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Abstract | A hyperinflammatory ‘cytokine storm’ state termed macrophage activation syndrome
(MAS), culminating from a complex interplay of genetics, immunodeficiency, infectious triggers
and dominant innate immune effector responses, can develop across disparate entities including
systemic juvenile idiopathic arthritis (sJIA) and its counterpart adult-onset Still disease (AOSD),
connective tissue diseases, sepsis, infection, cancers and cancer immunotherapy. Classifying
MAS using the immunological disease continuum model, with strict boundaries that define the
limits of innate and adaptive immunity, at one boundary is MAS with loss of immune function,

as occurs in the ‘perforinopathies’ and some cases of sJIJA-AOSD. Conversely, at the other boundary,
immune hypersensitivity with gain of immune function in MHC class ll-associated sJIA-AOSD

The term ‘cytokine storm’ entered the popular lexicon
with previous influenza virus pandemics but has become
even more mainstream because of the severe inflam-
mation that can accompany SARS-CoV-2 infection'.
Despite the availability of contemporary immunologi-
cal techniques that can measure cytokines down to the
femtograms per millilitre range, there is no definition
of what actually constitutes a cytokine storm'; however,
in the broadest sense, the term refers to high cytokine
concentrations in specific clinical contexts. Many sce-
narios, including infection, aberrant immunity, cancer
and cancer immunotherapy, are associated with cytokine
storm, also known as cytokine release syndrome (CRS)
or hypercytokinaemia. Although the cytokine storm
concept is poorly defined, it can certainly evolve,
sometimes rapidly, into different clinico-pathological
entities. One of these entities is macrophage acti-
vation syndrome (MAS), which is typified by fever,
variable hepatosplenomegaly, elevations in CRP con-
centration, hyperferritinaemia, haemophagocytosis,
cytopenias (including pancytopenia), and coagulop-
athy linked to liver dysfunction and to disseminated
intravascular coagulation (DIC) (reviewed thoroughly
elsewhere’™).

and with chimeric antigen receptor (CAR) T cell therapy also triggers MAS. This provides a
benchmark for evaluating severe inflammation in some patients with COVID-19 pneumonia,
which cripples primary type | interferon immunity and usually culminates in a lung-centric
‘second wave’ cytokine-driven alveolitis with associated immunothrombosis; this phenomenon
is generally distinct from MAS but can share features with the proposed ‘loss of immune function’
MAS variant. This loss and gain of function MAS model offers immune cartography for a novel
mechanistic classification of MAS with therapeutic implications.

The MAS terminology originally emerged in
rheumatology in relation to systemic juvenile idio-
pathic arthritis (sJIA) and adult-onset Still disease
(AOSD), with both considered to be part of the same
disease continuum, in which context MAS was also
termed secondary haemophagocytic lymphohistiocy-
tosis (HLH; also known as reactive or acquired HLH)
because of the striking overlap with primary HLH (also
known as familial HLH)®, which was originally defined
as a paediatric monogenic immunodeficiency state with
hyperinflammation®. It is clear that MAS has a complex
relationship with infectious disease, but this relationship
is not well defined. Many viral diseases, including the
contemporary COVID-19 caused by SARS-CoV-2, have
been linked to a MAS-type phenotype with hyperferriti-
naemia and DIC, but the incidence of this classical MAS
picture in COVID-19 awaits fuller description’. Indeed,
the COVID-19 pandemic has brought the issue of
cytokine storm and MAS to a wider medical and immu-
nology audience. However, as outlined below, therapies
that can be curative in MAS are not especially effective
in severe COVID-19, which has not been adequately
explained. In this article, we propose two major subdi-
visions within the classification of MAS, which hitherto
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Key points

¢ Dysregulated production of IFNy and other pivotal cytokines including IL-1, IL-6 and
IL-18 can arise from either loss or gain of function in the immune response, with
different implications for therapy and prognosis.

¢ Although macrophage activation syndrome (MAS) is often termed autoinflammatory
in both loss and gain of function phenotypes, adaptive lineage cells, especially T cells,
are clearly important in both settings.

* The distinct MAS phenotype that arises with hypercytokinaemia can be explained by
activation of macrophages that are closely juxtaposed to sinusoids that permit direct
phagocytic access to haematopoietic lineage cells.

* Recognizing MAS variants and the important anatomical considerations around
macrophage perivascular topography in the marrow, liver and spleen allows for a
novel evaluation of other states associated with hypercytokinaemia.

* Considering the boundaries of immunodeficiency and immune hypersensitivity in
MAS related to systemic juvenile idiopathic arthritis and adult-onset Still disease, and
the role of lymphoid cells, severe COVID-19 is generally a distinctive lung-specific
immunopathology.

* The proposed model for MAS immune heterogeneity and cellular topography can be
applied to understanding other hyper-inflammatory conditions.

has generally been viewed as innate immune-driven or
autoinflammatory in nature. We frame this model in
the context of cytokine-targeting strategies proposed
for the treatment of COVID-19, which we believe could
be erroneous because of the conflation of two distinct
MAS immunopathologies — one with loss of immune
function and the other with gain of immune function.
We also consider the cytokine storm phenotype in chil-
dren with what is termed multisystem inflammatory
syndrome in children (MIS-C; also known as paediatric
inflammatory multisystem syndrome temporally associ-
ated with COVID-19)?, which is also distinct from MAS.
We also highlight how many viral infections, including
SARS-CoV-2, can trigger MAS, but some viral infections
trigger a diffuse haemorrhagic disease phenotype that
differs from other cytokine storm scenarios and MAS,
with a strong bleeding diathesis, but this viral haemor-
rhagic phenotype is not well understood. Finally, we
discuss the emerging data pertaining to sJIA-AOSD
spectrum disease in which certain cytokine-directed
therapies might not prevent development of MAS.

MAS versus other cytokine storm states

Initial cytokine storm or hypercytokinaemia states might
lead to several discrete clinical scenarios, including
MAS, and these scenarios can quickly and concur-
rently appear or evolve (FIG. 1). Although we highlight
differences in these cytokine storm scenarios, the
severe cytokine storm associated with superagonistic
anti-CD28 antibodies showed rapid and concurrent
evolution of different clinical phenotypes’ (FIC. 1).
Furthermore, the cytokine storm associated with CAR
T cell therapy appears within days; although exhib-
iting features of MAS, it can be much more extensive
with multi-organ involvement'® and, as described later,
responds differently to anti-IL-6 therapy.

