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Abstract

Objective: Familial hemophagocytic lymphohistiocytosis (FHL) is a complex cytokine storm
syndrome caused by genetic abnormalities rendering CD8+ T cells and NK cells incapable of
cytolytic killing. Murine models of FHL have identified interferon-gamma (IFNy) made by CD8+
T cells as a critical mediator of disease, with an IFN-y-blocking antibody (Emapalumab) recently
receiving FDA approval. However, development of hemophagocytic lymphohistiocytosis (HLH)/
macrophage activation syndrome (MAS) in patients who are genetically unresponsive to IFN-y
questions the absolute necessity of IFN+y in driving disease. The purpose of this study was to
determine the necessity for IFNy in driving HLH.

Methods: /FNy‘/‘PrfJ‘/‘ mice were infected with LCMV and HLH immunopathologic features,
including survival, weight-loss, cytopenias, cytokine profiles, and immune cell phenotypes were
assessed. Mixed bone marrow chimeras were created to determine the immune-cell intrinsic role
of IFNyR-signaling. CD8+ T cell depletion and IL-33:ST2 blockade was performed using
monoclonal antibodies.

Results: LCMV infection of /FNy™~Prf1~~ mice results in severe HLH-like disease. CD8+ T
cells, and the IL-33:ST2 axis remain essential mediators of disease, however, IFNy-independent
HLH immunopathology correlates with 10-15 fold increased neutrophilia (p<0.001) and an
altered cytokine milieu dominated by IL-6, IL-1p, and GM-CSF (p<0.05). Furthermore, IFNy
regulates CD8+ T cell expression of GM-CSF, and neutrophil survival.

Conclusion: IFNvy is not necessary for development of fulminant HLH requiring physicians to
consider case-by-case treatment strategies. Use of therapies that target upstream activators of
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CD8+ T cells, such as IL-33:ST2 signaling, may be more universally applicable treatment options
that ameliorate both IFN-y-dependent and -independent manifestations of HLH/MAS.

INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH) is life-threatening cytokine storm syndrome,
characterized by over-abundance and over-activation of CD8+ T cells(1). The genetic
abnormalities that underlie familial forms of HLH (FHL) have been traced to genes involved
in the cytolytic capabilities of cytotoxic lymphocytes(2). Currently, the only effective cure
for FHL is bone marrow transplantation. The best characterized and most frequently
identified genetic lesions occur in the perforin gene (PrfZ) and define FHL2 patients. The
inability to clear antigen through perforin-dependent cytolysis by CD8+ T cells leads to
protracted antigen exposure, increased CD8+ T cell proliferation, activation, and
exaggerated inflammatory cytokine production, thought to drive immunopathology(3, 4).

Studies utilizing the perforin knockout mouse (PrfZ1™") have implicated the excessive
production of interferon gamma (IFNy) by hyper-active CD8+ T cells as the primary driver
of disease(3). Antibody-mediated depletion of CD8+ T cells, and antibody-mediated
blockade of IFNvy are effective in preventing disease in multiple murine models of FHL(3,
5). Additionally, we have recently identified IL-33 signaling through ST2 as an additional
upstream activator of CD8+ T cells that is essential in driving CD8+ T cell
hyperactivation(6, 7). These data have spurred a clinical trial investigating antibody-
mediated blockade of IFN-y (Emapalumab) in human HLH patients that has recently
resulted in FDA approval(8).

HLH diagnoses in the absence of obvious genetic lesions in known FHL genes are defined
by a set of clinical criteria, leaving scope for many causative triggers and pathological
effectors(9). Despite the precedence that HLH disease pathogenesis is dependent on IFNvy,
several murine models have shown that HLH-disease can be driven by alternative
cytokines(10, 11). Additionally, a number of patients have developed HLH-like or
Macrophage Activation Syndrome (MAS)-like disease in the setting of mutations in the
IFNy receptor rendering them unresponsive to IFN-y(12-14). This suggests that HLH/MAS
physiology can result independent of IFNvy, or that IFN+y can signal through an alternative
receptor to drive disease in these settings. Other preclinical models of murine HLH in mice
that lack IFNvy or a functional IFN-y receptor (IFN-yR), have not been adequately
incorporated into most explanations of disease pathogenesis(15, 16).

To query the absolute necessity of IFN+y in driving HLH, we infected /FNy‘/‘PrfJ‘/‘ double
knockout mice with LCMV. Herein, we demonstrate that LCMYV infection is sufficient to
drive HLH-like pathology in the absence of IFN+y. LCMV-infected /FNy~~Prf1~~ double
knockout mice have disease of equal lethality to 2717~ mice. A modified qualitative
response is highlighted by an altered serum cytokine signature and extensive neutrophilia,
reminiscent of that which is seen in Systemic Juvenile ldiopathic Arthritis (sJIA) associated
MAS(17). Despite loss of IFNy production, CD8+ T cells and ST2 signaling remain
essential in the pathogenesis of IFNy-independent HLH-like disease. Additionally, in the
absence of IFN<y signaling, CD8+ T cells have heightened GM-CSF producing capacity,
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unveiling an unrecognized method of GM-CSF regulation. These results highlight important
regulatory roles for IFNvy in inflammatory conditions, which may be informative for
diseases in which neutrophilia and/or aberrant GM-CSF production are pathogenic.
Furthermore, this study addresses a clinically relevant and under-appreciated aspect of HLH
biology by defining IFNy-independent cytokine storm pathology.

