone therapy. The second case was
a 3-year-old child approximately 30 months after allogeneic hematopoietic stem cell
transplantation for familial HLH [183]. She developed fever, diarrhea and lethargy,
and she progressed to multiorgan failure meeting six of the HLH criteria on day 2 of
admission. At this stage, rotavirus antigen was detected in stool and all other bacterial, viral, and fungal testing was negative. She received high dose corticosteroids
and IVIg but developed invasive fungal infection and succumbed 4 weeks later.

Human T-Lymphotropic Virus
Human T-lymphotropic viruses (HTLVs) belong to the family of retroviruses.
HTLV type-1 (HTLV-1) is associated with adult T cell leukemia/lymphoma, demyelinating disease, and autoimmune conditions [85]. A case has been reported of a
woman who was a carrier of HTLV-1 who was diagnosed as having adult T-cell
leukemia/lymphoma and B cell lymphoma-associated hemophagocytic syndrome
[185]. HTLV type-3, the cause of AIDS, and its association with CSS is covered in
a separate chapter in this textbook.

Conclusion
Viruses are the single most common infectious trigger for the final common pathway resulting in CSS. Identification of the pathogen usually requires serological or
PCR testing, although caution is required in interpretation of these investigations in
relation to the timing of the acute infection. In many of the reported cases, development of CSS appeared to be multifactorial involving more than a single infectious
agent sometimes on a background of genetic predisposition, malignancy, immune
suppression, or rheumatological disease. In the acute setting of life-threatening
CSS, determining the etiology is subsidiary to management with multiorgan supportive therapy and high-dose glucocorticoids. Other than a modified HLH-94

Cytokine Storm Syndrome Associated with Hemorrhagic Fever and Other Viruses

287

treatment protocol for influenza A (H5N1)-associated HLH, there is no evidence
from controlled trials for a particular treatment regime based on the triggering virus.
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Cytokine Storm Syndrome
as a Manifestation of Primary HIV
Infection
Nathan Erdmann and Sonya L. Heath

Introduction
Cytokine storm syndrome (CSS) has a recognized association with HIV/AIDS,
where profound immune suppression and dysregulation lead to opportunistic infections that sometimes trigger fulminant and often fatal inflammation [1, 2]. In these
late stage presentations, HIV is not the primary instigator of CSS, but rather provides a host susceptible to a pathogen capable of precipitating CSS. This is in contrast to CSS associated with primary HIV. Primary HIV infection has been
recognized as a cause of CSS, with reports dating from 1992 [3]. As detailed in this
chapter, primary HIV infection is capable of instigating a profound inflammatory
cascade that often meets the criteria for macrophage activation syndrome. However,
unlike many other manifestations of CSS, presentations associated with primary
HIV have excellent outcomes when recognized and treated urgently with HIV
therapeutics.

Primary HIV Infection
Primary HIV infection is characterized by very high viral loads (100,000- > 10 million copies of HIV RNA/mL) peaking 10–14 days after transmission. The host
immune response eventually controls plasma viremia to lower levels (usually 10,000
to 100,000 HIV RNA copies/mL), coinciding with the emergence of HIV-specific T
cells. While not all patients infected with HIV have symptoms during this acute
phase, it is estimated that 50–80% of patients have some form of acute retroviral
syndrome (ARS). ARS is characterized by a nonspecific flu-like syndrome
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including high fever, lymphadenopathy, acute pharyngitis, myalgia, and diffuse
maculopapular rash. Some patients also develop gastrointestinal symptoms including diarrhea, or central nervous symptoms including headache, meningismus, and
altered mental status. Clinically, acute retroviral syndrome manifest with cytopenias
including leukopenia with lymphopenia, anemia, and thrombocytopenia, as well as
transaminitis, elevated creatinine kinase, elevated lactate dehydrogenase, and other
laboratory anomalies seen with a generalized inflammatory response. The acute retroviral syndrome is self-limited, typically lasting 2–4 weeks, and resolves with
decline in HIV plasma viral load. However, given the spectrum of the syndrome,
some patients develop fulminant disease processes with multiorgan system involvement. These patients have cytokine storm syndromes secondary to high levels of
circulating virus and the immune response generated to control this.
Suspicion for acute retroviral syndrome must be high in order to make the correct
diagnosis. Standard third-generation HIV assays rely on an HIV antibody response
that typically occurs 4–12 weeks after initial infection. Given that most patients are
symptomatic within 2–4 weeks of infection, many are pre-seroconversion (i.e., HIV
antibody negative) and in the “window period.” When the clinical suspicion for
primary HIV infection is high, plasma viral load testing will confirm the diagnosis
of HIV during the window period of pre-seroconversion. Newer, fourth-generation
combination antigen–antibody HIV assays can also confirm primary HIV, given that
these assays detect p24 HIV antigens, which are present within days of transmission, as well as HIV antibodies. Fourth-generation HIV assays are the currently
recommended HIV test based on CDC guidelines; however, they are not available
in all testing settings including some hospitals. Thus, providers evaluating patients
with cytokine storm syndrome should not only consider primary HIV infection as
an etiology but also recognize the optimal test (either HIV viral load or p24 antigen
via fourth-generation combination Ag/Ab HIV assay) to accurately make the
diagnosis.

Cytokine Storm Syndrome and Primary HIV Infection
CSS as a clinical syndrome has been associated with viral infections dating back to
Risdall et al. in 1979 [4], and causes an aggressive and often fatal course. The syndrome is a consequence of profound cytokine secretion, macrophage activation and
proliferation, leading to excessive phagocytosis. Case definitions have evolved
since the initial description, and are characterized by fever, cytopenias (of at least 2
types), hypertriglyceridemia and/or hypofibrinogenemia, hyperferritinemia, hemophagocytosis, elevated CD25, decreased NK cell activity, splenomegaly, and hemophagocytosis in BM, LN, or spleen. Not coincidentally, there is significant overlap
in the syndromes of acute retroviral syndrome and cytokine storm syndrome
(Table 1). Fever, cytopenias, and splenomegaly/lymphadenopathy are cardinal features of ARS, and it is likely that CSS in the setting of primary HIV infection is
underrecognized. Histological examination in CSS should reveal infiltration by
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Table 1 Cardinal features of ARS and CSS
Acute retroviral syndrome
Fever
Splenomegaly/lymphadenopathy
Cytopenias
Rash
Sore throat
Drop in CD4 count
High degree of viremia

Cytokine storm syndrome
Fever
Splenomegaly/lymphadenopathy
Cytopenias
Hemophagocytosis
Decreased NK cell function
Triglycerides
Hyperferritinemia

histiocytes and lymphocytes with the presence of hemophagocytosis. Biopsy is not
a routine component of clinical workup for ARS, although as documented below,
when completed, biopsy was consistent with CSS in all reported cases [3, 5–13].
ARS is thought to be clinically evident in approximately 70% of individuals acutely
infected with HIV. Gathering sufficient data for formal diagnosis of CSS is often
difficult, particularly given the pace of presentation; thus, it is very likely that manifestations in HIV are underappreciated and may approach 20% and may be less
severe in many cases.
A majority of cases of primary HIV infection result in a clinical syndrome, most
frequently associated with fever, sore throat, cytopenias, and lymphadenopathy/
splenomegaly. However, what differentiates individuals that develop more severe
presentations from individuals that have an asymptomatic course is unclear. There
does not appear to be an obvious association between how HIV was acquired and
development of MAS, nor is there evidence for underlying genetic predisposition
such as mutations in primary HLH genes, although this certainly cannot be ruled out
based upon limited number of cases. Various studies have revealed progression of
HIV disease is influenced by host and viral genetics [14], but there is no available
evidence suggesting this drives ARS.
There is a body of case reports available in the literature of more severe cases of
acute retroviral syndrome that are consistent with CSS [3, 5–13]. To what degree
these cases represent a unique subset versus the extremes on a continuum is unclear.
When available, the observed ferritin is frequently elevated above 15,000 ng/
mL. The presence of fever, cytopenias, and lymphadenopathy/splenomegaly is all
but uniform, and other criteria are routinely observed when checked in these cases.
HIV viral load is exceptionally high, reaching 1 × 10^6–1 × 10^8 copies/mL, measurements typical of ARS. Although these cases are by definition early in infection,
CD4 count is often depressed. While absolute CD4 count is often a labile measurement in HIV infection, the degree of CD4 T cell deficiency in cases with CSS is
notable from the reports available in the literature with a median of 138 cells/
mm3and average of 183 cells/mm3. Further, the presence of opportunistic infection,
thrush specifically, was noted in 5 of the 13 reported cases. Together, these data
suggest that manifestation of CSS in ARS represents the more severe cases of primary HIV infection. These clinical characteristics and diagnostic criteria are summarized in Table 2 [3, 5–13].

Viral load
3M
522,105
384,000
N/A
>7 M
27 M
>10 M
N/A
N/A
>700,000
>700,000
>700,000

Viral load = copies/mL
M = million
CD4 count = cells/mm
Ferritan = ng/mL
Triglycerides = mg/dL

Age/gender
48, M
18, M
27, F
31, M
45, M
27, M
44, M
27, M
28, F
31, M
23, M
25, M

Cd4 count
90
63
13
300
137
138
157
500
N/A
324
194
101

Ferritin
34,000
17,000
2095
N/A
69,000
N/A
>30,000
N/A
N/A
4625
2227
29,000

Fever
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

Splenomegaly/lymphadenopathy
X
✓
N/A
✓
✓
✓
✓
✓
✓
✓
✓
✓

Table 2 Clinical characteristics and diagnostic criteria for ARS and CSS cases
Cytopenias
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

Biopsy
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

TG
✓
N/A
✓
N/A
✓
✓
✓
N/A
N/A
182
168
99

OI
✓
X
X
✓
✓
✓
✓
N/A
N/A
N/A
N/A
N/A
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Table 3 Treatment and outcomes for ARS and CSS cases
48y/o M
18y/o M
27y/o F
31y/o M
45y/o M
27y/o M
44y/o M
27y/o M
31y/o M
23y/o M
25y/o M

Immunomodulatory agents
None
IVIG
None
IVIG, steroids
None
None
None
NA
IVIG
IVIG
None

ART
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
No
No

OI
✓
X
X
✓
✓
✓
✓
N/A
✓
✓
✓

Patient outcomes
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived

Treatment and Outcomes
Treatment guidelines for HIV have changed over recent decades, and it is now recognized that treatment should occur for all patients infected with HIV regardless of
CD4 count or viral load. Since the beginning of the AIDS epidemic, numerous cases
of primary HIV infection have been reported with significant CD4 T-cell declines
below 200 cells/mm3. Since ARS produces a profound inflammatory response and
high viremia, it is perhaps not surprising that opportunistic infections such as thrush,
Pneumocystis jirovecii pneumonia, and others are sometime observed. In primary
HIV infection, rapid control of the virus with antiretroviral therapy not only
improves patient symptoms but may also restore immune function and reconstitutes
CD4 T cells to normal or near-normal levels. As is generally the case in patients
with CSS, treatment should be directed at the primary condition instigating the
inflammatory cascade driving the cytokine storm. Thus, in the setting of primary
HIV infection, treatment should first be directed at HIV with antiretroviral therapy,
and regimens containing integrase inhibitors, which results in more rapid control of
viremia, are recommended. After therapy is initiated, there is reliable, predictable,
and rapid decline in circulating viremia and subsequent increases in CD4 T cells.
While some case reports of primary HIV infection have included treatment of CSS
with immune modulating agents including steroids, intravenous immunoglobulin,
and biologics it is unclear if this is necessary or of added benefit. The mortality from
cytokine syndrome storm resulting from primary HIV infection is near zero when it
is recognized and treated appropriately [3, 5–13] (Table 3).

Chronic HIV and CSS
While this chapter has focused on CSS occurring in the setting of primary HIV
infection, it is important to recognize the presence of CSS in advanced HIV infection and the differences in driving factors, treatments, and outcomes. In an all cause
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of death autopsy study of 56 AIDS patients, histopathological evidence of hemophagocytosis was found in 20% of cases [15]. These data suggest that similar to
CSS in primary HIV infection, the presence of CSS in advanced HIV is likely
underrecognized by clinicians. HIV infection clearly disrupts normal host immunity, establishing a pro-inflammatory environment. In later stages of HIV/AIDS,
there is profound immune dysregulation affecting both innate and adaptive immunity resulting in increased host susceptibility to opportunistic infections associated
with CSS. Here the acute trigger could be a variety of viral infections such as
CMV, EBV, VZV; bacterial or fungal sepsis, or malignancy, (58 cases reviewed in
Fardet et al.) [1]. In these cases, the degree of immunodeficiency is more profound,
and thus comorbid viral and bacterial infections driving CSS are more difficult to
manage. Here, use of immune modulators and steroids is reasonable, although supporting data is limited. Rarely, in an AIDS patient with CSS is there not another
active infectious process. In such reported cases, ART treatment may be sufficient
to control the syndrome [16]. Despite more aggressive treatment of HIV and any
recognized coinfections, CSS outcomes are more typical of CSS overall, with mortality reports as high as 80% [17–22].
While ART in general is greatly beneficial to controlling HIV or HIV-related
CSS, there are occasions where effective treatment can precipitate cytokine storm.
As HIV leads to profound immunosuppression, abruptly restricting viral replication
can lead to an immune reconstitution inflammatory response, or IRIS. This paradoxical immune process is particularly common in the setting of advanced disease
where the immune system becomes capable of responding to chronic infections
such as Mycobacterium avium or Cryptococcus neoformans. A rare, but recognized
process is IRIS-mediated CSS, where immune recovery leads to a burst of cytokine
production which then escalates to CSS [23–27]. This process is typically more
responsive to treatment interventions than other CSS manifestations. Again, directing specific treatment to the underlying infectious causes, HIV and the opportunistic infection, is usually adequate.

Conclusion
Cytokine storm syndrome can occur at multiple stages of HIV including primary
HIV infection, and end stage AIDS as well as during immune reconstitution after
starting antiretroviral therapy in a patient with profound immunosuppression and
comorbid opportunistic infections. Therapy should always be directed at the underlying cause, most notably antiretroviral therapy and when present, therapy directed
at comorbid opportunistic infections. The outcomes of patients with CSS varies
with near 100% survival in primary HIV infection and CSS and high mortality
(~80%) in end stage AIDS with CSS. Therapy to dampen CSS may be of benefit in
some patients; however, there are no controlled trials to support this. Early recognition of primary HIV is imperative to initiating appropriate antiretroviral therapy to
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halt CSS associated with the acute retroviral syndrome. Physicians must recognize
the importance of primary HIV infection as a driver of CSS and know the optimal
laboratory tests (p24 antigen and/or HIV viral load) to ensure the diagnosis early
after infection.
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Bacteria-Associated Cytokine Storm
Syndrome
Esraa M. Eloseily and Randy Q. Cron

Macrophage activation syndrome (MAS) or hemophagocytic lymphohistiocytosis
(HLH) are life threatening conditions that are described among febrile hospitalized
patients. They present commonly with unremitting fever, and a shock-like multiorgan dysfunction picture. Laboratory studies show pancytopenia, elevated liver
enzymes, and elevated ferritin and triglycerides, among others. Of note, hemophagocytosis in bone marrow is identified in only 60% of cases and is often absent
during the early stages of MAS. Thought to be caused by a dysregulation of the
immune response, a continuous activation and expansion of T lymphocytes and
macrophages leads to a cytokine storm, ultimately resulting in multiorgan failure
[1–4].
Hemophagocytic syndromes are divided into primary and secondary forms.
Primary cases commonly present in the first year of life. They include familial forms
that have specific genetic mutations [5–8] and certain immunodeficiency syndromes, such as Chédiak–Higashi syndrome, type II Hermansky–Pudlak syndrome,
and Griscelli syndrome [9]. Secondary forms are usually associated with conditions
that lead to chronic immune dysregulation such as rheumatologic diseases, with
sJIA being the most commonly described, and certain malignancies.
As mentioned above, MAS develops as a “cytokine storm” which is often precipitated by infections, rheumatologic conditions or malignancies [10]. This storm
develops due to an imbalance between the pro-inflammatory and the anti-
inflammatory arms of the cytokines cascade. The pro-inflammatory cytokines associated with MAS likely include interferon-γ, IL-1, IL-6, IL-12, IL-18, and TNF [2,
11]. Elevated levels of IL-27, megakaryocyte colony-stimulating factor (M-CSF)
and granulocyte-macrophage colony-stimulating factor (GM)-CSF have also been
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reported [12–14]. Furthermore, chemokines, such as IL-8/CXCL8, MIG/CXCL9,
IP10/CXCL10, I-TAC/CXCL11, MCP-1/CCL2, MIP-1α/CCL3, and MIP-1β/
CCL4, have been reported to be increased [11, 15–17]. Elevation of the cytokines
and chemokines activates the immune system, perpetuating the on-going cytokine
storm. On the other arm, elevated levels of anti-inflammatory cytokines, such as
IL-10 and IL-18-binding protein (IL-18BP), might not be sufficient to check the
ongoing inflammation [18, 19]. Abnormally high levels of free IL-18 is considered
to be the result of the discrepancy between the increase in IL-18 and its antagonist
IL-18BP [18].
It is proposed that MAS is due to a combination of genetic predisposition and a
hyper-inflammatory state reducing cytolytic function, put into action by a trigger
(e.g., infection, cancer, immunodeficiency, autoimmunity, and autoinflammation)
[20–22].
Either biallelic genetic defects in the familial forms of CSS that usually present
in infancy, or single copy gene mutations [22–24] in older children and adults,
involving the perforin-mediated cytolytic pathway used by natural killer (NK) cells
and CD8 T lymphocytes [25, 26] leads to the inability to clear the antigenic stimulus
and thus turn off the inflammatory response culminating in hyper-cytokinemia [27].
Either the inadequate levels of perforin itself or improper granule exocytosis leads
to impaired apoptosis of the target cell, improper removal of the stimulating antigen, and ultimately ongoing inflammation.
Like viruses, intracellular bacteria have commonly been the precipitating agents
for CSS. This is probably related to the high levels of activating cytokines produced
by the host lymphocytes and monocytes, and is also likely due to defective NK and
cytotoxic T cell function [28]. A model of secondary HLH utilizing the intracellular
bacteria Salmonella enterica to trigger the disease suggested that viruses and intracellular bacteria might exploit a common immunologic weakness in driving CSS
[29].
While infections are a common inciting trigger for CSS as mentioned earlier, it
is also expected that they become acquired during treatment with immune suppression which is an essential part of most CSS treatment protocols. It is probable that
opportunistic bacteria are more likely to be acquired during treatment than to be the
triggering agent in an otherwise healthy individual. Careful monitoring for symptoms and signs of acquiring an infection is crucial during the treatment process,
since many of the clinical features are shared with the CSS picture. Moreover, clinical and laboratory parameters are commonly altered either due to the CSS diagnosis
or as a result of the immune suppressive or the biologic treatment. Therefore, it is
essential that along with the CSS treatment protocols, prompt treatment with broad
spectrum antimicrobials should be initiated if infection is suspected, and appropriately tailored when a pathogen is confirmed, to achieve successful control of the
disease. Antimicrobial prophylaxis is also usually added alongside the use of
immune suppressive medications. For example, the HLH-2004 protocol suggested
the use of cotrimoxazole, an oral antifungal during the initial phase, considering the
use of antivirals in patients with ongoing viral infections, and IVIG once every
4 weeks (during the initial and continuation therapy) [30].
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There is a broad range of bacterial triggers of CSS. Listed below are some of the
bacterial infections believed to be potential triggers of CSS in a variety of clinical
settings, summarized in Table 1.

Table 1 An alphabetical list of common bacterial triggers associated with CSS
Bacteria
Abiotrophia defectiva [31]
Acinetobacter baumannii [32]
Aeromonas hydrophila [33]
Bartonella sp. [34, 35]
Borrelia sp. [36]
Brucella sp. [37–51]
Campylobacter sp. [52]
Capnocytophaga sp. [53]
Chlamydia sp. [54]
Clostridium sp. [55, 56]
Coxiella burnetti [57–59]
Ehrlichia sp. [60–63]
Escherichia coli [64]
Fusobacterium sp. [65, 66]
Intravesical BCG [67, 68]
Klebsiella pneumonia [33]
Legionella sp. [69]
Leptospira sp. [70, 71]
Listeria sp. [72]
Mycobacterium avium [73, 74]
Mycobacterium bovis—weakened form
(Bacillus Calmette–Guérin) [75, 76]
Mycobacterium tuberculosis [77, 78]
Mycobacterium leprae [79]
Mycoplasma [80, 81]
Rickettsia sp. [82–84]
Salmonella typhi [85]
Salmonella sp. (other than typhi) [86, 87]
Staphylococcus aureus [88, 89]

Comments
Endocarditis
Nosocomial infection
Taiwanese adult cohort
Renal transplant patients and one case of underlying
DOC8 mutation (unpublished)
Lyme disease
Several reports of children and adult cases with
brucellosis and HLH
Campylobacter fetus infection in HIV patient
Sudden onset hearing loss with HLH
Chlamydia pneumoniae with HLH and acute
encephalitis and poliomyelitis-like flaccid paralysis.
Recurrent HLH in HIV patient, pancreatic
carcinoma patient
Q fever
Children and adult cases in the USA
Nephrotic syndrome
Lemierre disease and 19-year-old man
Following installation for urothelial carcinomas
Taiwanese adult cohort
Chronic lymphocytic leukemia
4-year-old boy and neglected case of ARF
Bone marrow transplant recipient
HIV & SLE
Disseminated cutaneous eruption after BCG
vaccination, BCG lymphadenitis in neonates with
pHLH
Disseminated TB, perinatal TB
Leprosy
Retrospective analysis of 4 pediatric cases, 2
pediatric cases
Rickettsia conorii, murine typhus and MSF
Typhoid fever with HLH and rhabdomyolysis
Child with CGD and Salmonella typhimurium
septicemia
Toxic epidermal necrolysis and HLH & 3 months
old girl with sepsis

HLH hemophagocytic lymphohistiocytosis, CGD chronic granulomatous disease, ARF acute renal
failure, MSF Mediterranean spotted fever
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Acinetobacter baumannii
Acinetobacter baumannii septicemia following urinary tract infection was reported
to trigger CSS in a 3-year-old child. The case showed complete recovery using
only repeated transfusions and multiple doses of granulocyte colony stimulating
factor [32].

Legionella Species
Nguyen et al. reported a 50-year-old male with a history of chronic lymphocytic
leukemia who presented with Legionella pneumonia, persistent fevers despite levofloxacin treatment and was found to have hemophagocytosis on bone marrow
biopsy. The patient died in spite of treatment with corticosteroids [69].

Leptospira Species
Leptospirosis has been described with CSS and has required treatment with corticosteroids, intravenous immunoglobulin or etoposide in addition to antibiotic treatment. Niller and colleagues suggested that an insufficient, dysfunctional, or
misdirected immune response to Leptospira may culminate in myelodysplastic syndrome (MDS) in cases not initially recognized as Leptospira-triggered CSS [90].
Also a 4-year-old boy with pallor and hepatosplenomegaly as the initial presentation was reported to have CSS triggered by Leptospirosis.

Mycobacterium tuberculosis
There are several reports of Mycobacterium tuberculosis triggering CSS. It can
occur in otherwise healthy individuals [91], or in patients with end-stage renal
disease either receiving hemodialysis [92] or had undergone renal transplantation
[93], malignancy [94], AIDS [95], and sarcoidosis [96]. In a review of 36 cases of
CSS triggered by Mycobacterium tuberculosis by Brastianos et al., 83% of cases
had evidence of extrapulmonary tuberculosis. The mortality rate was approximately 50% touting the poor outcome of TB-CSS. However, anti-tuberculous and
immunomodulatory therapy (consisting of high-dose corticosteroids, intravenous
immunoglobulin, anti-thymocyte globulin, cyclosporine A, and epipodophyllotoxin, or plasma exchange) may lead to a better outcome [77]. Early diagnosis and
timely administration of anti-tuberculous treatment is crucial in these patients.
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Bacillus Calmette–Guérin vaccination was also reported to trigger CSS in one
pediatric case [75].

Mycoplasma pneumoniae
Mycoplasma pneumoniae has been identified in a few reports of pediatric cases of
HLH. Yoshiyama et al. reported 4 cases, aged 1–11 years, of mycoplasma related
HLH, one of them also had concurrent rubella infection. All the patients had typical
radiologic picture of M. pneumoniae pneumonia, and one patient also developed
encephalopathy. All the children had unrelenting fever, mild hepatosplenomegaly,
cytopenia, and elevated serum ferritin levels and urinary beta-2-microglobulin.
Bone marrow hemophagocytosis was found in all cases. Of note, cytopenia and
hepatosplenomegaly were relatively mild as compared to other cases of infection-
associated HLH. Two cases promptly responded to corticosteroids, high-dose intravenous immunoglobulin (IVIG) achieved a complete response in another child,
while spontaneous recovery with symptomatic treatment and antibiotics alone was
observed in one case [80].

Staphylococcus aureus
Staphylococcus aureus, a relatively common bacterial pathogen, was also described
to trigger CSS. Sniderman et al. reported a 17-month-old boy that grew methicillin-
sensitive Staphylococcus aureus from endotracheal cultures while on ventilator support due to laryngotracheitis. The boy presented 9 days after discharge with a history
of spreading rash and high fevers that progressed to full desquamation and be diagnosed with biopsy to be toxic epidermal necrolysis (TEN). During progression of
his illness he developed all eight criteria of HLH-2004 and achieved full recovery
after treatment with dexamethasone and etoposide [88]. Additionally, Dube et al.
reported a 3-month-old girl that was diagnosed with Staphylococcal pneumonia and
multiorgan failure and was found to have hemophagocytosis on bone marrow
biopsy. She died 6 days after admission in spite of treatment with antibiotics, corticosteroids, and IVIG [89].
Brucella, Ehrlichia, and Rickettsia as triggers of CSS are discussed in the chapter
of zoonotic bacterial infections triggering CSS.
In conclusion, bacterial triggers are not only common triggering agents for CSS,
but are also a serious complication of its various treatment protocols. Early identification of such infections is crucial to the outcome. Treating bacterial infections
whether they trigger CSS or they develop during the disease course is a cornerstone
in achieving successful control of the disease along with controlling the cytokine
storm with immune suppressive medicine and/or biologic therapies.
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Zoonotic Bacterial Infections Triggering
Cytokine Storm Syndrome
Zaher K. Otrock and Charles S. Eby

Introduction
Zoonotic infections transmitted by tick bites or directly from infected animals can
produce life-threatening complications which can manifest with hemophagocytic
lymphohistiocytosis (HLH)/cytokine storm syndrome (CSS). While the supporting
literature consists of isolated case reports and small case series, increased awareness
that HLH can be a complication of a diverse group of zoonotic infections may be
increasing diagnostic testing, and in some settings, empiric antibiotic treatment for
these pathogens.
Zoonotic infections represent a potential trigger for HLH and this is evident in the
increasing number of reported cases in the literature. Cascio and colleagues reviewed
published cases of HLH triggered by zoonotic diseases from January 1950 until
August 2012 [1]. Their search revealed that HLH can be associated with many zoonotic infections including bacterial diseases and viral, protozoal, and fungal infections.
More reports on zoonotic infections triggering HLH have been recently published
which might reflect increased awareness to this entity among health care professional
[1–3]. Table 1 summarizes reported bacterial zoonotic infections causing HLH.
Bacterial infections may constitute the largest group of reported cases associated
with HLH among other zoonotic infections [1]. The reported bacterial infections
included Brucella spp., Rickettsia spp., Ehrlichia, Coxiella burnetii, Mycobacterium
spp., Leptospira spp., and Salmonella spp. [1]. The majority of cases are associated
with intracellular organisms causing splenomegaly and leukopenia [1, 2]. We hereby
review the most commonly reported zoonotic bacterial infections triggering HLH/CSS.
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Table 1 Summary of reported bacterial zoonotic infections causing HLH/CSS

Infection
Brucella

Rickettsia

Ehrlichia

Vector
of human
transmission
Reservoir
Infected animals; NA
unpasteurized
milk and dairy
products from
infected animals
Cattle, goats,
Arthropod host
sheep
(tick, louse,
mite, flea, or
other insect)
The white-tailed Lone Star tick
deer Odocoileus (Amblyomma
americanum)
virginianus

NA
Birth products
(i.e., placenta,
amniotic fluid),
urine, feces, and
milk of infected
animals
NA
Mycobacterium Domestic
avium
animals; aerosols
from infected
subjects, soil
Clostridium
Cows, pigs
NA
Coxiella
burnetii

Leptospira

Feral and
domestic
animals

NA

Symptoms
Fever, sweats, arthralgia,
myalgia, fatigue, weight
loss, hepatomegaly,
splenomegaly

Treatment
Doxycycline,
rifampin

Fever, localized
lymphadenopathy,
neutropenia,
thrombocytopenia
Fever, myalgia, headache,
cough, chills,
maculopapular rash,
leukopenia,
thrombocytopenia,
elevated liver enzymes
Can be asymptomatic;
febrile illness associated
with signs of pneumonia,
increased transaminases
and thrombocytopenia

Doxycycline

Doxycycline,
rifampin

Doxycycline

Fever, weight loss, cough, Isoniazid,
cytopenias, hepatomegaly, rifampin,
pyrazinamide,
splenomegaly
ethambutol
Diarrhea, abdominal pain, Metronidazole
cramping, low grade
fever, leukocytosis
Doxycycline,
High fever, chills,
ampicillin,
vomiting, headache,
amoxicillin,
myalgia, jaundice
IV penicillin

NA not applicable

Brucella
Brucella spp. are common gram-negative bacteria zoonoses among wildlife and
domestic animals. Brucellosis is rare in the USA while endemic in the eastern
Mediterranean Basin, Middle East, the Arabian Peninsula, Mexico, Central and
South America, Central Asia, Southern Europe, and the Indian subcontinent [4].
Transmission to humans occurs via contact with infected animal tissues or ingestion
of derived food products. The disease occurs among the general population almost
equally among children and adults [5]. The incubation period is variable but usually
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ranges between 1 and 4 weeks. The disease onset is insidious and can present with
a diverse range of nonspecific clinical findings, such as fever, sweats, arthralgia,
myalgia, fatigue, weight loss, hepatomegaly, and splenomegaly. Thus, the diagnosis
of brucellosis can be a dilemma and may be delayed in some cases [6].
Brucella has been reported to be associated with HLH especially in children. The
largest series came from a single institution in Turkey of seven pediatric cases with
brucellosis confirmed by standard tube agglutination test [7]. The average age of
patients was 10.2 years (range 4–14 years); none of the patients had a history of any
hematologic disorder. Blood cultures were positive for Brucella melitensis in 3
patients, and bone marrow cultures were positive for B. melitensis in 4 patients. All
patients fulfilled the HLH-2004 diagnostic criteria, and hemophagocytosis was documented in bone marrow examinations of 5 children. All patients recovered completely after antibiotic treatment of brucellosis [7]. The majority of reported cases
of Brucella-associated HLH occurred in patients who had consumed unpasteurized
dairy products or had contact with animals [7–10]. Early treatment for Brucellaassociated HLH with appropriate antibiotics often results in complete recovery,
contrary to the generally poor outcome of secondary HLH [7, 11].

Rickettsia
Rickettsia spp. are transmitted to humans by an arthropod host (tick, louse, mite,
flea, or other insect). Major clinical and pathological findings in rickettsial infections include fever, localized lymphadenopathy, neutropenia, thrombocytopenia and
moderate increases in transaminases [12, 13]. There have been many reports of
HLH in patients with rickettsial infections including Rickettsia typhi [14, 15],
Rickettsia conorii [16, 17], Orientia tsutsugamushi [18, 19], and Rickettsia japonica
[20]. Most of the reports recommend considering a diagnosis of HLH in severe
cases of rickettsial disease especially if associated with pancytopenia [16]. The
prognosis of rickettsial infection-associated HLH is unknown. Outcome may
depend on many factors, such as the Rickettsia spp. involved, host factors, comorbidities, and the prompt initiation of antibiotic therapy [16].

Ehrlichia
Ehrlichiosis is the term used to refer to acute febrile tick-borne infections caused by
obligate intracellular bacteria. The majority of these infections that affect humans
are caused by three distinct species: Ehrlichia chaffeensis, Ehrlichia ewingii, and
Anaplasma phagocytophilum [12, 21]. Ehrlichia chaffeensis infects monocytes and
causes human monocytotropic ehrlichiosis (HME). The primary tick vector for
HME is the Lone Star tick (Amblyomma americanum) which occurs across the
south-central and southeastern states [22]. The primary host of this tick is the
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white-tailed deer Odocoileus virginianus. Ehrlichia ewingii is serologically similar
to Ehrlichia chaffeensis and is also transmitted by Amblyomma americanum.
Anaplasma phagocytophilum infects granulocytes and causes human granulocytotropic anaplasmosis (HGA; previously known as human granulocytotropic ehrlichiosis or HGE). Anaplasma phagocytophilum is transmitted by Ixodes scapularis,
which also transmits agents that cause Lyme disease and babesiosis [23]. The infection areas of endemicity in the USA include northeastern and mid-Atlantic, Upper
Midwest, and Pacific Northwest states.
Patients usually present with fever, myalgia, headache, cough, and chills. A nonspecific maculopapular rash has been described in children [24]. In addition, patients
commonly have leukopenia, thrombocytopenia, and elevated liver enzymes [25].
Ehrlichiosis is a relatively severe disease with 49% of patients requiring hospitalization, and a case-fatality rate of 1.0–1.9% [26, 27]. Prognosis is better if treatment is
initiated early. The suspicion for this diagnosis is heightened in a patient exposed in
a tick-endemic area during seasons of increased tick activity. Doxycycline is the
treatment of choice and the recommended dose is 100 mg administered twice daily.
Tissue damage in HME is more likely a result of poorly controlled macrophage
activation and release of effector molecules, including nitric oxide and reactive oxygen species [28]. Investigations of Ehrlichia infection in a murine model of fatal
monocytotropic ehrlichiosis highlight the immune response and the role of tumor
necrosis factor (TNF) and interleukin-10 (IL-10). These findings include focal
hepatic necrosis and apoptosis, leukopenia and lymphopenia, and CD4+ T cell
apoptosis [29, 30]. Excessive cytokine production is induced with E. chaffeensis
infection and this is believed to contribute to the septic shock-like presentation seen
in many HME cases [29].
Ehrlichia is a rarely reported trigger for HLH. We reported a series of five cases
of Ehrlichia-induced HLH treated at Washington University Medical Center in St.
Louis, Missouri [3]. These cases were identified among 76 HLH cases reviewed
between October 2003 and June 2014. All Ehrlichia-induced HLH patients presented with fever, cytopenias and hyperferritinemia, and two of them had CNS
involvement. Treatment with doxycycline was effective with no recurrence of
HLH. We recently reviewed our experience with Ehrlichia infections at the same
institution; over 10 years we identified 157 cases of ehrlichiosis [31]. Ten patients
(10/157, 6.37%) fulfilled the HLH-2004 diagnostic criteria (5 of these cases were
reported by our group previously [3]). Table 2 summarizes all reported cases of
Ehrlichia-induced HLH in the literature [32–41]. All patients were immunocompetent except two patients (one had HIV [34] and another had bilateral lung transplant
[3]). Although HLH often has a dismal prognosis even with treatment with an overall mortality of 58–75% [41–43], the prognosis of Ehrlichia-induced HLH appears
to be excellent with early recognition and initiation of treatment. Some of the
reported patients were treated, in addition to doxycycline, with etoposide, dexamethasone, or HLH-2004 protocol to suppress the inflammatory response and the
exaggerated proliferation of macrophages that characterize HLH. Interestingly, one
of the patients responded to doxycycline, steroids, and anakinra, which is a soluble
interleukin-1 receptor antagonist [33], supporting the presence of inflammatory
cytokines that are the basis of HLH/CSS.

Outcome

Characteristic
Age (years)
Immunocompromised
Gender
Fever
Splenomegaly
ANC (×103/μL)
Hemoglobin (g/dL)
Platelets (×103/μL)
Triglycerides (mg/dL)
Fibrinogen (mg/dL)
Ferritin (μg/L)
Hemophagocytosis
Soluble IL-2 receptor (U/mL)c
Low/absent NK cell activity
Molecular testing
Treatment

[3] b
52
N
F
Y
N
0.1
7.9
25
650
173
47,290
Y (BM)
>6500
Failed
NA
Doxycycline,
rifampin, and
dexamethasone
Recovered
Recovered

[3] b
47
N
F
Y
N
12.1
8.6
65
710
178
10,002
N
5873
NA
NA
Doxycycline and
methylprednisolone

Table 2 Summary of published cases of Ehrlichia-induced HLH

Recovered

[3]
59
N
F
Y
N
0.6
10.6
41
307
NA
2863
Y (BM)
NA
NA
NA
Doxycycline

Recovered

[3]
16
N
F
Y
N
0.4
11.9
37
319
187
85,517
Y (BM)
NA
NA
Negative
Doxycycline and
dexamethasone
Recovered

[3]
62
N
M
Y
Y
3.9
8.8
20
516
312
84,676
NA
NA
NA
NA
Doxycycline and
dexamethasone
Recovered

[32]
7
N
F
Y
NA
Present
Present
Present
NA
84
8750
Y (BM)
NA
NA
Negative
Doxycycline and
corticosteroids

(continued)

[33]
63
N
M
Y
Y
1.33
8
19
436
90
70,097
NA
NA
NA
NA
Doxycycline,
steroids, and
anakinraa
Doing well
after 2 months
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Treatment

Recovered

Recovered

Asymptomatic at
1 year

Died

[36]
41
N
F
Y
N
NA
8.4
27
829
156
13,257
Y (BM)
NA
Y
NA

Outcome

[35]
9
N
M
Y
N
2.7
8.2
68
161
138
>40,000
Y
3022
NA
Negative

[37]
7
N
M
Y
Y
1.62
10.1
109
147
71
5306
Y (BM)
10,650
Normal
Heterozygous for
MUNC and
perforin genes
Doxycycline, Doxycycline
Doxycycline,
HLHetoposide, and prednisone, (initially started on
2004
dexamethasone)
protocol dexamethasone and IVIG

[34]
66
Y
F
Y
N
2.9
12.2
22
358
225
>40,000
Y
NA
Y
NA

Characteristic
Age (years)
Immunocompromised
Gender
Fever
Splenomegaly
ANC (×103/μL)
Hemoglobin (g/dL)
Platelets (×103/μL)
Triglycerides (mg/dL)
Fibrinogen (mg/dL)
Ferritin (μg/L)
Hemophagocytosis
Soluble IL-2 receptor (U/mL)c
Low/absent NK cell activity
Molecular testing

Table 2 (continued)
[39]
10
N
F
Y
N
1.3
9.1
38
327
88
3517
Y (BM)
4692
Normal
Negative

[39] b
13
N
M
Y
NA
0.56
7.9
57
605
118
31,022
Y (BM)
4454
Normal
Negative

Doxycycline, Doxycycline Doxycycline
plus HLHvancomycin, (initially
2004 protocol
and imipenem started on
steroids)
Recovered
Recovered
Recovered
with 2-month
follow up

[38]
74
N
M
Y
N
Present
NA
16
387
337
12,369
Y (BM)
NA
NA
NA

Asymptomatic
at 1 year

HLH-2004
protocol then
doxycycline

[40]
10
N
M
Y
Y
Present
10.2
50
287
93
>10,000
Y (BM)
NA
Normal
Negative
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[31]
9
N
F
Y
N
0.5
10.2
28
314
138
36,282
Y
4336
Low
Negative
Doxycycline and
dexamethasone
Recovered
Recovered

[31]
7
N
F
Y
Y
NA
8.4
51
401
253
3183
NA
10,143
Normal
NA
Doxycycline

[31]
77
N
M
Y
N
1.7
7.55
40
700
192
79,101
NA
7443
NA
NA
Doxycycline and
dexamethasone
Died at 15 days
of septic shock

Parameters that fulfill the HLH-2004 diagnostic criteria are indicated in bold
F female, M male, Y yes, N no, NA not available, ANC absolute neutrophil count, BM bone marrow, NK natural killer
a
Anakinra is a soluble interleukin-1 receptor antagonist
b
CNS involvement with Ehrlichia
c
Normal soluble IL-2 receptor <2400 U/mL

Outcome

Characteristic
Age (years)
Immunocompromised
Gender
Fever
Splenomegaly
ANC (×103/μL)
Hemoglobin (g/dL)
Platelets (×103/μL)
Triglycerides (mg/dL)
Fibrinogen (mg/dL)
Ferritin (μg/L)
Hemophagocytosis
Soluble IL-2 receptor (U/mL)
Low/absent NK cell activity
Molecular testing
Treatment
Recovered

[31]
11
N
M
Y
N
0.8
9.9
15
340
159
21,187
NA
13,505
Normal
NA
Doxycycline
Recovered

[31]
7
N
F
Y
N
NA
7.9
44
126
93
44,095
NA
11,072
Normal
NA
Doxycycline
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Coxiella burnetii
Q fever is the clinical manifestation of symptomatic Coxiella burnetii infection.
Coxiella burnetii is an obligate intracellular bacterium most commonly found in
ruminants including cattle, sheep, and goats. Numerous tick species either harbor or
transmit Coxiella burnetii; however, tick transmission is not considered a major
route of transmission to humans [44]. Q fever is a worldwide infection with endemic
regions in the Mediterranean countries especially Spain and France [45].
Transmission to humans most often occurs through inhalation of aerosolized animal
wastes or contaminated soil. Infection may be asymptomatic, acute, or chronic and
most commonly presents as a nonspecific febrile illness (acute Q fever) associated
with signs of pneumonia, increased transaminases, and thrombocytopenia [45]. It is
an intracellular pathogen that preferentially infects monocytes and macrophages;
the majority of infected macrophages will be polarized towards an inflammatory
response stimulating the release of inflammatory cytokines [46]. HLH is a rarely
reported complication of Coxiella burnetii [47–49]. However, it is recommended
that profound and persistent hematological abnormalities especially thrombocytopenia in the context of Q fever should raise suspicion for HLH as a diagnosis.
Conversely, Q fever should be investigated by serology and PCR in endemic areas
as a potential trigger for an established HLH diagnosis.

Mycobacterium avium
Mycobacterial infections have a diverse range of clinical manifestations.
Mycobacteria, whether tuberculous or non-tuberculous, have been associated with
HLH. Tuberculosis-associated HLH cases were reviewed in a recent paper by Padhi
and colleagues [50]. A high proportion (41/63, 65%) of patients had underlying
comorbidities such as end-stage renal disease, type 2 diabetes mellitus, past history
of malignancies, and autoimmune diseases. The median duration of symptoms
before diagnosis of tuberculosis-associated HLH was 45 days. Fever was present in
all cases. Hepatosplenomegaly was observed in 43 of 61 cases (70.5%), and 6 (9.8%)
cases had isolated splenomegaly. A higher proportion (32/59, 54.2%) of patients had
pancytopenia, and 22/59 (37.2%) had bicytopenia. Hemophagocytosis was detected
on bone marrow examination in 58/63 (92%) cases. Non-tuberculous mycobacterial
infection-associated HLH cases were also reviewed recently [51]. Six of the seven
published cases occurred among patients with underlying immune disorders.
Mycobacterial zoonotic infections associated with HLH are very uncommon but
should be considered in patients with fever and underlying immunosuppressive conditions. Among the zoonotic mycobacterial infections, HLH was reported in patients
with Mycobacterium avium and HIV, systemic lupus erythematosus, and sickle cell
disease [52–54]. Although early recognition of the etiology and optimal treatment
of the underlying mycobacterial infection might improve the outcome of HLH,
these cases are often fatal [54].
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Conclusions
In summary, zoonotic bacterial infections, particularly intracellular pathogens, are
potential triggers for HLH/CSS. These two syndromes are characterized by hypercytokinemia which manifests with the release of many inflammatory mediators
including cytokines. The list of zoonotic bacterial infections associated with HLH
is long and includes Brucella, Rickettsia spp., Ehrlichia, Coxiella burnetii, and
Mycobacterium spp., among others. The institution of antimicrobial therapy is of
paramount importance, and in some cases, immunosuppressive therapy has been
beneficial in treating these infections. A high index of suspicion for one of these
infections should be maintained in seriously ill patients presenting with clinical
findings suggestive of HLH/CSS especially in areas endemic with these zoonoses.
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Introduction
CSS occurs associated with infections, or is triggered by them. Their coexistence
often hides one another. A high index of suspicion will help to recognize a CSS and
the inciting organism, thus enabling a diagnosis and the administration of an appropriate treatment to reduce morbidity and mortality. Patients with a CSS that live in
or have traveled to an endemic area of parasites or fungi should always be thoroughly studied. Patients with underlying inflammatory, autoimmune, immune-
deficient diseases, or cancer are prone to have parasitic or fungal infections as
triggers of a CSS [1]. The first CSS triggered by Histoplasma was in a patient with
inflammatory bowel disease (IBD) [2]. Since then, many parasites and fungi have
been associated with IBD and CSS 2. CSS needs aggressive therapy, in many
instances, treating the infection may resolve the CSS [3].
Three main classes of parasites cause disease in humans: protozoa, helminths,
and ectoparasites. In the tropics, visceral leishmaniasis, rickettsia, malaria,
Histoplasma, enteric fever, and tuberculosis cause 50% of CSS. Viral agents like
Epstein–Barr virus and Parvovirus B19 contribute to another 30% [4]. Three hundred species of fungi can cause disease; the most frequent are aspergillosis, blastomycosis, candidiasis, coccidioidomycosis, cryptococcosis, histoplasmosis,
mucormycosis, and pneumocystis pneumonia.
The clinical picture of the CSS secondary to parasites or fungi is like those due
to other triggers. It is difficult to identify these infectious agents in patients with a
CSS. No specific CSS diagnostic criteria for these situations have been established
further complicating diagnosis. Parasites and fungi should always be looked for in
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patients on biological therapies that develop CSS. In a review of 30 patients on
biologics, three had Histoplasma, and one had Leishmania [5]. In another study,
inpatients with HIV infection and a CSS 39 patients described, two had candidiasis
and six disseminated histoplasmosis [6].

Parasites
Protozoan infections include malaria (Plasmodium (P) vivax, P. malariae), babesiosis (Babesia microti), gastroenteritis (Entamoeba histolytica, Giardia lamblia),
leishmaniasis (Leishmania (L) sp.), sleeping sickness (Trypanosoma brucei gambiense, T. b. rhodiense), and vaginal infections (Trichomonas vaginalis). Also,
Cryptosporidium parvum and Toxoplasma gondii are seen in patients who are
immunosuppressed by disease or treatment.

Plasmodium species (sp.)
Malaria causes 650,000 deaths yearly due to P. falciparum, P. vivax, P. malariae, P.
ovale, and P. knowlesi. P. vivax and P. falciparum are the most common. P. falciparum is the deadliest in South-East Asia. Malaria occurs in sub-Sahara, Africa,
Asia, Latin America, the Middle East, and parts of Europe.
Polymerase chain reaction (PCR) to detect parasite DNA and blood microscopy
search for the parasite are diagnostic tools. Plasmodium infections generate high
serum cytokine levels that are associated with cerebral involvement, hypoglycemia,
and death [7]; the role of cytokines in malaria has been studied [8]. Many reports
describe the association of Plasmodium with a CSS (Table 1): in fifty-two patients
with a CSS, three had malaria [9], a patient with Langerhans cell histiocytosis and
malaria and developed a CSS [10], and a patient with Mycoplasma and P. falciparum developed CSS [11]. In one case, Antimalarial treatment resolved the
CSS. HLH, can be a fatal complication of plasmodium vivax , as it has been
described [12], Specific CSS treatment may be required for the CSS [13, 81]. Many
r reports show Plasmodium as the trigger for CSS [14–17].

Babesiosis
Human babesiosis, or piroplasmosis, is transmitted by Ixodes. Babesia (Bb) microti
is endemic on the northeastern coastline and the upper mid-west of the USA, and B.
divergens and B. venatorum infections are found in the Mediterranean coastlines,
the travel history is very important when considering Babesia [18]. In dogs, Babesia
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Table 1 Parasites associated with CSS: protozoa and helminths
Organism
Plasmodium sp.

Leishmania sp.

Toxoplasma
gondii

Entamoeba
histolytica
Babesia sp.

Ascaris
lumbricoides

References and comment
52 children from Thailand with HLH, (1989–1998), 15 related to infection,
three had malaria [9]
A case report of a CSS induced by malaria with Langerhans histiocytosis [10]
Falciparum co-infection with Mycoplasma [11]
Case report with a bad outcome [12]
HLH secondary to Plasmodium vivax and difficult therapeutic response [13]
CSS required corticosteroid treatment [14]
Case report, resolution of CSS, after eradication of parasite [14]
Case report, Falciparum with CSS, despite eradication of the parasite [15]
Case report, Plasmodium vivax with CSS [16]
Case report of Plasmodium vivax and a review of the literature [17]
A review of 30 patients, one had leishmania [5]
14 cases, nine with leishmania [18]
Case reports [19–40]
Case report in association with another virus [41–43]
Two children with hepatic failure that responded to treatment [44]
A case report of an adult with a review of the literature [45, 46]
Case where CSS responded when the parasite was treated [47]
Case treated with an anti-TNF agent that developed CSS with leishmania [48]
A report where cyclosporine was substituted in the therapy of a transplanted
patient [49]
A case report with tocilizumab was added to the CSS treatment [50]
A report with three cases of chronic granulomatous disease and CSS [51]
In a ten-year review, 13 patients with HLH, two had leishmania [52]
Four cases reported from China (full text in Chinese) [53]
A report with three cases from India [54]
A report of a patient with HIV and visceral leishmaniasis [55]
Case reports [51–66]
Fatal case report with hepatitis [63]
Cerebrospinal findings in a case report [64]
In a 7-year period review in Turkey, 18 children had HLH, and two were due
to leishmania [65]
Case report triggered by disseminated infection, no response to therapy [67]
Case reports in immunocompetent individuals [68, 69]
Case report of a patient diagnosed at autopsy after bone marrow transplant [70]
An immunocompetent child with Toxoplasma infection [71]
Case repot after kidney transplant [72, 73]
Case report in an HIV-infected patient [74]
Case report immunodeficient patient with toxoplasma [75]
A case report, together with Endolimax nana [76]
An European traveler that had CSS from Babesia he had acquired in the USA [18]
Case report [77]
Case report of a transplanted patient [78, 79]
A child that resolved CSS after expulsion of the helminth [80]
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is responsible for a CSS 1 [82]. Babesiosis and malaria have the same clinical
features, and babesiosis and Lyme disease share the transmitting tick , thus the three
diseases are considered in the differential diagnosis [83]. Babesia is searched for on
blood smears, and PCR confirms the diagnosis. Eradication of Babesia resolves the
CSS [77–79].

Entamoeba
Entamoeba histolytica causes worldwide extra- and intra-intestinal infections. Male
homosexuals, travelers, recent immigrants and, institutionalized people are high-
risk groups. The infection is generally localized to the gastrointestinal tract [84],
inflammatory markers are local in contrast to systemic disease when or if CSS developes. One such case has been reported (Table 1) [76].

Leishmaniasis
The sand-fly in Africa, Europe, and Asia, and Lutzomyia ticks in America transmit
300,000 infections yearly of leishmaniasis. Visceral (kala-azar), cutaneous, and the
mucocutaneous are the typical presentations [85]. In patients with a CSS from
endemic areas, visceral leishmaniasis must be considered, but the diagnosis is difficult. Amastocytes are found in bone marrow and spleen, and serology is also used
for diagnosis [86]. Many cases associated with a CSS have been reported (Table 1)
[19–40]. Some cases were resistant to therapy [87], and some presented with other
infections, such as viruses [41–43]. In a patient with severe hepatic failure, making
the diagnosis prevented a fatal outcome [44, 63]. CSS associated with leishmaniasis
can affect immunocompetent individuals [45–47] or patients that are immunocompromised, under immunosuppressive therapy [51, 66], or receiving antitumor necrosis factor (TNF) treatment [48]. Patients with CSS not responding to therapy, had
Leishmania identified worsening the CSS [33, 44]. Resolving the infection has
resolved the CSS [47].
Cyclosporine has been used when there was no response to corticosteroids,
anakinra (recombinant IL-1 receptor antagonist), and etoposide [49]. Tocilizumab
(anti-IL-6 receptor antibody) has been added for a better response [50]. Many other
cases have been reported [51–66].

Toxoplasmosis
Toxoplasma gondii is present worldwide with a 65% prevalence of serum anti-
toxoplasma antibody. The infection ranges from asymptomatic primary infections
to mononucleosis-like syndromes [88]. In a case report, MAS was documented after
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Toxoplasma resolution; the patient developed the typical features of a CSS, but did
not respond to typical therapy [67]. A CSS associated with toxoplasmosis is
described in immunocompetent individuals [68, 69] , in patients following bone
marrow transplant [70], and in patients with primary infection that became immune-
deficient [71], other presentations have been described [72–75] (Table 1). The characteristics of the CSS are like those triggered by other infections.

Helminths
Ascaris lumbricoides is an infection in the intestine that affects millions of people.
A case was reported of a 5-year-old child with typical features of a CSS that underwent multiple studies to rule out a trigger for his disease, all negative until an
abdominal ultrasound demonstrated tubular structures. He was treated with IVIG
and received mebendazole. After the third day of therapy, he passed the Ascaris in
stools, and the CSS resolved with no more fever and complete recovery of all the
typical features that were present for a CSS (Table 1) [80].

Fungus
Candidiasis
Candida albicans is the most common fungus in the intestinal tract, mucosae, and
skin. Overgrowth causes oral–pharyngeal–esophageal, vaginal, or disseminated
candidiasis. A review of 39 patients with HIV and a related CSS describes an acutely
ill patient with an ovarian tube abscess due to Candida (Table 2) [6]. Severe pancytopenia, elevated serum ferritin, LDH, triglycerides, prothrombin time, and a bone
marrow with hemophagocytosis led to the CSS diagnosis. Methamine silver staining and culture were used to diagnose Candida. Ninety percent of all HIV patients
with a CSS had fever, 100% anemia, 78% leukopenia, and 80% thrombocytopenia.
Serum ferritin and triglycerides were very high in most, 50% had hepatosplenomegaly, and two of the patients had candidiasis [107]. Another infant with a CSS
and disseminated Candida lusitaniae sepsis was also found to have chronic granulomatous disease (CGD). Others with a CSS associated with Candida have had
lymphoma or were concurrently infected with other organisms [108, 109]. In a
kidney-pancreas transplant recipient with a CSS due to Candida, treatment with
cyclosporine was useful [110].
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Table 2 Fungi associated with CSS
Cryptococcus
neoformans
Histoplasma
capsulatum

Penicillium
marneffei

Candida sp.

Pneumocystis sp.

Report of a child with cryptococcal meningoencephalitis [89]
Case report of secondary CSS in an immunocompromised patient [90]
Review of 30 patients with CCS, three had Histoplasma [5]
Report on an AIDS patient [91]
CSS complicating H. Capsulatum infection in immunocompetent
patients [92–94]
Report in an immunocompetent individual [95]
Report in an HIV-infected patient [100–102]
Cases where CSS responded after fungus was eradicated [96]
Case report diagnosed at autopsy [97]
Case report of a surgical patient that responded to therapy for CSS and
Histoplasma [98]
Case report in a chronic lymphocytic leukemia patient [99, 100]
Report of a patient with chronic arthritis on anti-TNF agent with
disseminated Histoplasma [101]
Case report in a kidney transplant recipient [98, 102]
Case report in a heart transplant patient [98]
Case report of a patient with sarcoidosis on corticosteroids [103]
52 children with HLH (1989–1998), 15 infections, one with Penicillium
marneffei [9]
Case reports in patients with HIV infection [104, 105]
Review of 18 published cases and a report of four Chinese cases [104]
Case report, a woman with Sjogren’s syndrome [106]
Case report and a review of the literature 38 patients with HLH, two had
Candida [6]
An association with HIV and a review of 39 cases [107]
Case report of a patient with chronic granulomatous disease [108]
Case associated with other viruses (EBV, CMV) and lymphoma [109]
A kidney-pancreas transplant patient that was treated with cyclosporine
and steroids [110]
Case report in a patient with lymphoma [111]
Case report of a patient on biologic therapy for a rheumatic disease [112]
Report of a renal transplant patient [113]

Histoplasmosis
Histoplasma fungal spores enter the body through the lungs, and typically do not
cause illness. However, some individuals develop fever, cough, and fatigue that
improve without medication. Nevertheless, immunocompromised patients can
develop a CSS associated with histoplasmosis. Histoplasma is found worldwide and
in the USA, around the Ohio and Mississippi River valleys [114]. In Latin America,
Histoplasma is the most common opportunistic infection among people with HIV,
and 30% of those will die [115]. The fungus is detected with computed tomography
scanning of the chest and methenamine silver staining of the bone marrow [91, 92].
Disseminated histoplasmosis with CSS occurs in immunocompetent [93–95] and
immunocompromised patients [5, 116–120] and may respond to fungus treatment
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(Table 2) [96, 121]. In some cases, the diagnosis was made at autopsy [97]. A retrospective review of all inpatients with HLH and Histoplasma in a ten-year period
revealed 11 cases. Nine were males. Nine had HIV. One was a renal transplant
patient, and one was immunocompetent. Seven died within 90 days in this study.
Thus, histoplasmosis-associated HLH is a highly lethal disease [122]. Many other
case reports have been described [98–101, 112, 123–128].

Cryptococcus
Cryptococcus neoformans is a fungus that infects via inhalation; however, most
exposures do not result in illness. C. neoformans infections are extremely rare in
people who are healthy; CSS occurs in immunocompromised patients [89, 90],
although they have also been described in immunocompetent patients (Table 2).

Pneumocystis sp.
Previously known as Pneumocystis (P) carinii, P. jirovecii, a yeast-like fungus is an
important human pathogen. Mild pulmonary infection is prevalent in half of the
general adult population [129]. In the immunocompromised patient, Pneumocystis
may reactivate leading to disease. It is extracellular, found in the lungs, and is identified with methamine staining. CSS have been reported in patients with Pneumocystis
and lymphoma [111], with biologic therapy for rheumatic disease , and renal transplantation 2 [125]. As in other infections, CSS typically resolve after the infection
has been controlled.

Penicillinosis
Penicillium marneffei is a fungus that has been reported in Thailand and Southern
China [102, 130]. In the late 1980s, the appearance of HIV in Southeast Asia made
penicillinosis one of the acquired immunodeficiency syndrome (AIDS) -defining
illnesses and was listed as a HIV clinical stage 4, clinical condition [131, 132]. It
has been reported in different parts of the world as infected travelers return to their
home countries from endemic areas [133]. The disseminated form of P. marneffei
infection can be fatal with an in-hospital mortality rate at about 20% [129].
Penicillinosis can trigger a CSS, the first case of a CSS caused by penicillinosis
was a HIV-infected child who presented with cytopenia and developed an Immune
reconstitution inflammatory syndrome and recovered promptly after antifungal and
intravenous immunoglobulin therapy [104–106].
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Conclusion
Human pathogenic parasites and fungi are found worldwide, and they can infect all
mucous membranes. They can cause disease in immunocompetent and immunodeficient individuals, often becoming a serious complication. They have been shown
to trigger CSS. It is of great importance to consider these organisms as responsible
in these situations since their treatment may lead to control of infection and resolution of the otherwise fatal CSS.
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Part V

Rheumatic Triggers of Cytokine Storm
Syndromes

Cytokine Storm Syndrome Associated
with Systemic Juvenile Idiopathic Arthritis
Rayfel Schneider, Susan P. Canny, and Elizabeth D. Mellins

The cytokine storm syndrome (CSS) associated with systemic juvenile idiopathic
arthritis (sJIA) has widely been referred to as macrophage activation syndrome
(MAS). In this chapter, we use the term sJIA-associated CSS (sJIA-CSS) when
referring to this syndrome and will use the term MAS when referencing specific
publications that report on sJIA-associated MAS.
The frequency, the potential severity, and the imperative to promptly initiate
appropriate treatment of this hyperinflammatory state place the diagnosis of CSS at
the forefront of the clinician’s assessment of all febrile children with sJIA. Even in
the current era, CSS is associated with a high mortality rate of 8% [1].

Epidemiology
Overt sJIA-CSS occurs in 7–17% of children with sJIA at some point during the
disease course [2, 3]. Subclinical or occult CSS is seen even more commonly in
>30% of children with new-onset sJIA or with a flare of systemic symptoms of the
disease [4, 5]. Classification criteria for sJIA-CSS were developed in 2016 (Table 1)
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Table 1 Classification of
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R. Schneider et al.
A febrile patient with known or suspected
systemic JIA is classified as having MAS
if the patient has:
Ferritin > 684 ng/L
AND
At least two of the following laboratory
abnormalities:
Platelets ≤ 181 × 109 /mL
AST > 48 U/L
Triglycerides > 1.76 mmol/L (156 mg/dL)
Fibrinogen ≤ 3.6 g/L (360 mg/mL)

and only very recently validated in one study [6] and it is therefore unsurprising that
there is no consensus about the definition of occult CSS in sJIA. Patients with active
sJIA often have laboratory features suggestive of CSS, without meeting the proposed classification criteria. These features can include rising levels of serum ferritin, transaminases, D-dimers, triglycerides, and LDH, and lower platelet, white
blood cell, and neutrophil counts and fibrinogen levels than would be anticipated for
the degree of systemic inflammation. Activation of T-lymphocytes and macrophages
reflected by high levels of sCD25 and sCD163, respectively, may also be seen.
The largest reported cohort of sJIA-CSS included 362 international children
(57.5% female) with onset of sJIA at a median age of 5.3 years. CSS was diagnosed
after a median disease duration of 3.5 months, but developed at the onset of sJIA in
>20% of patients [1].

Clinical Features
The hallmark clinical feature of CSS is fever, which is characteristically high and
sustained. Children are often acutely unwell with a “septic” appearance, which may
rapidly progress to shock and multiorgan failure. A change in a child’s fever pattern
from the typical intermittent, quotidian fever of active sJIA to a more persistent,
non-remitting fever should alert the clinician to the potential evolution of CSS. Fewer
than 5% of children do not have fever with sJIA-CSS, but this proportion may be
higher in children being treated with IL-6 inhibitors [7].
Additional clinical features seen in >50% of patients (Table 2) include hepatomegaly, splenomegaly and diffuse lymphadenopathy. Jaundice occurs in some
patients. Central nervous system involvement occurs in approximately one-third of
patients with symptoms that range from headache, irritability, lethargy, and mood
changes to seizures, confusion, and coma. Cardiac involvement may include pericardial disease, arrhythmia, and myocardial dysfunction with cardiac failure and
shock. Coagulopathy may initially manifest as a petechial or purpuric skin rash but
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Table 2 Major clinical
features of sJIA-CSS [1]

Major clinical features of
CSS-associated sJIA
Fever
Hepatomegaly
Splenomegaly
Lymphadenopathy
CNS involvement
Cardiac
Pulmonary
Hemorrhagic manifestations
Renal
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Frequency
(%)
96
70
58
51
35
26
22
20
15

may progress to frank gastrointestinal, upper respiratory tract, or pulmonary bleeding.
Pulmonary infiltrates may be seen and progressive respiratory failure may ensue.
The development of interstitial lung disease with or without pulmonary vascular
involvement has been reported with increasing frequency in patients with sJIA and
may be associated with sJIA-CSS episodes [8] Renal involvement may be mild with
hematuria and proteinuria, but renal function can also rapidly deteriorate.

