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Abstract

Objective—Macrophage Activation Syndrome (MAS) is a devastating cytokine storm syndrome
complicating many inflammatory diseases and characterized by fever, pancytopenia, and systemic
inflammation. It is clinically similar to Hemophagocytic Lymphohistiocytosis (HLH), which is
caused by viral infection of a host with impaired cellular cytotoxicity. Murine models of MAS and
HLH illustrate Interferon-y (IFN-y) as the driving stimulus for hemophagocytosis and
immunopathology. We sought to understand the inflammatory contributors to a murine model of
Toll-like Receptor 9 (TLR9)-induced fulminant MAS.

Methods—Wild-type (WT), transgenic, and cytokine-inhibited mice were treated with an IL-10
receptor blocking antibody and TLR9 agonist, and parameters of MAS were evaluated.

Results—Fulminant MAS was characterized by dramatic elevations in IFN-y, IL-12, and IL-6.
Serum IFN-vy correlated with enhanced IFN-y production within some hepatic populations, but
fewer IFN-y+ cells. Surprisingly, IFN-yKO mice developed immunopathology and
hemophagocytosis comparably to WT mice. However, IFN-yKO mice did not become anemic and
had greater numbers of splenic erythroid precursors. IL-12 neutralization phenocopied disease in
IFN-yKO mice. Interestingly, Type | interferons contributed to the severity of hypercytokinemia
and weight loss, but their absence did not otherwise affect MAS manifestations.

Conclusion—These data demonstrate that both fulminant MAS and hemophagocytosis can arise
independently of IFN-y, IL-12, or Type | interferons. They also suggest that IFN-y-mediated
dyserythropoiesis, not hemophagocytosis, is the dominant cause of anemia in fulminant TLR9-
MAS. Thus, our data establish a novel mechanism for the acute anemia of inflammation, but
suggest that a variety of triggers can result in hemophagocytic disease.

Macrophage Activation Syndrome (MAS) is a potentially lethal hemophagocytic syndrome
that complicates numerous infectious, oncologic, and rheumatic diseases. It is characterized
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by fever, pancytopenia, coagulopathy and inflammation of various organs including the liver
and central nervous system. It bears striking clinical similarity to familial Hemophagocytic
Lymphohistiocytosis (HLH), a disease caused by mutations leading to impaired NK and
CD8 T-cell cytotoxicity (1). The hemophagocytic syndromes MAS and HLH are so-named
due to the characteristic finding of hemophagocytes (HPCs) on examination of bone
marrow, livers and/or spleens. HPCs are activated macrophages identified histologically to
have engulfed other hematopoietic elements. While commonly identified with HLH and
MAS, they have been observed in a number of other inflammatory diseases (2).

The mechanisms resulting in human hemophagocytic syndromes remain largely unknown.
Serum cytokines in active MAS demonstrated elevation of a number of inflammatory
pathways with heterogeneity likely reflecting the triggering effect of the disease of origin (3,
4). Other groups have shown that some patients with systemic juvenile idiopathic arthritis
(sJIA), a disease frequently associated with MAS, had defects in cytotoxicity akin to those
seen in HLH (5-7). Serum cytokines in HLH patients similarly showed polycytokinemia
with emphasis on IFN-y and related cytokines (8, 9). Interestingly, PBMC microarray data
in HLH showed upregulation of certain pro- and anti-inflammatory factors, and
downregulation of genes associated with NK & CD8 T-cell activation, TLR signaling, and
apoptosis (10). Notably, IFN-y responsive genes were not differentially regulated in HLH
(10), and the role of IFN-y in sJIA is unclear (11).

Murine models of hemophagocytic syndromes, however, have largely implicated IFN-vy as
the principal causative cytokine. Several models of HLH utilize lymphocytic
choriomeningitis virus (LCMV) infection in the context of genetic cytotoxic defects and rely
on IFN-vy to drive immunopathology (12-14). Indeed, IFN-y alone, by infusion pump, was
sufficient to drive immunopathology (15). However, Krebs et al demonstrated in an HLH
model that immunopathology was dependent on the presence of MyD88, an adaptor critical
for IL-1 and TLR signaling (14). The IL-1 receptor was dispensable in this model, indicating
TLR signaling as important in the pathogenesis of HLH. Concordant with a role for TLR
signaling as a driver of hemophagocytic disease, repeated TLR9 agonism created an MAS-
like phenotype and was similarly IFN-y dependent (16). Overall, these models suggest that
TLRs and IFN-vy are critical mediators hemophagocytic disease.

