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Abstract

Purpose of review Macrophage activation syndrome (MAS) is a life-threatening inflamma-
tory condition, belonging to the spectrum of hemophagocytic lymphohistiocytosis (HLH),
which may severely complicate the course of rheumatologic diseases, mainly systemic
juvenile idiopathic arthritis. Although the pathophysiology of MAS is still not completely
understood, it is characterized by an abnormal proliferation of T lymphocytes and macro-
phages, responsible for cytokine overproduction and hemophagocytosis. Because MAS
may be rapidly fatal, its prompt recognition is imperative in order to immediately start
adequate treatment. This review will overview the main features of MAS occurring in the
context of childhood inflammatory conditions, discussing the recent updates in diagnosis,
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pathophysiology, and management.

Recent findings Recently, several diagnostic tools have been developed to recognize MAS
in the context of pediatric inflammatory disorders. These are largely based on routinely
available clinical and laboratory features and may aid physician in clinical practice.
Progress in understanding the pathophysiology of MAS led to a significant improvement
in identifying novel therapies targeting pro-inflammatory cytokines, a less toxic approach

for children with MAS.

Summary In the future, tailored therapy based on the recognition of genetic predisposi-
tion, underlying disorder, triggers, and biomarkers will likely improve the outcome of

pediatric patients with MAS/sHLH.

Introduction

Macrophage activation syndrome (MAS) refers to a se-
vere and potentially fatal condition, due to an excessive
and uncontrolled hyperinflammatory reaction, which
might complicate rheumatologic diseases, mainly sys-
temic juvenile idiopathic arthritis (sJIA) and its adult
counterpart adult-onset Still's disease (AOSD). MAS be-
longs to the spectrum of hemophagocytic
lymphohistiocytosis (HLH) and is currently classified
among its secondary forms, as a sHLH occurring in the
context of a theumatic disorder [1e, 2¢] (Table 1). MAS
was firstly reported by Hadchouel and colleagues who in

1985 described an acute-onset encephalopathy with co-
agulopathy and hepatitis in seven patients with sJIA [3].
The term MAS was then proposed in 1993, due to the
observation of an activated monocyte-macrophage sys-
tem in patients with this syndrome [4].

The overall incidence of MAS in rheumatologic con-
ditions is still unknown. It is estimated that 10% of
patients with sJIA develop overt MAS [5], but several
pieces of evidence support that this complication might
occur subdlinically in up to 30-40% of cases [6, 7]. In a
recent multinational study on 362 patients with sJIA-

Table 1. HLH classification

Primary HLH
Gene
Familial HLH
FHLH1 Unknown
FHLH2 PRF1
FHLH3 UNC13D
FHLH4 STX11
FHLH5 STXBP2
Immune dysregulation
(D27 deficiency CD27
Chediack Higashi LYST
Griscelli type 2 RAB27A
XLP type 1/type 2 SH2D1A/XIAP
NLRC4 deficiency NLRC4

Infection-related HLH
MAS
Malignancy-related HLH

Secondary HLH

Trigger

EBV, Leishmania, HIN1...
sJIA-AQSD, LES, KD, JDM...
Lymphoma...

HLH, hemophagocytic lymphohistiocytosis; MAS, macrophage activation syndrome; XLP, X-linked lymphoproliferative disease; NLRC4, NOD-like

receptor family, caspase recruitment domain-containing 4
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associated MAS, the syndrome was diagnosed at sJIA
onset in 22% of the patients, and no significant differ-
ences in demographic, clinical, and histopathologic fea-
tures were observed in different countries [8e, 9]. In the
cohort of children with systemic lupus erythematosus
(SLE) described by Borgia et al. in 2018, MAS occurred
in 10% of cases, mainly at SLE onset [10e]. Albeit more
rarely, MAS can complicate the course of other rheumat-
ic diseases, such as the Kawasaki disease and juvenile
dermatomyositis, and has been reported in sporadic
cases of recurrent fever syndromes [11-13].

Although most instances of MAS lack an identifiable
trigger, the syndrome has been reported more frequently

Clinical manifestations

in the context of a flare of the inflammatory underlying
disease and after infections, especially Epstein-Barr virus
[8e].

