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ABSTRACT Severe fever with thrombocytopenia syndrome (SFTS) is an emerging
infectious disease caused by a tick-borne phlebovirus of the family Bunyaviridae,
SFTS virus (SFTSV). Wild-type and type | interferon (IFN-I) receptor 1-deficient
(IFNAR1—/~) mice have been established as nonlethal and lethal models of SFTSV in-
fection, respectively. However, the mechanisms of IFN-I production in vivo and the
factors causing the lethal disease are not well understood. Using bone marrow-
chimeric mice, we found that IFN-I signaling in hematopoietic cells was essential for
survival of lethal SFTSV infection. The disruption of IFN-I signaling in hematopoietic
cells allowed an increase in viral loads in serum and produced an excess of multiple
inflammatory cytokines and chemokines. The production of IFN-I and inflammatory
cytokines was abolished by deletion of the signaling molecules IPS-1 and MyD88, es-
sential for retinoic acid-inducible gene | (RIG-I)-like receptor (RLR) and Toll-like recep-
tor (TLR) signaling, respectively. However, IPS-17/— MyD88~/~ mice exhibited resis-
tance to lethal SFTS with a moderate viral load in serum. Taken together, these
results indicate that adequate activation of RLR and TLR signaling pathways under
low to moderate levels of viremia contributed to survival through the IFN-I-depen-
dent antiviral response during SFTSV infection, whereas overactivation of these sig-
naling pathways under high levels of viremia resulted in abnormal induction of mul-
tiple inflammatory cytokines and chemokines, causing the lethal disease.

IMPORTANCE SFTSV causes a severe infectious disease in humans, with a high fatal-
ity rate of 12 to 30%. To know the pathogenesis of the virus, we need to clarify the
innate immune response as a front line of defense against viral infection. Here, we
report that a lethal animal model showed abnormal induction of multiple inflamma-
tory cytokines and chemokines by an uncontrolled innate immune response, which
triggered the lethal SFTS. Our findings suggest a new strategy to target inflamma-
tory humoral factors to treat patients with severe SFTS. Furthermore, this study may
help the investigation of other tick-borne viruses.
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evere fever with thrombocytopenia syndrome (SFTS) is an emerging infectious
disease caused by a tick-borne phlebovirus of the family Bunyaviridae, SFTS virus
(SFTSV) (1, 2). SFTS has been reported to be endemic in China, South Korea, and Japan
(2-4). The major clinical manifestations and laboratory findings for SFTS are high fever,
gastrointestinal symptoms, thrombocytopenia, leukopenia, and multiple-organ dys-
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function, with a fatality rate of 12 to 30% (1, 2). In SFTS patients, levels of inflammatory
cytokines and chemokines in serum are dramatically increased. In particular, granulo-
cyte colony-stimulating factor (G-CSF), interferon alpha (IFN-a), IFN-vy, C-C motif ligand
3 (CCL3), interleukin-6 (IL-6), and C-X-C motif ligand 10 (CXCL10) are increased to a
greater extent in sera of patients with severe disease than in patients with mild disease,
demonstrating that the severity of SFTS is correlated with the levels of these cytokines
(5-8). Cytokine expression is tightly regulated by the innate immune system, which
controls the host antiviral response and promotes subsequent activation of an adaptive
immune system. However, an uncontrolled innate immune system causes excessive
production of cytokines and a massive inflammatory response, called a cytokine storm,
that leads to vascular leakage and hemorrhage, liver damage, and multiple-organ
dysfunction (9). Currently, it is hypothesized that the cytokine storm leads to lethal SFTS
(5-8).

SFTSV is a single-stranded RNA virus possessing large (L), medium (M), and small (S)
segments (1, 2). The L segment encodes an RNA-dependent RNA polymerase, and the
M segment encodes glycoproteins. The S segment is an ambisense RNA consisting of
negative- and positive-sense genes, which encode a nucleocapsid (N) protein and a
nonstructural S segment (NSs) protein, respectively. SFTSV NSs protein is reported to
form granular structures in the cytoplasm of infected cells and to interact with host
molecules to suppress antiviral innate immune responses, as described below.

Infection by RNA viruses is sensed by retinoic acid-inducible gene | (RIG-I)-like
receptors (RLRs) and Toll-like receptors (TLRs), which activates an antiviral response by
producing type | interferon (IFN-I) and inflammatory cytokines (10-13). RLRs, including
RIG-I and melanoma differentiation-associated gene 5 (MDA5), recruit IFN-3 promoter
stimulator 1 (IPS-1, also known as MAVS, VISA, and Cardif), which relays the signal to
TANK-binding kinase 1 (TBKT) to induce IFN-I by activation of interferon regulatory
factor 3 (IRF-3) (14-19). Among TLRs, TLR3 and -7 have been identified as viral-RNA
sensors. TLR3 and TLR7 recruit TIR domain-containing adaptor-inducing IFN-B8 (TRIF)
and myeloid differentiation factor 88 (MyD88), respectively (12, 20-24). TRIF controls
IFN-I induction through TBK1, but MyD88 triggers IFN-I induction in an IRAK (IL-1
receptor-associated kinase)/IRF-7 axis-dependent manner. Secreted IFN-I can bind to its
receptor (IFNART) and activate signal transducer and activator of transcription 1 and 2
(STAT1 and STAT2) and IRF-9, inducing antiviral genes (25-27).