Despite the abundance of clinical and animal data supporting the ability of IFN-vy to drive
hemophagocytosis and cytokine storm, investigations into the contributions of other
cytokines to hemophagocytic pathology are lacking. Mice constitutively expressing IL-6
develop an MAS-like reaction to TLR stimulation (17). We have previously reported that
the anti-inflammatory cytokine I1L-10 regulated TLR9-mediated MAS, since disruption of
IL-10 signaling resulted in far more severe disease including hemophagocytosis (a collection
of symptoms we here refer to as “fulminant TLR9-MAS”) (16).

Investigating fulminant TLR9-MAS, we found that fulminant MAS was accompanied by
dramatically enhanced inflammatory cytokinemia, including IFN-y. Surprisingly, mice
deficient in IFN-y experienced fulminant MAS similarly to WT mice, complete with
hemophagocytosis. However, fulminant MAS in IFN-y deficient mice occurred without
anemia, correlating with greater splenic erythropoiesis. Further evaluation demonstrated that
IL-12 drove IFN-y production, and that Type I IFNs contributed to fulminant MAS
immunopathology. These data demonstrate that most manifestations of hemophagocytic
disease, including hemophagocytosis itself, can occur independently of IFN-y. They also
suggest that IFN-y-mediated dyserythropoiesis, not hemophagocytosis, is the dominant
mechanism of MAS-related anemia.
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Materials and Methods

Mice

WT and IFN-yKO mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Yeti mice were a gift from M. Mohrs (Trudeau Institute, Saranac Lake, NY) (18). IFNAR-
KO mice were a gift from J. M. Bergelson (CHOP Research Institute, Philadelphia, PA)
(19). All mice were bred on a C57BL/6 background and housed in an Association for
Assessment and Accreditation of Laboratory Animal Care—certified animal facility. All
experiments were performed with approval of the University of Pennsylvania and The
Children’s Hospital of Philadelphia IACUC.

Induction of MAS

WT and transgenic mice were injected i.p. with PBS or 37.5 pg CpG ODN 1826 (Integrated
DNA Technologies) with or without 200 pg 1gG2b control antibody (clone SFR8) or
IL-10R1 blocking antibody (referred to as IL10RB, clone 1B1.3A, both Bio X-cell) on days
0, 2, 4, and 6, and mice were sacrificed on day 7. 500 pg control or 1L-12p40 neutralizing
antibody (C17.8, Bio X-cell) was injected on days 0 and 4. 1.5 mg control or TNFa
neutralizing antibody (XT3.11, Bio X-cell) was injected on days 0 and 4.

Peripheral blood was obtained immediately prior to sacrifice and complete blood counts
performed on a hemavet analyzer. IL-10, IFN-y, IL-6, IL-12p70, IL-1B, IL-4 (BD OptEIA),
IL-18 (MBL International), and IFNP (PBL interferonsource) were measured in sera using
ELISA according to manufacturers’ specifications.

Flow Cytometry

Organs were harvested, homogenized, and passed through a 70um filter to generate single
cell suspensions. Spleens were injected with media containing 1 mg/mL collagenase and 50
ug/mL DNAse and incubated at 37°C for 15 minutes prior to homogenization and filtering.
Hepatic leukocytes were isolated from liver single-cell suspensions by means of percoll
gradient centrifugation. Cell concentrations were assessed using a hemocytometer or a
Countess Automated Cell Counter (Life Technologies). Cells were stained with B220, CD4,
CD8a, CD11b, CD11c, CD19, NK1.1, TCRp, CD71 (BD Pharmingen), and/or Ter119
(Biolegend) fluorochrome-tagged antibodies and analyzed using a BD LSR Il Flow
Cytometer and FlowJo software version 9.3 (Tree Star, Inc).

Gating Strategies

All gates are drawn on doublet-excluded, live cells. CD4 & CD8 T-cells: TCRp+NK1.1-
CD4+ or CD8+, respectively NKT cells: TCRB+NK1.1+CD8- NK cells: TCRB-B220-
NK1.1+CD11b+ Plasmacytoid Dendritic Cells: TCRB-CD11c'® B220intermediate to high,
CD8- CD8+ Conventional Dendritic Cells: TCRB-CD11c"B220-CD8+ Erythroid
precursors: TCRB-CD19-CD71+Ter119+

Evaluation of hemophagocytosis

Touch preps were made by lightly touching spleens to a glass slide, air drying, and Wright-
Giemsa staining. Slides were evaluated by a blinded pediatric hematopathologist (MP) and
qualitatively scored as excessive hemophagocytosis present, absent, or indeterminant.