Clinically, MAS is characterized by unremitting high
fever, cytopenia, hyperferritinemia, hepatosplenomegaly,
liver dysfunction, and coagulopathy with hemorrhagic
manifestations. Despite increasing awareness, MAS occur-
rence is still worrisome with a reported 8% mortality rate
in sJIA patients [8e].

This article reviews the main features of MAS occur-
ring in the context of childhood inflammatory condi-
tions and discusses the recent updates in diagnosis,
pathophysiology, and management.

The clinical presentation of MAS is typically acute and may occasionally be
rapidly life-threatening with development of multiorgan failure.

Clinical features at the onset of MAS are generally not specific. Unremitting
fever is the main clinical manifestation of MAS together with
hepatosplenomegaly and generalized lymphadenopathy. CNS involvement
might occur in almost one-third of patients and includes a wide spectrum of
severity ranging from headache, lethargy, and irritability to disorientation,
seizures, or coma. Hemorrhagic manifestations, from easy bruising and purpura
to severe mucosal bleeding, are reported in approximately 20% of cases [8e].

Laboratory abnormalities are crucial in early diagnosis of MAS because their
change generally anticipates clinical symptoms. Typical laboratory features
include severe cytopenia, liver dysfunction with high levels of serum transam-
inases, coagulopathy with hypofibrinogenemia, and consequent decrease in the
erythrocyte sedimentation rate (ESR). Additional laboratory alterations are
increased levels of triglycerides, lactate dehydrogenase (LDH), and p-dimer,
and especially a marked hyperferritinemia which is probably the most impor-
tant laboratory marker of MAS.

MAS clinical features resemble those observed in primary HLH. However,
MAS occurs in the context of an underlying highly inflammatory condition. For
that reason, a considerable percentage of patients at MAS onset paradoxically
present laboratory parameters still within normal range values [8¢]. Indeed, in
the suspicion of MAS, change over time of laboratory features, especially of
white blood cell (WBC) count, neutrophils, platelet count, fibrinogen, and
ferritin, is more relevant than their decrease below or increase above a certain
threshold. In an experts’ consensus, platelet count, ferritin, and aspartate ami-
notransferase (AST) resulted in the variables whose change over time was
considered more important for a timely diagnosis of MAS in patients with
systemic JIA [14e]. An acute CNS worsening or new-onset kidney failure, with
an abrupt increase in LDH and AST and decrease in platelet count and fibrin-
ogen out of proportion of other laboratory abnormalities, should raise the
suspicion of coexisting thrombotic microangiopathy [15].
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Bone marrow examination might reveal a pathognomonic feature of MAS
with well-differentiated macrophages showing hemophagocytic activity. How-
ever, hemophagocytosis may be undetectable in approximately one-third of
sJIA-associated MAS and in almost 70% of MAS in the context of SLE [8e, 10e].
Absence of hemophagocytosis should not exclude the diagnosis of MAS.

Genetics and pathophysiology
- 0000000000000

Although MAS pathophysiology is still not completely understood, recent
pieces of evidence effectively improved our knowledge on the pathways mainly
involved in its development.

As mentioned above, MAS is considered part of the spectrum of HLH and it
is thus conceivable that some of the pathogenetic pathways of primary HLH
could be involved also in MAS.

In primary HLH, the uncontrolled proliferation of T lymphocytes and
macrophages, which is responsible for cytokine overproduction and
hemophagocytosis, has been attributed to reduced natural killer (NK) cell and
cytotoxic T cell function [16, 17], secondary to homozygous defects in genes
involved in perforin-mediated cytolytic pathway [17-20] (Table 1). Defects in
killing prolong the interaction between cytotoxic T lymphocytes or NK cells and
the infected target cell, resulting in a pro-inflammatory cytokine storm [21].

Several authors described impaired NK cytotoxic function in patients with
sJIA-associated MAS [22]. In recent studies, almost one-third of patients with a
history of MAS presented persistent functional abnormalities in NK cell granule
release [23], and a reduced functional response to IL-18 in NK cells from SJIA
patients has been described [24]. In agreement with these observations, hetero-
zygous mutations in primary HLH genes have been detected in patients with
MAS. Vastert et al. demonstrated a higher prevalence of the perforin gene A91V
variant in patients with sJIA and MAS than in sJIA patients without MAS or
healthy controls [25]. A whole-exome sequencing approach revealed heterozy-
gous mutations in primary HLH genes in up to 40% of patients with MAS [26e,
27]. Interestingly, primary HLH genetic variants have been described also in a
group of patients with severe HIN1 influenza and sHLH features [28e].