It has been reported that SFTSV NSs protein interacts with TBK1 (28-30), suggesting
that IFN-I production by TBK1 activation could be abolished in SFTSV-infected cells. A
recent study demonstrated that recombinant SFTSV genetically devoid of NSs protein
strongly induces IFN-I (31). Thus, NSs protein is one of the viral factors evading the host
innate immune response to promote efficient viral replication.

To establish an animal model for the study of human SFTS, several laboratory
animals have been challenged with SFTSV. Adult immunocompetent animals were
reported to show resistance to lethal SFTS (32-36). On the other hand, immunocom-
promised animals, such as IFNAR1-deficient (IFNAR1~/~) mice and STAT2-deficient
(STAT2-/7) hamsters, were shown to exhibit lethal SFTS (34, 36-39). Immunohisto-
chemical examination demonstrated that in SFTSV-infected IFNAR1~/~ mice, SFTSV N
protein-positive cells could be detected in several tissues, including the spleen, lymph
nodes, liver, and kidneys, and that they coexpressed the host cellular markers of
macrophages, B lymphocytes, and reticular cells, i.e., positivity for Ibal, Pax5, and gp36,
respectively (36). In the spleens and lymph nodes, rather than other tissues, of infected
IFNAR1~/~ mice, SFTSV N protein-expressing cells are frequently observed, and de-
struction of the lymphoid architecture by decreasing the number of B lymphocytes can
be observed, suggesting that secondary lymphoid tissues are the primary sites of viral
replication. These findings from animal models suggest that IFN-I signaling is essential
for protection against lethal SFTS and that suppression of IFN-I production by SFTSV
NSs protein is a viral strategy to secure replication. However, the signaling pathway and
the mechanisms of the IFN-I-dependent antiviral response during SFTSV infection have
not been elucidated in vivo.
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In this study, we revealed that hematopoietic cells are essential for the IFN-I-
dependent antiviral response and that the expression of IFN-I and inflammatory
cytokines is regulated by the IPS-1 and MyD88 signaling pathways upon SFTSV infec-
tion. We also found that large amounts of inflammatory cytokines and chemokines
were produced in the sera of SFTSV-infected IFNART~/~ mice, suggesting that these
inflammatory mediators play key roles in the lethal disease. Our study revealed that
IPS-1 and MyD88 signaling pathways are connected to the pathogenesis of SFTSV
infection by leading to a severe inflammation called a cytokine storm but that they also
contribute to the host defense against lethal SFTSV infection by an IFN-I-dependent
antiviral response.

RESULTS

Type | interferon signaling in hematopoietic cells is required for protection
from lethal SFTSV infection. IFNART~/~ mice have been established as a lethal animal
model of SFTSV infection (34, 36-38). To confirm this, wild-type (WT) and IFNAR1~/~
mice were intravenously inoculated with 2 X 10% 50% tissue culture infective doses
(TCIDs,) of SFTSV. Consistent with previous reports, IFNART—/~ mice, but not WT mice,
died within 7 days postinfection (dpi) (see Fig. 5B). At 48 h postinfection (hpi), the
spleen, liver, small intestine, large intestine, stomach, kidneys, heart, lungs, inguinal
lymph nodes, and Peyer’s patch were collected and subjected to immunohistochemical
analysis. The frozen tissue sections were stained with anti-SFTSV N protein antibody
(Fig. 1). Immunohistochemical analysis revealed that IFNAR1~/~ mice allowed viral
replication in many of their organs compared with WT mice, and SFTSV replicated more
efficiently in secondary lymphoid tissues, such as the spleen and inguinal lymph nodes,
than in other tissues. These results suggest that SFTSV initially targets the hematopoi-
etic cells of secondary lymphoid tissues, but not nonhematopoietic cells, and that the
lack of an IFN-I-dependent antiviral response allows viral spread in hematopoietic cells
of several tissues.

