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Abstract

Dabie bandavirus (previously severe fever with thrombocytopenia syndrome virus; SFTSV), is an emerging tick-borne bunyavirus re-
sponsible for severe fever with thrombocytopenia syndrome (SFTS), a disease with high case fatality that is characterized by high
fever, thrombocytopenia, and potentially lethal hemorrhagic manifestations. Currently, neither effective therapeutic strategies nor
approved vaccines exist for SFTS. Therefore, there remains a pressing need to better understand the pathogenesis of the disease and
to identify therapeutic strategies to ameliorate SFTS outcomes. Using a type I interferon (IFN)-deficient mouse model, we investigated
the viral tropism, disease kinetics, and the role of the virulence factor nonstructural protein (NSs) in SFTS. Ly6C+ MHCII+ cells in the
lymphatic tissues were identified as an important target cell for SFTSV. Advanced SFTS was characterized by significant migration of
inflammatory leukocytes, notably neutrophils, into the lymph node and spleen, however, these cells were not required to orchestrate
the disease phenotype. The development of SFTS was associated with significant upregulation of proinflammatory cytokines, includ-
ing high levels of IFN-γ and IL-6 in the serum, lymph node, and spleen. Humoral immunity generated by inoculation with delNSs
SFTSV was 100% protective. Importantly, NSs was critical to the inhibition of the host IFNɣ response or downstream IFN-stimulated
gene production and allowed for the establishment of severe disease. Finally, therapeutic but not prophylactic use of anti-IL-6 anti-
bodies significantly increased the survival of mice following SFTSV infection and, therefore, this treatment modality presents a novel
therapeutic strategy for treating severe SFTS.
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Significance Statement:

Dabie bandavirus (formerly severe fever with thrombocytopenia syndrome virus), is an emerging viral pathogen of widening con-
cern, first discovered in 2009. It is a tick-borne bunyavirus responsible for causing an often-fatal disease called severe fever with
thrombocytopenia syndrome (SFTS). Currently, no vaccines or antiviral therapies have been licenced for use. In this report, we use
recombinant viruses to elucidate the host immunological responses that occur in advanced SFTS. We show that the disease was
characterized by migration of neutrophils to tissues and upregulation of several cytokines, notably IFN-γ and IL-6. NSs is critical
to the inhibition of the host IFNɣ response during infection. Finally, we demonstrate that therapeutic use of anti-IL-6 antibodies
significantly increased the survival of mice following SFTSV infection.

Introduction
Dabie bandavirus, formerly severe fever with thrombocytopenia
syndrome virus (SFTSV), is an emerging tick-borne Phenuivirus
(genus Bandavirus (1)) of increasing medical concern for which
no specific antiviral drugs or effective vaccines have been ap-
proved. First described in Eastern China in 2009 but with sero-
logical evidence reported as early as 1996 (2), SFTSV has since in-

creased rapidly in both incidence and geographical range, caus-
ing over 13,000 reported human cases in China (2010–2019) (3),
3,137 cases in South Korea (2013–2017), 303 cases in Japan (4)
with other serological surveys detecting SFTSV in tick popula-
tions in Vietnam, Taiwan, and Pakistan (5). SFTSV typically causes
a nonspecific febrile illness—severe fever with thrombocytope-
nia syndrome (SFTS) with symptoms ranging from fever, malaise,
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myalgia, arthralgia, to thrombocytopenia, and leukopenia (6). Oc-
casionally, SFTS presents clinically as a severe hemorrhagic fever
with symptoms including cerebral hemorrhage, gastrointestinal
bleeding, and multiple organ failure (7). In 2018, SFTSV was de-
clared a priority pathogen by the World Health Organisation
(WHO) due to a lack of effective medicines and a case mortality
rate estimated between 5% and 30% (3). We propose that further
defining the key cellular and molecular mechanisms that under-
pin SFTS is important for identifying novel therapeutic targets to
ameliorate severe disease outcomes.

SFTSV has a tri-segmented single-stranded negative or am-
bisense RNA genome consisting of the Large (L), Medium (M), and
Small (S) segments. The L segment encodes the RNA-dependent
RNA polymerase (RdRp), the M segment encodes the viral glyco-
proteins (Gn and Gc), and the S segment encodes the nucleocapsid
protein (N) and a nonstructural protein (NSs) (8). Many published
studies have now shown the NSs protein to be crucial in the an-
tagonism of the mammalian innate immune response and NSs
has been identified as a key virulence factor, reviewed in Khalil et
al (9). SFTSV NSs can sequester and spatially isolate key antivi-
ral innate immune molecules into virus-derived inclusion bodies.
These molecules include critical aspects of the host type I Inter-
feron (IFN) response and viral pattern recognition receptors in-
cluding: STAT1, STAT2, IRF3, IRF7, and RIG-I (9). Consequently, a
recombinant SFTSV lacking NSs (published as rHB2912aaNSs (10);
herein referred to as delNSs SFTSV) has been shown to result in
limited pathogenicity and induce a robust humoral response in an
aged ferret model of disease, suggesting a potential role for this re-
combinant virus as a live-attenuated vaccine candidate (11). De-
spite the promising data obtained in the aged ferret model, little is
known regarding the host cellular and molecular immune mech-
anisms that lead to the reduction in severity of disease observed
following infection with this virus. It is, therefore, of vital impor-
tance that these mechanisms are elucidated and understood to
ensure the safety of any such live-attenuated vaccine candidates
and to understand the pathogenic processes associated with both
wild-type (wt) and delNSs SFTSV.

In humans, advanced SFTS i.e. requiring hospitalization, is gen-
erally associated with high levels of proinflammatory cytokines
in the serum, including IFNɣ, IL-6, IL-1α, TNF, and inflammatory
CC and CXC chemokines including CCL3, CCL4, and CXCL8 (12,
13). In SFTSV-infected patients, a “cytokine storm” is considered
the main pathophysiological feature of severe and fatal disease
along with hemorrhagic complications arising from thrombocy-
topenia. Such cytokine storming is a phenomenon that is often as-
sociated with other viral hemorrhagic fevers such as Ebola virus
disease (14) and more recently with severe cases of SARS-CoV-2
infection (15). Further understanding of the inflammatory milieu
within the host may lead to the identification of therapeutic tar-
gets that could limit the damage induced by aberrant cytokine
storms.

There are two ways of targeting viral immunopathology, either
virus replication is targeted or the inflammatory response to vi-
ral infections must be dampened. As such, therapeutic interven-
tions for bunyaviral disease are rare, and for SFTS there are no
clinically proven treatments available for infected patients (16–
18). Treatment with ribavirin has shown variable results in case
studies and animal models of infection (19). Studies in patients
showed ribavirin was ineffective as a treatment option if the viral
load in the patient was greater than 1 × 106 copies/ml (19). The
efficacy of Favipiravir has also been demonstrated in vivo, with
100% survival of animals if treated within 3–4 days of initial infec-
tion (20, 21). A small-scale clinical study has demonstrated that

a 5-day course of Favipiravir treatment led to a decline in SFTSV
viral load in two patients experiencing different clinical manifes-
tations (22). Importantly, both drugs target viral replication rather
than prevent the cytokine storming associated with severe mani-
festations of SFTS (13, 23–25).

In this study, we take a two-pronged approach to examining
SFTS disease. First, we have developed and characterized a murine
model of SFTSV to investigate the tissue tropism, cellular tropism,
and clinical progression of disease. This allowed us to elucidate
additional roles for SFTSV NSs in helping to establish an infec-
tion in vivo in our small animal model. These new pathogenesis
studies were conducted with a live-attenuated vaccine candidate
delNSs SFTSV. Second, using this robust model we demonstrate
that therapeutic administration of an anti-IL-6 antibody led to
a reduction in disease severity and increased survival of lethally
challenged mice; thereby, proposing a treatment option that does
not directly target virus replication. These important data show
the potential for modulation of host cellular and inflammatory
responses as a future therapeutic strategy to ameliorate SFTS in
human patients.

