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Mouse Cytomegalovirus Infection in BALB/c Mice Resembles
Virus-Associated Secondary Hemophagocytic
Lymphohistiocytosis and Shows a Pathogenesis Distinct from
Primary Hemophagocytic Lymphohistiocytosis

Ellen Brisse,* Maya Imbrechts,* Karen Put,* Anneleen Avau,* Tania Mitera,*

Nele Berghmans,T Omer Rutgeerts,“t Mark Waer,” Marisa Niniva,tg,gi,§ Hilde Kelchtermans,§
Louis Boon,’[ Robert Snoeck," Carine H. Wouters,# Graciela Andrei," and

Patrick Matthys*

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening immunological disorder that is characterized by systemic inflam-
mation, widespread organ damage, and hypercytokinemia. Primary HLH is caused by mutations in granule-mediated cytotoxicity,
whereas secondary HLH occurs, without a known genetic background, in a context of infections, malignancies, or autoimmune and
autoinflammatory disorders. Clinical manifestations of both HLH subtypes are often precipitated by a viral infection, predomi-
nantly with Herpesviridae. Exploiting this knowledge, we established an animal model of virus-associated secondary HLH by
infecting immunocompetent wild-type mice with the B-herpesvirus murine CMV. C57BL/6 mice developed a mild inflammatory
phenotype, whereas BALB/c mice displayed the clinicopathologic features of HLH, as set forth in the Histiocyte Society diagnostic
guidelines: fever, cytopenia, hemophagocytosis, hyperferritinemia, and elevated serum levels of soluble CD25. BALB/c mice also
developed lymphadenopathy, liver dysfunction, and decreased NK cell numbers. Lymphoid and myeloid cells were in a hyper-
activated state. Nonetheless, depletion of CD8" T cells could not inhibit or cure the HLH-like syndrome, highlighting a first
dissimilarity from mouse models of primary HLH. Immune cell hyperactivation in BALB/c mice was accompanied by a cytokine
storm. Notably, plasma levels of IFN-vy, a key pathogenic cytokine in models of primary HLH, were the highest. Nevertheless,
murine CMV-infected IFN-y—deficient mice still developed the aforementioned HLH-like symptoms. In fact, IFN-y—deficient mice
displayed a more complete spectrum of HLH, including splenomegaly, coagulopathy, and decreased NK cell cytotoxicity, indi-
cating a regulatory role for IFN-vy in the pathogenesis of virus-associated secondary HLH as opposed to its central pathogenic role

in primary HLH. The Journal of Immunology, 2016, 196: 3124-3134.
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macrophages and lymphocytes and a life-threatening cytokine storm,
eliciting hallmark features such as nonremitting fever, pancytopenia,
coagulopathy, hyperferritinemia, hemophagocytosis, and liver dys-
function. HLH can be subdivided into primary and secondary forms.
Although the former has a monogenic recessive inheritance, being
caused by mutations in genes that regulate granule-dependent cy-
totoxicity of cytotoxic T cells and NK cells, the latter occurs without a
distinct genetic background as a complication of various malignan-
cies, infections, or autoimmune and autoinflammatory diseases (1, 2).
With regard to primary HLH, considerable progress has been
made in deciphering its pathogenesis, largely by studying mouse
strains that carry similar mutations as those occurring in the dif-
ferent subtypes of primary HLH (3-9). In HLH disease models
using these mouse strains, hyperactivated CD8" T cells, producing
large amounts of IFN-vy, were pinpointed as major pathogenic
players. Depletion of this cell type, as well as ablation of IFN-vy,
was associated with significantly reduced disease severity (4, 10).
Moreover, infusion of a physiologically relevant dose of IFN-y
provoked profound cytopenias and hemophagocytosis in mice
(11), possibly explaining the occurrence of these cardinal features
in HLH patients. Together, these data constitute the rationale for
an ongoing clinical trial in which patients with refractory primary
HLH receive treatment with a human monoclonal anti-IFN-y Ab
(EudraCT: 2012-003632-23, US NCT: NCT01818492).
Knowledge about secondary HLH has evolved less rapidly.
Hypotheses concerning its pathogenesis, including a key role for
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IFN-v and hyperactivated CD8" T cells, are largely inspired by the
findings in mouse models of primary HLH. Although some animal
models have been proposed for secondary HLH (12-17), few
specifically addressed the possible pathogenic role of IFN-y or
CD8" T cells (14, 18). Those that did revealed an ambiguous role
for IFN-vy in disease development (14, 18), whereas CD8" T cells
were dispensable for disease pathogenesis (14). These data sug-
gest a possible discrepancy between primary and secondary HLH
and highlight the need for further research on differential patho-
genic mechanisms in both HLH subtypes (19).

Because secondary HLH in humans can occur without a distinct
underlying genetic predisposition and is often precipitated by a
viral infection, predominantly with EBV or CMV (20-23), we
investigated whether HLH-like disease might, under certain cir-
cumstances, develop in immunocompetent, wild-type (WT) mice
postinfection (p.i.) with the B-herpesvirus murine CMV (MCMV).

MCMYV was used in models of primary HLH, where it suc-
cessfully elicits HLH in Prfl-knockout (KO) mice but not in
Uncl3d-KO mice (7, 24). The genetic background of different
inbred mouse strains plays a role in susceptibility to MCMV.
C57BL/6 mice are relatively resistant to the virus and often remain
asymptomatic p.i., whereas BALB/c mice are more sensitive.
Unlike C57BL/6 mice, BALB/c mice lack the NK cell-activating
receptor Ly49H that specifically recognizes m157, an MHC class I
(MHCI)-like protein expressed by MCMV (25). Instead, an in-
hibitory receptor, Ly49C, might recognize the protein, mediating
viral immune evasion (26). This minor NK cell defect hinders
efficient recognition and clearance of the virus, resulting in pro-
longed immune activation.