The kinetics of MAS in sJIA-AOSD differs from the
aforementioned scenarios, having a generally slower
evolution; the earliest phases of active sJTA-AOSD
strongly overlap clinically with MAS, reflecting initial
hypercytokinaemia that is followed by macrophage

haemophagocytosis in the bone marrow, liver, spleen
and other sites'"'? (FIG. 1a). In some cases of hypercy-
tokinaemia, the predominant picture is of an initial
capillary leak syndrome (CLS) with severe oedema,
weight gain and hypotension (FIG. 1b). Unlike MAS, this
cytokine storm state is associated with predominant
endothelial dysfunction, with a normal (rather than low)
haemoglobin concentration, diffuse fluid retention and
progressive organ damage” (FIG. 1b). The CLS state also
probably accounts for other manifestations, including
cardiac, gastrointestinal and neurological dysfunction,
among other scenarios, that are common following CAR
T cell therapy'* and that are being reported in MIS-C'*".

A third hypercytokinaemia scenario that is often, but
not exclusively, linked to sepsis without specific evidence
of MAS or CLS has been termed systemic inflamma-
tory response syndrome (SIRS). SIRS can progress to
multi-organ dysfunction syndrome (MODS), which
includes acute respiratory distress syndrome (ARDS)*.
The SIRS scenario probably reflects the influence of
microorganism-mediated activation of organ-resident
immune cells via pattern recognition receptors or
direct tissue injury via damage-associated molecular
pattern-mediated organ damage, distinct from MAS
or CLS phenotypes (FIC. 1¢). Severe SARS-CoV-2 infec-
tion that leads to intra-pulmonary immune activation,
including regional but not systemic macrophage acti-
vation with associated immunothrombosis, generally
fits within this SIRS scenario. However, SARS-CoV-2-
related hypoxaemia with lung-centric cytokine dys-
regulation might not trigger considerable elevations in
cytokines or systemic inflammatory markers, but can be
successfully stratified and treated with corticosteroids
on the basis of hypoxia and oxygen requirements”. The
remarkable degree of pulmonary capillary and adja-
cent vasculature immunothrombosis probably explains
the low frequency of viral nucleic acid detection in the
blood”, thus minimizing the magnitude of systemic
cytokine responses.

Although MAS can be associated with coagulopa-
thy, in another scenario a predominant intravascular
MAS-like state exists. This scenario typically occurs in
viral haemorrhagic fevers that demonstrate a tropism
for monocyte lineage cells, including dengue?, influ-
enza and Ebola virus disease*** (FIC. 1d), in which it has
long since been demonstrated that cytokines derived
from mononuclear cells, rather than direct endothe-
lial infection, can be the main orchestrator of endothelial
damage™.

According to the scheme in FIG. 1, cytokine storm fea-
tures have two major subdivisions: those attributable to
cytokines derived from the lymphoid organs (FICS 1a,b) or
cells (FIG. 1d), and from cytokines emerging from infected
or damaged non-lymphoid tissues, which could be col-
loquially described as ‘in house’ cytokine production
(FIG. 10). In a study of patients with severe inflammation
and fatal influenza infection, for example, IL-6 and IL-1
concentrations were much higher in the diseased lung
in comparison with the serum, whereas IFNy levels
were modestly elevated and comparable in the serum
and lung, probably reflecting the extra-pulmonary lym-
phoid tissue origins of the latter cytokine”. We believe

146 | MARCH 2021 | VOLUME 17

www.nature.com/nrrheum



a Classical MAS with haemophagocytosis (in liver,
spleen, marrow and elsewhere) and coagulopathy

Exogenous cytokines activate haemophagocytosis

* IFNy
* GM-CSF
e Other cytokines

——

Bone marrow Spleen Liver

> B

Macrophage

¢ Multi-organ dysfunction syndrome

Sepsis with adjuvant and cytokine-
associated organ damage

b Cytokine storm leading to CLS

Cytokine activation
of endothelium

d Viral infection of macrophages with coagulopathy
and diffuse bleeding

B

OOO o o

Fig. 1| The cellular basis for MAS and allied disorders. Cytokine storm can manifest in different ways. It isimportant

to point out that these scenarios can rapidly and simultaneously evolve in some settings in which scenarios division is
artificial. a| Where the monocyte system comes into direct contact with the circulation in the liver, spleen and bone
marrow, a physiological mechanism exists for the removal of worn red blood cells (RBCs). A predominant dysregulation
of this mechanism in the context of a cytokine storm leads to the ‘classical’ macrophage activation syndrome (MAS)
phenotype. This phenotype is associated with severe systemic inflammation and can trigger a disseminated intravascular
coagulation (DIC). b | Cytokines predominantly affecting the endothelial system give rise to a different cytokine storm
scenario, characterized by a capillary leak syndrome (CLS) that manifests with hypotension, diffuse tissue oedema and

hypoalbuminaemia as key features. ¢ | Organ-specific bacterial or viral infection and/or septicaemia can trigger a cytokine
storm that can lead to specific dysfunction of that organ (for example, the lung with SARS-Cov-2 infection) and contribute
to progressive multi-organ dysfunction without specific features of MAS or CLS. The influence of adjuvant and cytokine
release on pattern recognition and cytokine receptors and the site of organ infection can trigger local or systemic
inflammation. Unlike the classical MAS pathology, in which lymphoid dysregulation and high levels of IFNy can promote
pathology, this scenario might be more strongly linked to tissue-specific dysfunction with comparatively low levels of IFNy,
as the pathology is more innate immune-driven. The inflammatory state triggered by COVID-19 better fits this scenario of
organ-specific dysfunction related to infection. d | A MAS-like state dominated by coagulopathy due to intravascular viral
infection of monocyte lineage cells with cytokine release and prominent clotting cascade activation can exhibit features

of DIC. Unlike the DIC of classical MAS, however, this DIC reflects a viral tropism for macrophages. This cytokine storm
scenario is typically seen with haemorrhagic viral infection that usually involves circulatory myeloid cells and manifests
as diffuse bleeding in addition to MAS-like features. GM-CSF, granulocyte-macrophage colony-stimulating factor.

that terms like MODS and SIRS are applied inappro-
priately as diagnostic terms in scenarios in which
there could be such immune-compartmentalized and
immune-associated organ dysfunction. Although these
scenarios are more difficult to recognize than MAS or
CLS, and using the SIRS and MODS labels could lead
to a false sense of security in managing adults and chil-
dren exclusively with supportive care, whereas immu-
nomodulatory therapies should be considered given the
reported inter-relationships between these conditions
(that is, SIRS and MODS) and MAS*.