Results
SFTSV NSs determines disease severity in an
IFNAR−/− mouse model of infection
To investigate the tropism and pathogenesis of SFTSV and to elu-
cidate the role of NSs in determining disease severity, we first char-
acterized an in vivo murine model that supported viral replication
and presented clinical signs of SFTS. Previous murine models have
utilized new-born immunocompetent mice, the use of putative
immune suppressants or IFN alpha receptor knockout (IFNAR−/−)
mice (26). To assess the ability of adult, immunocompetent wt
mice to support SFTSV replication, 8-week-old wt C57BL/6 mice,
or 8-week-old C57BL/6 human STAT 2 knock-in (hSTAT2 KI) mice
were infected with 105 focus-forming units (FFU) of the HB29
strain of SFTSV (either wt or delNSs). hSTAT2 KI mice were se-
lected due to previous literature suggesting SFTSV can suppress
antiviral immunity via sequestering of human, but not murine
STAT2 (27). At 3 days postinfection (dpi), no virus could be detected
in either the serum nor in any of the tissues sampled (Supplemen-
tary Material Appendix, Figure S1), leading us to hypothesize that
SFTSV is either unable to infect these animals or cannot suffi-
ciently evade the murine innate immune response, and hence es-
tablish an infection, even in the presence of human STAT2. Next,
the suitability of 8-week-old A129 IFNAR−/− mice as a model of
SFTS was investigated by infecting the mice with 105 FFU of either
wt or delNSs SFTSV, then measuring weight and scoring clinical
signs. All mice infected with wt SFTS reached a clinically defined
endpoint by postinfection day (PID) 3–4, whereas all mice infected
with delNSs SFTSV recovered from infection (Fig. 1a). All IFNAR−/−

mice infected with wt SFTSV developed signs of disease and clin-
ical signs including subdued behavior when stimulated, piloerec-
tion, hunching, eye discharge, and mild weight loss (< 10%) and
were humanely killed by PID 4, when predetermined endpoints
were reached (Fig. 1b and c). Importantly, IFNAR−/− mice infected
with delNSs SFTSV developed only mild, transient disease (Fig. 1b)
with mild weight loss (< 10%) that was fully recovered (Fig. 1c).
While it is known that the virulence factor NSs is often associ-
ated with type I IFN antagonism and is a known virulence factor
also for other bunyaviruses, here, NSs is revealed as a determinant
of disease severity, even in a murine system lacking a type I IFN
response.
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Fig. 1. Development of a IFNAR −/− animal model for SFTS disease. Groups of six A129 IFNAR−/− mice were inoculated with 105 foci-forming units
(FFU) of wt or delNSs SFTSV- or mock-infected. The survival (a), clinical scores (b), or weight change (c) were monitored at the indicated times
postinfection. (d) Distribution and viral RNA copy number in tissues of SFTSV-infected mice. Tissues from mice infected with delNSs SFTSV (pink), wt
SFTSV- (blue), or mock-infected (gray) were collected at PID 3 and viral copy numbers were assessed by real-time PCR. Examined tissues were draining
lymph node (dLN), spleen, liver, kidney, lung, small intestine, and brain. (e) Viral titre was assessed in the serum of infected animals at PID 3 by
foci-forming assay. (f) Immunohistochemical staining of SFTSV-infected tissues. dLNs and spleens of infected (delNSs or wt SFTSV) or mock animals
were harvested at PID 3 and reacted with a SFTSV anti-N antibody. (g) Groups of six A129 IFNAR−/− mice were immunized with 105 FFU of delNSs
SFTSV or mock immunized. Subsequently, animals were challenged with a known lethal dose of wt SFTSV and monitored for disease progression and
survival. Asterisks indicated significance ∗∗P < 0.01, ∗∗∗P < 0.001, or ns = not significant as measured by a log-rank (Mantel–Cox) test (a), Kruskal–Wallis
test with Dunn’s multiple comparison test (d), or a Mann–Whitney test (e).



4 | PNAS Nexus, 2022, Vol. 1, No. 1

After developing a model that presented a disease phenotype
for wt SFTSV infection, and which confirmed the attenuated qual-
ities of delNSs SFTSV as a vaccine candidate, we next investigated
the tissue tropism of both viruses in in vivo studies. Eight-week-
old A129 IFNAR−/− mice were infected with 105 FFU of either wt
or delNSs SFTSV. Mice were euthanized at PID 3 (when signs of
disease became apparent in wt SFTSV-infected mice) and tissues
were sampled. SFTSV RNA was detected by qPCR in the draining
inguinal lymph node (dLN) adjacent to the injection site and in the
spleen, but not in remote, nonlymphatic tissues for either delNSs
SFTSV or wt SFTSV (Fig. 1d). wt SFTSV RNA was readily detectible
in the draining lymph node (dLN) and was also found to be present
at a statistically higher copy number than that of delNSs SFTSV
RNA in the spleen (P < 0.01; Fig. 1d). The higher levels of RNA de-
tected in wt SFTSV-infected animals is likely a result of the higher
viraemia detected in the blood, as detected by viral foci forming
assays (Fig. 1e and Supplementary Material Appendix, Figure S1a).
The tropism of SFTSV was further confirmed by immunohisto-
chemical staining for SFTSV N protein in these tissues (Fig. 1f).
We confirmed that virus was present in both the dLN and the
spleen of animals infected with either wt or delNSs SFTSV, with
greater staining being observed in the wt SFTSV-infected tissues
(Fig. 1f). In addition, we investigated the pathology of infected tis-
sues through hematoxylin and eosin (H&E) staining of the spleen
and lymph node at PID 3. Here, delNSs SFTSV infection resulted in
minimal disruption of the tissue architecture, however, wt SFTSV
infection resulted in prominent disruption of the white pulp of
the spleen compared to spleens isolated from mock-infected mice
(Supplementary Material Appendix, Figure S2).

The delNSs SFTSV has been suggested previously as a live-
attenuated vaccine for the induction of protective immunity in
an aged ferret model of SFTS. Due to the reduced virulence of the
delNSs SFTSV in IFNAR−/− mice, we next investigated the ability
of delNSs SFTSV to induce protective immunity in our immuno-
compromised model. IFNAR−/− mice were infected with a single
dose of 105 FFU delNSs SFTSV and monitored for clinical signs
and virus titre in the serum. Viraemia peaked at PID 3 and was
followed by a drop in virus titre at PID 4 (P < 0.05; Supplementary
Material Appendix, Figure S3a). From this point on, mice regained
weight and clinical scoring returned to below a mild threshold.
Surviving mice were then subsequently infected with 105 FFU
of wt SFTSV at PID 14, a dose known to be lethal from previ-
ous studies (Fig. 1a). Importantly, this single dose of attenuated
virus resulted in 100% survival of the immunized and challenged
animals to PID 12, compared to 0% survival in the mock immu-
nized group, with all animals reaching humane endpoints by PID
4 (Fig. 1g). Passive transfer of purified IgG from recovered delNSs
SFTSV-infected mice also conferred 100% protection from a lethal
challenge dose of wt SFSTV, indicating that humoral immunity
was sufficient for protection (Supplementary Material Appendix,
Figure S3b).

SFTSV preferentially infects CCR2+, Ly6C+ cells
in lymphatic tissues
To further delineate the mechanisms of SFTSV-induced pathogen-
esis, we next investigated the cellular tropism of the virus in vivo,
an understanding of which could lead to cell specific, therapeutic
targeting. IFNAR−/− mice were infected with either 105 FFU of a re-
combinant SFTSV expressing a NSs protein that is fused in-frame
to enhanced green fluorescent protein (eGFP; wt eGFP SFTSV) or
a recombinant virus in which the NSs open reading frame (ORF)
was replaced entirely by eGFP (delNSs eGFP SFTSV) (10). A virus

expressing humanized Renilla luciferase (delNSs luciferase SFTSV)
was used as a negative control for eGFP virus infection (10). Mice
were killed at PID 3, and cells were stained for both GFP–APC to
identify infected cells, and cell surface markers, which facilitated
identification of immune cells. Stained cells were then analyzed
by flow cytometry (Fig. 2a). In the splenic and lymphatic tissues
of wt and delNSs eGFP SFTSV-infected mice, the majority of anti-
GFP (APC) stained cells were positive for CD45, Ly6C, and MHCII.
In contrast, this population was not detected in the tissues of the
delNSs luciferase SFTSV-infected control mice (Fig. 2a). These data
suggest that monocytic cells are a key target of SFTSV infection.
Furthermore, these flow cytometry data confirmed the reduced
dissemination of NSs-deletant viruses to distal tissues such as
the spleen. Immunofluorescence microscopy was conducted from
splenic tissue harvested from wt SFTSV-infected mice. These data
additionally revealed target cells with myelomonocytic morphol-
ogy, supporting the data obtained by flow cytometry (Fig. 2b).