Differential Diagnosis
CSS should be considered in any child with sJIA or strongly suspected sJIA, who
has a febrile illness. The most important confounding conditions are active sJIA and
infections. Diagnosis of CSS at the onset of sJIA may be particularly difficult, as the
diagnosis of sJIA may not yet be firmly established. In order to meet the widely
accepted International League of Associations for Rheumatology (ILAR) criteria
for the classification of sJIA [9] children must have at least a 2-week history of
fever, that is quotidian in character for at least 3 days, and persistent arthritis, in at
least one joint, for at least 6 weeks. Although most children with sJIA have arthralgia at presentation, overt arthritis may only develop weeks or sometimes months
after the onset of the disease. Children with new-onset sJIA-CSS require urgent
treatment that often cannot be deferred until the ILAR criteria sJIA are fulfilled.
Applying the Yamaguchi criteria for the diagnosis of adult-onset Still’s disease
(AOSD) [10] may be particularly helpful in this circumstance, as AOSD can be
considered part of the spectrum of sJIA [11]. The Yamaguchi criteria, which
require fever for only 1 week and arthralgia, rather than overt arthritis for 2 weeks,
may be more sensitive than the ILAR criteria for the diagnosis of new-onset sJIA
[12]. The challenges in making a timely diagnosis of new-onset sJIA have also been
addressed by the inclusion criteria developed for the North American Childhood
Arthritis and Rheumatology Research Alliance (CARRA) consensus treatment protocols for newly diagnosed sJIA [13]. These criteria allow inclusion of patients
within 2 weeks of the onset of fever.
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When a definitive diagnosis of sJIA cannot be made and CSS features are
prominent, infections, sepsis with disseminated intravascular coagulation, malignancy, drug reactions, thrombotic thrombocytopenia purpura, systemic lupus erythematosus (SLE), and Kawasaki disease must be considered. SLE and Kawasaki
disease are complicated by CSS in 9% [14] and 1–2% [15, 16] of cases, respectively (see chapters “Systemic Lupus Erythematosus and Cytokine Storm” and
“Kawasaki Disease-Associated Cytokine Storm Syndrome”). CSS associated
with malignancy must always be excluded, particularly at the initial presentation.
As the onset of sJIA under 1 year of age is uncommon [17], genetic CSS syndromes (see chapter “Cytokine Storm Syndrome Associated with Systemic
Juvenile Idiopathic Arthritis”) and autoinflammatory syndromes with CSS, such
as the NLRC4 inflammasome mutation (see chapter “The Intersections of
Autoinflammation and Cytokine Storm”), must be considered in this age group.
The possibility of a coexisting infection must always be considered, particularly in
patients with sJIA on treatment with biologic other immunosuppressive agents,
because CSS is associated with infection in more than one-third of cases [1, 7] and see
Pathophysiology below. To differentiate infections from CSS, serum ferritin and sCD25
levels are typically higher in association with CSS than in infections and sepsis [18].

Diagnosis of sJIA-CSS
Guidelines for the diagnosis of primary or genetic CSS [19] are well established and
have been applied to secondary CSS. However, these guidelines have low sensitivity
for the diagnosis of sJIA-CSS for several reasons: fever, hepatosplenomegaly,
lymphadenopathy, and elevated levels of ferritin and d-dimers are commonly seen
in active sJIA; on the other hand, white cell counts, platelet counts, and fibrinogen
levels may be high in sJIA and may not fall as rapidly or as profoundly in sJIA-
CSS. In addition, some laboratory test results such as NK cell number and function
and sCD25 and sCD163 levels may not be available quickly enough to impact
timely clinical decision-making for the treatment of sJIA-CSS. Finally, tissue hemophagocytosis, most often evaluated by bone marrow aspirate and biopsy is only
detected in 30–60% of cases [1].
Over the past 10–15 years, there have been a number of efforts to develop more
sensitive and specific guidelines for the diagnosis of sJIA-CSS (see chapter
“Alternative Therapies for Cytokine Storm Syndromes”). In 2005, Ravelli et al.
published preliminary diagnostic guidelines for MAS complicating sJIA (Table 3)
[20]. These guidelines were based on a retrospective study designed to differentiate
sJIA-CSS from active sJIA. These criteria emphasized many of the clinical and
laboratory features (Tables 4 and 5), which differentiate sJIA-CSS from active sJIA,
including neurological abnormalities and hemorrhages [20]. Interestingly, this study
did not evaluate serum ferritin as a diagnostic test, but perhaps most saliently, this
study highlighted the importance of a relatively low platelet count, taking into
account the thrombocytosis that typically accompanies active sJIA. These criteria
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Table 3 Preliminary diagnostic guidelines for MAS complicating sJIA [20]
• Clinical criteria
 – CNS dysfunction
 – Hemorrhages
 – Hepatomegaly
• Laboratory criteria
 – Platelets ≤ 262 × 109/L
 – AST > 59 U/L
 – WBC ≤ 4.0 × 109/L
 – Fibrinogen ≤2.5 g/L
• Diagnosis requires the presence of any two or more laboratory criteria, or any two or three or
more clinical and/or lab criteria
• Bone marrow only required in “doubtful cases”
Table 4 Clinical features of CSS-associated sJIA compared to active sJIA [20]
Feature
Fever
Rash
Diffuse lymphadenopathy
Jaundice
Hepatomegaly
Splenomegaly
Serositis
Arthritis
Encephalopathy, seizures
Hemorrhages
Tachycardia
Hypotension

CSS-sJIA
Non-remitting
Petechiae, purpura
++
+
++
++
±
±
+
+
+
±

Active sJIA
Remitting, quotidien
Pink, maculopapular
+
−
+
+
+
++
−
−
±
−

have been shown to be more sensitive for the diagnosis of sJIA-CSS than the HLH2004 criteria [21].
Although there are still no validated diagnostic criteria for sJIA-CSS, robust
international collaborative efforts, involving pediatric rheumatologists and hematologists, have made substantial progress by developing classification criteria for
sJIA-CSS. These criteria were established in an intensive multistep process that
included consensus of an international expert panel and analysis of real patient
data of over 400 patients who had been diagnosed with sJIA-CSS or a confusable
condition (active sJIA without CSS or infection) (Table 1) [22].
Paying close attention to the changes in relevant laboratory values over time may
be even more important than defining absolute threshold values in making an early
diagnosis. A fall in platelet count, an increase in ferritin and AST levels were considered most important, followed by changes in white cell count, neutrophil count,
fibrinogen, and ESR [23, 24]. However, the composite pattern of changes in laboratory values is still most important; for example, a falling ESR, associated with a rising CRP may suggest evolving CSS. Extreme hyperferritinemia with ferritin levels
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Table 5 Laboratory features of CSS-associated sJIA compared to active sJIA [20]
Feature
White blood cell count
Neutrophil count
Platelet count
Hemoglobin
CRP
ESR
AST/ALT
Bilirubin
LDH
Ferritin
Triglycerides
Fibrinogen
D-dimer
PT/PTT
Soluble IL-2Rα
Soluble CD163
CXCL-9/CXCL-10

Table 6 The MAS/HLH
score, differentiating primary
HLH and sJIA-CSS [25]

CSS
↑/Normal/↓ or decreasing
↑/Normal/↓ or decreasing
↓/Decreasing
↓/Decreasing
↑
Normal/decreasing
↑/↑↑
Normal/↑
↑↑
↑↑
↑
↓
↑↑
Normal/↑
↑↑
↑↑
↑↑

Feature
Age at onset, y
Neutrophil count, × 109/L
Fibrinogen, mg/dL
Splenomegaly
Platelet count, × 109/L
Hemoglobin, g/dL

Active sJIA
↑↑
↑↑
↑
Normal/↓
↑
↑↑
Normal/↑
Normal
Normal/↑
↑
Normal
↑
↑
Normal
Normal/↑
Normal/↑
Normal

Points for scoring
0 (>1.6); 37 (≤1.6)
0 (>1.4); 37 (≤1.4)
0 (>131); 15 (≤131)
0 (no); 12 (yes)
0 (>78); 11 (≤78)
0 (>8.3); 11 (≤8.3)

MH score ≥60 (score range 0–123) proved best in
discriminating
sJIA-CSS and primary HLH, with sensitivity 91%
and specificity 93%

>10,000 μg/L is strongly associated with CSS [24] but still needs to be interpreted in
the context of other clinical and laboratory features.
The differentiation of primary HLH and sJIA-CSS is important because there
are significant differences in their treatment and expected outcomes. Recently
the MAS/HLH (MH) score, was developed to discriminate between these diagnoses (Table 6, [25]), using the following discriminating variables: age at onset,
neutrophil count, fibrinogen, platelet count and hemoglobin. Each variable was
assigned a score based on its statistical weight. An MH score ≥60 (score range
0–123) proved best in discriminating sJIA-CSS and primary HLH, with a sensitivity of 91% and a specificity of 93%. The authors report that the MH score
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performed similarly well in differentiating primary CSS from a subset of patients
with CSS at the onset of sJIA.

CSS on Biologic Agents
The proportions of sJIA patients who developed CSS in clinical trials of tocilizumab and canakinumab [26] were reported to be approximately 3% and 5%
respectively, compared with 7–17% of sJIA patients reported to develop CSS in the
literature. A somewhat more meaningful comparison is the MAS rate per 100 patient
years, which was 1.8 in the tocilizumab trials and 2.8 in the canakinumab trials,
compared to a rate of 4–6 in a large pediatric center [27]. However, these trials were
not appropriately designed or powered to accurately detect true rates of
MAS. Although there are reports of sJIA-CSS occurring in patients treated with
anakinra, the MAS rate in sJIA treated with anakinra has not been studied [28, 29].
Overall, the rate of MAS does not appear to be substantially altered in patients
treated with standard doses of IL-1 and IL-6 inhibitors.
A systematic review of 84 patients with sJIA-CSS occurring while on treatment
with canakinumab (n = 35) and tocilizumab (n = 49) [7] has helped to elucidate the
clinical and laboratory features of sJIA-CSS on these biologic agents. These features
were compared to those of the large historical cohort of 362 patients with sJIA-CSS
[1]. Patients who developed sJIA-CSS on background treatment with canakinumab
or tocilizumab had lower median white blood cell counts. A lower proportion of
patients on tocilizumab had fever (74% vs 96%) and hepatosplenomegaly; platelet
counts, fibrinogen and LDH were lower and AST was higher. Only 53.4% of the
patients on background tocilizumab met the 2016 classification criteria for sJIAassociated MAS, compared with 77.1% and 78.5% of patients in the canakinumabtreated and historical cohorts, respectively. The relatively low sensitivity could be
attributed to absence of fever or low ferritin levels. These data suggest that the new
classification criteria may not be sufficiently sensitive for the diagnosis of sJIA-CSS
in all sJIA patients who are treated with biologic agents. Another study showed that
tocilizumab-treated patients with sJIA-CSS had significantly lower CRP levels than
CRP levels in the historical cohort mentioned above [30].

Predictors of Poor Outcome
Multiorgan failure and central nervous system involvement tend to predict a severe
course of sJIA-CSS [31].
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Pathophysiology
Data from genetically driven hemophagocytic lymphohistiocytosis (HLH) (see
“Genetics of Cytokine Storm Syndromes”) support several mechanistic models for
the inherited disorders, depending on whether the genetic lesion affects cytotoxicity, immunodeficiency, or the inflammasome. In sJIA-CSS, similar complexity may
underlie genetic predisposition to developing CSS, with further mechanistic heterogeneity arising due to the various triggers that can incite this hyper-inflammatory
state. Despite this upstream heterogeneity, data from mouse models of CSS and
sJIA-CSS, together with data from patients with sJIA-CSS, suggest a pathophysiologic convergence with interferon gamma (IFNγ) as a key effector cytokine in at
least one prevalent scenario. In this section, we summarize information supporting
this view and mention some exceptions that leave open the possibility of other mechanistic models. We emphasize results from studies of patients with sJIA-CSS and cite
some data from relevant animal models. We highlight open questions and note some
particular areas warranting further investigation.

Triggers of sJIA-CSS
Uncontrolled sJIA is often the presumed trigger in sJIA-CSS episodes that occur at
disease onset or during disease flares [32–34]. However, active sJIA is frequently
associated with recent or concurrent viral infection. Thus, the role of sJIA versus
infection in CSS episodes in the context of active sJIA is difficult to resolve. In a
multinational, multicenter study of 362 patients with sJIA-CSS, co-occurrence of
infection was documented in one third of the cases [1]. Notably, sJIA-CSS can erupt
during well-controlled sJIA, including in sJIA patients on biologic immunosuppressive agents. In this case, infections are more strongly implicated as triggers. In a
compelling example, a study of sJIA-CSS in canakinumab-treated patients identified CSS episodes in inactive patients and, overall, infections were the most common apparent trigger [27]. In infection-associated CSS, herpes viruses, Epstein–Barr
virus (EBV), and cytomegalovirus, are frequently culprits ([35] and see chapters
“Infectious Triggers of Cytokine Storm Syndromes: Herpes Virus Family (NonEBV)” and “Cytokine Storm Syndromes Associated with Epstein-Barr Virus”).
Less often, drugs, including aspirin, NSAIDs, methotrexate and biologic agents, are
implicated as possible triggers of sJIA-CSS [33, 36, 37], although it is difficult to
prove these medications are causative. Gold injections and sulfasalazine have long
been considered contraindicated in sJIA, because of their reported association with
CSS [36].
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Table 7 Pathological implications of clinical and laboratory features of sJIA-CSS
Feature
Fever
Splenomegaly
Cytopenias
Hyperferritinemia
Hyperfibrinogenemia
Hypertriglyceridemia
Elevated soluble CD25 (IL-2Rα)
Elevated soluble CD163
Reduced NK cell cytotoxicity
Elevated transaminases and
bilirubin
Elevated LDH
Elevated D-dimer
Elevated CSF cells or protein

Candidate mechanism
Increased pyrogenic cytokines (IL-1, IL-6)
Splenic infiltration by lymphocytes and macrophages
Suppression by cytokines and ferritin
Macrophage activation
Plasminogen-activator induced macrophages
Inhibition of lipoprotein lipase by cytokines
T cell activation
Macrophage activation
Genetic defect or transient dysfunction
Liver infiltration by lymphocytes and macrophages
Increased cell death
Hyperfibrinolysis
CNS exposure to cytokines and infiltration by immune
cells

 linical Markers of sJIA-CSS: Implications
C
for Pathophysiology
Clinical markers used to diagnose sJIA-CSS provide clues to cell types contributing
to its pathophysiology (Table 7). The high levels of serum ferritin implicate CD163
(hemoglobin-haptoglobin scavenger receptor)-bearing macrophages, which are
major producers of ferritin [38]. CD163 is expressed only by monocytes and macrophages [39], and preferentially on cells undergoing alternate activation and differentiation associated with enhanced phagocytic capacity [40]. It has been argued
that serum ferritin derives primarily from cell damage [41], but there is evidence for
secretion from activated murine macrophages by a nonclassical secretory pathway
[42]. Current data are conflicting as to whether serum ferritin is solely a biomarker
of inflammation in CSS, contributes to inflammation and immune dysregulation
through effects on cells, or induces immunosuppression as part of a negative feedback loop [41, 43, 44].
Soluble CD163 (sCD163), generated by metalloproteinase-mediated shedding
of CD163, is also associated with sJIA-CSS. sCD163 indicates monocyte/macrophage activation [45, 46], although its specific function is unknown. Other sJIA-
CSS clinical markers reflecting macrophage activation include low levels of
fibrinogen, which likely reflects plasminogen activator release from macrophages
[47] and phagocytosis of progenitor and mature blood elements in bone marrow,
liver or other organs. Phagocytosis of hematopoietic stem cells, in particular, suggests cytokine-driven downregulation of surface CD47 on these cells [48]. CD47
interacts with signal regulatory protein α (SIRPA) on macrophages and inhibits
their phagocytic function.
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Soluble CD25 (sCD25) is also elevated in sJIA-CSS serum. CD25, the alpha
subunit of the IL-2 receptor, confers high affinity to the IL-2 receptor complex, by
combining with CD122 (IL-2rβ) and CD132 (γc). CD25 is expressed on effector T
(Teff) cells, T regulatory (Treg) cells, immature B cells, CD56hi natural killer (NK)
cells (an NK cell subset), natural killer T (NKT) cells, and dendritic cells (DCs)
[49]. sCD25 results from shedding of the receptor from activated cells; in sJIA-
CSS, Teff likely make a prominent contribution to sCD25 levels. Published reports
suggest various functions for sCD25, including antagonism of IL-2, enhancement
of T cell activation, and immunoregulation of non-T immune cells [50, 51].
In summary, elevations of ferritin, sCD163, and sCD25 implicate macrophages
and T cells in sJIA-CSS. Additional clinical features of sJIA-CSS with mechanistic
implications are summarized on Table 7 (modified from [52]).

sJIA-CSS: Inducing Conditions and Effector Phase
sJIA-CSS is thought to be a process in which a predisposing, dysfunctional immune
state associated with sJIA is triggered to escalate to a hyper-inflammatory cytokine
storm. Emerging data, described below, suggest that a subset of sJIA children may be
at highest risk for this dangerous complication, due to a genetic predisposition to
dysregulated immune processes, but more investigation of genetic risk is needed. An
alternative hypothesis is that encounters with triggering stimuli lead to sJIA-CSS,
and that all children with sJIA are at equal risk. However, the same sJIA patients get
multiple episodes of CSS, whereas some patients, despite a lot of inflammation,
never develop CSS. To discuss the pathophysiology, we consider a current paradigm
(Fig. 1) and describe the CSS process chronologically, in terms of inductive conditions and effector mechanisms.

Inductive Phase of sJIA-CSS
Impaired Cytotoxic Function: Genetic
The investigation of impaired cytotoxic function in sJIA-CSS was motivated by the
clinical similarity of sJIA-CSS to a group of monogenic disorders, referred to as
primary HLH (pHLH), in which mutations affect the perforin-mediated cytolytic
pathway (see chapter “Murine Models of Familial Cytokine Storm Syndromes”).
Evidence from animal models with disruptions of the pHLH genes ([53] and chapter “Murine Models of Familial Cytokine Storm Syndromes”) argues that reduced
function of key cytolytic lymphocytes (especially CD8 T cells of the adaptive
immune system) leads to persistence of an ongoing immune response, particularly
due to lack of killing of stimulatory antigen presenting dendritic cells.
The strongest evidence for a possible contribution of impaired cytotoxicity to
sJIA-CSS is genetic. (For a comprehensive discussion of the genetics of sJIACSS,
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Fig. 1 Schematic diagram of pathophysiology of sJIA-CSS. Feed-forward processes shown in
solid black or red arrows, the latter for cytokine effects. Feedback processes shown in dotted
arrows. Cytokines and chemokines shown in red. Chemokines CXCL9 and CXCL10 recruit CD8
T cells to tissue sites; IL-12 and IL-18 synergize to activate CD8 T cells

see chapter “Genetics of Macrophage Activation Syndrome in Systemic Juvenile
Idiopathic Arthritis”). Studies of patients with sJIA-CSS identify a subset (~35%)
with heterozygous mutations in causative genes for pHLH [54–61]. Mutations in
pHLH genes in sJIA patients include those previously observed in pHLH patients,
as well as novel rare variants [56, 57, 60, 62]. One third to one half of pHLH cases
are caused by inactivating mutations in PRF1, which encodes perforin. Perforin is
stored in secretory granules of cytotoxic CD8 T lymphocytes (CTL) and NK cells.
It is released, together with granzyme proteases, into the cleft of an immune synapse
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(IS) formed with a target cell. Perforin oligomerizes to form a pore in the target cell
membrane. This allows granzymes to enter the target cell and activate apoptotic
pathways. pHLH can also be caused by mutations in UNC13D, RAB27A, STX11,
STXBP2, which encode proteins that facilitate delivery of perforin to the IS through
effects on cytolytic granules. The protein encoded by UNC13D, Munc13-4, is a
Ca2+-dependent SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) and phospholipid-binding protein that localizes to and primes
granules for membrane fusion and exocytosis [54, 59]. Munc13-4 interacts with the
small GTPase, Rab27a, an endosome-associated protein, to regulate exocytosis of
lytic granules in CTL [63] and NK cells [64]. Munc13-4 also interacts with Rab11a
[65], which marks recycling endosomes whose fusion with the target cell plasma
membrane at the IS is essential for cytotoxicity [66]. STX11 and STXBP2 encode
syntaxin 11 and syntaxin binding protein 2, respectively; these interacting proteins
are required for fusion of Rab11a + endosomes with the plasma membrane [67].
Mutations in pHLH genes have been investigated in patients with sJIA and sJIA-
CSS. An analysis of 31 Italian sJIA-CSS patients for mutations in PRF1, UNC13D,
STX11, STXBP2, and RAB27A found monoallelic mutations in 11 (35.5%); clinical
features of the children with mutations were not distinguishable from those without
[57]. A recent whole-exome sequencing (WES) study of sJIA patients identified
rare protein-altering variants in UNC13D, STXBP2, and LYST in 5/14 (36%) sJIA-
CSS patients versus 4 variants in 4 of 29 (14%) sJIA patients without sJIA-CSS by
the time of study [56]. LYST (lysosomal trafficking regulator) is involved in trafficking of Munc13-4 and Rab27a for the terminal maturation of perforin-containing
vesicles into secretory cytotoxic granules for exocytosis [68]. LYST mutation is
responsible for the Chediak–Higashi disease, which is sporadically associated with
CSS [69]. In the WES study, 22 rare variants were found in at least two patients, and
pathway analysis suggested that many of the variant genes encoded proteins
involved in vesicle-mediated transport and cellular organization [56]. Investigations
of the effects on cytotoxic cell function of new rare variants in pHLH genes or new
candidate genes are on-going [62, 70]. Taken together, these genetic studies support
the hypothesis that inherited alterations affecting granule-mediated cytolytic function increase susceptibility to sJIA-CSS in a subset of sJIA patients, although more
work is needed to definitively link these mutations to altered cytolytic function in
patients and to sJIA-CSS predisposition.
Impaired Cytotoxic Function: Acquired
The investigations of cytotoxic cell dysfunction in sJIA began before there was
evidence that a subset of sJIA patients have genetic alterations in the pathway. Initial
data suggesting a cytotoxicity defect emerged primarily from studies of NK cells,
cytotoxic lymphocytes of the innate immune system. These cells, like CD8 T cells,
are important in host defense and in homeostatic immune mechanisms required to
curtail immune responses. Evidence (though conflicting, see below) has been presented suggesting sJIA NK cells can be defective in sJIA and more frequently in
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sJIA-CSS. The most consistent observation is reversibly lowered numbers during
sJIA-CSS; other phenotypes variably reported for sJIA NK cells include reversible
decreases in NK activity, associated with low perforin and granzyme B, and defective degranulation [57, 71–73]. Circulating CD56hi NK cells isolated from active
sJIA patients show reduced levels of granzyme K [74], an enzyme implicated in
killing of autologous activated T cells by this subset. This specific killing defect
may contribute to expansion of activated CD8 T cells in sJIA-CSS.
The reversibility of all the NK defects reported to date implicates environmental
influence, and indeed, NK cell development, number and function are modulated by
cytokines (reviewed in [75]). For example, after ligation of activating receptors, NK
cells require inflammatory cytokine stimulation for optimal effector function. Two
cytokines elevated in serum during active sJIA are among those that regulate NK
cells: interleukin (IL)-6 and IL-18. Transcriptional analysis of circulating NK cells
from active sJIA patients revealed effects of in vivo exposure to IL-6 [74]. In an
IL-6 transgenic mouse that develops CCS features after exposure to innate stimuli,
elevated IL-6 led to reversible reductions in perforin and granzyme B in NK cells,
without effects on degranulation or IFNγ production, and data from four sJIA
patients suggested similar changes that improved after treatment with IL-6 inhibition [76]. In the case of IL-18, a known stimulator of NK function, the initial finding
of high circulating IL-18 and low NK function in sJIA-CSS seemed hard to reconcile; however, a negative correlation between IL-18 serum levels and NK cell number is observed in studies of several diseases (e.g., [77]). In vitro evidence suggests
that sJIA NK cells isolated from blood are IL-18-insensitive, as reflected in reduced
downstream signaling [74, 78]. Interestingly, in one study, patient cells showed
higher baseline activation of downstream IL-18 mediators (ERK1/2), raising the
possibility that in vivo exposure to high IL-18 might drive receptor insensitivity
tested in vitro. Decreased IL-18 responsiveness of NK cells, in particular reduced
production of IFNγ, was proposed as a possible feedback mechanism to inhibit
sJIA-CSS [74]. [see more on IL-18 below].
Other Candidate CSS-Predisposing Immune States in sJIA
One consequence of reduced cytolytic activity in mouse models of pHLH type
CSS is the expansion and activation of poorly cytolytic CD8 T cells in tissue. This
is likely due, at least in part, to their continued interaction with antigen presenting
cells that are not killed. sJIA-CSS liver biopsies show extensive infiltration of
IFNγ+ CD8 T cells [79]; the proposed role(s) of these cells in sJIA-CSS is discussed below (sJIA-CSS effector phase). Recent intriguing evidence from a perforin-null mouse model of CSS adds to this mechanism; a synergistic effect on IFNγ+
CD8 T cell expansion was observed, mediated by the alarmin IL-33, which is
released from necrotic cells and signals through an innate immune receptor [80].
However, genetic causes of sporadic or persistent CSS without cytotoxic defects
are also known [81].
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Interleukin-1β (IL-1) and IL-6 are strongly implicated in sJIA pathogenesis,
most notably by the clinical efficacy of their inhibitors [82, 83]. Neither appears
directly linked to CD8 T cell expansion (except as mediated indirectly by IL-6
effects on NK cells as discussed above). Monogenetic autoinflammatory diseases
caused by IL-1 excess are not known to be accompanied by CD8 T cell expansion
[84]. Serum levels of IL-1 and IL-6 are usually noted to be similar between sJIA
patients with and without CSS [85]. Although successful treatment of SJIA-CSS
with inhibitors of these cytokines, particularly with the IL-1 receptor antagonist,
anakinra, has been observed in the effector phase (reviewed in [86]), these therapies do not fully protect against CSS [7, 26, 87, 88] as might be expected if either
IL-1 or IL-6 were required or were solely sufficient to drive an early step in CSS
pathogenesis.
Notably, evidence is building for a possible predisposing role of interleukin 18
(IL-18) in sJIA-CSS, although many open questions remain. IL-18 is a pleotropic
cytokine, whose earliest known effects were promotion of TH1 cell differentiation
and IFNγ secretion by NK and T cells [89, 90]. The inactive IL-18 precursor is
constitutively expressed in nearly all cells. Processing and secretion of mature IL-18
requires activation of the NLRP3 inflammasome, an intracellular complex of proteins that forms after innate stimuli. IL-18 activity is regulated by its endogenous
inhibitor, IL-18 binding protein (IL-18BP), which is induced by IFNγ. Recently,
Canna et al. identified an NLRC4 (inflammasome) activating mutation resulting in
excessive free IL-18 and CSS-associated autoinflammation. Successful treatment of
NLRC4-CSS with IL-18BP indicated the pathogenic role of IL-18. Cytotoxic
defects are not observed in this disorder, implying a distinct route to CSS [91].
Importantly, high serum IL-18 is a biomarker of CSS-risk in sJIA patients [92,
93]. Levels in sJIA patients can be elevated to over 30X the level found in healthy
controls. High levels persist during active sJIA-CSS and slowly decrease with the
administration of immunosuppressive therapy [94]. The cellular origins of IL-18 in
sJIA-CSS have not been elucidated fully. However, there is evidence for bone marrow macrophages [95] and gut epithelia [96]. The mechanism linking IL-18 to CSS
risk is unknown. Effects of IL-18 on sJIA NK cells purified from circulation have
been investigated (discussed above), but data on effects of high IL-18 on tissue T
cells are lacking and this is an important avenue for future study.
To assess IL-18 effects, there is general agreement that free IL-18 is the relevant
metric that correlates with clinical status in CSS [97]. There is some controversy over
how best to measure the free form. Another issue is that IL-18 has different effects
depending on the overall cytokine milieu. In the presence of IL-12, IL-18 drives T
cell differentiation to TH1 cells and IFNγ secretion by NK and CD8 T cells [89].
However, in the absence of sufficient IL-12, IL-18 can promote T cell differentiation
to TH2 cells [90]. Although IL-12 is not identified as a signature serum cytokine in
sJIA, increases are observed in serum and/or CSS-relevant tissues, such as liver and
spleen, in animal models that resemble sJIA-CSS phenotypically [98, 99].
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Effector Phase of sJIA-CSS
Interferon Gamma and Insufficient Counter-Regulation by Interleukin-10
Expanded and activated CD8 T cells appear to be key drivers of the effector phase
of sJIA-CSS. No therapeutic interventions currently target activated CD8 T cells
specifically, but the efficacy of cyclosporine A in sJIA-CSS [33] is consistent with a
key role for T cells [100]. In the inductive pathway characterized by cytotoxic
defects, the duration of the CD8 T cell/dendritic cell IS is likely extended, increasing cytokine production by cytotoxic cells, in particular, IFNγ [101]. Based on
mouse models, other factors, including innate stimuli and cytokine milieu, likely
contribute to IFNγ production by tissue CD8 T and by other cells [80, 98, 99].
Regardless of mechanism leading to its expression, IFNγ has been shown to be a
critical effector in conditions relevant to sJIA-CSS, including pHLH disorders, animal models based on pHLH (reviewed in [102]) and other animal models resembling sJIA-CSS [98, 99]. Antibody-mediated blockade of IFNγ is sufficient to
improve survival in the animal models [53, 99] and a pilot phase 2 study of anti-
IFNγ antibody in children with pHLH also showed efficacy [103].
Two studies found significantly elevated serum levels of IFNγ and IFNγ-induced
proteins (e.g., CXCL9, CXCL10, IL-18BP) in sJIA-CSS, compared to levels in
active or inactive sJIA patients or in healthy controls [85, 104]. These levels
decreased with sJIA-CSS resolution [85]. The chemokines, CXCL9 and CXCL10,
reflect tissue activity of the IFNγ pathway and act to recruit CD8 T cells [105], and
TH1 and NK cells to tissue, amplifying the potential for persistent IFNγ production.
Different cells produce IFNγ in various animal models of CSS [53, 98, 106, 107],
and although CD8 T cells are strong candidates for this function in the current sJIA-
CSS paradigm, identification of all IFNγ-producing cell(s) in sJIA-CSS requires
more investigation.
IL-10 is a regulatory/immunosuppressive cytokine, known to counter-regulate
IFNγ [107, 108]. In the repeated TLR9 stimulation mouse model of CSS, IL-10
receptor blockade greatly increases disease [107]. Transcriptional profiles of children with sJIA-CSS show signatures consistent with activity of IL-10, suggesting an
effort at suppression of the on-going inflammation [109]. Notably, sJIA-linked IL-10
polymorphisms are associated with decreased IL-10 activity [110], which could predispose to a more aggressive effector phase in sJIA-CSS. Less IL-10 activity may
limit, for example, IL-10-driven, regulatory NK cells, shown to arise in systemic
infection/inflammation in mice [111] or B-regulatory cells [112]. The range of
cellular sources of IL-10 in sJIA-CSS has not been elucidated.
A substantial body of evidence argues for an etiologic role for IFNγ in sJIA-
CSS. However, a CSS condition has been described in two children who lack IFNγ
receptors, implying other pathways [113]. In a mouse model of CSS based on
repeated TLR9 stimulation, features of CSS, except for anemia, are independent of
IFNγ in the absence of IL-10 [107], and in a mouse model of IL-17-driven inflam-
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mation with clinical similarity to sJIA, without ferritinemia, IFNγ derived from NK
cells provides an ameliorating effect [114, 115]. Thus, IFNγ may not be essential to
disease pathophysiology in all types of CSS.
Monocytes/Macrophages
A central player in the effector phase of sJIA-CSS appears to be the macrophage,
which is a well-studied target of IFNγ activation and a robust producer of cytokines.
Macrophages are highly sensitive to their microenvironment and highly plastic in
response, leading to a spectrum of polarized states from pro-inflammatory to regulatory/repair [116]. At the inflammatory end of the spectrum, driven by IFNγ, are M1
or classically activated macrophages. A number of lines of evidence implicate M1
macrophages in the sJIA-CSS effector phase in tissues like liver and spleen, where
the IFN pathway is activated [99]. For example, in a study that included patients
with sJIA-CSS, neopterin, a product of IFNγ-stimulated macrophages, was 70%
sensitive and 95% specific for CSS [117]. IFNγ drives macrophage production of
IL-6 and TNF, the cytokines observed in macrophages in sJIA-CSS liver biopsies
[79]. Other products of M1 macrophages include IL-12, CXCL9, and CXCL10,
which amplify the IFNγ effect. Polymorphisms in IRF5 (interferon regulatory factor 5), are associated with sJIA-CSS in Japanese patients [118]. IRF5 is a transcription factor, downstream of toll-like receptors (TLR) 7,8,9 and other stimuli, that
also drives the M1 macrophage phenotype [119]. Analyses of IRF5 polymorphisms
in other sJIA cohorts are needed, but, notably, a murine model of CSS driven by
repeated TLR9 stimulation also argues for a contribution of macrophages to sJIA-
CSS pathology [107]. Cytotoxic cells participate in removal of activated macrophages (reviewed in [86]). Therefore, the defects described as predisposing
influences for sJIA-CSS development likely also contribute to the uncontrolled
macrophage activation of the effector phase of sJIA-CSS.
IFNγ is also implicated as the direct or indirect driver of hemophagocyte development [120]. The latter may be more likely as hemophagocytic macrophages in
tissues bear CD163, a key marker of alternatively activated (M2) macrophages,
which are associated with regulation of inflammation, tissue repair and phagocytosis. Indeed, no direct evidence indicates a pathogenic role for hemophagocytic macrophages, although they are often described as pathognomonic of sJIA-CSS [5,
121]. These cells are neither sensitive (only 60%) nor specific for sJIA-CSS, as they
also occur in other conditions.
The appearance of alternatively activated macrophages in sJIA-CSS brings to
mind several studies of circulating mononuclear cells in sJIA. Transcriptional
profiling of these cells in sJIA patients with highly elevated ferritin (consistent
with a more sJIA-CSS like-phenotype) compared to those without hyper-ferritinemia showed enrichment for genes that downregulate TLR/interleukin-1
receptor-triggered inflammation and for genes encoding markers of M2 macrophage differentiation [122]. MicroRNA analysis of monocytes from active sJIA
patients showed a significant increase in miR-125a-5p, which plays a role in M2
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polarization [123]. In active sJIA, circulating CD14+ monocytes (representing
~85% of all blood monocytes) with M1 phenotype are reduced and monocytes
with mixed M1/M2 phenotype, associated with myeloid derived suppressor cells
that downregulate inflammatory responses are increased [124]. Serum markers of
M2 monocytes, namely, heme-oxygenase 1 (HO-1), sCD163, and IL-10, are elevated in sJIA-CSS [125]. These signatures in blood appear to reflect a response to
inflammatory activity in tissues. Notably, steroids, an effective therapy for sJIACSS, promote monocyte differentiation into M2 macrophages [126]. In clinically
inactive disease, circulating M2 monocytes tend to increase as a proportion of
monocytes [124]. Serum concentrations of HO-1, sCD163, and IL-10, as well as
IL-18, remain elevated, whereas clinical parameters and other pro-inflammatory
cytokines normalize [125], apparently reflecting a state of compensated inflammation. Thus, circulating immunosuppressive monocytes likely are a response to
hyper-inflammation in the tissues.

Treatment of sJIA-CSS
General Principles
Infections, particularly viruses, may trigger CSS and potential organisms should be
diligently sought and treated, if possible. Given the potential for the development of
multiorgan failure in CSS, appropriate supportive care, including an intensive care
unit, should be readily accessible.

Initial Approach
There is widespread consensus among pediatric rheumatologists that full-blown
sJIA-CSS should initially be treated with high dose systemic glucocorticoids.
Intravenous pulse methylprednisolone (30 mg/kg up to 1000 mg) daily for 3–5 days
is commonly used, followed by prednisone 1–3 mg/kg/day, although higher doses
may be required if there is not a satisfactory and prompt response. Dexamethasone
may be preferred to oral prednisone if there is significant central nervous system
involvement.
Since sJIA-CSS often occurs in a pro-inflammatory context associated with high
systemic disease activity, treatment is best directed at controlling both active sJIA
and CSS. Although ongoing treatment with IL-1 inhibitors in sJIA does not prevent
the development of CSS, there are several reports that suggest anakinra is effective
in treating sJIA-CSS [28, 127–130].
Higher doses of anakinra than are typically used to treat active sJIA, even exceeding 8–10 mg/kg/day or 400 mg daily in AOSD, have been used [131, 132]. Clinical
trials in patients with septic shock suggest that much higher doses of anakinra of
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1–2 mg/kg/hour by intravenous infusion for 3 days are well tolerated [133]. Moreover,
patients with sepsis syndrome and features of CCS, defined as hepatobiliary dysfunction and disseminated intravascular coagulation, have been reported to have improved
survival with treatment with these very high doses of anakinra [134]. However, there
are currently no formal studies to support this approach in severe sJIA-CSS.
Our preferred approach is to start treatment of new-onset sJIA-CSS with the
combination of intravenous pulse methylprednisolone and anakinra. A prompt and
substantial improvement in CSS may enable accelerated weaning of systemic glucocorticoids, particularly if anakinra also proves to be effective in controlling the
underlying systemic disease. In the absence of a rapid response to high-dose systemic glucocorticoids or if there is significant multiorgan involvement, adding
cyclosporine (2–7 mg/kg daily) can induce rapid improvement in clinical and laboratory features of CSS, often within 24–48 h [100, 135–137]. Dose adjustment to
reach a trough serum level of cyclosporine of 150–200 may be necessary to achieve
an optimal response.
Intravenous immunoglobulin is sometimes used in combination with glucocorticoids or cyclosporine. Although IVIg has been reported to be effective as initial,
isolated treatment for CSS [138], there is little evidence for its efficacy as an isolated treatment for sJIA-CSS. If there is an imperative to initiate treatment for CSS
before completing the diagnostic workup such as bone marrow examination or tissue biopsy, IVIg or anakinra may be considered, as these agents will not confound
the subsequent diagnosis of a malignancy and IVIg will not exacerbate an associated infection.

Severe or Refractory sJIA-CSS
For severe CSS that is unresponsive to the combination of high dose systemic glucocorticoids, anakinra and cyclosporine, there is no consensus about the optimal
approach to treatment. In the large international series of patients with sJIA-CSS,
almost all (98%) received systemic glucocorticoids, administered intravenously in
89% [1]. The other commonly administered medications were cyclosporine (62%)
and intravenous immunoglobulin (36%). Biologic agents, most commonly anakinra,
were used in only 15% and etoposide in 12% of patients and other immunosuppressive agents, including methotrexate and cyclophosphamide, in 7% of patients.
Plasma exchange was performed in 4%.
Treatments used for primary HLH may be considered, including those used for
refractory primary HLH. Consultation with a hematologist experienced in the management of CSS may be helpful. Etoposide can be very effective, but its use must
be balanced with the risks of serious infections and bone marrow suppression [139].
To minimize the side effects of etoposide, the dose should be reduced if there is
impairment of renal function or liver function. It may be possible to retain the efficacy of etoposide while limiting its potential toxicity by using lower doses of etoposide, administered less frequently and for shorter duration than typically used for
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the treatment of primary HLH. In one case series, etoposide 50–120 mg/m2 was
administered once weekly for 4–7 weeks, considerably less than suggested in the
primary HLH protocols (150 mg/m2 twice weekly) [140]. A recent consensus statement by the HLH Steering Committee of the Histiocyte Society similarly supports
consideration of etoposide for severe, refractory secondary CSS at a dose of
50–100 mg/m2 [141].
Anti-thymocyte globulin, which depletes CD4 and CD8 T cells, has been used to
treat secondary CSS refractory to high dose glucocorticoids and cyclosporine [142]
and may be considered especially when sJIA-CSS is associated with severe liver or
renal impairment [102].
Alemtuzumab, a monoclonal antibody which effectively and rapidly depletes
CD52 expressing B and T lymphocytes, monocytes and macrophages, has been
used to treat refractory primary HLH [143]. Alemtuzumab has also been used as a
component of a hematopoietic stem cell transplant (HSCT) conditioning regimen
for JIA patients, including some with CSS and has been purported to be less toxic
than the standard regimen [144]. Thus far, however, there are only anecdotal reports
of alemtuzumab treatment for severe sJIA-CSS who do not require HSCT and its
use may be complicated by severe viral infections.
Plasma exchange may be considered as a temporizing measure for severe manifestations of CSS or for patients with CSS that is refractory to standard therapy
[145–148].

Other Biologic Agents
Although there are some reports of improvement of sJIA-CSS with treatment with
etanercept and infliximab [149–151], etanercept has been associated both with initiation of CSS in sJIA [37] and worsening of CSS in AOSD [152]. Thus, there is no
clear role for TNF inhibitors in the treatment of sJIA-CSS.
There are several reasons to consider treatment of sJIA-CSS with tocilizumab, an
anti-IL6 receptor antibody: it is a very effective for treating active sJIA [82]; it is
used to the treat the CSS associated with chimeric antigen receptor-modified T cell
therapy in patients with leukemia [153], and there are reports of its efficacy in
treating AOSD-associated CSS [154–156]. However, evidence for this approach in
sJIA-CSS is lacking and therefore the role of tocilizumab in sJIA-CSS is unclear.
Patients with sJIA who develop CSS associated with an Epstein-Barr virus infection may benefit from treatment with rituximab to eliminate EBV-infected B cells
and to increase viral clearance, in conjunction with immunosuppressive therapy
[157] (see chapter “Cytokine Storm Syndromes Associated with Epstein-Barr
Virus”). However, there are no safety data to support the use of rituximab in patients
already on a longer-acting biologic agent, such as canakinumab, tocilizumab, or a
TNF inhibitor. Although antiviral agents may be considered, their role remains
unclear, particularly considering their potential myelotoxicity [158].
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 reatment of sJIA-CSS While on Treatment with Biologic
T
Agents
When CSS occurs in sJIA patients on treatment with biologic agents, standard treatment can be initiated with high dose systemic glucocorticoids, with or without,
cyclosporine, IVIg and other primary HLH treatments added as needed. However,
the optimal role of biologic agents is not clear. In the major clinical trials of IL-1
and IL-6 inhibitors in sJIA, these biologics have been discontinued when the diagnosis of CSS has been made. However, withdrawal of IL-1 or IL-6 inhibition should
be done with caution and vigilance, as this may amplify the inflammatory milieu
and potentially worsen features of MAS. One approach to patients who develop
CSS while already treated with anakinra is to increase the dose of anakinra in accordance with doses used for CSS (see above and [131]). The safety of adding anakinra
to other biologic agents, particularly those targeting a different cytokine pathway,
has not been established, although it has been used with apparent safety together
with abatacept in a small case series [159]. Although there are currently no clear
guidelines for restarting biologics after an episode of sJIA-CSS has been controlled, Yokota et al. [87] reported restarting tocilizumab in sJIA patients who
developed CSS while on this biologic agent, without recurrence of CSS.

Novel Treatment Approaches Under Active Investigation
Interferon-γ (IFNγ) Neutralization
IFNγ has been identified as a pivotal mediator in murine models of primary HLH
[53] and marked elevations of IFNγ and IFNγ-induced cytokines, especially CXCL9
and CXCL10, are seen in sJIA-CSS but not in active sJIA [98]. Moreover, IFNγ,
CXCL9, and CXCL10 levels correlate with laboratory features of CSS, providing a
strong rationale for a trial of IFNγ blockade in sJIA-CSS. NI-0501 (emapalumab) is
a fully human IgG1 monoclonal antibody that binds free and receptor-bound IFNγ
and is being studied in a clinical trial of children with active primary HLH [85].
Analysis of preliminary data from this pilot phase 2 study suggested that emapalumab was well tolerated, even in patients who had concurrent infections, and
that there was an improvement in HLH features with reduction in systemic glucocorticoid doses in responders [103].
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Targeting IL-18
IL-18 levels are not only increased in sJIA, but they are also predictive of the development of sJIA-CSS [93]. Moreover, IL-18 levels may be even higher during sJIA-
CSS, with free IL-18 levels being specifically elevated [96, 160]. These observations
make IL-18 blockade an attractive option for sJIA-CSS. This approach is supported
by a mouse model in which IL-18 blockade with a monoclonal antibody, reduced
the severity of CSS in IL-18BP knock-out mice [161] and by another murine HLH
model, in which treatment with IL-18BP reduced hemophagocytosis and organ
damage [162]. Also, of interest, the preliminary results of an open-label, phase II
clinical trial of tadekinig alfa (recombinant IL-18BP) in patients with active AOSD
suggest that this treatment has a favorable safety profile and may show early signs
of efficacy [163].

JAK Inhibitors
Janus tyrosine kinases (JAK), JAK 1 and 2, are critical to the downstream signaling
of IFNγ. In mouse models of both primary and secondary HLH, inhibition JAK
function has been shown to improve clinical and laboratory features of CSS [164].
A recent report of the successful treatment of a child with refractory, secondary CSS
with the JAK 1/2 inhibitor, ruxolitinib [165], suggests that JAK inhibition might be
another therapeutic avenue that merits further investigation.

Allogeneic HSCT
With improved outcomes likely associated with a less toxic conditioning regimen
that includes alemtuzumab, allogeneic HSCT may be considered for severe, recurrent
or refractory sJIA-CSS. Of 16 JIA patients recently reported to have allogeneic
HSCT using this regimen, 5 had sJIA and CSS. One patient died and 4 were in
clinical remission at the time of the report [144].

Treatment Summary
The key to successful treatment of sJIA-CSS is early recognition and diagnosis of
CSS. The prompt administration of high dose systemic glucocorticoids, with or without high dose anakinra, often results in clinical improvement. If there is an inadequate response to treatment within 24–48 h, clinical and laboratory deterioration
or severe multisystemic involvement, adding cyclosporine can be very effective.
For sJIA-CSS refractory to these treatments, the clinician should consider etoposide
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or other treatments used for primary HLH. Further studies of novel, promising treatments with potentially less toxicity, particularly those targeting IFNγ and IL-18, will
help to define their roles in treating sJIA-CSS.
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Introduction
The concept of autoimmune-associated hemophagocytic syndrome in Systemic
Lupus Erythematosus (SLE) was first introduced in the early 1990s, when six cases
of hemophagocytosis were described as complication of SLE [1, 2]. SLE is the
prototype of autoimmune diseases and can manifest with a plethora of clinical signs
and symptoms associated with a myriad of laboratory abnormalities [3]. SLE is
characterized by the production of autoantibodies mainly directed toward nuclear
components, named anti-nuclear antibodies (ANA) [4]. It primarily affects females
with a 10:1 female-to-male ratio, and with a US incidence and prevalence of ~73
and ~5 per 100,000 persons, respectively [5]. Genetics, sex, and environment are the
three major factors that influence the development of SLE, that is, the “lupus troika”
[6, 7]. The last two decades have witnessed tremendous advancement in both
research and treatment; nevertheless, lupus remains a disease of unknown etiology
[8]. An infrequent but potentially lethal complication of SLE is macrophage activation syndrome (MAS). MAS is generally considered part of the spectrum of hemophagocytic lymphohystiocytosis (HLH), and it can potentially occur in any
autoimmune condition although adult-onset Still disease (AOSD) and SLE are the
most frequent [9]. The diagnosis of MAS in SLE can be very challenging due to
similarities in presentation of both flares and infections [10, 11]. And while MAS
classification criteria have been used and in part validated for pediatric SLE [12],
there is no consensus for adult SLE, leaving the latter at increased risk of poor outcome. In this chapter, we discuss several aspects of MAS in the context of SLE. In
particular, we discuss the pathogenesis of MAS in SLE, how MAS presents in pediatric versus adult SLE (Table 1), and, finally, MAS treatment in SLE and future
directions.
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Table 1 Clinical
characteristics of MAS in
SLE

R. Caricchio
Variables
Fever
Cytopenias
Hyperferritinemia
Increased liver function tests
Acute pancreatitis
With lupus onset
With lupus disease flare
With infections
Recurrence
Ravelli lupus MAS criteria
HLH-2004 criteria
2006 sJIA criteria
High dose corticosteroids
Anakinra/cyclosporine
IVIg
Cyclophosphamide

cSLE
+++
+++
+++
+++
+++
+++
+
++
−
+++
+
+++
+++
+++
+++
+

aSLE
+++
+++
+++
+++
+
+
+++
+
+++
++
++
++
+++
+
+
+++

SLE and MAS Pathogenesis
Hemophagocytic lymphohystiocytosis (HLH) is a spectrum of hyperinflammatory
conditions which can be inherited or acquired [13]. When HLH occurs in the context of autoimmune conditions, it is termed macrophage activation syndrome, or
MAS [14]. Patients with SLE are at significantly increased risk of developing MAS,
in both children and adults [13]. An aggravating factor for MAS in lupus is that the
two conditions share several manifestations such as fever, lymphadenopathy, splenomegaly, and cytopenias [15]. Very often, it is difficult to distinguish them; indeed,
lupus flares can resemble MAS. Hence, early diagnosis is extremely important, as
MAS in lupus can be fatal [15].
The pathogenesis of SLE is considered multifactorial [16]. The major players are
autoreactive B and T cells along with dysregulated dendritic cells and cytokines,
such as interferon alpha [7, 17, 18]. A paramount feature is the production of autoantibodies directed toward nuclear components (ANA), but the true cause of the
so-called “horror autotoxicus” (the horror of self-toxicity) remains elusive [4, 19].
Genetic studies in the last two decades have pointed to an extraordinary number of
single nucleotide polymorphisms in three major areas of the immune system: dysregulation of T and B cells signaling, delayed immune complexes clearance, and
intrinsic activation of the Innate immune system [20]. The tremendous knowledge
acquired with these studies has allowed for specifically targeting T and B cells functions and even the innate immune activation of interferon alpha, the latter considered a major player in the activation of the autoimmune process [8, 21]. Nevertheless,
most large international trials have been quite disappointing and have not met their
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primary end point, demonstrating how challenging the treatment for this complex
disease can be [22].
Although the genetic mutations of familial (f)HLH generally do not always occur
in SLE [23], both MAS and SLE share a number of immune molecular pathways.
This is perhaps why lupus is the autoimmune disease in which MAS most commonly occurs.
MAS pathogenesis is in part considered driven by a series of events that involve
Toll Like Receptor (TLR) 9 engagement by CpGs, production of interferon gamma
which via JAK1 and JAK2 and STAT1 phosphorylation activate the transcription of
interferon-stimulated genes [24]. These gene products eventually culminate in the
ignition of the “cytokine storm” characterized by the unusually high production of
proinflammatory cytokines, such as IL-6, TNF, IL-12, and IL-1 (please see previous
chapters for more extensive and comprehensive description of MAS pathogenesis).
Interestingly, TLR triggering by CpGs is thought to be an important activator of the
lupus autoimmune system [25], and viral infections have been one of the first environmental factors identified as capable of predisposing to lupus or inducing flares
[26]. Attempts at blocking TLR9 in clinical trials have yet to demonstrate efficacy.
Nevertheless, hydroxychloroquine, which is widely used in SLE, is thought to
reduce TLR activation [27], and recently has been shown to decreases the incidence
of MAS in SLE [28]. Another common pathway of activation and actively targeted
in SLE is JAK1/2 phosphorylation [29]. The latter is specifically important in the
signaling of cytokines critical in the pathogenesis of SLE such as interferon alpha
which would in turn activate production of IL-6, but also IL-12 and IL-23 [30, 31].
A phase II clinical trial with baricitinib, a JAK1/2 inhibitor, and a phase II clinical
trial with ustekinumab, a monoclonal antibody targeting IL-12/IL-23, have demonstrated promising efficacy in moderate lupus and are undergoing phase III clinical
trials [32, 33]. Finally, both IL-10 and IL-6 are considered important participants to
the inflammatory damage and B cell activation in lupus, and are currently targeted
in Phase I and II clinical trials to demonstrate that blocking their activity would also
impair the autoimmune response in lupus [21]. It will be interesting to determine if
they will show efficacy in lupus disease activity but also decrease the occurrence of
MAS as shown by the use of hydroxychloroquine [28]. For many commonalities
among the two pathogeneses, SLE and MAS also differ. For example, IL-1 production is considered a fundamental step in activating the cytokine storm [23]. Indeed,
anakinra, an IL-1 receptor antagonist (IL-1ra), has shown dramatic therapeutic
effects [34, 35]. Surprisingly, canakinumab, another IL1ra, although has shown
important effects on sJIA, it did not prevent MAS [36]. Nevertheless, IL-1 tends not
to increase during lupus flares and IL-1ra has yielded conflicting results [37–39].
Hence, IL-1ra therapy in lupus has yet to be fully tested [34, 40–43]. Finally, NK
cells and cytotoxic CD8 T cell dysregulation are both important in the pathogenesis
of MAS, while a definitive role in SLE has yet to be demonstrated [24].
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MAS in Childhood-Onset SLE
Lupus disease is a complex autoimmune condition which can occur in both children
and adults. Childhood-onset SLE (cSLE) is rare in infants but its incidence and
prevalence in children is estimated to be 2.22 and 9.73 per 100,000 respectively,
which is ten time less than the adult-onset (a)SLE [44–46]. Interestingly the female-
to-male ratio in cSLE is lower in young children but approaches the adult ratio by
teenage onset [44–46]. The difference is thought to be due to the hormonal environment in the adult life which would predispose females to lupus [44–46]. Although,
a definitive demonstration has yet to be achieved. Major clinical differences between
cSLE and aSLE are the increased incidence of neurological and renal organ involvement and the higher use of steroids in the former [47, 48]. Nevertheless, large cSLE
cohorts have not demonstrated a significant increase in accrual damage in cSLE
when compared to aSLE. One worrisome exception is the significant increased mortality in cSLE during renal-replacement therapy [49]. Finally, mid- to long-term
studies in cSLE are lacking, primarily due to the scarcity of dedicated lupus adolescent transition clinics [50]. Some of the clinical differences in cSLE compared to
aSLE also account for the increased difficulties in diagnosing MAS in cSLE. One
of the most challenging aspects of MAS in cSLE is the capacity to discriminate
lupus flares, and/or infections, from the occurrence of MAS. And although aSLE is
a borderline rare disease, the prevalence of MAS in cSLE is estimated to be up to
9%, and mortality near 20–25%, hence a particularly dangerous and troublesome
manifestation [51].
The latest MAS classification criteria for Systemic juvenile idiopathic arthritis
(sJIA) were developed in 2016 and have not been validated for cSLE [52]. A major
issue for cSLE is that the disease itself is characterized by cytopenias even during
periods of remission, rendering the classification criteria particularly difficult to
apply [15]. In 2009, Parodi and colleagues developed the preliminary diagnostic
guideline specifically for MAS as complication of cSLE [12]. These criteria yielded
a sensitivity of 92.1% and a specificity of 90.9%. A recently published large cSLE
cohort from a single pediatric tertiary center reported 38 patients with concomitant
MAS [53]. In this particular cohort, all cSLE patients diagnosed with MAS met the
preliminary diagnostic criteria providing the support for further validation [53].
Multiple studies have reported that cSLE patients do not carry gene mutations in
known fHLH genes involved in the granule-dependent cytolytic secretory pathway
and rarely have heterozygosity of variants of uncertain significance [53]. These
findings, albeit limited by the lack of systematic gene sequencing in cohorts of
cSLE patients, suggest the multifactorial nature of MAS in cSLE and that the former is not driven by the same genetic predispositions.
A consistent observation across multiple case series and large cSLE cohorts is
that the vast majority of MAS cases are diagnosed concomitantly with the onset of
cSLE, interestingly when the lupus disease is the most active [12, 42, 51, 53, 54].
Since cSLE and MAS may not share genetic predisposition, one can speculate that
the activation of the innate immune system in newly diagnosed cSLE, where the
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overactivation of type I IFN was first described [55], is a potential driving force,
possibly induced by yet unknown viral infections that, along with the lupus disease
activity, could facilitate the occurrence of MAS. It is therefore predictable, based on
common observations among published cohorts, and contrary to sJIA, that MAS in
cSLE almost never reoccurs [12, 42, 51, 53, 54], as to indicate that by controlling
lupus activity, MAS can also be controlled. Indeed, the minority of MAS diagnosed
after lupus onset, occur during lupus flares [12, 42, 51, 53, 54] and Table 1.
cSLE with or without MAS do not seem to be different in terms of clinical manifestations and laboratory findings, with the exception in some cohorts of increased
hematological manifestations, such as lymphopenias, lymphadenopathy, and
increased renal disease [12]. One common and worrisome observation is that MAS
in cSLE tends to be associated with higher incidence of CNS involvement [53]. The
latter is associated with increased incidence of multiorgan failure and unfortunately
increased mortality [53]. Indeed, among the autoimmune diseases, MAS in cSLE
has the highest mortality rate [54, 56, 57]. The CNS involvement is particularly
problematic as it occurs as part of lupus manifestations but also MAS, therefor
prompting significant immune suppression regardless of the cause [58].
One of the most challenging aspects of cSLE-associated MAS is to differentiate
it from a lupus flare and/or an infection [15]. Hepato-splenomegaly, hemorrhages,
and CNS dysfunction are able to discriminate MAS from lupus active disease but
not in all published cohorts [12, 15, 42, 51, 53, 54]. An interesting retrospective
cohort study reported that the incidence of acute pancreatitis (AP) in cSLE with
MAS was significantly higher than without MAS (55% and 0.6%, respectively)
[51]. The presence of AP was also associated with increased lupus disease activity;
the authors concluded that the screening for MAS should be initiated when a lupus
patient presents with AP [51] and Table 1. A number of retrospective cohort studies
have reported that MAS in cSLE very often presents with clinical findings such as
non-remitting fever and cytopenia (often of more than one lineage), along with elevated ferritin and liver enzymes levels [12, 15, 42, 51, 53, 54]. Therefore, when a
cSLE patients presents with a similar clinical picture, the investigation of MAS
should be considered. Interestingly, a comparison between sJIA and cSLE associated MAS, demonstrated a delay in obtaining ferritin levels in cSLE patients, suggesting perhaps that MAS is yet to be fully part of the differential diagnosis in active
cSLE [54]. Another helpful laboratory marker is the level of C-reactive protein
(CRP), which in cSLE generally does not significantly increase during flares but
does so during infections [10, 59, 60]. It has been found that in cSLE-associated
MAS, CRP is significantly elevated. Nevertheless, the infectious work-up is mandatory, which includes a bone marrow aspirate to rule out Leishmaniasis, a notoriously
strong trigger of MAS [61]. Interestingly, the absence of macrophage hemophagocytosis in the bone marrow should not rule out the diagnosis of cSLE-associate
MAS, as it is only found in a minority of patients [12, 15, 42, 51, 53, 54].
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MAS in Adult-Onset SLE
Lupus is a systemic autoimmune disease with a US prevalence of 20–150 and incidence of 1–25 per 100,000 individuals [5, 46]. Although lupus can manifest in virtually any organ of the body and with a myriad of autoantibody specificities, most
adults with lupus at a given time have a mild to moderate disease, possibly characterized by arthritis/arthralgia and cutaneous rash [3]. Nevertheless, the course of the
disease can greatly vary, and it is often unpredictable; indeed, there is no biomarker
able to anticipate a lupus flare, or more importantly, its severity [62, 63]. Interestingly,
lupus is one of the most frequently reported autoimmune conditions associated with
MAS [64]. In adult-onset SLE (aSLE), MAS has been reported with a frequency of
up to 5%, but the accuracy is still unclear and the consensus is that lupus-associated
MAS is significantly underdiagnosed [15, 34]. MAS mortality in aSLE is dramatic
with reported fatalities of up to 50% [65]. Race plays an important role in the pathogenesis of SLE; in particular, African-Americans in the USA have three- to fivefold
increased risk of developing lupus [46]. Although race and the incidence of SLE-
associated MAS has not been investigated due to the design of the studies, it is
interesting that in a recent retrospective cohort of a large academic center that
spanned over 45 years, half of the cases where identified as African-Americans,
perhaps suggesting that the known increased severity of disease in African-
Americans can also increase the risk of MAS [28]. An important characteristic of
lupus-associated MAS is that it often presents during severe flares or with the very
onset of disease [66] (Table 1); these common findings among adult cohorts in the
USA, Europe, and Asia suggest that while active lupus autoimmune mechanisms
can trigger it, when they do, it becomes very challenging to promptly diagnose
MAS because it can be confused with the flare itself [28, 34, 64–67]. On the other
hand, when a patient presents with MAS, the diagnosis of infections and/or malignancies must be excluded, but SLE should also be taken into consideration. To complicate the MAS picture in SLE, in retrospective cohorts it was found to be frequently
triggered by infections, mostly viral [28, 34, 64–67] (Table 1).
There have been several attempts to develop diagnostic criteria based on the validated ones for sJIA [51]. Parodi and colleagues in 2009 developed preliminary criteria for cSLE, the “Ravelli” criteria [12], which have been subsequently validated
in other cSLE cohorts with high sensitivity and specificity and across different ethnicities [28]. In aSLE, the “Ravelli” and the HLH-2004 criteria have shown mixed
results, where the first has yielded good while the latter inconsistent results [28, 67]
(Table 1); generally these criteria performed best when they were applied to hospitalized patients, hence either during very severe manifestations or infections, and
especially for predicting in-hospital mortality [34, 64, 67]. In these circumstances,
often both criteria were met with 100% success rate. Nevertheless, almost invariably, the cohorts were retrospective [34]. Often patients were selected based on very
high levels of ferritin, which might have biased the selection of patients toward the
criteria itself. Therefore, at present, the diagnosis of MAS in aSLE remains a combination of clinical judgment and supportive criteria.
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Because of the severity of MAS, lupus patients in cohorts are identified from
hospital admissions. Therefore, lupus manifestations may vary from the outpatient
settings. There is consensus in the literature that if a lupus patient presents on hospital admission with unexplained high fevers, cytopenia of at least two cell lines,
and elevation of liver function tests (LFTs), then the determination of ferritin levels
and the screening for MAS should not be delayed [12, 15, 42, 51, 53, 54]. In this
setting, almost invariably, the levels of ferritin are very high. Interestingly, in two
Asian cohorts (from China and Korea), thrombocytopenia discriminated SLE-
associated MAS from SLE flares [64, 65] (Table 1). The screening should be preferably done with the “Ravelli” or the 2016 sJIA criteria [28, 34, 64–67]. Importantly,
a negative bone marrow aspirate for hemophagocytosis should not rule out the diagnosis of MAS, as this is not present in all the patients evaluated [34, 66, 68]. Of note
is that MAS has been shown to be much harder to diagnose when it develops after
hospital admission, perhaps because the focus is mostly on controlling lupus activity or on infections due to the immune suppression. Early diagnosis and intervention
are paramount to mitigate the often poor outcome of MAS [67, 69]. In fact, delayed
diagnosis dramatically increases the risk of ICU admission and mortality irrespective of the presence of SLE flare [64]. Among reported cases and large cohorts from
the USA, Europe, and Asia, there are few commonalities and limited patterns as to
how SLE presents associated with MAS. French and other European cohorts have
reported higher frequencies of cutaneous vasculitis, polyarthritis, pericarditis, and
renal disease at onset and when MAS was diagnosed [34, 66, 67]. Importantly, in
European cohorts and contrary to cSLE [53], MAS in aSLE could reoccur, especially in a subset of patients who tend to have a more severe lupus with multiple
flares and prolonged immunosuppression [34, 66] (Table 1). Korean and Chinese
cohorts have reported no particular lupus manifestation associated with MAS onset
or occurrence, except for increased renal involvement [64, 65]. Finally, a recent
large US cohort reported an increased frequency of lupus nephritis flares at presentation of MAS, but the cohort had 70% overall frequency of renal disease [28]. It is
important to note that the SLE disease activity index (SLEDAI), a measure commonly used in investigational lupus studies [70], although at times elevated, was not
predictive of in-hospital mortality in most cohorts [47, 51, 57, 64]. This suggests
that although MAS occurs in a subsets of patients with more aggressive lupus, MAS
is the driving force of the high mortality.
In conclusion, in the setting of a hospital admission, aSLE with unexplained high
fevers, elevation of LFTs, and serum ferritin should prompt, not only the evaluation
of infections and possibly malignancies, but also the investigation of MAS.