Monocyte system topography in MAS

In physiology, worn-out cells are removed by effe-
rocytosis, in which phagocytic cells clear apoptotic
cells. However, effete red blood cells (RBCs), hav-
ing no nucleus, cannot undergo apoptosis and are

physiologically removed by haemophagocytosis, which
can occasionally be seen in normal bone marrow exam-
ination or during infection. The monocyte system, also
known as the reticuloendothelial system, is responsible
for removing RBCs and is mainly operational in the
bone marrow sinusoids, the liver sinusoids and spleen
red pulp sinusoids; anatomically, all of these sites char-
acteristically enable direct contact between macrophages
and the circulation (and thus erythrocytes) (FIC. 2a).
The spectrum of inflammation in MAS is typified by
severe systemic features that can occur in the absence
of discernible organ involvement. Whole-body PET
scanning can be normal in the face of severe systemic
inflammation®, which suggests a high burden of inflam-
mation undetectable by PET, probably reflecting the
involvement of dynamically circulating immunocytes —
especially activated mononuclear phagocytes and
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Fig. 2 | The MAS phenotype in relation to physiological erythrocyte
disposal. a | Erythrocytes, which lack a nucleus and cannot undergo
apoptosis, are physiologically removed by the reticuloendothelial system
by macrophages that are strategically juxta-positioned in sinusoids in the
bone marrow, liver and splenic red pulp so that they have direct access to
circulatory red blood cells (RBCs). The precise basis for why cytokine storm
scenarios trigger macrophage activation syndrome (MAS) rather than
other scenarios such as capillary leak syndrome or multi-organ dysfunction
syndrome remains to be better defined. b | Experimental models

show how the erythrocyte removal system is finely tuned. The normal
physiological state of erythrocyte disposal involves M2 macrophage
polarization. In experimental settings, perturbations towards T helper 1
(T,1) cytokines (including IFNy) or T,,2 cytokines (via excessive |L-4
production) lead to haemophagocytosis, in an exaggeration of the normal
physiology. Experimentally, IL-10 production by haemophagocytosing
macrophages exerts an anti-inflammatory effect in the local environment,
thus representing counterbalancing of haemophagocytosis.
GM-CSF, granulocyte-macrophage colony-stimulating factor.

neutrophils — and also the fact that such cells are dif-
fusely dispersed in the tissues. Indeed, when *FDG-PET
scanning is positive in MAS cases, uptake of FDG is
increased in the spleen and marrow, two important
sites of effete RBC degradation®. Collectively, the MAS
pattern of cytokine storm seen in sJIA-AOSD probably
reflects progressive anaemia and coagulopathy, generally
affording the physician time to recognize it.

Cytokines and haemophagocytosis

Haemophagocytosis in experimental MAS is orches-
trated by cytokines including IFNy, GM-CSEF, IL-6
and IL-1, with some of these cytokines providing
strong autocrine activation of macrophages’~**. The
first cytokine incriminated in experimental MAS was
IFNy, in perforin-deficient mice®. In experimen-
tal murine models other than perforin deficiency,
non-immunodeficient mice repeatedly fed a TLR ago-
nist or infected with lymphocytic choriomeningitis virus
(LCMYV) developed haemophagocytosis™. Demonstrable
haemophagocytosis in the TLR9-induced model was
dependent on IL-10 blockade but not on T cells™.
LCMV-induced haemophagocytosis was dependent on
type I interferon, which was readily measurable in the
peripheral blood*. Such type I interferon-dependent
signatures are also an important feature of severe sys-
temic lupus erythematosus (SLE) in humans, which has
a well-recognized association with MAS*. However,
human SLE-associated MAS has also been linked to

IFNy¥, the aforementioned key cytokine in the origi-
nal perforin-deficiency murine models of MAS. With
respect to IFNy, humans with loss-of-function muta-
tions in the IFNYy receptor reportedly develop features of
MAS but without haemophagocytosis*’, thus implicating
other cytokines in the phenotype. However, in the afore-
mentioned TLR9-induced MAS model, IFNy knockout
mice were protected from anaemia but not from other
cytopenias, and still experienced haemophagocytosis
following anti-IL-10 therapy*'.

The normal physiological state of erythrocyte disposal
involves M2 macrophage polarization, but further M2
shifting is linked to haemophagocytosis in experimental
MAS, in which excessive amounts of IL-4, an archetypal
M2 cytokine, exacerbates haemophagocytosis*>*, thus
illustrating the finely balanced macrophage biology
that regulates normal disposal of effete RBCs (FIC. 2b).
A particular feature of MAS as compared with sepsis
is a CRP-independent elevation of soluble CD163 (hae-
moglobin scavenger receptor) and CD163 expression
in tissues®, and it has been suggested that most of the
macrophages involved in haemophagocytosis might be
predominantly M2 polarized (FIG. 2b). Intriguingly, in the
LCMV- and TLRY ligand-induced models of haemo-
phagocytosis, IL-10 production by haemophagocytosing
monocyte-derived dendritic cells was important in mit-
igating tissue damage and mortality, as either blockade
of IL-10 or blockade of haemophagocytosis itself was
associated with a worse outcome”’.
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The MAS concept in the context of HLH

Great insights into MAS have been gleaned from the
paediatric haematology community’s experience with
primary HLH, and this experience has strongly shaped
the immunopathogenesis narrative of MAS associated
with sJTA-AOSD*. The MAS activation in the paedi-
atric arena outside primary HLH is characterized as a
form of secondary HLH in paediatric haematology.
Primary HLH is a systemic, progressive and poten-
tially fatal autosomal-recessive condition that is genet-
ically and functionally defined by immunodeficiency
of the ‘killing machinery’ of natural killer (NK) cells
and cytotoxic T cells*® (FIG. 3). When target cells are
not efficiently killed, prolonged immunological syn-
apse formation occurs, resulting in high levels of IFNy
production that in turn lead to macrophage activa-
tion with haemophagocytosis”’. A variety of primary
HLH-associated genetic mutations that lead to the
‘perforinopathies, which are characterized by defective
trafficking of cytolytic granules from lymphocytes
to target cells, have been described, including PRFI,

CART cell gain
of function

CART cell

L

REVIEWS

LYST, RAB27A, STXBP2, UNCI13D and STX11, as
well-reviewed elsewhere*>.