To further investigate the importance of IFN-I signaling in hematopoietic cells, we
generated bone marrow (BM)-chimeric mice that selectively lacked IFNAR1 in hema-
topoietic cells, nonhematopoietic cells, or both cell types by transplantation of bone
marrow prepared from WT or IFNAR1~/~ donor mice into irradiated WT or IFNAR1~/~
recipient mice. After 8 weeks of bone marrow reconstitution, the BM-chimeric mice
were intravenously inoculated with 2 X 10° TCID, of SFTSV. BM-chimeric mice lacking
IFNAR1 in hematopoietic cells showed high susceptibility to SFTSV infection (Fig. 2A).
In contrast, BM-chimeric mice expressing IFNAR1 in hematopoietic cells exhibited
resistance to lethal SFTS (Fig. 2A). We focus on the factors leading to the lethality of
SFTSV infection; therefore, it was important to analyze mice just before the infected
mice started to die. To collect samples at 3 dpi was manageable; however, there was
selection bias, since some susceptible mice started to die as early as 3 dpi. Therefore,
we decided to collect samples at 2 dpi in order to provide data on a group of mice.
Peripheral blood was harvested from BM-chimeric mice at 48 hpi to determine the viral
load in sera. Consistent with the survival, IFNAR1 deficiency in hematopoietic cells
significantly increased the viral loads in serum (Fig. 2B). These results clearly demon-
strate that IFN-I signaling in hematopoietic cells, but not nonhematopoietic cells, is
critical for the antiviral response to protect from lethality. Next, we determined IFN-I
and inflammatory cytokine levels in sera of BM-chimeric mice at different time points
during SFTSV infection (Fig. 2C). WT chimeric mice with BM cells transferred intrave-
nously (BM-transferred mice) expressed large amounts of IFN-«, reaching a peak at 24
hpi. IFINAR1~/~ BM-transferred chimeric mice expressed IFN-a with delayed kinetics.
The inflammatory cytokine IL-6 was undetectable up to 48 hpi in WT BM-transferred
chimeric mice (Fig. 2Q). In contrast, IFNAR1~/~ BM-transferred chimeric mice expressed
high levels of IL-6 at 48 hpi, coinciding with active viral replication. (Fig. 2C). We also
determined the expression levels of IFN-, IL-6, and tumor necrosis factor alpha (TNF-«)
mMRNAs in the spleens of BM-chimeric mice at the indicated time points (Fig. 2D). IFN-B8
induction in IFNAR1~/~ BM-transferred chimeric mice was delayed and attenuated, and
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FIG 1 Deficiency of IFN-I signaling promotes SFTSV replication in secondary lymphoid tissues. Shown is
immunohistochemical analysis of SFTSV N protein in tissues from WT and IFNAR1~/~ mice at 2 dpi.
Spleen (A), liver (B), small intestine (C), large intestine (D), stomach (E), kidney (F), heart (G), lung (H),
inguinal lymph node (1), and Peyer’s patch (J) sections were costained for SFTSV N (green) and DAPI
(blue). All the sections were analyzed by confocal microscopy. Scale bars, 100 um. Representative images
from 3 mice are shown.

also, the results confirmed that IFNAR1 deficiency leads to production of large amounts
of the inflammatory cytokines IL-6 and TNF-« at 48 hpi. These results suggest that the
lack of IFN-I signaling results, due to high viremia status, in hyperproduction of
inflammatory cytokines, causing the severe disease phenotype.

F4/80- or sialoadhesin-positive macrophages are targeted by SFTSV in BM-
chimeric mice. |bal-positive macrophages and Pax5-positive immature B cells have
been reported to be SFTSV-susceptible cell types in IFNAR1~/~ mice (36). To examine
the SFTSV-replicating cell type in our BM-chimeric mouse model, we performed im-
munohistochemical analysis. The spleens and livers of infected BM-chimeric mice were
harvested at 48 hpi and stained for SFTSV N protein and cellular markers. IFNAR1~/—
BM-transferred chimeric mice appeared similar to IFNAR1~/~ mice and had higher
numbers of viral-antigen-positive cells than WT BM-transferred chimeric mice (Fig. 3A
to C). SFTSV N protein was observed in some F4/80-positive red pulp macrophages (Fig.
3D) and sialoadhesin-positive marginal metallophilic macrophages (Fig. 3E) in the
spleens of IFNAR1~/~ BM-transferred WT mice. In the livers of IFNAR1—/~ BM-
transferred WT mice, most SFTSV N-positive cells expressed F4/80, a marker for Kupffer
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FIG 2 IFN-I signaling in hematopoietic cells is essential for surviving SFTSV infection. (A) Effect of bone
marrow cell transplantation on the survival curve of SFTSV-infected mice. (B) Virus titers in peripheral blood
of infected bone marrow-chimeric mice at 2 dpi. (C and D) Cytokine levels in serum (C) and relative
expression of cytokine mRNA in the spleen (D) in SFTSV-infected chimeric mice at the indicated time points.
Representative data from two independent experiments are shown (B to D) and plotted as means *
standard deviations (SD) (B). *, P < 0.05; **, P < 0.01; #, not significant.

cells (Fig. 3F) (40). Collectively, our results demonstrate that F4/80- or sialoadhesin-
positive macrophages are potentially SFTSV-targeting cells in the chimeric mice, con-
sistent with the results of the previous study (36). Since macrophages reside in different
tissues and potentially participate in inflammation, their involvement in SFTS patho-
genesis is strongly suggested.