MAS Treatment in SLE
Clinically, once the diagnosis of MAS is made, strong immune suppression is
required. The cornerstone of initial treatment in SLE-associated MAS remains high
dose corticosteroids, preferentially intravenously (IV) [12, 15, 28, 34, 42, 51, 53,
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54, 64–67, 69]. Several approaches have been used after the initial steroids, or as
steroid-sparing agents, to control the cytokine storm. SLE-associated MAS often
occurs during lupus flares, hence immunosuppression frequently used in lupus, such
as cyclophosphamide, mycophenolate mofetil, or azathioprine, are also often
reported in retrospective cohorts, especially in aSLE [28, 34, 64–67] (Table 1). In
cases where SLE-associated MAS also presents with a superimposed infection, several series have reported successful remission with IV immunoglobulins (IVIg) or
B cell depletion with rituximab so that further immune suppression is avoided [15,
51, 54]. A noticeable difference in the literature between the aSLE and the cSLE is
the more frequently reported successful use of anakinra and cyclosporine in the latter [12, 15, 28, 34, 42, 51, 53, 54, 64–67, 69], possibly due to the “extrapolation” of
the therapy from sJIA, where both have been used extensively [36, 71]. Anakinra
and cyclosporine have been used in cSLE, even when MAS presents along with
infections or lupus flares [68] (Table 1). This suggests, perhaps, that such an
approach should be successfully used in aSLE as well. Etoposide is primarily used
for secondary HLH during malignancies, but it has been reported with some success
in aSLE-associated MAS, albeit in a very limited number of cases with significant
morbidity [64, 68]. An interesting retrospective observation was that in aSLE the
use of hydroxychloroquine and the presence of arthritis as lupus manifestation was
associated with a significantly reduced risk of MAS [28], adding yet one more benefit of hydroxychloroquine to SLE [72]. Successful use of tocilizumab and etanercept has been also reported in small case series and definitive clinical trials from
sJIA will be soon available.
There are a number of clinical trials currently enrolling for sJIA-associated MAS
or MAS regardless of the association. Promising approaches are with tocilizumab
(NCT02007239), anti-interferon gamma (NCT03311854), low-dose IL-2
(NCT02569463), and ruxolitinib, a Janus kinase 1/2 (JAK1/2) inhibitor [73]
(NCT03795909), while validating studies are ongoing for anakinra [67]
(NCT02780583). These clinical trials will help solidify and expand the therapeutic
arsenal to help patients with SLE-associated MAS, which at the moment remains
invariably lethal if untreated and still has high mortality rate even with treatment.

References
1. Wong, K. F., Hui, P. K., Chan, J. K., Chan, Y. W., & Ha, S. Y. (1991). The acute lupus hemophagocytic syndrome. Annals of Internal Medicine, 114, 387–390.
2. Ruperto, N., Brunner, H. I., Quartier, P., Constantin, T., Wulffraat, N. M., Horneff, G., et al.
(2018). Canakinumab in patients with systemic juvenile idiopathic arthritis and active systemic features: Results from the 5-year long-term extension of the phase III pivotal trials.
Annals of the Rheumatic Diseases, 77, 1710–1719.
3. Fava, A., & Petri, M. (2019). Systemic lupus erythematosus: Diagnosis and clinical management. Journal of Autoimmunity, 96, 1–13.
4. Pisetsky, D. S. (2017). Antinuclear antibody testing—Misunderstood or misbegotten? Nature
Reviews Rheumatology, 13, 495–502.

Systemic Lupus Erythematosus and Cytokine Storm

389

5. Carter, E. E., Barr, S. G., & Clarke, A. E. (2016). The global burden of SLE: Prevalence, health
disparities and socioeconomic impact. Nature Reviews Rheumatology, 12, 605–620.
6. Alarcon-Segovia, D. (1984). The pathogenesis of immune dysregulation in systemic lupus
erythematosus. A troika. The Journal of Rheumatology, 11, 588–590.
7. Tsokos, G. C., Lo, M. S., Costa Reis, P., & Sullivan, K. E. (2016). New insights into the
immunopathogenesis of systemic lupus erythematosus. Nature Reviews Rheumatology, 12,
716–730.
8. Vukelic, M., Li, Y., & Kyttaris, V. C. (2018). Novel treatments in lupus. Frontiers in
Immunology, 9, 2658.
9. Ravelli, A., Davi, S., Minoia, F., Martini, A., & Cron, R. Q. (2015). Macrophage activation
syndrome. Hematology/Oncology Clinics of North America, 29, 927–941.
10. Jung, J. Y., & Suh, C. H. (2017). Infection in systemic lupus erythematosus, similarities, and
differences with lupus flare. The Korean Journal of Internal Medicine, 32, 429–438.
11. Dima, A., Opris, D., Jurcut, C., & Baicus, C. (2016). Is there still a place for erythrocyte sedimentation rate and C-reactive protein in systemic lupus erythematosus? Lupus, 25, 1173–1179.
12. Parodi, A., Davi, S., Pringe, A. B., Pistorio, A., Ruperto, N., Magni-Manzoni, S., et al. (2009).
Macrophage activation syndrome in juvenile systemic lupus erythematosus: A multinational
multicenter study of thirty-eight patients. Arthritis and Rheumatism, 60, 3388–3399.
13. Ramos-Casals, M., Brito-Zeron, P., Lopez-Guillermo, A., Khamashta, M. A., & Bosch, X.
(2014). Adult haemophagocytic syndrome. Lancet, 383, 1503–1516.
14. Cron, R. Q., Davi, S., Minoia, F., & Ravelli, A. (2015). Clinical features and correct diagnosis
of macrophage activation syndrome. Expert Review of Clinical Immunology, 11, 1043–1053.
15. Pringe, A., Trail, L., Ruperto, N., Buoncompagni, A., Loy, A., Breda, L., et al. (2007).
Macrophage activation syndrome in juvenile systemic lupus erythematosus: An under-
recognized complication? Lupus, 16, 587–592.
16. Lisnevskaia, L., Murphy, G., & Isenberg, D. (2014). Systemic lupus erythematosus. Lancet,
384, 1878–1888.
17. Muskardin, T. L. W., & Niewold, T. B. (2018). Type I interferon in rheumatic diseases. Nature
Reviews Rheumatology, 14, 214–228.
18. Tipton, C. M., Hom, J. R., Fucile, C. F., Rosenberg, A. F., & Sanz, I. (2018). Understanding
B-cell activation and autoantibody repertoire selection in systemic lupus erythematosus: A
B-cell immunomics approach. Immunological Reviews, 284, 120–131.
19. Silverstein, A. M. (2001). Autoimmunity versus horror autotoxicus: The struggle for recognition. Nature Immunology, 2, 279–281.
20. Deng, Y., & Tsao, B. P. (2017). Updates in lupus genetics. Current Rheumatology Reports, 19,
68.
21. Felten, R., Dervovic, E., Chasset, F., Gottenberg, J. E., Sibilia, J., Scher, F., et al. (2018). The
2018 pipeline of targeted therapies under clinical development for systemic lupus erythematosus: A systematic review of trials. Autoimmunity Reviews, 17, 781–790.
22. Thanou, A., & Merrill, J. T. (2018). New trials in lupus and where are we going. Current
Rheumatology Reports, 20, 34.
23. Zhang, M., Behrens, E. M., Atkinson, T. P., Shakoory, B., Grom, A. A., & Cron, R. Q. (2014).
Genetic defects in cytolysis in macrophage activation syndrome. Current Rheumatology
Reports, 16, 439.
24. Crayne, C. B., Albeituni, S., Nichols, K. E., & Cron, R. Q. (2019). The immunology of macrophage activation syndrome. Frontiers in Immunology, 10, 119.
25. Elkon, K. B. (2018). Review: Cell death, nucleic acids, and immunity: Inflammation beyond
the grave. Arthritis & Rhematology, 70, 805–816.
26. James, J. A., & Robertson, J. M. (2012). Lupus and Epstein-Barr. Current Opinion in
Rheumatology, 24, 383–388.
27. Torigoe, M., Sakata, K., Ishii, A., Iwata, S., Nakayamada, S., & Tanaka, Y. (2018).
Hydroxychloroquine efficiently suppresses inflammatory responses of human class-switched
memory B cells via Toll-like receptor 9 inhibition. Clinical Immunology, 195, 1–7.

390

R. Caricchio

28. Cohen, E. M., D’Silva, K., Kreps, D., Son, M. B., & Costenbader, K. H. (2018). Arthritis
and use of hydroxychloroquine associated with a decreased risk of macrophage activation
syndrome among adult patients hospitalized with systemic lupus erythematosus. Lupus, 27,
1065–1071.
29. Mok, C. C. (2019). The Jakinibs in systemic lupus erythematosus: Progress and prospects.
Expert Opinion on Investigational Drugs, 28, 85–92.
30. Liu, E., & Perl, A. (2019). Pathogenesis and treatment of autoimmune rheumatic diseases.
Current Opinion in Rheumatology, 31, 307–315.
31. Grammer, A. C., Ryals, M. M., Heuer, S. E., Robl, R. D., Madamanchi, S., Davis, L. S., et al.
(2016). Drug repositioning in SLE: Crowd-sourcing, literature-mining and Big Data analysis.
Lupus, 25, 1150–1170.
32. Costedoat-Chalumeau, N., & Houssiau, F. A. (2018). Ustekinumab: A promising new drug for
SLE? Lancet, 392, 1284–1286.
33. Wallace, D. J., Furie, R. A., Tanaka, Y., Kalunian, K. C., Mosca, M., Petri, M. A., et al. (2018).
Baricitinib for systemic lupus erythematosus: A double-blind, randomised, placebo-controlled,
phase 2 trial. Lancet, 392, 222–231.
34. Gavand, P. E., Serio, I., Arnaud, L., Costedoat-Chalumeau, N., Carvelli, J., Dossier, A., et al.
(2017). Clinical spectrum and therapeutic management of systemic lupus erythematosus-
associated macrophage activation syndrome: A study of 103 episodes in 89 adult patients.
Autoimmunity Reviews, 16, 743–749.
35. Chamseddin, B., Marks, E., Dominguez, A., Wysocki, C., & Vandergriff, T. (2019). Refractory
macrophage activation syndrome in the setting of adult onset Still’s disease with hemophagocytic lymphohistiocytosis detected on skin biopsy treated with canakinumab and tacrolimus.
Journal of Cutaneous Pathology. https://doi.org/10.1111/cup.13466
36. Grom, A. A., Horne, A., & De Benedetti, F. (2016). Macrophage activation syndrome in the era
of biologic therapy. Nature Reviews Rheumatology, 12, 259–268.
37. Brugos, B., Kiss, E., Dul, C., Gubisch, W., Szegedi, G., Sipka, S., et al. (2010). Measurement
of interleukin-1 receptor antagonist in patients with systemic lupus erythematosus could predict renal manifestation of the disease. Human Immunology, 71, 874–877.
38. Chang, D. M. (1997). Interleukin-1 and interleukin-1 receptor antagonist in systemic lupus
erythematosus. Immunological Investigations, 26, 649–659.
39. Capper, E. R., Maskill, J. K., Gordon, C., & Blakemore, A. I. (2004). Interleukin (IL)-10,
IL-1ra and IL-12 profiles in active and quiescent systemic lupus erythematosus: Could longitudinal studies reveal patient subgroups of differing pathology? Clinical and Experimental
Immunology, 138, 348–356.
40. Karakike, E., & Giamarellos-Bourboulis, E. J. (2019). Macrophage activation-like syndrome:
A distinct entity leading to early death in sepsis. Frontiers in Immunology, 10, 55.
41. Toplak, N., Blazina, S., & Avcin, T. (2018). The role of IL-1 inhibition in systemic juvenile
idiopathic arthritis: Current status and future perspectives. Drug Design, Development and
Therapy, 12, 1633–1643.
42. Aytac, S., Batu, E. D., Unal, S., Bilginer, Y., Cetin, M., Tuncer, M., et al. (2016). Macrophage
activation syndrome in children with systemic juvenile idiopathic arthritis and systemic lupus
erythematosus. Rheumatology International, 36, 1421–1429.
43. Tayer-Shifman, O. E., & Ben-Chetrit, E. (2015). Refractory macrophage activation syndrome
in a patient with SLE and APLA syndrome—Successful use of PET-CT and Anakinra in its
diagnosis and treatment. Modern Rheumatology, 25, 954–957.
44. Kim, H., Levy, D. M., Silverman, E. D., Hitchon, C., Bernatsky, S., Pineau, C., et al. (2019).
A comparison between childhood and adult onset systemic lupus erythematosus adjusted for
ethnicity from the 1000 Canadian Faces of Lupus Cohort. Rheumatology (Oxford). https://doi.
org/10.1093/rheumatology/kez006
45. Mina, R., & Brunner, H. I. (2013). Update on differences between childhood-onset and adult-
onset systemic lupus erythematosus. Arthritis Research & Therapy, 15, 218.

Systemic Lupus Erythematosus and Cytokine Storm

391

46. Somers, E. C., Marder, W., Cagnoli, P., Lewis, E. E., DeGuire, P., Gordon, C., et al. (2014).
Population-based incidence and prevalence of systemic lupus erythematosus: The Michigan
Lupus Epidemiology and Surveillance program. Arthritis & Rhematology, 66, 369–378.
47. Hiraki, L. T., Benseler, S. M., Tyrrell, P. N., Hebert, D., Harvey, E., & Silverman, E. D. (2008).
Clinical and laboratory characteristics and long-term outcome of pediatric systemic lupus erythematosus: A longitudinal study. The Journal of Pediatrics, 152, 550–556.
48. Papadimitraki, E. D., & Isenberg, D. A. (2009). Childhood- and adult-onset lupus: An update
of similarities and differences. Expert Review of Clinical Immunology, 5, 391–403.
49. Bundhun, P. K., Kumari, A., & Huang, F. (2017). Differences in clinical features observed
between childhood-onset versus adult-onset systemic lupus erythematosus: A systematic
review and meta-analysis. Medicine (Baltimore), 96, e8086.
50. Son, M. B., Sergeyenko, Y., Guan, H., & Costenbader, K. H. (2016). Disease activity and
transition outcomes in a childhood-onset systemic lupus erythematosus cohort. Lupus, 25,
1431–1439.
51. Gormezano, N. W., Otsuzi, C. I., Barros, D. L., da Silva, M. A., Pereira, R. M., Campos, L. M.,
et al. (2016). Macrophage activation syndrome: A severe and frequent manifestation of acute
pancreatitis in 362 childhood-onset compared to 1830 adult-onset systemic lupus erythematosus patients. Seminars in Arthritis and Rheumatism, 45, 706–710.
52. Ravelli, A., Minoia, F., Davi, S., Horne, A., Bovis, F., Pistorio, A., et al. (2016). 2016
Classification criteria for macrophage activation syndrome complicating systemic juvenile idiopathic arthritis: A European League Against Rheumatism/American College of
Rheumatology/Paediatric Rheumatology International Trials Organisation Collaborative
Initiative. Annals of the Rheumatic Diseases, 75, 481–489.
53. Borgia, R. E., Gerstein, M., Levy, D. M., Silverman, E. D., & Hiraki, L. T. (2018). Features,
treatment, and outcomes of macrophage activation syndrome in childhood-onset systemic
lupus erythematosus. Arthritis & Rhematology, 70, 616–624.
54. Bennett, T. D., Fluchel, M., Hersh, A. O., Hayward, K. N., Hersh, A. L., Brogan, T. V., et al.
(2012). Macrophage activation syndrome in children with systemic lupus erythematosus and
children with juvenile idiopathic arthritis. Arthritis and Rheumatism, 64, 4135–4142.
55. Bennett, L., Palucka, A. K., Arce, E., Cantrell, V., Borvak, J., Banchereau, J., et al. (2003).
Interferon and granulopoiesis signatures in systemic lupus erythematosus blood. The Journal
of Experimental Medicine, 197, 711–723.
56. Kumakura, S., & Murakawa, Y. (2014). Clinical characteristics and treatment outcomes of
autoimmune-associated hemophagocytic syndrome in adults. Arthritis & Rhematology, 66,
2297–2307.
57. Fukaya, S., Yasuda, S., Hashimoto, T., Oku, K., Kataoka, H., Horita, T., et al. (2008). Clinical
features of haemophagocytic syndrome in patients with systemic autoimmune diseases:
Analysis of 30 cases. Rheumatology (Oxford), 47, 1686–1691.
58. Papo, T., Andre, M. H., Amoura, Z., Lortholary, O., Tribout, B., Guillevin, L., et al. (1999).
The spectrum of reactive hemophagocytic syndrome in systemic lupus erythematosus. The
Journal of Rheumatology, 26, 927–930.
59. Littlejohn, E., Marder, W., Lewis, E., Francis, S., Jackish, J., McCune, W. J., et al. (2018).
The ratio of erythrocyte sedimentation rate to C-reactive protein is useful in distinguishing
infection from flare in systemic lupus erythematosus patients presenting with fever. Lupus, 27,
1123–1129.
60. Gaitonde, S., Samols, D., & Kushner, I. (2008). C-reactive protein and systemic lupus erythematosus. Arthritis and Rheumatism, 59, 1814–1820.
61. Singh, G., Shabani-Rad, M. T., Vanderkooi, O. G., Vayalumkal, J. V., Kuhn, S. M., Guilcher,
G. M., et al. (2013). Leishmania in HLH: A rare finding with significant treatment implications. Journal of Pediatric Hematology/Oncology, 35, e127–e129.
62. Jog, N. R., & James, J. A. (2017). Biomarkers in connective tissue diseases. The Journal of
Allergy and Clinical Immunology, 140, 1473–1483.

392

R. Caricchio

63. Felten, R., Sagez, F., Gavand, P. E., Martin, T., Korganow, A. S., Sordet, C., et al. (2019).
10 most important contemporary challenges in the management of SLE. Lupus Science and
Medicine, 6, e000303.
64. Ahn, S. S., Yoo, B. W., Jung, S. M., Lee, S. W., Park, Y. B., & Song, J. J. (2017). In-hospital
mortality in febrile lupus patients based on 2016 EULAR/ACR/PRINTO classification criteria
for macrophage activation syndrome. Seminars in Arthritis and Rheumatism, 47, 216–221.
65. Liu, A. C., Yang, Y., Li, M. T., Jia, Y., Chen, S., Ye, S., et al. (2018). Macrophage activation syndrome in systemic lupus erythematosus: A multicenter, case-control study in China.
Clinical Rheumatology, 37, 93–100.
66. Lambotte, O., Khellaf, M., Harmouche, H., Bader-Meunier, B., Manceron, V., Goujard,
C., et al. (2006). Characteristics and long-term outcome of 15 episodes of systemic lupus
erythematosus-associated hemophagocytic syndrome. Medicine (Baltimore), 85, 169–182.
67. Ruscitti, P., Cipriani, P., Ciccia, F., Masedu, F., Liakouli, V., Carubbi, F., et al. (2017).
Prognostic factors of macrophage activation syndrome, at the time of diagnosis, in adult
patients affected by autoimmune disease: Analysis of 41 cases collected in 2 rheumatologic
centers. Autoimmunity Reviews, 16, 16–21.
68. Dhote, R., Simon, J., Papo, T., Detournay, B., Sailler, L., Andre, M. H., et al. (2003). Reactive
hemophagocytic syndrome in adult systemic disease: Report of twenty-six cases and literature
review. Arthritis and Rheumatism, 49, 633–639.
69. Lerkvaleekul, B., & Vilaiyuk, S. (2018). Macrophage activation syndrome: Early diagnosis is
key. Open access Rheumatology: Research and Reviews, 10, 117–128.
70. Kalunian, K. C., Urowitz, M. B., Isenberg, D., Merrill, J. T., Petri, M., Furie, R. A., et al.
(2018). Clinical trial parameters that influence outcomes in lupus trials that use the systemic
lupus erythematosus responder index. Rheumatology (Oxford), 57, 125–133.
71. Grevich, S., & Shenoi, S. (2017). Update on the management of systemic juvenile idiopathic
arthritis and role of IL-1 and IL-6 inhibition. Adolescent Health, Medicine and Therapeutics,
8, 125–135.
72. Durcan, L., & Petri, M. (2016). Immunomodulators in SLE: Clinical evidence and immunologic actions. Journal of Autoimmunity, 74, 73–84.
73. Maschalidi, S., Sepulveda, F. E., Garrigue, A., Fischer, A., & de Saint Basile, G. (2016).
Therapeutic effect of JAK1/2 blockade on the manifestations of hemophagocytic lymphohistiocytosis in mice. Blood, 128, 60–71.

Kawasaki Disease-Associated Cytokine
Storm Syndrome
Rolando Ulloa-Gutierrez, Martin Prince Alphonse, Anita Dhanranjani,
and Rae S. M. Yeung

Kawasaki Disease
Kawasaki disease (KD) is an acute self-limited febrile vasculitis of childhood and
currently the leading cause of acquired cardiac disease in children from developed
countries [1]. Although it can occur at any age, around 80% of cases occur during
the first 5 years of life and 50% in the first 24 months. Diagnosis is more difficult at
extreme age groups [2] and most patients have been seen more than once prior to
establishing the final diagnosis [3]. In patients less than 6 months of age, the diagnosis is often difficult and late, resistance to treatment is higher, and there is a higher
probability of acute complications [1, 4]. New onset presentations are seen but
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uncommon in adolescents and adults, in whom it is more common to see late-
sequelae of childhood KD.
KD affects predominantly medium-size arteries and systemic inflammation also
occurs in many organs and tissues [1, 4]. The majority of vascular compromise
occurs in the coronary arteries; however, extra coronary complications can occur.
The immunobiology of KD revolves around massive systemic immune activation
leading to localized inflammation at the blood vessels, resulting in coronary arteritis
and aneurysm formation. Therefore, the main goal of therapy is to reduce inflammation as much and as early as possible to prevent coronary artery damage.
Although the precise cause of the disease has remained a mystery for more than
six decades since the original description by Dr. Tomisaku Kawasaki in Japan [5],
significant advances have been made over the last decades to characterize the pathobiology. Many agents and triggering factors have been implicated, with epidemiological, climatic and genetic factors in susceptible hosts playing a major role in
modulating disease risk and outcome. If left untreated, up to 25% of children will
develop coronary artery aneurysms. Standard first line treatment includes intravenous immunoglobulin (IVIG) at high immunosuppressive doses (2 g/kg) in a single
dose together with acetyl salicylic acid (ASA) [4, 6]. Antiplatelet doses of ASA at
3–5 mg/kg/day once daily is continued until standard laboratory measures of inflammation are resolved (usually 4–6 weeks) and the patient has no evidence of coronary
changes on follow up echocardiography. Resistance to first dose of IVIG varies but
in general is around 20%.
Following Dr. Kawasaki’s first descriptions, clinical criteria have been defined
for classic and incomplete KD by the American Heart Association [4], the Japanese
Society for Paediatric Cardiology [6], and different guidelines have been published
in other countries [7, 8]. Classic (complete or typical) Kawasaki disease is defined
as the presence of fever of ≥5 days plus at least ≥4 of the following diagnostic criteria: (1) oral mucosal changes including erythema and cracking of the lips, strawberry tongue, and/or erythema of oral and pharyngeal mucosa; (2) non-suppurative
conjunctival injection; (3) polymorphous skin rash; (4) peripheral changes, including erythema and/or edema of hands and feet; and (5) cervical lymphadenopathy
≥1.5 cm in diameter and usually unilateral. Children with incomplete or atypical
Kawasaki disease do not fulfill the classic criteria and have less than four of the
diagnostic criteria. It is more common in infants younger than 6 months of age, in
whom the diagnosis is more difficult and often late [9], and in this age group, coronary artery lesions (CALs) are more common [10].

Pathobiology of KD and CSS
Cytokine storm syndrome (CSS)/macrophage activation syndrome (MAS) or secondary hemophagocytic lymphohistiocytosis (sHLH), is an inflammatory reaction
produced by an excessive cytokine production and release, macrophage activation,
and hemophagocytosis [11] and is detailed in previous chapters. Despite the diverse
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etiologies leading to CSS, the clinical features remain similar, leading to the speculation that CSS may represent the severe end of a spectrum of inflammatory conditions, rather than a discrete entity. High grade sustained fever is almost unequivocally
present in CSS. An unremitting fever pattern is common to both KD and CSS. In
fact, a low platelet count is one of the predictive factors of poor outcome in KD and
may in fact represent patients who have CSS at presentation of KD. Additionally,
KD patients with recalcitrant fever despite treatment with IVIG should also be
investigated for the possibility of CSS. The key pathological feature of CSS is
attributed to extensive activation of the immune response, including both adaptive
and innate immune cells such as T-cells and macrophages [12–14] and soluble
mediators of inflammation creating the classic “cytokine storm” [15] detailed in
previous chapters. Similarly, both the adaptive and innate arms of the immune system are implicated in the acute phase of KD [16–19]. An infectious trigger is thought
to initiate the immune response in KD, with activation of T-cells and macrophages
by antigens and danger signals, respectively. The presence of superantigens (SAg)
has been identified during some outbreaks of KD, thought to be one of the mechanism underlying massive activation of T-cells [20]. Superantigens are produced by
some bacteria and viruses, and are able to stimulate up to 30% of all T-cells by binding to a common element of the T-cell receptor outside of the antigen binding cleft
[21]. Superantigenic activity leads to massive T-cell activation and release of pro-
inflammatory cytokines IL-2, TNF, and IFN-ɣ, which among their many pleiotropic
activities, can mediate activation of monocytes/macrophages [22].
The innate immune system is also implicated in KD, with evidence of inflammasome activation and production of IL-1β and IL-18 by monocytes and macrophages.
Inflammasomes are multimeric protein complexes consisting of NOD-like receptors (NLRs), which are cytosolic sensors for danger signals including endogenous
and exogenous insults, such as microbes. Once the inflammasome protein complexes have assembled, the inflammasomes activate caspase-1, which proteolytically cleaves the precursor forms of the pro-inflammatory cytokines IL-1β and
IL-18 into their active proteins. Intracellular calcium signaling plays a central role
in mediating the processes leading to inflammasome activation. Genome-wide association studies (GWAS) have identified inositol triphosphate 3-kinase C (ITPKC),
an enzyme in Ca2+ signaling pathway, to be associated with KD. The KD-associated
genetic polymorphism in ITPKC has important functional consequences, governing
ITPKC expression levels and intracellular calcium levels, which in turn regulates
NLRP3 expression and production of IL-1β and IL-18. Treatment failure in those
with the “high-risk” ITPKC-genotype is associated with the highest intracellular
calcium levels and with increased production of IL-1β and IL-18 by macrophages
and higher circulating levels of both cytokines [23]. These findings provide the
mechanism behind the observed efficacy of rescue therapy with IL-1 blockade in
children with recalcitrant KD and highlight the common pathobiology underlying
KD and CSS.
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Animal Models of HLH/CSS and KD
Common themes in immunobiology link KD and CSS. Animal models of HLH/
CSS such as perforin-deficient [24], Munc13-4 deficient and Rab27a [25] deficient
mouse models infected with lymphocytic choriomeningitis virus provide some
clues into the complex pathology of CSS (described in previous chapters). These
animals develop CSS-like clinical features in an IFNγ dependent manner [24–26].
Similarly, in patients with CSS, evidence point to IFNγ producing CD8+ T-cells
[13] with liver biopsies from patients with CSS showing extensive periportal infiltration with hemophagocytic macrophages and IFN-γ producing CD8+ T-cells [27].
Similarly, in the Lactobacillus casei cell wall extract (LCWE) mouse model of KD,
IFN-γ plays an important role and is present both at mRNA and protein levels in
affected vessels. However, IFN-γ appears to play a regulatory role and its presence
does not indicate its necessity for induction of coronary arteritis in the KD animal
model [28]. The LCWE animal model has also been shown to require T-cell activation for development of KD [17], with CSS parallels pointing to excessive T-cell
activation [29].
TLR signaling leading to inflammasome activation is also a shared pathogenic
pathway between CSS and KD. Repeated innate immune system stimulation via
TLR9 signaling in a mouse leads to MAS features, including hepatic dysfunction
and cytopenia [30]. Similarly, TLR2 stimulation and inflammasome (NLRP3) activation are essential for development and severity of disease in the LCWE animal
model of KD [23, 31, 32], with production of IL-1β and IL-18 present in both preclinical models. Aneurysm formation in the LCWE mouse model of KD is mediated
by both IL-1α and IL-1β and is successfully treated with anakinra [recombinant
IL-1 receptor antagonist (IL-1RA)] [33], in accord with clinical observations of
treatment success in children with recalcitrant KD [34]. Interestingly, genetic polymorphisms in IL-18 and serum levels of IL-18 have also been associated with risks
and outcomes in children with KD [35–37]. IL-18 is unique in the IL-1 family of
cytokines, able to induce production of IFN-γ by natural killer (NK) cells and
T-cells along with TNF and chemokine secretion by macrophages [38]. Serum
IL-18 levels are elevated out of proportion when compared with other cytokines in
MAS/CSS and are correlated with clinical measures of CSS, including serum levels
of soluble IL-2 receptor-α chain and IFN-γ [39]. Serum IL-18 binding protein
(IL-18BP) levels appear to be disproportionately elevated compared to the marked
increase in IL-18 levels in CSS, resulting in high levels of biologically active IL-18
[40]. Interestingly, children with KD also show increased secretion of IL-18 and
IL-18BP during the acute phase of KD [23]. A severe IL-18/IL-18BP imbalance
may contribute to excessive T-cell and macrophage activation in patients with
underlying inflammatory disease, creating a favorable milieu for development of
MAS/CSS [15].
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CSS in Children with Kawasaki Disease
Although KD was described more than six decades ago and many aspects of the
disease have been elucidated, MAS/CSS has been underrecognized and underdiagnosed. Many of the clinical and laboratory findings consistent with MAS/CSS have
been considered by KD clinicians and researchers as part of the clinical picture of
the KD itself, including persistence of fever, increased liver enzymes (seen in over
30% of children in some studies), and thrombocytopenia, among others [41, 42].
Duration of fever is an indirect measure of the severity of the underlying vasculitis
and the best predictor of poor coronary outcome. In previous studies it has been
found that age, fever duration, platelet count, and albumin level are highly predictive of coronary abnormalities [43]. Platelet count has been considered in many
studies and risk scoring algorithms as an important predictor of coronary outcome,
but these have failed to agree on whether increased or decreased platelet count is the
high risk factor [44–46]. Both thrombocytopenia and thrombocytosis reflect massive immune activation, with the former suggesting a consumption process triggered by and consistent with cytokine storm, and the latter reflecting a
pro-inflammatory process mediated by IL-6 [43].
The first report in the English language literature of MAS/CSS in KD was made
by Ohga et al. in 1995 [47] in a 32-month-old Japanese boy who was diagnosed
and treated for KD but had persistence of fever, recurrent rash, hepatomegaly and
other clinical and laboratory findings that led further investigations and the diagnosis of MAS/CSS. Since that initial report more than two decades ago, CSS has
been described in KD infants and children from different parts of the world. The
majority of these publications have been single case reports, small series or retrospective studies, and usually from single-site institutions [48–57], (Table 1),
including a review of the literature in one of these publications [54]. In most of
these publications, the common remarkable findings have been prolonged fever,
lack of clinical suspicion early in the course of the disease, IVIG-refractory KD,
and late diagnosis of CSS.
A large case series of MAS in acute KD patients during the last two decades was
published [58]. This retrospective study at the Hospital for Sick Children in Toronto
analyzed all KD patients from January 2001 to March 2008. Among 638 identified
patients with KD, 12 (1.9%) had a co diagnosis of MAS and KD, with a median age
at diagnosis of 7 years (8 months to 14 years). In this series, 9/12 patients fulfilled
criteria for complete KD, 7/12 were males more than 5 years of age. Eleven of 12
patients manifested hepatosplenomegaly, and all patients had prolonged fever
beyond initial intravenous immunoglobulin treatment. Despite receiving treatment
with IVIG, all patients were persistently febrile for at least 48 h and prompted further laboratory workup and additional cardiac imaging studies and other therapeutic
interventions. Remarkable laboratory findings included hyperferritinemia
(≥500 μg/L) in all patients and thrombocytopenia in 83%, elevated D-dimers in
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ASA
Methylprednisolone
Prednisone
No IVIG
No ASA
Dexamethasone
Cyclosporine A
Etoposide
IVIG
ASA
Dexamethasone
IVIG (2 doses)
HLH-2004
IVIG
ASA
IVIG
ASA
Methylprednisolone
IVIG
Flurbiprofen
IVIG
ASA
Methylprednisolone
Dexamethasone
VP16
CSA
IVIG
Heparin
[57]

[55]

1 death (12.5%)

Died

[54]

[53]

Survived

Survived

[51]
[52]

[50]

[49]

Reference
[48]

Survived
2 deaths (40%)

Survived

Died (KD
diagnosed on
autopsy)

Outcome
Survived
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92% and 33% with biopsy-proven evidence of hemophagocytosis. Acute cardiac
complications were seen in 50% of patients, predominantly coronary dilations;
however, of interest, none had residual coronary abnormalities during follow up
visits. Prolonged hospitalizations occurred in this group (median 19 days, range
9–49 days). Features associated with CSS in this case series were older age at diagnosis of KD, male sex, non-responsiveness to initial IVIG and thrombocytopenia,
consistent with other reports in the literature.
More recent updated (unpublished) information from our group extended our
previous study [59] and analyzed 1021 patients with KD from January 2001 to
February 2014. Fifty-eight patitents (5.7%) were evaluated for possible MAS/CSS
with 23 patients (2.3%) diagnosed and treated for it. In this series, 47.8% patients
fulfilled criteria for complete KD, and 67% were males more than 5 years of age. In
accord with the literature and our previous observations, older boys with longer
fever dominated, with mean age at diagnosis of 6.22 years and mean duration of
fever prior to IVIG treatment of 11.5 days. All 23 patients had prolonged fever with
the following KD diagnostic features: rash 22 (95.7%) patients, cervical lymphadenopathy 14 (60.9%), erythema and/or edema of extremities in 16 (69.6%), oral
mucositis in 13 (56.5%), bilateral conjunctivitis 13 (56.5%). MAS/CSS features
included persistent fever 21/22 (95.5%), splenomegaly 12/23 (52.2%), cytopenias
20/23 (87%), ferritin >500 μg/L in 22/23 (95.7%), hemophagocytosis 6/23 (26.1%),
low or absent KN activity 1/7 (14.3%), and increased serum sIL-2Rα (CD25) 5/6
(83.3%). Total duration of fever was 17.3 days (mean) with all 23 patients receiving
standard IVIG treatment for KD. Additional treatment included: A second and third
dose of IVIG in 14/23 (60.9%) and 2 (8.7%) respectively; oral and IV steroids in 15
(65.2%) and 17 (73.9%), respectively; and cyclosporine in 3 (13%) patients.
Supportive therapy including transfusion of red blood cells/platelets in 7/23 (30.4%),
fresh frozen plasma in 2/21 (9.5%) and cryoprecipitates in 1/21 (4.8%) was required,
with three (13%) patients requiring admission to the pediatric intensive care unit
(PICU). Interestingly, increased ferritin levels has been reported to be useful to
predict refractory Kawasaki disease patients [60], highlighting the fact that this subgroup of patients may actually have features of CSS. To address detection and early
recognition of CSS complicating KD, all children with recalcitrant KD have a serum
ferritin added to their standard KD laboratory workup at our institution. In those
with evidence of CSS, therapeutic management includes use of systemic steroids
and IL-1 blockade with anakinra.
A systematic review of the literature on MAS/CSS in KD patients was published
by García-Pavón et al. in 2017 [61]. The authors performed a literature review of
published cases since Dr. Kawasaki’s first report and until September 2016, which
included 69 reported cases. The mean age of diagnosis of 5.6 years, with a range of
7 weeks to 17 years of age; 68% were boys and 75% had an Asian ethnicity. They
found that CSS diagnosis was made before the diagnosis of KD in 6%, simultaneous diagnosis in 21%, and in 73% after KD was diagnosed. Tissue demonstration of
hemophagocytosis was found in 88% (51/58) of patients. The reported mortality
was 13% (9/69). All patients received IVIG and not surprisingly, 90% of them
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required two or more doses. Steroids were given in 87%, cyclosporine in 49%, etoposide in 39%, anti-TNF in 5.7%, and IL-1 receptor antagonist in 4.3%. Fatalities
occurred in 9 (13%) patients with the cause of death including acute myocardial
infarction, pneumonia, and sepsis among others. All studies except one, included in
the systematic review used the HLH-2004 criteria to diagnose MAS/CSS. Seventy-
eight percent (54/69) of the patients fulfilled HLH-2004 criteria and 74% (51/69)
fulfilled the 2016 consensus criteria for MAS-SJIA, the classification criteria for
MAS/CSS complicating systemic JIA (sJIA) proposed by Ravelli et al., based on a
combination of expert consensus, available evidence from the medical literature and
analysis of real patient data [11, 62].
The evidence for use of various criteria for MAS/CSS in KD is mostly extrapolated from studies in sJIA and other inflammatory conditions, with sparse literature
on the specific use of these diagnostic criteria in KD. In a retrospective chart review
of 719 patients with KD by Wang et al. [55], 8 patients (1.11%) were identified as
MAS with KD according to Ravelli criteria, but only 3 patients were independently
identified by the HLH-2009 criteria. In this series of 8 patients, aspartate aminotransferase was significantly elevated in all cases, whereas alanine aminotransferase, lactate dehydrogenase and serum ferritin were abnormal in 7/8 cases. Cytopenia
and hypertriglyceridemia were relatively common, seen in 6/8 and 5/8 cases respectively, whereas hypofibrinogenemia was noted only in one case. Three patients had
histopathological evidence of hemophagocytosis, but only one fulfilled the HLH-
2009 criteria.

CSS, Kawasaki Disease, and sJIA
CSS, KD, and sJIA share many common clinical and laboratory features. Coronary
artery abnormalities are not exclusive of KD and can be seen in sJIA. sJIA with CSS
can be initially diagnosed as KD, and a review of the literature in 2013 [63] found
that most sJIA patients with coronary artery dilations were classified initially as
classic or incomplete KD, and treated with multiple doses of IVIG. Other investigators have suggested that serum IL-18 and ferritin levels can help clinicians distinguishing between KD and sJIA [64, 65]; however, IL-18 is also elevated in acute
KD and may be predictive of those at high risk for treatment failure [23].
We reviewed patients with combined diagnosis of KD and sJIA (KD/sJIA) [66].
Children diagnosed with either KD (n = 1765) or sJIA (n = 112) between January
1990 and December 2011 were analyzed. Among over 20 patients with the co-
diagnosis of KD and sJIA, only those who fulfilled both the American Heart
Association guidelines for KD and the International League of Associations for
Rheumatology (ILAR) classification criteria for sJIA were included (n = 8) for further analysis. In the KD cohort 0.5% (8/1765) children had a co-diagnosis of sJIA;
whereas KD preceded sJIA in 7% (8/112) of the cases.
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A report by Dong et al. in 2015 [67] utilized the Pediatric Health Information
System (PHIS) to estimate the incidence and to characterize those patients initially
treated for KD but later received the diagnosis of sJIA. This retrospective study
analyzed only patients diagnosed with sJIA within the initial 6-month period after
the first hospitalization for KD. Among 176 patients at their institution who were
treated for KD with IVIG during the study period, 2 (1.1%) were diagnosed with
sJIA after KD treatment. When they analyzed the PHIS database, the authors identified 10/6475 cases (0.2%) between 2009 and 2013. MAS was more common in
patients with KD and subsequent diagnosis of sJIA than in patients with KD alone
(30% and 0.3%, respectively; p < 0.001).
Given the common clinical and laboratory features and the shared IL-1β and
IL-18 immunobiology, we propose that KD, sJIA, and CSS are parts of the same
disease spectrum with the distinguishing features being the intensity and duration of
the immune response (Fig. 1). KD having the shortest disease duration and sJIA the
longest with CSS having the most dramatic immune response. There are many
reports of successful use of anakinra, a recombinant IL-1 receptor antagonist in CSS
associated with sJIA [68–70]. Refractory KD has also been shown in case reports to
have a good response to anakinra [34]. A single case report of high-dose anakinra
(9 mg/kg/day) in a neonate with refractory KD, suspected to have CSS, abated the
inflammatory response, highlighting the role of anti-IL-1 therapy in patients with
KD and CSS [71]. Considering the high mortality of this condition, and the difficulty in establishing a definite co-diagnosis of CSS, the early use of anakinra in
refractory KD may prove to be a life-saving measure and has been used successfully
as such in our institution in the past several years with good effect.

Fig. 1 KD, sJIA and
MAS/CSS share many
common clinical and
immunobiologic features
and may be part of the
same disease spectrum
with the distinguishing
features being the intensity
and duration of the
immune response. On the
x-axis the disease duration
is represented and on the
y-axis the intensity of the
immune response
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Conclusion
CSS occurs in at least 2% of children with KD. It is undoubtedly underrecognized
and underdiagnosed with the two syndromes sharing many overlapping of features
and each lacking specific diagnostic tests. Although no disease-specific criteria for
diagnosing CSS in KD is available, the classification criteria for CSS in sJIA have
been shown to be useful for CSS in KD. Among the laboratory criteria, hyperferritinemia (>500 μg/L) is the most practical addition to standard KD laboratory tests,
but the usefulness of serial laboratory measurements to detect trends in transaminases, white blood cell count, platelet count, and fibrinogen levels cannot be overemphasized. Early recognition and prompt institution of immunomodulatory
treatment can substantially reduce the mortality and morbidity of MAS/CSS in
KD. Given the known pathogenetic role of IL-1β in both syndromes, the early use
of IL-1 blockers in refractory KD with CSS deserves consideration.
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The Intersections of Autoinflammation
and Cytokine Storm
Scott W. Canna

Introduction
The inflammatory nature of sepsis was formally recognized well over a decade ago,
when investigators coined the term systemic inflammatory response syndrome
(SIRS) [1]. Despite great preclinical promise, trials of targeted anti-inflammatory
therapies were initially found to be failures in sepsis (see chapter “Cytokine Storm
and Sepsis-Induced Multiple Organ Dysfunction Syndrome”). Just as these setbacks in understanding the immunopathology of sepsis were occurring, a new family of diseases caused by primary defects in innate inflammatory pathways was
growing: the autoinflammatory disorders (AIDs). This chapter briefly summarizes
the ways in which insights from the study of AIDs have advanced the understanding
of human inflammation in general and then focuses on the limited, though very
instructive, circumstances in which autoinflammation and SIRS overlap.

Defining Autoinflammation
Autoinflammation is the term ascribed to persistent organ-specific and/or systemic
inflammation not explained by infection, malignancy, or the effects of autoantibodies or antigen-specific T-cells. The term does not specify acute versus chronic
inflammation, nor is it restricted to any set of tissues or organs. Importantly, its
meaning is enmeshed with its history.
The concept of autoinflammation arose in the context of genetic research into the
periodic fever syndromes. It has blossomed as next-generation sequencing
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techniques revealed the genetic origins for a startling number of these disorders.
The first genetic association was made with familial Mediterranean fever (FMF), a
disorder of recurrent attacks of fever, serositis, and erisypelas-like rash that can
result in amyloidosis and renal failure. The gene for FMF was identified by positional cloning and ultimately mapped to a gene dubbed MEFV, encoding the protein
Pyrin [2]. The mechanisms by which Pyrin mutations resulted in autoinflammation,
and an explanation for the high carrier frequency of such mutations in Mediterranean
populations, would take another 25 years to understand. However, soon after the
FMF/MEFV association, another hereditary periodic fever syndrome was associated with mutations in the tumor necrosis factor receptor (TNF-R). The disease was
renamed TNF-R Associated Periodic Syndrome (TRAPS), and the authors coined
the term “autoinflammatory” [3]. Quickly thereafter, three independent groups
made a pivotal discovery: gain-of-function mutations in the NLRP3 gene resulted in
hyperactivation of a newly described innate immune complex called the inflammasome. Different mutations in NLRP3 resulted in a spectrum of diseases, eventually
called cryopyrin-associated periodic syndromes (CAPS), ranging from familial
cold-induced autoinflammatory syndrome (FCAS) to neonatal-onset multisystem
inflammatory disease (NOMID: urticaria, sensorineural hearing loss, bony arthropathy, and sterile meningitis) [4–7].
The inflammasome is a potentially massive innate immune complex strongly
linked to the concept of autoinflammation [8]. Inflammasomes form in response to
the sensing of cytosolic danger- or pathogen-associated molecular patterns (DAMPs/
PAMPs). The rate-limiting step of inflammasome formation seems to be the homooligomerization of several proteins capable of “nucleating” an inflammasome. Four
proteins have been well-characterized to nucleate inflammasomes in mice and
humans: Pyrin, NLRP3, NLRC4, and AIM2. Of these, only AIM2 has not (yet) been
associated with a monogenic autoinflammatory disorder. Activated and oligomerized
inflammasome nucleators then trigger an exponential cascade wherein thousands of
molecules of an adaptor protein (ASC) recruit many thousands of an effector protease called Caspase-1. Once itself proteolytically activated, Caspase-1 proteolytically
activates three highly inflammatory effector molecules: IL-1β, IL-18, and
Gasdermin-D. IL-1β and IL-18 signal through their respective IL-1 f amily receptors,
whereas Gasdermin-D mediates an inflammatory cell death known as pyroptosis [9].
Only recently was the link identified between the Pyrin-inflammasome, pathogensensing, and gain-of-function MEFV mutations in FMF [10]. By contrast, the role of
NLRC4 as a detector of bacterial proteins in the cytosol was known many years
before the first identification of gain-of-function NLRC4 mutations with autoinflammation [11, 12]. These diseases caused by mutations that directly result in inflammasome activity are collectively known as inflammasomopathies.
The association of these diseases with the inflammasome not only ignited mechanistic research, it indicated a specific therapeutic intervention: blocking IL-1 signaling in the NLRP3-mediated CAPS was overwhelmingly successful [13, 14] and
paved the way for the efficacious use of this strategy in a host of other autoinflammatory (including TRAPS, FMF, hyper-IgD syndrome (HIDS), deficiency of IL-1
receptor antagonist (DIRA)) and rheumatic (systemic juvenile idiopathic arthritis
(SJIA), adult-onset Still’s disease (AOSD), gout) diseases [7]. IL-1 was initially
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blocked with a recombinant IL-1 Receptor Antagonist (IL-1RA, anakinra) that
inhibited signaling by both IL-1α and IL-1β, but similar efficacy has been observed
with strategies specific to IL-1β.
For many years, the association of autoinflammation with IL-1 defined the field.
More recently, however, diseases with little/no response to IL-1 blockade have been
discovered. As opposed to triggering the inflammasome, many of these diseases are
associated with abnormal production of Interferon (IFN). These “interferonopathies” are associated with genetic defects causing dysregulation of cytosolic nucleic
acid sensing/handling or proteasomal protein degradation. A staggering array of
autoinflammatory disorders have also been identified through whole-exome
sequencing. Their mechanisms are not so easily categorized, and their precise
description is beyond the scope of this chapter but has been recently and extensively
reviewed [7, 15, 16].

Problems with Defining Autoinflammation
As with any classification system in the complex and evolving landscape of human
immunology, the concept of autoinflammation is imperfect and at times arbitrary.
The two major limitations of the autoinflammatory paradigm most relevant to the
subject of cytokine storm syndromes (CSS) are (1) diseases with features that overlap between autoinflammation and immunodeficiency or autoimmunity, and (2) diseases with phenotypic features suggestive of autoinflammation, but lacking a known
genetic cause to support such a categorization.
Genetic impairment of cellular cytotoxicity represents an important overlap
between the concepts of autoinflammation and immunodeficiency. This mechanism
is discussed at length throughout this book as an important cause of primary hemophagocytic lymphohistiocytosis (pHLH) and a potential contributor to secondary
HLH (sHLH) and macrophage activation syndrome (MAS). The hyperinflammation
and CSS associated with pHLH is canonically triggered by viral infection, associated with persistent viremia, and caused by antigen-specific T-cell activation. Thus,
deficiency of Perforin, Munc13-4, etc. is listed among the immunodeficiencies.
However, mechanistic work has shown that cytotoxicity is an immunoregulatory
mechanism important both for preventing excessive antigen-dependent T- and
NK-cell activation as well as clearing virus. Likewise, damage in pHLH is best
prevented by blocking the inflammatory response rather than targeting viral cytopathic effects [17–19]. Genetic defects resulting in inflammation in the context of
other immunodeficiencies, such as NEMO or HOIL1 deficiency, reinforce the
notion that severe infection can drive CSS, and are discussed in detail in chapter
“Primary Immunodeficiencies and Cytokine Storm Syndromes”.
Several monogenic disorders, particularly in the category of Interferonopathies,
blur the line between autoinflammation and autoimmunity [7], but are beyond the
scope of this chapter. The overlap between autoimmunity and autoinflammation in
CSS is perhaps best explored in the context of systemic lupus erythematosus-
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associated MAS, as detailed in chapter “Systemic Lupus Erythematosus and
Cytokine Storm”.
Several rheumatic diseases, most notably SJIA, AOSD, Kawasaki disease, and
sarcoidosis, meet the definition of autoinflammation, but are not routinely categorized as such (in part) owing to the absence of a single genetic cause. These are
discussed in detail in chapter “Cytokine Storm Syndrome Associated with Systemic
Juvenile Idiopathic Arthritis”, chapter “Kawasaki Disease-Associated Cytokine
Storm Syndrome”, and chapter “Macrophage Activation Syndrome in the Setting of
Rheumatic Diseases”. Thus, this chapter will focus on the ways in which monogenic, canonically autoinflammatory disorders inform our understanding of CSS.

 he Rare Concordance of Autoinflammation and Cytokine
T
Storm
If by CSS we mean a pattern of systemic inflammation, typified by HLH and MAS,
that can result in shock, multiorgan dysfunction syndrome (MODS), and death, then
the CSS phenotype is notably absent in most autoinflammation. Notwithstanding a
few case reports, MAS/HLH, shock, and MODS are not listed among the cardinal
features of most autoinflammatory diseases [7, 16] (Table 1). Many of these cohorts,
particularly in FMF and CAPS, include reasonably large numbers of patients followed longitudinally over many years. The more recent broadening of the autoinflammatory phenotype to include disorders of excessive IFN production, ubiquitylation
disorders, and causes of vasculitis (Table 1) has not resulted in the inclusion of CSS
as a feature. Thus, it would seem that systemic inflammation, even in its (perhaps)
purest forms, is not sufficient in degree and/or direction to induce a CSS.
Several autoinflammatory diseases, though not classically associated with MASor HLH-like inflammation, can nonetheless cause acute life-threatening systemic
inflammation.
Aicardi–Goutieres Syndrome (AGS): AGS is classically a neonatal-onset, IFN-
mediated autoinflammatory condition that mimics in utero viral infection [20].
There are at least seven monogenic causes associated with AGS (Table 1), but of
these the earliest-onset and most severe phenotypes have been associated with deficiency of the nucleases TREX1, RNASEH2A, and, RNASEH2C. Severe AGS presenting in infancy can manifest as livedoid skin rash, symptomatic thrombocytopenia,
hepatosplenomegaly, and occasionally fever [7]. The most consistent and devastating feature, however, is subacute encephalomyelitis that can be associated with
rapid neurologic decline. Mortality with these more severe mutations can be over
30% [20]. Severe AGS mutations all result in an impairment in the ability degrade
(usually endogenous) cytosolic nucleic acids. The build-up of these nucleic acids
triggers cytosolic viral-sensing mechanisms and an immense type I IFN response
detectable in both blood and CSF. Stress and infection can increase the production/
accumulation of these nucleic acids, as well. Strategies to limit endogenous nucleic
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Table 1 Overview of canonical autoinflammatory disorders
Syndrome
Acronym Gene
IL-1/inflammasome mediated disorders
Familial Mediterranean FMF
MEFV
fever

Protein

Primary manifestations

PYRIN

FCASa
Familial cold-induced
autoinflammatory
syndrome
Muckle–Wells syndrome MWSa

NLRP3

NLRP3/
Cryopyrin

Periodic fever, serositis,
neutrophilic rash, renal
amyloidosis
Cold-induced fever, malaise,
neutrophilic urticaria

NLRP3

NLRP3/
Cryopyrin
NLRP3/
Cryopyrin

Neonatal onset
multisystem
inflammatory disease
Hyper-IgD syndrome

NOMIDa

NLRP3

HIDS

MVK

TNF-receptor associated
periodic syndromes
Deficiency of IL-1
receptor antagonist
NLRC4-associated
autoinflammatory
diseases
IFN-mediated disorders
STING-associated
vasculopathy of infancy

TRAPS
DIRA
N4AID

SAVI

Aicardi-Goutieres
AGS1
Syndrome 1
Aicardi-Goutieres
AGS2
Syndrome 2
Aicardi-Goutieres
AGS3
Syndrome 3
Aicardi-Goutieres
AGS4
Syndrome 4
Aicardi-Goutieres
AGS5
Syndrome 5
Aicardi-Goutieres
AGS6
Syndrome 6
Aicardi-Goutieres
AGS7
Syndrome 7
CANDLE
Chronic atypical
neutrophilic dermatosis
lipodystrophy elevated
temperature
NF-κB/ubiquitin-mediated disorders

Fever, malaise, neutrophilic
urticaria, sensorineural
hearing loss
As above + sterile meningitis
and bony

Mevalonate Fever, rash, arthralgia, GI
kinase
upset, adenopathy,
hepatosplenomegaly
TNFRSF1A TNFR1A
Myalgia/arthralgia,
periorbital edema, serositis
IL1RN
IL-1RA
Sterile osteomyelitis, pustular
rash, thrombosis
NLRC4
NLRC4
Spectrum including
lymphohistiocytic rash to
MAS, infantile enterocolitis
TMEM173

STING

TREX1

TREX1

RNASEH2B RNH2B
RNASEH2C RNH2C

Fever, purpura, acral necrosis,
interstitial lung disease,
cytopenias
Livedo reticularis, H/
Smegaly, basal ganglia
calficification, developmental
delay, dystonia,
thrombocytopenia

RNASEH2A RNH2A
SAMHD1

SAMH1

ADAR

DSRAD

IFIH1

MDA5

PSMB8,
etc.

PSB8, etc.

Nodular panniculitis,
lipodystrophy, myositis, H/
Smegaly

(continued)
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Table 1 (continued)
Syndrome
Pediatric granulomatous
arthritis
Haploinsufficiency of
A20

Acronym Gene
PGA/
NOD2
Blau
HA20
TNFAIP3

Protein
NOD2

Otulopenia

–

OTULIN

OTULIN

XIAP—deficiency

XLP2

XIAP/
BIRC4

XIAP

PSTPIP1

PPIP1

Pyogenic arthritis, pyoderma
gangrenosum, acne

CECR1

ADA2

Cutaneous, visceral, and CNS
vasculitis/stroke

Unclassified disorders
PAPA
Pyogenic arthritis,
pyoderma gangrenosum,
acne
Deficiency of ADA2
DADA2

A20

Primary manifestations
Fever, papular rash, arthritis,
uveitis, adenopathy
Oral/genital ulcers, uveitis,
arthritis, colitis, erythema
nodosum
Fevers, neutrophilic
dermatosis, panniculitis,
failure to thrive, infections
Variable from IBD, uveitis,
arthritis to (often EBV-
associated) MAS

H/Smegaly = hepatosplenomegaly
Part of the continuum known as Cryopyrin-Associated Periodic Syndromes (CAPS)

a

acid production or inhibit IFN signaling are under investigation in AGS [21]
(NCT02363452, NCT01724580).
Deficiency of IL-1 Receptor Antagonist (DIRA): After the successful use of
recombinant IL-1 Receptor Antagonist (IL-1RA, anakinra) to treat NLRP3-mediated
diseases, investigators found that a syndrome of severe neonatal inflammation, pustulosis, and osteomyelitis mapped to a region of chromosome 2 containing the gene
for endogenous IL-1RA. Patients with biallelic, loss-of-function mutations resulting in deficiency of IL-1RA [22] often presented within the first days of life with
fetal distress, pustular skin rash, and oral mucosal lesions, and were found to have
characteristic sterile osteomyelitis (often including the ribs). At least two children
expired due to SIRS. Administration of anakinra (recombinant IL-1RA) usually
results in dramatic cessation of ongoing inflammation, but can trigger anaphylaxis
[22, 23].

Autoinflammatory Mutations and Sepsis
Despite the apparent failure of cytokine blockade in sepsis, the search for proinflammatory defects in sepsis patients has continued. Several investigators hypothesized that, though the rate of sepsis in canonical autoinflammatory diseases may not
be substantially elevated, patients with severe sepsis may have contributory mutations in autoinflammatory genes. For example, the carrier frequency of pathogenic
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MEFV mutations in critically ill Turkish adults (30%) appeared significantly higher
than the general population carrier rate (10%) [24]. Despite this, multiple GWAS
studies in sepsis have failed to link inflammasome-associated genes with sepsis
outcomes [25]. However, typical autoinflammatory mutations occur at too low a
population frequency to reach significance in most GWAS studies. As discussed
elsewhere in this text, heterozygous mutations in genes affecting perforin-mediated
cytotoxicity may predispose to viral sepsis [26]. Ongoing genome-wide investigations (including whole exome sequencing) in individual sepsis patients should help
elucidate the strength of this connection.

Innate Immunity in HLH
Notwithstanding the debate about whether impairment of cytotoxicity causes HLH
through immunodeficiency or autoinflammation, there is considerable evidence for
a crucial role of innate immunity in murine models of HLH. Unsurprisingly, innate
immune signaling is a necessary and critical precondition for the CD8 activation
that drives experimental HLH. In particular, MyD88 [27] and IL-33 [18] have been
shown to be essential. IL-33 is a widely expressed alarmin that, like most IL-1 family cytokines and Toll-like Receptors, requires MyD88 for its signaling. Furthermore,
innate immune cells appear to be necessary effectors for HLH immunopathology.
IFN-γ signaling in murine macrophages was essential for anemia and hemophagocytosis [28], and a xenograft model of HLH was amenable to treatment aimed at
depleting myeloid cells [29]. Finally, HLH was far less severe and associated with
notably less myeloid cell infiltration when NK cells, but not T-cells, retained cytotoxic function in murine pHLH [30]. This was despite equal levels of viremia and
IFN-γ. These murine data support a critical role of innate immunity both in enabling
and executing immunopathology in an infectious, antigen-specific model of HLH.

 LRC4, XIAP, and MAS Under the Umbrella
N
of Autoinflammation
MAS is most canonically associated with systemic juvenile idiopathic arthritis
(SJIA) and adult onset Still’s disease (AOSD), and it is in the context of these diseases that it is best studied (see chapter “Cytokine Storm Syndrome Associated with
Systemic Juvenile Idiopathic Arthritis” for details). Though there is notable disagreement about their classification [31], SJIA and AOSD are commonly categorized as
autoinflammatory diseases. Several observations drive this presumptive classification, including the response to IL-1 and/or IL-6 inhibition [32, 33], the genetic distinction from other forms of JIA [34], and the absence of known autoantigens.
Perhaps most uniquely and importantly, increasing evidence has associated extreme
elevations of the inflammasome-activated cytokine IL-18 with MAS in SJIA and
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AOSD [35, 36]. Early clinical trial data suggest IL-18 blockade is efficacious in
AOSD [37]. Interestingly, the degree of IL-18 elevation seen in SJIA/AOSD and
MAS has not been observed in classical autoinflammatory diseases [11, 38].
In 2014, two groups discovered that gain-of-function mutations in NLRC4
resulted in a syndrome of infantile enterocolitis and recurrent, life-threatening
MAS [11, 12]. As with the NLRP3 and MEFV inflammasomopathies, these NLRC4
mutations gave rise to spontaneous/increased macrophage inflammasome formation, cell death, IL-1β and IL-18 secretion, and a disease potentially responsive to
IL-1 inhibition [11]. However, as previously stated, both MAS and enterocolitis
are extremely rare in NLRP3- or MEFV-mediated diseases (CAPS and FMF,
respectively). Furthermore, levels of peripheral IL-18 were consistently and
extremely elevated in all affected NLRC4 patients, but not in CAPS patients [11].
Reinforcing the potentially violent potency of NLRC4 activation, an infant born
premature due to placental thrombotic disease and fetal edema soon succumbed to
MAS and enterocolitis. She was posthumously found to have somatic mosaicism
(not present in all cells) for a pathogenic NLRC4 mutation [39]. Two other patients
with activating NLRC4 mutations and extremely elevated serum IL-18 succumbed
to MAS without severe intestinal disease [40]. In 2016, an infant was identified
with life-threatening MAS and enterocolitis due to NLRC4 mutation, and confirmed both extremely elevated total IL-18 as well as elevated free IL-18 [41]. Free
IL-18 is unbound by the endogenous, soluble inhibitor known as IL-18 Binding
Protein (IL-18BP), and is thought to be the biologically active IL-18 fraction [36].
After a minimal response to aggressive MAS treatment, including IL-1 inhibition,
this patient showed a dramatic and acute response to IL-18 inhibition in the form
of recombinant IL-18BP. Notably, the relative amounts of IL-18 and IL-18BP in
serum versus stool (diarrheal) during active disease suggested IL-18 was regulated
differently in the inflamed gut versus peripheral blood [41]. Consistent with IL-18
as a driver of IFN-γ production, one patient with infantile NLRC4-MAS (without
overt enterocolitis) responded dramatically to IFN-γ inhibition, a strategy now
approved for use in refractory pHLH [42]. Likewise, biomarkers of IFN-γ activity
associate with active disease in both MAS and HLH [43]. Indeed, extremely elevated IL-18 appears to distinguish patients at risk for MAS both from other causes
of hyperferritinemic CSS as well as other autoinflammatory diseases, and exacerbates experimental models of MAS [38, 44]. The expression of NLRC4 in intestinal epithelia, a rich source of proIL-18, offers one potential explanation for the
association of extreme IL-18 elevation with NLRC4, but not NLRP3 or MEFV
inflammasomopathies [38].
XIAP (aka BIRC4) deficiency is classically associated with an X-linked syndrome of EBV-associated HLH [45, 46]. Unlike pHLH, it is not associated with
cytotoxic impairment; and unlike SAP deficiency (another cause of EBV-HLH),
XIAP deficiency is not associated with lymphoma risk. XIAP is a widely expressed
protein whose multiple functions likely all revolve around its ability to stabilize
particular NF-κB signaling complexes. It inhibits apoptosis downstream of many
in vitro stimuli, it is required for NOD2 signaling, and it prevents the inflammatory
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effects of RIPK3 and Caspase-8 [47–49]. Importantly, HLH associated with XIAP
deficiency has also been associated with extreme and chronic IL-18 elevation [50].
More recently, MAS and chronic IL-18 elevation were also associated with specific
mutations in the C-terminus of the Rho-GTPase CDC42 [51].
Phenotypes in patients with activating NLRC4 mutations or XIAP deficiency are
not restricted to CSS. XIAP deficiency is a major cause of monogenic inflammatory
bowel disease (possibly relating to its role in NOD2 signaling), but has been associated with phenotypes like periodic fevers, recurrent skin infections, and arthritis
[52]. Though recently described, NLRC4 mutations have been associated with an
extremely wide spectrum of disease severity, including mild cold-induced urticaria,
erythematous nodules, colitis, and hearing loss/urticaria/CNS inflammation reminiscent of severe CAPS [53–55]. IL-18 levels have not been broadly assessed in
these milder XIAP- and NLRC4-associated phenotypes, but such patients do not
appear to be at higher risk for MAS. Nonetheless, the effects of IL-18 inhibition in
NLRC4- and XIAP-related inflammation are currently under investigation
(NCT03113760).