The primary HLH narrative, with its intrinsic immu-
nodeficiency rather than immune hypersensitivity, has,
in the main, underpinned the entire concept of sJIA and
MAS immunopathology. Although primary HLH was
originally described as an autosomal-recessive disease
of infancy or childhood, it was later shown that 14% of
adults with a primary HLH phenotype had heterozygous
hypomorphic mutations in perforin pathway-related
genes™. In studies testing the theory that cases of spo-
radic sJIA-related MAS might be in some way partially
linked to a similar immunodeficiency state, heterozygous
mutations in perforin pathways potentially leading to
functional defects have been reported in approximately
one-third of patients with MAS in the context of sJIA™~"".
Also, more than half of uncomplicated cases of sJIA
exhibit bone marrow haemophagocytosis, highlighting
the close pathophysiological link between sJIA and MAS™.

The overarching hypothesis of primary HLH is that
failure of CD8* T cells and NK cells to eliminate virally

Classical MHC

class Il-peptide-TCR
activation with
hypersensitivity
reaction in sJIA and
AOSD?

Tumour cell
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MAS linked to immunodeficiency
with perforinopathy

¢ Disease course: chronic
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T cell loss
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Macrophage

MAS linked to gain of immune function

¢ Disease course: possibly monophasic

 Therapy: glucocorticoids, anti-cytokine

* sJIA 'cure': spontaneous resolution,
immunosuppression

e CART cure: usually resolves after
corticosteroids, anti-IL-6

Fig. 3 | MAS spectrum from immunodeficiency to immune hypersensitivity. In classical monogenic primary
haemophagocytic lymphohistiocytosis, the failure of the first-line of defence, especially natural killer cells, and also CD8*
T cells, leads to persistence of viral antigens. Inability to remove infected immune cells leads to persistent activation of
dendritic cells and other antigen-presenting cells and widespread priming of CD8* T cells (which again can be ineffective
atkilling) and also expansion of T helper 1 (T,;1) CD4* T cell clones. An IFNy-driven pathology via hyper-activation of
macrophages resulting in collateral damage including haemophagocytosis, liver pathology, coagulopathy and other
manifestations; other T,,1 cytokines, including GM-CSF, could also contribute to macrophage activation. Engineered
gain of function as part of chimeric antigen receptor (CAR) T cell therapy leads to a similar but monophasic phenotype

that may include macrophage activation syndrome (MAS) phenotype features and that subsides with elimination of the
target antigen (cell population). Also, given that immunodeficiency in the perforin pathway is evident in <40% of systemic
juvenile idiopathic arthritis (sJIA) cases and that sJIA is often associated with MHC-Il, it is credible that the sore throat at
the onset of sJIA and adult-onset Still disease (AOSD) results from a CD4* helper T-cell hypersensitivity reaction following
a quickly eliminated non-specific viral trigger; putative antigens await definition. Overlapping immunopathogenic
mechanisms could exist. Despite compelling evidence for adaptive T cell responses in both the gain and loss of function
settings, sJIA-related and AOSD-related MAS have been placed into the autoinflammatory or innate immunopathology
category of disease, rather than along the immunological disease continuum®***.
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infected antigen-presenting cells and other immune
cells leads to profound secondary activation of many
T cell clones, and there is a shared pathophysiology
with secondary HLH and MAS features as seen in sJIA-
AOSD'*. In studies of perforin-deficient mice, CD8*
T cell production of IFNYy is essential for the develop-
ment of experimental primary HLH®. Likewise, in
humans with MAS or secondary HLH, a striking abun-
dance of IFNy-expressing CD8" T cells, and not CD4*
T cells, was reported in biopsy-obtained liver tissue®.
Despite their immunological similarities, the use of
a single set of diagnostic criteria for both the primary
and secondary forms of HLH is fraught with difficulty®'.
Secondary HLH or MAS in the context of sJIA-AOSD
is typically characterized by an initial absence of cyto-
penias, which could lead to diagnostic delay. With this
limitation in mind, revised criteria specifically intended
for early and appropriate diagnosis of MAS in sJIA have
now been formulated®’.

Understanding s]JlA-associated MAS

In SJIA-AOSD, the umbrella term of secondary HLH
can encompass non-severe disease in which haemo-
phagocytosis is hard to demonstrate, rare or even
absent, and the more accurate term MAS is preferred.
MAS characteristically occurs in sJIA, which itself has
been viewed as an autoinflammatory disease, a thesis
that draws strong support from dysregulation of IL-1f
and IL-18 and the response to drugs that target these
cytokines®®'. Findings from genome-wide association
studies, initially confirming strong associations between
MHC class II and sJTA® and later different MHC class II
associations with AOSD in Chinese individuals®® and
other MHC class II associations in smaller European
groups®>*’ potentially incriminate conventional CD4*
helper T cells and, by implication, CD8* T cells in
disease pathogenesis. Notably, a specific link between
MAS within the sJIA-AOSD setting and MHC class II
associations has not been established to date.