Evaluation of hepatitis

Unperfused livers were fixed overnight at 4°C in 10% formalin in PBS and embedded in
paraffin. H&E stained slides were prepared and evaluated by a blinded pediatric pathologist
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(PK) who assigned a lobular hepatitis score based on the number of foci of lobular
inflammation per 20X high power field in the most inflamed area of the specimen.

Data were plotted and analyzed using Prism 5.0 (GraphPad Software). Statistical
significance was tested using one-way ANOVA with Tukey’s post test, 2-tailed unpaired
Student’s t-test or repeated measures ANOVA, as indicated. Error bars in all figures
represent SEM, with the midline representing the mean value. All comparisons reaching
statistical significance (less than 5% type | error) are indicated.

Massive elevations in inflammatory serum cytokines characterize fulminant MAS

We have previously shown that coadministration of repeated CpG with an IL-10R1 blocking
antibody results in fulminant MAS complete with more severe cytopenias,
hyperferritinemia, and the development of HPCs (16). Fulminant MAS was also
characterized by dramatic elevations in the pro-inflammatory cytokines IFN-v, IL-12p70,
and IL-6 (Figure 1A). Other macrophage-stimulatory cytokines such as IL-18, IL-1p, IL-4,
and IFN-pB were less dramatically elevated (Figure 1A & B). We detected no substantial
serum IFN-a or TNF-a (data not shown). These data are consistent with fulminant MAS as
a cytokine storm syndrome associated with a Thl-predominant inflammatory
polycytokinemia.

Fulminant MAS is accompanied by enhanced IFN-y production within select populations,
but diminution in the absolute numbers of IFN-y producing cells

Given the IFN-y dependence of most models of hemophagocytic diseases (12-16) and the
enhanced IFN-y production seen in fulminant MAS, we investigated the major cellular
sources of IFN-+y in this model. To accomplish this and to avoid the necessity of different ex
vivo stimuli, we made use of YETI mice in which YFP production marks transcription of
IFN-y (18). As some cells expressed IFN-y mRNA at baseline (data not shown and (18)),
IFN-7y induction was measured by increases in the proportion of YFP+ cells and/or by
increases in the YFP median fluorescence intensity (MFI) of the population. We evaluated
IFN-y production at Day 7 because, in distinction to CpG-alone, serum IFN-y in fulminant
MAS was most dramatically elevated at this timepoint (Figure 2A). IFN-y expression varied
substantially by organ, but the liver showed by far the highest baseline and inducible
expression as compared to spleen, peripheral blood, and mesenteric and inguinal lymph
nodes (data not shown); thus we focused our investigations on hepatic IFN-y production.
The total number of liver-infiltrating cells increased with CpG-treatment and was
comparable in both fulminant MAS and with CpG-alone (Figure 2B). However, despite the
increased serum IFN-y observed in fulminant MAS compared with CpG-alone, the absolute
number of IFN-y/YFP+ cells in fulminant MAS appeared to decrease as compared to CpG-
alone (Figure 2B).

Fulminant MAS was accompanied by an increase in the percentage of hepatic CD4 and CD8
T-cells that were IFN-y/YFP+ without a change in the YFP-MFI (Figure 2C & D).
However, consistent with the drop in total hepatic YFP+ cells, the total numbers of YFP+
hepatic CD4 and CD8 T-cells were lower in fulminant MAS than with CpG alone (Figure
2C). Accordingly, the YFP-MFI of hepatic NKT, NK, and plasmacytoid dendritic cells was
substantially elevated in fulminant MAS versus mice treated with CpG alone (Figure 2D).
However, the size of these populations was again lower in fulminant MAS than with CpG
alone (Figure 2D). Only the above cell types and CD8+ conventional dendritic cells (cDCs)
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showed baseline or inducible IFN-y/YFP production. cDCs did not appreciably change
expression or cell number in any experimental condition (data not shown).