However, most MAS patients do not have identified mutations in genes
involved in cytolytic dysfunction. Indeed, in a recent study conducted on an IL-
6 transgenic animal model, in which IL-6 hyperproduction triggers a MAS-like
clinical picture, NK cells showed impaired perforin and granzyme expression
despite normal degranulation, suggesting a key role of IL-6 in NK cell cytotox-
icity inhibition [29, 30].

Despite this strong evidence, MAS patients without cytotoxic defect have
been described and IL-6 inhibition does not prevent MAS occurrence in all sJIA
patients, suggesting that other pathways are involved in its pathogenesis. Most
likely, in sHLH, multiple pathways can combine to determine and amplify the
uncontrolled active inflammatory status that progressively lead to the cytokine
storm characterized by the overproduction of pro-inflammatory cytokines such
as IL-1, 1L-6, I1-18, and especially INFvy [5]. Robust pieces of evidence support
the role of IFN'y as the key effector in primary HLH [31]. Similarly, high levels of
INFy and INFy-induced chemokines (CXCL9) have been found to characterize
patients with MAS and correlate with typical clinical and laboratory features
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[32e¢]. A crucial INFy promoter, IL-18, has been demonstrated to be persis-
tently elevated in patients with recurrent MAS episodes [33, 34e¢], suggesting its
potential role as a biomarker for patients at risk for MAS. Moreover, in patients
with NLRC4-related autoinflammatory disorder, characterized by recurrent
HLH episodes, I1-18 levels are chronically elevated [359].

In accordance with these pieces of evidence, the cytokine storm which
characterizes primary HLH, secondary HLH, and MAS can be considered as a
final common pathway that results from impaired cytotoxicity, cytokine over-
production, or a combination of both of these factors [2e, 36ee, 37] (Fig. 1).
Some authors suggested a threshold or multilayer model for MAS pathogenesis:
Genetic predisposition, disease activity, or other triggers such as infections,
medication toxicity, or cancer contribute in different proportions to the typical
MAS/HLH cytokine storm. Once the threshold level has been reached, the final
effectors of a common way, typically driven by INFy, lead to full-blown MAS,
regardless of the interplay between the pathogenic factors [2e, 38e].

Diagnosis

MAS is a severe condition, which may have a rapidly fatal course. Timely
recognition and prompt therapeutic intervention are, therefore, imperative.
However, because MAS lacks a single pathognomonic feature and is clinically
heterogeneous, early diagnosis is often challenging. Furthermore,

CYTOTOXIC IMPAIRED CYTOKINE
FUNCTION OVERPRODUCTION

PHLH: homozygous mutations in pHLH genes MAS: IL-1, IL-18, IL-6

MAS: heterozygous mutations in pHLH genes

IL-6 induced cytotoxic defect SHLH: persistent antigen induced

activation
SHLH: heterozygous mutations in pHLH genes

L-33  IL-18

IL-6

INFy 11

TNFa

CYTOKINE STORM

MAS/HLH

Fig. 1. Pathogenesis of hemophagocytic lymphohistiocytosis (HLH) spectrum diseases. The cytokine storm in primary HLH,
secondary HLH, and MAS can be considered as a final common pathway that results from two major mechanisms, often
combined: impaired cytotoxicity and cytokine overproduction. pHLH, primary HLH; sHLH, secondary HLH; MAS, macrophage
activation syndrome.
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hemophagocytosis may be absent in the initial phase [39] and lacks specificity
for hemophagocytic syndromes [40]. The diagnostic difficulties are
compounded by the fact that MAS may mimic other conditions that present
with overlapping features, such as a flare of the underlying disease or an
infectious complication. Finally, no set of universal criteria validated for the
diagnosis of MAS in all different pediatric rheumatologic conditions are avail-
able so far.

The clinical similarities between MAS and HLH led some clinicians to recom-
mend the use of the HLH-2004 criteria [41e] (Table 2). However, it is important
to remember that sJIA-associated MAS and primary HLH develop in different
settings: MAS in the context of an underlying highly inflammatory condition,
while primary HLH is a primitive disorder with genetic basis. Although HLH-
2004 criteria have been considered potentially suitable for detecting MAS in
sJIA, they are affected by several potential shortcomings [42].