Production of IFN-I and inflammatory cytokines by BMDCs upon SFTSV infec-
tion. Although the IFN-I system plays a key role in the antiviral response against SFTSV,
the precise signaling mechanism remains unclear. To address this, we examined the
involvement of IPS-1, MyD88, and TRIF in conventional (cDCs) and plasmacytoid (pDCs)
dendritic cells. We cultured BM derived from WT, IPS-1—/~, MyD88~/~, and TRIF~/—
mice in the presence of granulocyte macrophage colony-stimulating factor (GM-CSF) or
Fms-like tyrosine kinase 3 ligand (FIt3L). GM-CSF generates cDCs, and FIt3L generates
a mixture of cDCs and pDCs. These cells were infected with SFTSV or stimulated with
a synthetic oligodeoxynucleotide (CpG ODN), a ligand activating the TLR9/MyD88
signaling pathway, and cytokine production was monitored by enzyme-linked immu-
nosorbent assay (ELISA). As expected, GM-CSF-induced cDCs and Flt3L-induced pDCs
stimulated by CpG ODN produced the cytokines through MyD88 signaling pathways,
but not other signaling pathways (Fig. 4). GM-CSF-induced WT cDCs secreted large
amounts of IFN-g, IL-6, and TNF-« in response to SFTSV infection (Fig. 4A). On the other
hand, IPS-1 deficiency, but not MyD88 and TRIF deficiency, dramatically decreased the
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FIG 3 F4/80- or sialoadhesin-positive macrophages are potentially SFTSV-targeting cells in BM-chimeric
mice. Shown is immunohistochemical examination of SFTSV N protein expression in the spleens and
livers of bone marrow-chimeric mice at 2 dpi. Spleen sections were costained for SFTSV N (green) and
F4/80 (red) (A and D) or SFTSV N (green), sialoadhesin (red), and DAPI (blue) (B and E). (C and F) Liver
sections were costained for SFTSV N (green), F4/80 (red), and DAPI (blue). Zoom, enlargement of the
boxed areas in the leftmost images. All the sections were analyzed by confocal microscopy. Scale bars,
250 um (A to C) and 75 um (D to F). The results are representative of 3 mice.

production of these cytokines. The lack of IPS-1 in Flt3L-induced bone marrow-derived
dendritic cells (BMDCs) also significantly decreased the production of IFN-«; however,
production of IL-6 and TNF-a remained unchanged (Fig. 4B). These results suggest that
BMDCs, especially cDCs, respond to SFTSV infection and secrete massive amounts of
cytokines in an IPS-1-dependent manner. In contrast, production of IL-6 and TNF-a by
Flt3L-induced BMDCs was independent of either IPS-1 or MyD88 (Fig. 4B). This was
unexpected, as pDCs utilize MyD88, but not IPS-1, to produce IFN-I and inflammatory
cytokines via TLR7 and TLR9. These results suggest the occurrence of SFTSV-specific
cytokine-regulatory mechanism(s) in pDCs (see Discussion).

July 2018 Volume 92 Issue 13 e02246-17

Journal of Virology

jviasm.org 6


http://jvi.asm.org

Pathogenesis of SFTSV Infection In Vivo

A owr

2500 1 @IPS-1-- 8000 - 7000
EIMyD88-- 7000 = _. 6000
= 2000 - =
£ OTRIF-, [ £ 6000 E 5000
2 1500 = 5 5000 2 4000
RS £ 4000 =
5 1000 © 3000 713000
£ 500 = 2000 Z 2000
= 1000 AR 7 oo
0 oo 0 - = 0
& S & & &
&2 % &2 4 O
¢ & N < o
N N R
B 5000 10000 8000
- 7000 1PS-1-- __ 7000
£ 6000 EMYDSB_/_ = 5000 £ 6000
> 5000 - £ 6000 B 5000
£ 4000 {7 TRF g < 4000
2 3000 © 4000 2 3000
& 2000 2 Z 2000
~ 1000 2000 F 1000 I I
0 0 0
> N > A N > A N
PR & &S & &S
N & o \« S ) S 2 o
N R N R N R

FIG 4 Production of IFN-I and inflammatory cytokines by BMDCs upon SFTSV infection. (A and B) Bone
marrow cells were purified from WT, IPS-1-/—, MyD88~/—, and TRIF~/~ mice and cultured with GM-CSF or
FIt3L to induce BMDCs. GM-CSF-BMDCs (A) and FIt3L-BMDCs (B) were infected with 2 X 10° TCID, SFTSV
or stimulated with 0.5 uM CpG ODN. After 24 h, production of IFN-a, IL-6, and TNF-« in the culture
supernatant was determined by ELISA. The data are representative of the results of two independent
experiments and are plotted as means and SD. **, P < 0.01.