In this article, we demonstrate that a fine-tuned experimental
infection with MCMYV reproducibly induced an HLH-like syn-
drome in WT BALB/c mice compared with mild and transient
inflammatory signs in WT C57BL/6 mice. CD8" T cells were
dispensable for the development of the syndrome in BALB/c
mice. By comparing disease features in WT and IFN-y—deficient
BALB/c mice, we also showed that IFN-y did not drive disease
pathogenesis, but rather acted in a protective manner by increasing
survival, attenuating symptoms, preventing the development of
coagulation abnormalities, and tempering the amplification of the
cytokine storm p.i. The data suggest that the pathogenesis of virus-
associated secondary HLH is different from that of primary HLH,
which cautions against the extrapolation of treatment strategies
from primary HLH to the secondary subtypes.

Materials and Methods

Mice, viral infection, and experimental design

The generation and characterization of IFN-y—KO mice were described
previously (27). IFN-y—KO mice on a BALB/c background, corresponding
WT BALB/c mice, and WT C57BL/6 mice were bred under specific
pathogen—free conditions in the Experimental Animal Centre of the Uni-
versity of Leuven. Four- to six-week-old mice were matched for age and
sex within each experiment. All experiments were approved by the Ethics
Committee of the University of Leuven. An inoculum of 5 X 10° PFU
salivary gland—derived MCMV (Smith strain, VR-1399; American Type
Culture Collection) in 100 wl PBS was injected i.p. into each mouse on day
0. PBS-injected mice were included as controls. Weight and rectal tem-
perature of the mice were measured daily. Mice were euthanized with
pentobarbital (Nembutal; Ceva) on day 2 p.i., at the first signs of inflam-
mation, or on day 5 p.i., according to institutional ethical policies, when
chronic weight loss exceeded 25% of initial body weight or when body
temperature dropped below 34.5°C.

Quantification of viral titers and T cell depletion

The amount of infectious virus present in different organs was determined
by a plaque assay using a 10-fold titration of the supernatant of disrupted
organ samples on C1271 cells (CRL-1616; American Type Culture Collection).
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To deplete CD8" T cells, a monoclonal anti-CD8 Ab (clone YTS169)
was injected i.p. as a preventive treatment (300 pg/mouse on day —1 and
200 pg/mouse on day 2 p.i., in 100 pl PBS) or a curative treatment
(300 pg/mouse in 100 wl PBS on day 2 p.i.). Depletion was verified
in blood and lymph nodes (LN) via flow cytometry using anti-CD8a
(clone 53-6.7).

Blood analysis, quantification of liver enzymes, and thrombin
generation

Blood samples were obtained via cardiac puncture with heparin (LEO
Pharma). Blood cell analysis was performed with a Cell-Dyn 3700 He-
matology Analyzer (Abbott Diagnostics). Plasma concentrations of aspartate
transaminase (AST) and alanine transaminase (ALT) were measured spec-
trophotometrically using a UV-kinetic method, according to the manufac-
turer’s instructions (ALT [SGPT] Reagent Set, AST [SGOT] Reagent Set;
Teco Diagnostics). A Calibrated Automated Thrombogram assay measuring
thrombin generation over time was performed in collaboration with Syn-
apse BV on whole blood drawn via retro-orbital puncture, as described
previously (28). Samples were measured in triplicate.

Histology, single-cell suspensions, cytospins, and flow
cytometry

For histological analysis, tissues fixed in 4% paraformaldehyde were
embedded in paraffin. Sections were stained with H&E. For single-cell
suspensions, WBC were obtained from blood after lysis of RBC with
NH,4CI. Bone marrow was extracted from the tibia of both hind legs.
Lung WBC were obtained from density gradient—centrifuged lung cell
suspensions (Percoll 40 and 72%; GE Healthcare). Splenocytes were
obtained after RBC lysis with ACK Lysing Buffer (Life Technologies).
Lymph node cells were extracted from both inguinal LN. For cytospin
preparations, single-cell suspensions were spun onto a glass slide and
stained with H&E. For flow cytometry, cell suspensions were incubated
with anti-CD16/anti-CD32 (Miltenyi Biotec) and stained with the fol-
lowing mAb: CD3e (clone 145-2C11), CD8a (53-6.7), CD11b (M1/70),
CD25 (PC61.5), CD44 (IM7), CD49b (DX5), CD62L (MEL-14), CD69
(H1.2F3), CD80 (16.10A1), CD86 (GL1), CD107a (eBiolD4B), CD122
(5H4), MHCI (28.14-8), and MHC class 1I (MHCII) I-A/I-E (M5/114.15.2)
(eBioscience). FITC-, PE-, PE-Cy5—, PerCP-Cy5.5—, or allophycocyanin-
labeled Abs were used. Dead cells were excluded using propidium iodide
(PI). Geometric means were used to calculate mean fluorescence inten-
sity (MFTI). Forward scatter (FSC) was used to measure cell size, and side
scatter (SSC) was used to measure granularity. Samples were run with a
FACSCalibur using CellQuest software (BD Biosciences). Live cells (P1 ")
were analyzed with FlowLogic (600.0A; Inivai).

Cell-mediated cytotoxicity assay and NK cell enrichment

A [°'Cr]-release assay was performed in triplicate, as described previously
(29). The YAC-1 cell line was used as target cells. Effector cells were
WBC isolated from blood samples, lung WBC, or NK cells enriched from
lung or spleen WBC via MACS using magnetic beads coated with anti-
CD49b (DX5) mAb (Miltenyi Biotec). E:T ratios of 25:1 and 50:1 were
assessed.

Quantification of cytokine expression using quantitative
real-time PCR

Total RNA was extracted using a PureLink RNA Mini Kit (Invitrogen).
cDNA was synthetized using Superscript II reverse transcriptase and ran-
dom primers (Invitrogen). Quantitative real-time PCR was performed using
a TagMan Gene Expression Assay (Applied Biosystems). Expression levels
of Il11b (assay ID Mm00434228_m1), 716 (Mm00446190_m1), 1110
(Mm00439614_m1), 1118 (Mm00434225_m1), 1118bp (MmO01274147_g1),
Ifng MmO00801778_m1), and Tnfa (Mm00443258_m1) were normalized
to the expression of Gapdh (Mm99999915_gl). Relative gene expression
was calculated using the 27A4C method (30).