Due to the prominent inflammatory nature of sJIA, in a MAS patient, the
absolute cut-offs for WBC count, platelet level, and fibrinogen level are usually
reached only in a later stage in which treatment might be late. In addition, the
identification of low or absent NK cell activity and higher levels of soluble
cluster of differentiation 25 (sCD25) have limited use in MAS, due to their
scarce availability in the majority of centers and lack of timeliness. Furthermore,
as overmentioned, hemophagocytosis has been reported only in 60% of MAS
patient at onset [8e].

In 2016, a multinational collaborative effort led to the publication of a set of
validated classification criteria for MAS complicating sJIA [43ee, 44| (Table 2).
These criteria are routinely readily available and timely and are based on a
combination of expert consensus, available evidence from the medical litera-
ture, and analysis of real patient data. In the validation cohort, final MAS
classification criteria for children with sJIA proved to have a sensitivity of 0.73
and specificity of 0.99. However, the 2016 criteria have been primarily pro-
posed as classification criteria for use in clinical trials and for research purposes
and not as a diagnostic tool. Indeed, recent pieces of evidence suggested that
they could not capture all instances of MAS with subtle onset or incomplete
clinical expression, while confirming their strong diagnostic power in identify-
ing full-blown pictures of the syndrome [45]. Furthermore, recent studies
showed a limited sensitivity of the 2016 classification criteria in detecting
MAS in sJIA patients under biologic treatment, especially with IL-6 inhibitors
[46, 47].

Against this background, a diagnostic score for MAS in sJIA, named MS score
(Table 2), has been recently developed [48e¢]. By means of a Bayesian model
averaging approach, 7 clinical and laboratory variables (CNS involvement,
hemorrhagic manifestations, active arthritis, platelet count, LDH, fibrinogen,
and ferritin) with the highest probability of being part of the models with the
best performances in MAS diagnosis were selected in the final set of criteria. In
this diagnostic tool, laboratory variables are included as continuous variables,
potentially increasing the ability of the score to capture different instances of
MAS. The MS score is the result of a weighted equation ranging from - 8.4 to
41.8 with a cut-off value of > - 2.1, yielding a sensitivity of 0.85 and specificity



251

Baldo et al.

MAS in Childhood Inflammatory Disorders

s9sed nyaqnop ut Ajuo paitnbas
9q Aew sisojfoobeydowsay jo
90UIPLAS 104 uoLjelidse mollew
auog ‘eudjLd Aiojeloqe) g 15es)
18 pue UOLIB}LID 1eILUL T ISed)
e Jo uasald snosuenuils
a3 saitnbas Sy 4o sisouberp ay|

Ju/Bu 00G 2 UBLIBS °9

1p/bw 8/T < sepudAbu] *g
1p/6 6°T > usbouuqy

/N 295 <HQ1 "€

/N 0y <1SV 2

1/60T x 0°7 > JaM -

1/01 x 05T > SI2193eld -

1/6 06 > uLqojbowsH -
:(sabeauy) g 2) ewadojf) 1
euaiud Aiojesoge] *q
uowaunyshp SNJ G
suorelsajLuew dibeyuowsy
Kebawousds *¢
Rebawojedsy -z

1A T

BURILD JeaLul]) ‘e

150 UL SYW 10}

saurapinb arpsouberp Areurwijaig

69T < 2100SH

(saf) g€ 10 (ou) 0
sisopfdobeydowsy -

(0£=) 61 40 (0£>) 0

(/n) 1SV -

(ags) 0g40 (52<) 0

(1/6) uabouuqy -

(%<) %9 '(9-5'1) ¥¥ (5'1>) 0
(1/10ww) sapuadfibuy -

(0009 <)