To confirm the contribution of myelomonocytic cells to SFTSV
tropism and viral dissemination, groups of C57BL/6 CCR2−/− mice
that had their IFN response repressed with anti-IFN antibodies
(24-hours prior to infection; PID −1) were inoculated with 105 FFU
of wt SFTSV. As previously described (28), CCR2−/− mice have a
greater than 90% reduction of peripheral myelomonocytic cells,
including Ly6C+ cells. Tissues were harvested and assayed at PID
3, and significantly less viral RNA was detected in the lymph node
and splenic tissues of CCR2−/− mice compared to wt C57BL/6 con-
trols animals. The reduced detection of viral RNA in these tis-
sues was mirrored by the reduced number of virus particles de-
tected in the blood of wt SFTSV-infected CCR2−/− mice, as evi-
denced through immunofocus assays (Fig. 2c). The data suggest
that CCR2+ cells (which include the inflammatory Ly6C+ cells we
identified as key cellular targets of SFTSV infection [Fig. 2a]), were
important for establishing SFTSV infection of mice.

wt SFTSV infection causes thrombocytopenia
and drives migration of neutrophils and
monocyte-derived cells
Previous longitudinal studies in patients admitted to hospital with
severe or lethal SFTS, demonstrated that the major pathophys-
iological features of SFTSV infection are cytokine-mediated in-
flammation and the hemorrhagic manifestations resulting from
thrombocytopenia (25, 29, 30). To elucidate further the contri-
bution of thrombocytopenia to SFTS pathology, the levels of cir-
culating platelets and the cellular composition of inflammatory
leukocytes were measured after infection with either wt or delNSs
SFTSV. Mice were infected with 105 FFU of wt SFTSV, delNSs SFTSV
or vehicle control. Blood samples were taken daily and analyzed
on a medical hematology analyzer, while tissues were harvested
at the conclusion of the experiment on PID 3. Cells within the tis-
sues were then stained for cell surface markers and analyzed by
flow cytometry (Fig. 3). Analysis of the cellular composition in the
blood demonstrated that virulent wt SFTSV infection resulted in a
significant increase in granulocytes over avirulent delNSs SFTSV
infection from PID 2 onward, despite delNSs SFTSV infection also
promoting a significant increase in granulocytes in the blood over
mock-infected animals (Fig. 3a). Additionally, wt SFTSV infection
promoted monocyte chemotaxis into the blood, with significant
increases in blood monocytes observed on PID 2 and PID 3 (Fig. 3b).
Blood analysis also provided evidence of a small, but statistically
significant (P = 0.0411) reduction in peripheral platelet numbers
at PID 3 in the blood of wt SFTSV-infected animals compared to
delNSs SFTSV infection or mock-infected controls (Fig. 3c). When
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Fig. 2. Cellular tropism of SFTSV in infected mice. Groups of six A129 IFNAR−/− mice were infected with SFTS viruses expressing reporter proteins or wt
SFTSV. Reporter viruses included examples where the NSs ORF had been replaced with either humanized luciferase (delNSs luciferase SFTSV) or eGFP
(delNSs eGFP SFTSV) and a virus where eGFP has been C-terminally fused to the NSs ORF (wt eGFP SFTSV). (a) Draining inguinal lymph nodes and
spleens were collected from mice infected with 105 FFU of delNSs luciferase SFTSV, delNSs eGFP SFTSV, or wt eGFP SFTSV at PID 3 and processed for
flow cytometry. Initial analysis was performed against forward scatter (FSC-A) and eGFP expression. Subpopulations of FSC-A/GFP positive cells were
further analyzed for expression of MHC class II and Ly6C. (b) Spleen of n = 2 mice infected with wt SFTSV were harvested at PID 3, fixed, embedded,
and sectioned, and reacted with an antibody to SFTSV N protein (green) and DAPI (blue). Images show representative staining of cells showing
myelomonocytic morphology within the spleen. (c) Groups of five CCR2 −/− mice or wt C57BL/6 were infected with 105 FFU of wt SFTSV. At PID 3, mice
were killed, and the dLN and spleen were harvested to examine for the presence of viral RNA. Serum from the infected animals was also collected to
assay for the presence of virus by immunofocus assay. Asterisks indicated significance ∗P < 0.05 or ∗∗P < 0.01 as measured by a Mann–Whitney test (c).

the dLN and spleen were examined at PID 3, flow cytometric anal-
ysis demonstrated that both wt and delNSs SFTSV infection re-
sulted in significant increases of CXCR2+, Ly6G+, and CD11b+ neu-
trophils in the spleen but not in the dLN (Fig. 3d). Additionally, as
with blood granulocytes, splenic neutrophilia was observed to be
significantly higher in the virulent wt virus infection compared
to the avirulent delNSs vaccine candidate infection (Fig. 3d). wt
SFTSV infection also resulted in statistically significant increases
in CD11b+, CD64+ macrophages (Mϕ; Fig. 3e) and CD11c+, CD64−

dendritic cells (DCs; Fig. 3f) in the spleen compared to mock-
infected or delNSs SFTSV-infected mice.

To confirm if the observed neutrophilia contributed to the
pathogenicity of wt SFTSV in A129 IFNAR−/− mice, animals were
depleted of neutrophils by administration of an anti-Ly6G (1A8)
antibody, or mock-depleted by administration of an isotype-
matched control (2A3), at PID −3 and PID −1. Mice were then inoc-
ulated with 105 FFU of wt SFTSV or mock-infected and were mon-
itored for the development of clinical signs. When predetermined
end points were reached, animals were then killed humanely, and
blood was taken for flow cytometric analyses. No difference in
virulence was observed in neutrophil-depleted mice compared to

those treated with the isotype-matched control antibody and all
mice in both groups reached humane end points on either PID 3 or
PID 4 (Fig. 3g). Flow cytometric analysis confirmed that the deple-
tion of neutrophils was successful and that neutrophils remained
absent following infection, this was confirmed by a reduction in
the CD11b+/CXCR2+ population of cells from 18% in the blood
of isotype control animals to 0.45% in depleted animals (Fig. 3h).
These data demonstrate conclusively that while the neutrophilia
observed in the blood of wt SFTSV-infected animals is correlated
with severe disease, neutrophils are not the cause of the observed
pathogenic phenotype in this model.

Lethal SFTSV infection is associated with
increases in inflammatory cytokines IL-1, IL-12,
IL-6, and IFNɣ
After defining the tissue and cellular tropism of SFTSV in vivo
and further elucidating the cellular immune profile of infected
tissues, next we analyzed cytokine production in infected tissues
to further delineate the mechanism of SFTS disease. These in-
creases were then confirmed by selective qPCR assays (Fig. 4). In
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Fig. 3. Infection causes thrombocytopenia and neutrophilia in mice, but neutrophilia is not responsible for the pathogenic phenotype observed in wt
SFTSV-infected animals. Groups of six A129 IFNAR−/− mice were inoculated with 105 foci-forming units (FFU) of wt (blue) or delNSs SFTSV (pink) or
mock-infected (gray). At the indicated times postinfection, blood was taken for hematological analysis of % granulocytes of total leukocytes (a), %
monocytes of total leukocytes (b), or estimation of platelet levels (c). At PID 3, dLN and spleen of infected animals were processed for flow cytometry to
analyze the levels of neutrophils (d), monocytes (e), or DCs (f) in the tissues. (g) Survival curve of infected mice. Groups of six A129 IFNAR−/− mice had
neutrophils depleted at PID −3 and PID −1 through the administration of an anti-Ly6 [1A8; red] antibody or an isotype control antibody [2A3; blue], all
animals were then infected with wt SFTSV- or mock-infected (gray). Infection was allowed to progress until humane endpoints were reached. (h)
Neutrophil depletion demonstrated by flow cytometric analysis (CD11b vs. CXCR2) of PID 3 blood samples taken from isotype control (blue) or
neutrophil depleted (red) wt SFTSV-infected animals. Neutrophil population is indicated in the black box. Asterisks indicated significance ∗P < 0.05, ∗∗P
< 0.01, or ns = not significant as measured by a Mann–Whitney test (a)–(f).

these experiments, mice were infected with 105 FFU of wt SFTSV,
delNSs SFTSV or vehicle control (DMEM). At PID 3, lymph node
(Fig. 4a), spleen (Fig. 4b), and serum (Fig. 4c) were taken from mice
for Luminex and qPCR analysis (Fig. 4d and e). A total of 23 cy-
tokines were analyzed, many of which were upregulated signif-
icantly during either wt or delNSs SFTSV infection compared to
samples from mock-infected animals. The inguinal lymph node
displayed the largest upregulation of inflammatory cytokines with