MATERIALS AND METHODS

Mice

C57BL/6(WT), perforin deficient(C57BL/6-Prf1tm1S42/3 prf1~/7) interferon-gamma
deficient(B6.129S7-1fng"™17s/J, /FNy~"), interferon gamma receptor deficient(B6.129S7-
Ifngr1tm1AgYy) /ANy R™7), and B6-CD45.1(B6.SJL-Ptprc? Ptprc?/BoyJd) mice were
purchased from The Jackson Laboratory and bred in our facility. Prf1~/~ mice were crossed
to /FNy ™~ mice, /FNyR™~ mice, and B6-CD45.1 mice. All animal studies performed with
approval from The Children’s Hospital of Philadelphia Institutional Animal Care and Use
Committee

Induction of FHL

Histology

6 to 8-week old mice were infected intraperitoneally with 2x10° plaque-forming units of
LCMV-Armstrong and euthanized upon development of significant morbidity or weight loss.
Peripheral blood cell counts were performed by the Translational Core Laboratory on the
Sysmex XT-2000iV Automated Hematology Analyzer at The Children’s Hospital of
Philadelphia. Serum ferritin (ALPCO), soluble CD25 (R&D Systems), IL-6, GMCSF, IL-1p,
and IFN-y (BD Biosciences) were measured by ELISA. Plaque assay was performed on
Vero cells as previously described(18).

All slides were stained with hematoxylin and eosin. Images were acquired on an Eclipse 90i
microscope (Nikon, Melville, NY) using NIS-ELEMENTS software.

Analysis of human gene expression

Published data set (GSE26050)(19) was accessed through the National Center for
Biotechnology Information Gene Expression Omnibus. IFN+y-gene-set
(HALLMARK_INTERFERON_GAMMA_RESPONSE) was downloaded from the
MSigDB (Broad Institute). Hierarchical clustering and heatmaps were performed using
Morpheus (Broad Institute).

Flow cytometric analysis

Peripheral blood leukocytes, splenocytes, intrahepatic leukocytes, and bone marrow
leukocytes were stained with LIVE/DEAD fixable viability dye (Life Technologies), anti-
CD90.2, CD19, NK1.1, CD11b, Ly6G, Ly6C, CD4, CD8a, CD44, CD62L, CD45.2, and
CD45.1 (BD Pharmingen, eBioscience, and Biolegend). H-2D°GP33_4; MHC-peptide
complexes were provided as fluorophore-conjugated tetramers by Dr. E.J. Wherry
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(University of Pennsylvania). Samples were acquired on a MACSQuant flow cytometer
(Miltenyi Biotec) and analyzed using Flowjo software version 10.4.2.

Intracellular cytokine staining

Splenocytes (106) were stimulated with 50ng/ml PMA (Sigma), 1pg/ml ionomycin (Cell
Signaling Technology), 2ug/ml brefeldin A (Sigma) and 2uM monensin (eBioscience) for 5
hours at 37°C. After staining for LIVE/DEAD and surface antigens as before, cells were
stained for IFNy (clone XMG1.2 - BD) and GM-CSF (clone MP1-22E9 - BD) using the
Cytofix/Cytoperm kit (BD Bioscience).

In vivo antibody and recombinant IFNy administration

Antibodies were delivered intraperitoneally beginning day 3 post-infection and every other
day thereafter. Dosing and antibodies used as following: CD8 depletion, 500ug (clone 2.43,
BioXcell), IgG2b isotype control (clone LTF-2, BioXcell). ST2 blockade as previously
described using antibody provided by Amgen (20, 21). Cytokine blockade; 500ug anti-IFNy
(clone XMG1.2, BioXcell), 200ug anti-IL6R (clonel5A7, BioXcell), 200ug anti-1L-1p
(clone B122, BioXcell), 100ug anti-GM-CSF (clone MP1-22E9, BioXcell), and same dose
of respective isotype controls (BioXcell). For recombinant-1FNy give-back experiments,
mice were administered 10ug recombinant-IFN-y (Peprotech) every other day beginning
either day 0, or day 6 post-infection.

In vitro CD8+ T cell GM-CSF production assay

Naive (CD44-) CD8+ T cells were enriched from naive /FNy ™~ mice using Naive CD8a+ T
cell isolation kits (Miltenyi). Purity was consistently greater than 90%. Cells were cultured
on plate-bound anti-CD3 (2ug/ml - Biolegend) and anti-CD28 (2ug/ml - Biolegend) in 96
well flat-bottomed plates with 10ng/ml recombinant murine IL-12 (Peprotech) and 50U/ml
human IL-2 (Peprotech) for 2 days. Cells were removed from anti-CD3/28, cultured a
further 2 days with IL-2 and 1L-12, before 1 day with IL-2 alone. CD8s were re-stimulated
with PMA and ionomycin and stained for intracellular GM-CSF as before.

Generation of bone marrow chimeras

6 to 8-week-old host (Prfl™~IFNyR**CD45.1**) mice were lethally irradiated (950Rad -
X-RAD irradiator). Bone marrow was isolated from donor strains (Prf17~IFNyR
**CD45.1** and Pr1™~IFNyR~~CD45.2*/*), mixed 1:1, and 5x10° bone marrow cells
were injected intravenously to host mice 6-hours post-irradiation. Chimeras were
reconstituted for 8 weeks before LCMV-infection.

