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ABSTRACT Tick-borne encephalitis virus (TBEV) is the causative agent of a poten-
tially fatal neurological infection affecting humans. The host factors required for viral
entry have yet to be described. Here, we found that T-cell immunoglobulin and
mucin domain 1 (TIM-1) acted as the cellular entry factor for TBEV. Using a virus
overlay protein binding assay, TIM-1 was identified as a virion-interacting protein.
Cells that were relatively resistant to TBEV infection became highly susceptible to
infection when TIM-1 was ectopically expressed. TIM-1 knockout and viral RNA
bypass assays showed that TIM-1 functioned in the entry phase of TBEV infection.
TIM-1 mediated TBEV uptake and was cointernalized with virus particles into the cell.
Antibodies for TIM-1, soluble TIM-1, or TIM-1 knockdown significantly inhibited TBEV
infection in permissive cells. Furthermore, in TIM-1 knockout mice, TIM-1 deficiency
markedly lowered viral burden and reduced mortality and morbidity, highlighting
the functional relevance of TIM-1 in vivo. With TIM-1, we have identified a key host
factor for TBEV entry and a potential target for antiviral intervention.

IMPORTANCE TBEV is a tick-transmitted flavivirus that causes serious diseases in the
human central nervous system in Eurasia. The host determinants required for viral
entry remain poorly understood. Here, we found that TIM-1 is a cellular entry factor
for TBEV. Antibodies directed at TIM-1 or soluble TIM-1 treatment decreased virus
infection in cell cultures. TIM-1 was cointernalized with virus particles into cells. TIM-
1 deficiency significantly lowered viral burden and attenuated pathogenesis in the
murine TBEV infection model. The demonstration of TIM-1 as a cellular entry factor
for TBEV will improve understanding of virus infection and provide a target for anti-
viral development.

KEYWORDS tick-borne encephalitis virus (TBEV), T-cell immunoglobulin and mucin
domain 1 (TIM-1), virus entry

ick-borne encephalitis virus (TBEV), a neurotropic virus transmitted by ticks, is a

member of the genus Flavivirus, within the Flaviviridae family. In humans, TBEV can
cause biphasic febrile illness that may progress to neurological complications such as
meningitis, encephalitis, or myelitis, leading to severe long-lasting neurological seque-
lae and sometimes death (1-3). There are no specific and effective therapies available
for TBEV, and despite vaccines against the virus, it remains one of the main etiological
agents of central nervous system infections in Europe and Northeast Asia. More than
13,000 clinical cases of tick-borne encephalitis occur annually, with increased numbers
over the past few decades (4, 5).

The life cycle of TBEV begins with the attachment of the virions to receptors on the
host cell surface membrane, which subsequently leads to receptor-mediated
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TABLE 1 Analysis of putative TBEV-associated proteins by LC-MS/MS

mBio’

Gene Description Accession? Score® %Cov(95)¢
MTHFD1 C-1-tetrahydrofolate synthase, cytoplasmic P11586 28.65 14.55000043
IGHG1 Immunoglobulin heavy constant gamma 1 P01857 25.74 29.69999909
KIF5B Kinesin-1 heavy chain P33176 16.38 9.76099968
VCL Vinculin P18206 15.90 6.877999753
CLTC Clathrin heavy chain 1 Q00610 13.16 6.328000128
AP2B1 AP-2 complex subunit beta P63010 6.11 4.695999995
SEC24C Protein transport protein Sec24C P53992 6.04 3.931000084
SLC3A2 4F2 cell-surface antigen heavy chain P08195 5.60 4.602999985
TIM-1 T-cell immunoglobulin mucin receptor 1 Q96D42 5.00 13.36999983
DNMT1 Dynamin-1 Q05193 4.96 3.934999928
WASHC5 WASH complex subunit 5 Q12768 3.75 1.812000014
HSP90B1 Endoplasmin P14625 3.44 5.22999987
EMC1 ER membrane protein complex subunit 1 Q8N766 2.51 1.813000068
NCKAP1 Nck-associated protein 1 Q9Y2A7 2.07 0.975199975
ITGAV Integrin alpha-V P06756 2.01 1.813000068
VPS18 Vacuolar protein sorting-associated protein 18 homolog Q9P253 1.32 1.439000014