CCL4, CCL3, CXCL1, IFNɣ, M-CSF, CCL11, IL-17, IL-12(P40), IL-12
(P70), IL-6, IL-1α, and IL-1β all being recorded at levels significantly
higher than controls. IL-17 was the most upregulated cytokine
in the dLN, being recorded at an amount 31-fold greater in the
lymph node samples from wt SFTSV-infected animals compared
to those from mock-infected animals (Fig 4a). IFNɣ was signifi-
cantly upregulated in the lymph node (Fig. 4a and d) and spleen
(Fig. 4b and e) of wt SFTSV-infected mice, but not in paired serum
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Fig. 4. Cytokine and chemokine analysis of infected mouse tissues and serum. Groups of four A129 IFNAR−/− mice were inoculated with 105

foci-forming units (FFU) of wt (blue) or delNSs SFTSV- (pink) or mock-infected (gray). At PID 3, mice were killed, and the dLN, spleen, and serum were
collected from the mice for cytokine and chemokine profiling by Luminex assay or quantitative PCR analysis. Luminex assay panel for dLN (a), spleen
(b), or serum (c) showing the differential detection of a panel of proteins involved in immune signaling. Graphs are shown comparing protein
abundance in mock-infected (gray), delNSs SFTSV-infected (pink), or wt SFTSV-infected tissues. Quantitative PCR was performed to examine
differential expression of IFNɣ, IL-6, and IL-10 genes from mice that were mock-infected (gray), delNSs SFTSV-infected (pink), or wt SFTSV-infected.
DLN (d) or spleen (e) were examined. Asterisks indicated significance ∗P < 0.05, ∗∗P < 0.01, or ns = not significant as measured by a Mann–Whitney test
(a)–(e).

samples (Fig. 4c) at PID 3. CXCL1, M-CSF, and IL-12 (P40) and IL-
6 were significantly upregulated in all 3 sample types assayed
from wt SFTSV-infected animals. Of note was IL-6, as this proin-
flammatory cytokine was upregulated an average 14-fold in the
lymph node, 3-fold in the spleen, and 56-fold in the serum of
wt SFTSV-infected animals (n = 4). No significant increase in
any cytokine included in the Luminex assay was observed in
the spleen (Fig. 4b) or serum (Fig. 4c) of delNSs SFTSV-infected
animals. This may reflect the poor dissemination of the virus
to distal tissues of the infected mice as reported earlier in the
study.

IFNɣ is required for protection from delNSs
SFTSV infection
IFNɣ is a key antiviral cytokine that has been described previously
to exhibit strong anti-SFTSV activity (31). Importantly, in our Lu-
minex and qPCR screen, IFNɣ was upregulated in the dLN of both
wt and delNSs SFTSV-infected mice (Fig. 4a) and in the spleen
of wt SFTSV-infected mice (Fig. 4b). We, therefore, hypothesized
that the NSs protein of wt SFTSV was important for modulating
the host IFNɣ response, allowing efficient dissemination of the
virus to the spleen, where the virus then triggered a deleterious
inflammatory response. To investigate this hypothesis, groups of
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AG129 IFNαβɣ receptor knockout (IFNAGR−/−) mice were infected
with 105 FFU of wt SFTSV or delNSs SFTSV. Tissues and sera were
sampled from the infected mice at PID 3, the presence of viral
RNA was quantified via qPCR, and viraemia was determined by
viral immunofocus assay. The viral titers of both wt SFTSV and
delNSs SFTSV in IFNAGR−/− mice were similar to those observed
in our previous experiments using A129 IFNAR−/− mice (Fig. 1),
despite the lack of a functional IFNɣ response (Fig. 5). No differ-
ence was observed in the replication of either virus in the dLN
of infected IFNAGR−/− mice (Fig. 5a). Further, delNSs SFTSV did
not disseminate to the spleen of infected IFNAGR−/− mice as ef-
fectively as wt SFTSV (Fig. 5b) and mice infected with the atten-
uated virus demonstrated a statistically significant (P = 0.0290)
reduction in infectious virus in the serum (Fig. 5c). We next in-
vestigated the role of IFNɣ in defining the clinical outcome of dis-
ease for both wt and delNSs SFTSV-infected animals. Groups of
IFNAGR−/− mice were infected with 105 FFU of either wt SFTSV or
delNSs SFTSV. Mice were then monitored for clinical signs then
humanely killed at clinically defined endpoints. As observed pre-
viously with the IFNAR−/− mice (Fig. 1a), all IFNAGR−/− mice in-
fected with wt SFTSV reached clinical endpoints at or before PID 5.
Interestingly, in the absence of IFNɣ signaling, mice infected with
the avirulent delNSs SFTSV developed clinical signs of infection
and reached humane endpoints at or before PID 6 (Fig. 5d). These
data strongly indicate a pivotal role for IFNɣ in the protection of
mice from delNSs SFTSV infection and suggest that the observed
in vitro interactions of SFTSV NSs and components of the type II
IFN pathway (31) may form the basis of a relationship between
NSs and the modulation of host IFNɣ responses in vivo.

Therapeutic, but not prophylactic, treatment with
an anti-IL-6 antibody significantly improves
survival of IFNAR−/− mice to wt SFTSV infection
IL-6 is an important mediator of fever and acute phase response
to inflammation and has been documented to act as both a
proinflammatory cytokine and an anti-inflammatory myokine
(reviewed in (32)). IL-6 also acts as an important checkpoint in
the regulation of neutrophil trafficking during inflammatory re-
sponses, causing further chemokine production. Given the sta-
tistically significant increase in IL-6 levels observed in the dLNs,
spleens, and sera of wt SFTSV-infected mice (Fig. 4a–c), we next ex-
amined whether prophylactic or therapeutic administration of an
anti-IL-6 antibody could improve the clinical course of disease ob-
served in the infected mice. Groups of A129 IFNAR−/− mice were
infected with 105 FFU of wt SFTSV, and administered either an
anti-IL-6 antibody (2B Scientific; BE0046) or an isotype control an-
tibody (BioXCell; BP0089) at PID −2 (prophylactic, before infection;
Fig. 6a) or at PID 2 (therapeutic, after infection; Fig. 6b). Clinical
scoring for the mice used in Fig. 6 can be found in Supplementary
Material Appendix, Figure S6. PID 2 was chosen, as this is the time
point at which mice display moderate clinical signs in our model
when infected with wt SFTSV (Fig. 1b).

Following infection with wt SFTSV, all mice were monitored,
and clinical signs were observed until humane endpoints or PID 10
was reached. There was no observable difference in disease sever-
ity or survival between the anti-IL-6 treated mice or the control
mice when the antibody treatment was administered preinfection
(PID −2), with all mice reaching predetermined end points by PID
4 (Fig. 6a).

Following this result, we hypothesized that the lack of effi-
cacy of prophylactic anti IL-6 treatment in preventing severe SFTS
could be due to critical antiviral functions of IL-6 during the early

stages of infection. Indeed, it has previously been demonstrated
that IL-6 is required for protection against several viruses includ-
ing influenza and vaccinia viruses during the early stages of infec-
tion (33). We, therefore, attempted to block IL-6 therapeutically at
PID 2, when moderate clinical signs become apparent and when
dysregulation of the inflammatory response may be causing ex-
cessive, potentially lethal damage to the organs. Here, groups of
animals were infected with 105 FFU of wt SFTSV, and subsequently
at PID 2, IL-6, or isotype control antibodies were administered.
This therapeutic administration of anti-IL-6 not only doubled the
survival time (from PID 3 to PID 6) of the lethally challenged, but it
also resulted in 50% of the animals surviving and recovering from
infection, clearing all clinical signs by PID 10.

Discussion
SFTSV is an emerging tick-borne bunyavirus of significant med-
ical concern that is associated with substantial morbidity and
mortality. Despite this, no specifically approved medicines or vac-
cines are currently available to treat SFTSV infection or amelio-
rate the potentially lethal symptoms of SFTS-mediated disease.
One of the major challenges in developing new therapeutic strate-
gies for SFTSV, is the limited characterization of the current small
animal models that replicate key aspects of severe human dis-
ease. Indeed, there is now a pressing need to investigate the mech-
anisms that underlie the pathogenesis of SFTSV in a model that
reconstitutes lethal disease, to identify potential therapeutic tar-
gets. Several animal models have been described for recapitulat-
ing SFTS disease, summarized in a recent publication by Mat-
suno et al. (26). Various mouse strains, hamster, rat, and macaque
models have been trialled to understand the pathogenesis of tick-
borne phenuiviruses. However, most models described do not re-
sult in lethal infection and disease like those displayed in in-
fected humans. A few groups have previously described the use
of IFNAR-/- mice in the study of SFTSV pathogenesis (20, 26, 34,
35). This study is the first to describe and dissect the underly-
ing mechanisms of pathogenesis of recombinant virulence fac-
tor knock out SFTS viruses. In this study, we developed a highly
tractable murine model of lethal SFTSV infection in immunocom-
promised A129 IFNAR−/− mice. We characterized the tissue and
cellular tropism of SFTSV (strain HB29) in vivo, elucidated the role
of the NSs in contributing to severe disease, and investigated the
immunopathogenic mechanisms defining lethal SFTS. Following
on from this basic characterization of our model, we examined
the potential of a previously described live-attenuated vaccine
candidate (delNSs SFTSV) that engendered 100% survival in our
model and, as a proof of principle, modulated the host inflamma-
tory response by therapeutically depleting IL-6 at PID 2 when ani-
mals are starting to display advanced clinical signs, leading to sig-
nificantly increased survival of lethally challenged animals. This
manuscript therefore describes the complete development of a ro-
bust small animal model, through to the exploration of potential
antiviral therapies.

