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Abstract

Hyperferritinemia and pronounced hemophagocytosis help distinguish a subset of patients with 
a particularly inflammatory and deadly systemic inflammatory response syndrome. Two clinically 
similar disorders typify these hyperferritinemic syndromes: hemophagocytic lymphohistiocytosis 
(HLH) and macrophage activation syndrome (MAS). HLH is canonically associated with a complete 
disturbance of perforin/granzyme-mediated cytotoxicity, whereas MAS occurs in the context of the 
related rheumatic diseases systemic juvenile idiopathic arthritis and adult-onset Still’s disease, 
with associated IL-1 family cytokine activation. In practice, however, there are accumulating lines 
of evidence for innate immune dysregulation in HLH as well as partial impairments of cytotoxicity 
in MAS, and these mechanisms likely represent only a fraction of the host and environmental 
factors driving hyperferritinemic inflammation. Herein, we present new findings that highlight the 
pathogenic differences between HLH and MAS, two conditions that present with life-threatening 
hyperinflammation, hyperferritinemia and hemophagocytosis.
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Introduction

Systemic inflammation has vexed healers since ancient 
times, inspiring imagery of sanguine humors run amok in 
septic patients. Centuries later the hemodynamic changes 
associated with sepsis were attributed to systemic inflamma-
tion in the formulation of the systemic inflammatory response 
syndrome (SIRS) (1); sepsis can be defined as SIRS in the 
presence of a defined infection. Intensive clinical study of 
inflammation in broad sepsis cohorts was initially disappoint-
ing, and so the search for the inflammatory underpinnings 
of SIRS continues. Instructive to this search are advances 
in our understanding of the hyperferritinemic syndromes, 
as typified by the overlapping disorders hemophagocytic 
lymphohistiocytosis (HLH) and macrophage activation syn-
drome (MAS). The implications of hyperferritinemia and its 
relationship to inflammation are reviewed elsewhere in this 
issue (2). Hemophagocytosis is the engulfment of blood cells 
and their precursors by histiocytes (activated macrophages); 
lymphohistiocytosis is the histologic co-existence of activated 
lymphocytes and macrophages. Both HLH and MAS are 
life-threatening inflammatory states characterized by fever, 
extreme hyperferritinemia, pancytopenia, coagulopathy, hep-
atitis, hepatosplenomegaly, increased soluble IL-2 receptor 
α (IL-2Rα; reflecting lymphocyte activation) and excessive 
hemophagocytosis (3).

Despite initial disappointments in sepsis, targeted inflam-
matory cytokine inhibition outside of SIRS has been instruc-
tive. TNFα inhibition has been transformative for the treatment 
of inflammatory arthritis, psoriasis, uveitis and inflammatory 
bowel disease. Likewise, several monogenic periodic fever 
syndromes caused by inflammasome hyperactivity respond 
dramatically to IL-1 inhibition, and this observation helped pro-
pel the concept of ‘autoinflammation’ (4). IL-1 family cytokines 
include IL-1α, IL-1β, IL-18 and IL-33, which bind surface 
receptors and signal similarly to most toll-like receptors (TLRs) 
via MyD88 and NF-κB. IL-1β and IL-18 require processing via 
the inflammasome in order to signal. The inflammasome is 
a macromolecular structure linking intracellular pathogen or 
danger sensing with the activation (via caspases) of IL-1β and 
IL-18. Inflammasome activation also drives a form of inflam-
matory cell death known as pyroptosis (5).

The disorders at highest risk for MAS, systemic juvenile idi-
opathic arthritis (SJIA) and adult-onset Still’s disease (AOSD) 
share some phenotypic similarity with the monogenic ‘inflam-
masomopathies’ including unexplained fevers, rash and 
response to IL-1 inhibition (6, 7). However, unlike most auto-
inflammatory disorders, SJIA and AOSD lack a clear genetic 
origin and are particularly prone to MAS (8, 9). Recent work 
increasingly highlights the association of MAS with increased 
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activity of certain cytokines, specifically IL-18 (10, 11) and 
IFNγ (12).

