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VIROLOGY

CCR2 is a host entry receptor for severe fever with
thrombocytopenia syndrome virus

Leike Zhang'?*t, Xuefang Peng?®t, Qingxing Wang'+, Jin Li*, Shouming Lv?, Shuo Han?,
Lingyu Zhang?, Heng Ding®, Cong-Yi Wang®, Gengfu Xiao', Xuguang Du*, Ke Peng'*, Hao Li

Wei Liu3%*

Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne bunyavirus causing a
high fatality rate of up to 30%. To date, the receptor mediating SFTSV entry remained uncharacterized, hinder-
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ing the understanding of disease pathogenesis. Here, C-C motif chemokine receptor 2 (CCR2) was identified as a
host receptor for SFTSV based on a genome-wide CRISPR-Cas9 screen. Knockout of CCR2 substantially reduced
viral binding and infection. CCR2 enhanced SFTSV binding through direct binding to SFTSV glycoprotein N (Gn),
which is mediated by its N-terminal extracellular domain. Depletion of CCR2 in C57BL/6J mouse model atten-
uated SFTSV replication and pathogenesis. The peripheral blood primary monocytes from elderly individuals or
subjects with underlying diabetes mellitus showed higher CCR2 surface expression and supported stronger
binding and replication of SFTSV. Together, these data indicate that CCR2 is a host entry receptor for SFTSV
infection and a novel target for developing anti-SFTSV therapeutics.

INTRODUCTION

Emerging arboviral diseases pose a serious threat to public health
and global economy. The World Health Organization (WHO) re-
cently launched the Global Arbovirus Initiative to raise the global
alarm on the risk of epidemics of arboviruses and the potential
risk of pandemics (1). Several different families of arboviruses, in-
cluding phenuiviruses, nairoviruses, and hantaviruses, can cause
viral hemorrhagic fever (VHF) in humans. Severe fever with throm-
bocytopenia syndrome (SFTS) caused by a bunyavirus [SFTS virus
(SFTSV)] that was recently named Dabie bandavirus in the family
Phenuiviridae (formerly Bunyaviridae) is the most notorious VHF
disease, primarily because of its wide geographical distribution and
high mortality rate (12 to 50%). Since its first identification in China
in 2009 (2), SFTS has affected a rapidly growing number of people,
with a consistently expanded geographic distribution, mostly in
Asian countries, including China, Korea, Japan, Vietnam, Pakistan,
Myanmar, and Thailand (3-10).

Tick-to-human transmission is the main route by which people
are infected with SFTSV, and Hemaphysalis longicornis is the pre-
dominant tick vector (11). This tick species, originally native to East
and Southeast Asia and eastern Russia, spread to Australia and
Western Pacific regions more than 200 years ago (12) and was re-
cently found in the eastern United States (13). Cases of human-to-
human transmission through exposure to blood or bloody secre-
tions of SFTS patients have been increasingly reported (14). The es-
calating numbers of human patients, the rapid spread of tick vectors
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worldwide, and the multiple occurrences of human-to-human
transmission cases have raised concern about the potential SFTS
pandemic, promoting the prioritized research declaration on
SFTS by the WHO (15).

Resembling the clinical syndrome manifested in VHF, SFTSV
infection results in severe or critical consequences, including hem-
orrhage, encephalitis, and multiple organ failure, all of which are
related to high probability of death, ranging from 16.2% in China
to 23.3% in South Korea and 27.0% in Japan (5, 16—18). Despite
the clinical significance, specific therapeutics against SFTS are un-
available, in part due to the lack of knowledge on host factors, espe-
cially the cellular entry receptors, that contribute to SFTSV
infection.

SETSV is a negative-sense single-stranded RNA (ssRNA) virus
and contains a segmented, tripartite genome of large (L), medium
(M), and small (S) segments. The M segment encodes a glycopro-
tein precursor (Gp) that is processed into two subunits: glycopro-
tein N (Gn) and glycoprotein C (Gc). Resembling Rift Valley fever
virus (RVFV), another highly lethal member in the family Phenui-
viridae (19, 20), the Gc protein of SFTSV is a class II fusion protein
(21), and the Gn protein of SFTSV plays a key role in receptor
binding by serving as “spikes” on the virion surface (21, 22). Cur-
rently, only a few attachment factors and receptors are known for
phenuiviruses. The glycosaminoglycan heparan sulfate (HS) has
been indicated as an attachment factor for RVFV and Toscana
virus (TOSV) (23). The C-type lectin dendritic cell-specific inter-
cellular adhesion molecule-3—grabbing nonintegrin (DC-SIGN) has
been recognized as an endocytic factor for RVFV, SFTSV, and Uu-
kuniemi virus (UUKYV) (24-26). The role of these host factors in
disease pathogenesis and their clinical relevance have rarely been
disclosed. Phenuiviruses may use multiple receptors to target and
infect abundant numbers of distinct cell types, tissues, and species
(20), and many aspects of phenuivirus receptors thus remain to be
studied. High-throughput screens by selectively inactivating genes
of the human genome are conducive to identifying novel factors es-
sential for cellular entry by phenuiviruses. For example, by using the
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CRISPR-Cas9 system, low-density lipoprotein receptor-related
protein 1 (LRP1) was identified as a host entry factor for RVFV
and suggested as a new target to limit RVFV infections (20).
Here, by performing a genome-wide CRISPR-Cas9-based
screen, we identified C-C motif chemokine receptor 2 (CCR2), a
G protein—coupled receptor (GPCR), as a critical host factor for
SETSV entry. Knockout (KO) of CCR2 markedly reduced SFTSV
infection in cells, while overexpression of CCR2 resulted in in-
creased infection. A direct interaction between SFTSV Gn and the
N-terminal extracellular domain of CCR2, mediated by tyrosine
sulfation at the Y26 site, was further demonstrated. The disruption
of the interaction process inhibited virus binding otherwise. The
significance of the Gn-CCR?2 interaction was validated in mouse
models through protection against SFTSV lethal infection
through CCR2 deletion or CCR2 antagonist treatment. Clinical sig-
nificance was displayed in that peripheral blood primary human
monocytes from elderly individuals or subjects with underlying di-
abetes mellitus (DM) expressed higher levels of CCR2 and support-
ed stronger SFTSV entry and replication, thus uncovering why these
individuals are at higher risk for lethal SFTSV infection.

RESULTS

Genome-wide CRISPR-Cas9-based screening identified
CCR2 as a critical factor for SFTSV infection

To identify cellular factors required for SFTSV infection, we per-
formed a genome-wide piggyBac (PB)-CRISPR/Cas9-based
screen using the GeCKOv2 library in Huh7 cells (27, 28). We
used an authentic SFTSV strain isolated from a febrile patient to
infect the library-transduced cells and wild-type (WT) cells at a
multiplicity of infection (MOI) of 5 for 48 hours. Approximately
10% uninfected cells as determined by fluorescence-activated cell
sorting with the use of a rabbit polyclonal antibody against
SETSV nucleoprotein (NP) were enriched from the library-trans-
duced cells, while the WT Huh7 cells showed efficient infection
(fig. S1). The SFTSV-negative cells were subjected to single-guide
RNA (sgRNA) amplification and next-generation sequencing.
CCR2, which is a member of the class A GPCRs and the key func-
tional receptor for monocyte chemoattractant protein 1/chemokine
ligand 2 (CCL2) (29), was identified as one of the top hits of all the
membrane proteins (table S1).