06 ‘(0009-2) s€ ‘(0002 >) 0
(Ju/bu) uguuag -

(saun €) %€ “(saun 2) %2 ‘(un 1) 0
ewadoif) -

(WSH) 8¢ ‘(WS 40 H) €2 “(ou) 0
Kjebawouebug -

(7°6€ <) 6%

‘(v'6€-v'8€) €€ (786 >) 0
(Do) 2umesadws) -

(s3k) 81 “(ou) 0
uotssasddnsounuwwg -

3100GH

S)192 poolq auym ‘)gm ‘Aebawousidsojeday ‘s ‘Aebawousids ‘s ‘Ajebaworedsy
‘H ‘wa3sAs snoAsau 1eijudd ‘S ‘aseuabolpAysp d130e) ‘{7 ‘aselsysuesjoutwe ajepedse ‘sSy sisophoonsiyoydwhy afoobeydowsy ‘474 ‘awolpuAs uoljear3oe abeydosoew ‘Syy

1°2 - 21005 S

100070 x U3LIR4
+(7000-) x usbouuqy +
100°0 x H@1 +
(£00°0 —) x 3uno3 s33133€1d + (0€°T -)
X SQUULIE +4G°T
x SUOeIsajLURW JLBeYLIOWAY + ¥1'Z
X JUBLIAOAUL
SN) = 21035 S

2100s S

1p/bw 09¢ s usbouuqt -
1p/bw 96T < sepuadkibuy -
/N 87 <1SV -
1/0T x T8T S S39)23e1d -
:Bumonoy ays jo g Aue pue
Jw/Bu ¥89 < ULy
:J9W 31 eudLD Huimoy oy
313 J1 Sy buirey
Se payisse) st YILS
pa12adsns 1o umouy|

Yawm Juayged Sugay

BLIDILD

uojesLyisse)d SYW 9102

eusILd d1ysoubelp g/ buneaw Aq Jo HH
UM Ju3Sisuod stsoubetp Jejnasjow
e 40 douasaid ay3 uL paystjqelsa

3q ued H1H 4o stsoubetp ay|

a1 oisoubelq

00%2 2 G2a) °qnos

Jw/bu 00§ < uBLIe,

K1A130e 7192 YN JUISER 40 MOT]
sapou ydwAj 1o ‘ussds

‘mousew auoq stsojfrobeydowsy
(1/6 g'1 > uabouuqy p/bw 592 2
sapuRdA)bLy) ertwauabouuqyodAy
J10/pue eLwapuadA)bupadAy
1/60T % 0°T > s|ydonnay

1/60T x 00T > S}3)33e]d =

1/6 06 > uiqojbowsy «

(sabeauy €

40 2 35e9] 1) eluadoif)
Rjebawous)ds

JEVEN

eua)Ld aisoubelq (q)

sisoubetp senasjop ()

euRLD

ausoubetp ¥002-HTH

SVW 404 BLIILID uoledyisse)d pue dysoubelq °z ajqel




252 Pediatric Rheumatology (Section Editor, G Martini)

of 0.95 in discriminating MAS from an active sJIA flare. While the MS score
could be potentially applicable to AOSD, it is not intended to be used in other
pediatric rheumatic diseases.

MAS has been reported with increasing frequency in childhood-onset SLE
(cSLE) and its prevalence in this disease is probably underrecognized [49].
MAS diagnosis in SLE is further complicated by overlapping features, such as
fever, cytopenia, splenomegaly, and CNS involvement, between the two condi-
tions. In 2009, Parodi et al. reported the demographic, clinical, and histopath-
ologic features of 38 patients with cSLE-associated MAS, collected in the context
of a multinational survey or obtained from a systematic literature review [50e].
The clinical and laboratory features of the 38 ¢SLE patients with MAS were
compared with those of a control group composed of 416 patients with active
cSLE without MAS. In this cohort, both HLH-2004 diagnostic guidelines [41e]
and 2005 preliminary diagnostic guidelines for MAS complicating systemic JIA
[51] were tested but were found to be inadequate for detecting MAS in the
context of cSLE. Based on the results of statistical analyses, a set of preliminary
diagnostic guidelines for MAS in cSLE was devised (Table 2), yielding a sensi-
tivity of 0.92 and a specificity of 0.90. Owing to the strong discriminatory ability
shown by this definition, the presence of hemophagocytosis in the bone
marrow aspirate was considered necessary for diagnostic confirmation only in
uncertain cases. The practical recommendation that came out from the study
findings was that in a patient with cSLE, the occurrence of unexplained fever
and cytopenia, especially thrombocytopenia, when associated with
hyperferritinemia, should raise the suspicion of MAS. Notably, in the large size
cohort of SLE-associated MAS recently described by Borgia et al., all patients
with MAS satisfied the Parodi criteria [10e].