To further investigate the signaling pathway for IFN-I and inflammatory cytokine
production, we intravenously infected WT, IPS-1—/—, MyD88~/~, IPS-1—/~ MyD88~/—,
and IFNAR1~/~ mice with 2 X 106 TCID,, of SFTSV and measured serum IFN-« and IL-6.
Consistent with the results of in vitro infection of BMDCs, IPS-1 deficiency abolished
IFN-a production (Fig. 5A). In contrast to the in vitro results, MyD88 deficiency signif-
icantly attenuated IFN-a production, and deficiencies of both IPS-1 and MyD88 dra-
matically abrogated IFN-« production, suggesting that viral single-stranded RNA might
be sensed by TLR7 and RLRs. To our surprise, the lack of IFNAR1 dramatically stimulated
IL-6 production. To further analyze these mice, we monitored their survival and
measured the serum viral titer at 48 hpi. All IFNAR1-deficient mice died within 7 days
after SFTSV challenge (Fig. 5B). Although both IPS-1=/~ and IPS-1—/~ MyD88~/~ mice
had inhibited IFN-a production upon SFTSV infection (Fig. 5A), they survived (Fig. 5B).
Most MyD88-deficient mice survived, suggesting its contribution was minor. The viral
titers in both IPS-1- and MyD88-deficient mice were comparable to that in WT mice
(Fig. 5C). IPS-1—/— MyD88~/~ mice exhibited significantly higher viral titers than WT
mice; however, IFNAR1~/~ mice exhibited a 10-fold-higher viral titer than IPS-1—/~
MyD88~/~ mice. Immunohistochemical analysis demonstrated that the viral spread in
the spleens of IPS-1=/~ MyD88~/~ mice was comparable to that in IFNAR1~/~ mice
(Fig. 5D).

Inflammation-related genes are augmented in the SFTSV-infected IFNAR1-
deficient mouse spleen. SFTSV infection in humans results in high mortality, and it has
been assumed that the severe inflammation known as a cytokine storm is a causative
factor (1, 2). Previous studies have demonstrated that levels of specific inflammatory
cytokines and chemokines are correlated with the seriousness of SFTS in patients (5-8).
Here, to clarify the relationship between inflammation-related gene induction and the
lethality of SFTSV infection in more detail in a mouse model, we examined the
expression levels of multiple genes, including IFN-B, IL-6, TNF-a, IL-13, IL-123, CCL2,
CCL3, and CXCL1 genes, in the spleens of WT and IFNAR1~/~ mice after SFTSV
challenge. The induction of IFN-B in the spleens of both SFTSV-infected WT and
IFNAR1~/~ mice peaked at 24 hpi (Fig. 6). Infected WT mice exhibited higher CCL3

July 2018 Volume 92 Issue 13 e02246-17

Journal of Virology

jviasm.org 7


http://jvi.asm.org

Yamada et al.

A <-WT (n=5) - ~<-WT (n=5)
1Ps-1-- (n=5)I** |+ GIPS-A--(n=5) 1" |+
O-MyD88 (n=5) o, O-MyD88+ (n=5) # .
>¢IPS-1-- MyD88-- (n=3) >¢IPS-1-- MyD88-- (n=3)

£ IFNAR1-- (n=5) £ IFNAR1-- (n=5)

25000 50000
= 20000 — 40000
£ 3
g 15000 'S 30000
$ 10000 © 20000
b 5 - |
L 5000 = 10000
0 0
0 5 24 48 0 5 24 48
Hour post infection. Hour post infection.
B c .
100 -8 8 . =
< 80 = m #
S WT (n=12 S —F
= 60 -<>|ps_(1n—(— )=7 I |, = %*
T aiy (n=7) " £ 4
3 -O-MyD88-+ (n=10) o E % %
5 > |PS-1-- MyD88-- (n=3) g
D 90 2 IFNAR1-- (n=6) 5 2
e
0 = AP
01234567
Day post infection.
D wT IFNAR1-- IPS-1-- MyD88-