Quantification of cytokines, soluble CD25, ferritin, and
D-dimers using ELISA

The protein levels of IFN-a, IFN-f (VeriKine; PBL IFN Source), IL-18,
TNF-a, soluble CD25 (sCD25) (DuoSet; R&D Systems), IL-6, IL-10
(Quantikine; R&D Systems), IFN-y (Ready-Set-Go; eBioscience), IL-18
(Platinum ELISA; eBioscience), and D-dimers (D2D, TSZ ELISA; Bio-
Tang) were determined in plasma, according to the manufacturers’ in-
structions. Alternatively, IFN-o, IFN-3, IFN-v, IL-1B, IL-2, IL-6, IL-10,
IL-12p70, IL-18, and TNF-a were measured in serum using a multiplex
assay (ProcartaPlex Mouse Th1/Th2 Cytokine Panel, Th9/Th17/Th22/Treg
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Cytokine Panel, or IFN-a/IFN-f Panel; eBioscience). Sandwich ELISA
detecting the H and L chain of ferritin were kindly provided by Dr. Paolo
Santambrogio (San Raffaele Scientific Institute, Il Dipartimento di
Biotecnologie, Milan, Italy) (31).

Statistical analysis

Data with two experimental groups were analyzed via a two-tailed non-
parametric Mann—Whitney U test. For comparison of three or more groups,
a nonparametric Kruskal-Wallis test was performed, followed by the Dunn
multiple—-comparison posttest. GraphPad Prism 5.00 was used.

Results
Acute, primary infection with MCMV triggers a severe
HLH-like syndrome in WT BALB/c mice

From pilot experiments in which mice were infected with titers
ranging from 2.5 X 10° to 1 X 10° PFU of MCMV, a dose of 5 X 10°
PFU was selected as the lowest dose of MCMV from which mice
developed clinical signs of illness within an appropriate time
frame and within the ethical constraints of our institute. In C57BL/6
mice, the infection resulted in transient signs of a mild inflam-
matory response. However, in BALB/c mice, the infection caused
a life-threatening, hyperinflammatory syndrome that was highly
reminiscent of the HLH syndrome observed in patients. To thor-
oughly characterize this syndrome, we applied the HLH-2004
criteria that are used in the clinical setting to diagnose HLH,
consisting of eight components: fever, splenomegaly, cytopenia
affecting at least two blood cell lineages, hypofibrinogenemia
and/or hypertriglyceridemia, hemophagocytosis, decreased NK
cell activity, hyperferritinemia, and elevated serum levels of
sCD25. At least five criteria need to be fulfilled to diagnose
HLH in patients (32).

Starting on day 2 p.i., BALB/c and C57BL/6 mice became ill, as
evident from piloerection and weight loss. The latter was signif-
icantly more pronounced in BALB/c mice (Fig. 1A, Supplemental
Fig. 1A). The body temperature of both mouse strains increased,
but only BALB/c mice developed a marked fever, rising above
38.5°C (Fig. 1B, Supplemental Fig. 1D). The fever gradually
evolved to hypothermia (<34.5°C) on day 5 p.i. in ~40% of the
BALB/c mice (Fig. 1C), necessitating euthanasia. In contrast, all
infected C57BL/6 mice recovered from infection, regaining their
original weight. The virus could be efficiently cleared by C57BL/6
mice, as evidenced by undetectable or low viral titers in spleen at
days 2 and 5 p.i., whereas persistently high viral titers were de-
tected in infected BALB/c mice (Supplemental Fig. 1B, 1C).

Blood analysis on day 5 p.i. revealed bicytopenia in infected
BALB/c mice. Lymphopenia and thrombocytopenia were ob-
served in all experiments performed (Fig. 1D, 1E), whereas addi-
tional anemia occurred in 70% of the experiments (Fig. 1F). The
cytopenias could result, in part, from decreased blood cell pro-
duction, as indicated by minor bone marrow hypocellularity on
day 5 p.i. (Fig. 1G). Infected C57BL/6 mice did not develop sig-
nificant cytopenias, although a trend was observed (Supplemental
Fig. 1E-G). Hemophagocytosis was detected in infected BALB/c
mice from day 2 p.i. (data not shown) and was abundant on day 5
p-i. in blood, lung, and bone marrow (Fig. 1H, 1I). Hemophago-
cytes were also observed in infected C57BL/6 mice, but their
numbers were not significantly different from those of naive
C57BL/6 mice (Supplemental Fig. 1H). Plasma levels of ferritin
and sCD25 were increased in infected BALB/c mice (Fig. 1J, 1K)
to greater concentrations than seen in infected C57BL/6 mice
(Supplemental Fig. 11, 1J). Both H chain (Fig. 1J) and L chain
(data not shown) ferritin levels were consistently upregulated,
although the levels varied between independent experiments,
ranging from 100 to 4400 ng/ml.

In contrast to the human HLH syndrome, MCM V-infected BALB/c
mice developed neutrophilia instead of neutropenia (data not shown),
a phenomenon that was also reported in other mouse models of HLH
(7, 12, 33). Furthermore, measurements of serum triglycerides and
fibrinogen revealed no hypertriglyceridemia or hypofibrinogenemia
in infected BALB/c mice (data not shown). In patients, these
symptoms reflect, in part, the involvement of liver inflammation in
the HLH syndrome, of which significant signs were detected in
MCM V-infected BALB/c mice. Histological examination of liver
tissue revealed perivascular infiltration of immune cells (Fig. 2A)
and significantly elevated plasma levels of ALT (Fig. 2B) and AST
(data not shown), which are often used as biomarkers for hepa-
tocellular damage (34). Immune cell infiltration was also observed
in the spleen of infected BALB/c mice, together with the disap-
pearance of distinct red and white pulpa, indicating disruption of
the normal spleen architecture (Fig. 2C). This might explain the
lack of splenomegaly. Infected BALB/c mice displayed signs of
lymphoproliferation, as manifested by the enlargement of the in-
guinal LN (Fig. 2D). This lymphadenopathy can likely be attrib-
uted to a combination of edema, hyperplasia, and hypertrophy of
LN cells (Fig. 2E, 2F).