Generic criteria for MAS

The lack of universal criteria for MAS makes its recognition in a rheumatologic
context other than already-diagnosed sJIA and cSLE further complicated. In
2014, Fardet et al. developed and validated a weighted diagnostic score for
the broader category of reactive hemophagocytic syndrome (HS), called the
HScore [52ee], which includes 9 features: a history of immunosuppression,
fever, organomegaly, cytopenia, ferritin, triglycerides, fibrinogen, AST, and
presence of hemophagocytosis on bone marrow aspirate (Table 2). In both
developmental and validation data sets, the HScore revealed an excellent diag-
nostic performance and discriminative ability. However, several reasons limit
its use in the pediatric population. Because the patient sample included in the
study of Fardet et al. was only composed of adults with HS, no conclusion can
be reliably drawn regarding the applicability of the HScore to children with
reactive HS, especially those with sJIA-associated MAS. In addition, the term
“underlying immunosuppression” involves the use of some medications that
are rarely prescribed in children with sJIA, such as cyclosporine and azathio-
prine, and does not include the cytokine inhibitors, which are a cornerstone of
the treatment of this disease. Furthermore, as already discussed for HLH-2004
criteria, the threshold level for platelets is too low for detecting MAS in
hyperinflammatory conditions, typically characterized by thrombocytosis.
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Finally, the HScore incorporates the demonstration of hemophagocytosis on
bone marrow aspirate, which is often absent in children with reactive HS.
Hyperferritinemia is known to markedly rise in MAS, while the erythrocyte
sedimentation rate (ESR) falls due to typical fibrinogen consumption. Recently,
the ferritin/ESR ratio was developed by Eloiseily et al. and revealed to be a
useful screening test for discriminating MAS from sJIA flare and for
distinguishing hemophagocytic syndromes from other febrile conditions [53e].

Distinguishing MAS from primary HLH

Treatment

Both primary HLH and MAS are potentially fatal conditions and require timely
recognition to promptly start an appropriate treatment. However, due to their
close similarities, their differentiation at onset may be challenging. Distinction
may be particularly difficult when MAS is the first clinical presentation of sJIA,
when arthritis may not be present yet, or when primary HLH occurs in later
ages. Detection of biallelic pathogenic 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 worldwide. Furthermore, some
cases still elude molecular diagnosis [54] and some genetic overlap between
MAS and pHLH has been described [25, 26¢]. Timely distinction between
primary HLH and MAS is, nevertheless, crucial because primary HLH is often
more severe than MAS and the management of the two conditions differs.

An international collaborative effort led to the development and validation
of a score that may assist in distinguishing primary HLH from systemic JIA-
associated MAS [55ee]. Based on clinical, laboratory, and histopathologic
features of 362 patients with MAS and 258 patients with primary HLH, the
score, named MH score, includes 6 routinely available variables: age at onset,
neutrophil count, fibrinogen, splenomegaly, platelet count, and hemoglobin.
The MH score may aid physicians in early differentiating between primary HLH
and sJIA-associated MAS, facilitating the decision-making process regarding
initial therapy and identifying those patients who are at higher risk of an
inherited form of HLH and require further functional and genetic evaluation.

Due to the lack of available controlled studies on MAS therapy, the manage-
ment of this condition is still largely empiric.

The cornerstone of MAS treatment is traditionally constituted by high doses
of glucocorticoids parenterally administered. Intravenous methylprednisolone
(2-6 mg/kg/day in 2-4 refracted doses, or 30 mg/kg/day pulses) is the most
frequently used glucocorticoid, but dexamethasone might be preferred in case
of CNS involvement because of its better passage across the blood-brain barrier.
The use of cyclosporine A was advocated in MAS since the 1990s, due to its
demonstrated benefit in primary HLH. The ulterior observation of its high
efficacy in some severe cases of MAS refractory to glucocorticoids [56, 57] has
supported its current inclusion in first-line treatment of MAS.