Apoptosis assay

Bone marrow from day 10 post-infection chimeric mice was incubated at 37°C. Cells were
stained for active caspase3/7 using the Vybrant® FAM Caspase-3/7 assay kit
(ThermoFisher) as per the manufacturer’s directions. Cells were then stained with LIVE/
DEAD and surface antigens as before.
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Statistical analyses

Weight loss data was analyzed by linear mixed-effects models using R (R Core Team, 2014),
and /me4. Visual inspection of residual plots did not reveal any obvious deviations from
homoscedasticity or normality. P values were obtained by likelihood ratio tests of the full
model with the effect in question against the model without the effect in question. All other
data were analyzed in Graphpad Prism 7 using statistical tests indicated in the figure
legends.

RESULTS

IFNy~~Prf1~/~ mice succumb to HLH-like disease

To determine whether IFN-y was necessary for fulminant HLH development in the murine
FHL2 model, we generated /FNy~~Prf1~~ double knockout mice and observed HLH
clinical characteristics following LCMV infection. /FNy™~Prf1~~and Prfl™~ mice
experience equivalent mortality, (Figure 1A) and significant weight loss, despite this not
being quite as severe (Figure 1B). WT and /ANy~ mice clear LCMV-Arm(22), display no
mortality or weight loss, and are used as controls throughout. While /FNy~~Prf17~ mice do
not experience anemia (Figure 1C), suggesting an IFN-y-dependent effect, both /FNy
~~Prf1~~and Prf1™~ mice have severe thrombocytopenia (Figure 1D). Interestingly, while
leukopenia is a common feature in HLH pathology, /FNy™~Prf1”~ mice have elevated
leukocyte counts (Figure 1E). /FNy™~Prfl™~ mice have extremely elevated SCD25 levels
(Figure 1F) suggesting the presence of highly activated T cells, have serum ferritin levels
equivalent to Prf1~”~ mice (Figure 1G), and hepatosplenomegaly equivalent to Prf1~7~ mice
(Figure 1H, ). Finally, hemophagocytes were readily identified in spleens of /FNy‘/‘PrfJ‘/‘
mice (Figure 1J). Given NK cell function is defective by virtue of perforin absence, /FNy
~~Prf1™~ mice fulfill 5 criteria required for HLH diagnosis and partially fulfill a sixth in
terms of cytopenia(9). Importantly, splenic viral titers between Prf17~and /FNy ™~ Prf1™/~
are not different at day 10 post-infection (Supplemental Figure 1).

Unlike genetic deficiency, antibody-mediated blockade of IFNy protects PrfZ~~ mice from
most disease features. We suspected that such blockade is not 100% efficient, explaining this
difference. We therefore compared expression of the IFN-y-induced gene MHCII on
inflammatory monocytes in Prf1~~ mice treated with anti-IFN-y blocking antibody, and
IFNy~/~Prf1~~ mice. Incomplete IFNy blockade by antibody is suggested based on
incomplete reduction in MHCII expression (Supplemental Figure 2). Taken together, these
data indicate that many clinical features of HLH pathology can arise independent of IFNy,
and that low level IFNy signaling correlated with protection from disease.

IFNy~~Prf1~/~ mice display extensive neutrophilia

Leukocyte counts were extremely high in /FNy™~Prf1~~ mice compared to Prf1~~ and
WT/IFNy ™~ controls and were predominantly neutrophils (Figure 2A). Increased
neutrophils were also seen in spleens and livers of /FNy™~Prf1~~ mice following LCMV
infection (Figure 2B—C, Supplemental Figure 3). Histological analysis of livers from /FNy
~~Prf1~~ mice reveals the presence of mature neutrophils as determined by observation of
ringed/multi-lobed nuclei (Figure 2D — arrows). Neutrophils were not observed in any
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significant quantity in 2rf1~" livers. Additionally, liver histology shows that while Arf1~~
mice have extensive hepatosteatosis (Figure 2D), this is absent in /FNy™~Prf1”~ mice,
suggesting an IFNy-dependent phenomenon. /FNy™~Prf1~~ mice also have large amounts
of peri-portal inflammation, surpassing that of 2rf7~~ mice. Together, extensive neutrophilia
is a predominant feature of HLH in the absence of IFNy.

Altered cytokine milieu in IFN y‘/‘Prfl‘/‘ mice corresponds with cytokine expression in
human HLH patients

Serum IL-6, granulocyte-macrophage colony stimulating factor (GM-CSF), and IL-1f were
all significantly elevated in /FNy™~Prf1~~ mice compared to Prf1~~ and control mice
(Figure 3A-C), while Prf1~~ mice had extremely high levels of serum IFNy (Figure 3D).
Individual blockade of IL-6, IL-1f, or GM-CSF did not provide major protection from
disease in /FNy™~Prf1~~ mice (supplemental figure 4) despite dosing of blocking
antibodies that was equivalent to that used in other settings(23-25).