The role of CCR2 in SFTSV infection was first validated by RNA
interference. In Huh?7 cells, knockdown of CCR2 showed a stronger
inhibitory effect on SFTSV infection than silencing of activating
transcription factor 6 (ATF6), an important host factor for main-
taining the intracellular level of SFTSV Gp and virus replication
(30), which was included as a positive control (fig. S2, A and B).
CCR2 is expressed on monocytes and macrophages, both of
which act as the target cells of SFTSV infection in human patients
and mouse models (31, 32). Silencing CCR2 in THP-1 cells, a
human monocytic cell line, and Raw264.7 cells, a murine monocytic
cell line, also reduced SFTSV infection by up to 60 and 50%, respec-
tively (Fig. 1, A to C, and fig. S2, C and D). We further generated
CCR2-KO THP-1 cells using the CRISPR-Cas9 system, for which
both gene deletion and cell viability were confirmed (fig. S3, A to
D). Infection of four authentic SFTSV strains, representative of phy-
logenetically distinct clades that circulate in human patients (33,
34), was strongly inhibited in CCR2-KO THP-1 cells, with intracel-
lular viral RNA (vRNA) levels reduced by more than 80% (Fig. 1D).
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Notably, the production of SFTSV progeny virions was reduced by
nearly 1000 times in CCR2-KO cells at 72 hours after virus inocu-
lation (Fig. 1E). Next, bone marrow—derived macrophages
(BMDMs) were prepared from CCR2™~ and WT C57BL/6] mice
and subsequently subjected to assessment of SFTSV infectivity
(Fig. 1F). Compared to the BMDMs isolated from WT controls,
the production of SFTSV progeny virions was significantly
reduced in the cells from CCR2™~ mice (Fig. 1, G and H). The in-
hibitory effect on SFTSV infection was further confirmed by immu-
nostaining of intracellular SFTSV NP in BMDMs from CCR2™~
mice (Fig. 1I).

CCR2 exists as two splice variants, named CCR2A and CCR2B,
which differ only in the lengths of their C termini (29). The lenti-
virus-mediated overexpression of CCR2A and CCR2B was conduct-
ed in Huh7, HeLa, and Jurkat cells with relatively low CCR2 surface
expression levels (fig. S3E), which resulted in significantly increased
SFTSV infection rates and viral titers in all three cell lines (Fig. 1, ] to
L, and fig. S4). Notably, overexpression of CCR2B, the predominant
isoform of the CCR2 surface receptors (35), showed a stronger
impact on promoting SFTSV infection than overexpression of
CCR2A (Fig. 1, J to L). Together, these results demonstrate that
CCR2 is a critical host factor for SFTSV infection in vitro.

Effect of CCR2 inhibitors and antibody on SFTSV infection
in cells

Two small-molecule inhibitors specific for CCR2, antagonist
RS102895 and antagonist 1, which can potently compete against
CCL2 binding to CCR2, were used to pretreat THP-1 or Huh7
cells before the inoculation of SFTSV. At 24 hours after infection,
CCR?2 antagonist RS102895 and antagonist 1 significantly inhibited
SETSV infection by detecting the intracellular SFTSV vVRNA levels
and supernatant viral titers, when oseltamivir phosphate and beni-
dipine hydrochloride were used as the negative and positive con-
trols, respectively (fig. S5, A to D). Moreover, both CCR2
antagonists showed a dose-dependent inhibitory effect on SFTSV
infection in THP-1 and Huh?7 cells (Fig. 2, A to F, and fig. S5, E
and F). The half cytotoxic concentration (CCs,) and half maximal
inhibitory concentration (IC5,) were determined to be 101.7 and
3.061 uM for CCR2 antagonist RS102895 and 4150 and 37.76 uM
for CCR2 antagonist 1 in Huh7 cells, resulting in selection indices of
33.2 and 109.9, respectively (Fig. 2, D and E). Consistently, incuba-
tion with an anti-human CCR2 antibody also inhibited the produc-
tion of SFTSV progeny virions in THP-1 cells in a dose-dependent
manner (Fig. 2G). SFTSV infection rates measured by flow cytom-
etry analysis were significantly reduced in cells treated with the anti-
human CCR2 antibody at MOIs of 1 and 5 (Fig. 2, H and I). These
findings suggest that inhibitors and antibodies targeting CCR2
present potential therapeutic avenues to treat SFTS.

CCR2 is essential for SFTSV binding

CCR2 is a GPCR localized on the plasma membrane and has been
recognized as a co-receptor for HIV-1 (36); thus, we analyzed
whether it might function in SFTSV entry. Compared with infection
of BMDMs isolated from WT C57BL/6] mice, SFTSV binding and
internalization were significantly reduced by approximately 60 and
80%, respectively, in CCR2~~ BMDMs (Fig. 3, A and B). This effect
on viral binding was further supported by an immunofluorescence
assay detecting cell-bound SFTSV NP protein (Fig. 3C). The
binding of SFTSV was also reduced by approximately 40% in
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Fig. 1. CCR2 is required for efficient SFTSV infection in cells. (A to C) RT-qPCR (A), flow cytometry (B), and Western blot (C) analysis of SFTSV infection at 24 hours after
infection in CCR2- or ATF6-knockdown THP-1 cells. n = 6. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) RT-gPCR analysis of virus RNA in CCR2-KO THP-1 cells
inoculated with four phylogenetically distinct SFTSV strains, including HBMC16, HNXY2017-50, HNXY2017-66, and WCH, for 24 hours. n = 4. (E) Multistep growth curves of
four SFTSV strains in CCR2-KO THP-1 cells. n = 4. (F) Surface expression of CCR2 on BMDMs from CCR2~~ and WT C57BL/6J mice. A representative of three replicates is
shown. (G and H) Statistical results (G) and scanned images (H) of the immunological focus assay of SFTSV titers at 24 hours after infection in BMDMs with deletions in
CCR2. n = 6. () Microscopy of BMDMs immunostained for F4/80, SFTSV NP, and DAPI at 24 hours after infection. (J) SFTSV infection rates at 24 hours after infection
determined by flow cytometry analysis in Huh7, Hela, and Jurkat cells overexpressing CCR2A or CCR2B. n = 6. (K) Representative flow plot of SFTSV infection in
Huh7 cells. (L) Supernatant viral titers measured by immunological focus assay in Huh7, HeLa, and Jurkat cells overexpressing CCR2A or CCR2B. n = 6. Two-tailed Student's
t test was performed for comparison of variables between two groups [(A), (B), (D), and (G)]. One-way ANOVA followed by Tukey's multiple comparisons test was per-

formed for comparison of variables among three groups [(J) and (K)].
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Fig. 2. Effect of CCR2 inhibitor and antibody on SFTSV infection in cells. (A to F) Effects of CCR2 antagonist R$102895 and CCR2 antagonist 1 on SFTSV infection in
THP-1 (A) to (C) and Huh?7 cells (D) to (F). At 24 hours after infection, relative vVRNA levels were measured via RT-qPCR [(A), (B), (D), and (E), n = 3], and relative intracellular
SFTSV NP levels were measured by Western blotting (C) and (F). Cell viability was measured using CCK-8 [(D) and (E), n = 3]. (G to I) Effects of CCR2 antibody on SFTSV
infection in THP-1 cells. The dose-dependent inhibitory effects of the CCR2 antibody were analyzed by detecting virus loads in THP-1 cells at 24 hours after infection [(G), n
=6]. SFTSV infection rates were measured at 24 hours after infection with MOlIs of 1 and 5 [(H), n = 6]. Representative flow plot of SFTSV infection in THP-1 cells treated with
anti-human CCR2 or isotype control antibody (I). Two-tailed Student's t test was performed for comparison of variables between two groups [(A), (B), (D), (E), (G), and (H)].