IL-18 at the Intersection of Autoinflammation and CSS
The correlation of extremely elevated IL-18 levels and MAS in SJIA/AOSD,
NLRC4, and XIAP deficiency is striking. IL-18 is somewhat unique among inflammatory cytokines in that its mRNA expression is relatively stable in the face of
varied stimuli, and it is expressed in both myeloid and epithelial cells. Its effects
have been best studied on cytotoxic lymphocytes, where it strongly synergizes with
cytokines like IL-12, IL-2, and IL-15 to drive IFN-γ production and cytotoxicity.
The IL-18 receptor is constitutively expressed on Natural Killer cells, and induced
upon activation in most T-cells. SJIA patients’ NK cells appear to become insensitive to IL-18 through downregulation of cytosolic signaling, but otherwise retain
cytotoxicity and cytokine production [56, 57]. In contrast to its origins in and effects
on immune cells, IL-18 has an increasingly appreciated role at mucosal barrier sites.
Murine data show a complex role for IL-18 in the gut, where it both promotes barrier immunity and gut immunopathology [58–61]. Thus insights into the biology of
IL-18 in MAS appear poised to inform our understanding of the complex interplay
between barrier and systemic inflammation.

Synthesis
Advances in the field of autoinflammation have largely followed watershed genetic
discoveries. These discoveries have flowed into downstream mechanistic insights,
ultimately validated by responses to targeted cytokine blockade (Table 2) [7, 16].

416

S. W. Canna

Table 2 Targeted treatment of monogenic autoinflammatory cytokine storm syndromes
Syndrome
AGS2

Gene
Drug
RNASEH2B Ruxolitinib

AGS

Several

Baracitinib

DIRA

IL1RN

Anakinra

IL-1
inhibitor

MAS

NLRC4

Anakinra

IL-1
inhibitor
IL-18
inhibitor

Tadekinig-𝛼

Category Effect
Jak
Given after CSS,
inhibitor improvement of
IFN score
Jak
Unknown
inhibitor

Auto
NLRC4/
inflammation XIAP
MAS
NLRC4

Tadekinig-𝛼

MAS

Emapalumab IFNγ
inhibitor

N/A

IL-18
inhibitor
Emapalumab IFNγ
inhibitor

Reference/trial ID
Tungler et al., Ann
Rheum Dis [21]

NCT01724580
https://www.ncbi.nlm.
nih.gov/pubmed/
29649002
Aksentijevich et al.,
Rapid
NEJM [22]
improvement,
risk of
Mendonca et al., J
anaphylaxis
Clin Immunol [23]
Prevention of
Canna et al., Nat Gen
MAS flares
[11]
Given with IL-1 Canna et al., JACI
inhibitor, MAS [41]
resolution/flare
prevention
Unknown
NCT03113760
Improvement of Bracaglia et al.,
MAS
Pediatr Blood & Ca
[42] (abstract)
Unknown
NCT03311854

Exemplifying the power of this pattern, the safety and utility of IL-1 blockade in
monogenic autoinflammation prompted its use in genetically indistinct diseases like
SJIA, and ultimately the review of IL-1 responses in MAS-like sepsis subsets [62].
Still, the lack of clinical overlap between canonical autoinflammation and CSS syndromes is itself instructive. The isolated effects of excess IL-1β or type I IFN appear
insufficient to drive SIRS. However, biomarkers suggest that MAS and HLH are
united by evidence for pathogenic IFN-γ activity. That NLRC4 hyperactivity and
XIAP deficiency are both associated with MAS/HLH as well as extreme and chronic
IL-18 suggests one potential mechanism of convergence. Taken together, these data
suggest that the CSS/SIRS phenotype may rely on simultaneous excess of both IFN
and IL-1 family members. As we improve our ability to immunophenotype CSS
patients, including their responses to an ever-widening array of targeted therapies,
the near future looks bright for precision medicine in CSS.

The Intersections of Autoinflammation and Cytokine Storm

417

References
1. Goldstein, B., Giroir, B., & Randolph, A. (2005). International pediatric sepsis consensus conference: Definitions for sepsis and organ dysfunction in pediatrics. Pediatric Critical Care
Medicine, 6(1), 2–8. https://doi.org/10.1097/01.PCC.0000149131.72248.E6
2. Pras, E., Aksentijevich, I., Gruberg, L., Balow Jr., J. E., Prosen, L., Dean, M., et al. (1992).
Mapping of a gene causing familial Mediterranean fever to the short arm of chromosome
16. The New England Journal of Medicine, 326(23), 1509–1513. https://doi.org/10.1056/
NEJM199206043262301
3. McDermott, M. F., Aksentijevich, I., Galon, J., McDermott, E. M., Ogunkolade, B. W.,
Centola, M., et al. (1999). Germline mutations in the extracellular domains of the 55 kDa TNF
receptor, TNFR1, define a family of dominantly inherited autoinflammatory syndromes. Cell,
97(1), 133–144.
4. Hoffman, H. M., Mueller, J. L., Broide, D. H., Wanderer, A. A., & Kolodner, R. D. (2001).
Mutation of a new gene encoding a putative pyrin-like protein causes familial cold autoinflammatory syndrome and Muckle-Wells syndrome. Nature Genetics, 29(3), 301–305. https://doi.
org/10.1038/ng756
5. Feldmann, J., Prieur, A. M., Quartier, P., Berquin, P., Certain, S., Cortis, E., et al. (2002).
Chronic infantile neurological cutaneous and articular syndrome is caused by mutations in
CIAS1, a gene highly expressed in polymorphonuclear cells and chondrocytes. American
Journal of Human Genetics, 71(1), 198–203.
6. Aksentijevich, I., Nowak, M., Mallah, M., Chae, J. J., Watford, W. T., Hofmann, S. R., et al.
(2002). De novo CIAS1 mutations, cytokine activation, and evidence for genetic heterogeneity in patients with neonatal-onset multisystem inflammatory disease (NOMID): A new
member of the expanding family of pyrin-associated autoinflammatory diseases. Arthritis and
Rheumatism, 46(12), 3340–3348. https://doi.org/10.1002/art.10688
7. de Jesus, A. A., Canna, S. W., Liu, Y., & Goldbach-Mansky, R. (2015). Molecular mechanisms in genetically defined autoinflammatory diseases: Disorders of amplified danger signaling. Annual Review of Immunology, 33, 823–874. https://doi.org/10.1146/
annurev-immunol-032414-112227
8. Agostini, L., Martinon, F., Burns, K., McDermott, M. F., Hawkins, P. N., & Tschopp, J. (2004).
NALP3 forms an IL-1beta-processing inflammasome with increased activity in Muckle-Wells
autoinflammatory disorder. Immunity, 20(3), 319–325.
9. Broz, P., & Dixit, V. M. (2016). Inflammasomes: Mechanism of assembly, regulation and signalling. Nature Reviews. Immunology, 16(7), 407–420. https://doi.org/10.1038/nri.2016.58
10. Park, Y. H., Wood, G., Kastner, D. L., & Chae, J. J. (2016). Pyrin inflammasome activation and
RhoA signaling in the autoinflammatory diseases FMF and HIDS. Nature Immunology, 17(8),
914–921. https://doi.org/10.1038/ni.3457
11. Canna, S. W., de Jesus, A. A., Gouni, S., Brooks, S. R., Marrero, B., Liu, Y., et al. (2014).
An activating NLRC4 inflammasome mutation causes autoinflammation with recurrent macrophage activation syndrome. Nature Genetics, 46(10), 1140–1146. https://doi.org/10.1038/
ng.3089
12. Romberg, N., Al Moussawi, K., Nelson-Williams, C., Stiegler, A. L., Loring, E., Choi, M.,
et al. (2014). Mutation of NLRC4 causes a syndrome of enterocolitis and autoinflammation.
Nature Genetics, 46(10), 1135–1139. https://doi.org/10.1038/ng.3066
13. Goldbach-Mansky, R., Dailey, N. J., Canna, S. W., Gelabert, A., Jones, J., Rubin, B. I., et al.
(2006). Neonatal-onset multisystem inflammatory disease responsive to interleukin-1beta
inhibition. The New England Journal of Medicine, 355(6), 581–592. https://doi.org/10.1056/
NEJMoa055137
14. Hawkins, P. N., Lachmann, H. J., Aganna, E., & McDermott, M. F. (2004). Spectrum of clinical features in Muckle-Wells syndrome and response to anakinra. Arthritis and Rheumatism,
50(2), 607–612. https://doi.org/10.1002/art.20033

418

S. W. Canna

15. Tsoukas, P., & Canna, S. W. (2017). No shortcuts: New findings reinforce why nuance is
the rule in genetic autoinflammatory syndromes. Current Opinion in Rheumatology, 29(5),
506–515. https://doi.org/10.1097/BOR.0000000000000422
16. Manthiram, K., Zhou, Q., Aksentijevich, I., & Kastner, D. L. (2017). The monogenic autoinflammatory diseases define new pathways in human innate immunity and inflammation.
Nature Immunology, 18(8), 832–842. https://doi.org/10.1038/ni.3777
17. Lykens, J. E., Terrell, C. E., Zoller, E. E., Risma, K., & Jordan, M. B. (2011). Perforin
is a critical physiologic regulator of T-cell activation. Blood. https://doi.org/10.1182/
blood-2010-12-324533
18. Rood, J. E., Rao, S., Paessler, M., Kreiger, P. A., Chu, N., Stelekati, E., et al. (2016). ST2
contributes to T-cell hyperactivation and fatal hemophagocytic lymphohistiocytosis in mice.
Blood, 127(4), 426–435. https://doi.org/10.1182/blood-2015-07-659813
19. Jordan, M. B., Locatelli, F., Allen, C., de Benedetti, F., Grom, A., Ballabio, M., et al. (2015).
Abstract: A novel targeted approach to the treatment of hemophagocytic lymphohistiocytosis
(HLH) with an anti-interferon gamma (IFNγ) monoclonal antibody (mAb), NI-0501: First
results from a pilot phase 2 study in children with primary HLH. Blood, 126(23), LBA-3.
20. Rice, G., Patrick, T., Parmar, R., Taylor, C. F., Aeby, A., Aicardi, J., et al. (2007). Clinical and
molecular phenotype of Aicardi-Goutieres syndrome. American Journal of Human Genetics,
81(4), 713–725. https://doi.org/10.1086/521373
21. Tungler, V., Konig, N., Gunther, C., Engel, K., Fiehn, C., Smitka, M., et al. (2016). Response
to: ‘JAK inhibition in STING-associated interferonopathy’ by Crow et al. Annals of the
Rheumatic Diseases, 75(12), e76. https://doi.org/10.1136/annrheumdis-2016-210565
22. Aksentijevich, I., Masters, S. L., Ferguson, P. J., Dancey, P., Frenkel, J., van Royen-Kerkhoff,
A., et al. (2009). An autoinflammatory disease with deficiency of the interleukin-1-receptor
antagonist. The New England Journal of Medicine, 360(23), 2426–2437. https://doi.
org/10.1056/NEJMoa0807865
23. Mendonca, L. O., Malle, L., Donovan, F. X., Chandrasekharappa, S. C., Montealegre Sanchez,
G. A., Garg, M., et al. (2017). Deficiency of interleukin-1 receptor antagonist (DIRA):
Report of the first Indian patient and a novel deletion affecting IL1RN. Journal of Clinical
Immunology, 37(5), 445–451. https://doi.org/10.1007/s10875-017-0399-1
24. Koc, B., Oktenli, C., Bulucu, F., Karadurmus, N., Sanisoglu, S. Y., & Gul, D. (2007). The rate
of pyrin mutations in critically ill patients with systemic inflammatory response syndrome and
sepsis: A pilot study. The Journal of Rheumatology, 34(10), 2070–2075.
25. Rodrigue-Gervais, I. G., & Saleh, M. (2010). Genetics of inflammasome-associated disorders: A lesson in the guiding principals of inflammasome function. European Journal of
Immunology, 40(3), 643–648. https://doi.org/10.1002/eji.200940225
26. Schulert, G. S., Zhang, M., Fall, N., Husami, A., Kissell, D., Hanosh, A., et al. (2016). Whole-
exome sequencing reveals mutations in genes linked to hemophagocytic lymphohistiocytosis and macrophage activation syndrome in fatal cases of H1N1 influenza. The Journal of
Infectious Diseases, 213(7), 1180–1188. https://doi.org/10.1093/infdis/jiv550
27. Krebs, P., Crozat, K., Popkin, D., Oldstone, M. B., & Beutler, B. (2011). Disruption of MyD88
signaling suppresses hemophagocytic lymphohistiocytosis in mice. Blood, 117(24), 6582–
6588. https://doi.org/10.1182/blood-2011-01-329607
28. Zoller, E. E., Lykens, J. E., Terrell, C. E., Aliberti, J., Filipovich, A. H., Henson, P. M., et al.
(2011). Hemophagocytosis causes a consumptive anemia of inflammation. The Journal of
Experimental Medicine, 208(6), 1203–1214. https://doi.org/10.1084/jem.20102538
29. Wunderlich, M., Stockman, C., Devarajan, M., Ravishankar, N., Sexton, C., Kumar, A. R.,
et al. (2016). A xenograft model of macrophage activation syndrome amenable to anti-CD33
and anti-IL-6R treatment. JCI Insight, 1(15), e88181. https://doi.org/10.1172/jci.insight.88181
30. Sepulveda, F. E., Maschalidi, S., Vosshenrich, C. A., Garrigue, A., Kurowska, M., Menasche,
G., et al. (2014). A novel immunoregulatory role for NK cell cytotoxicity in protection from
HLH-like immunopathology in mice. Blood, 125(9), 1427–1434. https://doi.org/10.1182/
blood-2014-09-602946

The Intersections of Autoinflammation and Cytokine Storm

419

31. Ombrello, M. J., Remmers, E. F., Tachmazidou, I., Grom, A., Foell, D., Haas, J. P., et al.
(2015). HLA-DRB1∗11 and variants of the MHC class II locus are strong risk factors for
systemic juvenile idiopathic arthritis. Proceedings of the National Academy of Sciences of the
United States of America, 112(52), 15970–15975. https://doi.org/10.1073/pnas.1520779112
32. De Benedetti, F., Brunner, H. I., Ruperto, N., Kenwright, A., Wright, S., Calvo, I., et al. (2012).
Randomized trial of tocilizumab in systemic juvenile idiopathic arthritis. The New England
Journal of Medicine, 367(25), 2385–2395. https://doi.org/10.1056/NEJMoa1112802
33. Ruperto, N., Brunner, H. I., Quartier, P., Constantin, T., Wulffraat, N., Horneff, G., et al. (2012).
Two randomized trials of canakinumab in systemic juvenile idiopathic arthritis. The New
England Journal of Medicine, 367(25), 2396–2406. https://doi.org/10.1056/NEJMoa1205099
34. Ombrello, M. J., Arthur, V. L., Remmers, E. F., Hinks, A., Tachmazidou, I., Grom, A. A.,
et al. (2016). Genetic architecture distinguishes systemic juvenile idiopathic arthritis from
other forms of juvenile idiopathic arthritis: Clinical and therapeutic implications. Annals of the
Rheumatic Diseases, 76(5), 906–913. https://doi.org/10.1136/annrheumdis-2016-210324
35. Shimizu, M., Nakagishi, Y., Inoue, N., Mizuta, M., Ko, G., Saikawa, Y., et al. (2015).
Interleukin-18 for predicting the development of macrophage activation syndrome in systemic
juvenile idiopathic arthritis. Clinical Immunology, 160(2), 277–281. https://doi.org/10.1016/j.
clim.2015.06.005
36. Girard, C., Rech, J., Brown, M., Allali, D., Roux-Lombard, P., Spertini, F., et al. (2016).
Elevated serum levels of free interleukin-18 in adult-onset Still’s disease. Rheumatology
(Oxford), 55(12), 2237–2247. https://doi.org/10.1093/rheumatology/kew300
37. Gabay, C., Fautrel, B., Rech, J., Spertini, F., Feist, E., Kotter, I., et al. (2018). Open-label,
multicentre, dose-escalating phase II clinical trial on the safety and efficacy of tadekinig
alfa (IL-18BP) in adult-onset Still’s disease. Annals of the Rheumatic Diseases. https://doi.
org/10.1136/annrheumdis-2017-212608
38. Weiss, E. S., Girard-Guyonvarc’h, C., Holzinger, D., de Jesus, A. A., Tariq, Z., Picarsic,
J., et al. (2018). Interleukin-18 diagnostically distinguishes and pathogenically promotes
human and murine macrophage activation syndrome. Blood, 131(13), 1442–1455. https://doi.
org/10.1182/blood-2017-12-820852
39. Liang, J., Alfano, D. N., Squires, J. E., Riley, M. M., Parks, W. T., Kofler, J., et al. (2017).
Novel NLRC4 mutation causes a syndrome of perinatal autoinflammation with hemophagocytic lymphohistiocytosis, hepatosplenomegaly, fetal thrombotic vasculopathy, and congenital
anemia and ascites. Pediatric and Developmental Pathology, 20(6), 498–505.
40. Moghaddas, F., Zeng, P., Zhang, Y., Schutzle, H., Brenner, S., Hofmann, S. R., et al. (2018).
Autoinflammatory mutation in NLRC4 reveals an LRR-LRR oligomerization interface. The
Journal of Allergy and Clinical Immunology. https://doi.org/10.1016/j.jaci.2018.04.033
41. Canna, S. W., Girard, C., Malle, L., de Jesus, A., Romberg, N., Kelsen, J., et al. (2016). Life-
threatening NLRC4-associated hyperinflammation successfully treated with Interleukin-18
inhibition. The Journal of Allergy and Clinical Immunology, 139(5), 1698–1701. https://doi.
org/10.1016/j.jaci.2016.10.022
42. Bracaglia, C., Prencipe, G., Gatto, A., Pardeo, M., Lapeyre, G., Raganelli, L., et al. (2015).
Anti interferon-gamma (IFN gamma) monoclonal antibody treatment in a child with NLRC4-
related disease and severe hemophagocytic lymphohistiocytosis (HLH). Pediatric Blood &
Cancer, 62, S123–S123.
43. Bracaglia, C., de Graaf, K., Pires Marafon, D., Guilhot, F., Ferlin, W., Prencipe, G., et al.
(2017). Elevated circulating levels of interferon-gamma and interferon-gamma-induced chemokines characterise patients with macrophage activation syndrome complicating systemic
juvenile idiopathic arthritis. Annals of the Rheumatic Diseases, 76(1), 166–172. https://doi.
org/10.1136/annrheumdis-2015-209020
44. Girard-Guyonvarc’h, C., Palomo, J., Martin, P., Rodriguez, E., Troccaz, S., Palmer, G., et al.
(2018). Unopposed IL-18 signaling leads to severe TLR9-induced macrophage activation syndrome in mice. Blood, 131(13), 1430–1441. https://doi.org/10.1182/blood-2017-06-789552

420

S. W. Canna

45. Rigaud, S., Fondaneche, M. C., Lambert, N., Pasquier, B., Mateo, V., Soulas, P., et al. (2006).
XIAP deficiency in humans causes an X-linked lymphoproliferative syndrome. Nature,
444(7115), 110–114. https://doi.org/10.1038/nature05257
46. Marsh, R. A., Madden, L., Kitchen, B. J., Mody, R., McClimon, B., Jordan, M. B., et al.
(2010). XIAP deficiency: A unique primary immunodeficiency best classified as X-linked
familial hemophagocytic lymphohistiocytosis and not as X-linked lymphoproliferative disease. Blood, 116(7), 1079–1082. https://doi.org/10.1182/blood-2010-01-256099
47. Lawlor, K. E., Feltham, R., Yabal, M., Conos, S. A., Chen, K. W., Ziehe, S., et al. (2017). XIAP
loss triggers RIPK3- and caspase-8-driven IL-1beta activation and cell death as a consequence
of TLR-MyD88-induced cIAP1-TRAF2 degradation. Cell Reports, 20(3), 668–682. https://
doi.org/10.1016/j.celrep.2017.06.073
48. Kenneth, N. S., & Duckett, C. S. (2012). IAP proteins: Regulators of cell migration and
development. Current Opinion in Cell Biology, 24(6), 871–875. https://doi.org/10.1016/j.
ceb.2012.11.004
49. Yabal, M., Muller, N., Adler, H., Knies, N., Gross, C. J., Damgaard, R. B., et al. (2014). XIAP
restricts TNF- and RIP3-dependent cell death and inflammasome activation. Cell Reports,
7(6), 1796–1808. https://doi.org/10.1016/j.celrep.2014.05.008
50. Wada, T., Kanegane, H., Ohta, K., Katoh, F., Imamura, T., Nakazawa, Y., et al. (2014). Sustained
elevation of serum interleukin-18 and its association with hemophagocytic lymphohistiocytosis in XIAP deficiency. Cytokine, 65(1), 74–78. https://doi.org/10.1016/j.cyto.2013.09.007
51. Gernez, Y., de Jesus, A. A., Alsaleem, H., Macaubas, C., Roy, A., Lovell, D., et al. (2019).
Severe autoinflammation in 4 patients with C-terminal variants in cell division control protein
42 (CDC42) successfully treated with IL-1beta inhibition. The Journal of Allergy and Clinical
Immunology, epub Jul 2. https://doi.org/10.1016/j.jaci.2019.06.017
52. Speckmann, C., Lehmberg, K., Albert, M. H., Damgaard, R. B., Fritsch, M., Gyrd-Hansen, M.,
et al. (2013). X-linked inhibitor of apoptosis (XIAP) deficiency: The spectrum of presenting
manifestations beyond hemophagocytic lymphohistiocytosis. Clinical Immunology, 149(1),
133–141. https://doi.org/10.1016/j.clim.2013.07.004
53. Kitamura, A., Sasaki, Y., Abe, T., Kano, H., & Yasutomo, K. (2014). An inherited mutation in
NLRC4 causes autoinflammation in human and mice. The Journal of Experimental Medicine,
211(12), 2385–2396. https://doi.org/10.1084/jem.20141091
54. Volker-Touw, C. M., de Koning, H. D., Giltay, J., de Kovel, C., van Kempen, T. S., Oberndorff,
K., et al. (2016). Erythematous nodes, urticarial rash and arthralgias in a large pedigree with
NLRC4-related autoinflammatory disease, expansion of the phenotype. The British Journal of
Dermatology, 176(1), 244–248. https://doi.org/10.1111/bjd.14757
55. Kawasaki, Y., Oda, H., Ito, J., Niwa, A., Tanaka, T., Hijikata, A., et al. (2017). Identification
of a high-frequency somatic NLRC4 mutation as a cause of autoinflammation by pluripotent cell-based phenotype dissection. Arthritis & Rheumatology, 69(2), 447–459. https://doi.
org/10.1002/art.39960
56. de Jager, W., Vastert, S. J., Beekman, J. M., Wulffraat, N. M., Kuis, W., Coffer, P. J., et al.
(2009). Defective phosphorylation of interleukin-18 receptor beta causes impaired natural
killer cell function in systemic-onset juvenile idiopathic arthritis. Arthritis and Rheumatism,
60(9), 2782–2793. https://doi.org/10.1002/art.24750
57. Put, K., Vandenhaute, J., Avau, A., van Nieuwenhuijze, A., Brisse, E., Dierckx, T., et al. (2017).
Inflammatory gene expression profile and defective interferon-gamma and granzyme K in natural killer cells from systemic juvenile idiopathic arthritis patients. Arthritis & Rheumatology,
69(1), 213–224. https://doi.org/10.1002/art.39933
58. Munoz, M., Eidenschenk, C., Ota, N., Wong, K., Lohmann, U., Kuhl, A. A., et al. (2015).
Interleukin-22 induces interleukin-18 expression from epithelial cells during intestinal infection. Immunity, 42(2), 321–331. https://doi.org/10.1016/j.immuni.2015.01.011
59. Nowarski, R., Jackson, R., Gagliani, N., de Zoete, M. R., Palm, N. W., Bailis, W., et al. (2015).
Epithelial IL-18 equilibrium controls barrier function in colitis. Cell, 163(6), 1444–1456.
https://doi.org/10.1016/j.cell.2015.10.072

The Intersections of Autoinflammation and Cytokine Storm

421

60. Rauch, I., Deets, K. A., Ji, D. X., von Moltke, J., Tenthorey, J. L., Lee, A. Y., et al. (2017).
NAIP-NLRC4 inflammasomes coordinate intestinal epithelial cell expulsion with eicosanoid
and IL-18 release via activation of caspase-1 and -8. Immunity, 46(4), 649–659. https://doi.
org/10.1016/j.immuni.2017.03.016
61. Chudnovskiy, A., Mortha, A., Kana, V., Kennard, A., Ramirez, J. D., Rahman, A., et al. (2016).
Host-protozoan interactions protect from mucosal infections through activation of the inflammasome. Cell, 167(2), 444–456.e414. https://doi.org/10.1016/j.cell.2016.08.076
62. Shakoory, B., Carcillo, J. A., Chatham, W. W., Amdur, R. L., Zhao, H., Dinarello, C. A., et al.
(2016). Interleukin-1 receptor blockade is associated with reduced mortality in sepsis patients
with features of macrophage activation syndrome: Reanalysis of a prior phase III trial. Critical
Care Medicine, 44(2), 275–281. https://doi.org/10.1097/CCM.0000000000001402

Macrophage Activation Syndrome
in the Setting of Rheumatic Diseases
W. Winn Chatham

Macrophage activation syndrome (MAS) is a hemophagocytic cytokine storm syndrome (CSS) that may occur in patients with established rheumatic disorders.
Development of MAS may be due to activity of the underlying disease lowering
thresholds for activation of immune cells involved in MAS pathogenesis (one example being systemic lupus erythematosus, see chapter on Systemkic Lupus). In other
cases, shared genetic factors favoring development of the underlying rheumatic disease may also predispose to the development of MAS (as may be the case in patients
with adult Still disease). Alternatively, in many cases the factors leading to development of MAS and those causing development of the underlying disorder may be
unrelated. Treatment for rheumatic disorders may increase the risk for acquired
infections known to serve as triggers for MAS in genetically susceptible individuals. Indeed, with the notable exceptions of lupus and adult Still disease, in the
majority of reported cases of MAS occurring in patients with underlying rheumatic
disease an infectious trigger (most commonly herpes virus infection such as CMV
or EBV) has been implicated, with biologic therapy being a potential risk factor [1].
Nonetheless, as the genetic basis of rheumatic disorders as well as MAS become
further elucidated, pathophysiologic links between a number of rheumatic disorders
and MAS risk may become increasingly apparent.

Rheumatoid Arthritis
There are case reports of hemophagocytic syndrome noted in adult as well as in
pediatric patients with underlying seropositive rheumatoid arthritis (RA) [1–8]. In
most reported cases, identifying triggers were not identified but it is unclear as to
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Table 1 MAS in established rheumatic disease: identified infection triggers
Rheumatic disease
Rheumatoid arthritis

Spondyloarthropathy/inflammatory bowel disease
Polyarteritis nodosa
Granulomatosis with polyangiitis
Eosinophilic granulomatosis with polyangiitis
Dermatomyositis
Sarcoidosis

Identified infectious triggers
EBV, CMV [4]
Hepatitis E [6]
E. coli [7]
Leishmaniasis [8]
Mycobacterium tuberculosis [11, 12]
EBV [13, 14]
HSV [15]
Aspergillosis [16]
CMV [17]
EBV [18]
Histoplasmosis [18, 19]

CMV cytomegalovirus, EBV Epstein–Barr virus, HSV herpes simplex virus

what extent systematic approaches to identify such were undertaken. Given the relatively high prevalence of RA, it is not surprising there would be reported cases of
MAS in this population, but in reported case series examining rheumatic disease
associations with MAS, RA is a seldom reported association [9], and relative to
disorders with a much lower prevalence there have been significantly fewer case
reports of MAS occurring in the setting of RA [10]. It is therefore likely that MAS
arising in the context of RA is likely attributable to acquired infections and/or
genetic and epigenetic factors unrelated to those responsible for RA pathogenesis.
In several reported cases, the syndrome developed in the context of changes in
disease-modifying therapy and in cases where infectious triggers were identified
(Table 1), patients were on biologic and/or immunosuppressive therapy for their RA
[4–8]. Prescribed therapies for RA may therefore increase risk for acquired infections known to trigger MAS in susceptible individuals. Conversely, biologics such
as anakinra and tocilizumab that are used in the management of RA have reported
efficacy in managing MAS, and their use may confer a protective role by suppressing the development of MAS that may otherwise develop in a susceptible patient
with RA exposed to a known MAS trigger.

Seronegative Spondyloarthropathies
MAS has been reported to occur in the setting of ankylosing spondylitis and psoriatic arthritis, and in patients with Crohn disease or ulcerative colitis with or without
enteropathic arthritis [10–12, 20–24]. Of interest, in several reports development of
MAS antedated the onset of manifestations of spondyloarthropathy [21–23]. In
some of these reported cases, genetic testing confirmed the presence of dominant
negative mutations in perforin pathway genes, including PRF1 [22], UNC13D [23],
and RAB27A [23] that have been linked to MAS. Whether perforin pathway genes
increase risk for spondyloarthropathy has not been systematically evaluated.
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As has been observed in patients with RA, MAS has been reported in patients
with spondylitis in the setting of acquired infection while on therapy with biologic
modifiers [11, 12]. Acute infections with Salmonella and Clostridium difficile have
been implicated as infectious triggers of MAS in patients with or without underlying rheumatic disease [25, 26]. Despite the association of acquired infection with
reactive arthritis, MAS has not been reported in this setting.
Treatment of MAS that develops in the context of any of the spondyloarthopathies should be directed toward eliminating infections identified as likely triggers
and appropriate immunosuppressive therapy to minimize the production of cytokines by activated T cells and macrophages. In addition to initiating high doses of
corticosteroids, early use of anti-cytokine therapy targeting IL-1 (anakinra) or IL-6
(tocilizumab) are of reported benefit in effecting resolution of the MAS with less
corticosteroid exposure. Biologics targeting tumor necrosis-alpha, IL-12/IL-23, or
IL-17 that are commonly used in the management of inflammatory bowel disease or
spondyloarthopathies may not be as efficacious in suppressing MAS features as
those that target IL-1 or IL-6. To minimize additional infection risk, it may therefore
be prudent to withhold these background treatment biologic therapies when employing anti-IL-1 or anti-IL-6 therapies to treat supervening MAS.

Vasculitis
There are several reported cases of MAS occurring in patients with polyarteritis
nodosa (PAN). In some reported cases, MAS was attributed to underlying viral
infection (EBV) thought to trigger both the vasculitis and the observed MAS [13,
14]. In others, MAS appears to have occurred as a complication of secondarily
acquired opportunistic infections complicating prescribed immunosuppressive therapy [13]. In a number of case reports, active hepatitis B virus infection has been
implicated as the likely trigger for MAS, although associated arteritis was not a
reported clinical feature [27–29]. MAS has been reported in patients with HCV
associated cryoglobulin syndromes, but usually in the context of other acquired
infection during the course of prescribed treatment [30].
There are rare case reports of MAS occurring in the setting of anti-neutrophil
cytoplasmic antibody (ANCA) associated vasculitis syndromes including granulomatosis with polyangiitis, microscopic polyangiitis, eosinophilic granulomatosis
with polyangiitis, or anti-MPO associated Goodpasture syndrome [15, 16, 31, 32].
However, it is important to recognize that complicating infections have been identified as the likely inciting trigger for MAS observed in the reported cases, and careful evaluation for known infectious triggers (Table 1) should be undertaken when
MAS develops in this setting [10, 15].
Similarly, MAS has not been reported as a presenting or complicating feature of
giant cell arteritis or Takayasu arteritis [10]. As is applicable to the other aforementioned vasculitides, the occurrence of MAS in a patient with either of these d isorders
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should likewise prompt investigation for infections known to be associated with the
development of MAS.
Since the development of MAS in patients with vasculitis most commonly occurs
in the setting of acquired (often opportunistic) infection, treatment should be
directed toward elimination of identified infectious triggers as well as immunotherapy directed toward minimizing organ damage from inflammatory cytokines.
In addition to escalating doses of prescribed corticosteroids, high dose intravenous
immunoglobulin (IVIG) (2 g/kg every 3–4 weeks) may be of particular utility in
managing MAS in this setting as it has been shown to be effective in suppressing
vascular inflammation in polyarteritis as well as ANCA-associated vasculitides, and
may also help clear viruses (notably CMV) or other MAS-triggering microbial
pathogens. Caution should be undertaken when using IVIG in patients with vasculitis due to cryoglobulins containing rheumatoid factors as doing so may exacerbate
the vasculitis. Rituximab or other B-cell-depleting monoclonal reagents is an effective adjunct in the treatment of EBV-associated MAS and may have additional
remission attributes for patients with underlying ANCA-associated vasculitis who
develop MAS due to EBV infection.

Kawasaki Disease
MAS has been increasingly recognized as a complicating feature of Kawasaki
disease (KD), occurring in at least 1–2% of cases in one reported series [33, 34].
In both murine models of Kawasaki disease as well as human immunophenotyping
studies in affected patients, IL-1β has been shown to be central to the development
of vascular lesions [35, 36]. Indeed, these observations as well as a number of
shared clinical and laboratory features with systemic juvenile idiopathic arthritis
(sJIA) have led to the consideration of Kawasaki disease as an IL-1β mediated autoinflammatory disorder, with several clinical trials underway to determine the efficacy of anakinra or canakinumab in managing KD [37, 38]. Hyperferritinemia is not
uncommonly observed in patients with KD, but when observed levels of ferritin
exceed 5000 ng/ml and are accompanied by leukopenia/thrombocytopenia, evolving MAS should be considered. In such cases, therapy should be escalated beyond
treatment with IVIG and corticosteroids, incorporating anti-cytokine therapy with
anakinra or canakinumab. If there is still failure to respond, further escalation of
treatment with calcineurin inhibitors can be undertaken.

Adult-Onset Still Disease
Patients presenting with adult-onset Still disease (AOSD) also have clinical and
laboratory features very much in common with those associated with sJIA, many of
which are also characteristic of MAS (Table 2). These shared features include
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Table 2 Clinical and laboratory features of AOSD, sJIA, and MAS
Hyperferritinemia
Fever
AST, ALT elevation
High CRP
Hepatomegaly
Splenomegaly
High triglycerides
Cytopenias
Low fibrinogen
Elevated d-dimer

AOSD
+
+
+
+
+
+
−
−
−

sJIA
+
+
+/−
+
+
+
−
−
−

MAS
++
+
+
+
+
+
+
+
+

significant hyperferritinemia, fever, and elevated serum transaminase levels. The
underlying cytokine profiles are also similar, with elevations in IL-1β and IL-18
characteristic of both disorders [39]. Just as patients with active flares of sJIA or KD
should be monitored for development of MAS, such is also the case for patients who
present with AOSD. The initial clinical presentation of AOSD may well be that of
MAS [40, 41]. While hyperferritinemia and elevation of liver transaminase levels
are commonly seen in patients with active AOSD, the development of leukopenia,
thrombocytopenia, and/or evidence of coagulopathy in a patient with AOSD portend developing MAS. Given the increased mortality associated with AOSD complicated by MAS [39], it is therefore prudent to monitor serial blood counts as well
as serum levels of lactate dehydrogenase (LDH), plasma levels of d-dimer, and
serum levels of fibrinogen in patients with active AOSD.
As has been observed in patients with sJIA and KD, excess production of IL-1β
appears to play a significant role in the pathogenesis of AOSD [39]. For patients with
AOSD who have developed features of MAS, initiation of anti-IL-1β therapy with
glucocorticoids (if not yet administered) is recommended as the majority of patients
will respond rapidly to this combined treatment. Anakinra has been used most commonly, usually in doses of 100 mg administered subcutaneously every 12 h, and may
lessen overall corticosteroid exposure [42]. If needed, the dose can safely be escalated to every 6 h for critically ill patients [43, 44]. For patients failing to respond
within 48 h to maximum doses of anakinra, addition of cyclosporine at 2.5 mg/kg/
day may effect clinical resolution of MAS [41]. Alternatively, an 8 mg/kg dose of
tocilizumab can be administered in patients failing to respond or who may develop
intolerable significant injection site reactions to anakinra [45].
Additional reported complications seen in AOSD patients who have developed
MAS include myocarditis, pulmonary hypertension, and interstitial lung disease
with nonspecific interstitial pneumonitis (NSIP) [43, 46]. The combined approach
of anti-IL-1 therapy with anakinra and cyclosporine or use of tocilizumab has been
used with success in patients with these complications [43, 46, 47].
Once the MAS flare has abated with resolution of cytopenias and any noted elevations in serum LDH and d-dimer levels, therapy can be sequentially attenuated
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starting with tapering of corticosteroids, then discontinuation of cyclosporin or
other employed calcineurin inhibitor. Since AOSD is most effectively managed with
anti-IL-1β therapy or tocilizumab, biologic therapy should be continued to avoid
severe relapses of AOSD and associated MAS. In most patients, anakinra can be
decreased to once daily dosing; when tocilizumab is employed, either weekly subcutaneous (100 mg) or monthly intravenous dosing (4–8 mg/kg) can be employed to
maintain disease remission and avoid relapse. With prolonged remission it may be
reasonable to discontinue therapy with careful subsequent observation for relapse.

Behcet and Autoinflammatory Disease
Due to associated excessive production of inflammatory cytokines capable of promoting activation of macrophages, monogenic autoinflammatory disorders as well
as Behcet disease (BD) may be associated with the development of MAS [10, 48].
MAS has been reported to be the presenting manifestation in patients with familial
Mediterranean fever [49] and TNF (tumor necrosis factor) receptor associated periodic syndrome [50]. MAS was reported to have occurred during one of many
sequential febrile attacks in a patient with hyperimmunoglobulin D syndrome [51].
Patients with cryopyrin associated periodic syndrome (CAPS) have also been
reported to develop MAS [52], whether due to gain of function mutations in NACHT,
LRR, and PYD domain-containing protein 3 (NLRP3) or the NLR-family CARD-
containing protein 4 (NLRC4) with attendant excessive production of IL-18 [53].
Defects in cytotoxicity have been identified in some of the reported cases, but have
not been a consistent finding in patients who have developed MAS on this background [48]. Regardless of similarities or differences in canonical IL-1β and IL-18
driven pathways of inflammation, it is important to be mindful of possible MAS
development in patients with the monogenic inflammatory disorders, as escalation
of therapy to manage complicating MAS may be required in the setting of hyperferritinemia with cytopenias and coagulopathy.
Studies in patients with BD have traditionally demonstrated evidence of significant monocyte and macrophage activation [54, 55] as well as increased numbers
and activation of circulating gamma-delta T cell subsets and natural killer (NK)
cells [56]. However, reports of MAS in patients with BD are uncommon. Reported
cases have been in association with intercurrent herpes virus infection such as EBV
or CMV that potentially triggered observed MAS [57].

Polymyositis/Dermatomyositis
MAS has been reported in patients with idiopathic inflammatory myopathy, with the
preponderance of reported cases associated with dermatomyositis (DM), particularly,
juvenile-onset DM. MAS may be the presenting feature of dermatomyositis [58],
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and may be associated with pulmonary [59], as well as CNS [60] complications.
Favorable responses to treatment with calcineurin inhibitors and corticosteroids,
with or without plasma exchange, have been reported in this clinical setting [61,
62]. As has been noted to occur in other rheumatic disorders, complicating infection
with herpes viruses such as CMV may trigger MAS in the setting of DM with fatal
consequences despite CMV and MAS-directed therapy [17].

Systemic Sclerosis
MAS has rarely been reported in the setting of systemic sclerosis [10, 13, 63, 64].
The treatment of MAS in this setting may be challenging as high-dose corticosteroids carries an increased risk of precipitating scleroderma renal crisis, and use of
calcineurin inhibitors may exacerbate underlying renal arteriopathy prevalent in
patients with this disorder. Early intervention with an IL-1β inhibitor such as
anakinra may therefore be a preferred initial intervention. Etoposide has been used
with success in this setting but may require support with G-CSF [65].

Sarcoidosis
MAS is rarely reported in patients with established sarcoidosis, occurring either in
the presence or absence of identified infectious triggers [10, 18]. In the majority of
reported cases infectious triggers including EBV and histoplasmosis I have been
identified [18]. Histoplasmosis is a well-established trigger for MAS, and the acute
presentations of sarcoidosis and histoplasmosis share both clinical and pathologic
features [19]. It is therefore particularly prudent to perform diagnostic studies
including serum and urine antigen studies, blood smears, and fungal cultures for
histoplasmosis in the setting of MAS and granulomatous disease. Moreover, since
disseminated granulomatous lesions may be characteristic of patients with common variable immune deficiency (CVID), it is furthermore prudent to assess
immunoglobulin levels in this setting to determine whether MAS is occurring in
the context of CVID rather than sarcoidosis. This is of particular relevance in the
context of reported EBV triggered MAS in patients with sarcoidosis, as EBV as
well as CMV infections have been implicated in the majority of case reports of
MAS associated with CVID [66, 67]. As is recommended for MAS occurring in
other rheumatic entities, treatment is best directed toward identified triggering
infections as well as combinations of high-dose corticosteroids, calcineurin inhibitors, and biologic therapies targeting IL-1 and/or IL-6 to suppress the associated
cytokine storm.
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Summary
MAS has been reported with variable frequency in the context of most established
inflammatory rheumatic and autoimmune disorders. It is most commonly seen in
disorders whereby by the underlying innate inflammation defects (AOSD, AID) or
autoimmune pathways (SLE) underlying the disorder might be predicted to give rise
to MAS during severe flares. In other disorders, MAS may arise in the context of
mutations in the perforin pathway known to be associated with MAS and inciting
epigenetic infectious triggers, most commonly herpes virus family infection. As
such, for these patients presenting with MAS, it is important to assess for the presence of infectious triggers as well as genetic studies targeting mutations in perforin
pathway proteins to ascertain future risk.
Therapy directed toward treating severe flares of underlying rheumatic disease
may abate developing MAS, as is not uncommonly observed in patients with AOSD
or systemic lupus. However, resolution of MAS in these disorders and more often
than not in other rheumatic disorders may require escalation of therapy directed
specifically toward decreasing the production of cytokines driving MAS. Successful
reported outcomes employ a combined approach with initial high dose corticosteroids, inhibitors of IL-1β and/or IL-6, and the use of calcineurin inhibitors targeting
production of T cell-derived cytokines. Careful dosing with etoposide may be used
in refractory cases with vigilance for and appropriate interventions for attendant
neutropenia. The role of antibodies to interferon-gamma, now available for use in
the management of patients with primary/familial hemophagocytic lymphohistiocytosis (fHLH), in the treatment of secondary forms of MAS/HLH remains to be
determined. Caution should be exercised in extrapolating the experiences with this
and other established protocols for familial HLH to therapeutic use in secondary/
acquired forms of macrophage activation syndrome.
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Two Types of HLH in the Context of Malignancies
Malignancies constitute a major underlying condition of the hyperinflammatory
syndrome hemophagocytic lymphohistiocytosis, a subset of cytokine storm syndromes (CSS). The number of reported cases is increasing steadily [1]. The diagnosis is challenging as the overlap of HLH features and features of neoplastic disease
is substantial. HLH in the context of malignant conditions can occur in the two
different settings [2]:
In the first setting, the hyperinflammatory nature of HLH is directly driven by the
neoplasm. In this chapter, this is referred to as malignancy-triggered
HLH. Manifestation is usually at presentation or relapse of the malignancy.
Lymphoma cell lines secret inflammatory cytokines such as interferon-γ (IFN-γ)
and interleukin-6 (IL-6) that are key players in different types of cytokine storm
syndromes [3, 4]. Additionally, certain markers of HLH and lymphoma show relevant overlap. Elevated soluble interleukin-2 receptor alpha chain (sCD25) is a feature of both HLH and of non-Hodgkin lymphoma [5, 6]. In some lymphomas,
herpes viruses, particularly Epstein–Barr virus (EBV), can further aggravate the
hyperinflammation [7].
In the second setting, HLH can occur related to the profound immune suppression conferred by the cytostatic treatment. This increases the likelihood of infection
or reactivations and consequent HLH [8]. Indeed, infectious triggers are frequently
found, which renders HLH in this setting more similar to infection-associated secondary HLH. The microbiological spectrum extends from viral triggers (e.g., EBV,
cytomegalovirus (CMV), BK virus, human herpes virus-6) to invasive fungi and
bacteria [9–12]. HLH in this setting tends to occur several months into treatment.
Patients may already be in remission of the neoplasm. It is sometimes difficult to
clearly differentiate between malignancy-triggered HLH and HLH in the context of
chemotherapy. Coexistence is possible when infectious agents enhance malignancy-
triggered HLH. Management, however, is different, and it should thus always be
attempted to distinguish the two subtypes, which is not always the case in the available literature.

 requent Malignant Conditions
F
in Malignancy-Triggered HLH
Lymphomas make up for 75–80% of malignant conditions associated with HLH in
children, adolescents, and adults [1, 13]. Table 1 lists the most pertinent malignancies. The most frequent malignancies in adults are T and NK cell lymphomas (35%),
B cell lymphomas (32%), leukemias (6%), Hodgkin lymphomas (6%), and other
hematologic cancers (14%). Solid tumors (3%) and other malignancies (3%) are
rare. The distribution of entities appears to differ in different global regions. B cell
lymphomas are predominantly reported from Western countries and Japan [14, 15],
while cohorts from China and Korea mainly include T cell malignancies [16–18]. In
children and adolescents, T cell malignancies predominate [13, 19].
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Table 1 Malignancies associated with HLH

Type of malignancy
T and NK cell
lymphoma

Sub-entities with particular risk of HLH

Prevalence in adults with
malignancy-associated HLH
(%) [1]
35

Subcutaneous panniculitis-like T cell
lymphoma
Primary cutaneous γδ-T cell lymphoma
NK cell lymphoma
Anaplastic large cell lymphoma
B cell lymphoma

32
Diffuse large B cell lymphoma
Intravascular large B cell lymphoma

Hodgkin lymphoma
Leukemia
Other hematologic
malignancies
Solid tumors

6
6
14
3
Mediastinal germ cell tumors
Langerhans cell histiocytosis

Others and related
disorders
Cytophagic histiocytic panniculitis
EBV+ T cell and NK cell
lymphoproliferative disorders
Multicentric Castleman disease with HIV
infection

Among the T cell neoplasms, mature subtypes are more prone to elicit HLH. This
includes subcutaneous panniculitis-like T cell lymphoma, primary cutaneous γδ-T
cell lymphoma, and anaplastic large cell lymphoma [20]. Lymphoblastic T cell lymphomas and leukemias have less frequently been reported [13, 19]. Diffuse large B
cell lymphoma (DLBCL) is the main entity among the B cell neoplasms. The prevalence of HLH in patients with intravascular large B cell lymphoma, especially in Far
East Asia, is high [21]. In contrast, B precursor malignancies are infrequent triggers
of HLH [22]. Among the rarely occurring solid tumors, a few have a particular propensity to elicit HLH, namely, mediastinal germ-cell tumors [23] and Langerhans
cell histiocytosis (LCH) [24], for which increasing evidence indicates it is a malignant condition. Occasional reports described HLH with embryonal tumors [10].
Some lymphomas have a strong correlation with EBV as a co-trigger. This applies
to Hodgkin lymphoma, where the prevalence of EBV reaches 90% if HLH occurs
[7, 25], and peripheral T cell lymphoma (30%) [15, 17]. In DLBCL, however, a
viral co-trigger is rarely found [26, 27].
Differential diagnoses for HLH associated hematopoietic disorders include cytophagic histiocytic panniculitis [28], EBV-driven T and NK cell lymphoproliferative
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disorders (particularly in Far East Asia) [29–31], and multicentric Castleman disease with human immune deficiency virus (HIV) infection [32].

 reatment Regimens Associated with HLH in the Context
T
of Chemotherapy
The prevalence of documented infectious triggers in this cohort of malignancy
associated HLH is 75–100%. This includes viruses (reactivations and primary
infections) and fungi [9, 10, 13, 22, 33, 34]. As bacterial septicemia per se shares
many features with HLH [35], it is controversial if these cases should be regarded
as HLH or rather as a “mimic”. The intensive cytostatic drug schemes for leukemias
and lymphomas have a strong correlation with the occurrence of HLH [9]. It is,
however, noteworthy that HLH not only occurs during the intensive induction and
consolidation schemes, but HLH on maintenance therapy can be equally severe and
life-threatening [13]. T cell engaging treatments with chimeric antigen receptor
modified T cells and bispecific T cell engaging antibodies can elicit cytokine release
syndromes. In this iatrogenic subtype of HLH, the forced recruitment of T cells
triggers the cytokine storm [36].

Diagnostic Workup
Different scenarios lead to different questions in the diagnostic workup: (1) A
patient has confirmed HLH. Workup must address the question if there is a malignant driver of the hyperinflammation; (2) A patient has confirmed malignancy and
HLH is suspected; or (3) A patient is on chemotherapy treatment and HLH is
suspected. In the latter two cases, workup must provide evidence for or against
HLH, to allow for therapeutic consequences to be taken.
HLH is a condition that can only be diagnosed on the grounds of an entire set of
characteristics, including clinical features and laboratory parameters. The most frequently used criteria for clinical and scientific purposes were devised for the HLH-
2004 treatment protocol [37]. These criteria include fever, splenomegaly, decreased
blood counts and fibrinogen, elevated ferritin, triglycerides, and sCD25, decreased
natural killer cell function, and the finding of hemophagocytosis, typically in the
bone marrow. (PLEASE REFER TO DIAGNOTIC CHAPTER WHERE HLH-2004
CRITERIA ARE DISPLAYED IN A TABLE.) Elevated lactate dehydrogenase,
transaminases, and d-dimers, and decreased albumin may support the diagnosis. In
the context of malignant diseases, there are substantial imperfections of the criteria,
mainly related to the fact that several findings per se may be present in neoplastic
disease or during cytostatic treatment (“B symptoms,” cytopenia, organomegaly).
Different groups of adult physicians have attempted to come up with other criteria,
reviewed in [38]. This includes a scoring system based on a cohort in which almost
half of patients had malignancy-associated HLH [39]. Others have described typical
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parameters of HLH during therapy for acute myeloid leukemia [9]. The acceptance
of the different sets of criteria however varies. Even though hemophagocytosis is
eponymous in this condition, it is neither very specific nor sensitive [40]. It is a
diagnostic error to diagnose HLH solely based on the finding of hemophagocytosis.
Soluble CD25 (sCD25) is typically more pronouncedly elevated in HLH with
underlying lymphoma or Langerhans cell histiocytosis (LCH) than in other forms of
HLH, which is why a high sCD25–ferritin ratio should raise suspicion of hidden
lymphoma or LCH [41].
Despite the importance of formal criteria for clinical and scientific purposes, a
general judgement is usually helpful if the combination, the extent, and the progression of parameters is unexpected, unusual, and otherwise unexplained [2]. There is
no single pathognomonic feature of HLH. However, the combination of features
makes the condition unique and guides the way to the diagnosis. The extent of laboratory abnormalities tends to be extreme, which should raise suspicion. The dynamics of HLH are frequently fulminant. To stop the condition in time, this progression
warrants early detection.
The diagnosis of HLH must always prompt a search for a potential malignant
disease, which in most cases is lymphoma. The higher the age of the patient the
more likely is a neoplasm [15]. Basic diagnostic procedures should be performed
(cytology of blood and marrow, ultrasound of abdomen and lymph nodes, chest
X-ray). If no other plausible cause is found (infection, hereditary disease, autoimmune or autoinflammatory condition), magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography CT (PET-CT) scans, and
lymph node biopsies should be considered. Organ biopsies (e.g., liver) in patients
with HLH carry a substantial risk of bleeding complications in the context of thrombocytopenia and consumptive hypofibrinogenemia. Risks and benefits must be carefully considered. Other conditions may be present, concomitantly with a neoplasm.
EBV and HIV are potent triggers of HLH and may be associated with hematological
malignancies [42]. A cerebral MRI and lumbar tap should be considered to exclude
central nervous system involvement, particularly in patients presenting with neurological symptoms.
Monitoring of disease progression and response to treatment is based on the
HLH parameters. Platelets quickly indicate improvement or worsening of disease
activity. A challenge, however, is the differentiation of myelotoxicity of treatment
and persistence of inflammation, as both the former and the latter result in cytopenia. A bone marrow aspirate may sometimes be helpful in this situation.
Normalization of ferritin may take several weeks or months [43] and repeated red
blood cell transfusions may constitute a confounder.

Cytotoxicity Defects and Malignancy
Most pertinent hereditary defects not only predispose to HLH but to malignancy as
well. The degree of predisposition varies. In a large retrospective study on patients
with X-linked lymphoproliferative syndrome type (XLP) 1, most individuals
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presented with EBV-associated HLH (approx. 40%). However, B cell lymphoma
was the first manifestation in 14% and occurred at any time in 25% of patients [44].
A history of EBV-associated HLH and B cell lymphoma is thus suggestive of
XLP1 in male patients. No patients with lymphoma have however been reported for
XIAP deficiency (XLP2) [45]. Several EBV-susceptibility syndromes additionally
predispose to lymphoma, including deficiencies of the magnesium transporter 1
(MAGT1), inducible T cell kinase (ITK), and CD27 [46].
Familial HLH mouse models reveal an increased incidence of lymphoma [47]. In
perforin and degranulation defects (see chapter “Murine Models of Familial
Cytokine Storm Syndromes”), malignancy usually occurs in patients with hypomorphic defects who have survived to adolescence or adulthood without stem cell
transplant (SCT). Patients with complete defects usually experience HLH and
receive an SCT before malignancy can develop. In humans, perforin mutations are
associated with hematologic malignancies [48, 49]. The role of the prevalent hypomorphic mutation p.A91V in hematological malignancies is debated [50, 51].
Several case reports ascribe the development of Hodgkin lymphoma to inherited
cytotoxicity defects [52–55], with or without EBV. Heterozygous familial HLH
mutations do not seem to be associated with hematological malignancies [56].
Somatic loss of heterozygosity of STX11, the gene mutated in familial HLH 4, has
been found in adult peripheral T cell lymphoma [57]. An increased incidence of
gynecological tumors was found for heterozygous carriers of mutations conferring
familial HLH [56]. Colorectal and ovarian carcinoma patients are not more likely to
have perforin mutations [58].
Whether a predisposing hereditary defect should be excluded in a patient with
malignancy-associated HLH must be decided case-by-case. Young age, previous
episodes of full or partial HLH, and a positive family history render a hereditary
background more likely. A positive EBNA IgG as proof of a previous infection
without a prior episode of HLH decreases the likelihood of a genetic defect, as EBV
is considered the most potent trigger of HLH in cytotoxicity defects and is likely to
have elicited HLH on primary infection. If required, screening for the relevant
defects may be performed by flow cytometry (protein stains and degranulation
assays) [59, 60] (REFER TO RESPECTIVE CHAPTER), followed by genetic analysis in the case of abnormal findings. Next-generation sequencing may be indicated
in special cases.

Treatment and Prognosis of Malignancy-Triggered HLH
Treatment of HLH must not be delayed as the course of disease may be fulminant.
It is not known whether primarily HLH-directed treatment or malignancy-directed
treatment is most effective for overall outcome. However, there is substantial
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overlap in the agents used for treatment of malignancies and HLH. Decisions must
be taken on a case-by-case basis. Etoposide and glucocorticosteroids, in particular,
are used for both conditions. Etoposide selectively ablates activated T cells [61] and
in that way dampens inflammation. Further chemotherapeutic agents with efficacy
in murine models of primary HLH include cyclophosphamide and methotrexate
[61]. Malignancy-directed protocols containing dexamethasone, etoposide, or
cyclophosphamide may thus constitute the preferred treatment option to address
HLH when it occurs in the context of a neoplasm. In patients where initially an
HLH-directed approach is pursued, a regimen addressing the neoplasm must follow
once HLH parameters have stabilized or resolved.
Initial HLH-directed immunosuppressive treatment may be an option particularly in patients with poor general condition and thusly prepares the patient for more
intensive subsequent malignancy-directed therapy. A prospective study of patients
with lymphoma-triggered HLH and failure of first-line treatment analyzed a regimen with liposomal doxorubicin, methylprednisolone, and etoposide. Complete
response was achieved in 17%, partial response (i.e., moderate improvement of
parameters) in 59%, and no response in 24% of patients [62]. Some retrospective
studies and case series have indicated better survival if etoposide was administered;
substantial limitations of these analyses however preclude generalization [63, 64].
In cytophagic histiocytic panniculitis and subcutaneous panniculitis-like T cell lymphoma, cyclosporine A and anakinra have shown beneficial effects [28, 65, 66].
Ruxolitinib, a janus kinase inhibitor, was effective in mouse models of primary and
secondary HLH [67, 68]. Its role for the treatment of HLH in the context of malignancies remains to be determined. Stem cell transplantation is usually warranted if
a hereditary defect predisposing to HLH is found.
Extensive anti-infectious treatment of viruses, bacteria, and fungi, as well as
anti-infectious prophylaxis, including Pneumocystis jirovecii, and frequent screening for fungi and viruses (EBV, CMV, adenovirus) is essential to fight triggering
agents. In highly replicative EBV infection, rituximab should be considered to
address this strong co-trigger by elimination of B cells [69]. An additional antitumor
effect can be expected, if the neoplasm is CD20 positive. Adjustments of treatment
doses and renal replacement therapy are required in patients with acute kidney failure, which is more frequent in adults [70].
The interpretation of outcome data may prove difficult because it is often not
possible to distinguish whether HLH or the underlying malignancy or both are the
major causes of death. The substantial mortality of underlying neoplasms contributes to the poorer outcome of HLH in the context of malignancy when comparing
to other subtypes of HLH. Prognosis of HLH in T cell malignancies is inferior as
compared to B cell lymphomas. In general, the occurrence of HLH in a patient with
malignancy is associated with a poorer outcome. The 30-day survival of the acute
phase of HLH in adults is reported to be 56–70% (depending on the subtype of the
neoplasm), the median overall survival 36–230 days, and the 3-year survival

444

K. Lehmberg

18–55% [15, 17, 18, 62–64, 71–74]. Children have a better prognosis, surviving the
acute phase of HLH in 56–67% of cases and a median overall survival of approximately 1 year [13, 19].

Therapy of HLH in the Context of Chemotherapy
Evidence regarding treatment for HLH in the context of chemotherapy is limited.
Pathogen-specific therapy is crucial if an infectious trigger is found, including antiviral, antibacterial, and antifungal treatment. Rituximab has been proven beneficial
in EBV-driven HLH [69] and is worth considering in patients with substantial
EB-viremia. In general, antimicrobial prophylaxis against other viruses, fungi, and
bacteria is advisable, as patients with HLH in the context of chemotherapy are usually profoundly neutropenic and lymphopenic and are at risk for further aggravating
infections. The antifungal spectrum must include Aspergilli.
Further chemotherapeutic courses should be postponed or maintenance medication interrupted until HLH is controlled. Administration of immunoglobulins may
be attempted as an immune modulatory approach. Glucocorticosteroids can be
used; however, particularly if the infectious trigger is fungal, the period should be
kept as short as possible. It is debatable if more profound immune suppression with
etoposide [13] is beneficial or counterproductive. This decision must thus be discussed case-by-case. In cytokine-release syndrome in the context of T cell engaging therapies, the anti-IL-6 monoclonal antibody tocilizumab has been shown to be
efficacious [36]. Overall survival was significantly lower in adult AML patients
where features of HLH occurred during treatment [9]. In a small pediatric cohort of
HLH in the context of chemotherapy mainly for leukemia, overall survival was
0.9 years [13].

Conclusions for HLH Associated with Malignancies
Malignancy-triggered HLH and HLH in the context of chemotherapy constitute a
major challenge in hematology with poorer outcomes than other forms of HLH. The
criteria used for the definition of HLH in malignant conditions need refinement.
However, awareness of the condition may facilitate timely initiation of therapy.
Since it is unknown if initial HLH-directed or malignancy-directed treatment is
superior, therapy must be tailored on a case-by-case basis.
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Cytokine Storm and Sepsis-Induced
Multiple Organ Dysfunction Syndrome
Joseph A. Carcillo and Bita Shakoory

Because this chapter overlaps with many others in this text book, we have included
four figures to help the reader appreciate similarities and differences between sepsis-
induced MODS-associated MAS or MALS (macrophage activation like syndrome)
and rheumatologic disease-associated MAS, and familial HLH. Importantly there
are no distinguishing clinical characteristics between the three; however, there are
distinctive differences in sepsis cytokine patterns (Fig. 1, Table 1), NK cell number
and functional response (Fig. 2, Table 1), T cell numbers and response (Fig. 3,
Table 1), and putative therapies (Fig. 4, Table 1) compared to rheumatologic disease-
associated MAS, and familial HLH. This chapter explores these differences.
Mortality in sepsis is associated with a cytokine storm known as MARS or mixed
anti-inflammatory response syndrome. This cytokine storm, said to be a result of
immunologic dissonance, is characterized by high circulating IL-6 and IL-10 levels,
and decreased ability of monocytes, macrophages, and dendritic cells to produce
TNF alpha or interferon gamma (IFN-γ) in response to endotoxin. Hotchkiss and
colleagues reviewed autopsies in adult patients who died after 7 days of sepsis and
found profound circulating T cell, B cell, dendritic cell, and NK cell lymphopenia
along with lymphoid depletion related to apoptosis in the thymus, lymph nodes,
spleen, and bone marrow [1]. Felmet et al. reported similar findings in children who
died of lymphopenic sepsis-induced multiple organ failure (MOF) [2], and Gurevich
et al. also reported this phenomenon in neonates who died with sepsis [3]. In addition to lymphocyte numbers being depressed, monocyte and macrophage functions
were severely depressed in these patients who had a condition known as “immunoparalysis” characterized by inability to produce IFN-γ, to clear infection, and to
survive sepsis.
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Fig. 1 Cytokine response patterns in septic shock, toxic shock, multiple organ dysfunction syndrome, immunoparalysis, and macrophage activation syndrome
Table 1 Differences between sepsis-related MAS/MALS, rheumatology-associated MAS, and
familial HLH

Cytokine
pattern

NK cell
numbers/
function

T cell
numbers/
function
Putative
therapies

Rheumatologic
MAS
Hyperferritinemia
Very high IL-18
Increased interferon
γ
Normal numbers,
decreased cytolytic
function

Familial HLH
Extreme
hyperferritinemia
High interferon γ
Increased IL-18
Normal numbers,
absent cytolytic
function

T-cell activation/no
proliferation

T cell activation/
proliferation

Corticosteroids
IVIG
Anakinra
Interferon γ Ab?