We next made use of a publicly available dataset that profiled gene expression from PBMCs
of patients with active HLH to compare their cytokine profiles to this mouse model (19).
This dataset included both HLH patients with identified perforin mutations or no identified
genetic cause (Figure 3E-green bar) and healthy controls (Figure 3E-grey bar). While it was
previously described that this dataset did not find a statistically significant difference in
expression of IFN-y-induced transcripts between HLH patients and controls, we were
curious to examine whether such an IFN-y-signature could be used to discriminate between
patients and controls, and the extent to which patients might have differing IFN-y-signatures.
To do this we filtered on IFN-y-stimulated genes (MSigDB-Broad Institute) and performed
unsupervised hierarchical clustering (Figure 3E). It is clear that HLH-patients cluster
separately from controls, something not interpretable in gene-set enrichment analyses.
Secondly, the HLH patients separate into two major groups; cluster-i having a high IFNy-
signature, and the cluster-ii having a lower IFN-y-signature. Cluster-i is a clear and closely
related cluster, while cluster-ii is more diverse and probably best described as ‘other’. These
two major clusters are defined by three main groups of genes. Group-a shows high
expression in both patient clusters and includes /L6, TNFAIP6, TNFAIP3, SOCS3, STATS3,
which are upregulated by a number of cytokines including IL-6 and TNF. Group-b shows
elevated expression in patient cluster-i, depression in cluster-ii, and includes the genes
STAT1, CXCL10, IFIT3, and MX1, which are classical IFN-y response genes. Finally,
group-c indicates genes depressed in both patient clusters. Group-c includes BANK,
suggesting selective absence of B cells from the PBMCs of all patients, and C//7TA
indicating downregulation of MHCII or absence of B-cells or APCs. Overall this agrees with
the previous report suggesting the absence of a strong IFNvy-signature among HLH-
patients(19), yet this analysis makes it clear that the gene expression changes are more
complicated than a wholesale absence of an IFN-y-response. It may rather highlight that
some patients may have very strong IFN-y-signatures, and others may have weaker
signatures. It is important to note that perforin-deficient patients did not cluster separately
from patients with no identified mutation.
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We were then interested to examine the expression of other cytokines that were expressed.
Patients falling within the high IFN~y-signature cluster tended to have higher expression of
other cytokines (Figure 3E-bottom), but expression of key cytokines such as /L-18, TNF,
and IL6 remained elevated in all patients over controls despite partially divergent IFN-y-
signatures among patients. Thus, there exist a set of patients with weak IFN-y-signature, but
overexpression of non-1FNvy cytokines, consistent with the idea of non-1IFNy HLH.

CD8+ T cells from IFNy/~Prf1~/~ mice have elevated expression of GM-CSF that is
regulated by exogenous IFNy

CD8+ T cells are appreciated to be central mediators of pathology in other murine models of
HLH, including the Arf1~~ model(3). We asked whether CD8+ T cells were expanded in
LCMV-infected /FNy™~Prf1”~ mice utilizing H-2DP-gp33 tetramers to examine the
expansion of LCMV-specific CD8+ T cells. Virus-specific /FNy™~Prf1™~ CD8+ T cells
expand to equivalent frequencies and total numbers in the spleen compared to P71~ mice
(Figure 4A, B).

Because of the elevated serum GM-CSF observed in the /FNy™~Prf1~~ mice, the expansion
of IFNy™=Prf1™~ CD8+ T cells, and that CD8+ T cells are known to make GM-CSF in
other settings(26, 27), we asked whether CD8+ T cells made GM-CSF in LCMV-infected
IFNy™~Prf1~~ mice. We observed that GM-CSF-producing CD8s were elevated in both
frequency and number in LCMV-infected /FNy~~Prf1~~ mice compared to WT, Prf1~/",
and /FN'y™~ mice (Figure 4C, D, Supplemental Figure 5). Similar trends were seen for
CD4+ T cells, however CD8+ T cells in LCMV-infected /FNy™~Prf1”~ mice outnumbered
CDA4+ T cells by 10-fold (data not shown).

Given these findings, we hypothesized that IFNy negatively regulates the expression of GM-
CSF by CD8+ T cells. We therefore infected /FNy~~Prf1~~ mice with LCMV and provided
exogenous, recombinant IFNvy to these mice every other day from either day 6 post infection
(rIFNy short) or for the entirety of the 10-day experiment (rIFNy long) and compared the
expression of GM-CSF in CD8+ T cells from these mice to littermate LCMV-infected /FNy
*~Prf1~/~ controls. The addition of rIFN-y was sufficient to restore systemic IFN+y signaling,
as the IFN-y-stimulated gene, MHCII, was induced on inflammatory monocytes in /FNy
~~Prf1~/~ mice treated with rIFNy (Supplemental Figure 6). Consistent with our
hypothesis, rIFN-y inhibited the expression of GM-CSF by CD8+ T cells in a dose-
dependent manner (Figure 4E, F). Additionally, we cultured naive /FNy = CD8+ T cells in
vitro for 5-days with or without the addition of exogenous IFNy and show that CD8+ T cells
exposed to IFNy have decreased GM-CSF expression (Figure 4G, H). These data support
the notion that IFNy negatively regulates the expression of GM-CSF by CD8+ T cells.

Neutrophil-intrinsic IFNy-signaling regulates neutrophilia through enhanced cell death

In many HLH patients where IFNy is thought to drive disease, neutropenia correlates with
disease severity(28), contrasting with the extensive neutrophilia observed in /FNy™~Prf1™~
mice. This led us to question whether IFN+y has a direct effect on neutrophilia. First, we
asked if restoration of recombinant IFNvy to /FNy~~Prf1~~mice would blunt neutrophilia
during LCMV infection. /FNy~~Prf1™~ mice were infected with LCMV and recombinant
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IFNy was given every other day for the full 10-day infection (rIFNy-long) or from day 6
post infection (rIFN-y-short), and blood neutrophil counts were compared to controls. Blood
neutrophil counts were decreased in a dose-dependent manner when IFN+y was restored
suggesting that IFNy suppresses neutrophilia in LCMV-infected /FNy™~Prf1~”~ mice
(Figure 5A).