Collectively, these observations suggest that fulminant MAS was characterized by enhanced
IFN-y production within NK, NKT, & pDC populations, but that the total number of hepatic
cells expressing IFN-y was contracted versus mice treated with CpG alone. This is in
contrast to models of familial HLH, where massive elevations in serum IFN-y are
attributable to large increases in the numbers of IFN-y producing, antigen-specific CD8 T-
cells (12, 20).

Fulminant MAS and hemophagocytosis arise independently of IFN-y, while MAS-related
anemia and dyserythropoiesis are IFN-y dependent

To directly test the role of IFN-y in fulminant MAS, we administered CpG and IL-10R
blocking antibody to mice incapable of producing IFN-+y. Surprisingly, IFN-yKO mice were
not significantly protected from fulminant MAS-induced cachexia, thrombocytopenia, or
hepatitis (Figure 3A). Additionally, elevations in serum IL-12, IL-6, and IL-10 in IFN-yKO
mice were comparable to those seen in WT mice (Figure 3B and data not shown). IFN-yKO
mice also developed HPCs at a rate comparable to WT mice (Table 1). These results suggest
the importance of IL-10 in limiting the contributions of inflammatory mediators other than
IFN-y to MAS immunopathology.

We were most surprised to see that while IFN-yKO mice were susceptible to most aspects
of TLR9-induced immunopathology, they were protected from anemia (Figure 3A). We
have previously shown that TLR9-induced anemia is IFN-y dependent, but occurs in the
absence of overt hemophagocytosis (16). We now show that IFN-yKO mice develop
hemophagocytic macrophages under fulminant MAS conditions and yet these mice do not
become anemic. Such IFN-yKO HPCs had engulfed both erythrocytes and leukocytes
comparably to HPCs from WT mice (Figure 3C). To investigate the mechanism of this IFN-
vy dependent anemia, we evaluated bone marrow, liver, and spleen CD71+Ter119+ erythroid
precursors (21). We found that CpG was toxic to bone marrow hematopoiesis irrespective of
IFN-y (Figure 3D). However, IFN-yKO mice showed substantially higher numbers of
splenic and to a lesser extent hepatic erythroid precursors (Figure 3D and data not shown).
Thus, our data suggest that MAS instigates a demand for extramedullary hematopoiesis and
that IFN-y mediates anemia in part by inhibiting the ability to respond to this demand.

IL-12 acts upstream to induce IFN-y in fulminant MAS

Since IFN-y was dispensable for the majority of features of fulminant MAS, we sought to
determine the contributions of other cytokines to the observed immunopathology. IL-12p70
is most notable for its induction of Ty1 differentiation and stimulatory effects on NK cells
and CD8 T-cells (22). Serum IL-12 was also markedly elevated in fulminant MAS even in
the absence of IFN-y (Figure 3B). Induction of fulminant MAS in mice concomitantly
treated with an antibody blocking IL-12p40 resulted in a phenotype similar to that seen in
IFN-yKO mice (Figure 4). Specifically, 1L-12 blocked mice experienced weight loss,
thrombocytopenia, and hepatitis comparably to WT mice (Figure 4A). However, IL-12
blocked mice were largely spared from anemia (Figure 4A), suggesting that IL-12 acts
upstream to induce IFN-y production. Hemophagocytosis was comparable between WT
mice and IL-12 blocked mice (Table 1) and similar to that seen with IFN-yKO mice.
Concordant with the interpretation that IL-12 functions to stimulate IFN-y production,
serum IFN-vy levels were substantially reduced in IL-12 blocked mice compared to WT
(Figure 4A). Serum levels of IL-10 and IL-6 were not substantially different in 1L-12
blocked mice exposed to fulminant MAS conditions (Figure 4A). Additionally, mice treated
with CpG and IL-12 blockade with intact IL-10 signaling were substantially protected from
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most aspects of MAS as compared to mice treated with CpG without IL-12 neutralization
(Figure 4B & data not shown), completely phenocopying the effects of CpG-alone on IFN-
vKO mice (16). These experiments elucidate an important arm in the induction of
pathogenic IFN-vy in the fulminant MAS model and support the dependence of anemia on
the IL-12/IFN-vy axis. They also further confirm that hemophagocytosis can occur without
accompanying anemia.