Patients with primary HLH characteristically possess pro-
nounced defects in NK cell cytotoxicity, as does a variable per-
centage of patients with secondary HLH (35-37). To investigate
NK cell function in the model, [5 1Cr]—release assays were per-
formed on enriched lung NK cells, as well as on the total WBC
fraction of lungs. Neither revealed defects; on the contrary, the
cytotoxic function of MCM V-infected BALB/c mice was mark-
edly increased in comparison with that of naive counterparts
(Fig. 2G, 2H). An intact cytotoxic function was confirmed for NK
cells extracted from spleen, blood, and lungs via detection of
CD107a surface expression. CD107a is a lysosome-associated
membrane protein present inside cytotoxic granules that, upon
degranulation, appears on the cell surface of cytotoxic cells (35,
38). CD107a expression on enriched splenic NK cells (Fig. 2I) and
NK cells extracted from blood or lungs (data not shown) was
increased in MCM V-infected BALB/c mice, indicating increased
degranulation. The cytotoxic function of infected C57BL/6 mice
was comparable to that of BALB/c mice (Supplemental Fig. 1K).
In addition to functional defects, peripheral blood NK cell num-
bers are also frequently reduced during active disease in secondary
HLH patients (2, 39, 40). In BALB/c mice, the percentage and
absolute number of NK cells declined sharply in lungs, blood, and
spleen upon infection (Fig. 2J, 2K, data not shown), whereas the
NK cell numbers of infected C57BL/6 mice were not affected or
were slightly elevated (Supplemental Fig. 1L, 1M).

In brief, WT BALB/c mice developed an acute, life-threatening
syndrome that reflected several keynote features of HLH and
fulfilled five of eight HLH-2004 criteria, after primary infection
with a naturally occurring murine herpesvirus. In contrast, infected
WT C57BL/6 mice displayed a transient and controlled inflam-
matory response that did not culminate in an HLH-like syndrome.

Immune cell hyperactivation and hypercytokinemia underlie
the HLH-like syndrome in MCMV-infected WT BALB/c mice

Many characteristic symptoms of HLH can be attributed to aberrant
activation of cytotoxic T cells, ongoing Ag presentation by APC, and
a severe cytokine storm (1, 41-43). In MCM V-infected BALB/c
mice, these hallmark features of HLH were also observed. Acti-
vation of T cells and macrophages was already presumed from the
increased levels of sCD25 and ferritin in plasma (44-46). Indeed,
CDS8* T cells extracted from spleen, LN, lungs, and blood showed
an activated profile when examining very early (CD69) and in-
termediate early (CD25) activation markers (47, 48). Increased
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FIGURE 1. HLH-2004 criteria assessed in WT BALB/c mice infected with 5 X 10°> PFU of MCMYV. (A) Percentage change in body weight relative to
initial body weight at day O p.i. Median with interquartile range of 20 mice/experimental group. Rectal body temperature (°C) on day 2 (B) and day 5 (C) p.i.
Dotted line = 38.5°C (fever) or 34.5°C (endpoint as an indication of mortality). Absolute lymphocyte (D), platelet (E), and RBC (F) counts in whole blood at
day 5 p.i. (G). Total bone marrow cell number at day 5 p.i. (H) Percentage of hemophagocytes detected in cytospins of bone marrow cells at day 5 p.i. Dots
represent the average of triplicate counts of 100 cells from an individual mouse. (I) Hemophagocytes detected in cytospins from blood, lung, and bone
marrow cells of MCM V-infected BALB/c mice on day 5 p.i. (H&E). Engulfed cells are indicated by arrows. (J) Concentration of the ferritin H chain in
plasma (ng/ml) at day 5 p.i. Dots represent the average of two dilutions for a single mouse. (K) Concentration of sCD25 in plasma (pg/ml) at day 5 p.i.
Dotted line in (K) represents the ELISA lower detection limit. Dots in (B)—(G) and (K) represent individual animals. Horizontal lines represent median group
values. Depicted data are from one to five experiments and are representative of 3 to =10 independent experiments with at least four mice/experimental
group. *p < 0.05, **p < 0.01, ***p < 0.001, Mann—Whitney U test. NI, not infected; temp., temperature.

proportions of CD8* T cells stained positive for CD69 and
CD25, and the expression intensity of CD25/individual cell was
augmented (Fig. 3A, 3B). The expression intensity of CD69 on
splenic CD8* T cells varied (decreased, unchanged, or increased)
throughout different experiments (Fig. 3A), but it was consistently
increased on LN, lung, and blood CD8" T cells, indicating organ-
specific differences in the timing of immune cell activation (data
not shown). Upon activation, shedding of CD62L (L-selectin),
together with upregulation of CD44, separates the CD8* T cell
population into naive T cells (CD62L*CD44 ™), central memory
T cells (CD62L*CD44), and effector memory T cells (Tgp;
CD62L ™~ CD44%) (49). Postinfection with MCMYV, a marked shift
from naive CD8" T cells into differentiated Tgy; was seen in
spleen (Fig. 3C) and LN (data not shown). This activation status
was reflected by enlargement of the CD8* T cell size and in-
creased granularity (Fig. 3D). Notably, the activation level of
CD8* T cells in infected BALB/c mice was substantially higher

compared with CD8" T cells of infected C57BL/6 mice (Supplemental
Fig. 2A, 2B, 2E).