Spleen Spleen Spleen

SFTSV N DAPI

FIG 5 Systemic production of IFN-a and IL-6 is dependent on IPS-1 and MyD88 during SFTSV infection
in vivo. (A) IFN-a and IL-6 production levels in sera from SFTSV-infected mice at the indicated time points.
(B) Survival rates of WT, IPS-1-/~, MyD88~/~, IPS-1-/~ MyD88/~, and IFNAR1~/~ mice after SFTSV
challenge. (C) SFTSV titers in peripheral blood of infected mice at 2 dpi. (D) Immunohistochemical
examination of SFTSV N in the spleens of WT, IFNAR1-/~, and IPS-1-/~ MyD88~/~ mice at 2 dpi. Spleen
sections were costained for SFTSV N (green) and DAPI (blue) and analyzed by confocal microscopy. Scale
bars, 250 wm. The results are representative of 3 mice. (A and C) The data are representative of the results
of two independent experiments and are plotted as means =+ SD. (A) Unpaired Student t tests were used
to determine significant differences in IFN-«a and IL-6 production between samples at 24 hpi and 48 hpi,
respectively. *, P < 0.05; **, P < 0.01; #, not significant.

induction at 24 hpi than infected IFNAR1~/~ mice, although this result was reversed at
48 hpi. IFN-I signaling is related to the positive regulation of CCL3 induction (41), and
therefore, early and strong induction of CCL3 was observed in infected WT mice. Every
inflammation-related gene tested was augmented in the spleens of SFTSV-infected
IFNAR1~/~ mice compared with WT mice. In particular, SFTSV-infected IFNART~/~ mice
exhibited 100-fold-enhanced IL-6 and CCL2 mRNA levels compared with SFTSV-infected
WT mice. This result suggests that induced inflammatory cytokines and chemokines
cooperate to cause severe inflammation.

DISCUSSION

In vitro studies have shown that NSs protein, a nonstructural protein of SFTSV,
strongly inhibits innate immunity by targeting TBK1, which activates IRF-3 and -7
(28-30). In contrast, our mouse study demonstrated that systemic production of IFN-I
is induced by RLR/IPS-1 signaling, including TBK1 activation (Fig. 5A). It is important to
point out that strong inhibition of IFN-I production by NSs protein is observed in NSs
protein-overexpressing cell lines, but not SFTSV-infected primary cells (28-31). A pos-
sible explanation for this discrepancy could be that the expression level of NSs protein
in SFTSV-infected cells is insufficient to block IFN-I production and/or NSs protein is less
functional in cell types such as macrophages and B lymphocytes. Bunyavirus NSs
proteins play an important role in hijacking host cells, although NSs proteins have low
homology of amino acid sequences among bunyaviruses (42). Indeed, NSs proteins
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FIG 6 Enhanced production of multiple inflammatory cytokines and chemokines in SFTSV-infected IF-
NAR1-/~ mice. Shown is relative expression of the indicated cytokine mRNAs in the spleens of infected WT
and IFNAR1~/~ mice at different time points. The data are representative of the results of two independent
experiments.

from different viruses exhibited varying degrees of IFN-I inhibition, and their cellular
localizations were distinct (data not shown). Rift Valley fever virus (RVFV), in the genus
Phlebovirus of the family Bunyaviridae, expresses NSs protein that is well known to block
IFN-I induction and to lead to proteasomal degradation of protein kinase R (PKR), an
IFN-l-inducible antiviral protein (43). The naturally attenuated RVFV strain clone 13 has
a truncated defective NSs protein and exhibits lower virulence than the virulent RVFV
strain ZH548, with intact NSs protein. These findings indicate that PKR plays a key role
in RVFV infection and that RVFV NSs protein is closely related to virulence (44).
Although we did not focus on the function of PKR upon SFTSV infection in this study,
further studies in the future will provide deep insights into the virulence of SFTSV.

Phleboviruses, such as Rift Valley fever virus, possess panhandle genomic RNAs with
a triphosphate at the 5" end (5'ppp) that are sensed by RIG-I (45-50). Since each SFTSV
genomic-RNA segment contains complementary sequences at the 5’ and 3’ ends (51),
it is probable that SFTSV genomic RNAs form panhandle structures with 5'ppp and are
recognized by RIG-I. Upon SFTSV infection, similar to IFN-I, production of IL-6 and TNF-«
was also IPS-1 dependent in cDCs (Fig. 4A). However, the induction mechanisms of
these cytokines in pDCs are more complicated. With the TLR9 ligand, CpG ODN,
induction of IFN-a/IL-6/TNF-a was exclusively dependent on MyD88 (Fig. 4B). However,
in SFTSV-infected pDCs, deletion of MyD88 had little effect on the production of these
cytokines, except that IFN-« induction appeared to be IPS-1 dependent. This is in sharp
contrast to the Newcastle disease virus, which activates IFN-« and IL-6 in a MyD88-
dependent but RIG-l-independent manner (52). These results suggest that SFTSV is
capable of activating unique signaling in pDCs to produce inflammatory cytokines.