R? [(A), (B), (D), and (E)] was estimated by a nonlinear regression model (curve fit).

CCR2-KO THP-1 cells (Fig. 3, D and E). Reciprocally, overexpres-
sion of CCR2A or CCR2B enhanced SFTSV binding in Huh7,
HelLa, and Jurkat cells, of which CCR2B (1.6- to 2.6-fold increase)
showed a stronger effect in promoting SFTSV binding than CCR2A
(1.3- to 1.6-fold increase) (Fig. 3F). Treatment with two CCR2 an-
tagonists significantly inhibited SFTSV binding and internalization,
while favipiravir, a known anti-SFTSV drug that inhibits viral
genome replication (37), did not show such an effect (Fig. 3, G to
I, and fig. S6). We additionally inoculated CCR2-KO THP-1 cells
with a panel of bunyaviruses that are pathogenic to human
beings, i.e., Heartland virus (HRTV), RVFV, or Amur hantavirus
(AMRYV), but revealed no significantly reduced effect on viral
binding (Fig. 3J). The CCR2 antagonists also did not affect the
binding of these bunyaviruses to THP-1 cells (Fig. 3, K and L).
These results together suggest that CCR2 may act as a specific
host entry factor for SETSV.

Zhang et al., Sci. Adv. 9, eadg6856 (2023) 2 August 2023

The N-terminal domain of CCR2 directly binds to the

SFTSV virion

To analyze the physical interaction between SFTSV and CCR2, we
performed coimmunoprecipitation assay. We confirmed the inter-
action between SFTSV Gn and both CCR2 isoforms (CCR2A and
CCR2B), but not between SFTSV Gn and enhanced green fluores-
cent protein (EGFP) or membrane protein scavenger receptor class
B member 1 (SCARBL1), which served as negative controls (Fig. 4A).
CCR2A and CCR2B have a common N-terminal extracellular
domain, which mediates ligand binding to CCL2 (29); thus, the
effect of the CCR2 N-terminal extracellular domain on the infectiv-
ity of SFTSV was further assessed. The CCR2 construct in which the
N-terminal region was deleted without affecting the expression of
CCR2 on the cell surface (fig. S7) showed no promoting effect on
SFTSV infection in five cell lines, i.e., Huh7, HeLa, Jurkat, NALM-6,
and HL-7702 cells (Fig. 4, B to F, and fig. S8A). In the extracellular
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Fig. 3. CCR2 mediates SFTSV binding and internalization. (A and B) Effects of CCR2 deletions on the internalization (A) and binding (B) of SFTSV in BMDM:s. Relative
VRNA levels were measured via RT-qPCR. n = 6. (C) Fluorescence microscopy analysis of the effects of CCR2 deletions on the binding of SFTSV. BMDMs were immunos-
tained with F4/80 (green), SFTSV NP (red), and DAPI. A representative of three replicates is shown. (D and E) SFTSV binding assay in CCR2-KO (KO) THP-1 cells by using RT-
qPCR (D) and immunofluorescence staining (E). n = 4. Cellular membranes were labeled with WGA. (F) Flow cytometry analysis of SFTSV infection at 2 hours after infection
in Huh7, HelLa, and Jurkat cells overexpressing CCR2A or CCR2B. n = 6. (G to I) Effects of the CCR2 antagonist R5102895 (G), CCR2 antagonist 1 (H), and favipiravir (1) on the
binding and internalization of SFTSV in THP-1 cells. n = 3. (J) Binding assay of HRTV, RVFV, and AMRYV for control and CCR2-KO THP-1 cells. n = 3. (K and L) Effects of CCR2
antagonist R5102895 (K) and CCR2 antagonist 1 (L) on the binding of HRTV, RVFV, and AMRV in THP-1 cells. n = 3. Two-tailed Student's t test was performed for comparison
of variables between two groups [(A), (B), (D), and (J)]. One-way ANOVA followed by Tukey's multiple comparisons test was performed for comparison of variables among
three groups [(F) to (1), (K), and (L)]. ns, no significance; p.i., post-infection.
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N-terminal domain of CCR2, Y26 is recognized as a tyrosine sulfa-
tion site that plays an important role in ligand binding (38, 39). The
Y to F substitution at this site (Y26F) impaired CCR2's capacity to
promote SFTSV binding and infection (Fig. 4, F and G, and fig.
S8B). In contrast, a mutant construct with N to Q substitution in
N14 (N14Q), a glycosylation site that has no impact upon ligand
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binding to CCR2 (36, 40), supported SFTSV infection in HeLa
and Jurkat cells similar to WT CCR2 (Fig. 4, F and G).

To determine whether SFTSV directly binds to the CCR2 N-ter-
minal domain, we incubated purified SFTSV virions together with
equal amounts of peptides derived from the N-terminal region of
CCR2 (18-31) and then performed immunoprecipitation (IP)
with an MADb4-5 antibody, which specifically recognizes the

6 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

SFTSV Gn protein (21). The absolute quantification of SFTSV-
bound peptides was further evaluated by using a parallel reaction
monitoring (PRM) assay, a targeted mass spectrometry (MS)
method that has been widely used to quantify peptides (41).
CCR2 N-terminal-derived Y26 sulfated peptide (p2) was enriched
by SFTSV virions, which was not observed for the peptide without
tyrosine sulfation at Y26 (p1) or the scrambled peptide (Fig. 4H and
fig. S9). Moreover, pretreatment of SFTSV virions with the sulfated
peptide p2 markedly reduced SFTSV infection in a dose-dependent
manner (Fig. 4, I and J) and significantly blocked viral binding
(Fig. 4K). In contrast, neither the nonsulfated peptide pl nor the
scrambled peptide showed an inhibitory effect on SFTSV infection.
These results suggest that the sulfated peptide p2 exclusively inter-
acts with SFTSV virions in a direct manner.

CCR2 is required for lethal SFTSV infection in

mouse models

We next sought to evaluate the effect of CCR2 on SFTSV infection
and disease pathogenesis in mouse models. In the SFTSV-infected
C57BL/6] mouse model (32), we observed signiﬁcantl}f decreased
viral loads in the serum and spleen samples of CCR2™'™ mice at 3
and 5 days after intraperitoneal challenge with SFTSV (Fig. 5A). In
the SFTSV-infected lethal mouse model enabled through pretreat-
ment with anti—interferon a receptor 1 (IFNAR1) immunoglobulin
G (IgG) antibody that can recapitulate human clinical symptoms
(42), we observed a faster recovery in body weight with significant
increases at 5 to 9 days post-infection (dpi) (all P < 0.05; Fig. 5B),
and a significantly enhanced survival rate (by 55%: from 64 to 9%, P
= 0.0060) in CCR2™'~ mice (Fig. 5B). In the WT control group,
death occurred at 5 (n = 3), 6 (n = 3), and 7 (n = 1) dpi, resulting
in an average survival time (AST) of 5.7 days. Notably, significantly
increased AST was observed for the CCR2™/~ (7 days) mice that suc-
cumbed to infection (Fig. 5C). To analyze the effect of CCR2 on
viremia, viral dissemination, and tissue pathology, four mice from
each group were euthanized at 3 and 5 dpi. The viral titers in the
serum, spleen, liver, and lung samples were all inhibited
(Fig. 5D), and the reduced SFTSV infection was verified in the
spleen, liver, and lung tissues with immunohistochemistry
(Fig. 5E). CCR2™/~ mice with SFTSV infection showed alleviated
pathogenesis in comparison with the WT control, as evidenced
by attenuated histopathological abnormalities, e.g., white pulp
atrophy and increased megakaryocyte counts in the spleen, coagu-
lation necrosis and mononuclear cell infiltration in the liver, and
widening of the alveolar septum and interstitial infiltrates in the
lung (Fig. 5F). In addition, using the anti-IFNARI antibody—pre-
treated C57BL/6] mouse model, CCR2 antagonist treatment also
significantly reduced the viral loads in the serum, spleen, and
liver samples (Fig. 5F and fig. S10A) and markedly alleviated
SFTSV-induced pathogenesis (fig. S10B), compared to vehicle
control. In the vehicle control group, SFTSV infection led to the fa-
tality rate of 61.5% (8 of 13) and CCR2 antagonist treatment signifi-
cantly decreased the fatality rate to 23.1% (3 of 13, P = 0.0218;
Fig. 5H). These in vivo experiments establish a function for CCR2
in the pathogenesis of SFTSV infection.