Extensive activation of histiocytes was detected in the spleen
and LN of MCM V-infected BALB/c mice (Fig. 3, data not shown).
Large CD11b™&"-expressing cells (Fig. 3E), a fraction containing
predominantly macrophages, monocyte-derived dendritic cells,
and neutrophils, displayed an activated phenotype with upregulation
of CD80 and CD86 (Fig. 3F, 3G), two costimulatory molecules
required for the initiation and maintenance of T cell activation
and proliferation (50). These large CD11b"e" cells were addition-
ally increased in cell size and granularity upon infection (Fig. 3H).
Consistent with the flow cytometry data, cytospins from splenocytes
of infected mice revealed the presence of histiocytes displaying
extensive vacuolization (Fig. 3I). In line with their importance
as primary sites of Ag presentation, LN-derived large CD11b""
cells augmented their expression of MHCII (Fig. 3J). Together
with an overall increase in MHCI expression in spleen and
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FIGURE 2. Additional HLH-like features assessed in WT BALB/c mice infected with 5 X 10° PFU of MCMV. (A) Liver histology of H&E-stained
paraffin sections. Arrow indicates perivascular infiltration. (B) Plasma concentration of ALT (IU/1). (C) Spleen histology of H&E-stained paraffin sections.
Arrow indicates a site of infiltration. (D) Lymphadenopathy (left panels) and absolute weight (right panel) of both inguinal LN. (E) Total number of cells
extracted from both inguinal LN. (F) Geometric mean of FSC of live (PI") LN cells. Cytotoxic function of enriched lung NK cells (G) and of total WBC
(H) extracted from lungs, measured as the percentage [>'Cr] release of killed YAC-1 tumor cells normalized to maximum [*'Cr] release of saponin control
and corrected for spontaneous [*'Cr] release. (1) Degranulation of enriched splenic NK cells, as determined by the percentage of PI”CD3~CD122*CD49b*
cells positive for CD107a surface expression (left panel) and the geometric MFI of CD107a on positive NK cells (right panel). Dots represent a pool of two
mice. Percentage and absolute number of NK cells in lung (J) and blood (K), gated as CD122" CD49b* cells of CD3"PI™ cells. Dots in (B), (D)—(F), (J), and
(K) represent individual animals. (G) Dots represent the average of triplicate measurements from samples pooled from five to eight mice. (H) Dots represent
the average of triplicate measurements for a single mouse. Horizontal bars represent median group values. Data are from one or two experiments and are
representative of 2 to =10 independent experiments with at least four mice/experimental group. Data were obtained on day 5 p.i. *p < 0.05, **p < 0.01,
#*%p < 0.001, Mann—Whitney U test. NI, not infected; R, red pulpa; W, white pulpa.

LN (Fig. 3K), this points toward augmented Ag presentation in C57BL/6 mice were elevated as well, but to a much lower extent
MCMV-infected BALB/c mice. Histiocytes from infected (Supplemental Fig. 2F-L).
BALB/c mice were substantially more activated compared with Hence, an increased activation status of lymphocytes and my-

histiocytes from infected C57BL/6 mice (Supplemental Fig. 2C, 2D). eloid cells, together with elevated levels of multiple cytokines,
Immune cell hyperactivation in MCM V-infected BALB/c mice characterizes the HLH-like syndrome occurring in infected WT

was accompanied by the emergence of a cytokine storm, which was BALB/c mice as a hyperinflammatory cytokine storm syndrome.
evident from day 2 p.i., when type I IFN peaked in the plasma of Infected WT C57BL/6 mice presented with milder inflammation,
infected mice, whereas it was undetectable in naive mice (Fig. 4A, as evidenced by less pronounced immune cell activation and lower

4B). On day 5 p.i., upregulation of mRNA expression of IFN-vy, cytokine levels compared with BALB/c mice.
IL-1B, IL-6, IL-18, and TNF-a, all proinflammatory cytokines
classically associated with HLH (43, 51-54), was detected in cells
extracted from blood, spleen, liver, and lungs (data not shown).
The data were confirmed at the protein level for all mentioned Because primary HLH mouse models ascribe a major role to
cytokines, with additional elevation of IL-2 and IL-12p70 in se-  overactivated CD8" T cells in the development of HLH-like
rum (Fig. 4C-I). Notably, serum concentrations of IFN-y were symptoms, the different activation status of CD8* T cells in BALB/c
higher than those of all other cytokines and reached levels within versus C57BL/6 mice might account for the emergence of an
the ng/ml range (Fig. 4C). Expression of the anti-inflammatory HLH-like syndrome in BALB/c mice only. To test this hypothesis,
cytokines IL-18-binding protein and IL-10 was also upregulated CD8* T cells were depleted in BALB/c mice in a preventive
at the mRNA level in blood leukocytes, spleen, liver, and lungs manner (on day —1 prior to infection) and in a therapeutic manner
(data not shown). This was confirmed for IL-10 at the protein level (on day 2 p.i., when the first disease symptoms appeared). Al-
(Fig. 4J). Proinflammatory cytokine levels in serum of infected though adequate depletion was confirmed in LN (Supplemental

CDS8* T cells are dispensable in the pathogenesis of the
virus-associated secondary HLH-like syndrome
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FIGURE 3. Hyperactivation of cytotoxic T cells and CD11b* cells in WT BALB/c mice infected with 5 X 10° PFU of MCMYV. Expression of CD69 (A)
and CD25 (B) on splenic CD8" T cells. Percentage of CD8" T cells that stain positive for CD69 or CD25 and the geometric MFI of positive cells. (C)
Subdivision of spleen CD8" T cells into naive (CD44 CD62L") and Tgy (CD44*CD62L 7). Average percentages for five mice are indicated in the
corresponding quadrants. (D) FSC and SSC plot of spleen CD8" T cells. Average geometric means for five mice are indicated. (E) Gating strategy to analyze
large CD11b"&" (CD11b") cells from spleen. Expression of CD80 (F) and CD86 (G) on splenic large CD11b" cells. Percentage of large CD11b" cells that
stain positive for CD80 or CD86 and the geometric MFI of positive cells. (H) FSC and SSC plot of splenic large CD11b™2" cells. Average geometric means
for five mice are indicated. () Increased vacuolization in macrophages, as seen in H&E-stained cytospins from spleen of MCM V-infected BALB/c mice. (J)
Expression of MHCII on large CD11b" cells from LN. Percentage of large CD11b" cells that stain positive for MHCII (left panel) and their geometric MFI

of MHCII (right panel). (K) Overall expression of MHCI on splenocytes. Gating strategy to investigate MHC