HLH is a clinically similar hyperferritinemic syndrome that 
can be familial (FHLH) or seen during infection (often by 
Epstein–Barr virus [EBV]), malignancy, immunodeficiency or 
with chimeric antigen receptor T-cell (CAR T-cell) therapy (13, 
14). Whereas the mechanisms underlying MAS are just begin-
ning to be defined, the genetic causes for FHLH converge 
around impairment in the production, transit or function of 
cytotoxic granules (15). Insights from murine models of HLH 
have suggested that these granules are both anti-viral (kill-
ing infected cells) and anti-inflammatory (terminating immune 
synapses) (16) and mostly point to the critical importance of 
antigen-specific CD8 T cells and IFNγ.

In parallel with this work in MAS and HLH, attempts to clas-
sify the immune response in sepsis patients have continued. 
Many sepsis patients develop profound compensatory anti-
inflammatory response syndrome and are at risk for oppor-
tunistic infection. However, a subset of sepsis patients has a 
persistent hyperinflammatory response and ultimately poorer 
outcomes (17–19). Notably, this hyperinflammatory subset 
has clinical features of MAS, including hyperferritinemia (20) 
and may respond to IL-1 inhibition (21).

Despite the genetic origins of FHLH and the rheumatic con-
text of MAS, both hyperferritinemic syndromes often have an 
infectious trigger. An extremely broad variety of viral, bacte-
rial, parasitic and fungal infections have been identified to 
cause secondary HLH (22), and their pathogenic contribu-
tions remain mysterious. The non-viral causes of second-
ary HLH may be concentrated for intracellular pathogens 
like Mycobacterium tuberculosis, Ehrlichia, Leptospira, 
Plasmodia and Toxoplasma. It is tempting to hypothesize that 
intracellular infection of macrophages drives their aberrant 
activation and ferritin production, and that these pathogens 
intentionally drive ferritin synthesis for their own iron needs, 
but mechanistic data are lacking. Furthermore, the range of 
HLH-associated pathogens suggests that host factors play 
the largest role in determining susceptibility to hyperferritine-
mic inflammation.

In this review, we will examine two competing mechanisms 
in MAS and HLH: (i) impairment (genetic or acquired) of cyto-
toxic function and (ii) excessive innate immune activation by 
IL-1 family cytokines. Ultimately, we find that the evidence 
indicates a convergence at the level of cytotoxic T lympho-
cyte (CTL) hyperactivation and cytokine overproduction that 
may underlie the hyperferritinemic phenotype. Importantly, 
the mechanisms described are neither detailed nor compre-
hensive, but represent a model to be confirmed, refined and/
or refuted by future work.

Genetic mutations leading to impaired cytotoxic 
function cause FHLH and may contribute to the 
pathogenesis of MAS and ‘secondary HLH’

The familial forms of HLH (FHLH) have been recognized 
since the 1950s as disorders of previously healthy infants 
and young children who develop persistent and recurrent 
systemic inflammation with fevers, cytopenias, coagulopathy, 
liver and neurologic dysfunction (23). The understanding of 
these rare disorders was transformed by the discovery that 
FHLH patients had profoundly impaired natural killer (NK) cell 
cytotoxicity (24), and followed shortly by the identification of 
perforin (PRF1) deficiency in several patients with FHLH (25). 
Perforin is encoded by PRF1 and, subsequently, FHLH has 
been linked to recessively inherited defects in several other 
genes including UNC13D, STX11 and STXBP2. In addition, 
other familial disorders with similarity to HLH such as Griscelli 
syndrome, Hermansky–Pudlak syndrome and Chediak–
Higashi syndrome have been linked to biallelic variants in 
RAB27A, AP3B1 and LYST, respectively (26). Together, these 
familial hemophagocytic syndromes are all united by genetic 
defects in specific and essential components of the lympho-
cyte cytolytic pathway (Table 1), with the degree of cytotoxic-
ity impairment strongly correlated with clinical severity (27).

The precise mechanism by which genetic defects in NK cell 
and CTL function cause hyperferritinemic and hemophago-
cytic syndromes is not fully understood. Contemporaneous 
with the description of perforin deficiency causing FHLH, sev-
eral studies demonstrated that NK cells and CTLs, and specif-
ically perforin, served key roles in restraining T-cell responses 
during infection (28–31). These essential functions were viv-
idly demonstrated by Jordan et al., who found that perforin-
deficient mice infected with lymphocytic choriomeningitic 
virus (LCMV) developed all cardinal features of FHLH includ-
ing hyperferritinemia (32). Indeed, this remains the only mouse 
model that recapitulates all features of HLH (33). Additionally, 
perforin-deficient mice exhibited excessive early T-cell activa-
tion, associated with increased viral antigen presentation and 
antigenic stimulation, further supporting a key role for NK cells 
and CTLs in restraining immune activation (16).