Etoposide
Dexamethasone
Interferon γ Ab

Sepsis-
induced
MODS
Increased
ferritin
Absent
interferon γ
Low numbers,
normal
cytolytic
function per
cell
Decreased T
cell numbers
Remove
source of
infection
GM-CSF?
Checkpoint
inhibitors?
IL-7?

Sepsis-associated
MAS/MALS
Hyperferritinemia
Somewhat increased
IL-18
Low interferon γ
Less than 10% of
normal numbers,
normal cytolytic
function per cell
Profound lymphopenia
and T-cell exhaustion
Remove source of
infection
IVIG
Methylprednisone,
Anakinra?
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Fig. 2 Natural killer cell function response during infection, septic shock, toxic shock, multiple
organ dysfunction syndrome, immunoparalysis, and macrophage activation syndrome

Fig. 3 T cell response in local infection, septic shock, toxic shock, multiple organ dysfunction,
immunoparalysis, and macrophage activation syndrome

Hotchkiss and colleagues investigated sepsis immunology further using the
cecal ligation and perforation (CLP) experimental model of mixed bacterial sepsis.
Puncture with an increasing gauge needle increases mortality rate as the bacterial
load leaking into the peritoneum increases with this maneuver. Initially, approximately 50% of the rodents who die do so from shock followed by the other 50%
who die later from multiple organ failure. Antibiotics and fluids can markedly
reduce mortality when a lower gauge puncture is used but are less effective when a
larger gauge puncture is used on the cecum. In a series of elegant experiments
Hotchkiss studied the influence of apoptotic lymphocytes on development of
immunoparalysis and subsequent death by employing heterologous transfer of
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Fig. 4 Therapies used and being studied for local infection, septic shock, toxic shock, multiple
organ dysfunction, immunoparalysis, and macrophage activation syndrome

sham treated, freeze thawed (necrotic cells), and irradiated (apoptotic cells) splenocytes from a control rodent into the blood stream of sham and cecal ligation
puncture treated animals. Compared to animals who received untreated heterologous splenocytes, those who received necrotic cells (induces dendritic cell and
macrophage activation) were protected from cecal ligation sepsis. They exhibited
higher IFN-γ production, lower circulating bacterial colony forming units, and
improved survival. By contrast, compared to animals who received untreated heterologous cells, those who received apoptotic heterologous cells (deactivates dendritic cells and macrophages) were more susceptible to cecal ligation and puncture
induced sepsis. They exhibited decreased IFN-γ production, increased circulating
bacterial colony forming units, and increased mortality [4]. Chiche and colleagues
similarly showed that cytokine storm is related to NK cell and T cell apoptosis in
late experimental sepsis [5]. Hotchkiss and colleagues have now further demonstrated that check point inhibitors, including the PDL1 and PD1 antagonists that
prevent lymphocyte apoptosis, as well as the lymphocyte growth factor IL-7,
improve survival in the cecal ligation and perforation model by decreasing bacterial
colony forming unit counts [6–8]. These investigators are now studying PDL1 and
PD1 checkpoint inhibitors and IL-7 in human sepsis clinical trials.
Because sepsis does not induce T lymphocyte derived IFN-γ production, there
is no role for etoposide therapy directed at CD8 T cells, nor for IFN-γ inhibitors
[9–15]. Both of these therapies can harm sepsis patients rather than help them
because recovery of T cell and NK cell numbers is necessary for recovery of IFN-γ
production that is needed to reduce bacterial cell counts and resolve infection. The
anti-cytokine strategy that has been successful in improving survival in endotoxin
models and cecal ligation puncture sepsis models has been combined treatment
with IL-1 and IL-18 antagonists [16]. Interleukin-1 and IL-18 are produced in a
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feedforward fashion during inflammasome activation which is the likely the target
of these anti-cytokine therapies.

Toxic Shock and the Cytokine Storm
Although most sepsis is caused by bacteria that stimulate a specific immune
response that requires antigen presentation and specific T-cell activation; bacteria
that shed toxins that are super antigens induce amplified promiscuous T cell activation and a more pronounced cytokine storm. These bacteria include Streptococcus
pyogenes which sheds the TSST toxin and Staphylococcus aureus which sheds the
lipoteichoic acid toxin. Toxin-mediated cytokine storms can be treated with intravenous gamma globulin which neutralizes the toxin, clindamycin which prevents further toxin production, and methylprednisolone which calms the T cell response
[17–20].

Hyperferritinemic Sepsis and the Cytokine Storm
The greatest cytokine storm is observed in patients with hyperferritinemic sepsis.
We have previously published a literature review derived working model that proposes a role for ferritin as a mediator of feedforward inflammation in sepsis. Two
IFN-γ independent inducers of macrophage activation related hyperferritinemia in
patients with sepsis-induced MOF, are free hemoglobin and DNA viremia coinfection [21]. Endotheliopathy (a disease that affects the endothelium) in sepsis
leads to hemolysis, particularly in patients with gene variants related to atypical
HUS and low to absent inhibitory complement production. The released free
hemoglobin complexes with haptoglobin and binds to the macrophage haptoglobin receptor, CD163, which is internalized leading to production and release of
extracellular ferritin. Extracellular ferritin activates liver stellate cells causing proinflammatory cytokine mediated liver injury. Ferritin also increases Toll like
receptor (TLR) expression including TLR9 on innate immune cells, while inhibiting the adaptive immune response by preventing lymphopoiesis and increasing
IL-10 production by dendritic cells. DNA viremia, ether by primary infection or
by reactivation, allowed through sepsis-induced lymphopenia and immunoparalysis complexes with the macrophage TLR9 receptor resulting in inflammasome
activation and production of IL-1, IL-18, and more extracellular ferritin. This
results in a feedforward positive feedback inflammation loop with more liver
injury, innate immune cell inflammation, and adaptive immune cell depression.
Plasma exchange can be used to remove free hemoglobin and extracellular ferritin
as well as to replace inhibitory complement. In patients with atypical HUS gene
variants related to reduced or absent inhibitory complement, the C5A monoclonal
antibody eculizumab can also be considered but care must be taken to not consider
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this in patients with meningococcemia. Intravenous immunoglobulin (IVIG) is
given to neutralize DNA viremia and to block further TLR9 stimulation.
Interestingly, IL-1 receptor antagonist protein is effective in reversing both ferritin
and TLR9 induced liver injury while inducing a delayed type 1 interferon response
to combat DNA viremia [21–25]. It goes without saying that removal of the inciting source of infection is paramount to survival in sepsis.

 acrophage Activation and Hyperferritinemic MOF
M
in the Intensive Care Unit
Autopsy studies have provided evidence linking sepsis and blood transfusion
exposure to the development of macrophage activation and hyperferritinemic MOF
during critical illness. In 1988, Suster and colleagues reviewed bone marrow,
lymph node, and spleen histology from 230 consecutive intensive care unit adult
autopsies to identify cases of histiocytic hyperplasia with hemophagocytosis
(HHH) [26]. They reported moderate to severe HHH in 102/230 bone marrows
(44%), 79/191 lymph nodes (41%), and 16/209 spleens (8%). There was a strong
dose related relationship to both blood transfusion (adjusted odds ratio 59.9 for ≥5
transfusions compared to 0 transfusions) and bacterial sepsis (adjusted risk ratio
4.10). In 2004, Strauss and colleagues evaluated 107 consecutive medical intensive
care unit (MICU) patient autopsies and found mild to severe HHH in 69 (64.5%)
[27]. The authors similarly found HHH to be associated with sepsis and blood
transfusions. Patients with HHH were less likely to have died due to cardiovascular
causes (HHH 22/69, 32% vs. no HHH 28/38, 74%; p < 0.01) and more likely to die
due to multiple organ failure (MOF) (HHH 27/69, 39% vs. no HHH 7/38, 18%;
p < 0.05) with a characteristic organ failure pattern of elevated bilirubin, liver
enzymes, and disseminated intravascular coagulation. Patients with HHH required
more catecholamine infusions, mechanical ventilation, and continuous renal
replacement therapy (CRRT). Severe HHH had more red blood cell siderosis suggesting iron overload, and CD8 T cells in bone marrow suggesting T cell activation, hence the clinical descriptor “macrophage activation syndrome (MAS)/
Secondary (2°) hemophagocytic lymphohistiocytosis (HLH)/sepsis-induced
MOF” [28]. These two autopsy studies associated HHH/MAS/2° HLH with more
severe disease but could not determine if it was a novel and clinically relevant
process or a secondary phenomenon.
Experimental models provide evidence that supports macrophage activation
as an important pathway to MOF. Steinberg et al. developed the sterile model of
zymosan (Saccharomycoses cerevisiae) plus mineral oil intraperitoneal injectioninduced MOF in rodents. This model results in initial hypovolemic shock followed
by persistent macrophage activation [29]. Injection of either zymosan or mineral oil
alone does not induce MOF, suggesting the need for both TLR stimulation and
unremitting particulate irritation to induce persistent macrophage activation. In
another rodent model, Behrens et al. reported that repeated TLR9 stimulation with
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CpG oligodeoxynucleotides without TL4 stimulation led to MAS with cytopenias,
splenomegaly, hyperferritinemia, and hepatitis [30]. Similarly, in a third murine
model of cecal ligation and perforation induced sepsis, additional CpG injection
induced cytokine production by macrophages and hepatic mononuclear cells with
subsequent development of liver injury and MODS induced mortality [31]. The
MAS/2° HLH phenotype elicited with repeated TLR9 stimulation is exacerbated in
knockout mice deficient in the type 1 interferon receptor and ameliorated by
interferon-α induced production of IL-1 receptor antagonist protein or with direct
administration of recombinant IL-1 receptor antagonist protein (anakinra) in vivo.
Liver dysfunction in this model appears to be related in part to IL-1 mediated
inflammation [23, 32]. In a knockout for IL-18 binding protein (the natural inhibitor
of IL-18), TLR-9-induced MAS is further exacerbated. Together these experimental
models support a potential therapeutic role for Type 1 interferons, Interleukin 1
receptor antagonist protein, and IL-18 as specific approaches for controlling MAS
[16, 23, 31–33].
There are some clinical data supporting nonspecific approaches to treatment of
MAS/2° HLH defined by the presence of five of eight clinical criteria that include
ferritin > 500 ng/mL, two line cytopenia, splenomegaly, hypertriglyceridemia,
hypofibrinogenemia, elevated sCD25, absent NK cytotoxic activity, and hemophagocytosis. Demirkol et al. evaluated therapies for Turkish children who met
these criteria for hyperferritinemic MAS/2° HLH/sepsis-induced MOF in a cohort
study [34]. They first excluded children who were under 2 years, had a history of
consanguineous parenting, or had a previous young family member dying from
fever because they were considered to be at high risk for having familial HLH and
were referred for treatment by hematologists with etoposide and bone marrow
transplantation and subsequently experienced a 50% mortality rate. All of the
remaining children without these HLH risk factors had 5–6 organ failure hyperferritinemic MOF with hepatobiliary dysfunction and DIC. The centers in one treatment cohort administered the HLH protocol of dexamethasone and/or etoposide
along with daily plasma exchange and observed a 50% morality rate, whereas centers in the other treatment cohort administered the less immune suppressive regimen
of methylprednisolone and/or intravenous immune globulin (IVIG) with daily
plasma exchange and observed a 0% mortality rate. MOF resolved as ferritin levels
decreased to normal values. Similar to the excluded patients at high risk for familial
HLH, in the etoposide and dexamethasone cohort without these risk factors, patients
who did not resolve hyperferritinemic MOF died with uneradicated infection. The
authors thought that these children likely died from too much immune suppression
related to dexamethasone and etoposide.
Because three of the clinical eight criteria (sCD25 levels, NK cytotoxicity, and
hemophagocytosis) used to identify patients with hyperferritinemic HLH/MAS/
sepsis-induced MODS are not easily accessible tests, rheumatologists have sought
to redefine MAS/2° HLH using organ dysfunction patterns that use more readily
available laboratory tests. Ravelli and colleagues have provided a consensus statement defining MAS in any child with known systemic juvenile arthritis (sJIA) who
presents with fever and a ferritin > 684 ng/mL with any two of the following: plate-
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let count < 181K, ALT > 48 IU/L, triglycerides > 156 mg/dL, and fibrinogen < 360 mg/
dL [35]. The authors suggest that these criteria should allow patients to be eligible
for early immunomodulatory clinical trials.
In this regard, Shakoory and colleagues considered the combination Hepatobiliary
dysfunction and Disseminated Intravascular Coagulation (DIC) as representative
of features of MAS in adults with severe sepsis [36]. They hypothesized that if the
combination of these two organ dysfunctions represents MAS/2° HLH then a specific treatment approach with IL-1 receptor antagonist protein should improve
sepsis-related MAS as it does in the previously mentioned experimental model and
in children with sJIA related MAS. In a secondary analysis of an adult severe sepsis
IL-1 receptor antagonist protein trial they compared patients with combined
Hepatobiliary dysfunction (HBD) and DIC (HBD + DIC) to those without this combination (non-HBD + DIC) and found the following: (1) Only 5.6% of severe sepsis
patients had these features of MAS (HBD + DIC), (2) patients with these features of
MAS had higher incidence of shock (HBD + DIC = 95% vs. non-HBD + DIC = 79%),
and acute kidney injury (HBD + DIC = 61% vs. non-HBD + DIC = 29%), but not
acute respiratory distress syndrome (HBD + DIC = 21% vs. non-HBD + DIC = 26%),
and (3) although IL-1 receptor antagonist protein had no effect on non-HBD + DIC
28 day survival (IL-1 blockade = 71% vs. placebo 71%) it significantly increased
HBD + DIC 28 day survival (IL-1 blockade = 65.4% vs. placebo 35%). If
HBD + DIC is indeed reflective of MAS/2° HLH, then we can conclude that though
the condition is rare and associated with a high incidence of MODS and death, it is
remediable in part by IL-1 receptor antagonist protein. More recently Hellenic and
Swedish investigators have defined these adult patients as having sepsis with macrophage activation like syndrome (MALS) with the degree of hyperferritinemia
(>4400 ng/mL) being most predictive of mortality [37]. They concurred that hyperferritinemia, hepatobiliary dysfunction, and disseminated intravascular coagulation can feasibly identify patients with MAS/2° HLH/sepsis-induced MOF for
“early clinical trials” of inflammation modulating therapies.

 aried NK Cell Pathobiology Leading to Macrophage
V
Activation
The eight clinical criteria used to describe the constellation of symptoms and signs
indicative of these syndromes are considered to be biomarkers of a state of uncontrolled inflammation. The natural killer (NK) cell is among the most important “cellular” controllers of inflammation. Uncontrolled inflammation can be due in part to
ineffective NK cell and CD8 T cell cytolytic function. Defects or deficiencies in the
ability of the NK cell to kill viruses and cancer cells, and to turn off the host reticuloendothelial system, and macrophage, dendritic cell, and lymphocyte activation
can be related to one of three conditions: (1) absent NK cell cytolytic activity unrelated to numbers of NK cells present (HLH treated by hematologists), (2) reduced
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NK cell cytolytic activity unrelated to numbers of NK cells present (MAS treated by
rheumatologists), and (3) normal NK cell cytolytic activity per cell but NK cell
cytopenia (sepsis-induced hyperferritinemic MOF treated by intensivists and infectious disease specialists) [38, 39].
Familial HLH can be considered as a group of inherited homozygous gene variant primary immune deficiency diseases characterized by absence of crucial components of the perforin-granzyme pathway needed for NK cells and CD8 T cells to kill
virus infected cells, and induce apoptosis in cancer cells and host inflammatory
cells. A perforin gene knockout model for this pathway results in murine HLH and
death after infection with LCMV infection at a dose which is innocuous in wild-
type mice. Etoposide cures these mice by eliminating activated host T cells. In the
wild-type mouse exposed to LCMV infection, host NK and T cells respond to control the virus. In the perforin knockout mouse LCMV infection results in T cell
proliferation and activation which overproduces IFN-γ reflected by very high levels
of CXCL9 (the monokine induced by gamma interferon). IFN-γ induces macrophage activation and organ injury. Etoposide destruction of proliferating activated T
cells reduces IFN-γ production, prevents undue macrophage activation, and reverses
organ failure. The US FDA has approved IFN-γ monoclonal antibody therapy for
this condition in humans.
Rheumatology and drug related MAS patients are less likely driven by gene variant conditions. Nevertheless, some sJIA patients are hypomorphic or heterozygotes
for the perforin-granzyme pathway gene variants. As heterozygotes these patients
have some decreased NK cell cytolytic activity. For the most part these patients
respond nicely to anti-inflammatory therapies such as corticosteroids or anakinra
(IL-1 receptor antagonist protein). A group of rheumatologic MAS patients with
cryopyrin-associated periodic syndromes has autosomal gene variants in NLRP
leading to increased inflammasome activation that generates positive feedback IL-1
and IL-18 production. The IL-1 receptor antagonist protein, anakinra is FDA
approved for these inflammasome driven conditions. Because IL-18 is the IFN-γ
inducible factor there is optimism that IL18-BP (neutralizes IL-18) as well as IFN-γ
monoclonal antibody could help these patients.
By contrast, hyperferritinemic sepsis-induced MOF is related to a reduction in
NK cell numbers, not cytolytic activity per cell [38, 39]. When NK cell numbers
recover, then inflammation and MODS resolve. During bacterial infection, NK
cells switch from an overall low cytokine producing high cytolytic activity phenotype to a high cytokine producing low cytolytic activity phenotype. In sepsisinduced MOF, lymphopenia with associated NK cell cytopenia and T cell cytopenia
occurs with reticuloendothelial system activation but decreased to absent IFN-γ
production. When this reduction in NK cell and T cell numbers is below 10% of
normal there is a significant decrease in host ability to kill viruses and cancer cells
as well as to induce apoptosis in activated macrophages. Compared to HLH
patients, these patients with sepsis-induced MOF have lower production of CXCL9
because of lymphopenia. Because T cells and IFN-γ production are already low to
absent, etoposide is unlikely to be of benefit in reducing macrophage activation in
these children. Indeed, etoposide may worsen outcomes in sepsis patients by pre-
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venting recovery of lymphocyte counts needed to resolve infection. Compared to
rheumatologic MAS patients, patients with sepsis-induced MOF have a much
lower increase in IL-18 production (IFN-γ inducing cytokine). The hoped for
promise of IFN-γ monoclonal antibodies in treating HLH and rheumatologic MAS
is less likely to be realized in hyperferritinemic sepsis-induced MOF. Indeed,
inability to produce IFN-γ is associated with increased mortality in experimental
models of sepsis [4, 9–15].

Management of Hyperferritinemic Sepsis
The clinician is not uncommonly faced with bedside controversy over how to manage patients with cytokine storm and hyperferritinemic MOF, a condition associated
with increased mortality in critically ill children. In a review article in Pediatric
Critical Care Medicine [40] Dr. Castillo and Dr. Carcillo showed that the alternate
diagnoses of familial hemophagocytic lymphohistiocytosis (HLH) by hematologists, rheumatological disease or drug-associated macrophage activation syndrome
(MAS) by rheumatologists, or hyperferritinemic sepsis-induced MOF by intensivists and infectious disease specialists are given to critically ill children who show at
least five of eight inflammatory clinical criteria that include fever, hyperferritinemia
(>500 ng/mL), hypertriglyceridemia/hypofibrinogenemia, two cell line cytopenia,
splenomegaly, hemophagocytosis, elevated sCD25 (lymphocyte marker), and NK
cell activity <10%.
Each of these specialist groups uses different therapeutic strategies to treat these
different syndromes. The hematologist generally prescribes etoposide and dexamethasone for first episodes followed by interferon γ monoclonal antibody and then
if ineffective bone marrow transplantation for recurrent episodes. The rheumatologist most commonly uses corticosteroids, and biologics such as anakinra (IL-1
receptor antagonist protein) or tocilizumab (IL-6 antibody) among others. The
intensivists and infectious disease specialists generally use source control as well as
methylprednisolone, IVIG, plasma exchange, and IL-1 receptor antagonist protein
[41]. In addition, rituximab (anti-CD20 monoclonal antibody) is used when the process is driven by EBV infection to reduce the B-lymphocyte reservoir for the DNA
viral infection.
In terms of monitoring systemic inflammation, macrophage activation syndromes can be followed at the bedside by tracking fever and measuring C-reactive
protein and ferritin levels at least twice weekly. C-reactive protein (CRP) is a pattern
recognition receptor made by the liver in response to bacterial infection or necrotic
tissue. C-reactive protein binds to C-components of microbes or the externalized
phosphatidyl choline moiety of necrotic cells, complexes with complement, and
attaches to the CRP receptor on the macrophage for internalization, degradation,
and presentation to the adaptive immune system. Ferritin is released by macrophages in response to free hemoglobin and to DNA viremia. Hyperferritinemia
occurs in iron overload states and can also be released by dying cells during necro-
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sis. Mortality risk increases as the circulating levels of CRP and ferritin increase.
The goal of therapy is to normalize CRP and ferritin levels [42, 43]. If CRP levels
increase while ferritin levels decrease this is a harbinger of new or worsening infection. This warrants attention to better source control and reduction in immune suppression (if being used). If ferritin does not come down or increases, then this
suggest ongoing iron overload and or macrophage activation possibly associated
with DNA viremia. Attention should be given to reducing hemolysis, quelling macrophage activation, and neutralizing DNA viremia. If, however, CRP rises and the
ESR falls (a result of consumptive coagulopathy consuming fibrinogen—a driver of
increased ESR), then this often indicates worsening MAS coagulopathy.
The approach to use for hyperferritinemic sepsis-induced MODS is first and
foremost source control and organ support. Empiric antibiotics are started within
1 h. In previously healthy children and children with erythroderma, one must consider toxic shock from Group A streptococcus or Staphylococcus aureus. Antibiotics
should include clindamycin to prevent toxin production and an antimicrobial drug
which kills MRSA as well as Group A streptococcus. It is advisable to avoid linezolid because hepatobiliary dysfunction reduces the safety window for this drug
which becomes a host mitochondrial toxin when blood levels increase due to poor
clearance. For immune suppression, corticosteroids (30 mg/kg per day of methylprednisolone × 3 days) are given along with IVIG (2 g/kg over 1–4 days). If the
patients have AKI, thrombocytopenia and elevated LDH, consider daily plasma
exchange 1½ volume followed by 1 volume daily until ferritin levels decrease to
less than 500 ng/mL. In addition, anakinra (2.5 mg/kg every 6 h IV/SC to maximum
of 100 mg q 6 h) for 3 days is also helpful [43].
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Murine Models of Cytokine Storm
Syndromes

Murine Models of Familial Cytokine Storm
Syndromes
Benjamin Volkmer, Peter Aichele, and Jana Pachlopnik Schmid

Introduction
Animal models are often essential for identifying and characterizing the mechanisms that underlie systemic diseases. Indeed, in vitro techniques cannot fully
replace animal models. For hemophagocytic lymphohistiocytosis (HLH) and many
other diseases caused by immune system defects, the mouse is the animal model of
choice. On the one hand, the biology of laboratory mice is well known, an overwhelming number of experimental tools are available, and resources such as the
Mouse Genome Database provide detailed information on genetically modified
strains used in research [1]. On the other hand, the use of inbred mice, inter-strain
differences in the genetic background, and the specific settings of mouse experiments such as differences in water or microbiome between facilities must be borne
in mind [2] when interpreting the results and when considering translational aspects
of this type of research.
Given that (1) primary HLH (pHLH) is a hereditary disease and (2) the underlying disease-causing gene mutations are known for most monogenic forms of pHLH
(with the exception of familial HLH subtype 1, FHL1), murine models with defects
in the corresponding genes are of great interest. There are several different strategies
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for generating mice with a defect in a particular gene. Historically, mice with
spontaneous mutations and interesting clinical phenotypes were inbred to generate
disease models [3]. With the advent of sequencing techniques, the disease-causing
mutations in murine models and patients could be identified. For mutations in the
same gene, this enabled direct comparisons of disease induction, clinical symptoms
and disease progression in humans vs. mice. Today, the mouse genome can be
edited so as to introduce almost any imaginable genomic feature [4, 5]. The most
common changes are selective gene modifications that prevent the expression of a
given protein (i.e., complete, inducible or conditional gene knockout). Inducible
knockouts are triggered by administration of an external stimulus, while conditional
knockouts combine gene deletion with an endogenous promoter that is specific for
a certain cell type and/or developmental time point. The introduction of a gene
mutation identified in patients into the corresponding locus in mice is another option
for studying the pathogenesis of a hereditary disease. After the assessment of protein expression in vitro, this strategy is often chosen for cases in which the mutation
allows the expression of a protein with modified functional or binding properties.
Even the detailed characterization of gene mutations and their consequences on
protein expression cannot replace an in vivo analysis of physiological effects in a
complex biological system like the mouse.
Murine orthologs are available for all known pHLH-causing genes in humans.
Accordingly, the corresponding knockout mouse strains are available (Table 1).
Although the human and murine immune systems are similar in many respects, one
cannot expect a mouse to perfectly replicate a human disease [6]. In mice and
humans, the genes coding for the perforin-dependent cytolytic machinery of T cells
and NK cells (i.e., proteins involved in vesicle loading, vesicle transport, vesicle fusion,
and effector functions) are quite homologous. However, one striking difference

Table 1 Murine models with pHLH-causing gene mutations
Disease
FHL1
FHL2
FHL3
FHL4
FHL5
GS2

Causative
gene
Unknown
PRF1
UNC13D
STX11
STXBP2
RAB27A

Commonly used strain
name(s)
–
Prf1−/−
Jinx
Stx11−/−
Stxbp2−/−
Ashen

CHS
HPS2
XLP1
XLP2

LYST
AP3B1
SH2D1A
XIAP

Beige/souris
Pearl
SAP−/−
XIAP−/−

Main background
–
C57BL/6
C57BL/6
C57BL/6
C57BL/6
C3H/HeSn,
C57BL/6
C57BL/6
B6.C3
129S6
B6.129S1

Number of variants
available
–
14
2
2
2
9
24
18
18
4

The columns indicate the type of pHLH, the causative gene, the name of the most commonly used
mutant mouse strain, the main genetic background, and the number of distinct mouse variants
available. Source: the Mouse Genome Database [1]
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between mice and humans with regard to the development of HLH is the need for
an infectious trigger in mice. In humans, the need for an external trigger is subject
to debate. Once HLH has been induced by infection in the mouse, the clinical and
diagnostic hallmarks of the disease [7] are well recapitulated—as will be shown in
the following sections. Ultimately, murine models of HLH are used to (1) confirm
the disease-causing nature of mutations found in patients, (2) understand the disease’s mechanisms and pathogenesis, and (3) test novel therapeutic approaches. Of
course, ethical considerations of using animals for research must always to be considered, and the possible development of treatment approaches in humans needs to
be weighed against the animals’ suffering. However, given the complexity of HLH,
the use of in vivo disease models is essential for making substantial progress.

Genetic Defects in the Cytolytic Machinery: Murine Models
For most genes encoding proteins critically involved in the cytolytic mechanism,
several mouse strains with distinct genetic modifications are available. In this context, it is important to consider the strain’s genetic background because it may
significantly influence the animal’s immune response [8, 9]. When compared with
wild mice, inbred laboratory mice differ immunologically in terms of both low
genetic variability and reduced exposure to antigens [2]. When deciding on which
particular mouse strain to use in a given experiment, the Mouse Genome Database
[1] and the International Mouse Strain Resource [10] often provide very helpful
information, including links to the associated literature. In the following sections,
the available murine models for pHLH will be presented for each known causative
gene (Table 1). The HLH-like symptoms observed in each murine model are summarized in Table 2 [11].

The Prf1−/− Mouse (A Model of FHL2)
The first report (in 1994) on this murine model (the perforin-deficient mouse,
(C57BL/6-Prf1tm1Sdz or Prf1−/−) reported that lymphocytic choriomeningitis virus
(LCMV)-triggered immune disease led to death 13–16 days post-infection [12, 13].
The first description of perforin-mutant humans with pHLH confirmed that perforin-
based effector systems are involved not only in the lysis of abnormal cells but also
in the downregulation of immune activation in humans [14]. A careful, detailed
description of the model’s clinical and histopathological features showed how well
this murine disease corresponds to human pHLH [15]. Prf1−/− mice harbor a targeted mutation in the exon 3 of Prf1, leading to a lack of protein expression and thus
impaired T-cell cytotoxicity [12]. The mice are fertile, develop normally, and are not
distinguishable from wild-type mice (other than for the drastically impaired cytotoxic functions of T cells and NK cells). However, after LCMV infection
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The table was adapted from Brisse et al. [11]. x = criteria fulfilled, n = criteria not fulfilled, ↑ = increase, ↓ = reduction, empty box = no data available

HLH-2004 diagnostic criteria
Number of
Mouse strain and criteria met
(out of 8)
Fever Splenomegaly Anemia
virus
≥2 of 3
FHL2
Prf1−/− + LCMV 8
x
x
x
Prf1−/− + MCMV 4
x
FHL3
Jinx + LCMV
4
x
x
FHL4
Stx11−/− +
7
↓
x
x
LCMV
GS2
Ashen + LCMV 8
x
x
x
CHS
Souris + LCMV 6
↓
x
x
HPS2
Pearl + LCMV
4
n
x
n
XLP1
SAP−/− + LCMV 1
↓
SAP−/− +
3
x
MHV-68
XLP2
XIAP−/− +
0
MHV-68

Table 2 Overview of the HLH-2004 criteria met (or not) in different murine models [7]

Murine Models of Familial Cytokine Storm Syndromes

471

Prf1−/− mice develop overt HLH, fulfilling all the diagnostic HLH-criteria [7] around
day 10 and succumbing before 14 days post infection [15]. But this is not the case
for Prf1−/− mice with a BALB/C background, where the mice do not die, but LCMV
clearance is delayed beyond 100 days post-infection [16]. The LCMV-infected
Prf1−/− mouse has been extensively studied and could now be described as the “standard” murine model of pHLH.
The Discovery of Perforin-Dependent Cytotoxicity
The study of perforin-deficient mouse strains has led to the discovery of several
features of perforin-dependent cytotoxicity. In particular, it was found that (1) perforin was required in cytotoxic T lymphocytes (CTLs), and (2) NK cell cytotoxicity
was not mediated by Fas [12, 13, 17, 18]. Interestingly, Prf1−/− Fas−/− double knockout mice die early from macrophage expansion and severe pancreatitis; this is due
to the T and NK cells’ inability to restrict immune responses by killing antigen-
presenting cells (APCs) in a negative feedback loop [19]. Furthermore, tumor surveillance is limited in Prf1−/− mice [20], whereas Prf1−/− nonobese diabetic mice
display a reduced incidence and delayed onset of diabetes [21].
Infections in Prf1−/− Mice
Prf1−/− mice show altered responses to other infections, in addition to LCMV. In
fact, these mice are more susceptible to the natural pathogen ectromelia virus but
less susceptible to cowpox virus [22]. The pathogenesis of corneal inflammation
induced by herpes simplex virus type 1 is less severe in Prf1−/− mice [23]. Although
MCMV infection is lethal in Prf1−/− mice, this is not the case in granzyme A/B-deficient mice [24]. During prolonged infections with Listeria monocytogenes, perforin was seen to be important for the contraction of antigen-specific T cells [25]. In
mice, CD8-mediated protection against Ebola virus infection was perforin-
dependent [26]. Lastly, in an acute Epstein–Barr virus (EBV) infection model,
Prf1−/− mice showed increased mortality [27].
CD8 T Cells Are Important
The harmful effect of a lack of perforin is highlighted by the uncontrolled expansion
of CD8 T cells after LCMV infection [15, 16, 28, 29]. This is attributed to the lack
of a negative feedback loop mediated by the perforin-dependent elimination of
antigen-presenting dendritic cells [30]. Consequently, the elimination of these dendritic APCs by perforin-dependent CTLs was shown to protect against HLH [31].
The use of specific depleting antibodies has evidenced a key role of the perforin-
deficient CD8 T cells in the pathogenesis of HLH [32]. In mixed bone-marrow
chimeras, it was shown that a small fraction (10–20%) of perforin-expressing T
cells is enough to restore immune regulation in Prf1−/− mice [33]. Although this
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information is important with regard to evaluating the likely success of bone
marrow transplantation in pHLH patients, data from rodents cannot be extrapolated
to humans. In addition to the percentage of chimerism, the decision to perform
hematopoietic stem cell (HSC) transplantation in pHLH patients with mixed chimerism must be based on an in-depth individual risk assessment and consideration of
(1) the variability in the genetic causes of pHLH in patients, (2) the hypomorphic
character of certain mutations, and (3) the difference in HLH-triggering thresholds
between mice and humans.
The Role of NK Cells
While CD8 T cells appear to be the most important for HLH development in Prf1−/−
mice, the role of NK cells is less clear—even though their cytotoxic activity is similarly impaired. It has been demonstrated that CD8 T cell expansion after infection
can be controlled by NK-cell-mediated killing in a perforin-dependent manner
[34–36]. Perforin-dependent killing of cognate CD8 T cells by immature dendritic
cells also occurs [37]. A series of elegant experiments has shown that NK cells with
functional cytotoxic activity limit the HLH-like immunopathology in mice with
perforin-deficient CD8 T cells by reducing T cell activation and the tissue infiltration of macrophages. In contrast, mice with Prf1−/− NK cells and functional CD8
T cells show transient lymphocytosis [38]. A stronger T cell response and more
effective viral clearance occur in the absence of NK cells or in the presence of
defective NK cells [35, 39]. Interestingly, NK cell expansion during viral infection
is promoted by type I interferons (IFNs), which protect NK cells from fratricide
[40]. Furthermore, type I IFNs were identified as key players in protecting activated
CD8 T cells from NK cell attacks [41, 42].
Cytokines and Signaling
A fulminant cytokine storm (characterized mainly by elevated serum levels of IFNγ,
TNF, IL-6, and IL-18) is the main driver of HLH progression in perforin-deficient
mice [15], with an increased synapse time due to defective killing allowing for prolonged cytokine secretion by CTLs and NK cells [43]. The use of specific antibodies
for prophylactic and therapeutic neutralization of IFNγ in Prf1−/− mice increased
survival and decreased HLH-related symptoms [16, 32, 44, 45]—highlighting the
importance of IFNγ for the development of HLH. Other important cytokines and
signaling pathways highlighted in the Prf1−/− mouse are IL-33, IL-2 and JAK1/2.
In LCMV-infected Prf1−/− mice, blockade of the IL-33 receptor ST2 reduced disease
severity [46], whereas IL-2 consumption by activated CD8 T cells may have
induced dysfunction of regulatory T cells [47]. Treatment of LCMV-infected
Prf1−/− mice with the JAK1/2 inhibitor ruxolitinib increased survival, lowered both
TNF and IL-6 levels and generally reduced HLH severity [48, 49].
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The Jinx Mouse (A Model of FHL3)
The Jinx mouse was first described in an N-ethyl-N-nitrosourea screen for mutations
causing susceptibility to murine cytomegalovirus (MCMV) [50]. In 2007, the Jinx
mouse was proposed as a HLH model; it harbors a mutation in the Unc13d gene and
causes Munc13-4 to terminate at amino acid 859 [51], leading to a degranulation
defect in T cells and NK cells. Although uninfected mice appear to be healthy and
exhibit normal lymphocyte counts, they become severely ill after MCMV infection.
Infection by MCMV is lethal for Jinx mice within a week, as also observed in the
well-known MCMV-susceptible BALB/c wild-type strain. Interestingly, Jinx mice
do not show the clinical symptoms and diagnostic criteria of HLH after infection
with MCMV or by the intracellular bacterium Listeria monocytogenes. In contrast,
infection with LCMV-Armstrong results in several features of HLH, such as anemia,
thrombocytopenia, splenomegaly and increased serum IFN-gamma levels at days 8
and 12. However, a detailed analysis of HLH progression and survival is currently
lacking. After LCMV infection, abrogation of MyD88 (but not Tnf or Itgb2) prevented the development of HLH—suggesting that MyD88 is a possible drug target
[52]. The Jinx mouse was also instrumental in elucidating Munc13-4’s importance
for phagosome maturation [53], late endosome maturation [54], the trafficking of
Rab11-containing vesicles [55], and membrane fusion [56].

The Stx11−/− Mouse (A Model of FHL4)
In 2013, several groups of researchers described the Stx11-deficient (Stx11−/−) mouse
as an HLH model [57–59]. These mice are fertile, develop normally, and do not show
any abnormalities in the size and composition of lymphoid organs or overt differences
in cells of the immune system, relative to heterozygous littermates or wild-type mice.
Stx11 (a member of the SNARE protein family) is a component of the cytotoxic
machinery of T cells and NK cells, and is important for degranulation activity by
mediating the fusion between cytotoxic vesicles and the plasma membrane. Given that
Stx11 controls degranulation in CTLs and NK cells, Stx11-deficient CTLs and NK
cells show impaired degranulation [57]. It is noteworthy that Stx11 expression is
induced in many immune cells (notably by treatment with either lipopolysaccharide
(LPS) or IFNγ) [60–62]. Upon infection with LCMV, Stx11−/− mice display all the
clinical features of HLH (as seen in FHL4 patients), with hyperactive CD8 T cells as
the driving force. In striking contrast to the situation in Prf1−/− mice, HLH is not fatal
in the Stx11−/− mice. This less severe but chronic progression of HLH is characterized
by low body weight, sustained splenomegaly, low white blood cell counts and low
hemoglobin levels. In this context, the importance of T-cell exhaustion as a pathophysiological mechanism for determining HLH progression was shown by blocking
inhibitory receptors on disease-inducing T cells; this blockade turned the nonfatal
form of HLH into a fatal condition [58]. A distinct severity of HLH can be observed
depending on the gene affected in the cytotoxic machinery [59].
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The Stxbp2−/− Mouse (A Model of FHL5)
Although a Stxbp2 mutant mouse strain exists, it has not yet been analyzed for HLH
development. This is probably due to the fact that Stxbp2−/− homozygous knockout
mice are not viable, whereas heterozygous (Stxbp2+/−) mice express Munc18b at
approximately half the wild-type level and do not display obvious developmental
abnormalities or reduced survival [63]. In mast cells, this heterozygous mutation
decreases mucin secretion and reduces degranulation-dependent responses. The
lethality of Stxbp2−/− mice indicates either that Munc18b has a more important role
in mice or that the homozygous STXBP2 mutations observed in humans are hypomorphic. It would be interesting to look at whether HLH can be triggered in
Stxbp2+/− mice or in mice expressing either two recessive mutations in the Stxbp2
gene or a dominant-negative mutation in the Stxbp2 gene known to be associated
with human HLH [64].

The Ashen Mouse (A Model of GS2)
As early as 1977, the ashen mutation (ash) was reported as being important for coat
color (Fig. 1) [65]. However, it was only in 2000 that the coat color and vesicle
transport defects were attributed to the ash mutation in the Rab27a gene [66].
Homozygous ash/ash mice do not express Rab27a in melanocytes and CTLs, and
thus have impaired transport and degranulation of melanosomes and cytotoxic

Fig. 1 An ashen mouse (below) and a wild-type mouse (above). The coat of the C57BL/6 mouse
harboring a homozygous Rab27a ashen mutation is lighter than its C57BL/6 wild-type littermate,
due to defective melanosome exocytosis
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granules, respectively [67]. Furthermore, ashen mice have prolonged bleeding times
due to defects in dense granules in platelets; however, this effect depends on the
mouse’s genetic background [68]. In 2008, mice with a C57BL/6-background and
the ashen mutation in the Rab27a gene were shown to develop HLH when injected
with LCMV—demonstrating that this ashen mouse can be used as a model of pHLH
in human Griscelli syndrome type 2 (GS2) [69]. In both Prf1−/− and ashen mice,
IFNγ neutralization was able to suppress HLH [45]. Ashen mice are resistant to
LPS-induced death; this is presumably due to less intense neutrophil infiltrates in
the liver, relative to both wild-type and Jinx mice [70].

 eige and Souris Mice (Models of Chediak–Higashi Syndrome,
B
CHS1)
The link between beige mice and CHS1 was made as early as 1969 [71, 72], and an
impairment in NK cytotoxicity was demonstrated 10 years later [73–75]. In 1996,
the beige mutation and the disease-causing gene in CHS1 were mapped to the Lyst
locus [76]. Beige mice show poor survival and develop honeycomb-like lesions in
their lung tissue [77]. The beige mouse was first analyzed for HLH development in
2011, and was compared with the souris mice (a mouse strain with a different mutation in the Lyst gene). After LCMV infection, beige mice controlled the virus and
did not develop all the clinical features of HLH. In contrast, souris mice were unable
to control the virus and met the diagnostic criteria for HLH. This finding was attributed to slight differences in CTL cytotoxicity, with beige mice retaining more CTL
function than souris mice [78]. B-cell receptor endocytosis is delayed in beige mice,
which leads to a stronger memory response and higher plasma cell frequencies [79].
In beige mice, it was shown that Lyst specifically controls TLR3- and TLR4-induced
endosomal signaling pathways—explaining the strain’s increased susceptibility to
bacterial infections and decrease response to endotoxins [80].

The Pearl Mouse (A Model of HPS2)
The pearl mutation was first described in 1953 as causing a specific coat color [65].
Pearl mice were also found to have visual defects and platelet storage pool deficiencies. Both features are related to the AP-3 adaptor complex; the pearl mutation is
caused by the insertion of a transposon into the Ap3b1 gene coding for one of the
AP-3 subunits [81–85]. The pearl mouse’s life span is reduced, and no mice survive
for more than 2 years [77]. Defects in vesicle and membrane protein trafficking were
subsequently observed [86, 87]. Deficiencies in AP-3 in the pearl mouse interfere with
the correct localization of murine CD1d, and thereby prevent the development of
NKT cells [88]. Macrophages in the lungs of pearl mice are hyperresponsive to LPS,
resulting in the increased secretion of inflammatory cytokines [89]. Platelet granule
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secretion at sites of vascular injury is also impaired in pearl mice [90]. Pearl mice
were first examined for the development of HLH in 2013; they met five of the eight
diagnostic criteria by D8 post-LCMV infection [91]. However, the HLH was transient
because the criteria were no longer fulfilled at D12 (Table 2) [91].

 he SAP−/− Mouse (A Model of X-Linked Lymphoproliferative
T
Disease Type 1, XLP1)
The first SAP-deficient (SAP−/−) mice were developed in 2001 by targeting the
Sh2dh1 gene locus. The SAP−/− mice develop normally but show features of XLP,
such as increased T cell activation and elevated IFNγ secretion upon infection [92].
Furthermore, SAP-deficient T cells show impaired Th2 differentiation [93].
Interestingly, SAP−/− mice almost fully lack virus-specific plasma cells and memory
B cells because of a CD4+ T cell defect [94] that prevents the differentiation of follicular T helper cells; this may be a consequence of the missing SAP-mediated
coupling of signals received from SLAM receptors to the Fyn effector [95, 96].
Thus, the low B cell count in SAP−/− mice is due to a T-cell-dependent reduction in
T-B cell interactions and a lack of germinal center reaction [97, 98]. Like XLP
patients, SAP−/− mice lack NKT cells [99–101]. Infection of SAP−/− mice with
murine gammaherpesvirus 68 (an EBV homolog) leads to increased CD8 T cell proliferation, lymphocyte infiltration, hemophagocytosis, hypogammaglobulinemia,
and virus reactivation [102, 103]. Chronic LCMV infection leads to a severe immune
disease mainly caused by CD8 T cells and hypogammaglobulinemia [103]. SAP was
shown to (1) activate NK cells via Fyn and Vav-1 and (2) prevent the inhibitory
phosphatase SHIP-1 from binding to SLAM receptors [104]. It was possible to
correct the cellular and humoral defects of SAP−/− mice using HSC gene therapy
[105]. Restoring the reduced diacylglycerol signaling in SAP-deficient T cells by
pharmacological inhibition of diacylglycerol kinase alpha can also prevent excessive
CD8 T cell expansion and excessive IFNγ production [106].

The XIAP−/− Mouse (A Model of XLP2)
The XIAP-deficient mouse (XIAP−/−) was first described in 2001. It does not differ
obviously from wild-type mice, other than for an upregulation of other inhibitor of
apoptosis (IAP) family members (presumably to compensate for the lack of XIAP)
[107]. However, the mammary gland is slow to develop in XIAP−/− mice [108].
Upon infection with Listeria monocytogenes, XIAP−/− mice have a higher bacterial
burden in the spleen and liver 48 and 72 h post-infection, and the survival rate is
abnormally low [109]. The lack of XIAP increases the sensitivity of murine cells to
apoptotic stimuli [110, 111]. XIAP was further found to enable discrimination

Murine Models of Familial Cytokine Storm Syndromes

477

between type I and type II FAS-induced apoptoses. As a consequence, XIAP−/−
mice succumbed to FASL-induced hepatitis more quickly than wild-type mice did
[112]. Infection of XIAP−/− mice with Chlamydophila pneumonia dysregulated the
immune response, with increased apoptosis in macrophages and a low CD8 T cell
count [113]. XIAP-related apoptosis is also involved in regulating stem-cell-
dependent wound healing [114] and caspase activity in degenerating axons [115].
In response to TNF, XIAP controls RIP3-dependent cell death and IL-1beta secretion, which contribute to hyperinflammation in the XIAP−/− mouse [116]. Infection
of XIAP mice with Shigella flexneri demonstrated an inefficient immune response,
with bacterial propagation and tissue damage [117]. Infection of XIAP−/− mice with
Candida albicans resulted in bacterial persistence, constantly elevated cytokine
levels, and poor survival [118]. The activity of IAP family members can be inhibited
by IAP antagonists. After infection with LCMV, the blockade of IAPs was shown to
drastically limit virus-specific CD8 T cell expansion and differentiation—indicating
a prominent role for IAPs in the survival of activated T cells. Interestingly, T cell
expansion could be prevented by much lower doses of the IAP antagonist in XIAP−/−
mice, which demonstrates the importance of XIAP in T cell survival during an
ongoing immune response [119]. Rather than XIAP, cIAP2 is very important in
enabling hepatitis B virus to persist in mouse hepatocytes because it attenuates TNF
signaling and promotes hepatocyte survival [120]. Interestingly, XIAP−/− mice learn
more rapidly; this is thought to be due to the greater plasticity resulting from
increased neural apoptosis [121]. Specifically reports on the development of HLH
in XIAP−/− mice are currently lacking.

I nduction of HLH in the Mouse (By Viruses and Other
Agents)
Although there is still debate as to whether HLH may arise spontaneously in humans,
a trigger is typically required in murine models of this disease. LCMV strains have
almost always been used for induction in murine models of pHLH. The one reported
exception is for the perforin−/− DC-Fas−/− mice; antigen-presenting cells cannot be
removed by perforin- or FAS-dependent killing, and the mice spontaneously develop
HLH [122]. The reason for using LCMV as initial disease trigger is the overwhelming CD8 T cell response that it induces [11]. However, as mentioned before, the
genetic background of the inbred mouse strain is also an important factor, since perforin-deficient BALB/c mice do not develop overt HLH after LCMV infection [16]
(as observed in perforin-deficient C57BL/6 mice). Interestingly, previous vaccination to LCMV leads to a high mortality in Prf1−/− BALB/C mice [29]. This suggests
that both the virus’s capability to stimulate IFNγ secretion and the propensity of a
given mouse strain to produce IFNγ determine whether or not HLH develops
[16, 29]. The quality and quantity of immune responses directed against LCMV are
determined by both the invasiveness of the various LCMV strains and the infecting
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dose, as demonstrated in Prf1−/− and IFNγ−/− mice [123]. Thus, the injected dose of
LCMV needs to be experimentally adjusted to induce a CD8 T cell response high
enough to trigger HLH but low enough to avoid elimination of the virus or T cell
exhaustion. In a typical experimental setting, a 200 pfu dose of the LCMV-WE strain
is used to trigger HLH in HLH-prone mice.
The experimental procedure for modeling HLH in mice thus begins by injecting
the animals with an appropriate dose of LCMV. After a week, the mice show the
first symptoms of HLH, which increase in diversity and severity up until D12–D14,
in most cases. Depending on the mutation, the mice then succumb to the hyperinflammatory syndrome driven by activated T cells and macrophages. However, it is
sometimes valuable to monitor the mice for more than 2 weeks, since they may
recover and display a nonfatal but chronic progression of HLH (characterized by the
disappearance of some of the HLH criteria but the absence of full recovery) [58].
Interestingly, the post-infection viral load does not correlate with the course of the
disease [124]. This indicates that the immune system enters a self-sustaining activation loop in which hyperactivation is not correlated with an increased or persistent
pathogen burden in mice with impaired cytotoxicity [125].
Regarding the HLH trigger, observations in mice suggest that a viral infection
is necessary to induce HLH. However, there are no reports that show the necessity
of a viral trigger to develop HLH in humans. This may be due to the difficulty of
virus detection by the time HLH is diagnosed or virus detection in general, and
allows for speculations whether human HLH can arise spontaneously by a trigger
other than a virus.

Comparisons of Murine Models of HLH
Although HLH-like symptoms can be induced in various mice with defects in genes
underlying pHLH, the disease severity varies greatly from one affected gene to
another. The same observations have been made in patients. It has also been shown
that mice with heterozygous mutations in two or more disease-causing genes may
also develop HLH [126]. This indicates that HLH development is not binary but is
influenced by multiple factors—resulting in an individual probability of developing
disease. This finding is also reflected by the influence of an inbred mutant strain’s
genetic background on the development of HLH [29].
The severity and progression of HLH has been analyzed by studying murine
models with defects in the various HLH-associated genes. Additionally, the combination of different disease-causing mutations in the same mouse has enabled
researchers to rank the impacts of several heterozygous mutations on the degranulation capacity of T cells and NK cells. Comparisons of several strains with mutations
in the cytolytic machinery have shown the following hierarchy of HLH severity
(beginning with the least severe): HPS2 < CHS < FHL4 < GS2 < FHL2 (Fig. 2) [59,
91, 127]. The same severity gradient was also found in patients [127]. The severity
of HLH correlates well with the residual cytolytic activity of the disease-inducing
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Fig. 2 Comparisons of body weight in different HLH murine models. Mice were infected with
LCMV and the body weight was recorded. The wild-type and PKO (Prf1−/−) values are indicated
for comparison’s sake in all graphs. Mouse strains and mutations: beige—LYST, pearl—AP3B1,
souris—LYST, ashen—Rab27A. Figure from [127]

CD8 T cells (Fig. 3) [59, 127]. This difference in cytotoxicity also determines the
susceptibility to development of HLH in souris and beige mice, which both harbor
mutation in the Lyst gene. Impairment of T cell degranulation is greater in souris
than in beige mice, causing LCMV infection to induce HLH in souris mice but not
in beige mice [78]. While CXCL10 and IFNγ levels were also shown to correlate
with disease severity, the viral loads in the strains did not [59]. HLH susceptibility
was further shown to be higher in mice harboring several heterozygous mutations in
HLH-related genes. This was shown for combinations of heterozygous mutations in
Prf1, Stx11, and Rab27a—none of which drives HLH-like disease as a single heterozygous mutation. The HLH severity was shown to be Prf1−/− > Ash+/−, Prf1+/−,
Stx11+/− > Ash+/−, Prf1+/− > Ash+/−, Stx11+/− [126]. The severity of HLH thus appears
to be dependent on the combined effects of (1) the mutation on protein function and
expression, (2) zygosity of the mutation, (3) additional mutation in genes involved
in perforin-dependent cytotoxicity, (4) function of the mutated protein not only in
cytotoxicity but also in antigen presentation and (5) the degree of interaction
between gene products in such compound-heterozygous scenarios.
Similarities between HLH murine models also help to raise hypotheses about
common properties of all types of HLH. Based on observations in Prf1−/−, GrzB−/−,
beige, and Jinx mice, increased T-cell activation was shown to mainly be caused by
increased presentation of viral antigens by APCs rather than cell-intrinsic effects
[125]. However, other observed differences do not have mechanistic explanations.
Ashen (Rab27a) and Jinx (Munc13-4) mice react differently to systemic LPS-
induced inflammation. Ashen mice show lower mortality and lower plasma TNF-
alpha levels than Jinx mice do [70]. Furthermore, bone marrow-derived mast cells
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Fig. 3 The disease severity correlates with the cytolytic deficiency. Target cell lysis is shown for
different effector–target ratios. The mouse strains are ordered by decreasing cytolytic activity. The
wild-type and PKO (Prf1−/−) values are shown in all graphs for comparison’s sake. Mouse strains
and mutations: beige—LYST, pearl—AP3B1, souris—LYST, ashen—Rab27A. Figure from [127]

from ashen mice show hypersecretion, while the same cells derived from Jinx mice
show a secretory impairment [128]. Mice with cell-type-selective deficiencies of
either Prf1 or Stx11 have been helpful in investigating the interplay between CTLs,
NK cells, and macrophages.
While experiments conducted in parallel can be easily interpreted, comparing
experiments performed with HLH-model mice in different labs is more difficult. To
this end, it is important for all experimental procedures to be recorded so that reproduction at another site is possible. The main variables are the mouse strain, the virus
strain, the viral load and mode of administration. Some variables (such as housing
in different facilities and exposure to different environments) are impossible to
reproduce but should be considered when interpreting the outcome of an experiment. Furthermore, the recorded experimental data should encompass as many of
the HLH-2004 diagnostic criteria as possible (Table 2). This should facilitate the
comparison of (1) different murine models and (2) murine data vs. patient data.

HLH Therapy in Mice and Implications for Human Treatment
Besides providing a better understanding of the mechanisms causing and sustaining
the hyperinflammatory state in HLH, murine models are also instrumental for developing therapeutic approaches (discussed in detail in chapter “Genetics of
Macrophage Activation Syndrome in Systemic Juvenile Idiopathic Arthritis”).
TNF blockade: In Prf1−/− mice infected with MCMV, TNF appeared to be the
main driver of immunopathology; treatment with anti-TNF markedly reduced liver
damage, while anti-IFNγ was associated with only minor improvements [24].
IFNγ blockade: Blocking IFNγ in both ashen and Prf1−/− mice reduced HLH
symptoms after LCMV infection. The Prf1−/− mice’s survival rate was higher, and
CNS involvement in ashen mice was prevented [45, 69].
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IL-18 blockade: In Prf1−/− mice infected with MCMV, IL-18 blockade using
IL-18BP decreased hemophagocytosis and reduced damage to the liver and spleen.
Furthermore, CTLs and NK cells produced less IFNγ and TNF [129].
IL-33/ST2 blockade: In LCMV infected Prf1−/− mice, blockade of the MyD88-
dependent IL-33 receptor, ST2, improved both survival and reduced IFNγ serum
levels [46].
Etoposide mechanism: The therapeutic mechanism of etoposide (which was
already being used to treat patients) was elucidated in a study of LCMV infected
Prf1−/− mice, where it reduced the intensity of all the symptoms of HLH. Etoposide
was shown to selectively delete activated T cells and thus suppress the production
of inflammatory cytokines. Naïve and memory T cells, dendritic cells and macrophages were not affected [130].
JAK1/2 inhibition: Treatment of LCMV-infected Prf1−/− mice and ashen mice
with the JAK1/2 inhibitor ruxolitinib increased survival of the Prf1−/− mice and
reduced disease severity in both strains. CNS involvement in ashen mice was significantly reduced. Inhibition of JAKs was associated with reduced STAT1-
dependent gene expression, limited CD8 T cell expansion and less cytokine secretion
and did not affect perforin-dependent killing ability [48, 49].
Gene therapy: HSC gene transfer was able to correct the immunological manifestations of the disease in perforin-deficient mice and in a murine model of XLP1.
This encouraging data from murine studies has led to further work on clinically
applicable strategies. An alternative approach is to correct defective T cells. This
approach is safer than HSC gene therapy and may allow early control of HLH
through gene-modified effector T cells. Both strategies are now in development, and
thus gene therapy may soon enter clinical trials for certain forms of pHLH [131].

Outlook
Murine models have been instrumental in learning about the genes involved in HLH
and the mechanisms leading to the disease. However, murine models have their
limitations, where the differences between mouse and human immune system complicate translational research. A main difference is the need for a trigger in mice but
not (apparently) in humans. While selecting a suitable murine model may be
straightforward for diseases with a known genetic cause, it is substantially more
difficult for acquired diseases like as sporadic HLH (sHLH). Murine models of
sHLH are discussed in the next chapter (“Murine Models of Secondary Cytokine
Storm Syndromes”).
An interesting current question is the relevance of heterozygous mutations in
HLH-causing genes. Although several mutations in these genes allow HLH to be
induced in mice, the impact of single heterozygous mutations and the possible influence of mutations in genes not (yet) associated with HLH are still unclear. To
address these questions and model human HLH more accurately, it may be necessary to introduce mutations found in patients into mice. The tools needed for these
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modifications have been improved, and costs have fallen over recent years. Another
interesting technology is the humanized mouse, in which human immune cells are
engrafted in immunodeficient mice. This tool may further improve our ability to
model complex human diseases like HLH in mice.
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Primary HLH
Peroxisome proliferator activated receptor
Receptor
Recombination-activating gene
Red blood cell
Soluble CD25
Stem cell factor
Severe combined immunodeficient
Secondary HLH
Systemic juvenile idiopathic arthritis
Systemic lupus erythematosus
Signal transducer and activator of transcription
Transgenic
T helper cell
Toll-like receptor
Tumor necrosis factor
Regulatory T cell
Wild-type
Yellow fluorescent protein

Introduction
Hemophagocytic lymphohistiocytosis (HLH) is a rare and life-threatening immune-
inflammatory disorder associated with high morbidity and increased mortality in
children and adults. Two subtypes are distinguished on the basis of an underlying
genetic predisposition. Animal models of primary HLH studying genetically engineered mice have provided important insights into the pathogenesis of HLH arising
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in the context of cytotoxicity-related mutations [1–5]. Aberrant activation of CD8+
T cells, massive secretion of pro-inflammatory IFN-γ and impaired regulation of
antigen presentation by dendritic cells compromise proper deflation and termination
of immune responses, culminating into systemic hyperinflammation, hemophagocytosis and a cytokine storm [1, 6–9]. Despite abundant clinical and laboratory
similarities, the findings in these genetic models of primary HLH may not directly
translate to secondary HLH, the latter arising on various backgrounds of infection,
malignancy, autoimmune and autoinflammatory diseases, acquired immunodeficiency, and/or metabolic disorders [10], where cytotoxicity is not necessarily deficient and a genetic predisposition is not always evident. Considering the
heterogeneity of triggering factors and underlying diseases in secondary HLH
(sHLH), a large diversity of animal models is required to capture its complete disease spectrum. Since 2001, almost 20 animal models have been published aiming to
recapitulate the syndrome of secondary HLH (summarized in Table 1). This chapter
highlights important findings in all models of sHLH, discusses their (dis)similarities
and considers points of interest for future therapeutic strategies. HLH symptoms
present in the different models are evaluated against the current existing diagnostic
guidelines, that is, the HLH-2004 criteria [11] and the HScore, which is specifically
used to calculate the probability of sHLH in patients [12] (Table 2). Table 3 summarizes important cytokines, chemokines, and cell types in the pathogenesis of the
different animal models.
In contrast to the mutant models of primary HLH (pHLH), models of sHLH in
general reflect the lack of clear genetic predisposition in patients by using immunocompetent wild-type (WT) mice. One exception is the polygenic heterozygous
mouse model of Sepulveda and colleagues [13], which can be positioned somewhere on the blurring line between primary and secondary HLH. In the other
models discussed within this chapter, cytotoxic defects are usually not inherent,
although they may be observed resulting from the inflammatory cytokine
environment.