To determine whether this effect was a neutrophil-intrinsic phenomenon we made /FNyR
“~Prf17/~: IFNyR*"*Prf1~/~ mixed bone-marrow chimeras and subsequently infected them
with LCMV. The ratio of /FNyR™~Prf1™~to IFNyR*/*Prf1™~ leukocyte populations was
determined, and we could show IFNy-unresponsive T cells, neutrophils, and inflammatory
monocytes, outcompeted IFNvy-responsive cells (Figure 5B-D, Supplemental Figure 7).
IFNyR™~Prf17~ B cells outcompeted IFNy-responsive cells in the spleen and blood, but
interestingly not in the bone-marrow. The most profound effects occurred on the myeloid-
derived cell populations suggesting that the IFN-y-mediated suppression of neutrophilia
occurs in a myeloid cell-intrinsic manner. Accordingly, common-myeloid-
progenitors(CMPs), granulocyte-monocyte-progenitors(GMPs), and monocyte-dendritic
cell-progenitors(MDPs) all were selectively enriched in the IFN-yR™/~ genotype
(Supplemental Figure 8A-B). Staining of the proliferation marker Ki67 indicated no
difference in proliferation of myeloid-precursors between donor genotypes (Supplemental
Figure 8C).

Neutrophils are typically a short-lived cell type, with a lifespan in mice of approximately
12.5 hours(29). Therefore, alterations in the lifespan of neutrophils can have profound
downstream effects on their accumulation. We sought to determine whether neutrophil-
intrinsic IFNvy-signaling impacted the survival of neutrophils. Bone marrow from day 10
infected /FNyR™~Prf1~~: IFNyR*"*Prf1~~ mixed bone-marrow chimeras was assayed for
active caspase3/7 and plasma membrane permeability directly ex vivo (T=0hrs), or after 6 or
24-hours in vitro. Neutrophils unable to respond to IFNy displayed striking protection from
apoptosis (Figure 5E, F) suggesting IFNy limits the lifespan and therefore total
accumulation of mature neutrophils in a cell-intrinsic manner.

CD8+ T cells and IL-33-signaling remain pathological drivers of disease in the absence of

IFNy

Hyperactivation of CD8+ T cells is closely linked to HLH immunopathology in IFNy
sufficient murine models of disease(3, 21). To determine whether CD8+ T cells are
necessary for disease in the absence of IFNy, /FNy™~Prf1”~ mice were infected with
LCMV before CD8 depletion was initiated beginning day 3 post-infection. /FNy™~Prf17/~
mice depleted of CD8+ T cells were protected from death (Figure 6A), and weight-loss
(Figure 6B) compared to isotype-treated controls. CD8+ T cell depletion also resulted in
protection from neutrophilia (Figure 6C) suggesting that /FNy™~Prf1~~ CD8+ T cells
provide a signal that enhances neutrophil differentiation, survival, and/or persistence in the
bloodstream.

Given our previous work showing that the I1L-33:ST2 axis was a crucial upstream mediator
of CD8+ T cell effector function leading to their pathological role in LCMV-infected Prf1~~
mice(7, 21), we sought to determine whether IL-33 is required for HLH in the absence of
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IFNYy. /FNy™~Prf1™~ mice were infected with LCMV, and ST2 was blocked beginning day
3 post-infection. ST2 blockade remained effective in /FNy~Prf1~~ mice providing
significant protection from weight loss (Figure 6D), by Xz-analysis of total survival at day
10 post-infection (7/12 isotype controls vs. 11/11 anti-ST2 blocked mice alive, p=0.037,
Fisher’s exact test), as well as reducing serum sCD25 (Figure 6E) and serum ferritin (Figure
6F). The frequency of effector phenotype CD8+ T cells correlated with the total weight loss
observed in ST2 blocked and isotype blocked mice suggesting a link between decreased
CDB8+ T-cell activation and disease activity (Figure 6G, Supplemental Figure 9). Given the
role of CD8+ T cells in driving disease in /FNy™~Prf17~ mice, we speculate that IL-33:ST2
signaling drives effector differentiation of /FNy~~Prf17~ CD8+ T cells and that this
differentiation is essential for driving disease. In addition, ST2 blockade completely
ameliorated neutrophilia in /FNy™~Prf1~~ mice (Figure 6H). We hypothesize that this is
due to reduced CD8+ T cell activation which we know is needed for the neutrophilia, yet it
is also known that IL-33 signaling can act directly on neutrophils to exacerbate
inflammation(30). Overall, these data show that IFNy is not necessary for development of a
CD8-driven HLH-like disease in a novel murine model.

DISCUSSION

While much effort has been exerted into targeting the effects of IFNvy signaling in treating
HLH/FHL, a growing body of literature suggests that HLH is a diverse disease triggered by
various agents, under many genetic and pathological conditions, with a range of mortality-
inducing end stage effectors. We now provide additional support to this notion by showing
that HLH-like pathogenesis can occur in the genetic absence of IFNy. Investigating doubly
deficient /FNy™~Prf1~/~ mice shows that IFN is not absolutely necessary for disease,
identifies IFN-y-dependent facets of HLH, and makes important observations of the
regulatory roles of IFNy in regulation of neutrophil survival and CD8+ T-cell responses to
viral infection.