CCR2 contributes to severe SFTSV infection in the patients

SFTS patients with older age or preexisting comorbidities, particu-
larly DM, have been demonstrated to be at a higher risk for fatal
outcomes (5, 6, 43); however, the underlying mechanism is
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obscure. Considering the well-acknowledged increased expression
of CCR2 on monocytes in the elderly and individuals with DM
(44, 45), we analyzed the correlation between CCR2 abundance
and SFTSV infection severity with respect to age and preexisting
conditions. Through ex vivo infection, peripheral blood primary
human monocytes isolated from both elderly individuals (>60
years old) and individuals with DM were more susceptible to
SFTSV binding than those prepared from individuals aged under
60 years and non-DM individuals, respectively (Fig. 6, A and B).
On the basis of data from monocytes isolated from healthy
donors of various ages, we confirmed a significantly positive corre-
lation between the cell surface expression level of CCR2 and the
binding ability of SFTSV (R* = 0.735, P = 0.001; Fig. 6C). A clinical
investigation of 45 patients with SFTS further revealed a positive
correlation between the CCR2 expression level on monocytes and
the peak viral load in the serum samples that were consecutively col-
lected during the clinical course (R* = 0.76, P < 0.001; Fig. 6D).
Plasmablasts were recently determined to be highly susceptible
to SFTSV infection, with remarkable expansion in SFTS patients
and correlated with lethal outcome (31, 46). We simultaneously
demonstrated increased expression levels of CCR2 on plasmablasts
and plasma cells after their differentiation from B cells (fig. S11, A to
C). Moreover, H929, a human myeloma plasma cell line with a high
level of CCR2 expression, showed significantly higher susceptibility
to SFTSV than other B cell lines (fig. S11, D and E). Together, these
findings indicate that the higher expression level of CCR2 on mono-
cytes and plasmablasts contributes to the poor disease prognosis
and higher mortality observed in severe SFTS patients (5, 6, 43).

DISCUSSION

SFTSV has a broad host tropism that comprises humans, livestock,
and wildlife and can infect a variety of cell types in patients such as
epithelial cells, monocytes, and macrophages (2, 47, 48); thus, iden-
tification of host factors that mediate cell entry of SFTSV is impor-
tant for understanding viral pathogenesis. Considering the broad
spectrum of virus susceptible cells, it is conceivable that different
receptors may mediate SFTSV infection of different cell types. Pre-
vious studies revealed that DC-SIGN can facilitate the entry of
SFTSV (24, 25), as well as other phenuiviruses such as RVFV and
UUKY, in a glycosylation-dependent manner (26). Nonmuscle
myosin heavy chain IIA (NMMHC IIA) was reported as an attach-
ment factor for SFTSV infection, which contributes to SFTSV infec-
tion via endocytosis and phagocytosis (49). Despite these findings,
the identification of a receptor that mediates SFTSV infection of key
target cell types remains an unsolved endeavor.

Here, we performed a genome-wide CRISPR-Cas9-based screen
and identified protocadherin 9 (PCDH9) and CCR2 as the top two
hit genes. A close relative member of PCDH9Y, the cadherin-super-
family PCDH]1, has been recognized as a critical host factor for cell
entry by two bunyavirus members, Andes virus (ANDV) and Sin
Nombre virus (SNV) (50), while knockdown of PCDH9 did not
affect SFTSV, HRTV, or Guertu virus (GTV) binding to cells or in-
fection at 4 hours after infection, suggesting that PCDH9 is not in-
volved in the entry phase of SFTSV, HRTV, or GTV (fig. S12). The
result that PCDH9 depletion reduced SFTSV replication at 24 hours
after infection suggests that PCDH9 may regulate SFTSV infection
events downstream of entry. Notably, depletion of CCR2 led to
strongly reduced SFTSV binding and infection in both the human
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Fig. 5. CCR2 contributes to SFTSV pathogenesis in mouse models. (A) Serum and spleen viral titers in SFTSV-infected CCR2™~ and WT C57BL/6J mice (four for each
group) tested by immunological focus assay at 3 and 5 dpi. (B and C) Survival probability (B) and relative body weight (C) in anti-IFNAR1 antibody—pretreated CCR2 " (n=
11) and WT (n = 11) C57BL/6J mice after intraperitoneal infection with SFTSV. (D) Viral titers in serum, spleen, liver, and lung samples from anti-IFNART antibody—pre-
treated CCR2™/~ and WT C57BL/6J mice (four for each group) tested by immunological focus assay at 3 and 5 dpi. (E and F) Representative images of spleen, liver, and lung
sections collected at 5 dpi from control and SFTSV-challenged CCR2™~ and WT C57BL/6J mice stained with a rabbit polyclonal antibody against SFTSV NP (E) or with
hematoxylin and eosin (F). (G) Viral titers in serum from anti-IFNAR1 antibody—pretreated C57BL/6J mice tested by immunological focus assay at 3 (n = 13 for each group)
and 5 (n = 10 for nontreated group and n = 13 for treated group) dpi. (H) Survival probability in anti-IFNAR1 antibody—pretreated C57BL/6J mice with SFTSV infection in
the absence (n = 13) or presence (n = 13) of CCR2 antagonist RS$102895 and without SFTSV infection (n = 5). Two-tailed Student's t test was performed for comparison of
variables between two groups [(A), (B), (D), and (G)]. The Kaplan-Meier method was used to analyze time-to-event data [(C) and (H)].
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Fig. 6. CCR2 contributes to SFTSV infectivity in primary human monocytes. (A
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cytes (left) and the ability of SFTS binding (right) between donors aged <60 (n =
10) and >60 (n = 10) years old (A), as well as between healthy donors (n = 8) and
donors with DM (n = 8) (B). MFIl, mean fluorescent intensity. (C) Association of
surface CCR2 expression level on primary human monocytes with virus binding
ability or with the age of donors (n = 20). Ra2 indicates the correlation between
the CCR2 expression level and individual age, and Ry? indicates the correlation
between the CCR2 expression level and the binding ability of SFTSV. (D) Associa-
tion of surface CCR2 expression level on primary human monocytes with the peak
viral load in serum that was consecutively collected from SFTS patients (n = 45)
during the clinical course. Two-tailed Student's t test was performed for compar-
ison of variables between two groups [(A) and (B)]. R? [(C) and (D)] was estimated
by a linear regression model. HC, healthy control; DM, diabetes mellitus; CT, cycle
threshold.

monocytic THP-1 cell line and mouse primary BMDMs. The role of
CCR2 in mediating virus binding appears specific to SFTSV
because CCR2 depletion or CCR2 inhibitor treatment did not
affect the binding of other bunyaviruses such as HRTV, RVFV,
and AMRYV. Of these viruses, HRTV is closely related to SFTSV;
however, the anti-SFTSV Gn antibodies, Mab4-5 and Ab10,
showed no cross-reaction with HRTV (51).