Subsequent studies have similarly found that mice defi-
cient in other genes linked to FHLH develop hyperferritine-
mic, hemophagocytic syndromes upon LCMV infection (27, 
34–36). There is also evidence that NK cells and CTLs have 
distinct pathogenic functions in perforin-deficient mice. 
CTLs have functions in viral clearance, and CTL depletion 
greatly diminishes features of FHLH in mice, suggesting that 
these cells are key drivers of this hyperferritinemic ‘cytokine 
storm’ (32). In contrast, NK cells limit CTL hyperactivation 

Table 1.  Lymphocyte cytotoxicity genes linked to HLH and MAS

Gene Function Genetic deficiency Variants associated with MAS?

PRF1 Pore formation FHL-2 Yes
UNC13D Vesicle maturation and regulation of secretion FHL-3 Yes
STX11 Vesicle targeting and fusion FHL-4 Yes
STXBP2 Vesicle fusion, interacts with Syntaxin-11 FHL-5 Yes
RAB27A Vesicle docking and protein transport Griscelli syndrome type 2 Yes
AP3B1 Vesicle trafficking, organelle biogenesis Hermansky–Pudlak syndrome No
LYST Vesicle sorting and trafficking in endosomes Chediak–Higashi syndrome Yes

196  Convergent pathways in hyperferritinemia



and down-modulate specific T-cell responses, thus protect-
ing these animals from fatal outcomes (37, 38). This supports 
a central role for functional NK cell activity in serving as an 
essential check on the CTL-mediated immunopathology seen 
in HLH.

There is also evidence supporting a role for NK cells in 
MAS. The first reports of what we now recognize as MAS 
described SJIA patients who experienced life-threatening 
inflammatory episodes with anemia and consumptive coagu-
lopathy, hepatic, neurologic and hematologic dysfunction, 
and expansion of well-differentiated bone marrow mac-
rophages with hemophagocytic activity (39–42).

The recognition of this and other similarities led Grom and oth-
ers to propose that MAS represented a secondary or reactive 
form of HLH (43, 44). In agreement with this, there is substan-
tial evidence of NK cell dysfunction in patients with SJIA and 
MAS. Several reports have described patients with SJIA and 
MAS with a mixture of quantitative defects in NK cell numbers 
and qualitative defects in perforin expression. A subgroup of 
patients with SJIA also had near-complete absence of CD56bright 
NK cells, which serve immunoregulatory roles and are often low 
in HLH (45, 46). A more recent study found that nearly one-
third of patients with a history of MAS with suspected but as yet 
undefined rheumatic disease had persistent functional abnor-
malities in NK cell granule release (47). Finally, multiple studies 
have shown that NK cells from SJIA patients have decreased 
functional responses to IL-18 (48). Together these findings sug-
gest that impaired NK cell function could link MAS to FHLH.

Given this clinical and pathologic overlap, could similar 
genetic defects in cytolytic pathways be implicated in MAS? 
Multiple independent cohorts of SJIA and MAS patients 
have exhibited an enrichment for rare, protein-altering vari-
ants in genes linked to FHLH (49–52). In particular, Vastert 
et al. found a significantly higher prevalence of the perforin 
gene variant A91V in patients with MAS than in SJIA patients 
without history of MAS or in healthy controls (50). A  recent 
comprehensive study using whole exome sequencing in a 
cohort of SJIA and MAS patients found more than one-third 
carried rare variants in HLH-associated genes. In addition, 
these patients had a significant enrichment for rare variants 
in other genes involved in cellular assembly and organization, 
supporting further as yet undefined genetic links with granule 
trafficking pathways (51). Finally, while the role of intronic and 
non-coding genetic variants in MAS is largely unexplored, 
a recent study intriguingly found that >8% of children with 
recurrent MAS had deep intronic variants in UNC13D which 
alter a lymphocyte-specific promoter, highlighting the need 
for further study of these genomic regions.

Variants in PRF1, UNC13D and RAB27A have also been 
described in patients with MAS in the setting of other rheu-
matic diseases (52–56), suggesting that this mechanism may 
extend beyond SJIA. Most interestingly, cytolytic pathway 
genetic variants have been recently described in a series 
of patients with fatal H1N1 influenza infection, most of which 
would satisfy criteria for HLH or MAS (57). These genetic data 
further support a central role for cytolytic pathway dysfunc-
tion in hyperferritinemic syndromes.