As IFNAR1 deficiency dramatically sensitizes mice to SFTSV infection, we initially
thought that blockade of IFN-I production also provokes enhanced pathogenesis. We
showed that IPS-17/~ MyD88~/~ mice did not produce serum IFN-«, while IFNAR1~/~
mice produced levels of IFN-a comparable to those of WT mice (Fig. 5A). However,
IPS-1—/~ MyD88~/~ mice did not exhibit lethality of SFTSV infection (Fig. 5B). Abroga-
tion of both IPS-1 and MyD88 showed a 10-fold increase in viral titer compared to WT
mice; however, this enhancement was not accompanied by lethality (Fig. 5B and C). It
can be speculated that local IFN-I production by IPS-1- and MyD88-independent
mechanisms may contribute to the survival of IPS-17/— MyD88~/~ mice through an
IFNAR1-dependent mechanism.

Our bone marrow transfer experiments suggest that the lack of IFNAR1 in hemato-
poietic cells caused enhanced production of IL-6 and TNF-« (Fig. 2C and D). SFTSV was
observed to infect F4/80- or sialoadhesin-positive macrophages (Fig. 3). Taking these
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observations together, we hypothesize that the infected macrophages lacking IFNAR1
contribute to the disease by producing inflammatory cytokines. The lack of functional
IFNAR1 may abrogate induction of interferon-stimulated genes, which promotes viral
replication; however, it is not clear how this deficiency results in enhanced production
of inflammatory cytokines and chemokines by SFTSV (Fig. 6).

Our in vivo experiments showed that IL-6, TNF-«, IL-13, IL-128, CCL2, CCL3, and
CXCL1 were strongly induced in SFTSV-infected IFNAR1~/~ mice, suggesting that these
cytokines/chemokines may play critical roles in lethal SFTS (Fig. 6). The cytokines and
chemokines are well-known inflammation mediators and are transiently induced in
response to viral infection, contributing to host defense through innate and adaptive
immunity (53). Although the induction of these inflammatory mediators is tightly
regulated, their strong and sustained production triggers severe inflammatory diseases.
The adenosine deaminase acting on RNA 1 (ADAR1) gene p150 isoform, an IFN-I-
inducible gene, acts as a negative regulator in innate immune response because loss of
function of ADART causes severe autoimmune disease associated with aberrant IFN-I
and inflammatory cytokine production (54, 55). A previous report showed that ADAR1
is a negative regulator of MDA5/IPS-1 signaling (56). Furthermore, ADART negatively
regulates RIG-I signaling by competing with RIG-I to recognize double-stranded RNA
(dsRNA) (57). We speculate that depletion of IFNAR led to dysfunction of IFN-I-inducible
negative regulation and resulted in severe inflammation. Among tested cytokines/
chemokines, there was obvious induction of IL-6 and CCL2 mRNAs (Fig. 6). CCL2 is
predominantly produced by monocytes and macrophages in response to viral infection
and cytokines, including IL-6 (53). CCL2 promotes migration and infiltration of mono-
cytes into the inflammation site via its receptor (CCR2). The recruited monocytes further
express inflammatory cytokines and chemokines, including IL-6 and CCL2, resulting in
amplification of the inflammation. During SFTSV infection, the recruitment of mono-
cytes could contribute to disease progression. Therefore, neutralizing IL-6 or CCL2 in
serum or blocking its receptors (58) is potentially beneficial for SFTS patients. Further-
more, the expression of inflammatory cytokines is controlled by nuclear factor «B
(NF-kB) (59); in practice, dexamethasone as a chemical compound can bind to gluco-
corticoid receptors, and the ligand-bound receptor directly blocks NF-«B, resulting in
attenuated inflammation (60). Thus, NF-kB is one of the therapeutic targets for inflam-
mation in SFTS.

MATERIALS AND METHODS

Virus strain. SFTSV strain SPLO10, an isolate from a Japanese SFTS patient (4), was used after
propagation in Vero cells.

Mice. All mouse lines were bred under specific-pathogen-free conditions at the Institute for Frontier
Life and Medical Sciences, Kyoto University. All animal experiments were conducted in compliance with
regulations approved by the Committee for Animal Experiments of the Institute for Frontier Life and
Medical Sciences and the National Institute of Infectious Diseases (no. 114049, 116027, 116034, 117003,
117004, and 215021). Among the mouse lines used in our study, C57BL/6 mice and IFNAR1~/~ mice on
a C57BL/6 background were purchased from Shimizu Laboratory Supplies and B&K Universal, respec-
tively. IPS-1-/—, MyD88~/—, and TRIF~/~ mice on a C57BL/6 background were kindly provided by Shizuo
Akira (Osaka University). IPS-1~/~ mice were crossed with MyD88~/~ mice to generate IPS-1-/—
MyD88~/~ mice.

Generation of bone marrow-chimeric mice. To generate bone marrow-chimeric mice, recipient
CD45.1 C57BL/6 and IFNAR1~/~ mice were lethally irradiated with 9 Gy. Donor bone marrow cells were
purified from femurs and tibias of CD45.2 C57BL/6, IFNAR1~/~, and CD45.1 C57BL/6 mice and filtered
through a 70-um nylon filter. Purified BM cells were transferred intravenously to the irradiated mice. The
chimeric mice were treated with water supplemented with antibiotics for 2 weeks. After 8 weeks of BM
transfer, mice were taken for infection experiments.