CCR2 has two isoforms, CCR2A and CCR2B, which have a
common N-terminal extracellular domain that mediates direct
binding with SFTSV Gn. We further showed that tyrosine sulfation
at the Y26 site of the CCR2 N-terminal domain is critical for
binding. This allowed the development of an inhibitory peptide
derived from the CCR2 N-terminal region that significantly inhib-
ited SFTSV binding and infection. A CCR2 antagonist exhibited sig-
nificant protection against SFTSV infection in a lethal mouse
infection model, further supporting its potential as a target for de-
veloping effective anti-SFTSV therapeutic measures.

CCR2 is highly expressed in monocytes and serves as a function-
al receptor for the chemokine CCL2 (29). We have demonstrated in
our previous studies that monocytes are a major target cell type of
SFTSV infection and trigger pathogenic inflammatory responses in
SFTS patients (31, 42). It is therefore possible that CCR2-mediated
efficient SFTSV infection of monocytes may play important roles in
promoting virus dissemination and inflammatory pathogenesis in
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patients. Whether additional receptors may mediate SFTSV infec-
tion of monocytes awaits further investigation.

Patients of older age or with underlying DM suffer a higher fa-
tality rate from SFTSV infection (5, 6, 43), and the underlying
reason is unclear. Here, we found that monocytes prepared from
individuals of either older age or with DM showed a significantly
up-regulated CCR2 expression level and supported more robust
SFTSV infection. Considering the well-established functions of
CCR2 in promoting inflammation, it can be speculated that
CCR2-high monocytes could also trigger stronger inflammatory re-
sponses upon SFTSV infection. Together, these factors may lead to
the worsened SFTS prognosis in elderly patients or those with un-
derlying DM.

Recent studies have reported a robust differentiation process
from naive B cells into plasmablasts during the course of SFTSV in-
fection in patients, with plasmablasts acting as a major target cell for
SETSV infection at the late stage of disease (31, 46). Compared with
naive B cells, plasmablasts are more susceptible to SFTSV infection,
leading to compromised antigen-presenting function and impaired
humoral immune responses. We revealed significantly higher ex-
pression levels of CCR2 in both plasmablasts and the H929 B cell
line than in other B cell types, which may explain their increased
susceptibility to SFTSV infection. The higher expression level of
CCR2 on monocytes and plasmablasts, two major target cell types
of SFTSV in patients, further corroborates the critical role of CCR2
in mediating SFTSV infection and pathogenesis.

In summary, we established a critical role of CCR2 in mediating
SETSV entry in a variety of cell types and demonstrated the impor-
tance of CCR2 in SFTS disease pathogenesis based on mouse
models and clinical data. Because SFTSV infects multiple organs
in patients, it should also be noted that additional receptors may
mediate SFTSV infection of other cell types and tissues. Neverthe-
less, considering the critical role of CCR2 in mediating SFTSV in-
fection of monocytes and plasmablasts, two major target cell types
that contribute to SFTS pathogenesis, it is worthwhile to develop
therapeutic strategies targeting CCR2 in treating SFTSV infection.

MATERIALS AND METHODS

Study design

This study was designed to identify new host factors for cellular
entry by SFTSV and to evaluate their potential efficiency as
targets for developing anti-SFTSV therapeutic measures. We estab-
lished an unbiased genome-wide CRISPR-Cas9-based screen to
discover host factors for SFTSV entry and verified the role of hit
genes in mediating viral binding and replication using virological
and biochemical experiments. Gene KO mouse models were used
to evaluate the effect of the hit gene on SFTSV infection and
disease pathogenesis by virologic and histopathologic measure-
ments. The effect of inhibitors or antibodies that block the interac-
tion between SFTSV Gn and the entry factor was investigated in
vitro and in mouse models. We also assessed the clinical relevance
of the hit gene in the pathogenesis of SFTSV infection, especially its
contribution to promoting viral infection and exacerbating poor
prognosis. All experiments were conducted with the approval of
the Institutional Animal Care and Use Committee at the Beijing In-
stitute of Microbiology and Epidemiology (IACUC-IME-2021-
003). The clinical sample collection was approved by the human
ethics committee of the institute in accordance with the medical
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research regulations of China (AF/SC-08/02.114). All participants
provided written informed consent to have their samples and infor-
mation collected.

Cells and viruses

THP-1, Jurkat, NALM-6, Raji, and BC-3 cells obtained from the
American Type Culture Collection (ATCC), as well as H929 cells
obtained from the China Center for Type Culture Collection
(CCTCC), were maintained in RPMI 1640 medium (Gibco Invitro-
gen, catalog no. 11875093) containing 10% fetal bovine serum (FBS;
Gibco Invitrogen, catalog no. 10099141) and 10 nM Hepes (Gibco
Invitrogen, catalog no. 15630130). Raw264.7, Vero, and human em-
bryonic kidney (HEK) 293T cells obtained from ATCC, Huh7 cells
obtained from CCTCC, as well as HL-7702 cells obtained from Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco Invitrogen, catalog n0.11995065) containing 10% FBS and
10 mM Hepes. All the cells were cultured at 37°C in a humidified
atmosphere of 5% CO,.

For the preparation of BMDMs, femur and tibia bones were dis-
sected from 6-week-old C57BL/6] mice, and bone marrow cells
were collected under sterile conditions and then maintained in
DMEM containing 10% FBS, 1% penicillin/streptomycin, and mac-
rophage colony-stimulating factor (M-CSF; 50 ng/ml). After 7 days
in culture, adherent cells were more than 90% pure BMDMs, which
were used immediately for experiments or stored at —80°C.

SFTSV strain HBMC16_human_2015 (52), HRTV isolate
patient 1 (53), and RVFV strain BJ01 (54) were obtained from the
National Virus Resource Centre, and Amur virus (AMRYV) (55) was
obtained from the Beijing Institute of Microbiology and Epidemi-
ology. The SFTSV strains WCH, HNXY2017-50, and HNXY2017-
66 were isolated from serum samples of patients with SFTS in
People’s Liberation Army 154 Hospital in Xinyang City of Henan
Province, China. All viruses were propagated in Vero cells and
used appropriately in this study. Experiments with viruses were per-
formed in a biosafety level 2 (BSL-2; SFTSV) or 3 (BSL-3; HRTV,
RVFV, and AMRYV) facilities, in accordance with institutional bio-
safety operating procedures.

CRISPR-Cas9-based screen and data analysis

To construct the PB-CRISPR-human KO library, we synthesized
DNA oligonucleotide library according to the genome-wide guide
RNA list (27). The synthesized DNA oligonucleotides were ampli-
fied by polymerase chain reaction (PCR) using Q5 DNA polymerase
(New England Biolabs) and purified using the QIAquick Gel Ex-
traction Kit (Qiagen). The pCRISPR sg4 vector was digested with
Bbs I (New England Biolabs), and the amplified sgRNA sequences
were assembled into the vector backbone with the Gibson Assembly
method. From the ligation, 20 pl of the ligation products was trans-
formed into 100 pl of DH10B competent cells. To ensure no loss of
representation, 10 individual electroporations were carried out and
obtained approximately 107 recombinants, which yielded 80x
library coverage (28). Bacteria were harvested, and the sgRNA
library plasmids were extracted using the endotoxin-free plasmid
Maxiprep (Qiagen). The PB-CRISPR-human KO library,
pCRISPR S10, and PBase plasmids were simultaneously electro-
transfected with 2 x 10® Huh?7 cells (Lonza 2B). On the second
day after transduction, the cell medium was changed to fresh
medium containing puromycin (2 pg/ml). A total of 7 x 10’
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mixed library cells were obtained, and the genomes were extracted.
The sgRNA sequences were amplified and subjected to the next-
generation sequencing analysis to obtain cell mutation library
with 100x coverage.