The pathogenicity and tropism of wt SFTSV and a delNSs SFTSV
vaccine candidate were compared in IFNAR−/− mice. Wt SFTSV
infection resulted in a rapid onset severe disease, with all mice
succumbing to infection within 4 dpi. Interestingly, delNSs SFTSV
infection resulted in a mild transient disease in which all mice
recovered. These findings contrast previous studies in which a
NSs-deletant Bunyamwera orthobunyavirus (36), or two atten-
uated Rift Valley fever phlebovirus strains (37), displayed simi-
lar clinical signs and lethality as the related wt viruses in an
IFNAR−/− mouse model of infection. These data demonstrate that
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Fig. 5. Pathogenesis of recombinant SFTS viruses in IFNAGR−/− mice. Groups of six AG129 IFNAGR−/− mice were mock-infected (gray) or inoculated
with 105 foci-forming units (FFU) of delNSs (pink) or wt SFTSV (blue). At PID 3, dLN (a), spleen (b), or serum (c) samples from infected animals were
collected and viral copy numbers were assessed by real-time PCR. (d) Survival curve of infected IFNAGR−/− mice. Groups of six AG129 IFNAGR−/− mice
were infected with 105 foci-forming units (FFU) of wt SFTSV (blue) or delNSs SFTSV (pink) and infection was allowed to progress until clinical signs
were observed and humane endpoints were reached. Asterisks indicated significance ∗∗P < 0.01, ∗∗∗P < 0.001, or ns = not significant as measured by a
Kruskal–Wallis test with Dunn’s multiple comparison test (a)–(c).

Fig. 6. Therapeutic not prophylactic administration of an anti-IL-6 antibody decreases clinical signs and increased survival of wt SFTSV-infected mice.
Groups of six A129 IFNAR−/− mice were interperitoneally administered an isotype control antibody (blue) or an anti-IL-6 antibody (green), either
prophylactically at PID −2 (a) or therapeutically at PID 2 (b). All animals in all groups were inoculated with 105 foci-forming units (FFU) of wt SFTSV at
PID 0 and infection was allowed to progress until clinical signs were observed and humane endpoints were reached. Asterisks indicated significance
∗∗∗P < 0.001 as measured by a log-rank (Mantel–Cox) test.

compared to other NSs-deletant bunyaviruses, our delNSs SFTSV
is particularly attenuated. Using a type I IFN deficient mouse
model, we have shown that SFTSV NSs does not confer virulence
exclusively through the widely accepted mechanism; via modu-
lation of the host type I IFN response. Due to the avirulent nature
of delNSs SFTSV, including within immunocompromised mice, we
next confirmed its ability to induce a protective adaptive immune
response. Here, all mice challenged with wt SFTSV at 14 days
postinoculation with delNSs SFTSV survived the lethal challenge.
Additionally, we demonstrated that humoral immunity induced
by delNSs SFTSV was sufficient for protection from lethal chal-
lenge through transfer of purified IgG from delNSs SFTSV-infected
mice to naïve mice prior to challenge with wt SFTSV. This, in tan-
dem with previous studies showing the induction of sterilizing im-

munity in aged ferrets following inoculation with delNSs SFTSV
(11), demonstrates the potential for this virus to be further devel-
oped as a live-attenuated vaccine candidate.

After defining the disease progression of both viruses and fur-
ther demonstrating the potential of delNSs SFTSV as a vaccine
candidate, we next investigated the tissue and cellular tropism
of both viruses. We found that lymphatic tissues were suscepti-
ble to infection with both viruses, whereas nonlymphatic tissues
(i.e. liver, kidney, lungs, brain, and gut) remained refractory. An
important finding was that, whereas both wt and delNSs SFTSV
RNA were found in the dLN in similar quantities, SFTSV RNA was
significantly lower in delNSs SFTSV-infected spleens compared to
those seen in wt SFTSV-infected animals, and less infectious units
were measured in the blood via plaque assay. This is despite both
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viruses having similar replication kinetics in IFN-deficient cell
lines in vitro (10). These data suggest that a type I IFN independent
innate antiviral response can inhibit viral replication or dissemi-
nation in the absence of NSs. Subsequently, it was demonstrated
that delNSs SFTSV virulence could be restored by removing the
type II IFN (IFNɣ) response, suggesting that IFNɣ is critical for con-
trolling delNSs SFTSV infection, and that NSs can inhibit the ac-
tion of the IFNɣ pathway or downstream IFNɣ-stimulated genes
to confer virulence, hinting at another unexplored role for SFTSV
NSs in viral pathogenesis that requires future investigation.

In our model of infection, both wt and delNSs SFTSV-infected
Ly6C+, MHCII+ myelomonocytic cells preferentially. These cells
are bone marrow derived and migratory, and as such may rep-
resent a means by which SFTSV disseminates. By using mice that
were peripherally deficient in these cells, CCR2−/− mice treated
with anti-IFNAR antibodies, we demonstrated that wt SFTSV repli-
cation was significantly impaired at the draining LN and reduced
replication in and dissemination to the spleen and the serum
were noted, compared to infected wt mice (also treated with anti-
IFNAR antibodies). Moreover, infection of GM-CSF differentiated
bone marrow cells and primary skin fibroblasts in vitro provided
further evidence of the susceptibility of leukocytes to infection,
while fibroblasts remained refractory (Supplementary Material
Appendix, Figure S4). These findings are intriguing, as an impor-
tant stage in the establishment of infection for most arboviruses
is thought to be the seeding of virus in the fibroblastic cells of the
skin, before subsequent infection of leukocytes, enabling dissem-
ination to the lymph nodes (38–40). However, it is important to
note here, that the virus was delivered subcutaneously by injec-
tion and not through the bite of an infected arthropod. The injec-
tion method may not be able to reach the same early target cells as
those accessed during a tick bite. Future work will be undertaken
to address this question directly. Importantly, in the days following
wt SFTSV infection, the myeloblastic derived cells, which are pref-
erentially infected, are found in significant numbers in both the
dLN and the spleen. Immediately after infection with wt SFTSV,
neutrophils influx into the LN and spleen. Granulocytes (mostly
neutrophils) were detected in high numbers in the blood, as well
as monocytes, DCs and macrophages, all of which were also signif-
icantly increased in lymph node and spleen of infected animals.
Importantly, migration of these cell types to the spleen was sig-
nificantly lower in mice infected with delNSs SFTSV. Reduced mi-
gration of potentially infected cells could explain the lower viral
burden in the spleen of mice infected with this attenuated virus.
Alternatively, limited delNSs SFTSV replication may result in the
lower amounts of cytokine and chemokines, leading to reduced
cell migration to in the distal tissues.

Another key feature described here, was the association of neu-
trophilia and severe disease. It has often been hypothesized that
neutrophils may orchestrate the inflammatory environment that
leads to pathogenesis and disease progression in some viral infec-
tions (41). To ascertain whether this was the case for SFTSV, we
selectively depleted neutrophils during the early phase of infec-
tion. Importantly, despite the close association between disease
progression, disease severity and neutrophils in the blood, the re-
moval of neutrophils had no impact on the clinical outcome of
infection with wt SFTSV. These data indicate that neutrophils, al-
though potentially contributory to pathogenesis, are dispensable
for the progression of SFTS. The influx of neutrophils into the sera
or tissues may be caused by the dysregulation of inflammatory
mediators such as IL-17 that were observed in wt SFTSV-infected
mice (42, 43). Despite this finding, neutrophilia remains a key prog-
nostic indicator between mild and advanced disease and could

be used to stratify patients clinically into those requiring more
urgent therapeutic or medical interventions, such the treatment
with Ribavirin or Favipiravir.