Disruption of Type | Interferon signaling partially abrogates disease in fulminant MAS

Since most aspects of inflammatory pathology, save anemia, were independent of the 1L-12/
IFN-vy axis, we endeavored to determine the roles of other cytokines induced by TLR9
stimulation in the fulminant MAS model. We evaluated the contribution of TNFa., and
consistent with the finding of minimal serum TNFa., we found that TNFa neutralization had
no significant effect on TLR9-MAS or hemophagocytosis irrespective of IL-10 inhibition
(data not shown and Table I).

Since TLR9 stimulation is known to induce a robust Type | interferon (IFNa/) response in
a MyD88-dependent fashion (23), we sought to evaluate the effects of disruption of IFNa/p
signaling on MAS. When IL-10 signaling was intact, administration of CpG to mice lacking
an intact IFN a/p receptor (IFNAR-KO mice) resulted in the development of MAS that was
slightly less severe than that seen in WT mice. Specifically, hepatitis and serum IL-10 were
marginally less severe in IFNAR-KO mice than WT counterparts, while thrombocytopenia
and serum IFN-y were comparable (Figure 5A). Interestingly, despite IFN-y production
comparable to WT mice, IFNAR-KO mice were almost entirely spared from anemia (Figure
5A) suggesting that Type | Interferons may help mediate anemia in the presence of IL-10
and low-level IFN-vy. Like WT mice, CpG-treated IFNAR-KO mice did not develop
hemophagocytosis (data not shown).

In fulminant MAS (where IL-10 signaling is blocked) IFNAR-KO mice were partially
protected from immunopathology. Specifically, IFNAR-KO mice had less weight loss than
WT counterparts but comparable thrombocytopenia and hepatitis (Figure 5B & data not
shown). Contrary to the disease seen when IL-10 signaling was intact, IFNAR-KO mice
treated with fulminant MAS conditions experienced anemia comparably to WT controls
(Figure 5B). Inflammatory cytokinemia was similarly partially abrogated in IFNAR-KO
mice (Figure 5B). Importantly, splenic hemophagocytosis in IFNAR-KO mice was again
comparable to that seen in WT mice (Table 1). Together, these results suggest a complex
and partially redundant interplay of Type I and Type Il Interferons and other inflammatory
cytokines in the pathogenesis of TLR9-mediated MAS.

Discussion

Cytokine-induced immunopathology is complex and results from the interactions of
pathogen (if present) and host pro- and anti-inflammatory factors. Many of the existing
animal models of hemophagocytic diseases rely on infection and/or genetic manipulation
(12, 13, 24-26), making it difficult to dissect the contributions of pathogen and host
response to disease manifestations. We have recently shown that repeated TLR9 stimulation
of WT mice in the absence of pathogen recapitulates many of the findings seen in human
hemophagocytic diseases (16). Like other models, TLR9-MAS relies on the activity of IFN-
v to drive disease. However, a few key differences further separate TLR9-MAS from other
models of hemophagocytic disease: 1) TLR9-MAS results in the development of profound
anemia in the absence of HPCs, and 2) inhibition of IL-10 severely aggravates disease (16).
In the current study, we investigated the pro-inflammatory drivers of TLR9-mediated
disease in the absence of IL-10 signaling (so-called “fulminant TLR9-MAS”).
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The finding of enhanced cytokinemia in fulminant MAS was not surprising given the known
suppressive effects of IL-10 on inflammatory cytokine production (27, 28). The elevations
in IFN-y and 1L-12 were consistent with cytokinemia along a Tyl spectrum, which is
consistent with observations in humans and mouse models of HLH (8, 9, 29). Additionally,
IL-6 production is known to be suppressed by IL-10 and can contribute to pathology similar
to MAS (17, 27). IL-18, a cytokine associated with human sJIA (30), was upregulated
equally in the presence and absence of IL-10 signaling (Figure 1). As an inducer of IFN-v, it
may account for the residual serum IFN-y and anemia observed in IL-12 blocked mice
(Figures 4A & B). Other inflammatory cytokines were less clearly upregulated by CpG,
although serum type | IFN protein levels often do not reflect the biological contributions of
these cytokines as detected by IFN-inducible transcription (31).