Animal Models of Secondary HLH
Polygenic Heterozygous Cytotoxic Defects
According to the classical concept, primary HLH is caused by homozygous or compound heterozygous monogenic defects, while secondary HLH was considered not
to have a genetic background. During the last decade, however, heterozygous mutations in one, two, or more cytotoxicity-related genes have been reported in several
patients with a diagnosis of secondary HLH. These observations sparked speculations about additive genetic effects, given that all pHLH-related genes play downstream roles in the same cytotoxic pathway. It has been proposed that accumulation
of polygenic monoallelic mutations in patients may generate a synergistic effect that
partially impairs the cytotoxic function and will increase host susceptibility to HLH

Immunocompetent WT

Immunocompetent WT
Transgenic IL-6
overexpression
IFN-γ−/−

C57BL/6 mice
C57BL/6 NSE/
huIL6 mice
BALB/c mice

No

Immunocompetent WT
(NK cells lack Ly49H
receptor)
Immunocompetent WT

C57BL/6 mice

/

Humanized immune system

Immunocompetent WT

/

Humanized immune system

High dose CpG
LPS
CFA

/
Yes, NK cells
Yes, NK cells

Yes, NK cells (post African swine fever virus
infection only)
/
Salmonella enterica
Typhimurium
/
Chronic CpG (with/without
aIL10R or d-galactosamine)

EBV-HLH
Patient PBMCs
MCMV

EBV

11–39 days

5 days
4 days

7–10 days

3 weeks

7 days

5 days

4 weeks

4–10 weeks

20–30 days

/
Herpesvirus papio

Duration
2 weeks

Cytotoxicity defect Trigger
Yes, NK and CD8+ LCMV
T cells

Immunologic background
Heterozygous
Rab27a+/−
Prf1+/−
Stx11+/−
Immunocompetent WT

Sv129 mice

Landrace pigs

New Zealand/
Japanese white
rabbit
NOD/SCID/
IL-2Rγ−/− mice
NOD/SCID/
IL-2Rγ−/− mice
BALB/c mice

Species/strain
C57BL/6 mice

Table 1 Overview of existing secondary HLH animal models

No

No, unless CNS disease
(7%)
No, unless addition of
aIL10R or
d-galactosamine
/
Yes

Yes

100%

Yes

70%

100%

Mortality
20–30%

[80]

[65]
[70]

[55]

[47]

[38]

[32]

[31]

[29]

[25]

First
report
[13]
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Immunocompetent WT
Transgenic IFN-γ
overexpression

C57BL/6 mice
C57BL/6 Yeti
IFN-γ reporter
mice
NOD/SCID/
IL-2Rγ−/− mice

/
/

/

100% (200 days)

100% (20 days)

14 weeks

8 days

6–18 months No

Doxycycline (induces
HIF-1A/ARNT
overexpression)
Spontaneous

Yes
3 days
10 days
3–11 months
5 days
/
5–6 weeks
100% (100 days)

Spontaneous

IL-4 osmotic pumps
IL4/aIL4 complexes
Transgenic IL-4
IFN-γ osmotic pumps
Spontaneous

[97]

[94]

[91]

[88]
[89]

[82]

/ = not reported, aIL-4 = anti-IL-4-antibody, aIL10R = IL-10 receptor blockade, CFA = complete Freund’s adjuvant, CNS = central nervous system,
EBV = Epstein-Barr virus, HIF = hypoxia-inducible factor, huIL6 = human IL-6, IL-2R = IL-2 receptor, LCMV = lymphocytic choriomeningitis virus,
LPS = lipopolysaccharide, MCMV = mouse cytomegalovirus, NK = natural killer, NSE = neurospecific enolase, PBMCs = peripheral blood mononuclear cells,
WT = wild-type

/
Humanized immune system
Transgenic SCF, IL-3 and
GM-CSF overexpression
/
Inducible transgenic
Vav1-Cre,
Rosa26-LSL-rtTA HIF-1A/ARNT overexpression
in hematopoietic lineages
HIF1A-TPM
C57BL/6 mice
Legumain−/−
Mixed 129/Ola
Yes, NK cells
and C57BL/6
mice

Immunocompetent WT

C57BL/6 mice
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Underlying immunodepression

+
–
+
+
–
–
–
–
–
–
–
+
+
–
–
–
+
–
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+

+

–

+

+
+
+
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+

–

+
+

+
+
(+)
–

+
+
+
+

+

+
+

+

+

Lymphadenopathy
+
+
+
–
+
+
+
+
+
+
+
+
+

Splenomegaly

+

Cytopenia in ≥2 cell lineages
+
+
–

+
+
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+
+
+
+
+
(+)
+
+

+
(+)
+

→ Anemia
+
+
+

(+)
+
+
+
+
+
(+)
+
+

(+)

+

+

→ Thrombocytopenia
+
+
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+
+
+
+
+
+
+
+
P↑
+
+

+
+
+

→ Lypmphopenia
–

+

+
+
(+)
+

→ Neutropenia
–

+
N↑
+
+

N↑
(+)

N↑

→ Leukopenia
L↑

+

+

(+)
–
+

–

L↑
(+)
L↑

Hemophagocytosis
+
–
+

+
+
+
–
+
+
+
–
(+)
+
+

+
+

Hyperferritinemia
+

+

+
–
–

(+)
+
+
+

+

Hypofibrinogenemia
F↑

–

F↑

F↑

F↑
+
(+)
–

Hypertriglyceridemia
+

+
+

–
+

+
–

+

+

+

Elevated sCD25
+

+

+

Low NK cell cytotoxicity
NK↓
+

+
+

NK↓
+

NK↓

+

Coagulation disorder
+
–
+
+
+
+
+

+

CNS symptoms
–

+

–

… out of 8 HLH–2004 criteria
3
3
4
1
5
6
6
3
4
5
5
5
4
4
2
2
5
4
4

HScore
61
97
134
56
156
181
195
107
117
171
175
96
76
126
69
58
143
82
106

0.1
1.2
11
0.1
33
70
85
2.3
4.2
55
61
1.2
0.3
7.1
0.2
0.1
18
0.5
2.1

Probability of HLH disease (%)

HLH-2004 criteria: Ref. [11], HScore: Ref. [12], from which the probability of HLH disease can be calculated (http://saintantoine.aphp.fr/score/)
− = symptom is absent, + = symptom is present, (+) = present in part of the animals, green color = fulfils diagnostic criteria, orange color = does not fulfil
diagnostic criteria, ∗ = partially unpublished data by Brisse et al., aIL-10R = IL-10 receptor blockade, B6 = C57BL/6 mice, CFA = complete Freund’s adjuvant,
DG = d-galactosamine, F↑ = elevated fibrinogen, GM-CSF = granulocyte-macrophage colony-stimulating factor, HIF = hypoxia-inducible factor, HSC = hematopoietic stem cell, hu = human, L↑ = leucocytosis, LCMV = lymphocytic choriomeningitis virus, LPS = lipopolysaccharide, MCMV = mouse cytomegalovirus, N↑ = neutrophilia, NK↓ = decreased number of NK cells, NRG = NOD/RAG/IL2Rγnull, NSG = NOD/SCID/IL-2Rγ−/−, P↑ = thrombocytosis,
PBMCs = peripheral blood mononuclear cells, SCF = stem cell factor, T↓ = hypothermia, Tg = transgenic, WT = wild-type

Rab27a+/– Prf1+/– Stx11+/– + LCMV
WT rabbit + Herpesvirus papio
NSG mice + huCD34+ HSCs + EBV
NSG mice + EBV–HLH PBMCs
WT BALB/cmice+ MCMV*
WT pigs + African swine fever virus
WT Sv129 mice + Salmonella
WT B6 mice + chronic CpG
WT B6 + chronic CpG + aIL10R
WT B6 mice + chronic CpG + DG
WT B6 mice + high dose CpG
IL–6Tg mice + LPS
IFN–g –/–mice + CFA
WT B6 mice + chronic IL–4 exposure
WT B6 mice + IFN–g pump
Yeti IFN–g reporter mice
SCF/IL–3/GM–CSF Tg NSG/NRG mice
HIF–1A/ARNT inducible Tg mice
Legumain–/–mice

Elevated liver enzymes

Table 2 HLH-like symptoms in secondary HLH animal models and their importance in current diagnostic criteria
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+

+
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+
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+
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IFN–a
+

+

IFN–b
+

–
+

+

IFN–g
+
KO
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+
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+
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IL–1a
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IL–1b
–
–
–

+
+
–

–
–

+
+

IL–1Ra
+

IL–2
–

–

+

IL–4
–
–

+

–
+

–

IL–6
+
+

+
+
+

+
+

+
+
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+
–

+
+

+

+
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IL–12
+
+

–

+

+
+

+

IL–13
+

–

IL–17
+

–

IL–18
+
+

+
+

+

IL–22
+

IL–23
–

GM–CSF
+

+

M–CSF
–

+

TGF–b
+

–

TNF–a
+
–
(+)

+
–
–

–/+
–
+

+
+

+
+
–

#

+

CD8+ T
–

+

+
+
+

NK
+

CD11b+
C

§

A
+
+

+
+

A

A

+

+
+

+

CD11c+

B

gd T

Light green = partially protective, dark green = protective, orange = partially pathogenic, red = pathogenic, grey = no effect in pathogenesis, according to
depletion and/or knockout studies. + = elevated cytokine levels or immune cell activation, − = cytokine is not elevated or cells are not activated, −/+ = some
reports indicate an elevation while other reports observed no elevation, (+) = only present in part of the mice, ∗ = partially unpublished data by Brisse et al.,
# = involvement of Tbet transcription factor/Th1 cells, § = involvement of CD33+ myeloid cells, A = alternatively activated, aIL10R = anti-IL-10-receptor
antibodies, B6 = C57BL/6, C = classically activated, CCL = C-C motif chemokine ligand, CFA = complete Freund’s adjuvant, CXCL = C-X-C motif chemokine ligand, DG = d-galactosamine, EBV = Epstein-Barr virus, GM-CSF = granulocyte-macrophage colony-stimulating factor, HIF = hypoxia-inducible factor,
IL-1Ra = IL-1 receptor antagonist, KO = knockout, LCMV = lymphocytic choriomeningitis virus, LPS = lipopolysaccharide, MCMV = mouse cytomegalovirus, NK = natural killer, NRG = NOD/RAG/IL2Rγnull, NSG = NOD/SCID/IL-2Rγ−/−, PBMC = peripheral blood mononuclear cell, SCF = stem cell factor,
Tg = transgenic, TGF = transforming growth factor, TNF = tumor necrosis factor

Rab27a+/– Prf1+/– Stx11+/– mice +
WT rabbit + Herpesvirus papio
NSG mice + huCD34+ HSCs + EBV
NSG mice + EBV–HLH PBMCs
WT BALB/c mice + MCMV*
WT pigs + African swine fever virus
WT Sv129 mice + Salmonella
WT B6 mice + chronic CpG
WT B6 + chronic CpG + aIL10R
WT B6 mice + chronic CpG + DG
WT B6 mice + high dose CpG
IL–6Tg mice + LPS
IFN–g–/– mice + CFA
WT B6 mice + chronic IL–4 exposure
WT B6 mice + IFN–g pump
Yeti IFN–g reporter mice
SCF/IL–3/GM–CSF Tg NSG/NRG
HIF–1A/ARNT inducible Tg mice
Legumain–/– mice

CD4+ T

Table 3 Hypercytokinemia and immune hyperactivation: role of chemokines, cytokines, and immune cells in secondary HLH animal models
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[14–18]. This theory of polygenic inheritance was explored in a heterozygous
mouse model that combined monoallelic mutations in Rab27a, Prf1 and/or Stx11.
While single heterozygous mice did not differ from WT mice, double or triple heterozygous mice showed reduced lymphocyte cytotoxic function, delayed viral
clearance and an increased risk to develop HLH-like features (summarized in
Table 2), including hypercytokinemia (summarized in Table 3), following infection
with the lymphocytic choriomeningitis virus (LCMV). The severity of the HLH
syndrome was linked to the number and nature of affected genes and the resultant
degree of cytotoxic impairment, with the infected polygenic heterozygous mice
lying in between the spectrum of normal WT mice and homozygous mutant mice
[13]. Thus, heterozygous mutations in two or more cytotoxicity-related genes may
indeed contribute to the development of secondary HLH.

Infection-Associated Secondary HLH
Models of infection-associated secondary HLH have predominantly focused on
virus-associated HLH, since viruses are considered the leading triggers of disease in
both primary and secondary HLH [19]. One bacterial model of secondary HLH has
also been described.
Herpesvirus papio
Epstein–Barr virus (EBV) is considered the predominant trigger of disease in
patients with primary as well as secondary HLH. Due to strict species-specificity,
EBV-induced sHLH cannot be studied in regular WT mice. As an alternative, a
Japanese group published the first animal model of virus-associated secondary HLH
in 2001 using Herpesvirus papio, a baboon γ-herpesvirus biologically and genetically closely related to EBV. This model was established in immunocompetent WT
rabbits and remains the only existing rabbit model of HLH up to now. Inoculated
rabbits displayed a fatal HLH syndrome (Table 2) with high levels of TNF-α.
Interestingly, hemophagocytosis consisted mainly of red blood cell (RBC) uptake,
mediated by the presence of anti-RBC-antibodies, a phenomenon that has been
reported in a few cases of EBV-HLH and EBV-related infectious mononucleosis
[20, 21]. After inoculation, the virus was detected in a mixture of cell types (CD4+
and CD8+ T cells, as well as B cells), partially resembling human EBV-HLH where
the virus has been reported to be predominantly present in CD8+ T cells [22, 23], or
in B cells in patients with underlying X-linked lymphoproliferative disease [24].
The infected rabbits additionally developed T-cell lymphoproliferative disease and
some of them showed emergence of lymphomas, making this model useful to study
HLH in EBV-driven malignancies and the process of disease progression from acute
EBV-related HLH to chronic EBV-associated lymphoma [25–28].
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Epstein–Barr Virus
As Herpesvirus papio is an EBV-related virus, the rabbit model of EBV-HLH may
contain elements that are not specific for EBV-induced pathology or miss elements
specific to EBV-induced HLH. Therefore, humanized mouse models have been
engineered, in which immunodeficient NOD/SCID/IL-2Rγ−/− (NSG) mice are
engrafted with either human hematopoietic stem cells (HSCs) or patient-derived
peripheral blood mononuclear cells (PBMCs) to approach the human immune system, allowing to study EBV infection in an in vivo model setting.
In the first model, purified CD34+ HSCs derived from healthy donor cord blood
were transplanted to newborn NSG mice. Following reconstitution of the humanized immune system, mice were infected with EBV, after which they developed an
HLH-like syndrome (Table 2), accompanied by high levels of IFN-γ (Table 3).
Again, hemophagocytosis consisted predominantly of erythrophagocytosis. In this
model, EBV primarily infected B cells. No significant infection of T or NK cells
was reported, in contrast to what is observed in patients suffering from EBV-induced
HLH. Interestingly, heat-inactivated EBV virions did not induce HLH disease,
while EBV DNA load correlated with disease severity, CD8+ T cell activation and
IFN-γ production, designating productive viral replication as the driver of HLH
pathology [29]. Age at the time of engraftment may also be a determining factor in
this model, as older NSG mice tended to develop an EBV-related B cell proliferative
disorder [30].
The second model utilizes adult NSG mice that are engrafted with PBMCs from
patients with a severe EBV-related pathology (e.g., either EBV-induced HLH or
chronic active EBV infection (CAEBV)). In this way, the composition of the
reconstituted immune system closely resembled that of the donor patient.
Interestingly, mice engrafted with PBMCs from HLH patients were distinguished
by an intensified cytokine storm with higher levels of IFN-γ and IL-8 (Table 3) and
aggressive, more frequently fatal disease, compared to CAEBV-engrafted mice.
Massive internal hemorrhages, indicative of severe coagulopathy, were only
observed after engraftment of HLH-derived PBMCs. Nonetheless and despite a
high viral load, other HLH-like features in these mice were limited or not reported
(Table 2). Surprisingly, even though EBV was initially present in the CD8+ T cell
fraction of the patients’ PBMCs and remained present in T cells in peripheral
blood, the majority of EBV-infected cells in the tissues of engrafted mice belonged
to the B cell lineage, indicating the difficulty of studying EBV cellular tropism in
a model setting [31].
Mouse Cytomegalovirus
A recent mouse model of herpesvirus-associated secondary HLH does not rely on
γ-herpesviruses but on mouse cytomegalovirus (MCMV), the murine counterpart of
human cytomegalovirus, a β-herpesvirus known to elicit HLH episodes particularly
in immunocompromised hosts. Upon infection, immunocompetent WT BALB/c,
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but not C57BL/6 mice, developed an acute and fatal HLH-like syndrome (Table 2),
associated with immune hyperactivation and a severe cytokine storm (Table 3) [32].
This remarkable strain dependency is possibly linked to differences in the expression of the activating receptor Ly49H, essential for adequate NK cell recognition of
MCMV and efficient viral clearance, which is absent in BALB/c mice, resulting in
high viral loads [33, 34]. Similar to the EBV model [29], lytic viral replication was
essential for the induction of HLH, since UV inactivation or antibody-mediated
neutralization of MCMV abrogated disease development [34]. In contrast to most
models of pHLH, neither CD8+ T cells nor IFN-γ were required for disease pathogenesis in MCMV-infected BALB/c mice. IFN-γ might even play a protective role
herein, considering the aggravated phenotype and increased mortality in IFN-γ-
deficient mice [32]. This unexpected effect of IFN-γ was not mediated by lack of the
IFN-γ-induced anti-inflammatory enzyme IDO1, as IDO1-deficient mice were
practically undistinguishable from WT BALB/c mice post-infection [35]. As
MCMV-induced HLH could also be elicited in SCID mice, lacking functional T and
B cells, this model is likely driven by innate rather than adaptive immune cells. In
an attempt to unravel important innate disease mediators, neutrophils were depleted,
however without profound effects on disease development or severity [36].
African Swine Fever Virus
Infection of normal immunocompetent Landrace pigs with the African swine fever
virus, a dsDNA hemorrhagic fever virus of the Asfarviridae family, recapitulates
full-blown HLH to a large extent (Table 2). Active disease was associated with
increasingly high viral titers and progressive elevation of multiple pro-inflammatory
cytokines (Table 3). Hemophagocytes were shown to contain predominantly lymphocytes and/or RBC [37, 38]. Further research in this animal model could provide
interesting clues about the emergence of HLH in human infections with hemorrhagic fever viruses such as Ebola, dengue, and Hantavirus [39–43], as the pigs
presented with severe hemorrhaging in all investigated organs. Interestingly, cytokine antagonists that are currently administered in cases of secondary HLH might
also be of use in hemorrhagic fever syndromes, according to evidence provided in a
mouse model of Ebola infection. IL-1-receptor-antagonist was shown to protect
against immune hyperactivation by modulating the cytokine storm during hemorrhagic fever disease [44], similar to the therapeutic function of anakinra in cases of
secondary HLH [45, 46].
Bacterial Infection: Salmonella enterica Typhimurium
Upon oral infection of immunocompetent WT Sv129 mice with Salmonella enterica
serotype Typhimurium, mimicking chronic typhoid fever in humans, a mostly nonfatal syndrome developed that was highly reminiscent of bacteria-induced secondary HLH (Table 2). Notably, this model is unique in recapitulating the neurological
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symptoms of secondary HLH, such as ataxia and movement disorder, which in
severe cases was associated with death of the mice. Unfortunately, cytokine levels
were not measured (Table 3). Hemophagocytosis was shown to be performed by
alternatively activated, M2-type macrophages, engulfing predominantly non-
apoptotic T cells, which is distinct from the previously discussed infection models
emphasizing engulfment of RBCs. Similar to the viral models, HLH disease severity was correlated with the organ bacterial load [47, 48], again indicating the importance of a persistent infection in disease pathogenesis.

Autoimmunity-Associated or Autoinflammation-Associated HLH
Toll-like receptor (TLR) triggering has been utilized in a number of animal models
to induce a hyperinflammatory syndrome reminiscent of HLH. The chronic or
excessive stimulation of pathogen recognition receptors is thought to simulate
ongoing antigenemia in the context of persistent infections or a continuous background inflammation in the context of autoimmune and autoinflammatory diseases.
Stimulation of TLR9 appears to be unique in inducing HLH in naive mice, without
preexisting immune activation. TLR9 is activated by dsDNA and alerts the body of
viral intruders such as EBV, CMV, or other Herpesviruses, key inducers of HLH in
patients. Additionally, in autoimmune diseases such as SLE, in which HLH can
occur as a complication, TLR9 is activated by pieces of self-DNA. Conversely, in
mice with underlying chronic inflammation, stimulation of TLR4 was described as
a potent trigger of HLH-like disease. TLR4 recognizes bacterial cell wall components such as lipopolysaccharide (LPS) to alert the body of bacterial pathogens.
Involvement of TLR signaling in HLH pathogenesis has been suggested after
reports of patients carrying mutations in interferon-regulatory factor 5 (IRF5) which
is a downstream mediator in many TLR pathways, including TLR4 and TLR9 [49,
50]. Additionally, IRF5 is a master transcription factor regulating the production of
pro-inflammatory cytokines such as IL-6, IL-12, and TNF-α [51], all cytokines
implicated in HLH. Therefore, it is no surprise that also animal models based on
overexposure to cytokines, thus mimicking the overwhelming cytokine storm, are
able to recapitulate HLH-like disease. Excessive inflammasome activation and
resulting cytokine secretions have been demonstrated to underlie HLH pathogenesis
in a subgroup of patients with autoinflammation [52, 53].
TLR9 Stimulation
Chronic CpG Administration with/without IL-10 Receptor Blockade
An extensively studied model of secondary HLH consists of repeated injections of
unmethylated CpG into immunocompetent WT C57BL/6 mice, eliciting systemic
and predominantly innate immune activation, sufficient to drive HLH-like disease
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(Table 2) and initiate a cytokine storm (Table 3). Single-cell TLR9 tolerance was
circumvented on the cell population level by the induction of extramedullary monocytopoiesis, creating a continuous peripheral source of newly produced CpG-
responsive cells that allowed for ongoing TLR stimulation and sustained
inflammation [54]. An ever renewing pool of innate immune cells thus appeared to
drive TLR9-mediated disease. Indeed, adaptive immunity was of less importance as
CD8+ T cell activation was minimal and neither T, B, NK nor NKT cells played a
pathogenic part in the model, highlighting an important difference with primary
HLH. Neutralization experiments and the use of knockout mice designated IFN-γ as
a major pathogenic cytokine, while type I interferons, IL-12, or TNF-α had no
essential effects on disease progression [55, 56]. IL-18 binding protein (IL-18BP)
deficiency resulted in an aggravated HLH phenotype, with additional liver dysfunction and increased IL-18 and IFN-γ signature [57]. IL-10 on the other hand protected against the so-called “fulminant HLH” since hemophagocytosis, worsening
of the cytokine storm and death of the mice were only observed during IL-10 receptor blockade. The IL-10 blockade also revealed IL-10 as a modulator of the pathogenic effects of IFN-γ since fulminant HLH developed largely independent of the
latter, with the exception of anemia. Hemophagocytes during fulminant disease
exhibited an M2-type transcription profile, indicative of alternative macrophage
activation [55, 56, 58]. M2 macrophages express scavenger receptor CD163, which,
together with serum levels of soluble CD163, has been described as a biomarker in
patients with HLH [59, 60]. These alternatively activated macrophages are reported
to fulfill important clean up and tissue remodeling functions, aiding regulation of
immune responses [58]. Of note, a recent report also documented the occurrence of
HLH-like disease in WT C57BL/6 mice following chronic administration of CpG in
combination with IFN-γ. However, IFN-γ addition to the protocol did not result in
aggravation of disease to a similar level as seen after IL-10 receptor blockade [61].
Chronic CpG Administration with d-Galactosamine
Since the CpG-induced mouse model of secondary HLH is characterized by mild
and nonlethal pathology, an addition to the protocol was introduced in order to
increase disease severity and fatality, resembling human fulminant HLH (Tables 2
and 3). To this end, repeated CpG injections were combined with d-galactosamine,
a substance triggering hepatocyte apoptosis and TNF-α activation. In this model, the
role of plasmin, an enzyme implicated in the fibrinolytic cascade, was examined
[62]. In HLH, excessively activated macrophages produce plasminogen activator,
augmenting the fibrinolytic process. In patients, presence of coagulation abnormalities has been associated with worse prognosis [63, 64]. Aside from degrading fibrin
cloths, plasmin plays an abundant role in the inflammatory response by activating
several matrix metalloproteases (MMPs), proteolytic enzymes that can catalyze
TNF-α, sCD25, and sFasL cleavage and shedding, all factors found in HLH patients.
In a direct way, plasmin also activates NF-κB signaling and thus production of
inflammatory cytokines. Genetic deletion or pharmacological inhibition of the
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plasmin active site saved the injected mice from lethal disease and decreased tissue
destruction as well as cytokine levels. Conversely, administration of plasminogen
activator shortened survival of the mice, increased organ damage and heightened
cytokinemia. The pathogenic effects of plasmin were mediated via MMP activation
since MMP9-deficient mice displayed lower mortality rates and reduced tissue
damage. In conclusion, plasmin was shown to additively enhance TLR9 signaling
by CpG, to mediate the tissue influx of inflammatory cells and to stimulate production of pro-inflammatory cytokines and chemokines. Surprisingly though, plasmin
inhibition was not effective in the normal CpG-induced mouse model, indicating
that the treatment is specific for advanced-stage HLH or CpG alone is not sufficient
to induce relevant plasmin-associated pathology [62]. The relevance and applicability of these findings in the d-galactosamine model versus the regular CpG-induced
model remain to be validated.
Single Administration of High-Dose CpG
An alternative model of TLR9-triggered secondary HLH utilizes a single high dose
of CpG instead of chronic stimulation to initiate disease (Table 2). This resulted in
a syndrome where CCL2 and IFN-α played a role by inducing hemophagocytosis
(Table 3). Similar to the d-galactosamine model, hemophagocytes were observed
even in the absence of IL-10 blockade. Moreover, hemophagocytes, identified as
monocyte-derived dendritic cells having engulfed apoptotic RBCs, were a major
source of IL-10 and blocking either hemophagocytosis or IL10 activity significantly
increased tissue damage and mortality. This urged the authors to suggest a regulatory role for hemophagocytosis in HLH, constituting a counteraction to temper
hyperinflammation and perform important cleanup functions [65]. In this view,
therapies directed against the hemophagocytic macrophages may not be indicated
in sHLH.
TLR4 Stimulation in an IL-6 Transgenic Background
Secondary HLH can arise as a complication of many different rheumatic diseases,
where it is often referred to as macrophage activation syndrome (MAS) [66]. Given
that the inflammatory cytokine IL-6 is markedly increased in patients with rheumatic diseases such as systemic juvenile idiopathic arthritis (sJIA), Still disease,
rheumatoid arthritis and psoriatic arthritis, and is reportedly correlated with disease
activity and severity of joint inflammation [67], a model of MAS was established in
transgenic (Tg) mice that constitutively express high systemic levels of human IL-6.
Naive IL-6Tg mice exhibited typical features of a chronic rheumatologic disease,
including growth impairment, increased osteoclastogenesis and decreased osteoblast activity, resulting in impaired skeletal development [68, 69]. Additionally, the
chronic exposure to IL-6 increased the mice’s susceptibility to TLR stimulation.
Upon administration of several TLR ligands, the mice responded with increased
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fatality and elevated cytokinemia (Table 3), compared to WT mice. Solely following
challenge with lipopolysaccharide (LPS), a TLR4 ligand, the mice developed a fulminant MAS syndrome (Table 2) and additional elevation of IFN-γ (Table 3) [70].
Expression of IFN-γ-induced chemokines correlated with disease activity in the
model [71], and neutralization experiments designated the cytokine as a major
player in pathogenesis [72–74]. Continuous exposure to IL-6 also decreased the
cytotoxic potential of murine NK cells as they showed lower perforin and granzyme
B expression and diminished killing capacity towards tumor cells. This effect was
confirmed in vitro on healthy NK cells as well as NK cells from patients with sHLH,
where addition of tocilizumab, an anti-IL-6R antibody, restored perforin and granzyme B levels and rescued cytotoxic function [75], whereas addition of recombinant
IL-6 worsened NK cell dysfunction [17]. These findings may explain the presence
of cytotoxicity defects in some patients with sJIA and/or MAS [76–78]. Thus, prolonged high levels of IL-6, as present in several autoimmune and autoinflammatory
diseases, not only predispose to exaggerated immune-inflammatory responses but
also reduce NK cell cytotoxic capacity, likely increasing vulnerability of patients to
infections and facilitating the onset of HLH-like hyperinflammation [70, 75].
Murine sJIA with Subclinical MAS
Another model of rheumatic disease that typically resembles sJIA was elicited in an
IFN-γ-deficient background, by a single subcutaneous injection with heat-killed
Mycobacterium butyricum emulsified in complete Freund’s adjuvant (CFA). Aside
from characteristic sJIA symptoms including arthritis, rash, and increased frequency
of immature blood cell populations, the mice also developed some HLH-like features, reminiscent of the 10% of sJIA patients who develop fulminant MAS and the
30–50% who suffer from subclinical MAS [60, 79] (Table 2). NK cell cytotoxicity
was inherently defective in IFN-γ-deficient mice, which may explain their susceptibility to HLH. This was partially confirmed by CFA injection of NK-cell depleted
WT mice, which resulted in an incomplete sJIA syndrome, assigning a regulatory
role to functionally competent NK cells in this model. Instead of IFN-γ, IL-17 played
the dominant pathogenic part in this model, since preventive treatment of the CFAinjected mice with anti-IL12/IL-23p40 or anti-IL-17 antibodies inhibited emergence
of most sJIA/MAS symptoms (Table 3) [80]. Innate γδ T cells and CD4+ T cells were
the main sources of IL-17 and probably contribute to disease pathogenesis [80, 81].
Excessive Cytokine Exposure
IL-4
The first report of chronic cytokine exposure as a model for secondary HLH
appeared following research into novel pathways that could instigate tissue macrophage accumulation and hemophagocytosis. High and sustained systemic levels of
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IL-4, achieved via infusion of recombinant IL-4 with subcutaneous osmotic pumps,
injections with IL-4/anti-IL-4 immune complexes or the use of IL-4-overexpressing
transgenic mice, resulted in an acute hemophagocytic syndrome (Table 2) and
increased cytokinemia (Table 3) [82]. The findings are quite remarkable considering
that IL-4 is not often elevated in patients’ sera. Both in adults and children a Th1-
oriented cytokine profile dominates over Th2-associated cytokines [83–86].
Nonetheless, IL-4 appeared to be unique in its action since high systemic concentrations of IL-13, another Th2-associated cytokine, did not mediate similar effects.
Unlike primary HLH, IL-4-induced secondary HLH was not dependent on T cells
or IFN-γ, since the syndrome was undiminished in Rag2−/− mice and following
IFN-γ neutralization. Active hemophagocytes showed a pattern of alternative macrophage activation and predominantly consumed RBC, consistent with other animal
models of secondary HLH [82].
IL-6
A major role for IL-6 in the pathogenesis of sHLH was highlighted by the IL-6Tg
mouse model of Strippoli and colleagues [75, 87], discussed in section “TLR4
Stimulation in an IL-6 Transgenic Background”. Mimicking an inflammatory environment with chronically elevated levels of IL-6, this model showed how background inflammation in autoimmune or autoinflammatory diseases can exaggerate
responses to TLR stimulation and can directly reduce the cytotoxic capacity of NK
cells, predisposing to development of hyperinflammation and HLH-like disease.
IFN-γ
Excessive levels of IFN-γ have been notoriously implicated in primary HLH pathogenesis, and are also often observed in secondary HLH. The effects of this cytokine
were examined in vivo in two different models, applying either sterile IFN-γ infusion via implanted osmotic pumps or using transgenic mice.
Chronic administration of IFN-γ in mice, at physiologically relevant levels similar to those observed in infections, resulted in the development of hemophagocytosis and acute pancytopenia (Table 2), although no other HLH-like symptoms were
described. The process of hemophagocytosis was reliant on the direct action of
IFN-γ on macrophages, functioning in a STAT1- and IRF1-dependent manner.
RBCs, neutrophils and other nucleated cells were taken up by F4/80+ macrophages
using a mechanism described as macropinocytosis, bearing resemblance to apoptotic cell uptake [88]. In another report, the so-called “Yeti” YFP-IFN-γ reporter
mice were found to spontaneously develop a lethal HLH-like autoinflammatory
syndrome mediated by off-target systemic overexpression of IFN-γ (Table 2).
Additive genetic effects were present as two copies of the mutant allele exacerbated
multiorgan inflammation and myeloproliferative disease. The syndrome was ameliorated in mice deficient for the canonical Th1 lineage-committing transcription
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factor Tbet, indicating that Th1 cells could play a role in the observed pathology
[89]. Although not described in Yeti mice, constitutive expression of IFN-γ in the
bone marrow of another transgenic mouse line resulted in increased TNF-α production as well as impaired NK cell differentiation, causing severely decreased NK
cell numbers but not cytotoxicity [90], aspects that could contribute to HLH
susceptibility.
Together, these models illustrate how hemophagocytosis and other cardinal features of HLH can be mediated in a direct manner by high levels of IFN-γ.
Nonetheless, a more diverse cytokine storm appears necessary to induce a more
complete spectrum of HLH.
IL-3, SCF, and GM-CSF
Abundant presence of innate immune stimulating cytokines can also underlie HLH-
like disease. NOD/SCID/IL2Rγnull (NSG) and NOD/RAG/IL2Rγnull (NRG) mice
were genetically engineered to express human stem cell factor (SCF), IL-3, and
GM-CSF to enhance human myeloid cell engraftment following umbilical cord
blood transplantation. However, the continuous systemic exposure to SCF, IL-3 and
GM-CSF caused the mice to spontaneously develop a fatal inflammatory disease
with a high degree of similarity to human HLH (Table 2). Many cytokines were
elevated during active disease, although not in all mice (Table 3). Treatment with
dexamethasone or intravenous immunoglobulins (IVIG) was not adequate to ameliorate disease. Depletion of T cells with the OKT3 antibody, depletion of B cells
using rituximab, or combined B and T depletion could not rescue the mice from
fatal disease either, providing evidence for a lymphocyte-independent pathway of
pathogenesis, similar to the chronic CpG model and MCMV-induced sHLH. On the
other hand, targeting myeloid cell populations with anti-CD33-antibodies (Mylotarg)
led to complete recovery of the mice, indicating an innate mechanism of disease.
Additionally, targeting IL-6 with tocilizumab slowed down disease progression and
increased survival, but could not completely reverse disease, suggesting a partial
pathogenic role for IL-6. Interestingly, HLH-like disease only developed in transgenic NSG and NRG mice, not in NOD/SCID mice retaining the common γ chain
and thus, proper NK cell function [91]. The authors speculated that functional NK
cells may be sufficient to limit myeloproliferation and disease in this model similar
to the bone marrow chimeric model of primary HLH [9], where competent cytotoxic NK cells in TPrf1−/−NKPrf1+/+ mice were sufficient to limit T cell proliferation
and HLH development.
Overexpression of Hypoxia-Related Factors
Inflammatory disease states are often characterized by tissue hypoxia and/or stabilization of hypoxia-dependent transcription factors, such as hypoxia-inducible factor 1 (HIF-1) [92]. This molecule has previously been implicated in cancer, sepsis,
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and rheumatoid arthritis, among others, but recent microarray data also showed a
HIF-1A-related disease signature in patients with primary HLH and sJIA [93, 94].
Furthermore, HIF-1A protein levels are increased in murine CpG-induced secondary HLH and in LCMV-infected perforin-deficient mice [94]. As HIF-1 is a known
activator of NF-κB, it may contribute to hypercytokinemia and increased sensitivity
to infections [92, 93]. A novel transgenic mouse model of secondary HLH explores
this pathogenic pathway by inducing cell-specific overexpression of HIF1A/ARNT
in hematopoietic cells, leading to a fatal HLH-like phenotype (Table 2). Interestingly,
overexpression of HIF in all hematopoietic cells was strictly necessary as overexpression limited to macrophages, NK cells or mature T cells did not incite disease.
Development of the HLH syndrome was thought to be linked to NK cell impairment, since the number of total and mature NK cells underwent a sharp decline
during active disease, although degranulation appeared normal. In contrast to the
alternative activation phenotype reported in most mouse models of secondary HLH,
macrophages with HIF1A/ARNT overexpression showed a classical M1-type activation pattern and no hemophagocytosis was detected. Notably, Rag1-deficient
mice were not protected from lethal HLH disease, indicating that T and B cells were
dispensable and non-lymphoid cells are sufficient for disease pathogenesis.
Likewise, IFN-γ-ligand or -receptor deficient mice still displayed fulminant HLH,
appointing no pathogenic role to IFN-γ in this model (Table 3) [94]. Solely anemia
appeared to be partially mediated by IFN-γ, paralleling observations in CpG-
induced murine secondary HLH [56, 94].

Metabolic Disorder-Associated Secondary HLH
The enzyme asparaginyl endopeptidase or legumain is a lysosomal cysteine endopeptidase known to play a role in the processing of antigens for MHC class II presentation, and in the regulation of innate immune responses via its participation in
the maturation and signaling of TLR-3, -7 and -9 [95]. Inhibition of legumain in
human cells can enhance the presentation of certain T cell epitopes [96], creating a
possible link with the pathogenic effects of persistent antigen presentation in primary HLH [6]. Although there are no reports of patients carrying this deficiency,
mice lacking legumain were found to spontaneously develop an HLH-like syndrome (Table 2), complete with decreased NK cell cytotoxicity, even though these
mice do not carry mutations in cytotoxic genes. Hemophagocytes were identified as
macrophages predominantly engulfing RBCs. The HLH-like symptoms progressed
slowly and were age-dependent, increasing in severity over time, but no mortality
was reported. Surprisingly, no cytokine storm was detected. Out of five examined
cytokines, only TNF-α was increased in a small subset of mice (Table 3) [97]. This
intriguing animal model suggests that legumain may play a previously unexplored
role in HLH, which may aid to identify novel cellular pathways involved in HLH
pathogenesis.
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 ell Types and Cytokines Involved in Secondary HLH
C
Pathogenesis
The animal models described above have each provided valuable insights into the
contribution of different cell types and cytokines to the pathogenesis of secondary
HLH.

Cell Types
Historically, cell types such as T cells, NK cells, and macrophages (hemophagocytes) have been hypothesized to be involved in the development of sHLH.
CD8+ T cells play a dominant part in primary HLH animal models [1, 5, 6], however this does not appear to extrapolate to all models of secondary HLH. Although
CD8+ T cells were markedly activated in the models of virus-associated secondary
HLH [13, 25, 29, 32], they were only marginally activated in CpG-induced secondary HLH. Moreover, in vivo depletion of CD8+, CD4+, and CD3+ T cells or general
absence of T cells in Rag-deficient or SCID mice did not alter disease development
in the secondary HLH models, indicating no major pathogenic involvement of this
cell type (Table 3) [32, 36, 55, 82, 91, 94]. Thus, T cell contribution to secondary
HLH pathogenesis appears to be minor and distinct from its central role in primary
HLH. These data confirm recent observations in a large cohort of HLH patients, in
which the degree of CD8+ and CD4+ T cell activation was found to be distinctive
between primary and secondary HLH [98, 99]. T cell populations were significantly
activated and differentiated into effector cells in patients with primary HLH, while
this signature was mostly absent in patients with secondary HLH. T cell activation
in virus-associated secondary HLH was situated in between the spectrum from non-
virus-associated secondary HLH to primary HLH [98], in line with the animal data
presented in this review.
Models of primary HLH have pointed out that NK cells are essential to limit the
expansion of pathogenic, cytokine-producing CD8+ T cells. This regulatory role
requires functional NK cell cytotoxicity, to adequately restrain autologous activated
T cells [9]. In contrast to primary HLH, not all patients with secondary HLH exhibit
impaired NK cell cytotoxicity. This deficiency is reportedly acquired instead of
inherited in approximately 22% of sHLH patients [100]. Of all sHLH animal models, six examined NK cell cytotoxic function and five confirmed decreases herein
[13, 38, 75, 80, 97], while in three other models, the number of NK cells was significantly reduced during active disease (Table 2) [29, 32, 94]. In vivo depletion of NK
cells did not alter disease development in CpG-mediated secondary HLH [55],
while it slightly worsened CFA-induced MAS (Table 3) [80]. In the innate cytokine-
overexpressing humanized NSG mice, disease did not develop when functional NK
cells were present [91]. As a whole, according to a number of animal models, NK
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cells may also exert a protective function in secondary HLH, opening perspectives
for future research on NK cell-stimulating treatments.
Hemophagocytosis, the process from which HLH derives its name, has been
thoroughly studied in many animal models. Nonetheless, the involvement of hemophagocytes in the disease process remains to be elucidated. Reports in primary HLH
assign a pathogenic role to them, mediating the development of cytopenias [88],
while evidence in some models of secondary HLH points towards an anti-
inflammatory function, in reaction and proportionate to the degree of hyperinflammation [48, 58, 65, 82]. In some models of secondary HLH, hemophagocytosis and
development of cytopenia appear to constitute two distinct processes, as both symptoms can occur independent of one another. Mice with secondary HLH may display
hemophagocytosis in the absence of anemia [56], or can present with pancytopenia
in the absence of hemophagocytosis [55, 70]. Different cell types have been identified as hemophagocytes in different models, ranging from F4/80+ CD68+ macrophages [48, 82, 97] to monocyte-derived dendritic cells [48, 65]. Most
hemophagocytes were reported to exhibit an alternatively activated or M2 phenotype, expressing scavenging receptor CD163 [48, 58, 82], similar to what has been
observed in HLH patients [58, 59]. This scavenging receptor plays a role in the
uptake of hemoglobin–haptoglobin complexes, upregulation of heme-oxygenase-1
and thus reduction of oxidative stress and tissue damage during inflammatory
responses. For this reason, M2 macrophages are mostly considered as anti-
inflammatory mediators [65]. Conversely in HIF1A-associated secondary HLH,
only type 1-polarized, classically activated macrophages were detected [94]. The
different animal models also reported a variety of target cells being phagocytosed.
Most models describe the predominant uptake of RBCs, sometimes apoptotic RBCs
or coated with anti-RBC-antibodies [25, 29, 38, 65, 82, 97], while a limited number
of models also detected engulfment of nucleated cells, such as non-apoptotic T
cells, lymphocytes, or granulocytes [32, 38, 48, 65, 88]. Although hemophagocytosis most likely constitutes an anti-inflammatory countermeasure [58, 65], other subpopulations of myeloid cells may still contribute to disease pathogenesis. General
targeting of CD33+ myeloid cells in the innate cytokine-overexpressing humanized
NSG mouse model was effective to rescue the mice from fatal HLH disease, indicating involvement of innate, myeloid cells [91]. Future research in secondary HLH
should include the study of specific subsets of myeloid cells to gain further insights
into this matter.
Lastly, in EBV-associated sHLH, targeting B cells with rituximab, an anti-CD20-
antibody, is an efficient means to eliminate infected cells and decrease the viral load
[10, 11, 101, 102]. Rituximab has also been tested in the innate cytokine-
overexpressing humanized NSG mouse model, without success [91], indicating that
the not all subtypes of sHLH will benefit from B cell depletion. The use of rituximab is probably limited to sHLH in association with aggressive infectious agents
that have a B-cell tropism, foremost in EBV-induced X-linked lymphoproliferative
disorders.
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Cytokines
In the complex cytokine storm associated with HLH pathology, many different chemokines and cytokines are abundantly expressed in peripheral blood, and tissues,
documented in several animal models [32, 71, 72, 103]. The mixture of inflammatory cytokines is considered the core feature of HLH pathology, yet the composition
differs between models (Table 3). Experiments in primary and secondary HLH
models have demonstrated that broad inhibition of cytokine effector pathways,
using either JAK1/2 inhibitors or inhibitors of NF-κB-signaling, is effective to treat
disease [104–106].
Regarding individual cytokines, there may be many different pathways ultimately converging into the final cytokine storm of HLH. IFN-γ has long been perceived as the dominant pathogenic cytokine, particularly in primary HLH [1, 8],
supporting the development and current clinical testing of IFN-γ-targeting antibodies. Nevertheless, recent advancements in the field have demonstrated that even
primary HLH can develop in the absence of IFN-γ [107]. Similarly, secondary HLH
most likely comprises different subsets of patients in which IFN-γ may play a major
or minor pathogenic part [108]. This is reflected in diverse concentrations and roles
of IFN-γ in the different animal models of secondary HLH (Table 3). Two models
reported amelioration of disease upon initiation of IFN-γ blockade [55, 74], while
three others could not detect a significant role for IFN-γ, aside from probable
involvement in development of anemia [56, 82, 94]. Another two models even
described worsening of HLH-like disease in the absence of IFN-γ [32, 80]. These
data indicate that secondary HLH can indeed be driven by IFN-γ overexpression but
may also develop in an independent manner.
In autoimmunity-associated and autoinflammation-associated secondary HLH,
IL-6 has emerged as one of the central pathogenic cytokines, which has led to targeted therapy with tocilizumab in affected patients. Upon chronic exposure, IL-6
magnifies TLR responses, amplifies inflammation and decreases the cytotoxic
potency of NK cells [70, 75]. Aside from the IL-6Tg mouse model, the cytokine was
found to be elevated in several murine models of secondary HLH (Table 3) and to
contribute to the pathogenesis in the cytokine-overexpressing humanized NSG mice
[91]. Other cytokines that are currently targeted in patients with HLH secondary
to autoimmune/autoinflammatory disease include IL-1β (by anakinra, rilonacept
and canakinumab) and TNF-α (by etanercept and adalimumab), the former
appearing most efficacious. Both cytokines are variably elevated in the different
models of secondary HLH and their neutralization has not often been explored
(Table 3). In the case of TNF-α, no therapeutic benefits were detected in CpGinduced MAS [55].
A novel therapeutic target in secondary HLH could be IL-18, considering the
recent identification of IL-18 as a pathogenic cytokine in CpG-induced secondary
HLH. In this model blockage of the IL-18-receptor ameliorated the aggravated HLH
phenotype in IL-18BP knockout mice [57]. The importance of this cytokine is
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also evident from a subgroup of MAS patients carrying NLRC4 gain-of-function
mutations, resulting in constitutive inflammasome activation and extraordinarily high
serum IL-18 [52]. In one report, treatment with recombinant human IL-18BP (the
natural antagonist of IL-18) was able to temper a case of severe and life-threatening
refractory secondary HLH [53]. In an attempt to explore the mechanisms behind
NLRC4-associated MAS, an NLRC4 gain-of-function point mutation was inserted
into a mouse germ line, after which the resultant mouse strain displayed chronic
inflammasome activation and consistently high IL-18 levels. However, no spontaneous overt inflammation or symptoms of HLH were observed [109]. Bone marrow
chimeras pointed out that non-hematopoietic cells were the dominant source of excessive IL-18 production, suggesting that patients with recurrent NLRC4-associated
MAS may not benefit from bone marrow transplantation [109].
As a countermeasure to the pro-inflammatory cytokine storm, levels of anti-
inflammatory IL-10 are often elevated in patients and murine models of secondary
HLH (Table 3). It is considered a protective and possibly therapeutic cytokine in
both chronic and excessive CpG models, as IL-10 receptor blockade significantly
worsened disease outcome [55, 65].

Conclusion
The broad set of currently available animal models of secondary HLH, as reviewed
in this chapter, provides an indispensable tool for researchers to gain mechanistic
insights into its complex pathogenesis, and allows for mapping of possible heterogeneity underlying the different sHLH subtypes. Indeed, the models show how multiple divergent pathogenic pathways may ultimately result in the syndrome of
HLH. Translationally, the spectrum of sHLH animal models has the potential to
greatly contribute to improvements in human HLH management. In the majority of
sHLH models, a variety of inflammatory cytokines and chemokines are significantly increased, underscoring the prominent role of the cytokine storm in
sHLH. The various implicated cytokines can be targeted upstream using JAK or
NF-κB inhibitors, or can be viewed as individual therapeutic targets to halt HLH in
a more precise and directed manner. In this regard, the identification of the pivotal
cytokine or cytokine combination that underlies the pathology of different sHLH
subtypes remains a major challenge. In clinical practice, IL-1 and IL-6 blockade
appear most effective for many forms of sHLH. Similarly, sHLH patients could
benefit from a variety of cell-directed therapies targeting T cells, B cells, macrophages, or stimulating regulatory NK cells. Again, it will be vital to identify the
central pathogenic cell type for each of the sHLH subtypes. The development of
diagnostic and prognostic tools to predict the right cytokine antagonist and/or cellular target in each individual patient will be essential to improve patient care; a
future goal in which the diverse sHLH animal models will play an important
translational part.
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Introduction
Historical Development
Much of the early development of etoposide-based treatment for cytokine storm
syndromes (CSS) started in the treatment of hemophagocytic lymphohistiocytosis
(HLH), more specifically in primary (genetic) forms of HLH (pHLH), also termed
familial hemophagocytic lymphohistiocytosis (FHL) [1]. The term FHL comprises
autosomal recessive disorders with genetic aberrations in the genes PRF1, UNC13D,
STX11, and STXBP2 coding for proteins crucial for lymphocyte cytotoxicity [2–6].
Other genetic syndromes associated with pHLH are Griscelli syndrome type 2 (GS2),
Chédiak–Higashi syndrome (CHS), Hermansky–Pudlak syndrome type 2 (HPS),
and X-linked lymphoproliferative disease type 1 and 2 (XLP1, XLP2) [7–11]. FHL
is, typically, a rapidly fatal disease characterized by a state of hyperinflammation
that in 1983 was reported to have a median survival of less than 2 months if not
adequately treated [1]. The extraordinary dismal outcome of FHL in combination
with the febrile, hyperinflammatory condition prompted various early therapeutic
efforts including corticosteroids, mostly with short effect. In addition, cytotoxic
drugs such as Vinca alkaloids were tried, mostly vinblastine in combination with
corticosteroids, and this was reported to induce response in a few patients [1].
The first reports on the successful use of the epipodophyllotoxin derivatives
etoposide and teniposide for FHL (pHLH) came during the 1980s, when they were
shown to induce prolonged resolution in combination with corticosteroids [12, 13].
A treatment protocol including etoposide in pulses in combination with corticosteroids, intrathecal methotrexate and cranial irradiation, was successful in inducing
resolution and prolonged survival [14]. In 1991, a therapeutic regimen (HLH-91)
that also included guidelines for maintenance therapy was published. In HLH-91,
the cytotoxic treatment, including the maintenance therapy, was based on the epipodophyllotoxin derivatives etoposide and teniposide, but the treatment was administered regularly instead of in pulses and the cranial irradiation had been excluded
(Fig. 1) [15]. The HLH-91 protocol induced resolution in four of five patients (80%)
and it became the treatment model that the subsequent treatment protocols HLH-94
and HLH-2004 were based upon (Figs. 2 and 3).
Secondary HLH (sHLH) in the form of virus-associated hemophagocytic syndrome was initially described in 1979 in a report on 19 patients in whom active
infection by herpes viruses was documented in 14 patients and by adenovirus in
one. Treatment generally consisted of supportive therapy and withdrawal of immunosuppressive drugs. Consequently,13 patients recovered and it was concluded that
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Fig. 1 Overview of the HLH-91 treatment protocol. This protocol was used in five Swedish
patients, of whom four (80%) achieved remission [98]. During induction therapy, etoposide was
given twice a week for the first 4 weeks, followed by weekly doses for 2 months. (a) Maintenance
therapy was administered either as a weekly dose oral etoposide 100–300 mg/m2 (solid triangle) or
as a biweekly dose intravenous etoposide 100–200 mg/m2 (open triangle). (b) Intrathecal methotrexate doses by age: <1 year = 6 mg, 1 year = 8 mg, 2 years = 10 mg, ≥3 years = 12 mg. Four
additional doses of intrathecal methotrexate were given once spinal fluid cell number had reached
<10 × 106 cells/L and active cerebromeningeal symptoms no longer were present. (Figure adapted
from: Henter and Elinder, Acta Paediatr Scand 1991 [98])

Fig. 2 Overview of the HLH-94 treatment protocol. The patients without familial or persistent disease were recommended to stop therapy after the initial therapy, and restart in case of reactivation.
BMT: Patients with familial or persistent disease were recommended a hematopoietic stem cell
transplant as soon as an acceptable donor was available, preferably when the disease was non-active.
Dexa: Daily dexamethasone (10 mg/m2/day for 2 weeks followed by 5 mg/m2/day for 2 weeks,
2.5 mg/m2/day for 2 weeks, 1.25 mg/m2/day for 1 week, and 1 week of tapering); during continuation
therapy biweekly dexa pulses (10 mg/m2/day for 3 days). VP-16: Etoposide: 150 mg/m2 IV, twice
weekly for 2 weeks, then weekly during initial therapy; thereafter biweekly. CSA: Daily cyclosporin
A, starting week 9, aiming at blood levels of 200 μg/L (trough value). IT therapy: Intrathecal methotrexate (doses by age: <1 year 6 mg, 1–2 years 8 mg, 2–3 years 10 mg, >3 years 12 mg), in patients
with progressive neurological symptoms and/or persisting abnormal cerebrospinal fluid findings.
(Originally published in Blood: Trottestam et al., Blood 2011 [32]. Copyright © the American
Society of Hematology. Reprinted by permission of the American Society of Hematology)
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Fig. 3 Overview of the HLH-2004 treatment protocol. Both HLH-94 and HLH-2004 consist of an
initial therapy of 8 weeks, with immunosuppressive and cytotoxic agents, and a continuation therapy phase thereafter, where a hematopoietic stem cell transplantation (SCT) is recommended as
soon as an acceptable donor is available for patients with familial, genetic, persisting or relapsing
disease. Similar to HLH-94, HLH-2004 consists of daily dexamethasone (Dexa) (10 mg/m2/day
weeks 1–2,5 mg/m2/day weeks 3–4, 2.5 mg/m2/day weeks 5–6, 1.25 mg/m2/day week 7, and tapering during week 8), and etoposide (VP-16) (150 mg/m2, twice weekly weeks 1–2, then once
weekly) during initial therapy. In HLH-2004, cyclosporine A (CSA) (aiming at 200 μg/L trough
value) is administered already up front. During continuation therapy Dexa (10 mg/m2/day for
3 days) and VP-16 (150 mg/m2) are given every second week and CSA daily. For patients with
progressive neurological symptoms during the first 2 weeks, or if an abnormal cerebrospinal fluid
value at onset has not improved after 2 weeks, intrathecal (I.T.) treatment with methotrexate (dose
by age: <1 year 6 mg, 1–2 years 8 mg, 2–3 years 10 mg, >3 years 12 mg each dose) and prednisolone (doses by age: <1 year 4 mg, 1–2 years 6 mg, 2–3 years 8 mg, >3 years 10 mg each dose) is
recommended (up to 4 doses, weeks 3, 4, 5, 6). (Originally published in: Henter et al., Pediatric
Blood Cancer 2007 [23])

immunosuppressive and cytotoxic therapy may be contraindicated in the treatment
of this virus-associated syndrome [16]. However, viral infections in HLH may be a
concomitant finding that does not necessarily rule out the primary form (i.e., FHL),
suggesting that HLH-directed therapy, such as etoposide, may be necessary even in
the presence of an infection [17]. Notably, effective control of severe Epstein–Barr
virus (EBV)-related HLH with etoposide-based immunochemotherapy was later
reported, mostly in patients with presumed secondary HLH [18]. In recent years,
increased awareness and knowledge of sHLH has shown the importance of adapting
the intensity and extent of sHLH therapy to the underlying condition(s), severity of
symptoms, and response to therapy.

Biological Studies
Markedly elevated levels of interferon (IFN)-gamma was first reported in HLH in
1991 and, consequently, a role for cytokine inhibitors in HLH was suggested [19].
This was the first report in English in PubMed with a title using the term
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“hypercytokinemia.” The first report in PubMed with a title including the term
“cytokine storm” came in 1993, describing a critical role for interleukin (IL)-1 in
graft-versus-host disease [20].
While the choice of using etoposide in HLH was empiric in the 1980s, the
remarkable and almost magic effect of etoposide was not understood until later
when laboratory studies revealed that etoposide indeed can compensate for the
inherited cytotoxic defect in FHL [21]. Interestingly, when lymphocytes isolated
from FHL patients were subjected to etoposide in vitro, this elicited a normalized
apoptotic response in FHL patient cells when compared to healthy controls [21].
Later, in a murine model of HLH, it was found that etoposide substantially can
alleviate all symptoms of murine HLH. Moreover, the therapeutic mechanism of
etoposide was reported to involve potent selective deletion of activated T-cells, as
well as efficient suppression of inflammatory cytokine production, that is, a treatment
very suitable for CSS [22].

General Principles for Treatment of HLH and CSS
Prompt Diagnosis and Early Treatment
The clinical course of HLH and CSS may be rapidly fatal or result in severe life-long
CNS sequelae. The clinical presentation can be quite variable, and it is therefore
important for clinicians in different medical fields to be aware of HLH for prompt
evaluation, diagnosis and treatment.
In order to facilitate early diagnosis of HLH and CSS, numerous efforts to promote prompt diagnosis of HLH and CSS have been developed. In 1991, the
Histiocyte Society presented the first international diagnostic guidelines for HLH
[15]. In these guidelines, pHLH and sHLH were not differentiated, since at that time
there were no reliable clinical, laboratory (functional or genetic tests), or histopathological methods available to distinguish these entities. The diagnostic criteria
were revised for the HLH-2004 treatment protocol, in which newly available laboratory analysis of NK-cell activity and molecular diagnosis were added to help to
identify pHLH [23]. Note that the HLH-2004 criteria may be difficult to achieve if
NK-cell function and sCD25 are not readily available. Moreover, many secondary
forms may not meet formal HLH-criteria but may still benefit from early treatment
of sHLH or MAS. Thus, sometimes treatment for CSS has to be initiated before a
fifth criterion is met.
Guidelines to diagnose macrophage activation syndrome (MAS) complicating
systemic juvenile idiopathic arthritis (JIA) were presented 2005 [24] and preliminary guidelines for MAS in juvenile systemic lupus erythematosus (SLE) in 2009
[25]. Later, in 2016, novel classification criteria for MAS complicating systemic
JIA were presented [26]. The same team have also identified the laboratory tests in
which change over time is most valuable for the early diagnosis of MAS in systemic
JIA [27]. In newly diagnosed patients with HLH, the underlying cause is often
unknown despite these diagnostic efforts. Nevertheless, in order to suppress the
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CSS that may lead to CNS-inflammation, multiorgan failure, irreversible organ
damage and ultimately death, prompt initiation of treatment is essential. For patients
with primary HLH, this also stabilizes the patient for a later curative hematopoietic
stem cell transplant (SCT). CNS involvement, on the other hand, which causes the
most common severe late effects in HLH, can affect patients with primary as well
as secondary HLH [28, 29].
Control of the destructive hyperinflammation in CSS is imperative. Established
principles for the treatment of HLH have been developed, aimed mainly at suppression of hyperinflammation and related hypercytokinemia, and elimination of activated immune cells and antigen presenting cells by immunosuppressive,
immunomodulatory and cytotoxic drugs. However, these therapies, including etoposide, are not without risks since they may further aggravate the already prevailing
HLH-associated immune dysfunction, consequently with risk of severe uncontrolled infections, and “hide” undiagnosed triggering malignancies.
Choice of Acute Therapy
Treatment of HLH often has to be initiated urgently, before the underlying cause of
HLH is known, but the triggering factor(s) should be identified as soon as possible
to help decide appropriate further treatment. If the underlying factor(s) to the HLH
is known, then treatment should of course be adapted in line with that knowledge,
as discussed later in this chapter. However, without a known underlying triggering
factor, the choice of treatment is obviously much more difficult. These decisions are
based on multiple factors such as the age of the patient (the older the patient is, the
higher is the risk of a malignancy), previous clinical history (e.g., known rheumatic
disorders), any relevant suspected current disorders, the severity of the actual clinical situation (a very severe situation may require prompt and intensive intervention), current laboratory values (e.g., blood counts in case etoposide is considered),
and last but not least, the experience of the treating physician of available treatments
that may be considered. Below are some general guidelines, based on available
guidelines from experts in the field and personal experience of the authors.
In patients with pHLH, predominantly children, therapy in line with HLH-94/
HLH-2004 can currently be regarded as standard of care [30–33]. Thus, this treatment is justified in patients with severe HLH suspected to be primary (genetic) that
fulfill the diagnostic criteria for HLH, in particular if functional analyses suggest
pHLH, such as decreased cytotoxic function, degranulation defects or reduced perforin expression. However, it is worth mentioning that NK-cell function may be
reduced also in sHLH and this finding alone is therefore not an indication for full
HLH-directed treatment and subsequent SCT. Similarly, the effects of hypomorphic
and dominant negative heterozygous mutations in HLH-associated genes may present later in childhood (or adulthood) and can lead to partial NK-cell dysfunction,
and the treatment of these patients must be individualized.
If functional analyses are not available or not in line with pHLH, and therefore
the type of HLH is less evident, but the diagnostic criteria are nevertheless fulfilled
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and the patient is severely affected by the HLH, it may still be relevant to give HLH-
directed therapy to reduce the CSS in patients that are unresponsive to aggressive
supportive care and treatment directed at a suspected underlying trigger or empiric
treatment of an unknown trigger. HLH-directed therapy with corticosteroids, such
as dexamethasone (10 mg/m2/day), and IVIG may be sufficient to control the hypercytokinemia and immune dysregulation, but in severe and specific cases, discussed
in detail later, addition of etoposide may be required to reduce the CSS. In a severe
EBV-driven HLH, or if pHLH is nevertheless suspected, an etoposide-based treatment as per the HLH-94/HLH-2004 protocols may be necessary. However, in less
clear cut cases, etoposide may be administered to begin with only once weekly
(instead of twice weekly as in the HLH-94/HLH-2004 protocols). During this acute
treatment period, the diagnostic workup can continue to reach a more informed
decision on the most suitable subsequent therapy. It is the view of the authors that in
these severe life-threatening cases the potential side effects of a few age-adjusted
doses of etoposide, in particular in patients with acceptable blood counts and good
empirical supportive care, may be a reasonable risk to take, even if the full diagnostic
picture is not complete, in order to halt a potentially life threatening CSS or a CSS
that may result in severe permanent sequelae such as neurological complications.
However, we would suggest a reduction of every etoposide dose from 150 mg/m2,
as in HLH-94/HLH-2004, to 100 mg/m2 in adolescents and young adults and a
further reduction to 50–75 mg/m2 in middle-aged and elderly patients, since children
seem to tolerate the drug better than adults [34]. Further dose adjustments may be
necessary depending on the severity and the course of the CSS.
The choice of acute treatment is even more difficult when the diagnostic criteria for HLH are not fulfilled, in particular if the underlying cause of HLH is
unclear, but the clinical presentation is suggestive of a flaring CSS/HLH [35]. One
option may be to administer high doses of corticosteroids, such as dexamethasone
as per the HLH-94/HLH-2004 protocols, since dexamethasone is a well-established anti-inflammatory drug with good penetration into the cerebrospinal fluid.
Another option is the administration of high doses of methylprednisolone.
In patients with suspected simultaneous CNS affection, it may be relevant to start
with full HLH-94/HLH-2004 therapy even if not all diagnostic criteria are
fulfilled, due to the risk of severe long-term CNS complications.
In patients with less aggressive HLH of known or unknown cause, in particular
patients with presumed sHLH, corticosteroids and immunomodulatory drugs such
as intravenous immunoglobulin (IVIG) or cyclosporine A (CSA) may be sufficient
to dampen the CSS, but these patients must be followed carefully since a later,
sometimes sudden, deterioration may require prompt intensification of therapy. In
patients with MAS and other CSS, other initial treatments may be preferred such as
corticosteroids combined with IL-1 or IL-6 blockade, or other immunomodulatory
treatments as discussed later in this chapter and in subsequent chapters. The severity
of the HLH in combination with the underlying cause of the CSS should decide the
intensity and choice of initial HLH-directed therapy, not whether the disease is
primary or secondary which, however, is important for guidance in the decision of
appropriate continued therapy [36].
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Continuation of HLH-directed therapy depends on many factors, including
whether the HLH is resolved on the treatment provided and the underlying cause.
While a primary HLH normally requires continuation treatment and a subsequent
SCT, secondary forms of HLH typically only require treatment until the HLH is in
resolution and only rarely requires SCT. In patients with pHLH, the search for a
suitable SCT donor should start promptly in order to shorten the time to the curative
SCT, with the aim to reduce the risks of HLH reactivation, CNS damage and other
long-term complications. Patients that respond well to initial pretransplant induction therapy have a better outcome and in a review of 86 children (29 familial) that
received HLH-94-therapy followed by SCT children with non-active disease at
SCT (n = 49) had 71% (58–84%) 3-year survival post-SCT as compared to 54%
(38–70%) for children with persisting HLH activity at SCT (n = 37) [37].