Indeed, there is increasing experimental data to support 
the idea that even common functional polymorphisms in 
cytolytic pathway genes can impact NK cell properties. One 
recent study reported two patients with hyperferritinemic 

syndromes and a shared heterozygous variant in RAB27A, 
which was shown to function as a partial dominant negative 
able to reduce NK cell cytotoxicity and delay granzyme B 
polarization towards the immunologic synapse (58). This is 
particularly interesting in light of findings that delayed killing 
of target cells leads to prolonged NK/target cell ‘immune syn-
apse’ time, resulting in hypersecretion of cytokines, including 
IFNγ (59). Similarly, heterozygous, dominant-negative muta-
tions have been reported in STXBP2, impairing membrane 
fusion by arresting the SNARE-complex assembly (60).

Defective killing by NK cells has also been demonstrated 
for perforin gene variants, including some more common 
functional polymorphisms. The PRF1 variant A91V (dbSNP 
rs35947132) is present in between ~1 and 8% of the gen-
eral population. However, it has also been linked to late-onset 
FHLH (61), MAS in patients with SJIA (50) and even hemato-
logical malignancies (62). Several studies have shown that 
this variant may impair the structure and function of perforin 
(57, 62, 63), with recent work also demonstrating mild impair-
ment in function of primary NK cells from healthy A91V carri-
ers (64). These translational findings are further supported by 
animal models showing that accumulation of heterozygous 
variants in the cytolytic pathway impairs CTL function (65). 
Collectively, this work suggests that even heterozygous vari-
ants in cytolytic pathway genes may impair NK cell function 
and could predispose to developing hyperferritinemic syn-
dromes under particular circumstances.

Despite this strong genetic evidence, a majority of patients 
with MAS do not have identified variants in genes linked to 
cytolytic dysfunction. Indeed, many SJIA patients rather dis-
play transient defects in cytotoxic killing that normalize upon 
resolution of systemic inflammation (66). Recent work using 
IL-6 transgenic (IL-6TG) mice may provide a partial explana-
tion for this observation, as well as more widespread impair-
ment in NK cell function in hyperferritinemic syndromes. 
IL-6TG mice exhibit an enhanced inflammatory response to 
TLR ligands, in particular LPS, which triggers some clinical 
features resembling MAS (67). NK cells from IL-6TG mice 
showed impaired cytotoxicity, with reduced perforin and 
granzyme expression despite normal degranulation.

Primary human NK cells demonstrated similarly decreased 
perforin and granzyme expression upon exposure to IL-6, which 
was restored by treatment with the monoclonal antibody tocili-
zumab, which blocks IL-6R. IL-6 also reduced perforin expres-
sion in primary NK cells from a patient with history of MAS and a 
partial cytotoxicity defect (58), suggesting that IL-6 could func-
tion in synergy with genetic defects to impair cytolytic function. 
Finally, IL-6 plasma levels during SJIA clinical remission cor-
related with NK cell function (68). These findings intriguingly 
suggest that excessive innate immune activation as seen in 
hyperferritinemic syndromes can itself inhibit key NK cell func-
tions in immune homeostasis and worsen immunopathology.

An emerging role for IL-18 in defining the pathogenesis 
of MAS

Undoubtedly, cytotoxic impairment is an important host sus-
ceptibility factor contributing to the hyperinflammation and 
hyperferritinemia of HLH, but for many (if not most) patients 
this is not the whole story. There appears to be a threshold of 
cytotoxic function, below which patients have increasing risk 
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of developing HLH. As such, complete cytotoxic impairment 
carries a high penetrance for infantile FHLH, less severe cyto-
toxic impairments (e.g. Chediak–Higashi syndrome) result 
in a delayed-onset of HLH, and haploinsufficiency for HLH-
associated genes is quite common in the healthy population 
(64, 69). In fact, most FHLH-associated genes carry a prob-
ability of loss-of-function intolerance (pLI) of zero (Table  2) 
(70). A gene’s pLI refers to the proportion of detected versus 
expected loss-of-function mutations in a gene within a broad 
population (http://exac.broadinstitute.org). A  pLI >0.9 sup-
ports pathogenic haploinsufficiency, whereas a pLI = 0 sug-
gests little evolutionary pressure for two functioning copies of 
most FHLH genes (Table 2). Thus, the threshold of cytotoxic 
impairment required to drive HLH may be quite high.