It has been demonstrated in many clinical studies that upreg-
ulation of proinflammatory cytokines in human SFTS patients is
strongly correlated with a poor disease outcome (13, 25, 30, 44).
This was reflected in our mouse model, where we found a no-
table upregulation of the proinflammatory cytokines IL-12, IL-6,
IL-1α, IL-1β, and IFNɣ. IFNɣ and IL-6 have been described to be
key indicators of disease severity in patients with mild vs. severe
SFTS (45, 46). As we have shown here, IFNɣ is indispensable for
protection against avirulent delNSs SFTSV infection. IFNɣ is po-
tentially a major target of NSs, and therefore, may be considered
“protective” in the context of SFTSV infection. Another key antivi-
ral cytokine that is thought to contribute to the pathogenesis of
other viral-induced inflammatory diseases is Interleukin-6 (IL-6).
IL-6 has been implicated as a pathogenic factor in the lungs of
SARS-CoV-2 patients, and clinical trials involving anti-IL-6 biolog-
ics have shown promise (47). Due to the relationship between IL-6
and lethal pathology in viral infections, and due to the range of
approved anti-IL-6 drugs available on the market for diseases in-
cluding rheumatoid arthritis and multiple sclerosis (such as the
IL-6 receptor antagonists tocilizumab and sarilumab or drugs that
act directly on IL-6, sirukumab). We next decided to investigate
the impact of depleting IL-6 both prophylactically, or therapeuti-
cally, in SFTSV-infected mice. Perhaps unsurprisingly, due to the
importance of IL-6 in controlling the early stages of viral infec-
tions the prophylactic use of anti-IL-6 antibody had no impact on
survival of mice infected with wt SFTSV. Interestingly, therapeutic
injection of anti-IL-6 antibody at the point where signs of disease
progress from mild to moderate (PID 2) increased the survival of
infected mice significantly. This has important consequences clin-
ically for cases of human SFTS. Indeed, the point at which patients
are admitted to hospital with symptomatic SFTS (7–14 days, typi-
cally around 9 days following a tick bite), is analogous to the point
at which disease progresses from mild to moderate in mice, af-
ter which the virus has replicated and disseminated. We suggest
that anti-IL-6 antibody treatment using repurposing of clinically
approved drugs could improve the clinical outcome of SFTS and
should now be investigated as a potential therapeutic strategy for
advanced cases of SFTS. Such treatments could be efficacious in
late stages of the disease in humans, particularly around the time
symptoms have caused the patient to seek medical intervention.
It is important to note that this treatment strategy targets the host
response to viral infection and can, therefore, be beneficial in late
stages of disease when active virus replication may be waning,
and direct targeting of the virus is less efficacious.

Such immunopathologies are observed during infection with
other pathogenic bunyaviruses such as Crimean Congo hemorrhagic
fever orthonairovirus (48) and Rift Valley fever phlebovirus (49), and
aberrant cytokine production is reported to be a contributing fac-
tor to disease phenotypes observed. This work, therefore, high-
lights the potential for the modulation of immune responses as
a novel therapeutic modality to treat the plethora of bunyaviral
diseases that affect both animal and human populations.

Methods
Mice
Unless otherwise specified, all mice were 8–12-week-old IFN al-
pha receptor knockout (IFNAR−/−) mice on a 129S7/SvEvBrdBkl-
Hprtb-m2 background (Marshall Bioresources), comprised of both
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male and female animals. Human Stat 2 knock in mice (hSTAT2
KI; C57BL/6-Stat2tm1.1(STAT2)Diam/AgsaJ) (50) were kindly provided
by Professor Adolfo Garcia-Sastre, Icahn School of Medicine at
Mount Sinai. A129 (IFNAR−/−), AG129 (IFNAGR−/−), hSTAT2 KI
,and CCR2−/− mice were derived from a locally bred colony and
maintained in a pathogen-free facility, in filter-topped cages, and
maintained in accordance with local and governmental regula-
tions. hSTAT2 KI, A129 (IFNAR−/−), and AG129 (IFNAGR−/−) de-
ficient and WT counterparts were maintained in Techniplast
1284 L Blue line individually ventilated cages at Biological Ser-
vices, University of Glasgow. Ccr2-deficient mice were originally
obtained from the Jackson Laboratory (stock number 004999)
(51). IFN alpha gamma receptor knockout (IFNAGR−/−) mice on
a 129S7/SvEvBrdBkl-Hprtb-m2 background mice were originally
purchased from Marshall Bioresources. All mice had a 12-hour
light/12-hour dark cycle and were provided with sterile food and
water.

Animal ethics
All animal research described in this study was approved by the
University of Glasgow Animal Welfare and Ethical Board and
was carried out under United Kingdom Home Office Licenses,
P9722FD8E, in accordance with the approved guidelines and un-
der the UK Home Office Animals (Scientific Procedures) Act 1986
(ASPA). Mice were euthanized when they exhibited 3 or more signs
of moderate severity or lost more than 15% body weight or at the
indicated predefined endpoints. Scores assigned were as follows:
0, no clinical signs; 1, mild clinical signs apparent; 2, moderate
clinical signs observable; and 3, 1 advanced clinical sign or 3 mod-
erate clinical signs displayed. The clinical scoring table used in
these studies can be found in Supplementary Material Appendix,
Table S2.

Cell culture
Vero E6 cell line was obtained from Institut Pasteur (provided
by M. Bouloy) and grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal calf serum (FCS), 10%
tryptose phosphate broth, 100 units/ml penicillin, and 0.1 mg/ml
streptomycin. Mouse DCs were derived from bone marrow pre-
cursors, using granulocyte colony-stimulating factor (GM-CSF;
20 ng/ml) for 6 days. Fibroblasts were derived from adult A129
(IFNAR−/−) dermis that was digested with collagenase D (1 mg/ml),
dispase II (0.5 mg/ml), and deoxyribonuclease (DNase; 0.1 mg/ml)
in Hank’s balanced salt solution (HBSS) and grown DMEM supple-
mented with 10% FCS, 10% tryptose phosphate broth, 100 units/ml
penicillin, and 0.1 mg/ml streptomycin.

Viruses
SFTSV strains (rHB29pp [wt SFTSV] (52) or recombinant
viruses rHB2912aaNSs [delNSs SFTSV], rHB29NSsGFP-FUSE
[wt eGFP SFTSV], and rHB29delNSsGFP [delNSs eGFP SFTSV];
rHB29delNSshRen [delNSs luciferase SFTSV] (10)) were generated
using reverse genetics technologies. This sequence is based on
a plaque-purified stock called Hubei 29pp (HB29pp) provided
by Amy Lambert (CDC Arbovirus Diseases Branch, Division of
Vector-Borne Infectious Diseases, Fort Collins, CO). Working
stocks of SFTSV were generated in a Vero E6 cell line by infecting
at a low multiplicity of infection and harvesting the cell culture
medium 7 dpi. Recombinant virus stocks were confirmed by
Sanger sequencing to ensure no mutations had occurred during
propagation. Previous data have demonstrated that recombi-
nant viruses had the same replication kinetics and viral protein

expression profiles as the wildtype/parental viruses in time
course of infection studies (10, 52). Experiments with SFTSV were
performed under containment level 3 (CL-3) conditions, approved
by the UK Health and Safety Executive.

Virus titration by immunofocus assays
Virus titres were determined by focus-forming assays in Vero E6
cells. Briefly, confluent monolayers of Vero E6 cells were infected
with serial dilutions of virus made in phosphate buffer saline (PBS)
containing 2% FCS and incubated for 1 hour at 37◦C, followed by
the addition of a GMEM overlay supplemented with 2% FCS and
0.6% Avicel (FMC Biopolymer). The cells were incubated for 6 days
before fixation and subsequent use of focus-forming assays as de-
scribed previously (10, 35).

Infection of mice with viruses
Mice were anaesthetized by isoflurane inhalation and injected
with 1 × 105 foci-forming units (FFU) of SFTSV in 100 μl of DMEM,
subcutaneously into the right flank using a 26G needle. Mice were
monitored for moderate signs of infection and culled when they
reached a clinically defined humane endpoint of disease or at
specified timepoints.

Flow cytometry
Single cell suspensions were acquired by passing spleens and
lymph nodes through a 100 mm cell strainer. Cells were stained
using a subset of antibodies and Fixable Viability Dye eFluor780
(eBioscience), fixed in Cytofix/Cytoperm (BD), and analyzed on a
BD FACSAria III cell sorter (BD). Details of the gating strategies
used in this study can be found in Supplementary Material Ap-
pendix, Figure S5.

Depletion of neutrophils
To deplete neutrophils, mice were injected with antibodies that
bind to Ly6G as per manufacturer’s instructions (BioXcell). Mice
were injected intraperitoneally with 200 μl of IA8 antibody or con-
trol antibody (2A3), which specifically depletes Ly6G+ cells, at 3
days and 1 day before infection. Successful neutrophil depletion
was confirmed by flow cytometry analysis of peripheral blood us-
ing neutrophil markers CD11b+ and CXCR2+.