We show that HLH can develop in the genetic absence of IFN+y. Consistent with our data,
LCMV-Traub infection of /FNy™~Prf1”~ mice on a mixed B6/129SV background(16), and
murine gammaherpesvirus 68 (MHV68) infection of /FNy~~Prf1™~ mice caused significant
mortality(31). In a model of secondary HLH, BALB/c mice infected with cytomegalovirus
succumbed to HLH-like disease, and genetic absence of IFN+y enhanced disease
severity(32). The same group has described in multiple reports the suppressive role for IFNy
in a murine model of sJIA, a disease well known to be prone to MAS(17, 33). Additionally,
a recent report investigating mechanisms of HLH in /FNyR™~Prf1™~ mice agree with our
findings and show development of HLH-like disease, in the absence of IFNvy-signaling.
Interestingly this report details the role of CD25 signaling in the propagation of disease, and
similarly /FNyR~~Prf1~~ mice have higher serum sCD25 than APrf1~~ mice(34). This
difference in SCD25 may be a result of the increased activation state of the CD8s in the
absence of IFN-y (data not shown)(34). Thus, our data contributes to a growing body of
literature that IFNy is not absolutely required for HLH disease manifestation. Our report is
the first complete description of primary HLH disease in the genetic absence of IFN+y and
advances the clinical description of IFNy-independent HLH pathology. Importantly,
diagnostic and clinical features of HLH such as hepatosplenomegaly, thrombocytopenia,
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elevated serum ferritin, elevated soluble CD25, hemophagocytosis, and hepatitis remain
present despite the absence of IFN-y, highlighting the need to expand the model of
pathogenesis beyond this cytokine.

While Prf17~and /FNy™~Prf1~”~ mice do not present with identical disease, the most
important indicators of mortality and morbidity are not different. Of note, anemia is not a
significant problem in the /FNy™~Prf1~~ mice, supporting the notion that anemia is
absolutely IFN+y driven in HLH. This is consistent with other work from our lab showing
that in a murine model of the related disease macrophage activation syndrome (MAS), IFNy
is absolutely required for anemia(35), work from the Jordan group using LCMV infection of
IFN'y™=Prf1~~ mice showing anemia is IFNy-dependent(36), and the IFN+y-signaling is
required for anemia in IFNyR‘/‘Prfl"‘ mice too(34). No other features of HLH were
reported on in /FNy™~Prf1~~ mice by the Jordan group(36). The mechanism of how IFNy
causes anemia remains elusive. It has been established that anemia and hemophagocytes can
be concurrently induced by administration of IFNy(36), yet we show here that IFNy is not
requiredfor induction of hemophagocytes, consistent with our previous report in a different
model(35), and the report from the Liston group(34). This suggests that while excessive
IFNy is sufficient to induce hemophagocytosis, it is not necessary.

Why antibody-mediated blockade of IFNvy protects from HLH disease features, yet genetic
absence exacerbates in some cases is an interesting conundrum. Multiple reports have shown
that blockade of IFN-y in murine models of HLH is extremely effective in protecting mice
from disease(3, 5). We have also repeated this in our facility and reproduce these previous
findings (data not shown). Together these studies provide significant support towards
investigation of IFN-y blockade as a treatment for patients with active HLH, yet it seems
contradictory that patients lacking the ability to respond to IFNy can develop disease. We
show that IFNvy-blockade is not 100% efficient in preventing IFN-y signaling suggesting that
low levels of IFNy signaling constrains alternative pathological responses, and therefore
absolute blockade could be detrimental to outcomes.

While we show that CD8+ T cells remain important in the manifestation of disease in
LCMV-infected /FNy™~Prf1”~ mice, specific effector cytokines that mediate the
downstream immunopathology are the subject of continued investigation. Interestingly we
show that an alternative cytokine signature predominates when IFNvy is absent. IL-6, IL-1f,
and GM-CSF are all elevated in the absence of IFN-y, suggesting IFNy regulation of either
production, and/or accumulation of cell types that produce these cytokines. Individual
blockade of these cytokines did not yield significant protection from immunopathology. It
remains possible that these cytokines do not act in isolation, and that combination blockade
may be effective.

Given the differences between IFN-y-sufficient and -deficient immunopathology, this model
allowed the identification of some important IFN-y-driven immunoregulatory networks. The
elevated GM-CSF was of particular interest to us given the extensive neutrophilia, the role of
CD8+ T cells in driving disease, and that GM-CSF is made by CD8+ T cells(26, 37).

Indeed, we show that /FNy~Prf17~CD8+ T cells expressed elevated levels of GM-CSF,
and that exogenous administration of IFNvy regulated this production. Given the paucity of
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data on GM-CSF regulation in T cells, and that T cell derived GM-CSF has an important
role in other inflammatory conditions such as multiple sclerosis (MS), and the murine model
of MS, experimental autoimmune encephalitis (EAE)(26, 38), there remains a need for a
better understanding of this regulation. There are two major possibilities as to how IFNy
regulates the expression of GM-CSF; either GM-CSF production by CD8+ T cells is a
default state in the absence of IFN-y-signaling, or that other compensatory signaling
pathways that promote GM-CSF production are upregulated in the absence of IFNvy.
Interestingly, there have been case reports of patients who, while on myeloablative
chemotherapy, had been administered recombinant GM-CSF or the related G-CSF and
developed HLH(39-41) suggesting a possible causative role for myeloid-specifying
cytokines in the pathogenesis of some subsets of HLH patients.