MAS offers the strongest evidence that host susceptibility 
pathways distinct from cytotoxic impairment are at work. MAS 
is not associated with impaired pathogen clearance, and the 
rheumatic diseases at highest risk for developing MAS (SJIA 
and AOSD) typically respond to blockade of innate immune 
cytokines like IL-1β and IL-6. The majority of MAS patients 
have no genetic cytotoxic defects and no constitutive defects 
in NK cell function. The argument that the inflammatory milieu 
of SJIA, specifically excessive IL-6, drives transient cytotoxic 
dysfunction and MAS ignores the reality that IL-6 levels simi-
lar to SJIA occur in many inflammatory disorders that lack 
hyperferritinemic physiology (10). Most likely, multiple mech-
anisms (genetic, cytokine, pathogen, etc.) combine to deter-
mine both the character and amplitude of the response that, 
at a certain inflammatory threshold, manifests as MAS or HLH 
(71). Thus, a fuller understanding of hyperferritinemic physi-
ology requires a mechanistic understanding that includes, 
but is not limited to, cytotoxic dysfunction.

The same murine models of cytotoxic impairment that 
have informed our understanding of FHLH also implicate the 
importance of innate immune mechanisms both for priming 
hyperinflammatory adaptive responses and for carrying out 
tissue immunopathology. Specifically, signaling through IL-33 
(an alarmin, or danger signal, in the IL-1 family) is necessary 

for the development of immunopathology in the murine model 
of perforin deficiency (72). IL-33 signaling (like all IL-1 family 
cytokines and most TLRs) requires the innate immune signal-
ing adaptor protein MyD88, which is itself essential for the 
development of murine HLH (73). Finally, models of FHLH all 
converge on the necessity for IFNγ, which appears to medi-
ate HLH-associated anemia and hemophagocytosis (at least) 
via effects on macrophages (74, 75).

Models of secondary HLH and MAS variably support the 
importance of IFNγ, but do not rely on cytotoxicity. In the 
IL-6TG model, NK cell function was impaired but disease 
was not shown to depend on that impairment, but rather on 
IFNγ activity (68, 76). Likewise, in the TLR9-based model of 
MAS (in which TLR9 is repeatedly stimulated using CpG), NK 
cell numbers diminish in affected spleens (77), but perforin 
deficiency does not exacerbate this model (S. W.  Canna, 
unpublished data). Disease in the TLR9-model is unaffected 
by the absence of adaptive immune cells but requires innate 
lymphocytes such as NK cells (77). Whether disease in this 
model requires an intact IL-12–IFNγ axis seems to depend on 
whether IL-10 is present to inhibit other inflammatory media-
tors (75). Though Low NK numbers were observed in a murine 
cytomegalovirus (MCMV)-based model of secondary HLH, 
eliminating CD8 T cells in this model did not exacerbate dis-
ease, suggesting NK cytopenia may be an epiphenomenon. 
In fact, MCMV induced more severe disease in the absence 
of IFNγ in this model (78). These models do not undermine 
the reality that graded cytotoxic impairment contributes to 
HLH, but rather they suggest that defects other than cyto-
toxic impairment can proceed (potentially without IFNγ) to 
the complex immunophenotype observed in MAS and HLH. 
They also raise the possibility that cytotoxic impairment may 
in some circumstances be a byproduct, rather than cause, of 
severe systemic inflammation.

The study of biomarkers in human MAS and HLH has sug-
gested cytokine blockade may be an excellent therapeutic 
strategy. As described above, IFNγ plays a critical role in 
models of FHLH and some models of MAS, and these effects 
appear to be mediated through innate immune cells (74, 77). 
Similarly, peripheral blood analysis in FHLH and MAS sup-
port hyperactivity of IFNγ in the form of highly elevated IFNγ-
induced cytokines like CXCL9 (12, 79). Ongoing clinical trials 
of IFNγ blockade in FHLH appear promising (Clinicaltrials.
gov identifier NCT01818492).