9ldentification number of the protein in the UniProt protein sequence database.
bUnused ProtScore.
“The number of peptides matching the identified protein sequence with confidence greater than 95%.

endocytosis (6). The process of TBEV entry into a target cell uses host molecules which
act as entry factors or cellular receptors. Though a few cell surface molecules have
been suggested to play a role in virion attachment (7, 8), the molecular interactions
mediating TBEV entry are poorly understood, and the host factors involved in TBEV
entry have yet to be identified and characterized. In this study, we show that TBEV
uses T-cell immunoglobulin and mucin domain 1 (TIM-1) as a cellular entry factor and
that this interaction can form a productive infection.

RESULTS

TIM-1 is identified as a TBEV-associated protein. To identify candidate cell mem-
brane proteins that interact with TBEV, we conducted a virus overlay protein binding
assay (VOPBA) followed by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis. VOPBA using TBEV on membrane proteins extracted from permissive
A549 cells (9) revealed several bands. The putative virus-associated proteins were
excised from the corresponding gels and analyzed using LC-MS/MS. Of the various hits
obtained by MS, TIM-1 (Table 1, shown in bold) with a molecular weight of approxi-
mately 100 kDa was found to be a potential candidate (Fig. 1A). TIM-1 is a cell surface
glycoprotein that binds to phosphatidylserine (PtdSer) on the surface of apoptotic cells
and internalizes apoptotic bodies (10). It serves as the receptor for several viruses
through viral apoptotic mimicry (11).

To verify the association of TBEV with TIM-1, we conducted a pulldown assay with
soluble TIM-1-Fc. TBEV particles were incubated with TIM-1-Fc or IgG1-Fc, followed by
protein G Sepharose beads. Binding was evaluated by immunoblotting for TBEV enve-
lope (E) protein using the 4G2 MAb. As shown in Fig. 1B, TBEV bound to the TIM-1 con-
struct, but not to the IgG1-Fc negative-control construct. Similar to previous studies
(12, 13), soluble TIM-1-Fc immunoprecipitated Ebola virus-like particles (EBOV-VLPs),
but not influenza A virus HIN1 (PR8) particles (Fig. S1), confirming the effectiveness of
this approach. Additionally, the TBEV-TIM-1 interaction was confirmed by enzyme-
linked immunosorbent assay (ELISA). We showed that TBEV reacted with the TIM-1-Fc
coating on 96-well plates, whereas it did not react with the IgG1-Fc negative control

(Fig. 1C). These data demonstrated an interaction between TBEV and TIM-1.
Ectopic expression of TIM-1 facilitates TBEV infection. Next, we explored the

involvement of TIM-1 expression in TBEV infection. Previous studies show that the
human embryonic kidney cell line 293T does not express TIM-1 (14). Then parental
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FIG 1 Binding of TBEV to TIM-1. (A) VOPBA was carried out to determine the cell membrane proteins
that interact with TBEV. Lanes: M, molecular mass ladder; 1, the Coomassie blue-stained gel used to
excise the corresponding bands for LC-MS/MS analysis; 2, TBEV binding to A549 cell membrane
proteins visualized by VOPBA. Arrows indicate the bands that were identified in the VOPBA and
assessed by LC-MS/MS. Representative images of three independent experiments are shown. (B)
Western blot analysis of TBEV preincubated with TIM-1-Fc or IgG-Fc bound to protein G-agarose
beads. Pulled-down virus was detected using the anti-E 4G2 MAb. Representative images of three
independent experiments are shown. (C) IgG-Fc or TIM-1-Fc was used to coat 96-well plates and
incubated with TBEV for 2 h at RT. Bound virus was detected using the 4G2 MAb and HRP-
conjugated goat anti-mouse IgG. Data are presented as the mean * standard deviation of three
independent experiments. ***, P < 0.001.