[high

cells (left panel). Percentage of

splenocytes that stain highly positive for MHCI (middle panel) and their geometric MFI of MHCI (right panel). Dots in (A), (B), (F), (G), (J), and (K)
represent a single animal. Horizontal lines represent median group values. Data are from one experiment and are representative of two to six independent
experiments with at least four mice/experimental group. Data were obtained on day 5 p.i. *p < 0.05, **p < 0.01, Mann—Whitney U test. NI, not infected.
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FIGURE 4. Cytokine storm in WT BALB/c mice infected with 5 X 10% PFU of MCMYV. Plasma concentration (pg/ml) of IFN-a (A) and IFN-3 (B) on
day 2 p.i. Data were obtained via multiplex ELISA and represent two independent experiments with five mice/experimental group. Serum concentration of
IFN-y (C), IL-18 (D), IL-2 (E), IL-6 (F), IL-12p70 (G), IL-18 (H), TNF-a (I), and IL-10 (J) (pg/ml) on day 5 p.i. Data are from two independent ex-
periments analyzed via multiplex ELISA and confirmed via single ELISA for one to four independent experiments with at least five mice/experimental
group. Dots represent individual animals. Horizontal lines represent median group values. Dotted lines represent the lower detection limits of ELISA.
*#p < 0.01, ***p < 0.001, Mann—Whitney U test. N.D., not detectable; NI, not infected.

Fig. 3A) and blood (data not shown), neither treatment succeeded
in inhibiting or curing the HLH-like syndrome (Supplemental
Fig. 3B—G). Only the plasma levels of sCD25 were normalized
in BALB/c mice treated in a preventative manner with anti-CD8
Abs; however, this probably reflects the depletion of its cellular
source rather than disease improvement (Supplemental Fig. 3F).
The small, remaining population of CD8" T cells was more pro-
foundly activated, as evident from the increased percentage of
CD69* and CD25" cells, but it was unable to constrain the viral
proliferation, which manifested as increased viral titers in spleen
postdepletion (Supplemental Fig. 3H-J). This lack of viral control
might explain the absence of any therapeutic effects.

In conclusion, the data indicate that CD8* T cells perform a
redundant function in the pathogenesis of this model. As opposed
to their central pathogenic role in primary HLH, CD8" T cells
constitute a defensive factor in virus-associated secondary HLH.

IFN-vy is not a pathogenic cytokine in the virus-associated
secondary HLH-like syndrome

In mouse models of primary HLH, a key pathogenic role is at-
tributed to hyperproduction of IFN-vy. Because IFN-y levels in the
serum of MCM V-infected BALB/c mice were more strongly el-
evated than those of all other cytokines and were ~5—8-fold higher
than levels observed in infected C57BL/6 mice, we sought to
clarify its role in virus-associated secondary HLH by comparing
disease evolution in WT and IFN-y—KO BALB/c mice. Intrigu-
ingly, many symptoms were similar in the presence and absence
of IFN-vy. Both mouse strains developed fever, lymphopenia,
thrombocytopenia, anemia, hemophagocytosis, lymphadenopathy,
and decreased NK cell numbers to a similar extent (Supplemental
Fig. 4). Nonetheless, the syndrome progressed more rapidly in
infected IFN-y—KO mice, with increased weight loss and a higher
frequency of hypothermia (in 75-85% of IFN-y—KO mice versus
40% of WT BALB/c mice) at day 5 p.i. (Fig. 5A, 5B), indicative
of increased fatality. Other symptoms were more pronounced in
IFN-y—KO mice: plasma levels of ferritin (H and L chains),
sCD25, and liver enzymes (ALT and AST) were greater after viral
infection in the absence of IFN-y (Fig. SC-E). Viral titers in
spleen, lung, liver, kidney, and salivary glands were higher in

IFN-vy—KO mice compared with WT mice. The difference between
the mouse strains was significant from day 2 to 5 p.i. (Fig. 5F, 5G).
Additionally, the accompanying cytokine storm was intensified in
IFN-vy—KO mice: IL-1(, IL-6, IL-10, and TNF-a protein levels were
higher in the plasma of infected mutant mice (Fig. 6A-D).

Together, these data constitute evidence that HLH-like symp-
toms, including anemia and hemophagocytosis, could be elicited
p-i. with MCMYV in the absence of IFN-vy, signifying that IFN-y is
dispensable in the pathogenesis of the HLH-like syndrome in in-
fected BALB/c mice. Type I IFN did not appear to compensate for
the lack of IFN-vy in the mutant mice, because levels of IFN-a and
IFN-B were lower in infected IFN-y—KO mice compared with
infected WT BALB/c mice (Fig. 6E, 6F).