Additionally, the calcium-binding proteins S100A8/A9 (cal-
protectin) and S100A12 (calgranulin) are elevated in active 
SJIA as opposed to other forms of JIA. S100 elevation may 
be less specific to SJIA, however, as levels in the autoinflam-
matory disease familial Mediterranean fever (FMF) are com-
parable to those in MAS (80, 81). These S100 proteins, when 
present extracellularly, signal through innate immune recep-
tors like TLR4 and RAGE on myeloid cells to promote inflam-
matory responses. It is possible that differential up-regulation 
of S100A8/9 versus S100A12 in specific disease states may 
provide insight into the preponderance of activated mono-
cytes versus neutrophils, respectively.

Most notably, observations in SJIA–MAS, sepsis and spe-
cific monogenic disorders such as NLRC4-MAS and XIAP 
deficiency (discussed more below) increasingly implicate 
the inflammasome-activated cytokines IL-1β and IL-18 as 

Table 2.  pLIa of familial HLH genes

Disease Gene Protein pLI

FHLH1 Unknown Unknown –
FHLH2 PRF1 Perforin 0.00
FHLH3 UNC13D Munc13-4 0.00
FHLH4 STX11 Syntaxin-11 0.02
FHLH5 STXBP2 Munc18-2 0.00
XLP1b SH2D1A SAP 0.08
XLP2b XIAP/BIRC4 XIAP 0.98
Griscelli RAB27A RAB27A 0.00
Hermansky–Pudlak AP3B1 AP-3 1.00
Chediak–Higashi LYST LYST 1.00
Phenylketonuria PAH Phenylalanine 

hydroxylase
0.00

HA20 TNFAIP3 A20 1.00

Assembled from the Exome Aggregation Consortium. PAH and 
TNFAIP3 are included as controls known to be associated with hap-
losufficiency and haploinsufficiency, respectively.
aExplanation of pLI available at http://exac.broadinstitute.org/faq and 
is detailed in Lek et al. (70).
bX-linked disorder.
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important for MAS. Blockade of IL-1β is beneficial to the major-
ity of SJIA patients (7, 82) and, although it did not appreciably 
prevent MAS in SJIA (83), multiple case reports support the 
utility of IL-1 blockade in MAS (84). Thus, there is an ongo-
ing clinical trial of IL-1 blockade in MAS (NCT02780583). 
Importantly, adult sepsis patients with clinical features similar 
to MAS (hepatobiliary dysfunction and coagulopathy) have 
enhanced mortality that may be preventable with IL-1 block-
ade (21). This response is not unique to SJIA, as many mono-
genic autoinflammatory diseases that are not associated with 
MAS or HLH respond dramatically to IL-1 inhibition (4).

IL-18 may be the biomarker most specifically linked to 
patients at risk for MAS (85). Traditionally, IL-18 acts in con-
cert with other cytokines like IL-12 to drive lymphocyte cyto-
toxicity and cytokine production, most notably IFNγ. However, 
we are only beginning to appreciate its role in other kinds 
of inflammatory responses as well as in maintaining mucosal 
barrier integrity (86). Extremely high levels of IL-18 have been 
observed in patients with SJIA and AOSD, particularly those 
with MAS, whereas much more modest elevation of serum 
IL-18 has been observed in a variety of inflammatory, infec-
tious and malignant diseases (10, 11, 85–87).

IL-18 is inhibited by an endogenous soluble protein called 
IL-18-binding protein (IL-18BP) such that it is bioactive only 
when unbound by IL-18BP (87). Detectable ‘free IL-18’ 
may be specific to SJIA/AOSD and the MAS-prone genetic 
syndromes (related to NLRC4 or XIAP mutations) where 
IL-18 is extremely elevated (85, 87, 88). The effects of this 
chronic, unopposed IL-18 are largely unknown. Elevated 
free IL-18 was identified in many AOSD patients (87) and 
a trial of recombinant IL-18BP in AOSD recently completed 
(NCT02398435). Extremely elevated IL-18 and free IL-18, 
particularly in relation to IFNγ-induced cytokines like IL-18BP 
and CXCL9, may be specific to MAS among both hyperferri-
tinemic and autoinflammatory diseases (85). Additionally, two 
groups have observed failure of SJIA NK cells to respond to 
IL-18, potentially due to impaired IL-18R signaling (48, 89). 
Because IL-18 may be important for promoting organ-specific 
cytotoxicity in some infections (90), chronic IL-18’s effects on 
the IL-18R could represent another mechanism of acquired 
NK cell dysfunction in MAS (along with IL-6). Whether such 
an acquired cytotoxic dysfunction is pathogenic, or simply 
an epiphenomenon of severe inflammation in some circum-
stances, remains to be determined.

