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Abstract

Purpose of review—NMacrophage activation syndrome (MAS), a major cause of morbidity and
mortality in pediatric rheumatology, is most strongly associated with systemic juvenile idiopathic
arthritis (SJIA). There are no validated diagnostic criteria and early diagnosis is difficult. This
review summarizes the progress in understanding of MAS pathophysiology that may help define
specific diagnostic biomarkers.

Recent findings—MAS is similar to the autosomal recessive disorders collectively known as
familial hemophagocytic lymphohistiocytosis (FHLH), all associated with various genetic defects
affecting the cytolytic pathway. Cytolytic function is profoundly depressed in SJIA with MAS as
well. This immunologic abnormality distinguishes SJIA from other rheumatic diseases and is
caused by both genetic and acquired factors. Phenotypic characterization of hemophagocytic
macrophages has been another focus of research. These macrophages express CD163, a scavenger
receptor that binds hemoglobin- haptoglobin complexes, and initiate pathways important for
adaptation to oxidative stress induced by free iron. Expansion of these macrophages is seen in
more than 30% of SJIA patients perhaps representing early stages of MAS. Recent gene
expression studies linked expansion of these macrophages to distinct signatures.

Summary—Recent advances in understanding of pathophysiologic conditions that favor
expansion of hemophagocytic macrophages provide a source of new MAS biomarkers with
applicability to clinical practice.
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Introduction

Macrophage activation syndrome (MAS) is a severe, potentially fatal condition associated
with excessive activation and expansion of macrophages and T cells (mainly CD8*) leading

© 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins

Correspondence to Alexei A. Grom, Division of Pediatric Rheumatology, Cincinnati Children’s Hospital Medical Center, University
of Cincinnati College of Medicine, 3333 Burnet Avenue, Cincinnati, OH 45229, USA, Alexei.Grom@cchmc.org.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grom and Mellins

Page 2

to an overwhelming inflammatory reaction. The main manifestations of MAS include fever,
hepatosplenomegaly, lymphadenopathy, severe cytopenias, liver dysfunction, and
coagulopathy consistent with disseminated intravascular coagulation [1-5]. The
pathognomonic feature of MAS is the expansion of well differentiated macrophages
exhibiting hemophagocytic activity. These macrophages are typically found in bone marrow
or lymph nodes, but they may infiltrate almost any organ in the body and may account for
many of the systemic features of this syndrome, including cytopenias and coagulopathy. In
rheumatology, MAS is most strongly associated with the systemic form of juvenile
idiopathic arthritis (SJIA). In fact, it accounts for much of the morbidity and mortality seen
in this disease. About 10% of the patients with SJIA develop overt life-threatening MAS [6],
and this may occur at any time point during the course of SJIA. Two recent studies [7,8]
suggested that in a mild ‘subclinical’ form MAS may be occurring in as many as 25-30% of
SJIA patients with active systemic disease. Systemic lupus erythematosus and Kawasaki
disease are two other diseases in which MAS seems to occur more frequently compared with
other rheumatic conditions [9+,10,11].

It is now widely recognized that MAS bears close resemblance to a group of histiocytic
disorders collectively known as hemophagocytic lymphohistiocytosis (HLH) [4,12,13].
HLH is a term that describes a spectrum of disease processes characterized by abnormal
accumulations of well differentiated mononuclear cells with a macrophage phenotype
[14,15]. Currently, HLH includes the autosomal recessive genetic disorders known as
familial HLH (FHLH) as well as the acquired forms known as reactive HLH. However, the
distinction between genetic and acquired causes is becoming increasingly blurred as new
genetic defects are identified, some of which lead to a relatively mild presentation of the
syndrome that may occur later in life [15].

Cytolytic abnormalities in hemophagocytic syndromes

In genetic HLH, the uncontrolled proliferation of T cells and macrophages has been linked
to decreased natural killer (NK) cell and cytotoxic T-lymphocyte (CTL) function [16]. The
cytotoxic activity of these cells is mediated by the release of specialized cytotoxic granules
that contain several classes of proteins expressed only in cytotoxic cells, including perforin
and granzymes. Once cytotoxic cells are activated, these granules are delivered to the cell
surface and their content is released at the immunologic synapse with the target cell.
Perforin aids in delivery of the granule contents into the cytoplasm of the target cell,
whereas granzymes trigger apoptosis once in the cytoplasm of the target cell. In 15-40% of
patients with FHLH, cytolytic dysfunction is owing to mutations in the gene encoding
perforin [17]. More recently, mutations in another gene, MUNC13-4, have been implicated
in the development of hemophagocytic lymphohistiocytosis in about 10-30% of patients
with inherited HLH [18]. The protein encoded by the MUNC13-4 gene is important for
docking and fusion of the cytotoxic granules with the cytoplasmic membrane. Although the
cytolytic cells of the patients with FHLH caused by MUNC13-4 mutations produce
sufficient amounts of perforin, the poor ability to deliver the content of the cytolytic
granules to the immunologic synapse with the target cell leads to profoundly decreased
cytolytic activity. Defects in granule-dependent cytotoxic functions of lymphocytes have
also been implicated in three other genetic diseases associated with the hemophagocytic
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syndrome. Mutations in the gene encoding Rab27a, one of the MUNC13-4 effector
molecules, have been linked to the development of Griscelli syndrome type 2 [19].
Mutations in the Lyst gene have been identified as a cause of Chediak—Higashi syndrome
[20]. Mutations in the SAP/SH2D1A gene, which encodes an adaptor protein critical for
lymphocyte activation including granule-mediated cytotoxicity, are associated with X-linked
lymphoproliferative disease [21].