293T cells were engineered to express TIM-1 (293T-TIM-1; Fig. 2A). Cells were chal-
lenged with TBEV, and infection rates were quantified by flow cytometry. Infection of
293T-TIM-1 cells with TBEV resulted in a remarkable increase in the percentage of vi-
rus-infected cells compared with the parental 293T cells (Fig. 2B). Through titration of
cell-free supernatants collected from cells challenged with TBEV, we found that 293T-
TIM-1 cells supported significantly greater virus replication than the parental cells
(P < 0.001; Fig. 2C). We next examined whether soluble TIM-1-Fc can inhibit TBEV
infection of 293T-TIM-1 cells. As shown in Fig. 2D, virus infection was inhibited by solu-
ble TIM-1-Fc in a dose-dependent manner. In contrast, control IgG1-Fc did not affect
TBEV infection of cells. These data indicate that ectopic TIM-1 expression in poorly per-
missive cells facilitates TBEV infection.

TIM-1 binds PtdSer, which can be exposed on the surface of viruses (15, 16). To
investigate whether the TIM-1 ligand, PtdSer, associates with TBEV, ELISA wells were
coated with purified virions and incubated with the specific anti-PtdSer monoclonal
antibody (MAb). We found that the anti-PtdSer MAb, but not the isotype control,
bound to TBEV-coated ELISA wells (Fig. 2E). To examine whether viral PtdSer correlates
with TIM-T-enhanced TBEV infection of 293T-TIM-1 cells, we preincubated TBEV with
annexin V (ANX5), a PtdSer-binding protein. ANX5 inhibited TBEV infection of 293T-
TIM-1 cells in a dose-dependent manner, suggesting that interaction between PtdSer
and TIM-1 could enhance TBEV infection of cells (Fig. 2F). Notably, neither Fc-fused pro-
teins (Fig. S2) nor ANX5 (Fig. S3) treatment led to obvious cytotoxicity. Treatment of
cells with Triton X-100 was used as a positive control.

TIM-1 plays a role in the entry phase of TBEV infection. To determine if the
requirement for TIM-1 in the TBEV life cycle was at the level of entry, we performed a
viral RNA bypass assay. TIM-1 knockout A549 cells (A549-TIM-1-KO) were generated by
using clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9-mediated
gene editing technology (Fig. 3A). We compared the production of progeny viruses
between infection (entry-dependent) and viral RNA transfection (entry-independent) in
either A549 or A549-TIM-1-KO cells. As shown in Fig. 3B, TBEV infection was signifi-
cantly inhibited in A549-TIM-1-KO cells compared to A549 cells (P < 0.001). In contrast,
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FIG 2 Ectopic expression of TIM-1 facilitates TBEV infection. (A) Surface levels of TIM-1 in 293T and 293T-TIM-1 cells.
293T parental (left panel) and transduced cells (right panel) were stained with anti-TIM-1 (blue) or isotype control (red)
antibody. (B) Parental and TIM-1-expressing 293T cells were challenged with TBEV (MOI = 1). The levels of infected
cells were assessed 24 h postinfection by flow cytometry using the 4G2 MAb. (C) Supernatants were collected 48 h
postinfection, and virus titers were determined by the TCID,, assay. (D) TIM-1-Fc treatment inhibited virus infection of
293T-TIM-1 cells. TBEV preincubated with TIM-1-Fc or IgG1-Fc was used to infect 293T-TIM-1 cells (MOI = 1), and virus
titers were assessed 48 h postinfection. (E) The wells of 96-well plates were coated with TBEV particles, and PtdSer on
virions were detected using the anti-PtdSer MAb and HRP-conjugated goat anti-mouse IgG. (F) ANX5 inhibited TIM-1-
mediated enhancement of virus infection of 293T-TIM-1 cells. TBEV preincubated with ANX5 was used to infect 293T-
TIM-1 cells (MOI = 1), and virus titers were assessed 48 h postinfection. The results are presented as the means *+
standard deviation of three independent measurements. **, P < 0.01; ***, P < 0.001.

similar levels of infectious virus were detected in either wild-type (WT) or TIM-1 KO
cells transfected with viral RNA (Fig. 3C). This demonstrates that the requirement for
TIM-1 was largely bypassed by viral RNA transfection, suggesting a role for TIM-1 in
entry, but not for a step downstream of entry.