That sJIA is an autoinflammatory disease is widely
accepted, a concept that is well justified by the clinical
features and responses to IL-1 antagonists®**’. However,
the aforementioned discovery that MHC class II is asso-
ciated with sJIA threw “a monkey wrench into the char-
acterization of sJIA as an autoinflammatory disease” and,
by implication, MAS”. Unravelling MHC class II asso-
ciations in humoral autoimmune diseases is facilitated
by autoantibody specificity for target antigen pull-down
assays and then the ability to identify disease-associated
peptides. However, this luxury is not readily available
for putative peptides that might be associated with
vigorous adaptive immune cell-mediated CD4" helper
T cell responses that in turn might amplify CD8* T cell
responses. Serum biomarkers for sJIA, such as substan-
tial elevation of soluble IL-2 receptor-a subunit (also
known as soluble CD25), also strongly indicate T cell
hyperactivation”’.

With CAR T cell therapy, in which T cells are engi-
neered against specific tumour antigens, the ensu-
ing development of cytokine storm with MAS is both
proportionate to the tumour volume and related T cell
expansion, powerfully attesting to the theory that gain

of function in adaptive immunity, and nothing else, is
sufficient and adequate to precipitate a cytokine storm
or MAS phenotype’”. This observation lends further
credibility to the theory that an immune hypersensitivity
reaction originating in an antigen-driven adaptive CD4*
T cell response could also drive MAS (FIC. 3). Also, MAS
in CAR T cell therapy is monophasic and subsides with
antigen elimination; sJIA-AOSD may also be monopha-
sic, thus suggesting an antigen-driven response. Given
that perforin pathway mutations occur in less than half
of MAS cases, that chronic infections are absent in many
cases of MAS, and that sJIA and MAS are sometimes
monophasic in nature, we propose a simple model to
encompass the different dysregulated primary adaptive
immune responses that culminate in the predominant
autoinflammatory MAS phenotype, with two scenarios
in which strategically placed perivascular macrophages
(FIC. 2) are central to the dysregulated adaptive immune
responses (FIC. 3). A final common pathway of mac-
rophage activation is thus evident, with either loss or
gain of T cell functional activity (FIG. 3).

Classification of the MAS spectrum

In the previously devised immunological disease con-
tinuum of inflammatory disorders, monogenic innate
and adaptive immunopathologies represent the extreme
boundary conditions™. The subsequent introduction of
a multidimensional aspect helped to refine this con-
cept, with gain and loss of function in immunity fitting
within the extreme boundaries of innate and adap-
tive immunopathology”. Placing the MAS spectrum
along the immunological disease continuum resolves
the designation of MAS as autoinflammatory by fully
encompassing the role of adaptive immunity and also of
loss or gain in immune function™.

Accordingly, the full spectrum of MAS phenotypes,
beyond the sJIA-AOSD and paediatric HLH disorders,
can be accommodated within this scheme (FIG. 4). Just
as sJIA and AOSD can have loss or gain of function
in innate or adaptive immunity, the same logic can be
applied to the classification of MAS in the context of
SLE, a disease that has monogenic complement immu-
nodeficiency to immune hyperactivation owing to dis-
ordered nucleic acid metabolism™"” (FIG. 4). According
to this scheme, it is critical to identify loss of immune
function, for which antimicrobial therapy will form an
integral part of treatment.

In the oncology arena, MAS and CRS were well
recognized before the emergence of CAR T cell ther-
apy, reported to arise spontaneously in haematolog-
ical malignancy including myeloid and lymphoid
malignancies’ and noted to occur in over half of patients
with rare intravascular B cell lymphomas™. The gene-
sis of MAS in the haematological malignancy setting is
complex and is linked to both concomitant infections
(including Epstein-Barr virus) and chemotherapy”®.
The assertion that efficient macrophage-mediated
removal of effete RBCs is finely tuned is supported by
the increasing recognition of myeloid malignancy as
a trigger of MAS’ (FIC. 5). MAS associated with vari-
ous established therapies for malignancies, including
chemotherapy and bone marrow transplantation, has
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Fig. 4 | Classification of the MAS spectrum. The autoinflammatory presentation of
macrophage activation syndrome (MAS) can be seen in the context of an integrated
immune response. Accordingly, the immunological disease continuum of inflammation
against self, modified according to loss and gain of function, can be applied to MAS
spectrum disorders. The systemic juvenile idiopathic arthritis (sJIA) and adult-onset Still
disease (AOSD) phenotypes span both loss of function and gain of function in innate and
adaptive immunity. Likewise, severe inflammation in systemic lupus erythematosus (SLE),
another genetically heterogeneous disease, can trigger MAS by mechanisms including
both loss and gain of immune function. Rare monogenic disorders leading to MAS can
also exhibit loss or gain of immune function. MAS triggered by cancer immunotherapy,
including chimeric antigen receptor (CAR) T and bispecific T cell engager therapy,
represents a type of gain of function in adaptive immunity. Myeloid malignancy falls

in the predominantly innate immune gain of function section. Occasionally, MAS

can be triggered in COVID-19, but the dominant mechanism awaits full description.
EBV, Epstein-Barr virus; HLH, haemophagocytic lymphohistiocytosis; ICl, immune
checkpoint inhibitor; NK, natural killer; XLP, X-linked lymphoproliferative disease.

been ascribed to many factors including dysregulated
immune reconstitution and T cell expansion, as well as
infection®-**, Experimental MAS in animal models can
result from loss of function or gain of function: the rele-
vant animal model with immunodeficiency would be
loss of function of NK and CD8* T cells™; with normal
immunity, excessive TLR stimulation’; and with gain of
function, excessive macrophage activation with IL-6 and
MAS pathology®.

In the haemato-oncology arena, as already men-
tioned, cytokine storm with MAS is frequent with CAR
T cell therapy and can also occur with bispecific T cell
engagement therapy, with which massive clonal lym-
phocyte expansion and hypercytokinaemia with MAS
features also occur®. This MAS scenario is rarely seen

with immune checkpoint inhibitor (ICI) therapy, which
blocks co-stimulatory signals including CTLA4 and
PD1; the ICI strategies affect a comparatively smaller
lymphocyte pool that is rarely linked to CRS¥. These
lessons from the clinic illustrate how the CAR T or
bispecific T cell engagement scenarios with hypercytoki-
naemia promote a CRS or MAS autoinflammatory phe-
notype, whereas ICI therapy predominantly unleashes
humoral and cellular autoimmune responses that target
specific tissues or organs®.