Cytolytic dysfunction and T-cell/macrophage expansion

The presence of defects in the granule-dependent cytotoxic activity of lymphocytes in
several diseases associated with hemophagocytic syndromes highlights the importance of
this function in restraining some inflammatory responses. The specific mechanisms that link
deficient NK cell and CTL functions with expansion of activated macrophages are not clear.
One possible explanation is related to the fact that poor cytolytic activity seen in HLH/MAS
patients may lead to diminished ability to control some infections [22]. More specifically,
NK cells and cytotoxic T lymphocytes fail to kill infected cells and thus to remove the
source of antigenic stimulation. Such persistent antigen stimulation leads, in turn, to
persistent antigen-driven activation and proliferation of T cells associated with escalating
production of cytokines that stimulate macrophages. It has also been hypothesized that
abnormal cytotoxic cells may fail to provide appropriate apoptotic signals for removal of
activated macrophages and T cells during the contraction stage of the immune response
[23,24], leading to persistent expansion of T cells and macrophages that secrete
proinflammatory cytokines. As a result of continuous stimulation with proinflammatory
cytokines (most notably INF-v), macrophages become hemophagocytic.

Cytolytic dysfunction in macrophage activation syndrome/systemic

juvenile idiopathic arthritis

Given strong clinical similarities between MAS and FHLH, the cytolytic function in MAS
was assessed by several groups and found to be profoundly depressed [25,26]. Furthermore,
immunologic abnormalities similar to those seen in HLH and MAS, that is poor NK cell
cytolytic activity often associated with abnormal levels of perforin expression, also have
been reported to distinguish SJIA from other clinical forms of childhood arthritis [26,27].
Further, it has been proposed that the presence of such cytolytic dysfunction may identify
patients at risk for MAS [27]. It appears that multiple factors, both genetic and acquired, are
responsible for the development of the cytolytic dysfunction in SJIA patients. Two SJIA
patients carrying biallelic FHLH-associated mutations in the MUNC13-4 gene have been
recently reported [28]. Zhang et al. [29] also reported an association with single-nucleotide
polymorphisms (SNPs) in the MUNC13-4 gene inherited as an extended haplotype in the
majority of MAS patients. Vastert et al. [30¢] described the association between MAS in
SJIA and SNPs and/or heterozygous mutations in gene encoding perforin.

It has also been suggested that decreased NK cell function in SJIA could be induced by the
rather unique cytokine and chemokine environment present in this disease. De Jager et al.
[31] recently linked suppressed NK cell function in SJIA to defective phosphorylation and
signaling by the IL-18 receptor B chain, which could explain reduced NK cell function in
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SJIA, despite high circulating levels of the NK cell stimulator, IL-18. Interestingly, a
negative effect of IL-18 on NK cell homeostasis was also noted in HIV-infected patients
[32]. Although the hypothesis that impaired cytotoxicity seen in SJIA is indeed linked to the
expansion of hemophagocytic macrophages still remains to be proven, the extent of
immunologic similarities between SJIA and HLH is quite striking.

Phenotype of hemophagocytic macrophages

Phenotypic characterization of the hemophagocytic macrophages in MAS has been another
major focus of research [7,8,11,33].