Etoposide is included in the protocol developed for treating primary HLH
[41e] and it is used, especially by pediatric hemato-oncologists, in severe cases
of refractory MAS. However, the HLH-2004 protocol carries a significant risk of
toxicity and mortality and a reduced etoposide regimen (50-100 mg/m? once
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weekly) has been proposed for patients with severe secondary HLH [1e].
Whether or not a less aggressive use of etoposide as second-line therapy for
severe refractory MAS will be beneficial remains unclear.

In addition to first-line immunosuppressive medications, such as glu-
cocorticoids and cyclosporine, cytokine-specific inhibitors are increasingly
used in MAS and may prove to be more targeted in controlling the
cytokine storm. Although efficacy data are limited so far to the retrospec-
tive cohort, several pieces of evidence support the efficacy of anakinra, a
recombinant IL-1 receptor antagonist, in patients with severe refractory
MAS, especially in the context of sJIA [58-61, 62e, 63-65]. Although
MAS development in sJIA patients on anakinra has been reported, the
cause-effect relationship is difficult to establish. In a retrospective cohort
of sJIA patients treated with anakinra, MAS occurred in 5 patients; howev-
er, an escalation in the dose of anakinra up to 6-10 mg/kg/day resolved
MAS in most cases [65]. A randomized, double-blind, placebo-controlled
trial in sHLH/MAS in children and adults will give further relevant insights
into anakinra use in MAS (ClinicalTrials.gov: NCT02780583).

The pivotal role of INFy in both primary and secondary HLH is well known
[31, 320e, 34e¢, (6]. In addition, INFy neutralization in an IL-6 transgenic
animal model led to a great improvement in survival and a decrease in ferritin
levels [67]. According to these pieces of evidence, a recent open-label phase II/III
trial in patients with primary HLH demonstrated the high efficacy of the INFy
inhibitor emapalumab, and led to its approval by FDA for the treatment of
primary HLH [68]. In addition, a report described the beneficial use of
emapalumab in EBV-associated sHLH [69]. Furthermore, two patients with
NLRCA4-related disease and in one child with neonatal-onset cytopenia with
dyshematopoiesis, autoinflammation, rash, and hemophagocytosis (NOCARH
syndrome) have been successfully treated with emapalumab [70, 71]. An open-
label phase II trial exploring efficacy and safety of emapalumab in sJIA-associated
MAS is ongoing (ClinicalTrials.gov NCT03311854), with promising results.

Various other therapeutic agents for sHLH and MAS spectrum diseases are
currently under evaluation. There is too little evidence to support the use of
other IL-1 inhibitors, such as canakinumab or rilonacept in MAS, and the reason
may be related to different mechanisms of action, under-dosing, or absence of
enough clinical data. However, a successful use of canakinumab in two patients
with impending MAS refractory to conventional treatment including anakinra
has been recently reported [72]. Anti-IL-6 treatment has proven to be beneficial
in cytokine release syndrome secondary to CART cell therapy or blinatumomab
[73, 74], but there are limited data for its use outside of these settings. Due to its
emerging role in promoting hyperferritinemic syndromes, IL-18 blocking is a
potential target in MAS/sHLH. Indeed, recombinant human IL-18 binding
protein effectively treated MAS in a patient with NLRC4 mutation [75]. Finally,
inhibition of cytokine signaling via JAK-STAT inhibitors may potentially have a
future role in treating sHLH/MAS. Ruxolitinib is a JAK1/2 inhibitor that blocks
INFy and IL-6 among other cytokines. In animal models of HLH, ruxolitinib
has been demonstrated to improve the disease [76], and a successful use of
ruxolitinib in refractory infection-related sHLH has been reported [77]. How-
ever, more data are needed to support a wider use of JAK inhibitors in
SHLH/MAS.
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Conclusion

MAS is a life-threatening inflammatory condition, belonging to the spectrum of
hemophagocytic disorders, which, if inadequately treated, may lead to
multiorgan failure and fatal outcome. Its timely recognition is often challeng-
ing, but recently developed diagnostic tools might aid physicians in clinical
practice. The development of a universal set of criteria and the identification of
biomarkers that may be applied to all different rheumatologic disorders will
further optimize MAS diagnostic work-up. Progress in understanding the ge-
netics and pathophysiology of MAS led to a significant improvement in the
management of this condition. In the future, tailored therapy based on the
underlying disorder, triggers, genetic predisposition, and biomarkers will likely
ameliorate the outcome of MAS patients.
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