Our study demonstrates that HLH-features can occur independent of IFNvy in a murine
model, challenging the dogma that HLH pathogenesis requires IFNy to drive disease. While
IFNy blockade may be effective in treating many cases of HLH, our study suggests that
clinicians should be cognizant that HLH can occur independent of IFNy, particularly
rheumatologists that may see more of the non-classical familial forms. Differences in
therapeutic response in HLH/MAS patients are likely, since HLH/MAS can be initiated by
diverse triggers, on heterogenous genetic backgrounds, resulting in various downstream
mediators of disease. This is in concordance with a recent study where whole-exome
sequencing of HLH patients revealed a diverse set of potential disease-associated genes(42).
IFN-y signatures are not always present in active HLH patients(19), and we have shown that
distinct groups of patients exist that can be divided based on presence or absence of a robust
IFNy signature. Cytokines such /L-IBand /L-6remain upregulated both IFN-y-signature
high, and low patient groups, and in the IFNy-independent murine model of HLH presented
in this report. It is intriguing to note that while not effective in the murine system presented
here, IL-1p blockade has been reported to be effective in other human forms of HLH/
MAS(43). Clearly, the central cytokines controlling MAS/HLH vary in different scenarios,
with continued work needed to dissect all of these nuances.

Even in the absence of IFNvy, we show that CD8+ T cells remain critically important for
disease. This suggests that modulators of CD8+ T cell activation such as IL-33:ST2(21),
rather than blockade of downstream effector molecules, may be a more universally effective
way to treat HLH. The effectiveness of this blockade in other models(7), including the /FNy
~~Prf1™~ model used in this study, suggests this may be an effective treatment for HLH
patients, and warrants further investigation. Taken together, this report demonstrates that
HLH can occur independently of IFNy, offering insights into potential alternative disease
mechanisms and alternative treatment strategies that may be effective in clinical scenarios
when IFN+y blockade is insufficient to ameliorate clinical manifestations of life-threatening
HLH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: IFNy‘/‘Prfl‘/' mice succumb to HLH-like disease

WT(n=8), Prf17/~(n=10), IFNy™~Prf17~(n=27), or IFNy~(n=5) mice were infected with
LCMV-Armstrong and survival (A), and weight-loss (B) were monitored. Data combined
from 2-independent experiments. Survival curves (A) analyzed by log-rank (Mantel-Cox)
test. Weight-loss (B) analyzed by linear mixed-effects model to allow for missing data due to
mouse mortality: treatment and body weight were modeled as fixed effects, and individual
mice were treated as a random effect to account for baseline variability between animals
(e.g. intercept only). Symbols indicate mean and SEM. Mice were infected with LCMV and
then sacrificed day-10 post-infection. Complete blood counts were performed and red blood
cells (C), platelets (D), and white blood cells (E) were enumerated. Serum levels of soluble
CD25 (F) and ferritin (G) were measured by ELISA from Day-10 infected mice. Data
combined from N=2 individual experiments. Analyzed by 1-way ANOVA with Tukey HSD
post-test. n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (H) Spleen and (I)
Livers were from day 10 infected, or uninfected controls were weighed and normalized to
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bodyweight pre-infection. Analyzed by 2-way ANOVA. (J) H&E stained splenic touch-preps
from day 10 infected /FNy™~Prf1~~ mice showing presence of hemophagocytes. Total
magnification = 600x.
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Figure 2: IFNy'/'Prfl‘/' mice display extensive neutrophilia

WT, Prf1™=, IFNy™=Prf1~-, and /FNy ™~ mice were infected with LCMV and neutrophils
were quantified in the blood (A), spleen (B), and liver (C) day-10 post-infection by flow
cytometry. Neutrophils were designated as live, singlets, CD90.2-, CD19-, CD11b+, Ly6G+
(Gating=Supplemental Figure 3). Data combined from N=2 individual experiments.
Analyzed by 1-way ANOVA with Tukey HSD post-test. *p<0.05, **p<0.01, ***p<0.001,
***%n<(0,0001. (D) Representative H&E-stained liver sections from APrf1~~ (left) and /FNy
~~Prf1™~ (right) mice on day 10 post-infection. Original magnification=100X, inset=200X.
Arrows indicate ringed/multi-lobed nuclei typical of murine neutrophils.
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Figure 3: Altered cytokine milieu in IFN y‘/‘Prfl‘/‘ mice corresponds with cytokine expression
in human HLH patients
WT, Prf1™=, IFNy™=Prf1~~, and IFNy ™~ mice were infected with LCMV and serum was

obtained day-10 post-infection. IL-6 (A), GM-CSF (B), IL-1p (C), and IFN+y (D) was
measured by ELISA. Data combined from N=2 individual experiments. Analyzed by 1-way
ANOVA with Tukey HSD post-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (E-
TOP) Gene expression dataset from HLH patients and controls (GSE26050, (19)) was
filtered on the curated IFN-y-gene set (MSigDB, Broad) and subjected to unsupervised
hierarchical clustering. (E-BOTTOM) Expression of additional selected cytokines shown
according to clustering based on IFN+y-gene set. Columns indicate individual patients.
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Figure 4: CD8+ T cells from IFN y‘/'Prfl‘/‘ mice have elevated expression of GM-CSF that is
regulated by IFNy
WT, Prf1~=, IFNy™=Prf1~~, and IFNy~~ mice were infected with LCMV and sacrificed