An emerging paradigm is that macrophages are polarized by their environment, particularly
the cytokine milieu, to distinct functional programs, much like Th1 and Th2 cells. The
polarizing activation pathways of macrophages are referred to as the M1 and M2 pathways
[34-36]. Classically activated M1 macrophages participate as inducers and effectors in
polarized Th1 responses and TLR4 ligands alone or in combination with IFN-vy drive this
pathway of macrophage differentiation. M2 macrophages, or alternatively activated
macrophages, are more heterogeneous in terms of cytokines that induce their differentiation
as well as the phenotypic characteristics acquired as a result of such differentiation. M2
macrophages have been implicated in tissue remodeling and repair, resistance to parasites,
immunoregulation, and tumor promotion. Three M2 subclasses have been described
(reviewed in [36]). The M2a phenotype is induced by IL-4 or IL-13. In these cells,
production of proinflammatory mediators is downregulated, whereas expression of IL-1
receptor antagonist (IL1-ra) and decoy IL-1 receptor (IL-1RII) is enhanced. Caspase-1,
which cleaves pro-IL-1f into active IL-1p, is reduced. Surface expression of CD14 and
CCR5 also is reduced, whereas expression of several scavenger receptors, including
mannose receptor C-1 (MRC1) and scavenger receptor-A (SR-A), and C-type membrane
lectins is increased. The M2b phenotype is elicited after ligation of Fc receptors by immune
complexes in the presence of TLR4 ligands or IL-1B. M2b cells express low IL-12 and high
IL-10, favoring the development of Th2 responses and 1gG1 responses. Unlike M2a cells,
M2b cells produce significant amounts of TNFa, IL-1p and IL-6. They also produce the
chemokine CCL1, which has been shown to recruit T regulatory cells. The M2c category
includes phenotypes induced by I1L-10, glucocorticoids or TGFJ and is itself heterogeneous,
but the common feature is reduced pro-inflammatory cytokines and increased expression of
scavenger receptors. One scavenger receptor, CD163 (see below), is particularly expressed
on glucocorticoid-induced M2c cells. M2c cells are thought to represent de-activated
macrophages that participate in the termination of inflammation.

One perplexing feature of the hemophagocytic macrophages in MAS is that these cells
exhibit many characteristics of alternatively activated (non-M1) macrophages including the
expression of the scavenger receptor CD163 [7,8,11,33]. Given the highly inflammatory
nature of SJIA and some evidence for increased IFN-y [37,38], the emergence of
alternatively activated M2 macrophages in this setting is surprising. One possible
explanation is altered responsiveness of monocytes/macrophages to IFN-y. Indeed, in the
reported SJIA gene expression profiles, the IFN-induced gene expression signature is
conspicuously absent. Another striking feature is consistently high levels of expression of
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SOCS3 in monocytes and T cells [39-41]. Interestingly, the pattern of expression of SOCS3
in SJIA parallels the expression of genes involved in negative regulation of innate immune
responses, including those induced by IL-1 and IL-6, two cytokines that play the pivotal role
in this disease. SOCS3 is a suppressor of cytokine signaling protein that interacts with the
JAK/STAT signaling pathway leading to decreased responsiveness of immune cells to IFN-
v [42]. Supporting the model of resistance to IFN-y, defective signaling in response to IFN-y
is observed in monocytes of SJIA patients compared to healthy controls (Macaubas et al.,
unpublished observation). Combined, these observations have led to the hypothesis that
there may be a connection between the anti-inflammatory negative feedback loops in SJIA
and conditions that would favor the expansion of CD163* macrophages (see Fig. 1). In other
words, altered responsiveness of monocytes to INF-y, combined with the presence of
cytokines implicated in alternative pathways of macrophage activation, such as IL-10, could
lead to a net effect that favors the alternative activation. This view may be too simple;
nonetheless, accumulating evidence suggests that mononuclear phagocytes in SJIA have a
distinct phenotype that needs further characterization in future studies.

Although there is some evidence to suggest that CD163 expressed on resident macrophages
may act as innate immune sensor for bacteria and trigger production of pro-inflammatory
cytokines [43], the only proven function of CD163 is related to its ability to bind
hemoglobin-haptoglobin complexes and initiate pathways important for the adaptation to
oxidative stress induced by free heme and iron [44]. Free heme is a source of redox active
iron. To prevent cell damage caused by iron-derived reactive oxygen species, haptoglobin
forms a complex with free hemoglobin. The haptoglobin—hemoglobin (Hp-Hb) complexes
then bind to CD163 and are internalized by the macrophage. Endocytosis of Hp—Hb
complexes leads to upregulation of heme-oxygenase enzymatic activity. Heme-oxygenase
degrades the heme subunit of Hb into biliverdin that is subsequently converted to bilirubin,
carbon monoxide, and free iron. The free iron is either sequestered in association with
ferritin within the cell or transported and distributed to red blood cell precursors in the bone
marrow. Increased uptake of Hp—Hb complexes by macrophages leads to increased
synthesis of ferritin.

Because the sequestration of free iron by ferritin is an important component of these
pathways, increased release of free hemoglobin associated with increased
erythrophagocytosis would require increased ferritin production to sequestrate excessive
amounts of free iron. Consistent with this, highly elevated level of serum ferritin is an
important diagnostic feature of hemophagocytic syndromes.