MCMV-infected IFN-y—deficient mice develop a more
complete spectrum of HLH

Additional symptoms were found exclusively in infected IFN-y-KO
mice, corresponding more closely to the clinical picture seen in
HLH patients. Splenomegaly was absent in infected WT BALB/c
mice of all ages, and it was not observed in IFN-y—KO mice in-
fected before the age of 5 wk. However, when infected at =5 wk
of age, 80% of IFN-y—KO mice displayed significant enlargement
of the spleen (Fig. 7A). Examination of the coagulation system
in infected IFN-y—KO mice showed no hypofibrinogenemia (data
not shown), but it revealed elevated plasma levels of D-dimers,
a degradation product of fibrin (Fig. 7B). Elevated levels of
D-dimers are indicative of disseminated intravascular coagulation
(55), which is observed commonly in HLH patients (56). Further
evidence for a coagulation problem in MCM V-infected IFN-y—KO
mice was found by analyzing their ability to generate thrombin
(Fig. 7D). Compared with naive counterparts, MCM V-infected
IFN-y-KO mice produced less total thrombin over time and
had a lower peak thrombin production. More time was required to
initiate thrombin generation and to reach peak thrombin produc-
tion, resulting in an overall decreased production rate. Together,
the data indicated a marked reduction in their coagulation po-
tential, which occasionally manifested as minor internal hemor-
rhages (inset, Fig. 7D), reflecting the bleeding diathesis of patients
(56). Another feature reminiscent of HLH that is inherent to
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FIGURE 5. More pronounced HLH-like features in the absence of IFN-y in BALB/c mice infected with 5 X 10> PFU of MCMV. (A) Percentage change
in body weight relative to initial body weight at day 0 p.i. Median with interquartile range of 30 or 50 mice/experimental group. Weight change was
significantly different between infected WT and IFN-y—KO BALB/c mice on days 3-5 p.i. (***). (B) Rectal body temperature ("C) on day 5 p.i. Dotted
line = 34.5°C (i.e., endpoint as an indication of mortality). (C) Plasma concentration of the ferritin H chain (ng/ml) on day 5 p.i. Dots represent the average
of two dilutions for a single mouse. (D) Plasma concentration of sCD25 (pg/ml) on day 5 p.i. Dotted line represents the ELISA lower detection limit.
(E) Plasma concentration of ALT (IU/1) on day 5 p.i. Titer of infectious virus in spleen (PFU/mg spleen tissue) at day 2 (F) and day 5 (G) p.i. Dots in (B) and
(D)—(G) represent individual animals. Horizontal lines represent median group values. Data are from two to five independent experiments and are rep-
resentative of a total of four to eight independent experiments with at least four mice/experimental group. *p < 0.05, **p < 0.01, ***p < 0.001, Kruskal—

Wallis test with the Dunn posttest. NI, not infected; temp., temperature.

IFN-y-KO mice is their reduced NK cell cytotoxic function compared
with WT BALB/c mice (57). Only a minor increase in the killing
capacity of NK cells was observed in IFN-y—KO mice p.i. (Fig. 7C).

In total, the HLH-like symptoms present in MCM V-infected
IFN-y—KO mice fulfilled seven of the eight HLH-2004 diagnostic
criteria, revealing a more complete spectrum of HLH in the absence
of IFN-y.

Discussion

Mouse models of primary HLH contributed greatly to our un-
derstanding of its pathogenesis. As to secondary HLH, despite the
availability of various animal models, reflecting virus-associated
(16), bacterial-associated (12), and autoinflammation-associated
forms of the disease (13, 14), the underlying mechanisms re-
main poorly understood. In particular, the role of herpesvirus
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FIGURE 6. The cytokine storm is amplified in IFN-y—KO BALB/c mice infected with 5 X 10°> PFU of MCMYV. Plasma concentration of IL-18 (A), IL-6
(B), IL-10 (C), and TNF-a (D) (pg/ml) on day 5 p.i., as determined via single ELISA. Serum concentration of IFN-a (E) and IFN-B (F) on day 2 p.i.,
determined with a multiplex ELISA. Dots represent individual animals. Horizontal lines represent median group values. Dotted lines represent the lower
detection limits of ELISA. Data are from two to five independent experiments and are representative of a total of three to eight independent experiments with at least
four mice/experimental group. *p << 0.05, **p < 0.01, ***p < 0.001, Kruskal-Wallis test with Dunn posttest. N.D., not detectable; NI, not infected.
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FIGURE 7. Additional HLH-like symptoms, absent in WT BALB/c
mice, develop in IFN-y—KO BALB/c mice p.i. with 5 X 10* PFU of
MCMV. (A) Absolute spleen weight (g) of 5-wk-old IFN-y—KO mice. Data
are from seven independent experiments with at least five mice/experi-
mental group. (B) Plasma concentration of D-dimers (ng/ml). Dotted line
represents the lower detection limit of ELISA. Data are representative of
two experiments with at least five mice/experimental group. Dots in (A)
and (B) represent individual animals. (C) NK cell cytotoxic function of
total WBC extracted from lungs, measured as the percentage of [*'Cr]
release of killed YAC-1 tumor cells normalized to maximum [>'Cr] release
of saponin control and corrected for spontaneous [*'Cr] release. Dots
represent the average of triplicate measurements for a single mouse at an
E:T ratio of 25:1 (confirmed at a ratio of 50:1). Data are representative of
two experiments with at least four mice/experimental group. Horizontal
lines represent the median group values. (D) Thrombin generation as a
function of time measured in whole blood. The plot represents data from
three mice in each group that are representative of a total of 12 mice/ex-
perimental group in two independent experiments. Inset: H&E-stained
paraffin sections of spleen; arrows indicate hemorrhaging. Data were ob-
tained on day 5 p.i. *p < 0.05, **p < 0.01, ***p < 0.001, Mann—Whitney
U test for a single comparison, Kruskal-Wallis test with the Dunn posttest
for multiple comparisons. N.D., not detectable; NI, not infected.

infection in HLH development requires further examination, be-
cause such infection is recognized as the dominant triggering
event of primary and secondary HLH episodes (21, 23, 58). The
B-herpesvirus MCMYV is among the most extensively studied
viruses of mice, mirroring CMV infection in man (25). In the
current study, we demonstrated that experimental infection of WT
C57BL/6 mice with MCMYV provoked a controlled and limited
inflammatory response, whereas the susceptible BALB/c mouse
strain developed an acute hyperinflammatory syndrome whose
clinicopathological features closely resembled the life-threatening
syndrome observed in HLH patients. Fever, lymphopenia, throm-
bocytopenia, anemia, hemophagocytosis, hyperferritinemia, elevated
plasma levels of sCD25, liver dysfunction, lymphadenopathy,
decreased NK cell numbers, hyperactivation of CD8* and CD11b"
cells, heightened Ag presentation, and elevated levels of multiple
proinflammatory cytokines were observed p.i.; all features are
highly reminiscent of HLH in patients. Thus, MCMV-infected
WT BALB/c mice fulfilled five of eight diagnostic criteria of the
HLH-2004 protocol, supporting its validity as a new mouse model
of secondary HLH.