day 10 post-infection. LCMV-specific CD8+ T cells were identified by H-2KP-gp33
tetramer staining. (A) Representative flow plots gated on live, singlets, CD90.2+, CD8+
cells. (B) Total number of H-2KP-gp33+ CD44+ CD8+ T cells in spleens of day 10 infected
mice. Data combined from N=2 independent experiments. Analyzed by 1-way ANOVA with
Tukey HSD post-test. (C) Splenocytes from day 10 infected mice were stimulated by PMA
& ionomycin and IFNy/GM-CSF expression was analyzed as described in methods.
Representative flow plots of live, singlet, CD90.2+, CD8+, CD44hi cells (Supplemental
Figure 4). (D) Total GM-CSF+ CD44hi CD8+ T cells per spleen of day 10 infected mice.
Data combined from N=2 independent experiments. Analyzed by 1-way ANOVA with
Tukey HSD post-test. (E) /FNy™~Prf1™~ or IFNy*/~Prf1~~ littermate controls were
infected with LCMV. /FNy™~Prf1~~ mice were administered either PBS, recombinant
IFNy (rIFNvy) beginning day O (rIFNvy long), or rIFNy from day 6 (rIFNvy short), by
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intraperitoneal injection every other day. Mice were sacrificed day 10 post-infection and
GM-CSF expression was analyzed as in (C). (E) Representative flow plots of live, singlets,
CD90.2+, CD8+, CD44hi cells. (F) Summary data showing frequency of GM-CSF
expressing CD44hi CD8+ T cells from IFNvy-giveback experiment. Analyzed by ANOVA
with test for linear trend. (G) Naive CD8+ T cells from uninfected /FNy™~ mice (purity
<90%) were cultured /n vitroin the presence or absence of rIFN+y for 5 days and then
analyzed for GM-CSF expression as described in methods. (G) Representative flow plots of
live, singlets, CD90.2+, CD8+, CD44hi cells. (H) Summary data showing frequency of GM-
CSF+, CD44hi, CD8+ T cells. Data combined from N=3 independent experiments.
Analyzed by 2-tailed, unpaired student’s t-test. n.s. p>0.05, **p<0.01, ***p<0.001,
***%p<0.0001
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Figure 5: Neutrophil-intrinsic IFNy-signaling regulates neutrophilia through enhanced cell
death

(A) IFNy™=Prf1™~, IFNy*"*Prf17~, or IFNy*~Prf1~" littermate controls were infected
with LCMV. /FNy™=Prf1~~ mice were intraperitoneally administered PBS, recombinant
IFN-y (rIFNv) beginning day 0 (rIFN-long), or rIFNy from day 6 (rIFN-y-short) every other
day. Mice were sacrificed day 10 post-infection and blood neutrophils were quantified by
flow cytometry. Data combined from N=2 independent experiments. Analyzed by 1-way
ANOVA with Tukey HSD post-test. Bone chimeras reconstituted from 50:50 Prfl™~IFNyR
** . Prf17~IFNyR~~ mix of donor bone marrow were generated. Chimeras were infected
with LCMV and sacrificed 10 days post-infection. (B-D) The ratio of specific cell-types
derived from PrfI7=IFNyR™~CD45.2* vs. Prf1”~IFNyR*/*CD45.1* donor bone marrow
was determined and normalized to pre-infection ratios in the blood. Data combined from
N=3 independent experiments. Analyzed by 1-sample Student’s #test for each cell type
against the null-ratio=1. (E-F) Bone marrow from chimeras on day 10 post-infection was
cultured ex vivo and measured for cell permeability and Active Caspase-3/7 in neutrophils
cultured for indicated time. (E) representative flow plots of neutrophils from Prfl~~IFNyR
** (left) or Prf1~/~IFNyR~~ (right) donors from the same chimeric mouse, cultured for
24hours. (F) Summary data showing %apoptotic neutrophils at multiple time-points. Lines
connect cells from same chimeric mouse. Analyzed by 2-way repeated measures ANOVA
with Sidak multiple comparison post-test. *p<0.05,**p<0.01,***p<0.001,****p<0.0001
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Figure 6: CD8+ T cells and IL-33-signaling remain pathological drivers of disease in the absence
of IFNy

(A,B) IFN;y™~Prf1™~ mice were infected with LCMV and administered CD8-depleting
antibody, or isotype control, beginning day 3 post-infection and every other day thereafter,
n=9 mice per group. Survival (A), and weight loss (B) were measured. Survival curve (A)
analyzed by log-rank (Mantel-Cox) test. Weight-loss (B) analyzed by linear mixed-effects
model as in Figure 1. Symbols indicate mean+SEM. (C) /FNy™~Prf1~~ mice were infected
and treated with CD8-depleting or isotype control antibody. Neutrophils were quantified in
the blood on day 10 post infection. Data combined from N=2 independent experiments.
Analyzed by 2-way unpaired Student’s #test. (D-H) /FNy™~Prf1~~ mice were infected with
LCMV and administered ST2 blocking antibody (anti-ST2), or isotype control beginning
day 3 post-infection and every other day thereafter. (D) Weight loss was measured and
analyzed as before. n=4 mice per group, representative data from 1 of 3 independent
experiments. (E) Serum sCD25 and (F) serum ferritin, from Day 10 infected mice, data
combined from N=3 independent experiments. Analyzed by 2-way unpaired Student’s #test.
(G) Frequency of CD44+CD62L- of CD8+ T cells (live,singlets,CD90.2+,CD8+;
Supplemental Figure-8) was plotted against total weight loss observed by day 10 post-
infection. Data combined from N=3 individual experiments. Analyzed by linear regression
using single curve for all data sets. (F) Neutrophils were quantified in the blood on day 10
post infection from anti-ST2 or isotype treated /FNy™~Prf1”~ mice. Data combined from
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N=3 independent experiments. Analyzed by 2-way unpaired Student’s #test.
**p<0.01,***p<0.001,****p<0.0001
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