TIM-1 mediates TBEV entry and is cointernalized with virus particles into cells.
To study the entry of infectious TBEV particles into cells, parental 293T and 293T-TIM-1
cells were incubated with viruses for 1 h at 4°C, followed by 45 min at 37°C to allow
endocytosis. Subsequently, these cells were stained for viral E protein using the 4G2
MAb. 293T-TIM-1 cells showed increased intracellular accumulation of viral protein
compared with 293T cells (Fig. 3D). Next, total RNA was extracted from virus-infected
cells, and viral RNA levels were determined by reverse transcription-quantitative PCR
(gRT-PCR). Increased TBEV RNA uptake was observed in 293T-TIM-1 cells compared
with the parental 293T cells, suggesting that ectopic TIM-1 enhances virus entry into
cells (Fig. 3E).

Then, we performed double immunofluorescence staining for TBEV antigen and
TIM-1 to analyze the subcellular localization of the virus and entry factor. Confocal mi-
croscopy of 293T-TIM-1 cells incubated with TBEV at 4°C for virus binding without
internalization revealed colocalization of TIM-1 and TBEV on the cell surface. When the
cells were allowed to internalize the virus at 37°C for 45 min, colocalization of the virus
and the TIM-1 was clearly observed within the cytoplasm (Fig. 3F). Similar results were
seen in TBEV-infected A549 cells, which express TIM-1 endogenously (17) (Fig. 3G).
These data demonstrate that TIM-1 mediates TBEV entry and is cointernalized with vi-
rus particles into cells.

Blocking of endogenous TIM-1 inhibits TBEV infection. We then analyzed the
effects of neutralizing anti-TIM-1 antibodies (Abs) on TBEV infection in A549 and Vero
cells, which endogenously express TIM-1. Treatment with Abs had no effect on cell
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FIG 3 TIM-1 mediates virus entry. (A) TIM-1 cell surface expression in A549 and A549-TIM-1-KO cells. A549 parental
(left panel) and A549-TIM-1-KO cells (right panel) were stained with anti-TIM-1 (blue) or isotype control (red) antibody.
(B) Parental and TIM-1-KO A549 cells were challenged with TBEV (MOl = 1). Supernatants were collected 48 h
postinfection, and virus titers were determined by the TCID,, assay. (C) A549 or A549-TIM-1-KO cells were transfected
with 5 ug of in vitro transcribed viral RNA. Four days posttransfection, supernatant was collected and virus production
was quantified by TCID,, assay. (D) Parental 293T and 293T-TIM-1 cells were incubated with TBEV (MOI = 5) for 1 h at
4°C, and then at 37°C for 45 min. Cells were stained with Hoechst 33342 (blue, nuclear staining) and 4G2 MAb (red) to
determine virus uptake. Representative images of three independent experiments are shown. Scale bar = 20 um. (E)
Total RNA was extracted from infected 293T and 293T-TIM-1 cells, and viral RNA levels were quantified by qRT-PCR
with human GAPDH as an endogenous control. Results are expressed as the fold change compared with parental
293T as the calibrator value. Data are presented as the means * standard deviation of three independent
experiments. (F) 293T-TIM-1 and (G) A549 cells were exposed to TBEV (MOl = 10) at 4°C for 1 h, with or without a
shift to 37°C for 45 min. Cells were fixed and stained for nucleus (blue), TBEV E protein (green), and TIM-1 (red). Areas
of yellow indicate TBEV-TIM-1 colocalization on the cell surface or within the cytoplasm. Samples were observed under
a confocal microscope. Representative images of three independent experiments are shown. Scale bar = 20 um. The
results are presented as the means =+ standard deviation of three independent measurements. ***, P < 0.001. NS, not
significant.

viability (Fig. S4). Anti-TIM-1 Abs significantly inhibited infection of A549 cells, whereas
control Abs had little effect on virus infection (Fig. 4A). Inhibition of TBEV infection by
anti-TIM-1 Abs was also observed in Vero cells (Fig. 4B).