A total of 1 x 10° cell mutation libraries were inoculated with
authentic SFTSV at an MOI of 5 and then incubated for 48
hours, which allowed nearly all cells to become infected. Next,
cells that were negative for SFTSV infection were sorted by fluores-
cence-activated cell sorting using a mouse monoclonal antibody
against SFTSV NP on a Calibur flow cytometer (BD Biosciences).
Genomic DNA was extracted from uninfected cells (5 x 107) or
SFTSV NP-negative sorted cells (1 x 10”) by TIANGEN Kkits
(TTANGEN BIOTECH). The concentration was examined using
an ultraviolet-visible spectrophotometer (Quawell Technology).
For each sample, the sgRNA-coding region was amplified by
using Q5 Hot Start High-Fidelity DNA Polymerase (New England
Biolabs). Ten micrograms of total genomic DNA was amplified with
the following conditions: 95°C for 3 min, 32 cycles at 95°C for 30s,
55°C for 30 s and 72°C for 30 s, 72°C for 5 min. Forty PCRs were
performed.

The sgRNA sequences were amplified and subjected to next-
generation sequencing using a HiSeq 2500 platform (Illumina).
The raw data were removed from the PCR sequences using cutadapt
software and then compared with the predefined target database
using bowtie2 software to generate the comparison results. The
program counts the number of reads for each sgRNA, counts the
number of reads for sgRNAs, and calculates the z score. Two repli-
cated experiments were performed, and the mean of the z score was
calculated.

RNA interference knockdown

THP-1 and Raw264.7 cells preseeded in 24-well plates (10° cells per
well) were transfected with small interfering RNAs (siRNAs) using
Lipofectamine RNAIMAX (Invitrogen, catalog no. 13778150), ac-
cording to the manufacturer’s instructions. In the parallel experi-
ment, scramble siRNA was included as a control. Seventy-two
hours after transfection, cells were inoculated with SFTSV or a neg-
ative control and collected for reverse transcription quantitative
PCR (RT-qPCR), Western blot, or flow cytometry analysis at 24
hours after infection. All siRNA oligonucleotides used in the
study were synthesized by GenePharma (Suzhou, China). The
siRNA sequences are as follows: 5'-GGCTGTATCACATCGGTTA
TT-3' (#1) and 5-GAGGAUGGAAUAAUUUCCATT-3 (#2) for
Huh7 and THP-1 cells and 5-CUGUGUGAUUGACAAGCACT
T-3' (#1) and 5'- CCUCUCUACCAGGAAUCAUTT-3' (#2) for
Raw264.7 cells, respectively.

Construction of CCR2-KO THP-1 cells

The human CCR2 gene sgRNA (sequence: 5'-GCAGCAGAGTGA
GCCCACAA-3') or the control sgRNA (sequence: 5'-GTATTACT
GATATTGGTGGG-3') without human genome target was cloned
into lentiCRISPR v.2 (Addgene, catalog no. 52961) and packaged
into HEK293T cells with pCMV-dR8.91 and pMD2.G (Addgene,
catalog no. 12259) using Lipofectamine 2000 (Thermo Fisher Sci-
entific, catalog no. 11668019). THP-1 cells were transduced with
lentiviruses containing CCR2 sgRNA or control sgRNA and select-
ed for 7 days in the presence of puromycin. Clonal CCR2-deficient
cell lines were obtained by limiting dilution and validated by flow
cytometry analysis using an anti-CCR2 antibody (BioLegend,
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catalog no. 357205) and Sanger sequencing method with the use of
primers [5-GAGCGGTGAAGAAGTCACCA-3' (forward) and
5'-CAGAAGCAAACACAGCCACC-3' (reverse)].

CCR2 overexpression in cells

The pLX304 plasmids encoding C-terminal V5-tagged human
CCR2 isoform A and CCR2 isoform B were obtained from the
CCSB-Broad Lentiviral Expression Library (Dharmacon). The dele-
tion of 29 N-terminal amino acids and the Y26F site mutation in
human CCR2 expression pLX304 plasmids were constructed by
using the In-Fusion Cloning Kit (Taraka, catalog no. 639648) and
verified by Sanger sequencing. Lentiviruses were produced as de-
scribed above. Cells were transduced with lentiviruses and selected
for 7 days in the presence of blasticidin S. The expression of CCR2 in
cells was verified by flow cytometry or Western blot analysis.

RT-qPCR assay

Total RNA was extracted from cells per tissue and cell culture super-
natant with the RNAprep Pure Cell Kit (TTANGEN, catalog no.
DP430) and TTANamp Virus RNA Kit (TTANGEN, catalog no.
DP315-R), respectively, according to the manufacturer’s instruc-
tions. Relative quantitation of intracellular vRNA was measured
by using RT-qPCR based on the S segment of the respective
virus. The primer sequences for vVRNA quantification of SFTSV
(I11), HRTV (33), and RVFV (54) were obtained from previ-
ous studies.

Western blot analysis

Cells treated as indicated were lysed with lysis buffer. Lysates with
Laemmli sample buffer (containing pi-dithiothreitol) were heated
for 10 min at 56°C, subjected to 12 to 15% SDS-polyacrylamide
gel electrophoresis, and then transferred to polyvinylidene difluor-
ide membranes (Millipore, catalog no. IPVH00010). Proteins were
further incubated with the indicated primary antibodies and then
with horseradish peroxidase—conjugated secondary antibodies.
Protein bands were detected by an enhanced chemiluminescence
kit (Millipore, catalog no. WBKLS0500) using a chemiluminescence
analyzer (Bio-Rad).

Immunological focus assay

Vero cell monolayers were infected with SFTSV (MOI = 1) and in-
cubated under a methylcellulose overlay. At 48 hours after infection,
Vero cell monolayers were fixed with 4% formaldehyde in phos-
phate-buffered saline (PBS) and permeabilized by incubation with
0.5% Triton X-100 in the balanced salt solution. The cells were then
stained with a mouse monoclonal antibody against SFTSV NP and
horseradish peroxidase-labeled secondary antibody (Applygen,
catalog no. C1308-3).

Indirect immunofluorescence assay

Cells grown on glass coverslips were fixed with 4% paraformalde-
hyde for 30 min at room temperature and then washed twice with
PBS. The cells were stained with wheat germ agglutinin (WGA)
fluorescein conjugate (Invitrogen, catalog no. W834), which was
diluted 1:100 with Hanks' balanced salt mixture (Solarbio, catalog
no. H1025) for 10 min, washed with PBS, and subsequently stained
with a mouse monoclonal antibody against SFTSV NP as a primary
antibody diluted 1:1000 with 5% bovine serum albumin (BSA) and
1% Triton X-100 (to permeabilize and block cells) for 4 hours. Alexa
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Fluor 568 goat anti-mouse IgG (H+L) secondary antibody (Invitro-
gen, catalog no. A11004) was used at a dilution of 1: 1000 for 1 hour.
After washing three times with PBS, cell nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI). Immunofluorescence
images were acquired using the Cytation 1 Cell Imaging Multi-
Mode Reader (BioTek).