MAS insights from translational therapies

A combination of human genetics and experimental
therapeutics in humans is at the forefront of research
dissecting the essential mediators of MAS when both the
IL-1 pathway and IFNy have already been antagonized’.
Surprisingly, these studies have already shown differ-
ent efficacy of key MAS pathway-related cytokines in
different clinical settings. Patients with sJIA who have
elevated serum concentrations of IFNy or IL-18 (which
drive IFNy production by lymphocytes) are reportedly
more likely to develop MAS¥. This finding supports the
idea of an MHC class II-peptide-T cell receptor-driven
lymphoid tissue response and a critical role for T cells
in MAS development. Likewise, with CAR T cell ther-
apy, the most severe cytokine storm phenotype is linked
to extreme hyperferritinaemia and extremely elevated
IFNy concentrations (in the 10,000-pg/ml range),
reflecting extensive lymphoid cell activation®. IL-12 is
an important early driver of IFNy production”, but pro-
found elevations and rapid declines in concentrations of
this cytokine in severe human CRS probably preclude its
antagonism in the clinical setting’.

IFNy-activated macrophages produce abundant IL-1,
IL-6, GM-CSF and other cytokines. In a 2020 study,
emapalumab, an intravenously administered anti-IFNy
monoclonal antibody, had some efficacy in the treat-
ment of primary HLH"”. There is also some evidence for
efficacy of emapalumab for MAS in patients with sJIA, in
keeping with our proposed model of loss or gain of func-
tion in adaptive immunity and the final common path-
way of lymphoid-driven IFNy MAS scenarios” (FIG. 4).
However, akin to the human setting, in experimental
HLH the MAS phenotype, including haemophagocyto-
sis, can occur in mice deficient in IFNy and perforin; in
this model, HLH was associated with neutrophilia but
anaemia was absent, GM-CSF was involved and IL-33
blockade was effective”.

IL-18 antagonism has also shown preliminary efficacy
in proof-of-concept studies in AOSD®, in which sub-
clinical MAS is common®. In this setting, macrophages
could be important producers of IL-18, which was orig-
inally termed IFNy-inducing factor; this cytokine could
further promote IFNy production by T cells. Given
that IL-18 can also be produced by non-immune cells
including epithelial cells, keratinocytes and endothelial
cells, it could certainly have an important role when
the MAS phenotype originates in tissues rather than in
immune cells’ (FIC. 5). The elevation of IL-18 concen-
trations in sJIA cases that are destined to progress to
MAS needs to be better understood in relationship
to lymphoid organ or cell derivation or tissue-specific

NATURE REVIEWS |

VOLUME 17 | MARCH 2021 | 151



Therapy

Dendritic cell

| | / Ewdence for efﬁcacy of\

| | IL-1Ra or anti-IFNyin MAS

[ “ ‘;’ associated with sJIA/AOSD \‘
“ “ \ Lack of evidence that anti-IL-6 | o |L-18
| | \\or anti-lL-1p therapy worksin//

<

<
e . MAS associated
| & | S withsJA - Tcell

3 /~ Anti-IL-6 for MAS associated E e IFNy

2 N with CAR T cell therapy ! * GM-CSF

g -

§ ( ) . o1

T - H o |L-6 —> MAS

o i E * GM-CSF
[ 2 | :
\ e | ' Macrophage

Q ]

7] | '
| & | o Tissue-specific
| S . macrophage
‘ ‘ : - s phag
“ = H activation
\ s‘ . (MAS-like)

“‘ ‘ ) o|Ll-1
Second-wave o IL-6
cytokines « TNF

Decreased first-wave cytokines (type | IFN)

" Antiviral and antimicrobial \y‘ ‘. - .

\ therapy where MAS is / iral or issue amage @

\\\ infection driven // ~— bacterial ell-lo o —
T — infection |33 @ . )

Fig. 5 | MAS in the context of experimental therapeutics. In a ‘classical’ macrophage activation syndrome (MAS)
reaction (upper right), antigen-presenting cells and T cells contribute to macrophage activation and hypercytokinaemia.
Severe viral infection (by SARS-Cov-2 and other viruses) not controlled by first-wave type | interferon responses (lower
right) is associated with strong myeloid infiltration and a second wave of potent pro-inflammatory cytokines, and with
strong local immune activation within the lung or other tissues. Many myeloid-related and tissue-derived cytokines,
including IL-1, IL-6, TNF and GM-CSF, granulocyte-macrophage colony-stimulating factor (GM-CSF), are elevated in this
second wave, but IFNy is not particularly high. Unlike MAS, concentrations of cytokines and ferritin are not particularly
elevated, but in some cases of viral infection classical MAS can develop. Treatment of MAS is being empirically defined
by experimental medicine. Currently, anti-IL-6 therapy is effective for MAS associated with cancer immunotherapy but
not for MAS associated with systemic juvenile idiopathic arthritis (s)IA) or adult-onset Still disease (AOSD). IL-1 receptor
antagonist (IL-1Ra) is effective for MAS in sJIA and AOSD and in experimental models of cytokine release syndrome in
oncology. IL-1p blockade is effective for sJIA but not for sJ/IA-associated MAS. IFNy antagonism has shown some efficacy
in sJIA-associated MAS and primary haemophagocytic lymphohistiocytosis, but according to this scheme would not be
predicted to affect viral pneumonia in most instances. Corticosteroids affect the full spectrum of inflammation associated
with sJIA-AOSD to MAS and, given the multi-cytokine and multi-cellinhibition of Janus kinase inhibitors (JAKi) and
preliminary emerging data, these agents will also probably have a broad impact. CAR, chimeric antigen receptor.

IL-18 production®®=*. In the autosomal-dominant
autoinflammatory disorder caused by NLRC4 mutation,
MAS and severe enterocolitis can develop consequent
to relevant inflammasome overactivation, with elevated
serum concentrations of IL-1f and very high concen-
trations of IL-18 (REF.'""). The potential origin of IL-18
from outside the immune cell compartment might be

a hitherto unappreciated, but important, factor in rec-
ognizing MAS where lymphoid dysregulation could
be driven from exogenous or tissue-specific release of
activating factors such as IL-18 release (FIG. 6a).