Next, TIM-1 was silenced by RNA interference in A549 cells. Then, 48 h after TIM-1/
small interfering RNA (siRNA) transfection, TIM-1 expression was decreased compared

January/February 2022 Volume 13 Issue 1 e02860-21

mBio’

mbio.asm.org 5


https://mbio.asm.org

mBio’

Zhang et al.
A s [sotype control (10 pg/mL) B mmmmm Isotype control (10 pg/mL)
= Anti-TIM-1 (10 pg/mL) = Anti-TIM-1 (10 pg/mL)
=== |[sotype control (50 pg/mL) E=== [sotype control (50 pg/mL)
3 Anti-TIM-1 (50 pg/mL) C—3 Anti-TIM-1 (50 yg/mL)
7.0 ekt Sk 8 4
6.5-] i Joo, L
3 3 74 HRE oex
.+ £ 604 .-
22 2e
i -
0O 5.5 oo 67
£k EF,
> o s .2
g 5.0 e
2 < 54
4.5
4.0- 4
MOI=1 MOI=5 MOI=1 MOI=5
>
c o o
¢ 0
A\ 00“\‘ \x\o"’*
#1 #2 #3
s [ - [ ]
m TIM-1-Fc
B.actin | — —|— — | E —= I1gG1-Fc F
D "] i
KoKk
100+ = - _ -
£ 7 dokk =2 74 sokok
2 80 -3 *k E —
[ 2w 53
o o 8 67
E 604 ‘égo 61 7 (E
£ 401 > ig’l' Sg 57
- 4 54
o il . (]
0- 4- 3
o @h ¥ Fofusion g 1 5 30 ANXS(ugiml) O 1 5 15
W “0\6\ ‘\\9'&“ protein (ug/mL) (g/mL)
o™ g

FIG 4 Blocking of endogenous TIM-1 inhibits TBEV infection. (A) A549 and (B) Vero cells were infected with TBEV (MOl = 1 or 5) in the
presence of anti-TIM-1 or isotype control MAbs. Supernatants were collected 48 h postinfection, and virus titers were determined by the
TCID,, assay. The results are presented as the means * standard deviation of three independent measurements. (C) TIM-1/siRNA (#1, #2, and
#3) or nontargeting control siRNA were transfected into A549 cells via Lipofectamine RNAiMax. Cell lysates were analyzed by Western
blotting using the anti-TIM-1 antibody and anti-B-actin antibody. Representative images of three independent experiments are shown. (D)
A549 cells were transfected with TIM-1/siRNA (#2) or nontargeting control siRNA, followed by infection with TBEV (MOI = 5) for 24 h. The
levels of infected cells were assessed by flow cytometry using 4G2 MAb. (E) TIM-1-Fc treatment inhibited virus infection of A549 cells
(MOI = 1). (F) ANX5 inhibited virus infection of A549 cells (MOl = 1). The results are presented as the means = standard deviation of three

independent measurements. **, P < 0.01; ***, P < 0.001. NS, not significant.

with nontargeting control siRNA (Fig. 4C). Viral infection was verified using TIM-1/
siRNA#2 because it had the best knockdown efficiency. As shown in Fig. 4D, TIM-1/
siRNA knockdown markedly inhibited TBEV infection (P < 0.001), indicating that TIM-1
has an important role in TBEV infection. Knockdown did not affect cell viability
(Fig. S5). Moreover, as for TIM-1-expressing 293T cells, TIM-1-Fc (Fig. 4E) or ANX5
(Fig. 4F) treatment significantly inhibited TBEV infection of A549 cells.