SFTSV infection in vivo. When we started this project, only a few studies on SFTSV pathogenesis
using a mouse model had been reported. We were not sure how large a dose of SFTSV was sufficient to
kill mice and also to monitor detectable immune responses. Therefore, we performed intravenous
inoculations with several doses of virus (103 to 10° TCID,) in mice and found that all IFNAR1~/~ mice
infected with 2 X 10° TCID,, of virus died, but not at other doses. Although subcutaneous injection with
the same dose also killed mice, the mice survived much longer than the mice injected intravenously; the
survival periods varied (1 to 2 weeks), and lethality was not 100% stable. Considering that we focus on
lethal factors in SFTSV infection, it is important to have rigid and stable settings for lethal infection and
to analyze the mice just before they die, which might reflect the viremia condition in SFTS patients. Thus,
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we chose the following infection route and virus dose: mice were infected intravenously with 2 X 106
TCID,, of SFTSV strain SPLO10. From the infected mice, blood and sera were collected to quantify SFTSV
titers and cytokine production, respectively. For real-time quantitative PCR (qPCR) analysis and immu-
nohistochemistry examination, tissues were harvested from infected mice. All of the experiments
involving the handling of infectious SFTSV were performed in a biosafety level 3 (BSL3) facility at the
National Institute of Infectious Diseases.

Preparation of bone marrow-derived dendritic cells. Femurs and tibias were harvested from
C57BL/6, IPS-1-/—, MyD88~/~, and TRIF~/~ mice, and bone marrow was isolated. To generate BMDCs,
bone marrow cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin mixed solution (100 U/ml and 100 ug/ml, respectively), 100 uM 2-merca-
ptoethanol, and 10 ng/ml murine GM-CSF (Peprotech) or 100 ng/ml human FIt3L (Peprotech) for 6 to 8
days. In the case of GM-CSF-induced BMDCs, the medium was replaced with fresh medium every 2 days.
GM-CSF- and Flt3L-induced BMDCs were infected with 2 X 10° TCID,, of SFTSV strain SPLO10 or
stimulated with 0.5 uM CpG ODN (InvivoGen). After 24 h of stimulation, the culture supernatant was
collected, and IFN-a and IL-6 were measured by ELISA.

SFTSV titration. Titers were determined as previously described (61). SFTSV was serially diluted and
inoculated into Vero cells in quadruplicate. After 3 days of culture, the cells were fixed with 10% formalin
and permeabilized with 0.1% Triton X-100. The cells were subjected to incubation with rabbit anti-SFTSV
N protein (4), followed by further incubation with Alexa Fluor 488-labeled anti-rabbit IgG(H+L) (Life
Technologies). Observation was performed under a fluorescence microscope (BZ-9000; Keyence), and
viral titers were calculated as the median TCID., per milliliter by the Reed-Muench method (62).

Immunohistochemistry. Harvested tissues from infected mice were fixed with 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 2 to 3 h. The fixed tissues were embedded in OCT compound
(Sakura Finetek) and frozen in liquid nitrogen. The embedded tissues were sectioned at 5 um. The frozen
sections were stained with a rabbit polyclonal antibody against SFTSV N protein as a primary antibody
to detect the viral antigen. Anti-F4/80 and anti-sialoadhesin antibodies and DAPI (4’,6-diamidino-2-
phenylindole) were used for identification of the different types of cells.

Cytokine quantification. Sera from infected mice and culture supernatant from stimulated BMDCs
were collected and mixed with 0.1% NP-40 and irradiated with UV light for 10 min to inactivate the
viruses. These samples were subjected to analysis with commercial ELISA kits for mouse IFN-« (PBL Assay
Science), IL-6 (eBioscience), and TNF-« (eBioscience) according to the manufacturers’ instructions.

RNA isolation and real-time qPCR. Total RNA was harvested from spleens using TRIzol regent
(Invitrogen) and treated with DNase | (Roche Diagnostics). cDNA was generated with a High-Capacity
cDNA reverse transcription kit (Applied Biosystems) or ReverTra Ace qPCR RT master mix (Toyobo)
according to the manufacturer’s instructions. Real-time qPCR was performed with the Step One plus
real-time PCR system (Applied Biosystems) using TagMan fast universal PCR master mix (Applied
Biosystems), Thunderbird probe qPCR mix (Toyobo), and Fast SYBR green master mix (Applied Biosys-
tems) according to the manufacturers’ instructions.

Statistical analysis. Unpaired Student t tests were used to determine significant differences between
samples. A P value of <0.05 was considered significant.
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