A massive expansion of IFN-y producing, antigen-specific CD8 T-cells is critical for
disease pathogenesis in models of familial HLH (12, 14, 20). The manifestations of
fulminant MAS (cytopenias, cachexia, mortality, hepatitis) were comparable in severity to
those seen in models of familial HLH (12, 16). Therefore, we hypothesized that there would
be a dramatic increase in one or more IFN-y-producing cell types in the fulminant MAS
model. However, our search for the sources of enhanced serum IFN-+y in fulminant MAS
revealed some surprising results. Consistent with higher serum IFN-vy, fulminant MAS
increased the proportion of T-cells producing IFN-y without affecting MFI, and
significantly increased the MFI of NK, NKT, and pDCs, which were largely YFP+ at
baseline (Figures 2C & D). However, absolute numbers of IFN-y producing cells were
diminished in fulminant MAS versus with CpG alone (Figures 2C & D). Thus, despite high
serum IFN-vy levels, we did not identify a “smoking gun” of IFN-y production as described
in other models of hemophagocytic disease.

The lack of expansion in the number of IFN-y-producing cells made us question the
relationship of fulminant MAS to IFN-y. Serum levels of IFN-y, while higher in fulminant
MAS than with CpG alone, did not approximate the levels seen in models of familial HLH
(Figure 1A versus (13, 20)). Thus, the severity of fulminant hemophagocytic syndromes is
not purely a product of the level of IFN-y reached. When formally evaluating the effects of
CpG and IL-10 receptor blockade in mice incapable of making IFN--y, there was no
alteration in the manifestations of disease (with the notable exception of anemia, Figure 3).
Thus, in the absence of IL-10 signaling, TLR9-mediated MAS was largely IFN-y
independent.

We were particularly interested to see that TLR9-driven hemophagocytosis was IFN-y
independent. Zo/ler et al showed that hemophagocytosis and anemia in IFN-y-infused mice
were dependent on IFN-y receptor function in monocytes (15). These data suggested that
IFN-vy acted directly on macrophages to engulf hematopoietic elements and cause the
“Consumptive Anemia of Inflammation.” However, it was not clear whether IFN-y induced
hemophagocytosis directly in a cell-intrinsic manner, or whether IFN-y induced
macrophages to produce a secondary factor that in turn induced hemophagocytosis. Ours is
not the first report of IFN-y independent hemophagocytosis: IL-4 delivered by infusion
pump was capable of inducing IFN-y independent hemophagocytosis (32). Our data offer
another example of how hemophagocytosis may occur via a process that does not
specifically require IFN-vy. It remains to be determined whether multiple pathways act
directly on a macrophage to become an HPC, or whether various stimuli (including IFN--y)
converge to induce hemophagocytosis.

Unlike hemophagocytosis, we found that TLR9-induced anemia was uniquely dependent on
IFN-y (Figure 3A). Analysis of hematopoietic organs showed that IFN-+ inhibited
sufficient extramedullary hematopoiesis in fulminant MAS (Figure 3D). Thus, TLR9-
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agonism increased RBC demand that was IFN-y independent and may have occurred in part
through bone marrow failure. However, IFN-y then blocked the response to this demand by
inhibiting extramedullary hematopoiesis. These data are consistent with reports
demonstrating red pulp expansion (sometimes without hemophagocytosis) in HLH patients’
spleens (33), while their bone marrows may show abnormal erythropoiesis (34). We have
previously shown profound anemia in the absence of detectable hemophagocytosis (16),
suggesting that HPCs are not necessary for IFN-y driven anemia. It seems unlikely that we
simply failed to detect hemophagocytosis, since anemia in fulminant MAS is comparable to
that seen with CpG-alone (16) and we can readily detect HPCs in fulminant MAS (Figure
3C, Table 1, and (16)). Furthermore, we have shown the presence of hemophagocytes in
mice that do not become anemic (Table I, Figure 3), proving that hemophagocytosis is
insufficient for TLR9-induced anemia. These findings support the unique connection
between IFN-y and anemia, but fundamentally dissociate hemophagocytosis as a necessary
or sufficient mechanism for anemia.

Our data further suggest that anemia occurs by a mechanism distinct from other cytopenias.
The presence of comparable lymphopenia (data not shown) and thrombocytopenia (Figure
3A) in IFN-yKO mice suggested that IFN-y dependent effects on peripheral cellularity were
unique to the erythroid line. We suggest that anemia arises due to an IFN-y independent
increase in RBC demand as well as an IFN-y dependent inhibition of extramedullary
hematopoiesis. While extramedullary hematopoiesis in humans is not well-described, the
inhibitory effects of IFN-y on erythropoiesis are well-documented (35, 36).