Etoposide-Based Therapy in Primary HLH
The Treatment Protocols HLH-94 and HLH-2004
Treatment Protocol Outlines
The treatment protocols HLH-94 and HLH-2004, based on the HLH-91 protocol
(Fig. 1) [15], are both based on etoposide and dexamethasone, and are designed to
induce and maintain a state of resolution of the disease in order to ultimately cure
primary, persistent, and relapsing forms of HLH by SCT [23, 30]. Major changes in
the HLH-94 and HLH-2004 protocols compared to the HLH-91 protocol included
changing prednisolone to dexamethasone, reducing the induction phase from 12 to
8 weeks as well as biweekly cytotoxic therapy from 4 to 2 weeks, introducing intrathecal therapy week 3 instead of up front, changing teniposide to the resembling
etoposide, introducing cyclosporin A (CSA), and abandoning oral maintenance
therapy. HLH-94 and HLH-2004 include an initial intensive therapy with immunosuppressive and cytotoxic agents for 8 weeks, with the aim to induce resolution of
disease activity (Figs. 2 and 3). Etoposide 150 mg/m2 is administered twice weekly
during the first 2 weeks and then weekly, in combination with dexamethasone (initially 10 mg/m2/day for 2 weeks followed by 5 mg/m2/day for 2 weeks, 2.5 mg/m2/
day for 2 weeks, 1.25 mg/m2/day for 1 week, and 1 week of tapering). Corticosteroids
are important anti-inflammatory drugs for HLH and dexamethasone is preferred due
to better penetration into the CSF.
In HLH-94, CSA is used as an immunosuppressive drug administered in the
continuation treatment starting after the first 8 weeks of induction therapy, since it
lowers the activity of otherwise over-activated T-cells and their immune response.
Moreover, HLH is characterized by very high IFN-gamma levels, and CSA has been
reported to inhibit the production of IFN-gamma [19, 38]. HLH-94 resulted in a
remarkably improved outcome with a 5-year probability of survival of 54% [32].
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However, early mortality and late neurological effects remained problematic.
Therefore, the treatment intensity in HLH-2004 was increased during the first
2 months of therapy by administering CSA already up front in order to increase
immunosuppression without inducing additional myelotoxicity, partly because
CSA also had been reported to be clinically beneficial in the initial treatment of
HLH (Fig. 3) [23, 39]. In addition, intrathecal methotrexate therapy is recommended
in both HLH-94 and HLH-2004 for patients with progressive neurological symptoms and/or persisting abnormal CSF findings [23, 30].
As highlighted by Jordan et al., it is important to initiate therapy promptly even
in the case of unresolved infections, cytopenias, or organ dysfunction [40]. Because
etoposide is cleared by both renal and hepatic pathways, we and others recommend etoposide doses adjusted according to renal function: a dose reduction
of 25% if creatinine clearance is 10–50 mL/min/1.73 m2 BW, 50% if creatinine
clearance is <10 mL/min/1.73 m2 BW, and 75% if creatinine clearance is
<10 mL/min/1.73 m2 BW combined with conjugated bilirubin >50 μmol/L
(i.e., >3 mg/dL). However, dose reduction of etoposide is not recommended for
isolated hyperbilirubinemia [40].
Anti-infectious and Supportive Therapy
HLH is a CSS and it is therefore important to treat infections that may trigger the
hyperinflammation in HLH, in both primary and secondary forms of HLH. Moreover,
since HLH patients often are critically ill it is also recommended to provide maximal supportive care, including initially appropriate broad-spectrum antibiotics,
Pneumocystis jirovecii pneumonia prophylaxis with cotrimoxazole (5 mg/kg/day of
trimethoprim, 2–3 times weekly), antimycotic therapy, antiviral therapy when
appropriate, gastric protection at least during weeks 1–9, and IVIG (0.5 g/kg iv)
once every 4 weeks (during initial and continuation therapy); in line with the HLH2004 protocol. It is noteworthy that a large proportion of the fatalities in pHLH have
been associated with invasive fungal infections, in particular invasive aspergillosis
and disseminated candidiasis, which emphasizes the importance of antimycotic
prophylaxis and that it also includes aspergillosis [41].
Continuation Therapy
For patients with primary, persistent or relapsing disease, a continuation therapy is
recommended to keep the patient in remission until a curative allogeneic SCT can be
performed. The continuation therapy consists of etoposide 150 mg/m2 iv every
second week, dexamethasone pulses 10 mg/m2/day for 3 days every alternating
second week, in combination with continuous CSA (Figs. 2 and 3). If a primary
disease is unlikely and the disease resolves after 8 weeks, no continuation therapy is
considered necessary unless signs of reactivation occur.
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Treatment of Reactivations
Primary HLH is more or less a continuous disease characterized by frequent reactivations, particularly if the therapeutic intensity is reduced, and is not cured until
a successful SCT is performed. In the HLH-2004 protocol, the suggested action
if the patient develops a reactivation is to intensify therapy with etoposide and
dexamethasone, and add intrathecal therapy in case of CNS-reactivation.
Moreover, reactivations have to be separated from failure to respond to therapy,
which is less common.
Notably, recent data from the HLH-2004 study indicate that out of 187 patients
that were reported to have achieved resolution at 2 months, 20 had actually had at
least one reactivation during the first 2 months [42]. Moreover, 6 patients had reactivated after stopping initial therapy and restarted initial therapy before they could
finally discontinue treatment without reactivations. Despite their reactivations these
6 patients were all alive without need for a SCT at last follow-up [42].

Results of HLH-94
The overall 5-year cumulative probability of survival in the HLH-94 study was 54%
(95% CI ±6%) and 50% (95% CI ±13%) for patients with verified familial disease,
defined as having an affected sibling. Altogether, 71% had permanent remission or
were alive until transplant, and the corresponding figure for verified familial patients
was 73%. After the initial treatment of 2 months, 86% were alive (92% of the familial
patients). The 5-year cumulative overall survival post-SCT was 66 ± 8%; 74 ± 16%
with matched related donors, 76 ± 12% with matched unrelated donors, 61 ± 23%
with mismatched unrelated donors, and 43 ± 21% with family haploidentical donors
[32]. Altogether 27% of the familial patients died without receiving a SCT, this is a
number that would be important to reduce in subsequent HLH studies.
Moreover, neurological late effects were reported in 19% of all patients, 31% in
the familial patients, and included severe mental retardation, cranial and non-cranial
nerve palsies, epilepsy, speech delay, learning difficulties, and attention-deficit/
hyperactivity disorder. Non-neurological late effects were reported in 16%, 30% in
the familial patients, including nutritional problems and/or growth retardation,
hypertension, impaired renal function, obstructive bronchiolitis, and hearing impairment. None of these late effects were likely related to the etoposide treatment.
However, the possibility that etoposide may have contributed to one patient (0.4%)
developing a malignancy, acute myeloid leukemia (AML), 6 months after treatment
initiation cannot be excluded. The patient was transplanted and survived [32].
Patients with Griscelli syndrome type 2 (GS2), X-linked lymphoproliferative
disease (XLP), and Chédiak–Higashi syndrome (CHS) were not included in the data
above. Instead, all patients in the HLH-94/HLH-2004 registries treated between
1994 and 2004 with these disorders were studied separately in order to investigate
whether a treatment protocol based on etoposide and dexamethasone could be used
even for these syndromes. All patients (GS2 = 5, XLP = 2, CHS = 2) responded to
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the therapy, and all but one (suffering from CHS) were alive with a mean follow-up
of 5.6 years. All GS2 patients, one XLP patient, and one CHS patient underwent
SCT. Thus, HLH-directed treatment with etoposide and dexamethasone can be
effective first line treatment also in patients with GS2, XLP and CHS that have
developed a hemophagocytic syndrome [43].

Results of HLH-2004 and Current Recommendations
During 2004–2011, 369 children aged <18 years fulfilled the HLH-2004 inclusion
criteria (5/8 diagnostic criteria, affected siblings, and/or molecular diagnosis in
FHL-causative genes) [23]. The overall 5-year cumulative probability of survival
in the HLH-2004 study was 61% (95% CI = 56–67%). The 5-year survival was
comparable in children that were genetically diagnosed with FHL (n = 158) or
diagnosed by familial occurrence (n = 47), 61% and 58%, respectively. The mortality prior to SCT that was 27% in HLH-94 was reduced to 19% in HLH-2004
(P = 0.064 adjusted for age and gender). The reported neurological alterations at
the time of SCT were 22% in HLH-94 and 17% in HLH-2004. Finally, 5-year
probability of survival after SCT was 66% overall and 79% in children with
affected siblings [42].
As in the HLH-94 study, patients with mutations in other HLH-associated genes
were studied separately. In the HLH-2004 study there were 29 such patients: XLP
(n = 16), GS2 (n = 11), CHS (n = 1), Hermansky–Pudlak syndrome (n = 1). Their
5-year probability of survival was 59% (95% CI 43–81%), that is, similar to the
patients with verified FHL [42].
To conclude, the HLH-2004 study confirmed that a majority of patients with
HLH, including patients with verified FHL and patients with mutations in other
HLH-associated genes, may be rescued by an etoposide/dexamethasone-based
treatment.
When comparing preliminary HLH-2004 data with those of the HLH-94 study,
it could not be shown statistically that the HLH-2004 treatment was superior to that
of HLH-94 with regard to overall survival, survival at 8 weeks, survival before SCT
or survival post-SCT, nor with regard to the frequency of patients with neurological
symptoms at 2 months after start of therapy or at transplantation. Therefore, the
HLH-2004 Study Group and the HLH Steering Committee of the Histiocyte Society
both recommend the HLH-94 protocol as standard of care, but with regard to diagnostics, the HLH-2004 diagnostic criteria are still recommended.

Side Effects of Etoposide in HLH Treatment
In general, side effects of etoposide include myelosuppression, hypotension (if
the drug is infused too rapidly), hepatocellular damage, nausea, vomiting, fever,
headache, abdominal pain, diarrhea, anorexia, alopecia, and allergic reactions.
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Another complication after etoposide treatment is secondary malignancies, in particular AML, as reported by Pui et al. [44]. However, secondary malignancies are
actually rare in patients treated for HLH. Imashuku et al. studied the impact of etoposide on the prognosis of 81 patients (77 of whom were children <15 years old)
with EBV-HLH that received a median cumulative dose of 1500 mg/m2 etoposide
(maximum 14,550 mg/m2), and only 1 patient, who received 3150 mg/m2 etoposide,
developed therapy-related AML (t-AML), at 31 months after diagnosis [45]. In a
recent extensive literature review, altogether 13 (11 sHLH and 2 FHL) cases of
t-AML in HLH patients treated with etoposide were found [46].
In HLH-2004, extra efforts were made to evaluate toxicity of the treatment. No
suspected unexpected serious adverse reactions were reported. In total, 89 severe
adverse events (SAE) grade III or IV were reported, of which 48 included one or
more suspected causative drugs. Where one single drug was suspected 13 reported
CSA, 6 reported etoposide (with the hepatobiliary system being most frequently
affected, n = 3), and 6 reported dexamethasone (5 with cardiac hypertension). Two
causative drugs were suspected in 15 reports (CSA = 14, dexamethasone = 14, etoposide = 2), with the most common SAE being cardiac hypertension associated with
dexamethasone and CSA (n = 11). The two patients with etoposide-related SAEs
and one other drug include one patient with infection (with CSA) and one with
affection of the hepatobiliary system (with dexamethasone). In eight reports, all
these three drugs were suspected to be involved, with infections (n = 5) being the
most frequent SAE. Finally, in addition one patient (0.3%) developed a malignancy
(AML). This patient actually received no etoposide after 3 weeks of therapy due to
infections, and the patient was in complete resolution at 2 months. Two years later
the patient was diagnosed with AML, underwent SCT but died. It is obviously difficult, and likely impossible, to tell whether the AML was secondary to etoposide or
not [42]. Notably, the frequency of t-AML in the HLH-2004 study (0.3%) was similar to that in the HLH-94 study (0.4%) [32].
To conclude, the risk of developing t-AML in patients treated with etoposide/
dexamethasone for HLH in the HLH-94 and HLH-2004 studies was 0.3–0.4%.
Knowing the potential severity of HLH, with high risk for fatality or life-long CNS
complications, and the prompt and remarkably positive effect of etoposide in severe
forms of HLH, the authors find that the benefits of etoposide are clearly greater than
the risks, in primary as well as selected secondary forms of severe HLH.

Etoposide-Based Therapy in Secondary HLH
The underlying cause of sHLH varies markedly with age, gender, and ethnicity, as
detailed below, and consequently, the use of etoposide in the treatment of sHLH
varies accordingly.
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General Considerations (Children and Adults)
Children
In the HLH-94 study, a total of 49 (20%) children of 249 included had no active
disease more than 1 year after completion of HLH therapy and were therefore
assumed to have had sHLH. They were older than other children studied with a
median age of 24 months (range 2–184; P < 0.001) and more often female (61%,
P = 0.011). The majority (n = 28, 57%) were reported from Japan, and 52% had a
reported history of recent infection. The most frequently confirmed viral trigger was
EBV (74% of patients with a confirmed infection), but cytomegalovirus (CMV),
varicella, hepatitis A, rotavirus, and enterovirus infections were also reported [32].
In a Turkish report on 23 pediatric patients with sHLH (with ≥5/8 HLH-2004 criteria), 61% (14/23) had infection-associated HLH (VZV, EBV, H1N1, and various
bacterial infections) and 35% (8/23) had MAS (JIA = 6, SLE = 1, polyarteritis
nodosa = 1) [47]. In the HLH-2004 study, 137 of 369 eligible patients (37%), including 32 (23%) with verified FHL, had a reported infection at diagnosis: 94/137 with
EBV (n = 75), CMV (n = 15), or combined EBV–CMV (n = 4) infection at onset
[42]. Among all children registered in HLH-2004, the most common triggering factors after infections were autoimmune and autoinflammatory diseases, followed by
malignancies.
In a large Chinese study on 323 children diagnosed with HLH, infection was
documented in 242 patients, including EBV in 201, CMV in 14, other viruses in 6,
bacteria in 11, mycoplasma in 4, fungi in 2, Leishmania in 2, and rickettsia in 2,
while the trigger or underlying condition had not been documented in 68 patients.
Rheumatic disease was documented in 5 patients and hematological malignancies
in 8 [48].
To conclude, in children with HLH an etoposide-based HLH-directed treatment
will often need to be considered at an early stage, since both pHLH and EBV-HLH,
frequently requiring etoposide, are common forms of HLH in children. However, in
children with sHLH other than EBV-HLH, a modified approach in line with the
increasing number of reports on sHLH in adults may be considered (see below).
Adults
Secondary HLH is far more common than primary HLH, particularly in adults. In
2014 Ramos-Casals et al. published an impressive review of 2197 adult patients
with HLH reported in literature, giving a comprehensive overview of the most commonly reported triggers associated with HLH. In summary: infections 50.4%
(viruses such as EBV, human immunodeficiency virus (HIV), herpes viruses, CMV,
and others 34.7%, bacteria including tuberculosis 9.4%, parasites 2.4%, fungi 1.7%);
malignancies 47.7% (hematological 44.7%, solid 1.5%); autoimmune diseases
12.6% (systemic 11.1%); others or idiopathic 12.1% (transplantation 4.3%) [49].
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Even though most patients that develop sHLH are adults, there are only a few
prospective studies on treatment of sHLH in adults [50, 51]. However, there are
some good recent large reports focusing on HLH in adults, including reviews on
treatment [49, 52–56]. It is widely agreed, as mentioned earlier, that prompt initiation of treatment directed at the underlying trigger is of vital importance, with
immediate additional immunosuppressive therapy in unresponsive or severe cases
of HLH. Furthermore, Schram and Berliner suggest that in circumstances with no
clear precipitant, a known genetic predisposition, or EBV infection, an etoposide-
based regimen should be started without delay (except for in MAS) [55]. This
Boston team also emphasizes that the diagnosis and treatment of HLH often is
delayed in patients who are treated for a presumed infection and they subsequently
miss the window of opportunity for a timely and effective HLH-directed treatment
and, therefore, they favor timely initiation of HLH-94 treatment protocol in all
patients with HLH except those with underlying rheumatologic disease [57].
With regard to the prognosis of HLH in adults, a retrospective study on 68 adults
with HLH reported a median overall survival of 4 months, and patients with malignancy had a worse prognosis compared to those without (median survival 2.8 months
versus 10.7 months, P = 0.007) [58].
Importantly, it has been emphasized that it is the severity of the HLH in combination with the underlying cause of the CSS that should decide the intensity and choice
of initial HLH-directed therapy, not whether the disease is primary or secondary
which, however, is important for guidance in the decision of an appropriate continued therapy [36].

Infection-Associated HLH
HLH can be associated with numerous infections, particularly EBV and other herpes viruses, but also HIV, influenza, parvovirus, and hepatitis viruses, as well as
bacterial, fungal, and parasitic organisms, as reviewed by Rouphael et al. and
Ramos-Casals et al. [49, 59]. Below we focus on the use of etoposide in the treatment of various forms of infectious-associated HLH in all ages.
Virus Infections
The most common individual trigger of infection-associated HLH is EBV, and, furthermore, EBV-HLH may become very severe. In a pioneering publication by
Imashuku et al. it was reported that 14 of 17 patients with EBV-HLH treated with
immunochemotherapy (with a core combination of steroids and etoposide) maintained their complete responses. This report provided a new perspective on EBVHLH showing that effective control of the CSS could be achieved using steroids and
etoposide, with or without other immunomodulatory agents, and without SCT in a
majority of EHV HLH patients [18]. Subsequently, Imashuku et al. reported that the
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probability of long-term survival was significantly higher when etoposide treatment
was begun less than 4 weeks from diagnosis as compared to later or not at all (90.2%
versus 56.5%; P < 0.01). Hence, the authors concluded that early administration of
etoposide, preferably with CSA, was the treatment of choice for patients with EBVHLH [60]. Moreover, the efficacy of early etoposide in the treatment of EBV-HLH
was later confirmed in adults as well as in children [61]. Dr. Imashuku later concluded, “When considering the treatment of EBV-HLH, the most important factor is
the finding that a survival benefit is obtained when etoposide-containing therapy is
initiated within 4 weeks of diagnosis. This indicates that there may be a window for
observation or conservative corticosteroid/cyclosporine A or intravenous immunoglobulin (IVIG) treatment; however, once the disease is defined as “high risk” and/
or refractory to such therapy, prompt introduction of etoposide (ideally within 4
weeks) is recommended. In deciding whether the disease is “high-risk,” evaluation
of clinical staging, EBV genome copy numbers in the serum, cellular EBV tropism,
chromosome analysis, and screening for hereditary immunodeficient diseases such
as familial HLH, are required” [62]. As a complement, the anti-CD20 antibody
rituximab that depletes B cells has been reported to have a therapeutic value [63].
Finally, it is important to identify patients affected by chronic active EBV infection
(CAEBV), which may develop to malignant lymphoma, since treatment with SCT
has been reported to have a favorable outcome for these patients [64]. CAEBV is
characterized by persistent, life-threatening, infectious mononucleosis-like symptoms with high EBV-DNA load in the peripheral blood and systemic clonal expansion of EBV infected T cells or natural killer cells.
Etoposide has been reported beneficial in HLH associated with numerous other
viral infections, but for these triggers statistical evidence is not available and the
efficacy is therefore more difficult to evaluate. With regard to CMV, of the 137 eligible patients that had a reported infection at diagnosis in the HLH-2004 study
15/137 had CMV and 4/137 combined CMV–EBV infection; whereof less than half
had verified pHLH [42]. In a study of 58 HIV-infected adults with HLH, many of
whom also had other underlying diagnoses, 24 (41%) were reported to have received
etoposide alone or in combination with corticosteroids [65]. The combination of
etoposide and corticosteroids has also been reported to be of value in severe influenza A/H1N1 [66], and while others confirmed virus-associated HLH to be a major
contributor to death in patients with 2009 influenza A (H1N1) infection, they could
not confirm the efficacy of etoposide in reducing mortality [67]. With regard to
other viral infections that can be associated with HLH such as other herpes viruses,
viral hepatitis and human parvovirus, the knowledge on the use of etoposide is limited likely due to their rare occurrence.
To conclude, it is the view of the authors that in a patient with severe CSS triggered by a viral infection, in particular EBV, and that fulfills ≥5/8 diagnostic criteria
for HLH, that is refractory to non-immunosuppressive disease-directed therapy and
supportive care, it may be justified to initiate a combination of etoposide and corticosteroid treatment adjusted to age and organ dysfunction provided that no contraindications are present. For patients with presumed sHLH who may benefit from
etoposide, we suggest individualized therapy, such as (1) less frequent etoposide
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Fig. 4 Suggested therapy for patients with viral infections and severe secondary HLH. (Note:
severe EBV-HLH may need more intensive therapy). Etoposide is typically administered once
weekly. Allow weekly decisions on whether to continue etoposide treatment or not; duration of the
treatment should be adjusted to the clinical and laboratory response of the patient. Age-adjusted
doses of etoposide are recommended, for example, 100–150 mg/m2 in children <15 years, 100 mg/
m2 in adolescents and young adults and 50–75 mg/m2 in middle-aged and elderly patients.
Suggested supportive therapy is cotrimoxazole, antimycotic therapy, gastric protection, and if
applicable, antiviral therapy and IVIG; in line with the HLH-2004 protocol. (Originally published
in: Henter et al., Lancet 2006 [34])

treatments (typically once weekly), (2) weekly decisions on continuation of etoposide treatment, and (3) lower etoposide dose than in FHL, in particular in adolescents and adults (50–100 mg/m2), according to age, severity of symptoms and
response to therapy (Fig. 4) [34]. However, more intensive therapy such as in the
HLH-94/HLH-2004 protocols may be required, in particular in patients with severe
EBV-HLH.
Infections by Bacteria, Parasites and Fungi
It is increasingly recognized that HLH may be associated with severe bacterial
infections such as in sepsis, but the differential diagnosis of HLH and sepsis remains
challenging [68]. The diagnostic dilemma is particularly common and particularly
difficult in those critically ill, that often have sepsis and multiple organ failure
(MOF)/multiple organ dysfunction syndrome (MODS), and we will therefore first
focus on infections in critically ill patients. The eight diagnostic criteria of HLH are
commonly found to varying extent in patients with sepsis, systemic inflammatory
response syndrome (SIRS) and MODS [47, 69], where HLH is at the extreme end
of this ladder of (hyper)inflammation before death. Notably, patients treated in the
ICU with a clinical presentation of sepsis/septic shock but with no identified infectious pathogen, and who are unresponsive to sepsis-directed therapy, may have an
undiagnosed HLH. Hence, diagnosis and appropriate treatment, that may include
etoposide, may be delayed, with the risk of missing the time when HLH-directed
treatment may be most effective. In this context, the findings by Tang et al. of
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specific profiles of hypercytokinemia to help distinguish between HLH, sepsis and
other infections are promising [70].
With regard to treatment of HLH in critically ill patients, there is currently no
consensus. In a large retrospective study, 5027 patients admitted to a medical ICU
at a teaching hospital were screened, of which 72 patients fulfilled HLH-2004 criteria, whereof 56 patients had complete follow-up and no missing data; among these
etoposide was used in 45 (80%), corticosteroids in 31 (55%) and IVIG in 3 patients
(5%) [52]. With etoposide-based therapy, treatment of precipitating factors and full-
code life-supporting treatment, hospital mortality was 52%. The authors state that
etoposide and steroids comprise an immunochemotherapy that benefits patients
with HLH, that acts rapidly (within 24–48 h), and that its efficacy far outweighs the
risk of secondary leukemia and transient worsening of the neutropenia, and furthermore, emphasize the importance of aggressive supportive care combined with treatment of the precipitating factor [52]. Of interest, precipitating factors were
dominated by two-thirds malignancies, followed by 10 patients with viral trigger
and 13 nonviral infections; 6 tuberculosis, 5 blood stream infections, and 4 toxoplasmosis (1 with a concomitant lymphoma). Another approach, reported in children with sepsis/MODS/MAS/HLH but without risk factors for HLH is treating the
hyperinflammation with methylprednisone, IVIG, and anakinra, and, if MODS is
also present, daily plasma exchange [71]. A similar approach with high-dose IVIG
has been studied in adults [72, 73]. The combination of etoposide and corticosteroids has also been reported to be successful in an extremely premature girl, born in
the 24th gestational week (BW 732 g), with a severe secondary HLH due to a
Serratia marcescens septicemia [74]. In summary, appropriate antibiotic treatment
and supportive care are the evident backbone of therapy in these patients, and addition of corticosteroids and IVIG may be beneficial when there is hyperinflammation
with progressive organ dysfunction, while etoposide may be carefully considered in
cases of refractory and severe CSS. We conclude that treatment of HLH in the critically ill, including patients with sepsis, is multifaceted and remains a challenge
worthy of further studies.
The individually most common bacteria reported to be associated with HLH is
Mycobacterium tuberculosis [49]. In a review of the English literature in 2006 on all
patients reported with tuberculosis-associated HLH, the mortality was approximately 50%. Twenty-nine of the 37 cases received treatment, either antituberculosis
medication alone (n = 9), or a combination of antituberculosis medication and
immunomodulatory treatment (n = 20). In most patients, immunomodulatory
treatment consisted of high-dose steroids, but a few patients were treated with splenectomy (n = 2), plasma exchange (n = 2), IVIG, and epipodophyllotoxin. However,
the effect of epipodophyllotoxin is not specified. Twelve (60%) of the 20 patients
who received a combination of immunomodulatory and antituberculosis treatment
survived, and 7 of the 9 (77%) patients who received only antituberculosis treatment
recovered. In most cases, failure of therapy was attributed to initiation of therapy
late in the course of the illness [75]. We do not support for the use of etoposide in
tuberculosis-associated HLH.
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The most common parasite associated with HLH is Leishmania, for which liposomal amphotericin B is recommended and effective, while etoposide is not recommended [76]. Histoplasma is the most frequently reported fungus to trigger HLH,
for which amphotericin B also is effective. Etoposide has been used in histoplasmosis-
associated HLH prior to obtaining the diagnosis of the infectious trigger, but the
value of etoposide in this condition has not been established [77].

Malignancy-Associated HLH
Malignancy-associated HLH (mal-HLH) comes in two forms, “malignancy-
triggered HLH” and “HLH during chemotherapy” [78]. Malignancy-triggered HLH
may be a presenting feature of the malignancy at diagnosis or at relapse, while HLH
during chemotherapy typically occurs during, or shortly after, chemotherapeutic
treatment for a malignancy while patients commonly are immunosuppressed and in
remission from the cancer [78].
Notably, an unidentified neoplasm can be the triggering factor in any patient with
HLH, the most common being occult lymphomas, and the likelihood of an underlying malignancy increases with age [78]. In general, mal-HLH has the worst prognosis of all subgroups of sHLH [79–81]. Moreover, with regard to management of
mal-HLH, there are few prospective studies to support evidence-based guidelines as
reviewed by Wang and Wang [82].
A retrospective French study of 162 adult patients with sHLH, predominantly
malignancy-triggered, found that use of etoposide as a first-line treatment tended to
be associated with a better outcome (P = 0.079) as compared to treatment directed
at the underlying pathology or treatment with corticosteroids only [80]. Furthermore,
etoposide and methylprednisolone treatment combined with one dose of liposomal
doxorubicin has been reported as an effective salvage therapy for adult refractory
HLH [50].
In conclusion, specifically with regard to “malignancy-triggered HLH,” it is
reported to be uncertain if a malignancy-directed or an HLH-directed regimen
should be used primarily. However, the authors and others suggest that a regimen
including etoposide and corticosteroids likely is valuable prior to, or concomitant
with, start of tumor-specific treatment, at least in patients with florid HLH and
patients with CNS affection, while the use of dexamethasone without etoposide may
be considered in more moderate HLH. Accordingly, it is reasonable to add e toposide
to the CHOP-protocol (i.e., CHOEP) for lymphoma treatment. Furthermore, in eligible patients in remission, a high-dose consolidation chemotherapy with autologous stem cell transplantation has been reported as standard of care, while a decision for allogeneic SCT requires careful individual assessment [56].
In “HLH during chemotherapy,” delay or interruption of ongoing cancer therapy
should be considered, while rigorous treatment of triggering infections is imperative. The addition of rituximab is suggested in highly replicative EBV infection
[63]. However, in the event of a relapse or if there is active HLH, then HLH-directed
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therapy should be considered, and, furthermore, CNS involvement (clinically or in
the CSF) suggests prompt intense therapy [63, 78]. It has been reported that HLH
complicating cancer treatment probably is under-recognized, and that these HLH
patients suffer from prolonged neutropenia, pulmonary and neurologic symptoms,
liver abnormalities, and lower platelet counts. Patients with HLH complicating cancer treatment may benefit from anti-inflammatory treatment with corticosteroids ± IVIG, as well as adapted antimicrobial treatment to treat an infectious
trigger, while it is suggested that etoposide should be used sparingly. In the monitoring to detect relapsing malignant disease as a potential alternate trigger for HLH,
serial testing for sCD25 and bone marrow assessment for hemophagocytosis has
been reported to be helpful [56].

Macrophage Activation Syndrome/Rheuma-Associated HLH
Systemic Idiopathic Arthritis and Systemic Lupus Erythematosus
Macrophage activation syndrome, also referred to as rheuma-associated HLH, is the
second most common form of sHLH in children and the third most common in
adults [47, 49]. First line treatment is often corticosteroids in high doses and CSA
in children [83, 84] as well as in adults [55, 56].
Second line treatment for MAS is less well established. Biologic agents include
IL-1 inhibition (anakinra) for which there are favorable reports published [85, 86].
IL-6 inhibition with tocilizumab has also been reported to be efficient in severe,
persistent systemic JIA [87]. Other treatments for MAS include IVIG, cyclophosphamide, plasma exchange, and etoposide [83]. Treatment of MAS in different conditions is discussed in detail in other chapters, but etoposide-based treatment of
MAS is also discussed in this chapter.
The exact role of etoposide in the treatment of MAS remains to be determined.
In a Chinese study of 32 pediatric and adult patients with SLE-associated MAS all
patients received corticosteroids, while CSA, cyclophosphamide and etoposide
were the three most commonly added immunosuppressants, and for 47% of the
patients IVIG was also administered [88]. Notably, in a large study on 103 episodes
of MAS in 89 adult patients with SLE, it was concluded that etoposide and
cyclophosphamide-based regimens had the best efficacy as second line therapy [89].
In line, in a report of four children with MAS, three with underlying JIA and one
with SLE, control of clinical inflammation was achieved in all patients when etoposide treatment was added to the conventional anti-inflammatory treatment [90].
In a large multicenter study on 362 patients, Minoia et al. noted that patients who
received etoposide had more severe disease manifestations and were more likely to
be admitted to the ICU than those who did not [83]. With the aim to record potential
predictors of etoposide administration, Horne et al. studied the 40 of these 362
(11%) patients that were treated with etoposide. Factors significantly associated
with etoposide administration in multivariate analysis included multiorgan failure
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(OR 7.9), platelet count ≤ 132 × 109/L (OR 5.8), triglycerides > 270.8 mg/dL (OR
3.7), aspartate aminotransferase > 389 units/L (OR 3.7), and fibrinogen ≤ 1.53 g/L
(OR 2.9). In this study patients treated with etoposide were more severely ill than
patients who did not receive this medication but, importantly, the mortality rate did
not differ between the two treatment groups suggesting that etoposide may be part
of more aggressive therapeutic interventions for severely ill children with MAS
[91]. Thus, we conclude that it is possible that the full potential of etoposide in
patients with MAS is not yet fully recognized. One possibility could be to take
advantage of etoposide as third line therapy in MAS, after corticosteroids and CSA
as first line therapy and an attempt with biologic agents as second. We strongly
recommend that in case of insufficient response etoposide be considered promptly
to take full advantage of its potential, with a dose of 50–100 mg/m2 once weekly
dependent on age and organ function, in combination with corticosteroids. Moreover,
in MAS patients with CNS affection that may result in rapid CNS destruction etoposide should be considered early.
Other Forms of Autoimmune Diseases
The use of etoposide has been reported also in other forms of autoimmune diseases,
including dermatomyositis [92] and polyarteritis nodosa [93], but here the evidence-
based knowledge on the value of etoposide is limited, and it should be used with
caution and only in selected cases. Similarly, we advise caution in the use of etoposide in Kawasaki-associated HLH, both with regard to indication and dosage [94].

Other Conditions Associated with HLH
Transplant-Associated HLH
In the review by Ramos-Casals et al., transplantation was associated with 95 of the
altogether 2197 reviewed cases of HLH in adults, of which 53 and 29 patients were
associated with kidney and hematological transplants, respectively [49]. In a small
Japanese study, low-dose etoposide (50 mg/m2 per dose) was effective in the treatment of early-onset HLH following allogeneic SCT, with five out of five treated
patients responding to one or two doses [95]. In another Japanese study of 37 children with post-HSCT HLH [26 classified as early-onset (onset <30 days after SCT)
and 11 as late-onset (onset >30 days after SCT)], the authors conclude that early-
onset post-SCT HLH is a specific entity of HLH and that appropriate diagnosis and
prompt management needs to be established. However, no statistically significant
advantage was observed with any treatment, including etoposide, and therefore,
appropriate treatment for post-SCT HLH deserves further investigation [96]. In a
prospective study on children and adults, 6/68 (9%) patients developed HLH after
allogeneic SCT. Four patients received treatment (IVIG or corticosteroids), and
altogether only one of six survived [51].
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Other Conditions
Etoposide has also been used in severe forms of granulomatous diseases, such as
Crohn’s disease and systemic Langerhans cell histiocytosis (LCH). For Crohn-
associated HLH, knowledge of the value of etoposide is limited, and it should be
used with caution both in regard to indication and dosage. In LCH-associated HLH,
a recognized form of systemic LCH, treatment with cladribine and cytarabine is
currently recommended [97]. Finally, there are likely other conditions associated
with HLH not reported here where etoposide can and has been used, but due to their
rarity there is limited evidence of the value of etoposide-based treatment.

Concluding Remarks and Future Directions
Etoposide in Primary HLH
In the early 1980s, long-term survival in primary HLH was almost zero [1].
Fortunately, thanks to collaborations worldwide and new treatment protocols
including etoposide, corticosteroids, and SCT, many patients are now long-term
survivors. The etoposide/dexamethasone-based HLH-94/HLH-2004 protocols have
dramatically improved survival in this severe condition, which represents one of the
remarkable developments in pediatric immunology and hematology over the last
two decades. Moreover, the positive treatment outcomes have also increased the
awareness of pHLH as well as other forms of CSS. Furthermore, the knowledge
gained in pediatrics has subsequently greatly influenced the awareness and management of HLH in adults across disciplines.
The HLH-94/HLH-2004 protocols, with currently around 60% 5-year survival in
HLH-2004, can likely be improved further by using accumulated clinical knowledge, by improving CNS-HLH therapy and monitoring, and by adapting to modern
diagnostics, data on risk factors and to the increasing number of patients diagnosed
with secondary HLH, as well as by revising SCT guidelines and salvage recommendations [42].
Data from the HLH-2004 study suggest that the treatment may benefit from
being more individualized, such as stratifying treatment by risk factors, etc. Notably,
the HLH-2004 study also indicates that the treatment should not be reduced and
tapered during the end of the first 8-week period as in the HLH-2004 protocol but
instead a moderate treatment until SCT should be maintained. Moreover, in the
HLH-2004 study there was an overrepresentation of deaths after the first 100 days
in patients whose HLH initially resolved but subsequently had a reactivation, stressing the importance of acute/subacute SCT for these patients [42]. Notably, if using
the HLH-2004 protocol, it is suggested to initiate CSA not earlier than 2 weeks after
start of therapy instead of up front. However, the HLH-94 protocol is the currently
recommended standard of care.
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Etoposide in Secondary HLH
Over the last decade, the interest in sHLH has increased remarkably. Nevertheless,
much remains to be learned about sHLH, including what the best treatment is in
various conditions and the role of etoposide. It has become obvious that adults with
HLH should be treated differently than children but also that the many different
forms of HLH may need different therapeutic approaches. This situation, in particular, if the underlying condition is unknown, makes the choice of initial therapy even
more challenging.
Some of many remaining questions for future research include which the optimal
treatments are for different forms of sHLH, in children as well as adults, and what
the role of etoposide is in the treatment of sHLH, how it should be dosed in different
conditions, and how frequently and for how long it should be administered.
Furthermore, it would be valuable to have markers which reliably monitor HLH
activity to assist in these therapeutic decisions.
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IL-1 Family Blockade in Cytokine Storm
Syndromes
Randy Q. Cron

Interleukin-1 (IL-1)
Cytokines are substances, such as growth factors, interferons, and interleukins,
which are secreted by cells in the immune system to influence other cells.
Interleukins, as the name implies, are glycoproteins that regulate immune response
by communicating between white blood cells. Interleukin-1 (IL-1) was one of the
first cytokines described in the immune system, over 40 years ago [1], as it plays a
central host defense role against infection. IL-1, formerly known as endogenous
pyrogen for its fever inducing effect, is a representative of the 11-member IL-1 family of cytokines [2]. In addition, there are ten unique IL-1 receptor (IL-1R) family
members that can result in either pro- or anti-inflammatory functions upon binding
IL-1 family members depending on the individual receptor and its co-receptor, making for a highly complex system of signaling. IL-1α and IL-1β are two distinct gene
products located adjacent to one another on the long arm of chromosome 2. Their
regulation differs, but both are able to bind IL-1R1 and the natural inhibitor of both,
IL-1R antagonist (IL-1Ra) (Fig. 1) [2].
IL-1β has been termed a gatekeeper of inflammation and is involved in the pathophysiology of a variety of autoinflammatory diseases [3]. Monocytes/macrophages
are a primary source of IL-1β, and IL-1β activity is tightly controlled and dependent
on the conversion of an inactive precursor to an active cytokine by limited proteolysis. IL-1β can be processed intracellularly by caspase-1, which is activated by the
inflammasome, a multiprotein complex that detects pathogenic organisms as well as
sterile stressors to the cell [2]. The protein, NLRP3 (cryopyrin) is important for the
assembly of this complex, and hyper-activating mutations in NLRP3 can lead to
excess IL-1β activity, resulting in a family of autoinflammatory disorders ranging
from familial cold urticaria to Muckle–Wells syndrome to the severest form,
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Fig. 1 IL-1 family member biology. The producers of and responders to IL-1 family members are
numerous and complex; this figure illustrates some of the main actors in IL-1 family member biology. IL-1β and IL-18 are released from myeloid cells after activation of the inflammasome. IL-33,
normally retained in the nucleus, is released by endothelial or epithelial cells after necrotic cell
death. Each of the cytokines are then sensed by their respective receptors on CD4+ and CD8+
T-cells resulting in activation of the transcription factor NFκB. Additionally, soluble inhibitors of
each of these cytokines are produced which displace binding of the cytokine to its receptor: IL-1
receptor antagonist (IL1-RA) for IL-1β, IL-18 binding protein (IL-18BP) for IL-18, and soluble
ST2 receptor (sST2) for IL-33. Figure courtesy of Dr. Ed Behrens, University of Pennsylvania

n eonatal onset multisystem inflammatory disease (NOMID) [4]. NOMID can be
quite devastating to infants primarily affecting the central nervous system, the
bones/joints, and the skin. Fortunately, IL-1β blockade by monoclonal antibody,
IL-1R fusion protein, or recombinant human IL-1Ra (rhIL-1Ra) has revolutionized
the care of individuals with cryopyrinopathies [4].
Another more common autoinflammatory disorder of childhood responsive to
IL-1 blockade is systemic juvenile idiopathic arthritis (sJIA). sJIA affects approximately 1 in 10,000 children worldwide and is characterized clinically by high spiking fever, evanescent salmon-colored rash, arthritis, adenopathy, and occasionally
serositis [5]. This used to be a quite devastating disease of childhood until it was
found that large amounts of IL-1β were released by sJIA patient peripheral blood
mononuclear cells, and IL-1Ra could dramatically treat children with refractory
sJIA [6]. Initial treatment of sJIA patients with rIL-1Ra was also shown to improve
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outcomes and reduce the requirement for corticosteroid use [7]. Eventually, randomized and blinded, placebo-controlled clinical trials with various IL-1 inhibitors
bore out these initial anecdotal experiences [8–10]. IL-1 blockade, along with IL-6
blockade, have revolutionized the care of children with sJIA [11].
Children with sJIA are prone to develop a sometimes fatal cytokine storm syndrome (CSS) termed macrophage activation syndrome (MAS) or secondary hemophagocytic lymphohistiocytosis (sHLH) [12]. Seven to ten percent of sJIA patients
will develop overt MAS, while another 30–40% will manifest with subclinical or
occult MAS which can progress to multi-system organ failure [13, 14]. Those sJIA
patients who are prone to MAS development frequently possess heterozygous mutations in known familial HLH genes involved in the perforin mediated cytolytic
pathway (e.g., PRF1, UNC13D) employed by CD8 T cells and natural killer (NK)
cells [15, 16]. This suggests some shared genetic risk factors for CSS/MAS in those
with sJIA and other forms of sHLH/MAS [17]. Heterozygous defects in HLH genes
have been shown to disrupt NK cell lytic activity by partial [17, 18] and complete
dominant negative [19], and hypomorphic effects, including those with sJIA [20].
Defective cytotoxic killing of antigen presenting cells (APC) by lymphocytes has
been shown to lead to prolonged interaction of the lytic lymphocyte and the APC
resulting in a pro-inflammatory CSS [18, 21].
As CSS resembles MAS in sJIA patients, and sJIA patients were originally shown
to be responsive to IL-1 blockade, rhIL-1Ra was employed as treatment for a severe
CSS in a child with cytophagic histiocytic panniculitis [22]. This was the first explicit
use of rhIL-1Ra reported to successfully treat CSS/MAS, and subsequently rhIL1Ra was shown to effectively treat refractory MAS in another dozen patients with
primarily rheumatic disorders, such as sJIA [23]. Since then, there have been numerous case reports and series of patients effectively treated with rhIL-1Ra for CSS/
MAS/sHLH with etiologies ranging from sJIA to adult onset Still disease (Table 1),
to systemic lupus erythematosus (Table 2), to autoinflammatory conditions (Table 3),
to secondary infections in HIV/AIDS patients (Table 4). Moreover, a retrospective
review of a large clinical trial in sepsis revealed that high dose rhIL-1Ra markedly
improved survival in sepsis patients with features of MAS, namely hepatobiliary
dysfunction and disseminated intravascular coagulopathy (Table 4) [24]. Thus, rhIL1Ra therapy was anecdotally reported to effectively treat CSS in a variety of infectious and rheumatic disorders. Currently, a randomized, double-blind, placebo
controlled clinical trial is underway to evaluate rhIL-1Ra treatment for children and
adults with sHLH/CSS [ClinicalTrials.gov Identifier: NCT02780583].

Interleukin-18 (IL-18)
In 2014, activating mutations in the NLRC4 inflammasome component were demonstrated to lead to an autoinflammatory syndrome [25, 26], including an infant with
recurrent MAS [27]. This child only partially responded to rhIL-1Ra treatment but
was found to have very elevated serum IL-18 levels and was successfully treated with
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Table 1 Effectiveness of anakinra in treating CSS as part of sJIA and AOSD
Ages
(years)
13
32
1–17

8–12
20
11
1–17

30

Disease
sJIA
AOSD
sJIA (8)

Infectious trigger
ND
ND
ND

sJIA (2) ND
AOSD
ND
sJIA
ND
(MRSA later)
sJIA
ND
(10)

References
[39]
[40]
[23]

Resolution
Resolution
Resolution with
high dose anakinra
Resolution (9)
Survival (10)

[41]
[42]
[43]

Resolution

[45]

[44]

ND
Histoplasmosis
(1)
ND

CS (7), CsA (3), MTX Improved (7)
(2), anakinra (5)
Survival (7)
CS, CsA
Resolution (11)

[46]

CS
AZ, CS

[48]
[49]

34
28
25

AOSD

ND
Mycoplasma
pneumonia
EBV

42

AOSD

ND

0.5–16

sJIA
(13)

ND

1–16

Outcome
Resolution
Resolution
Resolution

CS (10), CsA (8), PP
(2), canakinumab (4),
anakinra (5)
CS, CsA

AOSD/
PAH
AOSD
(7)
sJIA
(11)
AOSD
AOSD

19–70

Co-therapy
CS, IVIG, CsA
CS
CS, IVIG, CsA
+/− VP16 or
etanercept
CS
CS
CS, IVIG, CsA

Resolution
Improved and
home
CS, CsA, RTX
Resolution after
CsA/RTX
CS, CsA
Resolution with
high dose anakinra
CS (13), PP (6), IVIG Resolution (13), 2
(2), CsA (11), anakinra flared with
anakinra tapering
(13)

[47]

[50]
[51]
[52]

Abbreviations: AOSD adult-onset Still disease, AZ azithromycin, CS corticosteroids, CsA cyclosporine A, CSS cytokine storm syndrome, IVIG intravenous immunoglobulin, MRSA methicillin resistant
Staphylococcus aureus, MTX methotrexate, ND none detected, PAH pulmonary artery hypertension,
PP plasmapheresis, RTX rituximab, sJIA systemic juvenile idiopathic arthritis, VP16 etoposide

addition of recombinant human IL-18 binding protein (IL-18BP) [28]. rhIL-18BP is
naturally occurring and analogous to rhIL-1Ra in blocking IL-18 and IL-1 function,
respectively (Fig. 1). IL-18 is a member of the IL-1 superfamily and analogous to
IL-1β is first synthesized as an inactive precursor and is activated following cleavage
by caspase-1 [2]. Unlike, IL-1, however, IL-18 does not trigger fever [29]. Thus,
despite overlapping features and functions, IL-18 has unique features from IL-1.
In the presence of IL-12 or IL-15, IL-18 induces interferon-gamma (IFNγ) in NK
cells, CD4 T cells, and CD8 T cells [29]. IFNγ is believed to a major driver of CSS/
HLH in animal models and in humans, and a recent case report depicted the benefit
of anti-IFNγ (emapalumab) in treating refractory HLH [30]. A recent clinical trial of
emapalumab in treating HLH has resulted in FDA approval for this indication [31].
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Table 2 Effectiveness of anakinra in treating CSS associated with autoimmune conditions
Age
(years)
14

Infectious
trigger
ND

Disease
CHP

12

ND (4)
ARF (1)
KD (1)
ANCA
vasculitis (1)
Churg–Strauss
vasculitis (1)
JDMS
ND

0.25

KD

ND

18
1.5
37
5–15

SpA, uveitis
SpA, uveitis
SLE
SLE (6)

ND
ND
ND
ND

13
5
0.5
6

Co-therapy
CS, CsA, VP16
(one dose)
CS, CsA, IVIG
Cs, CsA, VP16
CS, IVIG
CS, IVIG

Outcome
Resolution

References
[22]

Resolution (4)

[23]

CS, CsA, IVIG,
VP16, MTX
CS, IVIG, infliximab
(one dose)
CS, CsA
CS, CsA
CS, CsA
CS (6), CsA (4),
IVIG (2), VP16 (3),
PP (2)

Improvement with
anakinra
Resolution with
high dose anakinra
Resolution
Resolution
Resolution
Resolution (2/2 on
anakinra)

[53]
[54]
[18]
[55]
[56]
[47]

Abbreviations: ANCA anti-neutrophil cytoplasmic antibody, ARF acute rheumatic fever, CHP
cytophagic histiocytic panniculitis, CS corticosteroids, CsA cyclosporine A, IVIG intravenous
immunoglobulin, KD Kawasaki disease, MTX methotrexate, ND none detected, PP plasmapheresis, SLE systemic lupus erythematosus, SpA spondyloarthritis, VP16 etoposide
Table 3 Effectiveness of anakinra in treating CSS secondary to genetic autoinflammatory
conditions
Ages
(years)
12
1
0.1

0.1
?

Disease
CAPS
HIDS
NLRC4
mutation
NLRC4
CAPS (1)
HIDS (1)

Infectious
trigger
ND
ND
Parainfluenza

ND
ND

Co-therapy
CS
none
CS, CsA, infliximab,
vedolizumab,
rhIL-18BP
CS, CsA, rapamycin
CS

Outcome
Resolution
Resolution
Resolution on
combined anakinra
and rhIL-18BP
Resolution
Resolution

References
[57]
[58]
[28]

[59]
[52]

Abbreviations: CAPS cryopyrin-associated periodic fever syndrome, CS corticosteroids, CsA corticosteroids, HIDS hyper-IgD syndrome, ND none detected, NLRC4 Nod-like receptor family
CARD domain containing 4, rhIL-18BP recombinant human interleukin-18 binding protein

IL-18 has also been shown to promote murine and human MAS demonstrating the
pathogenicity of free (unbound) IL-18 [32, 33]. In addition, free IL-18 concentrations correlated with clinical status in sHLH/MAS patients [34], and IL-18 levels
were predictive of MAS in children with sJIA [35]. Therefore, blockade of IL-18
may take on a more prominent role in treating a range of CSS.
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Table 4 Effectiveness of anakinra in treating CSS secondary to infections or other conditions
Ages
(years)
6
15
20
13
15
21
11
8
9

63
44
18–75

20–58

18–71

46
51

Infectious
trigger
Parvovirus B19
Histoplasma
capsulatum
Mycobacterium
avium
None
None
Varicella zoster
Candida
sphaerica
EBV
None
Renal transplant Erlichiosis
None
CMV
HBD/DIC (43) Various forms
in sepsis clinical of sepsis
trial
EBV (1)
8 patients in
ICU with HLH,
HSCT/GVHD
(1), lung
transplant (1),
ALL (1), AID
(1)
HSV1, CMV
AOSD (3)
URI (1)
SLE (2)
Rotavirus (1)
lymphoma (2)
cholangitis
CVID (1)
Histoplasmosis
RA (1)
none
CLL (1)
EBV
UC (1)
Legionella
none (1)
CMV
ANCA
vasculitis (1)
HIV/AIDS
Histoplasmosis
Renal transplant None
recipient

Disease
None
XHIM
None
None
None
Renal
transplant/SLE
None
Liver transplant
None

Co-therapy
CS, CsA, IVIG
CS (6), IVIG
(5), anakinra (8)

Outcome
References
Resolution
[60]
[61]
Resolution (7)
One last onset
death awaiting bone
marrow
transplantation
(patient with
Candida)

Doxycycline, CS
Ganciclovir, CS
Anakinra (26)
versus placebo
(17)
CS (5), IVIG
(7), anakinra (8)

Resolution
Resolution
Survival: 65%
anakinra 35%
placebo
50% survival

[62]
[63]
[24]

Anakinra (13),
CS (12), CsA
(11), IVIG (12),
tocilizumab (2)

Survival:
69%

[65]

IVIG
CS, CsA, PP

Resolution
Resolution

[66]
[67]

[64]

Abbreviations: ALL acute lymphoblastic leukemia, ANCA anti-neutrophil cytoplasmic antibody,
CLL chronic lymphocytic leukemia, AOSD adult onset Still disease, CMV cytomegalovirus, CS
corticosteroids, CsA cyclosporine A, CVID common variable immunodeficiency, DIC disseminated intravascular coagulation, EBV Epstein–Barr virus, GVHD graft versus host disease, HBD
hepatobiliary dysfunction, HLH hemophagocytic lymphohistiocytosis, HSCT hematopoietic stem
cell transplant, HSV1 herpes simplex virus 1, HIV/AIDS human immunodeficiency virus/acquired
immune deficiency syndrome, ICU intensive care unit, IVIG intravenous immunoglobulin, PP
plasmapheresis, RA rheumatoid arthritis, SLE systemic lupus erythematosus, UC ulcerative colitis,
URI upper respiratory infection, XHIM X-linked immunodeficiency with hyper-IgM
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Interleukin-33 (IL-33)
IL-33 is another IL-1 family member with close homology to IL-1, and it is considered an alarmin that is released as an active precursor upon cell damage [2]. IL-33
differs from IL-1 as it can act, depending on context, as either anti- or pro-
inflammatory in nature [2]. In a pro-inflammatory setting, IL-33 binds the ST2
receptor which signals via MyD88, IL-1 receptor activated kinases (IRAKs), and
the inflammatory transcription factor, NFκB (Fig. 1) [2]. A murine model of HLH
showed a role for MyD88-dependent ST2 in disease, and demonstrated that blocking IL-33 signaling via monoclonal antibody directed against ST2 improved survival and the severity of multiple disease manifestations [36]. Moreover, in the long
term ST2 blockage results in CD8 T cell exhaustion that does not alter mortality in
the HLH murine model arguing for early use on ST2 blockade in CSS [37]. Thus,
disruption of signaling of another IL-1 family member, IL-33, may be an option in
treating CSS. Overall, these targeted (anti-cytokine) approaches to treating CSS are
likely to be far less toxic then current chemotherapeutic approaches [38]. Identifying
the correct target for individual patients remains the next challenge.
Summary Although CSSs are frequently fatal, in part from the disease process but also secondary
to broad immunosuppression used during treatment, novel approaches of targeting pro-inflammatory
cytokines are being explored. Members of the IL-1 superfamily, including IL-1, IL-18, and IL-33
are being explored clinically and/or in murine models of CSS. IL-1 blockade seems like promising
therapy for CSS, particularly in the setting of children with sJIA. Similarly, targeting IL-18 may be
an important therapeutic option for certain genetic inflammasomopathies, such as activating
NLRC4 mutations. Finally, murine models of CSS suggest disrupting IL-33 signaling dampens
disease parameters and increases survival. Knowing which cytokine, or combinations of cytokines,
to target for individual patients will keep physician-scientists busy for some time to come, yet cytokine blockade for frequently fatal CSS has shown some early promising results.
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IL-6 Blockade in Cytokine Storm
Syndromes
David Barrett

Interleukin-6 (IL-6) has gained attention as a key node in certain cytokine storm
syndromes (CSS). Originally described as B-cell differentiation factor 2 (BSF-2) and
Macrophage and granulocyte inducing factor 2 (MGI-2), IL-6 has prominent proinflammatory and pyrogenic properties [1–3]. The receptor for IL-6 is complex and
allows for several signaling configurations. The IL-6 receptor (IL-6R) is a relatively
small immunoglobulin like receptor with a conserved WSXWS motif along with four
conserved cysteine residues in the extracellular portion. The intracellular portion was
shown to be unnecessary for signal transduction, and led to the discovery of the heterodimeric partner to the IL-6R, gp130 [4, 5]. IL-6 can thus signal through two main
configurations, referred to as trans- or cis-signaling [6]. In cis-signaling, the cell
expresses the IL-6R and gp130 in a complex, and signal transduction is mediated by
binding of IL-6 to the IL-6R. In trans-signaling, IL-6 binds to a soluble form of the
IL-6R (sIL-6R) forming a soluble complex that can then bind to a dimer of gp130 on
a cell surface; thus mediating IL-6 signaling in a cell which does not express the
IL-6R (Fig. 1) [1]. Baseline proteolytic cleavage of the surface receptor by ADAM10
results in tonic levels of circulating sIL-6R, whereas high levels can be induced by
cleavage via ADAM17 [7]. Internally, IL-6 signals via the Janus Activated Kinase
(JAK) and signal transducer and activator of transcription (STAT) pathways, particularly STAT3 [1]. IL-6 signaling can thus be targeted by inhibiting IL-6 levels, blocking the IL-6 receptor, blocking gp130 or by targeting JAK-STAT signaling (Fig. 1).
IL-6 has been known to be elevated in HLH, reaching levels of greater than
100 pg/mL in plasma of patients with primary hemophagocytic lymphohistiocytosis
(pHLH) or Epstein–Barr virus (EBV) driven secondary HLH (sHLH) [8, 9]. It was
not shown to be specific for HLH, however, despite its consistent elevation. Several
studies of biomarkers for HLH/MAS (macrophage activation syndrome) have honed
in on the combination of interferon-gamma (IFNγ) and interleukin-10 (IL-10) as
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being specific and sensitive for HLH/MAS rather than IL-6, which can be elevated in
sepsis or non-septic infection [10, 11]. Targeting IL-6 with tocilizumab, an anti-
IL-6R monoclonal antibody, has been used in HLH and related syndromes with
mixed results. For the MAS associated with systemic juvenile idiopathic arthritis
(sJIA), tocilizumab and IL-6 blockade successfully masked clinical symptoms such
as fever but did not alter the acute disease course [12]. Tocilizumab was used safely
for the chronic management of sJIA, though again did not prevent or alter MAS flares
based on serum biomarkers though it could mask clinical symptomatology [13, 14].
Tocilizumab has also been used for sHLH management, as in Leishmaniasis-
induced sHLH [15]. Again in this case, clinical symptoms of MAS were masked
(such as fever) until the underlying trigger (infection) was resolved. In modern-day
cellular therapy for cancer and immune-modulatory therapies, sHLH has been
recognized as a potentially life threatening consequence that is referred to as cytokine release syndrome (CRS) [16, 17]. Blinatumomab is a bi-specific T cell engager
(BiTe) that recognizes CD3 on one end and CD19 on the other, making it an attractive therapy for relapsed and refractory CD19-positive acute lymphoblastic leukemia (ALL) [18]. Patients have been recognized to have a sHLH response during the
blinatumomab administration, characterized by elevated acute phase reactants and
elevated IL-6 levels. Clinical symptoms of these patients improve with tocilizumab
administration, including prompt resolution of fever and hemodynamic stabilization
(Table 1) [16, 19, 20].
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Table 1 Potential and
actualized therapeutic agents
targeting the IL-6 pathway
for treatment of cytokine
storm syndrome

Therapeutic
Tocilizumab
Siltuximab
Sgp130-Fc
Ruxolitinib
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Mechanism
Anti-IL-6 receptor antibody
Anti-IL-6 antibody
Inhibition of IL-6 trans-signaling
Inhibition of JAK/STAT signaling

References
[5]
[34]
[50]
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Chimeric antigen receptor (CAR) T cell therapy for ALL has also been described
to induce a life-threatening cytokine release syndrome (CRS)/sHLH [17]. In this
therapy, T cells from a cancer patient are collected via apheresis, modified in the
laboratory to express the CAR, and then reinfused into the patient [21]. The CAR
consists of an extracellular binding domain (often a single chain variable fragment
of an antibody recognizing CD19), an endodomain consisting of the intracellular
transactivation motif from the CD3 zeta chain and a second domain from a costimulatory molecule such as CD28 or 4-1BB [21]. When the CAR T cells engage in
leukemia killing, they proliferate and secrete pro-inflammatory cytokines such as
IFNγ and tumor necrosis factor (TNF) [22, 23]. Early CAR T cell trials did not show
much in the way of clinical activity, with no sustained remissions and also very little
toxicity [24, 25]. It was the first report of two children with ALL treated with antiCD19 CAR T cells in 2013 that first described accurately the sHLH from CAR T
cell therapy and the use of IL-6 blockade for treatment [17]. In this report, a child
with ALL was treated with CAR T cells and shortly thereafter became febrile, coagulopathic, hyperferritinemic, and hypertriglyceridemic, and developed organomegaly, capillary leak syndrome, and hypotension. Laboratory markers showed a 3–4
log10 elevation in IL-6 levels over baseline. Treatment with systemic corticosteroids
and etanercept (a TNF blocking agent) did not result in clinical improvement; however, treatment with tocilizumab promptly resolved the fever and other clinical
symptoms [5, 17]. A toxicity management strategy was then developed and applied
to other CAR therapy trials with similar results [26, 27]. Long term follow up
reports show that toxicity from sHLH from CAR T cell therapy can be successfully
managed with tocilizumab, augmented with corticosteroids in severe cases [28, 29].
A challenge to understanding the incidence of toxicity, which ranges from 21 to
64%, is the use of multiple grading scales for cytokine release syndrome [30, 31].
The recent FDA approval of a CAR T cell therapy for ALL (tisagenlecleucel,
Kymriah) from Novartis was accompanied by the announcement of the approval of
tocilizumab for use in CRS management, recognizing the indispensable role of IL-6
blockade in safely treating CAR CRS.
Understanding the kinetics and measurement of IL-6 in CAR mediated sHLH is
a challenge. Different CAR products may produce different cytokine kinetics, different onset of clinical symptoms, and respond differently to therapy [20, 29, 32, 33].
The use of tocilizumab or siltuximab (anti-IL-6 monoclonal antibody) (Table 1) can
potentially impede the accurate clinical measurement of IL-6 and sIL-6R [34, 35].
The first report of a prospectively validated biomarker profile for sHLH from CAR
T cell therapy was in 2016, and among the models one of the most highly predictive
was a combination of high disease burden and early elevation of soluble gp130 [36].
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One of the challenges in this field is that patients become clinically ill before
obvious serum biomarkers such as IL-6 rise to notable levels, so a predictive model
that allows for identifying patients which would benefit from early intervention is
highly desirable. Other biomarkers such C-reactive protein and ferritin often trail
the clinical onset of symptoms [36–38].
Modeling CAR mediated CRS in animals is challenging. Many of the preclinical
models were xenografts, using immunodeficient mice and human leukemia and T
cells [22, 39]. Missing from these models was any hint of sHLH, likely because the
mice are lacking any other aspect of a competent immune system. Fully murine
models of CAR therapy were notable for their relatively disappointing efficacy in
the late 2000s, and with transient disease response came no toxicity [40]. HLH in
mice is possible in other settings, however, including a fatal model of HLH in transgenic mice (expressing IL-3, GM-CSF, and SCF) engrafted with human cord blood
[41]. In this model, there is evidence for a myeloid cell based source for IL-6 and
toxicity, and survival is enhanced by myeloid depletion (via gemtuzumab, an antiCD33 monoclonal antibody) and IL-6 blockade (via tocilizumab). This is similar to
reports of systemic MAS/sHLH in patients receiving T-replete stem cell transplants,
in which IL-6 blockade can help alleviate symptoms [42, 43]. A true animal model
of CAR CRS/sHLH, however, remains to be developed. Contrary to early conventional wisdom, the CAR T cells do not seem to be the source of IL-6 [44]. Rather,
as we might expect from the animal models, it appears CAR T cells killing target
cells induce IL-6 release from bystander myeloid lineage cells. This is also consistent with an earlier report of MAS pathology in pHLH, in which immunohistochemistry demonstrated CD8 T cells in the liver secreting IFNγ and CD68 macrophages
secreting IL-6 and TNF [45]. Until mouse models of CAR T cell therapy increase in
potency to demonstrate toxicity or humanized mice can be used to distinguish
allograft toxicity from sHLH, we will have many unanswered questions about the
mechanism of IL-6 release in CAR CRS.
Siltuximab (CNTO 328) is a human IL-6 neutralizing antibody that is FDA
approved for use in multicentric Castleman’s disease [46]. There are no published
reports of its use for pHLH or sHLH, though it has been used alone and in combination as an antitumor agent [47]. While its antitumor efficacy is worthwhile, its utility
or efficacy in blocking CSS remains to be seen.
Targeting gp130 is difficult, in part because it is a common subunit to many cytokines (IL-6, IL-11, oncostatin M, etc.) [2]. Nevertheless, in a mouse model of hyperinflammation (drug induced pancreatitis) soluble gp130 (sgp130) was found to be
effective in controlling symptoms and prolonging survival [48]. There are several
forms of naturally occurring sgp130, which may have different potency or function
[49]. Development of a sgp130-Fc chimeric protein results in a specific inhibitor of
IL-6 trans-signaling (Table 1) [50]. Clinical trials with this agent are planned or
underway in Europe [50].
Targeting the JAK-STAT pathway is another possible way to ameliorate IL-6 toxicity. Ruxolitinib is a targeted JAK inhibitor heavily studied for effects on cancer cells
and in myelofibrosis (Table 1) [51]. In two mouse models of HLH, it was effective in
reducing pro-inflammatory cytokine secretion and T cell proliferation [52, 53]. This
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included a perforin-deficient mouse infected with LCMV and the C57B6 mouse stimulated with CpG. The anti-T cell proliferative effects make using ruxolitinib in T cell
immunotherapy problematic, but its potential efficacy warrants further investigation.
There are two case reports of ruxolitinib in patients with refractory sHLH. In one report
the laboratory values improved, but the patient did not survive, and in the other the
patient improved with ruxolitinib as part of a multimodality therapy regimen [54, 55].
In summary, IL-6 is a potent inflammatory cytokine that can mediate systemic
illness in sHLH, particularly in CAR T cell therapy. Blockade of IL-6 with tocilizumab is safe and effective as long as the underlying trigger of sHLH resolves.
Targeting IL-6 via other mechanisms, such as with direct IL-6 binding with siltuximab or blockade of gp130, is being pursued in the clinic and the lab. Given the
significance of immune-based therapies for cancer and the need to safely deliver
them, much more investigation needs to be done.
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Anti-interferon-γ Therapy for Cytokine
Storm Syndromes
Fabrizio De Benedetti

Cytokine storm syndromes (CSS) are classical examples of hyperinflammation. In
hyperinflammation, activation of the inflammatory response in an excessive manner
(involving both innate and adaptive immune cells) consequent to a reasonable stimulus to do it (e.g., viral infection) leads to damage to the host. As described in other
chapters, HLH is characteristically associated with excessive activation and expansion of T cells and macrophages. A vast body of evidence provides support to a
central role of exaggerated production of IFN-γ in causing hypercytokinemia and
signs and symptoms of HLH. Emapalumab, an antibody against IFN-γ, has been
recently approved by the Food and Drug Administration of the USA in treatment-
experienced pHLH patients (see below). At present emapalumab is being further
evaluated in p-HLH, including first-line (NCT03312751 and NCT03312751), and
in MAS in the context of systemic juvenile idiopathic arthritis (sJIA) (NCT03311854).
Two additional antibodies to IFN-γ, fontolizumab and AMG-811, have been generated. These have not been investigated in HLH, and their development has been
terminated. In this chapter we do the following:
1. Discuss briefly the roles of IFN-γ in innate and adaptive immunity and in host
defense.
2. Summarize results from animal models of primary and secondary HLH with a
particular emphasis on therapeutic approaches.
3. Review data on biomarkers associated with IFN-γ elevation.
4. Discuss initial efficacy and safety results of IFN-γ neutralization in humans.
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IFN-γ: Effects on Innate and Adaptive Immunity
Interferons (IFN) are a family of cytokines that have been identified through their
central role in response to viral infections. IFN-γ (also known as type II IFN or
immune IFN) is a pleiotropic cytokine that, differently from other IFNs, plays a
central role in immune system signaling, modulating innate and adaptive immune
responses to viral and bacterial challenges [1]. IFN-γ is secreted predominantly by
T cells and NK cells [2]. IFN-γ signals as an antiparallel homodimer through the
high-affinity (IFN-γR1) and low-affinity (IFN-γR2) receptors [3, 4]. While the
IFN-γ receptor α chain is required for ligand binding and signaling, the IFN-γ
receptor β chain is required primarily for signaling [3, 4]. These receptors are present on a very wide range of immune system and other cells, including CD4+ and
CD8+ T cells, B cells, NK cells, plasmacytoid dendritic cells (DCs), macrophages,
platelets, eosinophils, phagocytes, astrocytes, endothelial and epithelial cells,
hepatocytes, fibroblasts, and keratinocytes [4].
In NK cells, interleukin (IL)-12 and type I IFN induce IFN-γ expression through
pathways acting on the transcription factor STAT4 [5]. Production and release of
IFN-γ by NK cells is typically stimulated by the combination of IL-12 and IL-18
[6]. Also in CD8+ T cells and CD4+ T helper cells the combination of IL-12 and
IL-18 promotes production and release of IFN-γ [2]. It is important to note that
neither IL-12 nor IL-18 alone are sufficient to induce elevated production of IFN-γ
from NK cells.
IFN-γ has been demonstrated to have a key role in TLR responses and on M1
macrophage differentiation and subsequent cytokine production. It induces
expression of IRF1 and IRF5 [7]. These regulatory factors stimulate the expression of genes encoding pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12,
and IL-23, as well as suppress expression of the anti-inflammatory cytokine
IL-10 [8–10]. IFN-γ promotes antimicrobial activity via upregulation of microbicidal gene products enhances macrophage phagocytic ability and it is pivotal in
granuloma formation [7, 11, 12].
IFN-γ also affects the early phases of the adaptive immune response by promoting DC maturation and T cell differentiation [13, 14]. It plays an important role in
driving Th1 responses, repressing the development of Th2 and Th17 T cell responses.
It directly affects adaptive immunity also by promoting lymphocyte recruitment to
germinal centers [15]. IFN-γ then promotes immunoglobulin G class switching
from IgG2 to IgG3 [12, 16].