The molecular basis of sJTA and therapeutic response
to the IL-1 receptor antagonist (IL-1Ra) anakinra indi-
cate that IL-1 has an important role in this setting®.
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IL-1 blockade with anakinra, which antagonizes both
IL-1a and IL-1f, has shown efficacy in the treatment
of MAS associated with sJIA'"'"'%, Some preliminary
evidence of the benefit of IL-1Ra for infections, includ-
ing dengue and other viral infections, has also been
reported'”®. Conversely, canakinumab, which solely
blocks IL-1p, failed to prevent MAS, implicating that
IL-1a is important in the disease'”” (FIG. 5). The basis for
the pivotal role of the IL-1 pathway in MAS is incom-
pletely understood, but many factors, including the
role of IL-1f in augmenting IL-12-induced production

@ @ Lymph Y

®.

of IFNYy in NK cells in experimental models, could be
relevant''%,

Anti-IL-6 therapy has also shown efficacy in sJIA-
AOSD, conditions that are forerunners of MAS®. In the
immune-oncology literature, the impressive resolution
of CART cell therapy-related cytokine storm and MAS
achieved with corticosteroids or anti-IL-6 therapy has
also served as an indication that such strategies could
be considered for severe COVID-19 pneumonia''’. The
use of the IL-6 receptor antagonist tocilizumab in MAS
associated with CAR T cell therapy is virtually curative;
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Fig. 6 | Tissue basis for cytokine storm phenotypes encompassing
COVID-19. a| Dysregulation of inflammasomes and particularly NLRC4
leads to excessive production of IL-1f and IL-18 by intestinal epithelial
cells and myeloid cells, causing generalized antigen-independent T cell
expansion with production of IFNy and other cytokines and a macrophage
activation syndrome (MAS)-like pattern as well as intestinal pathology
reflecting dysregulated intestinal mucosal cytokine production.
b | Myeloid or lymphoid cell transformation can lead to MAS. Myeloid
malignancy with associated gain of function can contribute to a MAS-like
picture. Likewise, gain of function in the lymphoid system, as in lymphoid
malignancy or lymphoid viral infection associated with immunodeficiency
and transformation, can also activate macrophages. c | A cytokine release
syndrome leading to MAS can occur in the setting of perforinopathy-
associated immunodeficiency. Likewise, the immune activation that occurs
with a hypersensitivity reaction to an infectious trigger has the same
effect, with excessive production of IFNy and other cytokines with
activation of macrophages. Based on lessons from the monophasic disease
linked with chimeric antigen receptor T cell therapy and from the
associations of MHC Il with systemic juvenile idiopathic arthritis (sJIA) and
adult-onset Still disease (AOSD), some of the MAS phenotypes
encountered in rheumatology, including cases of MAS associated

with sJIA, AOSD and systemic lupus erythematosus, fit with this lymphoid
tissue-originating disease. d | A cytokine release syndrome with MAS can
occur in the setting of excessive stimulation of Toll-like receptors (TLRs),
including TLR9 and TLR4 stimulation in IL-6 overexpression models. The
experimental phenotype may correlate with severe sepsis in humans,
including viral and bacterial sepsis, which strongly and directly stimulates
myeloid cells. Gain-of-function mutations related to innate immunity and
factors such as inflammaging could drive this pattern of cytokine storm,
which is more organ-centric. Viral infections with a tropism for
mononuclear cells or macrophages, such as haemorrhagic virus, could lead
to this scenario. e | Immune cell activation, as shown in part d, in a setting
such as severe COVID-19, could drive organ- or tissue-specific damage
rather than lymphoid or myeloid pathology changes seen in MAS.
Severe localized organ-specific inflammation could be responsive to
anti-inflammatory strategies, even though the compartmentalized
inflammatory response might not trigger marked hypercytokinaemia.
Parts b, d and e also illustrate how viral, pathogenic cell or organ tropism
profoundly influences the disease phenotype. The tropism of the
SARS-CoV-2 virus for the alveolus determines what is generally a very
distinct disease phenotype that may occasionally be associated with a
more typical MAS phenotype evolution.
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however, this effect might coincide with elimination of
the target antigen (FIC. 5). Conversely, tocilizumab ther-
apy in sJIA has been linked to MAS evolution, yet again
illustrating how the clinical use of cytokine antagonism
is dissecting human immunopathology and providing
immune cartography of human disease'''"'*. These
findings from tocilizumab trials indicate there are clear
differences between MAS in the context of sJIA and CAR
T cell therapy. In murine models, IL-1 has been shown to
have a key role in CAR T cell therapy, and in the experi-
mental setting IL-1Ra has been associated with excellent
responses’>!".

Like corticosteroids, Janus kinase (JAK) inhibitors
have direct and broad immunosuppressive effects on
cytokines and immune cells, and are promising emergent
MAS therapies (FIC. 5). In a small study, the JAK1-JAK2
inhibitor ruxolitinib showed promising efficacy in adults
with secondary HLH'"®. Other JAK inhibitors, including
tofacitinib and baricitinib, have also demonstrated some
efficacy in treatment-refractory sJIA or AOSD"®'"".

COVID-19 in context
Having provided a framework for the spectrum of
innate and adaptive immunity in the context of gain or
loss of immune function in MAS, here, we briefly look
at COVID-19 infection through this lens. At the start
of the COVID-19 pandemic, it quickly emerged that
many cases of severe or critical COVID-19 had features
of cytokine storm, including fever, marked elevations in
acute phase responses and coagulopathy''®. As the spec-
trum of clinical manifestations with COVID-19 became
apparent, it was clear that a subset of patients had sub-
stantial morbidity and mortality owing to a ‘hyperin-
flammatory syndrome, even though differences from
typical MAS existed'"”’. Unfortunately, a homogeneous
view of ‘cytokine storm syndrome’ and MAS with extrap-
olations from CAR T cell therapy might have errone-
ously contributed to overoptimism regarding the use of
immunosuppression and cytokine-targeting strategies,
something that we previously highlighted'*" (FIC. 6).
Given the aforementioned limitations of measuring
cytokines for the diagnosis of a cytokine storm, use of
the HScore'”', which was developed for the recognition
of secondary HLH or MAS in cohorts that included
patients with rheumatological diseases (such as sJIA
and SLE), has been suggested as a way of recognizing
cytokine storm in COVID-19 pneumonia'”’. The magni-
tudes of hyperferritinaemia and elevations in CRP con-
centrations evident in critical COVID-19 infection are
modest compared with those typically seen in MAS'*.
The cytokine storm in COVID-19 pneumonia also has
rather underwhelming elevations in concentrations
of pivotal cytokines, including IL-6, thus indicating a
lung-specific injury rather than a typical cytokine storm
scenario'*»'** (FIG. 6e). Indeed, the overall clinicopatho-
logical characterization of severe COVID-19 infection
has many substantial differences from MAS'*. A notable
difference from cytokine storm in MAS and its associated
DIC is that the COVID-19 lung-centric macrophage
activation often occurs without other features of MAS
and is associated with a pulmonary immunothrom-
bosis that has been termed pulmonary intravascular