Our data also help to elucidate an important inflammatory axis downstream of TLR9
stimulation. We found that inhibition of 1L-12 largely reproduced the phenotype seen in
IFN-yKO mice, both in IL-10 sufficiency and blockade (Figure 4). The evidence for IL-12
acting upstream of IFN-+y in this model comes not only from a large body of literature (22),
but by the finding that IL-12 neutralization nearly eradicated serum IFN-y levels, even in
the absence of IL-10 signaling (Figures 4A & B). The residual IFN-y present in fulminant
MAS with IL-12 neutralization is at a level comparable to that seen with CpG-alone (Figure
4A and (16)) and may explain the residual anemia seen with I1L-12 blockade (Figure 4A).
Thus, our data place IL-12 upstream of IFN-y in fulminant MAS. By contrast, the effects of
Type | IFN on TLR9-MAS were clearly complex, but suggested interplay with the IFN-y
system, and supported the role for Type | IFN’s in inducing IL-10 (28, 37, 38)

The independence of excessive hemophagocytosis from the actions of IFN-y, I1L-12, and
Type | interferons (Table I) suggests that these cells may be part of a non-specific response
to severe systemic inflammation. Indeed, excessive hemophagocytosis has been reported in
a variety of cytokine storm syndromes not classically considered hemophagocytic (39, 40).
However, the dependence of hemophagocytosis on IL-10 blockade in our model could
represent a direct effect of IL-10 in restraining differentiation into hemophagocytic
macrophages, or hemophagocytosis could result from some other factor(s) that correlates
with more severe disease. Future studies are warranted to further characterize HPCs and
how IL-10 may affect their differentiation and function.

In summary, we have shown that repeated TLR9-stimulation in the context of IL-10 receptor
blockade resulted in an IFN-y independent cytokine storm syndrome. These data alter the
paradigm that IFN-vy is necessary for severe hemophagocytic disease, replacing it instead
with a model wherein repeated TLR stimulation can drive polycytokinemia and result in a
common inflammatory phenotype that includes hemophagocytosis but is largely
independent of any one single cytokine. We have further shown that HPCs were neither
necessary nor sufficient for acute anemia, but we found that IFN-y crippled the ability to
respond to anemic stress. We also demonstrated the presence of an IL-12/IFN-vy axis
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downstream of TLR9 stimulation. Finally, we found that fulminant MAS (including
hemophagocytosis) occurred in the absence of IFN-vy, IL-12, TNFa, and Type | interferon
signaling, although absence of Type | IFN signaling partially abrogated cachexia. Further
study is clearly warranted to better understand the contributions of the various pro- and anti-
inflammatory cytokines to hemophagocytic syndromes, and the development and function of
the hemophagocyte itself. Nonetheless, our findings demonstrate that heterogeneous stimuli
can result in the hemophagocytic phenotype, and suggest a varied approach to treatment of
such diseases.
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Figure 1. Massive elevationsin various serum cytokines characterize fulminant MAS
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Sera were collected from control or fulminant MAS-treated mice 24 hours after the final
injection of CpG. (A) Serum IFN-vy, IL-12p70, IL-6, and IL-18 were assayed by ELISA. (B)
Serum IL-1B, IL-4, and IFN-f were assayed by ELISA. Graphs represent pooled data from
up to 4 individual experiments: each point is an individual mouse, each shape represents an
individual experiment. *p<0.05, **p<0.01, ***p<0.001, using one-way ANOVA followed

by Tukey’s Post-test.
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Figure 2. Increased serum IFN-y in fulminant MASis accompanied by enhanced production
within some populatins, but diminution of absolute numbers of |FN-y+ cells

(A) Sera from mice treated with CpG alone or CpG+IL10RB were obtained daily by cheek
bleed and measured for IFN-y by ELISA. Livers of control or fulminant MAS-treated YETI
mice were collected and analyzed as described in Materials and Methods, and prepared for
flow cytometric analysis. Gating strategies are described in the Materials and Methods(B)
The total number of hepatic leukocytes, and the subset of IFN-y/YFP+ hepatic leukocytes,
were calculated for each treatment group. (C) The proportion of hepatic CD4 and CD8 T-
cells expressing IFN-y (Left) was calculated. (Right) The absolute number of these cells per
liver was calculated. (D) The median fluorescence intensity (MFI) of hepatic IFN-y+ CD4
& CD8 Tecells, as well as all hepatic NK cells, NKT cells, and plasmacytoid dendritic cells
(pDCs), left) were calculated. (Right) Absolute numbers of hepatic NK, NKT, and pDC
populations were calculated. Graphs represent pooled data from up to three independent
experiments with up to three mice per group. *p<0.05, **p<0.01, ***p<0.001, using one-
way ANOVA with Tukey’s post-test for significance. For percentages, p-values represent
the analysis of logq-transformed data.
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Figure 3. Fulminant MAS and hemophagocytosis are | FN-y independent, while anemia and