RNA extraction from tissues
RNA was extracted using PureLink Plus columns and DNA di-
gested on column as per manufacturer’s instruction (Life tech-
nologies). Tissue samples were homogenized in TRIzol (Life
Technologies) using a Precellys 24 (Bertin instruments) with 7
mm metal beads (Qiagen), followed by purification using PureLink
columns with DNase digestion (Life Technologies).

Gene expression analysis
Viral RNA and host gene transcripts were quantified by reverse
transcription qPCR, and infectious virus was quantified by end
point titration. Tissue generated up to 100 mg of total RNA, of
which 1 mg of RNA was used to create cDNA, of which 1% was
used per qPCR assay (10 ng of RNA equivalent). qPCR primers
for SFTSV were designed to target the genomic M RNA. RNA was
extracted using PureLink Plus columns and converted to cDNA
using the High-Capacity RNA-to-cDNA kit (Life Technologies).
qPCR analysis was undertaken using SYBR-green (Applied Biosys-
tems) on a QuantStudio 7 Flex Real-Time PCR System (Applied
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Biosystems). Full details of primers used in this study can be found
in Supplementary Material Appendix, Table S1.

Blood analysis
Whole blood was collected and mixed with 10% 15 mg/ml tri-
potassium EDTA. Blood analysis was undertaken on an ABX Mi-
cros ES 60 (Horiba Medical).

Luminex assay
Tissues were homogenized in Bio-Plex® Cell Lysis buffer (Bio-Rad)
containing protease inhibitors and clarified by centrifugation. Lu-
minex assay was performed using Bio-Plex Pro Mouse Cytokine
23-plex Assay kit as per manufacturer’s instructions (Bio-Rad) and
analyzed on a Bio-Plex 200 (Bio-Rad).

Indirect immunofluorescence staining
Co-cultures of DCs and fibroblasts were grown on coverslips. Once
established, cells were infected with recombinant SFTS viruses
at a moi of 0.1 FFU/cell. At 24 hours postinfection (pi), mono-
layers were fixed in 4% formaldehyde and were incubated with
monospecific primary antibodies: rabbit antinucleocapsid SFTSV
(52), CD11c (N418) eFluor 615 (eBioscience, #42–0114–82). Mono-
layers were then assayed with the following secondary antibod-
ies: 1:500 Alexa Fluor 488 donkey antirabbit IgG antibody (Invitro-
gen). Slides were stained for cell nuclei using DAPI (4,6-diamidino-
2-phenylindole) and mounted for viewing under the LSM 710 in-
verted confocal microscope in conjunction within Zen 3.2 Imaging
software (Zeiss, Germany).

Immunohistochemistry
Tissues were fixed in 4% methanol-free paraformaldehyde
(Thermo Scientific) and then dehydrated in an increasing concen-
tration of sucrose. Tissues were embedded in either optimal cut-
ting temperature compound (Agar Scientific) or paraffin and sec-
tioned. For immunohistochemistry cells were stained with anti-
SFTSV N antibody by the University of Glasgow Veterinary diag-
nostics unit.

Antibodies
A list of antibodies used in this study can be found in Supplemen-
tary Material Appendix, Table S3.

Statistics
All in vivo mouse experiments were repeated a minimum of 2
times and a maximum of 3 times on separate occasions to confirm
reproducibility of results. The exception to this is survival curves,
which were undertaken either a single time (Figs 1g, 3g, 6, and Sup-
plementary Material Appendix, Figure S3) or twice (all other sur-
vival curves), on ethical grounds in line with NC3Rs policy and the
ARRIVE Guidelines 2.0 (53). In vivo experiments were performed
with appropriate animal numbers to achieve a 90% power with a
significance level (alpha) of 0.05 (2-tailed), calculated with Stat-
Mate 2.0 (GraphPad).

All in vitro studies and microscopy were undertaken on 3 sep-
arate occasions to ensure reproducibility. All results were con-
firmed between experimental replicates.

Data were analyzed using GraphPad Prism Version 9.2.0 soft-
ware. Copy numbers of viral RNA and infectious titers from virus-
infected mice were not normally distributed and were accord-
ingly analyzed using nonparametric-based Mann–Whitney test or
Kruskal–Wallis test with Dunn’s multiple comparison test where

appropriate, unless otherwise stated in figure legends. Survival
curves were analyzed using the log-rank (Mantel–Cox) test. All
plots have statistical significance: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001;
∗∗∗∗P < 0.0001; and ns, not significant.

Acknowledgments
We thank the University of Glasgow Biological Services and the
staff of the Veterinary Research Facility for their excellent and
ongoing support. We thank the University of Glasgow Veterinary
Diagnostic Services for assisting with sample processing, and we
thank Professor Adolfo Garcia-Sastre (Icahn School of Medicine
at Mount Sinai, New York) for providing the hSTAT2 KI mice and
Professor Gerard Graham (University of Glasgow) for the CCR2-
deficient mice. For the purpose of Open Access, the author has
applied a CC BY public copyright license to any Author Accepted
Manuscript (AAM) version arising from this submission.

Supplementary Material
Supplementary material is available at PNAS Nexus online.

Funding
This research is funded by the Department of Health and So-
cial Care using UK Aid funding and is managed by the BBSRC
(BB/R019800/1) (A.K.). The views expressed in this publication are
those of the authors and not necessarily those of the Depart-
ment of Health and Social Care. Research was also funded by the
UK MRC (MC_UU_12014/8 to A.K., and MC_UU_12014/2 to A.H.P.)
and a Wellcome Trust/Royal Society Sir Henry Dale Fellowship
(210462/Z/18/Z) (B.B.). This research was funded in whole or in part
by the Wellcome Trust.

Authors’ Contributions
The CVR has adopted the CRediT taxonomy (https://casrai
.org/credit/). Authors’ contributions are as follows: S.R.B.—
conceptualization, data curation, formal analysis, investiga-
tion, methodology, supervision, validation, visualization, and
writing—original draft and writing—review and editing; J.I.D.—
investigation and writing—review and editing; A.T.C.—data
curation, formal analysis, investigation, visualization, and
writing—review and editing; M.F.—investigation and writing—
review and editing; M.P.—conceptualization, funding acquisi-
tion, methodology, resources, and writing—review and editing;
Y.W.—conceptualization, funding acquisition, and writing—
review and editing; B.J.W.—conceptualization, methodology, and
writing—review and editing; A.H.P.—conceptualization, fund-
ing acquisition, methodology, and writing—review and editing;
G.F.G.—conceptualization, funding acquisition, and writing—
review and editing; A.K.—conceptualization, funding acquisition,
methodology, project administration, supervision, validation,
and writing—review and editing; B.B.—conceptualization, data
curation, formal analysis, funding acquisition, investigation,
methodology, project administration, supervision, validation,
visualization, and writing—original draft and writing—review
and editing.

Data availability
The data that support the findings of this study are openly
available from Enlighten Research Data at http://dx.doi.org/10.55

https://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgac024#supplementary-data
https://casrai.org/credit/


Bryden et al. | 13

25/gla.researchdata.1179. Authors will make reagents described
in this study available on request (by qualified researchers for
their own use). Requests should be directed to the corresponding
author.

References
1. Abudurexiti A, et al. 2019. Taxonomy of the order Bunyavirales:

update 2019. Arch Virol. 164:1949–1965.
2. Hu J. 2018. A cluster of cases of severe fever with throm-

bocytopenia syndrome bunyavirus infection in China, 1996:
a retrospective serological study. PLoS NeglTrop Dis. 12:
e0006603.

3. Yun SM, et al. 2020. Genetic and pathogenic diversity of severe
fever with thrombocytopenia syndrome virus (SFTSV) in South
Korea. JCI Insight. 5:e129531.

4. Kobayashi Y, et al. 2020. Severe fever with Thrombocytopenia
Syndrome, Japan, 2013-2017. Emerg Infect Dis. 26:692–699.

5. Zohaib A, et al. 2020. Serologic evidence of severe fever with
thrombocytopenia syndrome virus and related viruses in Pak-
istan. Emerg Infect Dis. 26:1513–1516.

6. Casel MA, Park SJ, Choi YK. 2021. Severe fever with thrombocy-
topenia syndrome virus: emerging novel phlebovirus and their
control strategy. Exp Mol Med. 53:713–722.

7. Akagi K, et al. 2020. Detection of viral RNA in diverse body fluids in
an SFTS patient with encephalopathy, gastrointestinal bleeding
and pneumonia: a case report and literature review. BMC Infect
Dis. 20:281.

8. Yu XJ, et al. 2011. Fever with thrombocytopenia associated with a
novel bunyavirus in China. N Engl J Med. 364:1523–1532.

9. Khalil J, Kato H, Fujita T. 2021. The role of non-structural protein
NSs in the pathogenesis of severe fever with thrombocytopenia
syndrome. Viruses. 13:876.