IFN-γ: Role in Defense from Infections
As outlined above, IFN-γ has several effects on innate and adaptive immune
response. When therapeutic neutralization of IFN-γ is applied to humans, it is
important to know the evidence supporting its role in defense from infections.

Anti-interferon-γ Therapy for Cytokine Storm Syndromes

571

Studies in animal models have provided evidence for a role of IFN-γ in some
types of infections. Cytokines released from macrophages have been shown to play
a key role in host defense against Salmonella infection [17]. IFN-γ increases production of IL-1 and IL-2, which is inhibited by S. typhi, as well as of TNF. IFN-γ deficient mice develop disseminated infection after Salmonella challenge, and this does
not occur in wild-type mice [18]. IFN-γ deficient mice fail to increase the numbers
of CD4+ and CD8+ cells in the gut and to upregulate the expression of major histocompatibility complex II adhesion molecules following Salmonella challenge [18,
19]. IFN-γ, inhibited CMV plaque formation, even more when in combination with
IFN-α plus IFN-β [20]. IFN-γ knockout BALB/c mice infected with CMV have
higher viral load and indeed develop more severe disease with a full spectrum of
symptoms and laboratory abnormalities, including splenomegaly, coagulopathy,
hemophagocytosis, and cytopenia [21]. It has also been shown that mice incapable of
synthesizing IFN-γ do not produce reactive nitrogen intermediates and are unable to
restrict the growth of Mycobacterium tuberculosis. These mice exhibit increased tissue necrosis and have a rapidly fatal course of tuberculosis [22]. IFN-γ is also essential for induction of protective anti-microsporidial immunity in animals [23].
More relevantly, information on the role of IFN-γ in the defense from infections
is also provided by data in humans. Humans with genetic mutations leading to
IFN-γ receptor deficiency characteristically have increased susceptibility to typical and atypical mycobacterial infections, as well as reactivation of Varicella zoster virus [24–26]. Infections with CMV, herpes simplex virus, Varicella zoster
virus, respiratory syncytial virus, parainfluenza virus type 3, and Salmonella have
also been reported in patients with missing or partially defective IFN-γ receptors
[24, 27]. In contrast, individuals with IFN-γ signaling deficiencies do not have
elevated frequency of infections caused by extracellular bacteria and, usually, have
only limited symptoms after infections by common exanthematous viruses, including chicken pox and measles [28]. Similarly, individuals with autoantibodies to
IFN-γ are also at increased risk for the development of infections caused by mycobacteria and have more frequent herpes zoster reactivations [29, 30], while other
infections have a normal course.

Neutralization of IFN-γ in Animal Models of HLH
In healthy mice, the injection of IFN-γ directly causes activation of macrophages
with hemophagocytosis and anemia, demonstrating a direct effect of IFN-γ in the
absence of other inflammatory stimuli [31]. In several murine models of CSS demonstration of increased IFN-γ production and reversal of disease features following
IFN-g neutralization has been observed [32–37] (summarized in Table 1). Perforin-
deficient mice when infected with lymphocytic choriomeningitic virus (LCMV)
develop HLH and invariably die. Administration of an antibody directed to IFN-γ
reversed mortality and clinical and laboratory features of HLH, indicating that
IFN-γ was essential for the development of the disease [38]. Depletion of CD8+
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Table 1 Murine models of CSS in genetically modified mice and wild-type mice and role of
IFN-γ in these models

Primary HLH
(FHLH2)
Primary HLH
(FHLH3)
Primary HLH
(FHLH4)
Griscelli
syndrome type 2
XLP1
Infection-
associated sHLH
MAS

Mutation Model and trigger
PRF1
LCMV-infection

Increased IFN-γ
production
Yes

UNC13D LCMV infection

Yes

IFN-γ blockade
Reversal of
[38]
disease parameters
Not tested
[33]

STX11

LCMV-infection

Yes

Not tested

[35]

RAB27A

LCMV-infection

Yes

Reversal of
disease parameters
Not tested
Reversal of
disease parameters
Reversal of
disease parameters

[36]

SH2D1A LCMV-infection
None
TLR-9 repeated
stimulation
None
TLR stimulation in
IL-6 transgenics

Yes
Yes
Yes

[34]
[32]
[37]

cells achieved essentially the same effects suggesting that in this model CD8+ T
cells are the source of IFN-γ. The ability of an anti-IFN-γ antibody to reverse mortality and clinical and laboratory features of HLH, initially demonstrated in the
perforin-deficient mice, was also observed in a mouse model of pHLH due to
RAB27A deficiency [36].
In a mouse model of sHLH, in which the infectious trigger is mimicked by
repeated stimulation of TLR-9 with CpG DNA, elevated IFN-γ levels have been
found. In IFN-γ knockout mice, anemia, thrombocytopenia, and splenomegaly are
reduced, and hepatic inflammation is inhibited [32]. In the same model, tissue (i.e.,
liver and spleen) levels of IFN-γ were closely associated with hypercytokinemia;
antibody-mediated neutralization of the high rate of tissue production of IFN-γ was
required for a significant reduction in inflammatory cytokines and improvement in
syndrome parameters [39].
Mice overexpressing IL-6 (IL-6TG mice) have been used as an experimental
model of MAS associated to sJIA. They mimic a chronic inflammatory condition
similar to sJIA, which is indeed characterized by high levels of IL-6 [40]. When
challenged with LPS, as a mimicker of an infectious trigger, IL-6TG mice develop
MAS [41] that is associated with a significant upregulation of the IFN-γ pathway
[37]. This model replicates the “two-hit” mechanism that appears to be involved in
the occurrence of MAS in patients with sJIA triggered by infection in the presence
of active disease. Administration of an anti-IFN-γ antibody to LPS-challenged
IL-6TG mice improved survival and caused reductions in ferritin, fibrinogen, alanine aminotransferase, and in pro-inflammatory cytokine levels, including IL-1β,
IL-6, and TNF [37].
Altogether, these data demonstrate that therapeutic neutralization of IFN-γ
results in marked amelioration of signs and symptoms in animal models of pHLH,
sHLH, and MAS. It must be pointed out that data in animal models suggest
that, together with overproduction of IFN-γ, other pathways may contribute in a
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complementary manner to the development of sign and symptoms of HLH. In
perforin-deficient mice, genetic deletion of CD25 restricted to CD8+ cells suppresses the hyperinflammatory state and improves the mouse life span, suggesting
the contribution from a pathway involving IL-2 and T cell activation [42]. In the
model of infection-associated sHLH triggered by repeated TLR-9 stimulation,
IFN-γ deficient mice were shown to develop the disease only following administration of CpG in combination with IFN-γ, providing evidence that cooperation
between TLR-9 and IFN-γ dependent signals is necessary and that this cooperation
involves expansion and activation of cells of the myeloid lineage [43].

The IFN-γ Pathway in Patients with Cytokine Storm
Syndromes
Initial studies on small number of patients with pHLH have shown elevated levels
of IFN-γ, and this was also reported later in sHLH and MAS [44–48]. In a large
study on several hundreds of patients admitted with fever in a hematology-oncology
unit, the patients with a final diagnosis of HLH had markedly elevated IFN-γ, compared to patients with other causes of fever [49]. IFN-γ was correlated with levels of
alanine aminotransferase, aspartate aminotransferase, bilirubin, lactate dehydrogenase, triglycerides, and fibrinogen [50]. Also in sHLH, blood levels of IFN-γ were
correlated with decreased neutrophil and platelet counts, and elevations in ferritin,
lactate dehydrogenase, and alanine transaminase levels [39]. Notably, in patients
with MAS on a background of sJIA, circulating levels of IFN-γ were significantly
elevated compared to patients with active sJIA without MAS at sampling and to
patients with inactive sJIA. Interestingly, levels of IFN-γ were similarly low in
patients with active or inactive sJIA [51]. Conversely, during MAS there was no
increase in circulating levels of IL-6 and IL-1β, two inflammatory cytokines that
play major roles in the inflammatory cascade of sJIA [52, 53]. Altogether, these
observations are consistent with the conclusion that activation of IFN-γ production
occurs only when MAS is present and that it is not part of the typical inflammatory
cascade of the background inflammatory disease [51].
Typically in patients with MAS on a background of sJIA, but also in some
patients with infection-associated sHLH, levels of IL-18, and of free IL-18, are
markedly increased [54, 55]. In contrast, they do not appear to be increased in
approximately half of the patients with infection-associated sHLH and in pHLH
[55]. IL-18 is also typically overproduced in two monogenic diseases characterized
by recurrences of HLH with hyperinflammation, namely NLRC4-induced disease
and NOCARH syndrome [56]. Indeed, as mentioned above, IL-18 is an inducer of
IFN-γ; however, in vitro induction of IFN-γ production cannot be induced by IL-18
alone, but a second stimulus is required, typically IL-12. Consistently, IL-18 binding protein (a protein that binds to and inhibits the activity of IL-18) deficient mice
do not show pathology at baseline. However, when these mice are triggered by
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repeated TLR-9 stimulation, severe signs and symptoms of HLH are induced and
are reversed by an anti-IFN-γ antibody [57], suggesting that IFN-γ is the final
mediator.
Results from a mouse model of sHLH showed fluctuation of IFN-γ levels in blood
during sustained progression of disease [39]. Most probably this is due to the very
quick blood clearance of the cytokine and to the high affinity binding of IFN-γ to
extracellular matrix and heparan sulfate, in addition to the binding to its cellular
receptor [58]. All together, these events cause its accumulation mainly in tissues, typically spleen, liver, and kidney [59]. Experiments in the above-described TLR-9 stimulation model of sHLH, in which IFN-γ in tissues was captured by an administered
antibody against IFN-γ, demonstrated a striking increase in the levels of the cytokine
complexed to the antibody. This cytokine–antibody complex is drained from tissues
into the blood compartment allowing for an estimate of the total amount of IFN-γ
produced. IFN-γ levels, as measured by the amount of IFN-γ bound to the administered anti-IFN-γ antibody, were several hundred fold higher than the amount measured in blood with conventional methods [39]. In humans with HLH (in its various
forms), a sizeable proportion has low or even undetectable levels of IFN-γ even in the
presence of full-blown disease. This may indeed be due to the limitations of available
assays and/or to the fact that measurement of blood levels may be indicative of
increased IFN-γ production, but may not strictly reflect the total production of IFN-γ
in affected tissues, as also shown by the above mentioned data in animal models.
An increasing body of evidence shows that CXCL9 levels are significantly
increased both in experimental models of HLH [37, 39], and in patients with HLH,
independently of the form being primary or secondary [55]. CXCL9, also known as
monokine induced by IFN-γ (MIG), is a member of CXC chemokine family known
to attract CXCR3 expressing T lymphocytes. It is produced by monocytes, macrophages, antigen-presenting cells, endothelial cells, and stromal cells following
stimulation by IFN-γ.
In patients, CXCL9 is elevated in pHLH and sHLH, and its levels are strictly correlated with key disease parameters and decrease with disease remission [39, 60].
Higher levels are associated with early mortality [61]. CXCL9 levels are elevated in
patients with MAS and are correlated with laboratory parameters that reflect disease
severity, including ferritin levels, cytopenia, and alanine aminotransferase levels,
suggesting that CXCL9 is a potential biomarker for IFN-γ biological activity in
patients with MAS during sJIA [51]. CXCL9 has also been found to be elevated in
adults with MAS occurring on a background of adult-onset Still disease [62].
The observation in animals with sHLH that tissue levels of IFN-γ are more
closely correlated with organ involvement prompted the suggestion that blood levels
of CXCL9 could be employed as a marker of IFN-γ overproduction in target tissues
[39]. Although in a very limited number of patients, data consistent with increased
expression of IFN-γ and of IFN-γ-inducible proteins within tissues targeted by the
disease have been reported. In livers and lymph nodes, overexpression of IFN-γ,
Stat1 phosphorylation, and overexpression of IFN-γ inducible genes (such as IDO
and CXCL9 and CXCL10) has been found [47, 63] (our unpublished observation).
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Altogether, these data suggest that CXCL9 appears to be a useful biomarker for
hyperinflammation caused by excessive production of IFN-γ: CXCL9 is stable,
compared to IFN-γ itself, is easily measurable in serum at ng/ml concentrations, has
a clear association with pathologic pathways underlying the disease/syndrome, and
correlates with disease severity and response to treatments.

Targeting IFN-γ in Humans with Cytokine Storm Syndromes
At present, emapalumab is the only anti-IFN-γ antibody in clinical development
and is already approved for the treatment of primary HLH patients. Data discussed
in this paragraph are derived from published abstracts, publically available slide
presentations at the annual meeting of the American Society of Hematology [64],
as well as from the multi-discipline review released by the Center for Drug
Evaluation and Research of the FDA, as a rationale for the approval of emapalumab
in pHLH. (https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/761107Orig
1s000MultidisciplineR.pdf). Emapalumab is approved in the USA for the treatment
of adult and pediatric (newborn and older) patients with pHLH with refractory,
recurrent, or progressive disease, or intolerance with conventional HLH therapy
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761107lbl.pdf).
Emapalumab binds with high affinity (1.4 pM) to human IFN-γ, and with fast
association phases and very slow dissociation phases, as expected for a high affinity
IgG. Emapalumab was tested in a multicenter, open-label, single-arm trial, conducted in the USA and Europe, in pediatric patients with suspected or confirmed
primary HLH with either refractory, recurrent, or progressive disease during conventional HLH therapy or who were intolerant of conventional HLH therapy.
Twenty-seven patients were enrolled with a median age of 1 year (range 0.2–
13 years). A genetic confirmation with homozygous or compound heterozygosity
for genes known to cause primary HLH was present in 82% of patients.
In healthy subjects, emapalumab elimination is linear with a half-life of 23 days,
in the range of what is expected for a human IgG1. In patients with HLH, emapalumab pharmacokinetics is highly influenced by the production rate of IFN-γ,
implying target mediated drug disposition, with a half-life ranging between 2.5–
19 days. In the study, all patients received an initial starting dose of 1 mg/kg every
3 days. Subsequent doses, every 3 days, could be increased to a maximum of 10 mg/
kg based on clinical and laboratory parameters. Treatment duration was up to
8 weeks, after which patients could continue treatment on the extension study.
Forty-four percent of patients remained at a dose of 1 mg/kg, 30% of patients
increased to 3–4 mg/kg, and 26% of patients increased to 6–10 mg/kg.
All patients received dexamethasone as background HLH treatment with doses
between 5–10 mg/m2 per day. Cyclosporine A was continued if administered prior
to screening. Patients receiving intrathecal methotrexate and glucocorticoids at
baseline could continue these therapies.
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Twenty of the 27 patients (74%) completed the study. Seven patients (26%) were
prematurely withdrawn. Two patients died during the study, and there were additional six deaths during the long-term extension study. Twelve months estimated
overall survival was 73.0%. As hematopoietic stem cell transplantation (HSCT) is
the only curative approach to pHLH, a significant number of patients moved to
HSCT: 12-month estimated post-HSCT survival was 89.5%.
The efficacy of emapalumab was based on overall response rate (ORR) at the end
of treatment, defined as achievement of either a complete response (CR), or partial
response (PR), or HLH improvement. ORR was evaluated using an algorithm that
included the following objective clinical and laboratory parameters: fever, splenomegaly, CNS symptoms, complete blood count, fibrinogen and/or D-dimer, ferritin,
and soluble CD25 levels. CR was defined as normalization of all HLH abnormalities (i.e., no fever, no splenomegaly, neutrophils >1 × 109/L, platelets >100 × 109/L,
ferritin 1.5 g/L, D-dimer twofold over baseline). PR was defined as normalization of
≥3 HLH abnormalities. HLH improvement was defined as ≥3 HLH abnormalities
improved by at least 50% from baseline. The ORR was observed in 17/27 (63%;
95% confidence interval 0.42–0.81) and included 7 (26%) complete responses and
8 (30%) partial responses.
The exposure–response analysis for efficacy showed that the clinical response at
the end of the treatment was highly correlated with serum concentrations of CXCL9,
suggesting a direct relation between effective neutralization of IFN-γ, inhibition of
CXCL9 production, and therapeutic response.
In the study exposure was relatively brief with a median number of days of exposure of approximately 60 days. Only one patient withdrew due to an adverse event,
supporting the good tolerability of IFN-γ neutralization in a fragile pediatric population with considerable underlying morbidities and concomitant medications.
Infections are of particular concern for patients with pHLH, and contribute to morbidity and mortality. In 32% of patients, serious infections were observed, with 41%
being viral, 35% bacterial, and 9% fungal. Based on the available information in
mice and from toxicology studies with emapalumab in monkeys, infections such as
mycobacterial, herpes, histoplasmosis, and salmonella, which can be favored by
IFN-γ neutralization, are of potential concern in patients receiving emapalumab therapy. Patients were screened for mycobacteria as well as Salmonella and Shigella,
prior to and during study treatment. All patients in the study received prophylaxis for
herpes simplex virus per study protocol, and P. jirovecii pneumonia and fungal prophylaxes were administered per institutional standards. Infections caused by pathogens potentially favored by IFN-ǖFE; neutralization occurred in one patient
(disseminated histoplasmosis), and resolved with appropriate treatment.
Information is also available from very few case reports published (compassionate use). These include a 20-month-old boy with refractory, Epstein–Barr virus
(EBV)-associated HLH who was successfully treated with emapalumab, despite
severe preexisting comorbidities (severe pancytopenia, gastrointestinal bleeding,
central nervous system hemorrhage), including multiple life-threatening infections
(CMV, EBV, adenovirus, and Trichosporon fungemia) [65]. In a patient carrying a
pathogenic NLRC4 mutation with severe inflammation, recalcitrant HLH, and
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highly elevated levels of IFN-γ and CXCL9, neutralization of IFN-γ with emapalumab resulted in control of all HLH disease features [66]. Thus, anti-IFN-γ therapy appears to be a new therapeutic option for CSS.
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Alternative Therapies for Cytokine Storm
Syndromes
Seza Ozen and Saliha Esenboga

Introduction
Cytokine storm syndromes (CSS) are a challenge for physicians, both due to their
aggressive nature and the need for tailored treatment for each patient. While hematopoietic stem cell transplantation (HSCT) has changed the fate of primary hemophagocytic lymphohistiocytosis (HLH), and biologics of macrophage activation
syndrome (MAS)/secondary HLH, there is still a need for adjunctive treatment to
better manage these patients. The principles of treatment are summarized in Table 1.
This chapter discusses the available alternative treatments (Table 2). Unfortunately,
except for corticosteroids, there is not a lot of solid evidence for the effectiveness of
most of these agents. Furthermore, for all these treatment modalities and corticosteroids, there is a lack of controlled studies to guide optimal dosage and duration of
therapy. Biologics (especially anti IL1 for MAS) that have become an essential element in many treatment plans are discussed elsewhere in the relevant chapter “IL-1
Family Blockade in Cytokine Storm Syndromes”.

Corticosteroids
Corticosteroids, which powerfully inhibit transcription of many cytokine genes,
including interleukin(IL)-1, IL-6, and tumor necrosis factor(TNF), are crucial in the
treatment of many inflammatory, allergic, immunologic, and malignant diseases.
Corticosteroids are regarded as the standard therapy for CSS as well. They may be
given either alone or in combination with other treatment modalities for MAS
secondary to rheumatic diseases, such as systemic lupus erythematosus (SLE) and
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Table 1 Principles of treatment in HLH (Modified from reference [1])
Suppression of hyperinflammation
Elimination of activated immune cells and
(infected) APCs, CTLs, histiocytes
Elimination of trigger
Supportive therapy (neutropenia,
coagulopathy)
Replacement of defective immune system

Corticosteroids, IVIg, cyclosporine A, anti-
cytokine agents (biologics)
Corticosteroids, etoposide, T-cell antibodies
(antithymocyte globulin, alemtuzumab), rituximab
Anti-infectious therapy
Antifungals, antibiotics, plasma
HSCT

Table 2 Alternative therapies for cytokine storm syndrome

Drug
Corticosteroids
Anti-thymocyte
globulin (ATG)
Cyclophosphamide
Cyclosporine A

Mechanism of action
Inhibition of transcription of many cytokine genes
(IL-1, IL-6, TNF)
T cell ablation

Steroid sparing cytoablative therapy
Inhibition of the translocation into the nucleus of
NF-AT.
Decreased transcriptional activation of proinflammatory
cytokine genes (IL-2, IL-4, IFN-γ)
T cell directed immunomodulation
Intravenous
Immunomodulation of inflammatory and autoimmune
immunoglobulin
processes
Therapeutic
Removal of autoantibodies, immunocomplexes,
plasmapheresis
cytokines, endotoxins from the plasma of the patient
Rituximab
Anti-CD20 monoclonal antibody reducing B cells
Alemtuzumab
Depletion of the cells expressing CD52 (T cells, NK
cells, B cells, many monocytes, macrophages, dendritic
cells)
JAK inhibitors
Inhibition of signal transduction to nucleus from
common gamma chain and other plasma membrane
receptors of IL-2, IL-4, IL-7, IL-9, IL-15, IL-21, IFN-γ
Hematopoietic stem Replacement of the hematopoietic system with a
cell transplantation genetically normal bone marrow

Relevant
references for its
use in cytokine
storm syndrome
[1–3, 6–8]
[9, 10]
[12–14]
[4, 5, 15]

[23–30]
[32–35, 38]
[39–41]
[46, 48, 51]

[5, 53, 54]

[11, 40, 60]

systemic juvenile idiopathic arthritis(sJIA), or within various treatment protocols
for familial HLH(FHL) or persistent/relapsing HLH [2]. A common approach frequently preferred in the treatment of MAS is to administer high-dose corticosteroids
(intravenous methylprednisolone) at a dose of 15–30 mg/kg, maximum 1000 mg,
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daily for 3 days, followed by 2–3 mg/kg/day in divided doses of intravenous methylprednisolone or oral prednisolone [3]. Cyclosporine is often added to this regimen
at a dose of 3–7 mg/kg/day as a second line drug [4, 5]. On the other hand, the HLH
94 and HLH 2004 protocols recommend dexamethasone. Dexamethasone is preferred in FHL since it is thought to cross the blood–brain barrier and penetrates the
central nervous system (frequently involved) better. However, the dose of dexamethasone is substantially lower in corticosteroid equivalent than high dose methylprednisolone. However, since corticosteroids suppress the immune system, they
can lead to an increase in the rate of infections.
HLH protocols and combination therapies with corticosteroids are used for the
treatment of primary HLH. The 5-year survival rate of the HLH 94 protocol was
54% at a median follow-up of 6.2 years [6]. The HLH 94 and 2004 protocols are
covered in detail in another chapter.
If MAS activity persists despite initial treatment with corticosteroids and/or
cyclosporine, etoposide may be considered a part of the HLH-2004 treatment protocol [7]. Hematologists/oncologists more frequently use etoposide as first-line
treatment for other forms of secondary HLH; however, many clinicians regard it to
be too aggressive for the initial treatment of MAS or HLH secondary to rheumatic
diseases [8]. In particular, since etoposide is metabolized by the liver and excreted
by kidneys, toxicity involves both organ systems that may be impaired in severe
MAS. Although side effects such as bone marrow suppression and sepsis are
reduced with lower etoposide doses, there is no study guiding clinicians for the
optimal dose.

Anti-thymocyte Globulin (ATG)
ATG is an alternative in cases of CSS with severe renal and hepatic involvement
where etoposide should be avoided because of its toxicity [9, 10]. T-cell ablation
with ATG has been reported in the treatment phase and in the conditioning regimen
for HSCT of FHL treatment [11]. In 38 patients with FHL, ATG, corticosteroids,
cyclosporine and intrathecal methotrexate were used in combination, and overall
survival was found to be 55% [10]. Although well tolerated in case reports, it frequently causes infusion reactions in the context of HSCT. To date, ATG has only
rarely been reported as therapy for CSS.
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Cyclophosphamide
Cyclophosphamide which has been -historically- used as steroid sparing cytoablative therapy for treating severe sJIA and MAS, has anecdotal success [12–14] and is
not routinely used.

Cyclosporine A
Cyclosporine A (CyA), which is a lipophilic cyclic peptide composed of 11 amino
acids, was isolated from fungi and originally developed as an antimycotic agent. It
was used to prevent rejection after organ transplantation when its immunosuppressive effects have been identified in the 1970s. CyA forms complexes with a family
of cytoplasmic proteins named cyclophillins, and this drug–receptor complex controls the action of calcineurin, a calcium and calmodulin-dependent phosphatase, by
specifically binding to it and inhibiting it. Subsequently, this process inhibits the
translocation into the nucleus of the nuclear factor of activated T cells(NF-AT). This
results in decreased transcriptional activation of a number of proinflammatory cytokine genes such as IL-2, IL-4, and interferon (IFN)-γ. CyA acts on CD4 T helper
cells leading to diminished proliferation and cytokine expression but is also known
to suppress CD8 T cell functions, such as cytokine secretion [15]. This may be of
special benefit in CSS.
Although in the treatment of CSS, both primary HLH and secondary HLH, CyA
is widely used because of its T-cell-directed immunomodulatory effect. It has been
used for FHL over 20 years, included inHLH-94 and HLH 2004 and some clinical
study protocols as mentioned above [6, 10]. In the HLH-94 protocol, CyA was used
starting at week 9 and at a dose of 6 mg/kg/day divided into two doses, with a target
blood level of 200 μg /L. According to the HLH 2004 protocol suggested by the
Histiocyte Society in 2004, CyA doses are given at the beginning of induction along
with etoposide. However, recent data does not confirm the benefit of CyA in the
aforementioned HLH 2004 protocol, and some hematologists have lost interest in
using CyA for treating primary HLH [16].
Apart from these protocols, ATG, corticosteroids, CyA, and intrathecal methotrexate were used as combination therapy in 38 patients with familial HLH. Complete
and partial responses were 73% and 24%, respectively. The disease improved in 16
of 19 patients who had undergone HSCT, and the survival rate of the whole group
was 55% [10]. CyA has also been used for MAS associated with rheumatic diseases, such as SLE and sJIA [4, 12, 17, 18], and has been reported to be quite effective. A study by Takahashi et al. summarized seven cases with acute lupus
hemophagocytic syndrome reported in the Medline database between 2001 and
2014, aiming to determine the predictors of the treatment response. They suggested
CyA as the first choice treatment when corticosteroid therapy is not sufficient in the
case of acute hemophagocytic syndrome secondary to lupus [17]. They also sug-
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gested that low CRP and high hemoglobin may predict a positive response to corticosteroid monotherapy, whereas high serum ferritin and low leucocyte count may
predict a positive response to CyA treatment. In a study by Gokce et al. of 43
patients with pediatric SLE, six patients developed MAS. The treatment response
was found to be excellent in patients diagnosed early and treated with corticosteroids and CyA [19].
Further prospective studies with more patients are needed to assess dose and
duration options for patients with MAS secondary to rheumatic diseases.
Nephrotoxicity is the most significant side effect of CyA. It can cause acute increase
in plasma creatinine, chronic progressive renal disease, tubular dysfunction, and,
rarely, thrombotic microangiopathy [15]. In addition, in combination with high-
dose corticosteroids, CyA may increase the risk of developing posterior reversible
encephalopathy syndrome [20]. Nonetheless, CyA is often used in treating CSS, but
caution and awareness of potential side effects is imperative.

Intravenous Immunoglobulin
Intravenous immunoglobulin (IVIG) is obtained from a large pool of plasma collected from paid or voluntary donors. IVIG is routinely used for the treatment of
primary and secondary immunodeficiencies and various autoimmune and inflammatory diseases. It works as an important immunomodulator for inflammatory and
autoimmune processes when used in high doses. The mechanism by which IVIG
exerts its immunomodulatory effect is not clearly known. The suggested immunomodulatory effects of IVIG are saturation and modulation of the expression of Fcγ
receptors, modulation of dendritic cells, expansion of regulatory T cells, decreasing
proinflammatory effects of monocytes, decreasing IFN-α response, and inhibition
of complement activation cascade, neutralization of chemokines and/or cytokines,
neutralization of autoantibodies [21, 22].
IVIG is a safe alternative in patients whom sepsis cannot be ruled out. However,
we lack data on its effectiveness in primary and secondary HLH. In fact, in patients
with MAS secondary to rheumatic diseases, such as sJIA and SLE, IVIG therapy
often has not been able to improve disease outcome [23, 24]. IVIG is a potentially
effective treatment if HLH is secondary to CGD. In a study of Alvarez-Cardona
et al., IVIG was given to eight patients with CGD and MAS, and six of the patients
survived [25]. High doses of IVIG were recommended as 1–2 g/kg/dose [26, 27]. It
has been suggested that IVIG should be started early in order to be successful for
the treatment of secondary HLH [28].
Lymphoma-associated HLH has been found to respond less well to IVIG [29].
In children with active infection, IVIG is regarded as a safe alternative since it
boosts the immune system as well [28]. Elimination of triggers (mainly infections)
is crucial for treatment of adult patients with HLH. High dose IVIG is potentially
beneficial in infection, autoimmune and transplant-related HLH [28]. Rajajeeet al.
evaluated 40 children with primary HLH in a retrospective cohort study in which
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treatment outcomes of IVIG and dexamethasone was compared with the HLH 2004
protocol. As a result, they found similar efficacy, and offered IVIG as the initial
treatment for all patients and allowing for switching to the HLH 2004 protocol in
patients with a poor clinical response or disease progression. They have indicated
that etoposide toxicity may be reduced with this approach [30]. Indeed it has been
suggested that short-term corticosteroid and/or IVIG treatment administered at the
very beginning of the treatment may be useful in the control of hypercytokinemia
when there is no organ failure present [1].

Therapeutic Plasmapheresis
Therapeutic plasmapheresis (TPE) is an extracorporeal blood purification technique
which replaces the plasma of the patient with allogeneic donor plasma, colloid, or
crystalloid. The purpose of this procedure is to remove the autoantibodies, immunocomplexes, cytokines, endotoxins, and other filterable substances from the plasma
of the patient [31]. Plasma exchange therapy was originally found to be beneficial
and effective in severely ill septic patients with multiorgan dysfunction syndrome
(MODS) and patients with thrombocytopenia associated multiple organ failure
(MOF) in various studies [32, 33]. This treatment improves HLH possibly by reducing inflammatory cytokines in the circulation [34, 35]. In an observational cohort
study published by Demirkol et al. involving 23 children from Turkey with hyperferritenemic sepsis MODS/MAS/HLH. These plasmapheresed patients with secondary MAS all had severe inflammation and marked cytopenia. The patients were
treated with four different protocols, all including plasma exchange. Patients treated
with HLH-94 protocol using dexamethasone and chemotherapy were found to have
50% survival (all deaths were related to overwhelming sepsis), whereas patients
treated with methylprednisolone, IVIG, and TPE had 100% survival [36].
Nonetheless, with the caveat that the treatment approach was not randomized or
prospectively prescribed, they suggested TPE as an important therapeutic tool in the
pediatric field for the treatment of secondary HLH/MAS with MODS with less
toxicity than immunosuppressive therapies.
TPE should be regarded as a form of rescue therapy for the patients with life-
threatening MAS related to increased cytokine levels [37] and especially in patients
with severe thrombocytopenia. The most frequent complications of the procedure
are hypocalcemia, metabolic alkalosis, decreased immunoglobulin and coagulation
factors, anaphylaxis or transfusion related acute lung injury (TRALI) due to donor
plasma, exposure to infectious pathogens, angiotensin-converting enzyme related
symptoms, and complications related to the vascular access catheter [38]. TPE has
not been studied prospectively but should be considered in severely ill patients with
CSS.
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Rituximab
Rituximab is an, anti-CD20 monoclonal antibody that acts by reducing B cells. B
cells expressing CD20 (mature B cells but not antibody producing plasma cells) on
their surface are depleted through Fc receptor gamma-mediated antibody-dependent
cytotoxicity and phagocytosis, complement-mediated cell lysis, growth arrest, and
B cell apoptosis [39].
Rituximab is an effective treatment alternative in many EBV-related conditions,
including HLH secondary to this particular viral disease. In both acute and latent
EBV infections, the virus frequently resides in the B cell compartment. However in
EBV-HLH, T and NK cells are also often affected; therefore, it is not always sufficient to target only B cells during treatment of EBV-HLH [7].
In the setting of an EBV infection with >10,000 copies of EBV per μg of cellular
DNA, the patient can be treated with rituximab weekly 375 mg/m2/dose for
1–4 weeks, with the duration of the treatment depending on the rate of decline of the
EBV DNA level [40]. Alternatively, rituximab can be given at a dose of 750 mg/m2/
dose (maximum of 1 g per dose) twice, 2 weeks apart. HLH-specific chemotherapy
may be unnecessary in patients who are clinically stable and respond quickly to
treatment of infection. However, for progressive diseases and severely ill patients,
HLH-specific therapy should be initiated promptly without waiting for recovery of
the infection. Clinical trials show that rituximab quickly reduces viral load in B cells
and ferritin levels, and improves survival [40, 41]. In conclusion, in these cases,
rituximab is efficient as an adjunct to the primary therapy with the other immunosuppressants, including corticosteroids [40, 42, 43]. Rituximab may shorten the
duration of use of other immunosuppressants, thereby reducing short- and long-
term drug toxicity.
Most common Side effects include infusion reactions which occur 30–120 min
after initiation of the infusion. Rarely, bronchospasm, severe hypotension, and anaphylaxis may occur. Infusion reactions are thought to be due to the interaction
between rituximab and the CD20 on lymphocytes which causes cytokine release
from B cells. In order to avoid infusion reactions, the dose should be increased
gradually with small increments. Premedication with antihistamine, acetaminophen
and/or glucocorticoids may reduce the severity of the reaction. Repeated treatment
with rituximab may cause suppression of immunoglobulin production leading to
hypogammaglobulinemia and increased risk for recurrent infections [44], which
can be obviated with routine immunoglobulin infusions or subcutaneous injections.
Late-onset neutropenia has also been reported [45]. Nonetheless, rituximab may
have an important role to play in treating EBV and B cell lymphoma driven CSS.
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Alemtuzumab
Alemtuzumab is a humanized monoclonal antibody that works by depleting cells
expressing CD52. Since T cells, NK cells, B cells, many monocytes, macrophages,
and dendritic cells express CD52 on their surface, it is a potentially potent drug [46,
47]. Despite improvements in treatment regimens, HLH cannot be controlled in
approximately one fourth of patients, and HSCT cannot be performed for various
reasons [48, 49]. There are a few comprehensive studies on refractory HLH and its
treatment alternatives [50, 51]. Because of increasing awareness of the crucial function of T cells in HLH pathogenesis, alemtuzumab has become a potential treatment
option for refractory HLH with rapid and effective removal of CD52-bearing cells.
In addition to being used as a successful bridge therapy to HSCT, it is also used as
part of the reduced intensity conditioning (RIC) regimen for HSCT and enhances
the survival of patients with HLH [48, 52–54].
Alemtuzumab appears to be an effective agent with a tolerable toxicity for
patients not responding to conventional treatment strategies, especially primary
HLH. There is no clear data regarding the optimum dosing or time to start treatment.
Marsh et al. showed favorable effects of treatment with alemtuzumab in their retrospective study involving 22 patients, and reported that 64% of patients had a partial
response, and 77% of patients survived until HSCT [50]. Patients included in the
cohort were given a median dose as 1 mg/kg divided over four days, which is a similar dose used in HSCT regimens. Alemtuzumab should be given in divided doses
over several days, and the first dose should not exceed 3 mg.
Due to the high incidence of viremia after alemtuzumab, antiviral prophylaxis
should be given to all patients, and weekly virus scanning with PCR has been suggested. Prophylaxis for Pneumocystis jirovecii and extensive antifungal therapy are
also recommended [50].
The most frequent side effects of alemtuzumab are infusion reactions, including
fever, headache, skin rash, and nausea; In addition, patients are at risk for viral,
bacterial, and candida infections as well as autoimmune disorders [48–50]. Thus,
there are serious risks of alemtuzumab that must be weighed against the severity of
the CSS.

JAK Inhibitors
The Janus kinases (JAK) are cytoplasmic protein kinases responsible for the signal
transduction to the nucleus from the common gamma chain and other plasma membrane receptors of IL-2, IL-4, IL-7, IL-9, IL-15, IL-21, and IFN-γ. Some of these
agents are in clinical use, specifically for rheumatoid arthritis. The efficacy of JAK
inhibition in the treatment of FHL and MAS was demonstrated by two different
groups in murine models [55, 56]. Recently, two case reports documented some
efficacy in the use of JAK inhibition in treating HLH [57, 58]. The activity of JAK
inhibition is not exclusively dependent on IFN-γ blockade but also removal of
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multiple cytokines at the same time contributing to its activity [43]. Oral bioavailability is good and makes it superior to other injectable medications in chronic and
prolonged use. However, oral dosing is not optimal in the intensive care setting.
Side effects include an increased risk of infections, elevation in liver enzymes, neutropenia, hyperlipidemia, and an increase in serum creatinine [59]. The current role
of JAK inhibition for CSS is just being explored.

Hematopoietic Stem Cell Transplantation
The only therapeutic alternative for treatment of primary HLH and refractory HLH
is HSCT [11, 60, 61]. Primary HLH used to be a lethal disease. However, with the
use of chemoimmunotherapy combined with HSCT in the last 20 years, the survival
has increased more than 60% [62]. Fischer et al. reported the first successful allogeneic HSCT for HLH therapy in 1986, and the application of HSCT significantly
improved the survival of the patients since that time [63].
Indications for HSCT in HLH include genetically documented or familial HLH,
recurrent or progressive disease despite the recommended chemoimmunotherapy,
severe and persistent or reactivated after 8 weeks of initiation therapy, and central
nervous system involvement [42]. In all patients with primary HLH, preparation for
HSCT and donor screening should be started at the time of diagnosis in order to
perform HSCT as soon as possible. Early identification of genetic defects helps
enable the differential diagnosis from nongenetic forms of secondary HLH; therefore, HSCT can be performed earlier [42]. The outcome of HSCT is better in patients
with disease in remission at the time of HSCT. HSCT during active disease results
in higher graft failure and decreased overall survival rate [61, 64].
Two types of preparative regimens are used before HSCT: the myeloablative
conditioning (MAC), containing busulfan, cyclophosphamide, etoposide, and ATG;
reduced intensity conditioning (RIC) including fludarabine, melfalan or treosulfan,
and alemtuzumab. The survival rate of HSCT after MAC was 53–71% with more
transplant-related toxicity, including infections, veno-occlusive disease, respiratory
complications, and acute graft-versus-host disease, whereas, survival rate after RIC
was found to be 90% with lower toxicity [11, 53, 54, 61]. The most appropriate
donor for the HSCT should be determined on a case-by-case basis. Siblings may be
heterozygous or homozygous for HLH mutations; thus, genetic analysis should be
done in order to make sure that the donor does not have a genetic propensity for
developing HLH.

Conclusion
There is still an unmet need for alternative treatments of CSS. A collaboration
between the hematology, rheumatology, and immunology teams is important in the
management of secondary HLH and other CSS. Biologic treatments are at the
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forefront of HLH treatment, secondary to rheumatic diseases. However, the rheumatology community needs multicenter, controlled studies to decide on the indications and use of these alternative treatments, especially plasmapheresis. There are
established and emerging alternative therapies for refractory HLH, and in the future
a personalized medicine approach may yield optimal treatment while weighing the
potential for side effects of the more aggressive approaches to treatment.
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Salvage Therapy and Allogeneic
Hematopoietic Cell Transplantation
for the Severe Cytokine Storm Syndrome
of Hemophagocytic Lymphohistiocytosis
Rebecca A. Marsh

Introduction
Cytokine storm syndromes have been described as disorders which are characterized by life-threatening systemic inflammation [1]. As such, the life-threatening
syndrome of hemophagocytic lymphohistiocytosis (HLH) can be considered as a
severe cytokine storm syndrome disorder. The syndrome of HLH is diagnosed on a
clinical basis, and many clinicians use the criteria that were previously established
by the Histiocyte Society for use in the HLH-1994 and HLH-2004 clinical trials
(discussed elsewhere) [2, 3]. Patients with HLH typically present with fevers, cytopenias, and hepatosplenomegaly, and may also experience coagulopathy and other
problems. Some patients develop central nervous system involvement including
altered mental status or seizures. Patients may develop liver inflammation or present
with acute liver failure. Laboratory abnormalities that indicate inflammation and
abnormal T-cell activation are used to aid in making a diagnosis of HLH and include
elevations in triglycerides, ferritin, and soluble IL-2 receptor alpha chain (soluble
CD25). Increasingly, measurement of increased HLA-DR expression on T cells is
being used [4], and markers of interferon gamma or inflammasome activation such
as CXCL9 and IL-18, respectively, are also gaining in use. Despite an increased
awareness of HLH, HLH remains difficult to treat in many cases and is generally
fatal if not treated.
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Primary Versus Secondary HLH
HLH may be classified as either primary or secondary, depending on whether or not
a genetic disease which causes HLH is proven (or strongly suspected). Primary
HLH is caused by several genetic disorders, most of which are associated with
defects in cytotoxic lymphocyte granule-mediated cytotoxicity. Mutations in PRF1,
UNC13D, STX11, STXBP2, RAB27A, and LYST all cripple lymphocyte granule-
mediated cytotoxicity [5–10]. Mutations in RAB27A and LYST can also compromise
other granule-mediated processes such as pigmentation or platelet function. Patients
with mutations in RAB27A are usually classified as having Griscelli syndrome,
though not all patients have obvious pigmentary abnormalities, and patients with
LYST mutations are classified as having Chediak–Higashi syndrome.
Other causes of primary HLH include mutations in SH2D1A, which cause
X-linked lymphoproliferative disease type 1 (XLP1) [11–13], and mutations in
XIAP/BIRC4 which cause X-linked lymphoproliferative disease type 2 (XLP2)
[14]. The mechanisms of disease in these disorders are more complicated and are
discussed elsewhere (Verbist and Nichols). Briefly, SH2D1A mutations lead to
defects in SLAM-associated protein (SAP) which cause defective 2B4-mediated
cytotoxicity, absence of invariant natural killer cell development, defective T cell
restimulation-induced cell death, and other humoral and cellular problems [15–18].
These defects predispose patients to Epstein-Barr virus associated HLH, malignant
lymphoma, hypo/dysgammaglobulinemia, and other disease manifestations.
Mutations in XIAP/BIRC4 lead to defects in X-linked inhibitor of apoptosis (XIAP)
which causes an increased susceptibility to cell death, defective NOD2 signaling,
and dysregulated TNF receptor signaling and inflammasome regulation [14, 19–
21]. Patients with XIAP deficiency are prone to HLH, recurrent incomplete HLH
episodes (lacking 5/8 commonly used criteria), inflammatory bowel disease, hypogammaglobulinemia, recurrent infections, uveitis, and other complications. HLH
can also be caused by activating mutations in NLRC4, due to constitutive activation
of the NLRC4 inflammasome [22, 23]. Importantly, a diagnosis of primary HLH
can additionally be entertained in patients who lack a genetic diagnosis, based on
recurrence of HLH over time or because of a family history of HLH, either of which
suggest a fixed inherited defect which has not been discovered as of yet. Moreover,
there have been reports of late-onset HLH associated with heterozygous mutations
in the same cytolytic pathway genes, and some have been shown to act in a dominant-
negative fashion [24, 25]. This has blurred the distinction of what is called primary
and what is called secondary HLH [26].
Secondary HLH is typically said to occur in patients without a proven or suspected genetic disorder, often in association with a very strong immunologic stimulus such as an infection or malignancy, or in the setting of immune compromise due
to immunosuppressive treatments. Patients with underlying rheumatologic diseases
are also prone to HLH, which is usually termed “macrophage activation syndrome”
(MAS) in this setting. Patients with secondary HLH are treated with attention to the
underlying trigger, along with HLH therapy in many cases.
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HLH Treatment and Shortcomings
Despite the distinction between primary and secondary HLH and differences in the
severity of genetic etiologies of patients with primary HLH, the upfront treatment of
active HLH is generally similar. The most often used treatment in many centers
consists of dexamethasone and etoposide with varying courses of cyclosporine,
which has been studied in two prospective trials conducted by the Histiocyte Society
[2, 3]. The second trial incorporated the early addition of cyclosporine but to date,
cyclosporine treatment in the early active phase of HLH has not been proven to offer
any additional benefit. Due to its associated toxicities such as posterior reversible
encephalopathy syndrome (PRES), some experts do not recommend routine early
cyclosporine use for HLH. An alternative regimen pioneered in France consists of
anti-thymocyte globulin (ATG) with steroids and cyclosporine [27].
Unfortunately, neither standard approach confers a complete response for all
patients. Steroid and etoposide-based treatment results in complete response with
2 months of treatment in only approximately half of patients (Table 1) [2]. ATG-
based treatment offers a complete response rate of approximately 73% (Table 1)
[27]. Furthermore, patients who respond to initial therapy may experience a relapse
of HLH, which may or may not respond to intensification of standard-of-care
therapy.
Other treatment approaches exist for HLH, but robust information regarding efficacy is generally still lacking. A trial of hybrid immunotherapy for HLH that combined steroids, etoposide, and ATG has been recently completed, but results are not
yet available (personal communication, Michael Jordan, PI). There are trials open at
the time of writing for alemtuzumab (https://clinicaltrials.gov/ct2/show/NCT02472
054?term=alemtuzumab&cond=HLH&rank=1) and an anti-interferon gamma
monoclonal antibody (https://clinicaltrials.gov/ct2/show/NCT01818492?term=inte
rferon+gamma&cond=HLH&rank=3) (discussed elsewhere). Jak inhibitors are
another class of possible novel therapeutics for patients with HLH based on excellent murine data [28, 29] and a trial specifically for secondary HLH is currently
open in Michigan (https://clinicaltrials.gov/ct2/show/NCT02400463?term=ruxoliti
nib&cond=HLH&rank=1). Additional approaches are also sometimes used for
patients with HLH, especially MAS, such as therapeutics directed at IL-1 or IL-6
which are discussed in other chapters. Despite the increasing experience with these
Table 1 Response rates to standard HLH treatment regimens
References
Henter et al. [2]

Treatment
regimen
HLH 1994

Mahlaoui et al.
[27]

ATG (rabbit), MP 38 (45
Courses)

N
113

CR
PR
NR
Relapse
56
34
4
7
(53%)a
(32%)a
(4%)a
33 (73%) 11 (24%) 1 (2%) 8

CR complete response, PR partial response, NR no response, ATG anti-thymocyte globulin, MP
methylprednisolone
a
12 patients (11%) died and were not included in response assessment
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therapeutic modalities and ongoing clinical trials, no alternative standard-of-care
currently exists for patients with HLH. Thus, it can be expected that most patients
will receive dexamethasone and etoposide based therapy, and given the response
and relapse rates, many primary HLH patients will require additional or salvage
therapy.

Salvage Therapy of HLH
Despite a need for salvage therapy in many patients with HLH, there is remarkably
little data to support choices regarding immunosuppressive or chemotherapeutic
agents. Additionally, there have been no prospective trials of salvage therapy for
patients with refractory or relapsed HLH.
A salvage therapy working group was formed several years ago within the
Histiocyte Society, and the group recently reviewed the existing literature regarding
salvage therapy options [30]. The authors included agents which had been used in
at least two patients who had been previously treated with steroids and either etoposide or ATG. Only four therapeutic approaches met these criteria, including anakinra,
ATG, alemtuzumab, and a regimen that combined liposomal doxorubicin with steroids and etoposide (Table 2).
Anakinra, an interleukin 1 receptor antagonist, was reported to result in complete
resolution of HLH in three patients with either cytophagic histiocytic panniculitis
and secondary HLH or rheumatologic disease-associated HLH [31, 32]. There were
no serious complications reported. This limited evidence suggests that anakinra
may be a good salvage option for patients with HLH associated with rheumatologic
disease, and there is additional evidence to support its use in HLH/MAS associated
with systemic juvenile idiopathic arthritis [33]. However, further experience is
needed, and there is no reported evidence to suggest that anakinra is a good option
for patients with primary HLH.
Two patients reported by Mahlaoui et al. within the French report of rabbit ATG
(Genzyme) for HLH received ATG as second line therapy following steroids and
etoposide and achieved complete responses [27]. Seven patients were reported who
received ATG following a previous course of ATG, and six patients achieved complete responses. Complications in these patients were not specifically reported, but
in the larger group of patients reported in the series, fever and chills, infections, and
neutropenia occurred in 16–40% of patients.
Alemtuzumab has been reported for the salvage therapy of 24 mostly pediatric
and young adult cases of refractory HLH [34–36]. Alemtuzumab is a lymphodepleting humanized monoclonal antibody directed against CD52, which is expressed by
most lymphocytes and some other hematopoietic cells. Sixteen of 24 cases (67%)
were reported to experience a partial response and the rest had no response. Fever
(n = 4), transient worsening of neutropenia (n = 4) or thrombocytopenia (n = 2) were
observed in the larger series of 22 patients. Viral reactivations were common as
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Table 2 Therapeutic agents or approaches which have been used to treat at least two patients with
HLH who were previously treated with steroids and etoposide or steroids and ATG
Salvage
agent
Anakinra
Behrens
et al. [31]
Miettunen
et al. [32]

N

Dosing regimen(s)

1

2 mg/kg/day

2 (anakinra
following
steroids and
etoposide)
ATG (rabbit)
Mahlaoui 2 (following
et al. [27] steroids and
etoposide)
7 (following
previous
steroids and
ATG)
Alemtuzumab
Strout
1
et al. [35]
Gerard
1
et al. [36]
Marsh
22
et al. [34]

DEP
Wang
et al. [37]

34
(lymphoma
patients were
excluded)

Time of response
evaluation

CR PR NR

1 week (less for
some symptoms)
10 days

1

ATG: 25 or 50 mg/kg divided
over 5 consecutive days.
Methylprednisolone: 4 mg/kg
per day given with the ATG
and then tapered.

For all patients
included in the
report (n = 38, 45
courses) CR was
achieved in a
median time of
8 days (range
4–15 days)

2
6

30 mg sc three times a week

1 week

1

30 mg sc three times a week

1 and 2 weeks

1

Median 1 mg/kg (range
0.1–8.9 mg/kg) divided over a
median of 4 days (range
2–10 days) as a first or only
course

2 weeks

2 mg/kg/day

Liposomal doxorubicin 25 mg/ 2 and 4 weeks
m2 on day 1
Etoposide 100 mg/m2 weekly
Methylprednisolone 15 mg/
kg days 1–3, 2 mg/kg days
4–6, 1 mg/kg days 7–10,
0.75 mg/kg days 11–14,
0.5 mg/kg days 15–21, and
0.4 mg/kg days 22–28

2

12

1

14

8

14

8

would be expected, and CMV and adenovirus viremias occurred in 23–32% of
patients following alemtuzumab.
The last approach to salvage therapy reported was a regimen consisting of liposomal doxorubicin given in conjunction with steroids and etoposide (DEP) in
mostly adult patients [37]. Twenty-six out of 32 patients without malignancy who
were treated were reported to have a complete (n = 12, 38%) or partial response
(n = 14, 44%). The authors did not report any evidence of bone marrow toxicity, or
new or worsening infections directly associated with the DEP regimen. While the
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experience suggests utility for this approach and limited complications, it is difficult
to determine what the response would have been over time if patients would have
simply continued steroids and etoposide without a dose of liposomal doxorubicin.
Given the limited experience upon which to base decisions regarding the salvage
therapy of patients with HLH, it is clear that additional clinical studies are needed.

Allogeneic Hematopoietic Cell Transplantation for HLH
Unfortunately, for patients with primary forms of HLH, curative therapy with allogeneic HCT is often the best course of action to maximize patient outcomes. The
indications for transplantation for patients with XLP2 and NLRC4 mutations remain
somewhat controversial or unclear, respectively, but for the other forms of primary
HLH, transplant is a generally accepted approach. An HLA-matched sibling donor
remains the ideal donor, but care should be taken to ensure that the sibling is not also
affected by genetic HLH disease. When an HLA-matched sibling is not available,
an HLA-matched unrelated donor is the preferred alternative; choices regarding
other alternative donor sources if a matched unrelated donor is not available are
transplant center dependent.
Historically, myeloablative conditioning (MAC) was used for allogeneic HCT
for patients with HLH. Outcomes were very poor, with only 43–73% survival in all
but two larger reports published after 2002 (Table 3) [2, 38–44]. The risk of death
due to acute toxicities such as hepatic veno-occlusive disease and pulmonary hemorrhage in the first 100 days following HCT was very high. MAC HCT outcomes

Table 3 Outcomes of myeloablative conditioning regimens reported for larger groups of patients
with HLH disorders since 2002
Study
Henter et al. [2]
Horne et al. [38]
Ouachee-Chardin et al. [39]
Eapen et al. [57]
Baker et al. [40]
Cesaro et al. [41]
Pachlopnik Schmid et al. [58]
Al-Ahmari et al. [59]
Yoon et al. [42]
Marsh et al. [43]
Ohga et al. [44]
Booth et al. [49]
Patel et al. [52]
OS probability of overall survival

N
65
86
48
35 (Chediak–Higashi)
91
61
10 (Griscelli type 2)
11 (Griscelli type 2)
19
14
43 (1 autologous)
23 (XLP1)
10

Survival (years)
62% (3 year OS)
64% (3 year OS)
59% (10 year OS)
62% (5 year OS)
45% (5 year OS)
59% (8 year OS)
70% (Various)
91% (Various)
73% (5 year OS)
43% (3 year OS)
65% (10 year OS)
83% (Various)
60% (Various)
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seem particularly poor for patients with XIAP deficiency, with only 14% survival in
a small international survey [45].
The poor survival in patients with HLH led to interest in alternative reduced
intensity conditioning (RIC) approaches. In the last 10–15 years, RIC regimens
have been shown to improve survival for patients with HLH. The most widely used
RIC regimen for patients with HLH consists of alemtuzumab, fludarabine, and melphalan, and survival with this approach is generally greater than 70% (Table 4) [43,
46–50]. Again, outcomes appear somewhat lower for patients with XIAP deficiency
[45], but when these patients are transplanted with RIC in remission of HLH, survival appears to be greater than 80% [45, 50].
Despite the increased survival observed with RIC HCT, RIC with alemtuzumab,
fludarabine, and melphalan is complicated by high rates of developing mixed donor
and recipient chimerism following HCT [43, 48]. Patients with HLH do not require
100% donor chimerism to remain free of HLH, but decreases of whole blood donor
chimerism to less than 30% are associated with risk of HLH relapse [51]. Many
patients treated with this approach require additional hematopoietic cell products
following HCT which are given in efforts to stabilize or increase donor contribution
to hematopoiesis. At least 5% of patients require repeat HCT [48]. A modified RIC
regimen consisting of alemtuzumab, fludarabine, melphalan, hydroxyurea, and
thiotepa has been utilized in the umbilical cord setting for four patients with HLH,
with three of four patients maintaining sustained graft function [52]. RIC HCT with
alemtuzumab, fludarabine, and melphalan is also complicated by high rates of
infections, particularly viral reactivations which require close monitoring and
treatment.
Given these unique complications of RIC HCT, efforts are being made to improve
the regimen by studying the pharmacokinetics of alemtuzumab [53, 54] and melphalan (personal communication, Parinda Mehta and Sharat Chandra). A prospective study of alemtuzumab, fludarabine, and melphalan was also recently completed
by the Blood and Marrow Transplant Clinical Trials Network (BMT CTN) and the
results of this study are currently under analysis. Alternatively, some centers are
Table 4 Outcomes of reduced intensity conditioning regimens in patients with HLH
References
Cooper et al. [46]
Cooper et al., follow-up [47]
Marsh et al. [43]
Marsh et al. [48]

N
12
25
26
91

Marsh et al. [60]
Booth et al. [49]
Marsh et al. [45]
Ono et al. [50]

16 (XLP1)
23 (XLP1)
11 (XLP2)
8a (XLP2)

Survival (years)
75% (30 month median follow-up)
84% (3 year median follow-up)
92% (3 year OS)
70% (3 year probability of event-free
survival)
80% (1 year OS)
79% (various)
57% (1 year OS)
90% (3 year OS)

OS probability of overall survival
a
An additional patient was only followed for 5 months post-HCT and not included in the survival
analysis
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gaining experience with reduced toxicity approaches using treosulfan or targeted
low dose or low area under the concentration-time curve (AUC) busulfan-based
regimens. The experience gained in the next 5–10 years may dramatically advance
the field of transplantation for HLH.
A few other special considerations should be noted regarding allogeneic HCT for
patients with HLH. When possible, allogeneic HCT should be performed when
patients are in remission from HLH. Outcomes are generally better when patients
are in remission at the time of HCT. In patients with XLP1, outcomes have even
been shown to be better in patients who have never developed HLH compared with
those who have a history of HLH [49]. These data prompt some transplant physicians to recommend allogeneic HCT for asymptomatic patients with genetic HLH
disorders, though this remains controversial. If it is not possible to achieve remission in patients with HLH, allogeneic HCT should still be attempted.
Special consideration should also be given to patients with central nervous system (CNS) HLH. Like systemic HLH, CNS HLH should ideally be in remission
prior to HCT. However, if not possible, allogeneic HCT should still be attempted if
feasible, as allogeneic HCT can halt CNS HLH [55] (though fixed defects due to
prior CNS damage may not reverse). Of note, patients with a history of CNS HLH
are prone to CNS relapse in the early period following HCT, and should be monitored for signs or symptoms of CNS HLH early post-HCT [56]. Screening lumbar
punctures following HCT can also be considered [55, 56]. Needless to say, CNS
HLH complicates therapy and outcomes.

Conclusions
Here we have reviewed the current experience with the salvage therapy of HLH and
definitive treatment of genetic HLH disorders with allogeneic HCT. Outcomes for
patients with HLH have certainly improved for patients with HLH over the last
decade, but more work is clearly needed in order to improve still sub-optimal survival rates for patients. Prospective salvage trials for patients with refractory HLH
are needed in order to compare salvage options for efficacy rates and toxicity profiles. Improvements to current reduced intensity conditioning transplant approaches
are needed in order to ensure sufficient sustained graft function in patients treated
with RIC HCT. Fortunately, the HLH field is brimming with researchers who are
working to advance salvage therapy and transplant approaches. Large collaborative
efforts through organizations such as the Histiocyte Society and the North American
Consortium for Histiocytosis will facilitate these efforts and will help to improve
outcomes for patients with HLH as swiftly as possible.
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