Two genetic disorders mentioned above, NLRC4-MAS 
and XIAP deficiency, have recently highlighted the mecha-
nistic importance of the IL-18/MAS association. Patients 
with NLRC4-MAS have gain-of-function mutations that result 
in NLRC4 inflammasome hyperactivity and IL-1β and IL-18 
overproduction. They can experience life-threatening epi-
sodes of MAS accompanied by severe infantile enterocolitis 
(88, 91–93). Total IL-18 is extremely elevated in these patients 
and varies very little even between fulminant and quiescent 
disease (88, 91, 92).

Notably, hyperactivity of inflammasomes other than NLRC4 
has been associated with autoinflammatory disease, but not 
high IL-18 or MAS. Gain-of-function mutations in NLRP3 and 
MEFV cause the canonical inflammasomopathies cryopyrin-
associated periodic syndromes (CAPS) and FMF, respec-
tively. These are diseases of chronic inflammation responsive 

to IL-1 blockade but rarely associated with MAS (4, 94). 
Serum IL-18 levels in CAPS and FMF do not approach those 
of NLRC4-MAS, suggesting that IL-18 may be the necessary 
link between inflammasome hyperactivity and MAS (85, 92). 
Mucosal epithelial cells constitutively and highly express pro-
IL-18, suggesting a potential source of IL-18 independent 
of myeloid cell expansion and consistent with such chronic 
elevation. Elevated serum IL-18 in a murine model of NLRC4 
hyperactivity was shown to derive entirely from intestinal epi-
thelia (85), and free IL-18 promoted experimental MAS in two 
independent animal models (85, 95). Given the chronicity 
of IL-18 elevation in monogenic forms of MAS, and possibly 
in SJIA/AOSD, IL-18 may represent a host factor that pre-
cedes the development of inflammation (86). IL-1 inhibition 
has shown benefit in one NLRC4-MAS patient, but a more 
severely affected patient showed dramatic improvement only 
when recombinant IL-18BP was added (88). IFNγ blockade 
may also be beneficial in NLRC4-MAS (96).

HLH in patients with XIAP deficiency [termed X-linked lym-
phoproliferative disease 2 (XLP2); Table  1] has also been 
associated with IL-18 levels far beyond those of other causes 
of HLH (97). XLP2 was originally described as HLH in patients 
with difficulty clearing primary EBV infection, although it does 
not appear to induce cytotoxic impairment and reports vary 
in terms of the rate of association with EBV (98). The mecha-
nisms by which XIAP deficiency might drive IL-18 and/or 
HLH are less clear than in NLRC4-MAS, but include impaired 
NOD2 signaling (XIAP is required for NOD2 signaling in vitro), 
increased apoptosis or failure to efficiently clear EBV (98). 
Importantly, impaired cytotoxicity is not a feature of either 
NLRC4-MAS or XIAP deficiency. It is also relevant that not all 
NLRC4- or XIAP-related inflammatory diseases manifest as 
MAS/HLH, and IL-18 levels in these milder phenotypes have 
not been well studied (99–102). The effects of recombinant 
IL-18BP on NLRC4- and XIAP-mediated inflammation are 
also under current clinical investigation (NCT03113760).

The dynamics of extreme IL-18 elevation in MAS offer a few 
insights into its origins and significance. IL-18 appears to be 
extremely elevated regardless of disease activity or degree 
of hyperferritinemia in NLRC4-MAS and some patients with 
XIAP-HLH (88, 91, 92, 97) and circulates in its cleaved form 
(85). It remains unclear whether this IL-18 remains elevated 
after interventions such as bone marrow transplantation. By 
contrast, in MAS associated with SJIA and AOSD, IL-18 lev-
els appear to improve with prolonged disease quiescence 
(85, 103). Extremely elevated IL-18 can exist without hyper-
ferritinemia, and likewise hyperferritinemia does not rely on 
extremely elevated IL-18 (as in FHLH). Thus, the associa-
tion of chronic IL-18 and hyperferritinemia seems unique to 
patients classified as MAS.