The degree of resemblance of the HLH-like syndrome in
MCM V-infected WT BALB/c mice to the clinical picture in pa-
tients with secondary HLH is similar to that of other established

mouse models of secondary HLH. Typically, the syndrome is not
full-blown, and only some of the HLH-2004 criteria are observed
(reviewed in Ref. 17). For instance, in WT mice treated with
TLRY-triggering CpG during IL-10R blockade (14) and in IL-6—
transgenic mice treated with TLR4-triggering LPS (13), two
models of autoinflammation-associated secondary HLH, four of
eight and three of eight of the diagnostic criteria are fulfilled,
respectively. Nevertheless, they provide valuable insights into
the immunological mechanisms underlying the hyperinflammatory
syndrome of HLH. Of note, TLR9 is also a key receptor for recog-
nition of MCMYV and EBV (59). Thus, herpesviruses might owe their
HLH-triggering potential to their ability to persistently stimulate
extracellular and intracellular TLRs.

Previous studies on animal models of infection-associated
secondary HLH emphasized the importance of impaired patho-
gen clearance in the pathogenesis of HLH. In a model of bacteria-
associated secondary HLH, excessive proliferation of Salmonella
correlated with disease severity (12). In a humanized mouse
model of EBV-associated secondary HLH, heat inactivation of the
inoculated virus abrogated the development of the syndrome (16).
These data are consistent with findings in our mouse model:
persistently high infectious viral titers were present in BALB/c
mice, whereas C57BL/6 mice quickly controlled the viral replication.
Likewise, mouse models of primary HLH rely on persistent viral
infection; the infectious agent triggering HLH cannot be cleared,
despite a powerful immune response (4, 7). Reports of patients
with EBV-associated HLH corroborate these findings in mouse
models. EBV genome copy numbers correlate with disease se-
verity and increase to much higher levels in EBV-associated HLH
than in infectious mononucleosis (60). Out-of-control pathogen
replication and persistent pathogen exposure can feed ongoing Ag
presentation, prolong T cell hyperactivation, and stimulate further
cytokine production, ultimately resulting in an HLH-like syn-
drome (7, 41, 42). In this regard, it is clear why antivirals are an
important part of the supportive measures used in the HLH-2004
therapeutic protocol for patients with primary and secondary HLH
(32). In both subtypes it is critical to search for and eliminate any
triggering agents, to terminate the ongoing immune stimulation (56).
However, removal of the pathogen alone is usually insufficient to
cure full-blown HLH. In patients with virus-associated secondary
HLH, monotherapy with antivirals is often inadequate to obtain
complete remission (20, 21, 23). Antivirals can help to prevent and
treat HLH, but ideally, a combination with immunosuppressive drugs
should be considered to halt virus- and immune-mediated pathology.

In primary HLH, hypersecretion of IFN-y by aberrantly acti-
vated CD8" T cells is assumed to be the main cause of immu-
nopathology (4, 10), directly mediating hemophagocytosis and
cytopenias (11). However, in our model, neither CD8" T cells nor
IFN-v played a similar pathogenic role. Development and pro-
gression of the HLH-like syndrome was undiminished following
CD8* T cell depletion, as well as in IFN-y—deficient mice, complete
with hemophagocytosis and cytopenias. Moreover, IFN-y—deficient
mice showed a worse prognosis, with aggravated hyperferritinemia,
more highly elevated sCD25 levels, worsened liver dysfunction,
and an intensified cytokine storm. Additional HLH symptoms
appeared in the absence of IFN-v, including splenomegaly, coa-
gulopathy, and decreased NK cell cytotoxicity. Thus, in virus-
associated secondary HLH, IFN-y appears to play a role entirely
different from that in primary HLH. Through its potent direct
antiviral effect and NK cell-stimulating function (61), the cyto-
kine may exert a protective role in virus-associated secondary
HLH. Because we found higher viral titers in infected IFN-y—KO
mice versus WT counterparts, it is tempting to speculate that the
more severe HLH-like disease in these mutant mice is a direct
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result of the absence of IFN-v as an antiviral protein. However, the
additional HLH symptoms that were found exclusively in [FN-y-KO
mice did not correlate with spleen viral titers and were not ob-
served in WT BALB/c mice challenged with a dose of MCMV
that was 2, 5, or even 25 times higher (data not shown). Therefore,
it is unlikely that the HLH phenotype of infected IFN-y—KO mice
is a result of the lack of the antiviral activity of IFN-vy; rather, it
may be ascribed to the loss of its immunomodulatory effects on,
for instance, neutrophil-mediated pathologies (62). Our observations
with respect to the HLH mouse model in the absence of IFN-y are
of clinical relevance because, recently, a first report appeared on
two IFN-yR—deficient patients who acquired HLH after herpes-
virus and mycobacterial infection (63). In these patients, the
syndrome must have developed in an IFN-y—independent way,
arguing against the existence of a general pathogenic pathway that
would cause both primary and secondary HLH (19, 64). Alter-
native pathways, also IFN-y—independent ones (13, 18, 65), are
capable of inducing a similar syndrome. Therefore, caution should
be exercised when extrapolating treatment options from primary
to secondary HLH (19). Specifically, the use of anti-IFN-y Ab in
secondary HLH may not be beneficial. In secondary HLH, at-
tention should be given to therapeutic strategies that limit im-
munopathology while maintaining antipathogen immunity.
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