Flow cytometry analysis

For intracellular virus detection, cells were fixed with the commer-
cial Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD
Biosciences, catalog no. 554714) according to the manufacturer'’s
instructions. Then, the cells were stained with a mouse monoclonal
antibody against SFTSV NP (diluted 1:1000) overnight at 4°C. An-
tibodies bound to cells were detected using fluorescein-5-isothiocy-
anate—conjugated goat anti-mouse IgG (TransGen Biotech, catalog
no. HS211-01). For detection of surface CCR2 expression, different
cell lines or cells that were transduced with recombinant lentivirus
expressing CCR2A, CCR2B, CCR2A/B-N14Q, CCR2A/B-Y26F, or
CCR2A/B-AN for 72 hours were washed with PBS, blocked with
human Fc block (diluted 1:100; BD Biosciences) for 10 min at
room temperature to avoid nonspecific binding, and then stained
for CCR2 with allophycocyanin (APC)/Cyanine 7 anti-human
CD192 (CCR2) (BioLegend, catalog no. 357220) or phycoerythrin
(PE) anti-human CD192 (CCR2) (BioLegend, catalog no. 357205)
for 30 min at 4°C. All flow cytometry experiments were carried out
using the Novocyte 3310 System (ACEC Biosciences). Samples were
analyzed using NovoExpress software (ACEC Biosciences) or
Flow]Jo software version 10.2 (Tree Star Inc.).

SFTSV internalization and binding assays

For the virus internalization assay, SFTSV virions (MOI = 10) were
incubated with cells at 4°C for 1 hour. After washing three times
with precooled PBS and 2% BSA, prewarmed 37°C medium con-
taining 2% FBS and ammonium chloride was added to the cells,
and the cells were subsequently incubated at 37°C for 3 hours to
allow virus internalization. The cells were then washed with PBS
and treated with trypsin to remove bound virions. The internalized
virions were measured with RT-qPCR. For the virus binding assay,
SFTSV virions (MOI = 10) were incubated with cells at 4°C for 1
hour. After washing three times with precooled PBS, the relative
level of bound viral particles was quantified via RT-qPCR. For the
binding assay with microscopy, BMDMs and THP-1 cells were in-
fected with SFTSV at an MOI of 50 in the presence of ammonium
chloride for 1 hour. After washing three times with precooled PBS
and brief treatment with trypsin, cells were fixed with 4% parafor-
maldehyde and labeled with a mouse monoclonal antibody against
SFTSV NP and goat anti-mouse fluorescent secondary antibody for
microscopy analysis.

CCR2 antagonist and anti-human CCR2 antibody

inhibition assays

THP-1 and Huh?7 cells were pretreated with serial concentrations of
two CCR2 antagonists, CCR2 antagonist R$102895 hydrochloride
(MedChemExpress, catalog no. 1173022-16-6) and CCR2 antago-
nist 1 (MedChemExpress, catalog no. 1683534-96-4), and an anti-
human CCR2 antibody (BioLegend, catalog no. 357202) or IgG
isotype control (BioLegend, catalog no. 400201). After 1 hour, the
cells were infected with SFTSV atan MOI of 1 or 5. At 24 hours after
infection, the cells were harvested and subjected to measurement of

11 0of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

intracellular vVRNA levels by using RT-qPCR, Western blot, or flow
cytometry analysis using a rabbit polyclonal antibody against
SFTSV NP, and the supernatant was collected for examination of
viral titers.

Peptide inhibition assays

Peptides pl (EEVITFFDYDYGAP) and p2 (EEVTTFFDY[SO;]
DYGAP) and a scrambled control peptide (EDFVYPDFATEYTG)
were synthesized with 95% purity by Bankpeptide (Hefei, China).
SFTSV was incubated with serial dilutions of each peptide for 2
hours at 37°C and then inoculated on THP-1 cells. Intracellular
VRNA levels 24 hours after infection and bound virion levels in
the virus binding assay were measured with RT-qPCR as described
above.

Coimmunoprecipitation of CCR2A and CCR2B

The pCAGGS-SFSTV-Gn-strep plasmid and the C-terminal Flag-
tagged CCR2 isoform A, isoform B, SCARBI, GFP, or vector
pCDH-CMV-MCS-EF1-Flag plasmids were cotransfected into
HEK293T cells for 48 hours and lysed in lysis buffer [150 mM
NaCl, 100 mM tris-HCI (pH 8.0), 1% lauryl maltose neopentyl
glycol (LMNG; Anatrace), and 0.2% cholesteryl hemisuccinate tris
salt (CHS; Anatrace) containing EDTA-free protease inhibitor
cocktails (Roche)]. After removal of cell debris by centrifugation,
'/,0th of the volume of lysates was used as whole-cell lysate input.
For Strep-IP, half of the lysates were bound to MagStrep XT beads
(IBA, catalog no. 2-4090-002) for 2 hours at 4°C. For Flag-IP, the
remaining half of the lysates were bound to anti-Flag M2 beads
(Sigma-Aldrich, catalog no. M8823). The beads were washed once
with 1 ml of Wash Buffer I [150 mM NaCl, 100 mM tris-HCI (pH
8.0), 0.5% LMNG, and 0.04% CHS] and twice with 1 ml of Wash
Buffer II [150 mM NaCl, 100 mM tris-HCI (pH 8.0), 0.001%
LMNG, 0.04% CHS, and 0.1% n-Dodecyl-B-D-Maltopyranoside
(DDM)] and analyzed by Western blotting.

Biotinylation of cell surface proteins

HEK293T cells overexpressing the indicated proteins were chilled
on ice for 10 min and labeled with 2 mM biotin (Thermo Fisher
Scientific, catalog no. 21338) in PBS for 30 min on ice. The
unbound biotin was quenched with 100 mM glycine in PBS for 5
min, which was repeated three times. After washing with PBS,
cells were lysed in lysis buffer and immunoprecipitated with strep-
tavidin beads (GenScript, catalog no. L00424) or protein G beads
(Bio-Rad, catalog no. 1614833) bound to rabbit anti-V5 antibody
for 2 hours at 4°C. The beads were then washed once with Wash
Buffer I and twice with Wash Buffer II and analyzed by Western
blotting.

Assay of peptide binding to virus

To quantify peptides that can bind SFTSV virions, the virus-con-
taining culture supernatants were purified to a titer of approximate-
ly 10° plaque-forming units/ml with the use of Ultra 15 Centrifugal
Filter Devices (Amicon). The Mab4-5 antibody (21) and purified
SETSV viruses were coincubated with protein G beads for 1 hour
at 4°C, followed by washing three times using PBS-T (0.1%
Tween-20). The beads were then incubated with 20 mM peptides
in PBS for 1 hour at 4°C, followed by washing three times with
PBS-T and three times with PBS. Gn protein bound to beads was
detected by Western blot. Peptides bound to beads were then
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purified, and the absolute quantity of each peptide that was coim-
munoprecipitated with SFTSV was determined by using a PRM
assay, a targeted MS method.