TIM-1 promotes TBEV infection in primary cells. To prove that endogenous TIM-1
is important for entry of TBEV in primary cells, mouse primary renal tubular epithelial
cells (RTEC) were utilized as a relevant cell type. It was shown that TBEV viral RNA could
be detected in kidney and urine samples of humans and other natural hosts even if vi-
remia was not detected, which would suggest infection of renal parenchymal cells
(18-20). TIM-1 expression has been demonstrated in epithelial cells of kidney origin
and is upregulated in both mouse and human kidneys after injury (14). We performed
flow cytometry analyses to measure the TIM-1 expression level. TIM-1 was detected on
the cell surface of RTEC as judged by antibody reactivity (Fig. 5A). Colocalization of
TIM-1 and TBEV was detected both on the cell surface and within the cytoplasm of
RTEC (Fig. 5B). In blocking experiments, infection of RTEC was inhibited by the TIM-1-
specific antibodies in a dose-dependent manner (Fig. 5C). Treatment with Abs did not
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FIG 5 TIM-1 promotes TBEV infection in primary cells. (A) Surface expression of TIM-1 on RTEC was quantified by flow
cytometry. A representative histogram shows the measured fluorescence of cells incubated with anti-TIM-1 (blue) or
isotype control (red) antibody. (B) RTEC were exposed to TBEV (MOI = 5) at 4°C for 1 h, with or without a shift to 37°C
for 45 min. Cells were fixed and stained for nucleus (blue), TBEV E protein (green), and TIM-1 (red). Yellow and arrows
indicate TBEV-TIM-1 colocalization on the cell surface or within the cytoplasm. Samples were observed under a
confocal microscope. Representative images of three independent experiments are shown. Scale bar = 20 um. (C)
TBEV infection of RTEC is inhibited by antibodies to TIM-1 in a dose-dependent manner. Supernatants were collected
48 h postinfection, and virus titers were determined by the TCID,, assay. The results are presented as the means *
standard deviation of three independent measurements. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cause obvious cytotoxicity (Fig. S6). These results indicate that TIM-1 promotes TBEV
infection in permissive cells naturally expressing the molecule.

TIM-1 deficiency attenuates TBEV infection and pathogenesis in mice with a
defective interferon (IFN) system. The contribution of TIM-1 to TBEV infection in vivo
was further tested. We first used mice deficient in type | interferon receptor (IFNAR1
KO mice), as these are highly susceptible to flavivirus infection and disease progression
(21, 22). To explore the impact of TIM-1 on TBEV pathogenesis, homozygous TIM-1-/~
IFNAR1~/~ double KO (DKO) mice were generated and used in this study. DKO and
IFNAR1 KO mice were challenged with TBEV strain WH2012 via a footpad injection to
mimic the primary route of virus transmission. We measured viral RNA loads in serum
and infected organs of both DKO and IFNART KO mice. On day 8 postchallenge, the
levels of viral RNA in the serum (P < 0.05), brain (P < 0.05), and kidneys (P < 0.05) of
DKO mice were significantly reduced compared with those of IFNAR1 KO mice
(Fig. 6A). One hundred percent of TIM-1-sufficient IFNAR1T KO mice succumbed to virus
by day 12 postinfection. In contrast, DKO mice challenged with TBEV had markedly
reduced mortality (Fig. 6B). DKO mice (19.8 = 2.7 days) exhibited a significantly longer
mean survival time in comparison with IFNAR1T KO mice (10.4 = 0.9 days) (P < 0.001).
Weight loss was observed in both groups; however, the surviving DKO mice almost
completely recovered by day 21 postinfection (Fig. 6C). All IFNART KO mice showed
severe signs of illness, such as paresis, hind limb paralysis, or tremor. In comparison,
only 20% of DKO mice infected with TBEV demonstrated severe neurological symp-
toms (Fig. 6D).