Interestingly, a very high level of heme-oxygenase activity in freshly isolated PBMC
appears to distinguish SJIA from other febrile ilinesses [45¢] and high serum ferritin levels
are seen in a large proportion of patients with active SJIA without apparent MAS. These
observations suggest that this pathway is important in the pathogenesis of not only MAS but
SJIA in general. Consistent with this notion, expansion of CD163* macrophages in the bone
marrow may be seen not only in full-blown MAS but also in as many as 30-50% of patients
with active SJIA without clinically apparent MAS [7,8].

Curr Opin Rheumatol. Author manuscript; available in PMC 2015 May 26.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grom and Mellins

Page 6

As these macrophages appear to have the potential to become hemophagocytic, it has been
suggested that such expansion may represent the early stages of MAS. Interestingly, in the
report by Fall et al. [40], the signature of alternatively activated macrophages was
particularly strong in the group of patients with very high levels of ferritin.

Macrophage activation syndrome diagnosis

Even with treatment in a timely manner, MAS can be fatal. The diagnosis, however, is very
difficult in part owing to strong similarities between MAS and sepsis. There are no validated
diagnostic criteria for MAS, and early diagnosis is often difficult. In general, in a patient
with persistently active underlying rheumatologic disease, a fall in the ESR and platelet
count, particularly in a combination with persistently high CRP and increasing levels of
serum D-dimer and ferritin, should raise a suspicion of impending MAS. The diagnosis of
MAS is usually confirmed by the demonstration of hemophagocytosis in the bone marrow.
However, false negatives may occur owing to sampling errors, particularly at the early
stages of the syndrome. In some patients, subsequent biopsies have revealed
hemophagocytic macrophages in organs such as liver, lymph nodes, or lungs. In patients
with negative bone marrow biopsies, assessment of the levels of sIL2Ra and sCD163 in
serum may help with the timely diagnosis of MAS. Soluble IL2Ra receptors and soluble
CD163 are now increasingly recognized as important biomarkers of hemophagocytic
syndromes [33,46]. Because sIL2Ra and sCD163 are soluble molecules shed from the
surfaces of activated T cells and macrophages, respectively, their levels are likely to increase
in the serum regardless of the tissue localization of the cells. Although mild elevation of
sIL2Ra has been reported in many rheumatic diseases including JIA and SLE [47], a
several-fold increase in the levels of sIL2Ra in these diseases is highly suggestive of MAS
[7,48]. Importantly, however, other clinical entities associated with high levels of sIL2Ra
include malignancies and some viral infections, such as viral hepatitis, and these conditions
should be considered in the differential diagnosis.

In contrast to MAS, the diagnosis of HLH is usually based on the diagnostic criteria
developed by the International Histiocyte Society [49]. Unfortunately, the application of the
HLH diagnostic criteria to SJIA patients with suspected MAS is problematic. Some of the
HLH markers such as lymphadenopathy, splenomegaly, and hyperferritinemia are common
features of active systemic JIA itself and therefore do not distinguish MAS from a
conventional systemic JIA flare. Other HLH criteria, such as cytopenias and
hypofibrinogenemia, become evident only at the late stages. This is related to the fact that
SJIA patients often have increased white blood cell and platelet counts and elevated serum
levels of fibrinogen as a part of the inflammatory response in this disease. Therefore, when
they develop MAS, they demonstrate the degree of cytopenias and hypofibrinogenemia seen
in HLH only at the late stages of the syndrome, when their management becomes
challenging.

Diagnosis of MAS is even more problematic in SLE patients with autoimmune cytopenias,
which are difficult to distinguish from cytopenias caused by MAS. In these patients, the
presence of extreme hyperferritinemia and LDH elevation should raise suspicion of MAS
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[9¢]. Attempts to modify the HLH criteria to increase their sensitivity and specificity for the
diagnosis of MAS in rheumatic conditions have been initiated [50].

Conclusion

MAS remains a major cause of morbidity and mortality in pediatric rheumatology. There are
still no validated diagnostic criteria and early diagnosis is difficult. However, the progress in
understanding of the MAS pathophysiology and identification of the pathways associated
with the early stages of this syndrome bring a promise to develop new biomarkers for
clinical practice.
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Figure 1. Proposed mechanismsthat may lead to increased predisposition to macrophage
activation syndromein systemic juvenileidiopathic arthritis

In active systemic juvenile idiopathic arthritis (SJIA), expression of the markers of the
alternative pathway of macrophage differentiation parallels expression of negative regulators
of innate immune responses including SOCS3 and IL-10. SOCS3 interacts with JAK/STAT
signaling pathways leading to decreased responsiveness of monocytes/macrophages to IFN-
v. Altered responsiveness to IFN-y combined with the presence of IL-10 may skew
differentiation of monocytes towards the scavenger macrophages, which exhibit increased
phagocytic activity and are CD163*. The presence of cytolytic dysfunction in SJIA patients
that appears to be caused by both genetic and acquired factors may be another contributing
factor.
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