PRM assay

For peptide detection, the eluates from beads were filtered by 10
kDa centrifugal filters (Merck Millipore). The flow-throughs were
collected and subjected to C18 columns for peptide desalting and
purification. The obtained peptide samples were analyzed on a Q
Exactive Plus mass spectrometer coupled with an EASY-nLC
1200 liquid chromatography (LC) system. LC-MS/MS data acquisi-
tion was performed in PRM mode. Briefly, data were acquired using
a spray voltage of 2.2 kV and ion transfer tube temperature of 320°C.
Each scan cycle consisted of one full MS1 scan mass spectrum [res-
olution, 70,000; scan range, 6002; 400 mass/charge ratio, automatic
gain control (AGC), 3 x 10%; injection time (IT), 50 ms], followed by
target MS/MS scans (resolution, 17,500; AGC, 2 x 10% IT, 100 ms).
The isolation window was set to 1.2 Da. The higher-energy colli-
sional dissociation was set to 28.. PRM MS raw files were analyzed
using Skyline software for extracted ion chromatogram (XIC) gen-
eration, peak integration, and quantification of the target peptides.
All peaks were inspected manually to ensure the correct detection of
precursor and fragment ions. The summed peak area of the most
intense fragment ions was used to quantify the target peptides. A
standard curve was built from synthetic peptides with diluted con-
centrations using the same PRM method.

SFTSV infectivity in different B cell lines

Raji, BC-3, NALM-6, and H929 cells were inoculated with SFTSV
strain HBMC16 at an MOI of 5 and then incubated for 24 hours.
SFTSV infection rates in the cells were tested by flow cytometry
with a mouse monoclonal antibody against SFTSV NP. The cell
surface expression level on these cells was tested by flow cytometry
with APC/Cyanine 7 anti-human CD192.

CCR2 expression level in B cell subtypes

Our previously reported 10x Genomics single-cell RNA-sequencing
data from 27 peripheral blood mononuclear cell (PBMC) samples
were reanalyzed (31). Eight subtypes of B cells were determined.
Uniform manifold approximation and projection analysis of
CCR2 was performed in the eight B cell types. A dot plot
showing the CCR2 gene across B cell subtypes was constructed by
using the Seurat Dotplot function.

Mouse experiments

C57BL/6] mice deficient in CCR2 (CCR2™'™; B6.12984-Ccr2"™ ¥y
were obtained from The Jackson Laboratory. The deletion of CCR2
was verified by PCR assay using the following primers: CCR2-Co-
F3, 5-TGCTCACCAGGAAATGCCAGG-3'; CCR2-Mu-R3, 5'-CT
GAGGCGGAAAGAACCAGC-3'; and CCR2-Wt-R3, 5'-TGAGCA
GGAAGAGCAGGTCAGAG-3'. The mice were kept in an environ-
mentally controlled specific pathogen—free animal facility in the
State Key Laboratory of Pathogens and Biosecurity (Beijing,
China). Five-week-old female CCR2™'~ and WT C57BL/6] mice
were intraperitoneally inoculated with 100 ul of virus solution [2
x 10° focus-forming units (FFU)/ml]. Four mice from each group
were sacrificed at 3 and 5 dpi, and spleen samples were collected for
detection of virus titers. A lethal mouse model was also established
by using an anti—interferon a/f receptor subunit 1 (IFNARI)
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blocking antibody (Bio X Cell, catalog no. BE0241) pretreatment to
evaluate the pathogenesis of SFTSV infection (33). Briefly, 5-week-
old female CCR2™'~ (n=11) and WT (n = 11) C57BL/6] mice were
treated with anti-IFNAR1 IgG (1.7 mg per mouse) by intraperito-
neal injection 1 day before infection. Mice were intraperitoneally
inoculated with 100 pl of virus solution (2 x 10* FFU/ml) at day
0. The body weight and survival rate of the mice were monitored
each day. After dissection of CCR2™'~ and WT C57BL/6] mice 3
and 5 dpi, serum samples were collected for detection of virus
titers (four mice for each group), and spleen and liver samples
were collected for examination of virus titers and histopathology
(hematoxylin and eosin staining). Viral titers were determined by
immunological focus assays or immunohistochemistry using a
mouse monoclonal antibody against SFTSV NP. The treatment
effect of the CCR2 antagonist RS102895 was investigated in anti-
IFNARI1 antibody—pretreated C57BL/6] mice that were inoculated
with 100 ul of virus solution (2 x 10* FFU/ml), with 5 mice for the
control group, 13 for the SFTSV + vehicle group, and 13 for the
SFTSV + RS102895 group. The CCR2 antagonist RS102895 was dis-
solved in 20% sulfobutylether- f-cyclodextrin (SBE-B-CD) in saline
and administered by a stomach probe at a dose of 15 mg/kg per day.
Approximately 50 pl of caudal vein blood samples was collected for
serum separation at 3 and 5 dpi, and the viral titer in serum was
quantified as mentioned above. Spleen and liver samples were col-
lected at 5 dpi for histopathology and immunohistochemistry anal-
ysis. In vivo studies were not blinded, and mice were randomly
assigned to each treatment group.

Ex vivo infection of primary monocytes from

healthy donors

PBMCs were isolated from healthy donors via density gradient cen-
trifugation using Ficoll-Paque Plus medium (GE Healthcare) and
washed with Ca/Mg-free PBS. The PBMC fraction was then
treated with red blood cell lysis buffer (BioLegend) to remove red
blood cells and washed with Ca/Mg-free PBS containing 2% FBS.
Isolated PBMCs were then subjected to the purification of mono-
cytes by using the Pan-monocyte Isolation Kit (Miltenyi), according
to the manufacturer’s instructions. Briefly, PBMCs were blocked
with 10 ul of Fc receptor—blocking reagent, stained with 10 pl of
biotin-antibody cocktail for 10 min at 4°C, and subsequently
stained with 20 pl of antibiotin microbeads (Miltenyi) for 15 min
at 4°C. Then, PBMC suspension was infused through an LS cell sep-
aration column (Miltenyi) placed in the MACS Separator (Milte-
nyi), and the negative fraction containing enriched and unlabeled
monocytes was collected and counted. The purity of the isolated
monocyte populations was determined by flow cytometry using
the markers CD45, CD14, and CD16 and was found to be >95%
pure. The surface expression of CCR2 on purified monocytes was
examined by flow cytometry analysis. Monocytes were infected
with SFTSV at an MOI of 10 for the virus binding assay as men-
tioned above.

Clinical investigation of the association between monocyte

CCR2 expression level and viral load in patients with SFTS

We conducted a clinical study on patients with SFTS at the People’s
Liberation Army 990 Hospital, the local designated hospital for
treating SFTS (5). During the follow-up period from 1 July to 31
August 2021, we collected whole-blood samples from 45 surviving
SETS patients who had been hospitalized for at least 5 days. PBMCs
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were isolated, and then the monocytes were purified. The cell
surface CCR2 expression level of the monocytes was examined by
flow cytometry analysis. Serial samples collected during hospitaliza-
tion from the 45 patients were used for quantification of SFTSV
RNA levels. The mean (SD) age of the patients was 62.9 (9.8), and
55.6% were female. The association between the highest level of
serum viral load and the CCR2 expression level of monocytes was
analyzed.

Statistical analysis

All values or percentages were from at least three biological repli-
cates. Continuous variables were summarized as the means and
SDs. Student's ¢ test was used for comparisons of continuous vari-
ables between two groups, and one-way analysis of variance
(ANOVA) followed by Tukey's multiple comparisons test was
used for comparisons of continuous variables among multiple
groups. R” was estimated for dose-dependent analysis by using non-
linear regression model. We used the Kaplan-Meier method and the
log-rank test to analyze time-to-event data for treatment effect anal-
ysis. A two-sided P value of <0.05 was considered statistically signif-
icant. All statistical analyses were performed using SPSS software,
version 19.0.
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