A convergence on T lymphocyte activation and 
cytokine overproduction

The hyperferritinemic syndromes display an impressive 
amount of immune complexity and phenotypic variability, 
even when the genetic origins are known. Indeed, sys-
temic cytokine storm and hyperferritinemia likely repre-
sent a final common pathway resulting from many distinct 
defects including, but not limited to, those we have 
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discussed. We have attempted to summarize the wealth 
of experimental and observational evidence supporting 
two competing, non-redundant mechanisms: impairment 
of granule-mediated cytotoxicity, and pathologic innate 
immune signaling by the IL-1 family members IL-1, IL-18 
and/or IL-33.

On the basis of this evidence, we deduce (at least) two 
ways in which these mechanisms might converge leading 
to hyperferritinemia: (i) excessive T lymphocyte activation 
and (ii) excessive IFNγ activity. Supporting the former, the 
mechanisms of T-cell activation in FHLH and CAR T-cell HLH 
are relatively well established (14). In MAS, the evidence 
for T-cell involvement is more circumstantial, with markedly 
elevated IL-2Rα levels suggesting shedding by activated 
T cells (8). Likewise, if IL-18 blockade is acutely beneficial 
in MAS, as has been observed in NLRC4-MAS (88), then 
this benefit may be mediated through inhibiting effects on 
activated T cells, as SJIA NK cells may be chronically IL-18 
insensitive (48, 89).

The evidence supporting IFNγ in both MAS and HLH is 
somewhat stronger. As discussed above, the murine evi-
dence for IFNγ as the quintessential driver of FHLH is pon-
derous, and IFNγ is an important driver in some models of 
MAS. Active human MAS and HLH are both associated with 
elevated CXCL9, ostensibly due to elevated IFNγ activity. 
Furthermore, IL-18 canonically exerts its inflammatory effects 
on lymphocytes, promoting cytokine (particularly IFNγ) pro-
duction and cytotoxicity. A preliminary report also suggested 

IFNγ blockade was helpful in NLRC4-MAS (96) and further 
clinical trials in MAS are planned.

Conclusions

Although the mechanisms of hyperferritemic inflammation 
remain poorly understood, specific but far-reaching insights 
have been gained via the specific genetic and environmen-
tal contexts in which MAS and HLH have been observed. 
Overall, the state-of-the-art implicates multiple independent 
pathways, most prominently impaired cytotoxicity in HLH and 
excessive IL-18 in MAS (Fig. 1), that converge on a pattern 
of T-cell hyperstimulation, macrophage activation and deadly 
immunopathology. Several important observations fit less 
neatly into the paradigm of T-cell activation and IFNγ over-
production, including why certain environmental exposures 
like EBV or T-cell malignancies trigger hyperferritinemia, the 
response of some MAS patients to IL-1 inhibition (which may 
be dose related) and the variable response in animal mod-
els to IFNγ blockade. Indeed, a systems-based assessment 
of the factors driving and restricting MAS and HLH will be 
required in many circumstances (75, 78). Nonetheless, the 
rapid pace of discovery in MAS and HLH holds great promise 
for improving our understanding of the intersecting and com-
plementary roles of cytotoxic dysfunction, IL-1 family signal-
ing, and beyond; the implications of which will have major 
impacts on the study, diagnosis and treatment of MAS, HLH 
and systemic inflammation overall.

Fig. 1.  Convergent pathways of the hyperferritinemic syndromes HLH and MAS. In a typical immune response, infectious (often viral) trig-
gers induce activation and expansion of specific CD8+ cytotoxic T Lymphocytes (CTLs). Both CD8+ CTLs and NK cells receive signals from 
antigen-presenting cells (APCs), leading to enhanced IFNγ production and cytolytic killing (red arrows). Contraction and resolution of the 
immune response also depend upon NK cell killing of activated lymphocytes. In HLH, impaired CTL function leads an inability to kill target cells 
and excessive IFNγ production. IFNγ has essential roles in activating macrophages, which produce high levels of inflammatory cytokines and 
further enhance the CTL response. Absent NK cell cytotoxicity further leads to inability to contract the immune response. During MAS, innate 
immune activation including excessive IL-18 production, drives activation and expansion of CTLs to overproduce IFNγ, which further stimulat-
ing macrophages to produce inflammatory cytokines. Partial genetic or acquired CTL and NK cell defects may augment this IFNγ response 
and similarly impair resolution of inflammation. In both HLH and MAS, this overwhelming immune activation leads to a systemic cytokine storm.
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