TIM-1 deficiency reduces viral tissue burden and pathogenicity in inmunocompetent
mice. In further support, we assessed the impact of TIM-1 on TBEV infection in an
immunocompetent mouse model. WT C57BL/6 mice and TIM-1 knockout (TIM-1 KO) lit-
termates were infected with TBEV by the footpad route. Though no deaths were
observed in either TIM-1 KO or WT mice during the 21 days after infection of strain
WH2012, we observed significantly lower viral RNA loads in the serum (P < 0.001),
brain (P < 0.05), and lungs (P < 0.05) of TIM-1 KO mice compared with the WT group
(Fig. S7). To validate the contribution of TIM-1 to TBEV infection in vivo, strain
Neudoerfl, which displayed virulence in WT mice, was used for the following study. We
found that the viral loads in the serum (P < 0.001), brain (P < 0.001), kidneys
(P < 0.05), and lungs (P < 0.01) of WT mice were significantly higher than in those of
TIM-1 KO mice at day 5 postinfection (Fig. 7A). WT mice were found to be highly sus-
ceptible to infection, displaying 100% mortality, compared to 16.7% mortality in TIM-1
KO mice (Fig. 7B). Obvious weight loss was observed in WT mice at the early stage of
infection. TIM-1 KO mice lost weight much more slowly, and their body weight
bounced back by day 21 postinfection (Fig. 7C). WT mice infected with strain
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FIG 6 TIM-1 deficiency attenuates TBEV infection and pathogenesis in mice with a defective IFN system. DKO or IFNAR1T KO mice
were infected with TBEV WH2012 (25 TCID,,) via a footpad injection. (A) Viral RNA levels were determined by qRT-PCR 8 days
postinjection in the indicated tissues. The numbers of viral RNA copies per mg tissue or per mL serum are reported. Each line
segment represents the mean of samples (points) pooled from two independent experiments (n = 5 to 6). The horizontal dashed line
marks the limit of detection (LOD) of the assay. All negative samples are plotted as the half value of the LOD. (B) Survival was
assessed following infection, and significance for the survival curve was determined by the Kaplan-Meier log rank test (n = 5). (C) The
body weight change ratio (compared to day 0) in TBEV WH2012-infected DKO and IFNAR1 KO mice was calculated for each
recording day. Error bars represent standard deviations. (D) Animals were monitored for clinical manifestations. Signs of illness were
scored as follows: 0, no symptoms; 1, ruffled fur or hunched posture; 2, asthenia or paresis; 3, lethargy, tremor, or paralysis; 4,
moribund or euthanized; and 5, death. Error bars represent standard deviations. *, P < 0.05; ***, P < 0.001.

Neudoerfl developed severe neurological signs, while the TIM-1 KO mice demonstrated
moderate clinical signs (Fig. 7D). Taken together, our findings provide evidence that
TIM-1 is associated with viral burden and pathogenesis for TBEV in vivo.

DISCUSSION

To date, knowledge regarding TBEV entry into the host cell remains limited, and the
host determinants required for TBEV entry have yet to be identified and characterized.
Here, we found that TIM-1 is a functional entry factor for TBEV infection in vitro and in
vivo.

In this study, we provide several lines of evidence establishing TIM-1 as a key host
factor for TBEV entry. Ectopic expression of TIM-1 significantly increased TBEV infection
of poorly permissive cells. SIRNA-mediated knockdown of TIM-1 expression or CRISPR/
Cas9-mediated knockout of the TIM-1 gene markedly decreased TBEV entry into per-
missive cell lines. Therefore, the presence of TIM-1 correlated directly with susceptibil-
ity of cells to TBEV infection. Antibodies directed against TIM-1 or soluble TIM-Fc were
capable of potently inhibiting TBEV infection. This indicates that blocking viral access
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FIG 7 TIM-1 deficiency reduces viral tissue burden and pathogenicity in immunocompetent mice. WT or TIM-1 KO mice were
infected with TBEV Neudoerfl (1 x 10° TCID,,) via a footpad injection. (A) Viral RNA levels in the indicated tissues were measured on
day 5 postinfection. Each line segment represents the mean of samples (points) pooled from two independent experiments (n = 5).
(B) Survival was assessed following infection, and the significance for survival curve was determined by the Kaplan-Meier log rank
test (n = 6). (C) The body weight change ratio in TBEV Neudoerfl-infected WT and TIM-1 KO mice was calculated for each recording
day. Error bars represent standard deviations. (D) Animals were monitored for clinical manifestations. Signs of illness were scored as
follows: 0, no symptoms; 1, ruffled fur or hunched posture; 2, asthenia or paresis; 3, lethargy, tremor, or paralysis; 4, moribund or

euthanized; and 5, death. Error bars represent standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

to TIM-1 on the cell surface substantially limits TBEV infection, and the role of TIM-1
occurs at the interface of the cell. Moreover, the ability of anti-TIM-1 Abs or PtdSer
ligand to inhibit TBEV infection of cells expressing TIM-1 may provide an effective anti-
viral therapy (16, 23). Pharmacological inhibition of such cellular components rather
than viral proteins may provide useful antiviral agents and reduce the rate of develop-
ment of antiviral resistance to therapeutic agents (14, 24).