dyserythropoiesis are | FN-y dependent

WT or IFN-yKO mice were treated with IL10RB and either PBS or CpG, then assessed for
parameters of fulminant MAS as described in Materials and Methods. On day 7 of

treatment, 24 hours after the final dose of CpG, mice were sacrificed and weight loss,

thrombocytopenia, lobular hepatitis score, and anemia were evaluated (A). Sera were taken
24 hours after the final dose of CpG and the cytokines IL-12p70 and IL-10 assessed by
ELISA (B). Representative 40X photomicrographs (C) of Wright-Giemsa stained splenic
touch preps from WT and IFN-yKO mice treated with CpG & IL10RB. Arrowheads denote
hemophagocytes. (D) Bone marrow and splenic erythroid precursors were evaluated by flow

Arthritis Rheum. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cannacetal.

Page 15

cytometry as described in Materials & Methods, and absolute numbers calculated. Graphs
represent pooled data from up to 3 separate experiments: each point is an individual mouse,
each shape represents an individual experiment. *p<0.05, **p<0.01, ***p<0.001 using one-
way ANOVA with Tukey’s post-test for significance.
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Figure4. IL-12 acts upstream of IFN-y in

the pathogenesis of fulminant MAS

(A) WT mice were all treated with IL10RB, PBS or CpG, and antibody neutralizing
IL-12p40 (C17.8) or IgG control antibody, then assessed for parameters of fulminant MAS
as in Materials and Methods. Weight loss, thrombocytopenia, hepatitis, anemia, and serum
IFN-vy, IL-10, and IL-6 were assessed 24 hours after the final dose of CpG. (B) WT mice
were treated with PBS or CpG and anti-1L-12p40 or IgG control and assessed for anemia,
hepatitis, serum IFN-y, and serum IL-6 as in Materials and Methods. Graphs represent
pooled data from 2 separate experiments: each point is an individual mouse, each shape
represents an individual experiment. *p<0.05, **p<0.01, ***p<0.001 using one-way
ANOVA with Tukey’s post-test for significance.
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Figure 5. Disruption of Typel interferon signaling partially abrogates cachexia and cytokinemia

in fulminant MAS

(A) WT or IFNAR-KO mice were treated with either PBS or CpG and assessed for
parameters of fulminant MAS as described in Materials and Methods. Thrombocytopenia,
hepatitis, anemia, and serum IFN-y and IL-10 were assessed 24 hours after the final dose of
CpG. (B) WT or IFNAR-KO mice were all treated with IL10RB and either CpG or PBS and
assessed as described in Materials and Methods. Weight loss, hepatitis, anemia and serum
IFN-7, IL12p70, and IL-6 were assessed 24 hours after the final dose of CpG. Graphs
represent pooled data from 2 separate experiments: each point is an individual mouse, each
shape represents an individual experiment. *p<0.05, **p<0.01, ***p<0.001. The
comparison of weight loss between genotypes was performed on Log;q transformed
percentages by use of the repeated measures ANOVA. Otherwise, comparisons were made
using one-way ANOVA with Tukey’s Post-test for significance.
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Hemophagocytosis is characteristic of fulminant MAS independent of a variety of pro-inflammatory cytokines

Mice with excessive hemophagocytosis/total micein group

PBS + KOl/cytokine  WT: CpG + KO/cytokine

IL10RB blocked IL10RB blocked

PBS+IL10RB CpG +

IL10RB
IFN-yKO 0/9 0/9 718 718
antilL-12p40 0/3 0/3 313 313
antiTNFa 1/3 0/1 3/3 313
IFNARKO 0/2 0/3 313 4/4

Splenic touchpreps were prepared as described in Methods and a blinded pediatric hematopathologist (MP) designated each sample as excessive
hemophagocytosis present or absent.
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