coagulopathy (PIC), in contradistinction to DIC'*.
By ‘setting up shop’ in the alveolar network, with sub-
sequent lung-centric immunothrombosis, SARS-CoV-2
is distinct from other events that incite cytokine storm
and provides a robust framework for understanding the
increased mortality of COVID-19 pneumonia in certain
ethnic groups™'*.

Previous studies of influenza demonstrated that
fatal disease was associated with IL-1f and IL-6 con-
centrations that were 1,000-fold higher in broncho-
alveolar lavage fluid than in blood, whereas IFNy
concentrations were only slightly elevated and were
of the same magnitude in the lung and serum, point-
ing to a probable lung-specific endogenous cytokine
release as the main promoter of disease, distinct from
the commonest MAS groups in sJIA-AOSD, which is
a lymphoid cell-driven MAS”’ (FIG. 6). According to this
model, severe pulmonary-centric COVID-19-related
inflammation that is likewise associated with low IFNy
concentrations would not be amenable to IFNy block-
ade unless florid MAS features, including profound
hyperferritinaemia, were superimposed.

Targeting other cytokines relevant in MAS might
similarly lack efficacy given that the main issue in
COVID-19 pneumonia is severe tissue infection and
multifaceted tissue-specific cytokine responses, rather
than systemic macrophage activation (FIC. 5). As already
described, the features of COVID-19 pneumonia
include much lower concentrations of cytokines and
ferritins in general compared with MAS, which sug-
gests organ-specific lung disease with a mechanism that
is probably shared with infection agents across the SIRS-
MODS spectrum (FIG. 1). Data supporting the efficacy of
corticosteroids for COVID-19 (REF'¥) attest to a severe
lung-specific and mostly lung-originating cytokine dys-
regulation with ‘local cytokine flooding’ rather than a
global cytokine storm (FIG. 6e).

Many viral and other pathogens can trigger MAS,
although herpes family viruses are most strongly linked
to an MAS phenotype, especially in the perforinopathies.
With respect to severe viral pneumonia, whole-exome
sequencing in fatal cases of HIN1 influenza pneumonia
that had features of HLH or MAS antemortem revealed
heterozygous mutations in perforin pathway genes,
which link the aforementioned NK and CD8"* T cell tox-
icity to a hyperinflammatory state'*. There is compelling
evidence that the type I interferon response is disabled,
both in the lung and systemically by severe COVID-19
infection'”. Indeed, critical COVID-19 pneumonia
in young sibling pairs has been linked to TLR7 loss of
function, which incriminates loss of type I interferon
rather than the perforinopathy scenario reported in
HLH'. This break in the “first wave’ of anti-viral immu-
nity is linked to the emergence of a severe ‘second wave’
of innate immune cytokines that leads to severe pneumo-
nia and immunothrombosis (FIC. 6). The kinetics of viral
infection in humans, and the precise timing of the second
wave of cytokines overcoming it or whether it abates nat-
urally when permissive cells have succumbed or recov-
ered, is unclear, but in simian models the SARS-CoV-2
spike protein could be detected in monkeys succumbing
to viral pneumonia with ARDS"! (FIC. 6).
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Where does MIS-C, which can share some MAS fea-
tures, fit in? The pathophysiology of MIS-C generally
lacks the severe pulmonary ARDS phenotype typically
seen in adults with COVID-19 (REF."*). Children with
MIS-C predominantly manifest a phenotype that is
characterized by high concentrations of inflammatory
markers and shock with reduced ejection fraction, but
lack the hyperferritinaemia, anaemia and coagulopathy
that is seen in MAS"*. The cytokine storm in this group
manifests in a different manner; theories including supe-
rantigenic activation of T cells with a cytokine storm
distinct from that seen in MAS have been proposed'**.
Some children with MIS-C also develop coronary artery
aneurysms, similar to Kawasaki disease, which has been
linked to previous viral infection'**. Interestingly, it is
increasingly recognized that a proportion of children
with Kawasaki disease also develop MAS-like features'*.
The basis for these distinct and overlapping cytokine
storm features remains enigmatic.

Conclusions

MAS is one discrete outcome of the cytokine storm
scenario, and in this Review we have contextualized
its unique features and those that overlap with other

cytokine storm scenarios. We have summarized how
MAS arises as a consequence of perturbation to the
dynamics of cytokines that affect RBC clearance.
We have also pointed out that a dichotomy exists
between the ‘perforinopathy theory” of MAS and the
large body of evidence incriminating adaptive immune
activation in many situations in which MAS arises, such
as in sJIA and cancer immunotherapy. Extrapolating this
scheme to COVID-19 infection explains the emerging
data, demonstrating that immunosuppression does
not have a tremendous effect in severe COVID-19 as
compared with severe MAS associated with CAR T cell
therapy or sJIA-related MAS. We have also highlighted
how cytokine storm scenarios can arise from a target
organ, such as the lung, or from the primary and sec-
ondary lymphoid organs that house lymphocytes.
We propose a mechanistic classification of MAS whereby
disease can be contextualized along the immunological
disease continuum adjusted for loss or gain of func-
tion. Dysregulated innate or adaptive immunity in
SARS-CoV-2 infection might occasionally trigger an
MAS picture, which awaits full molecular elucidation.
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