10. Brennan B, Rezelj VV, Elliott RM. 2017. Mapping of transcription
termination within the S segment of SFTS Phlebovirus facilitated
generation of NSs deletant viruses. J Virol.91:e00743–17.

11. Yu K-M, et al. 2019. Cross-genotype protection of live-attenuated
vaccine candidate for severe fever with thrombocytopenia syn-
drome virus in a ferret model. Proc Natl Acad Sci. 116:26900–
26908.

12. Seo JW, Kim D, Yun N, Kim DM. 2021. Clinical update of severe
fever with thrombocytopenia syndrome. Viruses. 13:1213.

13. Deng B, et al. 2012. Cytokine and chemokine levels in patients
with severe fever with thrombocytopenia syndrome virus. PLoS
ONE. 7:e41365.

14. Younan P, et al. 2017. Ebola virus binding to Tim-1 on T Lympho-
cytes induces a cytokine storm. mBio. 8:e00845–17.

15. Hojyo S, et al. 2020. How COVID-19 induces cytokine storm with
high mortality. Inflammat Regenerat. 40:37.

16. Bopp NE. Baseline mapping of severe fever with thrombocytope-
nia syndrome virology, epidemiology and vaccine research and
development. NPJ Vaccines. 5:111.

17. Takayama-Ito M, Saijo M. 2020. Antiviral drugs against severe
fever with thrombocytopenia syndrome virus infection. Front
Microbiol. 11:150.

18. Wu Y, et al. 2017. Structures of phlebovirus glycoprotein Gn and
identification of a neutralizing antibody epitope. Proc Natl Acad
Sci. 114:E7564–e7573.

19. Li H, et al. 2018. Epidemiological and clinical features of
laboratory-diagnosed severe fever with thrombocytopenia syn-
drome in China, 2011-17: a prospective observational study.
Lancet Infect Dis. 18:1127–1137.

20. Tani H, et al. 2016. Efficacy of T-705 (Favipiravir) in the treat-
ment of infections with lethal severe fever with thrombocytope-
nia syndrome virus. mSphere. 1:e00061–15.

21. Tani H, et al. 2018. Therapeutic effects of favipiravir against se-
vere fever with thrombocytopenia syndrome virus infection in a
lethal mouse model: dose-efficacy studies upon oral administra-
tion. PLoS ONE. 13:e0206416.

22. Song R, Chen Z, Li W. 2020. Severe fever with thrombocytope-
nia syndrome (SFTS) treated with a novel antiviral medication,
Favipiravir (T-705). Infection. 48:295–298.

23. Song P, et al. 2017. Downregulation of Interferon-beta and inhi-
bition of TLR3 expression are associated with fatal outcome of
severe fever with thrombocytopenia syndrome. Sci Rep. 7:6532.

24. Ding YP, et al. 2014. Prognostic value of clinical and immunologi-
cal markers in acute phase of SFTS virus infection. Clin Microbiol
Infect. 20:O870–O878.

25. Sun Y, et al. 2012. Host cytokine storm is associated with disease
severity of severe fever with thrombocytopenia syndrome. J In-
fect Dis. 206:1085–1094.

26. Matsuno K, et al. 2017. Animal models of emerging tick-borne
phleboviruses: determining target cells in a lethal model of
SFTSV infection. Front Microbiol. 8:104.

27. Yoshikawa R, Sakabe S, Urata S, Yasuda J. 2019. Species-specific
pathogenicity of severe fever with thrombocytopenia syndrome
virus is determined by Anti-STAT2 activity of NSs. J Virol.
93:e02226–18.

28. Dyer DP, et al. 2019. Chemokine receptor redundancy and speci-
ficity are context dependent. Immunity. 50:378–389.e5.

29. Liu J, et al. 2017. Dynamic changes of laboratory parameters and
peripheral blood lymphocyte subsets in severe fever with throm-
bocytopenia syndrome patients. Int J Infect Dis. 58:45–51.

30. Liu MM, Lei XY, Yu H, Zhang JZ, Yu XJ. 2017. Correlation of cy-
tokine level with the severity of severe fever with thrombocy-
topenia syndrome. Virol J. 14:6.

31. Ning YJ, et al. 2019. Interferon-gamma-directed inhibition of a
novel high-pathogenic phlebovirus and viral antagonism of the
antiviral signaling by targeting STAT1. Front Immunol. 10:1182.

32. Tanaka T, Narazaki M, Kishimoto T. 2014. IL-6 in inflamma-
tion, immunity, and disease. Cold Spring Harb Perspect Biol.
6:a016295.

33. Velazquez-Salinas L, Verdugo-Rodriguez A, Rodriguez LL, Borca
MV. 2019. The role of interleukin 6 during viral infections. Front
Microbiol. 10:1057.

34. Shimada S, Posadas-Herrera G, Aoki K, Morita K, Hayasaka D.
2015. Therapeutic effect of post-exposure treatment with anti-
serum on severe fever with thrombocytopenia syndrome (SFTS)
in a mouse model of SFTS virus infection. Virology. 482:19–27.

35. Liu Y, et al. 2014. The pathogenesis of severe fever with throm-
bocytopenia syndrome virus infection in alpha/beta interferon
knockout mice: insights into the pathologic mechanisms of a
new viral hemorrhagic fever. J Virol. 88:1781–1786.

36. Weber F, et al. 2002. Bunyamwera bunyavirus nonstructural pro-
tein NSs counteracts the induction of alpha/beta interferon. J Vi-
rol. 76:7949–7955.

37. Bouloy M, et al. 2001. Genetic evidence for an interferon-
antagonistic function of rift valley fever virus nonstructural pro-
tein NSs. J Virol. 75:1371–1377.

38. Muralidharan A, Reid SP. 2021. Complex roles of neutrophils dur-
ing arboviral infections. Cells. 10:1324.

39. Peng C, et al. 2016. Decreased monocyte subsets and TLR4-
mediated functions in patients with acute severe fever with
thrombocytopenia syndrome (SFTS). Int J Infect Dis. 43:
37–42.

http://dx.doi.org/10.5525/gla.researchdata.1179


14 | PNAS Nexus, 2022, Vol. 1, No. 1

40. Qu B, et al. 2012. Suppression of the interferon and NF-kappaB re-
sponses by severe fever with thrombocytopenia syndrome virus.
J Virol. 86:8388–8401.

41. Drescher B, Bai F. 2013. Neutrophil in viral infections, friend or
foe?. Virus Res. 171:1–7.

42. Xu S, Cao X. 2010. Interleukin-17 and its expanding biological
functions. Cell Mol Immunol. 7:164–174.

43. Griffin GK, et al. 2012. IL-17 and TNF-α sustain neutrophil re-
cruitment during inflammation through synergistic effects on
endothelial activation. J Immunol. 188:6287–6299.

44. Kwon JS, et al. 2018. Kinetics of viral load and cytokines in severe
fever with thrombocytopenia syndrome. J Clin Virol. 101:57–62.

45. Kwon J-S, et al. 2021. Viral and immunologic factors associated
with fatal outcome of patients with severe fever with thrombo-
cytopenia syndrome in Korea. Viruses. 13:2351.

46. Yoo JR, et al. 2021. IL-6 and IL-10 levels, rather than viral load and
neutralizing antibody titers, determine the fate of patients with
severe fever with thrombocytopenia syndrome virus infection in
South Korea. Front Immunol. 12:711847.

47. Rubin EJ, Longo DL, Baden LR. 2021. Interleukin-6 receptor inhi-
bition in Covid-19 – cooling the inflammatory soup. N Engl J Med.
384:1564–1565.

48. Garrison AR, Smith DR, Golden JW. 2019. Animal models for
Crimean-Congo hemorrhagic fever human disease. Viruses.
11:590.

49. Caroline AL, Kujawa MR, Oury TD, Reed DS, Hartman AL. 2015.
Inflammatory biomarkers associated with lethal rift valley fever
encephalitis in the lewis rat model. Front Microbiol. 6:1509.

50. Gorman MJ, et al. 2018. An immunocompetent mouse model of
Zika virus infection. Cell Host Microbe. 23:672–685.e676.

51. Boring L, et al. 1997. Impaired monocyte migration and reduced
type 1 (Th1) cytokine responses in C-C chemokine receptor 2
knockout mice. J Clin Invest. 100:2552–2561.

52. Brennan B, et al. 2015. Reverse genetics system for severe fever
with thrombocytopenia syndrome virus. J Virol. 89:3026–3037.

53 Percie du Sert N, 2020. Reporting animal research: explana-
tion and elaboration for the ARRIVE guidelines 2.0. PLOS Biol.
18:e3000411.