The viral burden was significantly decreased in the organs of TIM-1-deficient mice.
Considering the endogenous expression of TIM-1 in keratinocytes (25), lymphocytes
(26), human brain tissue (27), kidney cells (10, 28), and lung-derived cells (29), the
TBEV-TIM-1 interaction may be relevant to viral tissue tropism. We proved that endoge-
nous TIM-1 was important for entry of TBEV in mouse primary RTEC of kidney origin,
suggesting the involvement of TIM-1-mediated TBEV entry under physiological condi-
tions. Thus, the TBEV/TIM-1 interaction may be relevant to in vivo TBEV infection and
tissue tropism. Future work needs to further clarify the impact of TIM-1 expression on
TBEV infection of specific cell types of the susceptible organs.

We have shown that TIM-1 deficiency decreased mortality and morbidity in both
IFNART KO and immunocompetent mice when challenged with TBEV. The viral entry
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mediated by TIM-1 may be one of the determinants of TBEV pathogenesis. Other con-
sequences resulting from virus-TIM-1 interaction, such as induction of a massive
release of inflammatory mediators, may also contribute to the pathogenesis in mice
(30, 31). Lower levels of viral loads and milder pathogenesis were observed in mice
with a defective TIM-1 after challenge with either strain WH2012 or Neudoerfl, suggest-
ing that the role of TIM-1 in mediating virus infection was not strain- or subtype-spe-
cific. Overall, the enhanced survival and reduced viral burden in the TIM-1-deficient
mice suggest that TIM-1 serves as a host factor that mediates TBEV infection in vivo. It
is noteworthy that treatment with anti-TIM-1 Abs did not completely inhibit TBEV
infection, and virus infection levels were not completely abolished in A549-TIM-1-KO
cells. Besides, comparable levels of viral burden could be detected in infected spleens
of both TIM-1-deficient and -sufficient mice, indicating that possible alternative entry
pathways were present. Hence, TIM-1-mediated entry may be one of the main mecha-
nisms, but not the exclusive means, for entry of TBEV.

In summary, the present findings of this study indicate that TIM-1 serves as a host
factor for cellular entry of TBEV. Characterization of the TBEV-TIM-1 interaction will
shed light on the early events of virus infection and facilitate the development of strat-
egies to intervene and prevent efficient viral entry.

MATERIALS AND METHODS

Ethics statement. This study was conducted in accordance with the guidance of the Institutional
Animal Care and Use Committee of Wuhan Institute of Virology, Chinese Academy of Sciences. All sur-
geries were performed under general anesthesia, and all efforts were made to minimize the number of
animals used and reduce their suffering.

Cell cultures and virus preparation. A549 (ATCC CCL-185), Vero (ATCC CCL-81), and 293T (ATCC
CCL-3216) cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Life
Technologies). Mouse primary renal tubular epithelial cells (RTEC) were obtained from Procell Life
Science & Technology (Procell) and cultured in epithelial cell medium supplemented with epithelial cell
growth supplement (Procell) and penicillin/streptomycin solution. The TBEV Far-Eastern subtype strain
WH2012 was isolated and propagated as described previously (32). TBEV European subtype prototypic
strain Neudoerfl was derived from a full-length cDNA clone, pTNd/c, which was generously provided by
F. X. Heinz (Medical University of Vienna, Austria). Neudoerfl stocks were prepared and amplified as pre-
viously reported (33). Virus titer was determined by the 50% tissue culture infective dose (TCID,,) assay
on Vero cells. Ebola virus-like particles (EBOV-VLPs), with the matrix protein VP40 fused with enhanced
green fluorescent protein (EGFP), were prepared as described (34, 35). Influenza A virus HIN1 (PR8) was
grown and titrated as previously reported (36).

VOPBA and MS analysis. To identify putative molecules on the cell plasma membrane involved in
virus binding, VOPBA was carried out as described previously (37, 38). Briefly, the membrane-associ-
ated proteins of A549 cells were extracted using a ProteinExt mammalian membrane protein extrac-
tion kit (TransGen Biotech). A549 cells have been found to support robust growth of TBEV (9), as well
as other tick-borne flaviviruses (39). Cell membrane proteins were separated on a 10% SDS-PAGE gel
and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). The membrane was
blocked overnight at 4°C with 5% skim milk and 0.5% bovine serum albumin (BSA) in Tris-buffered sa-
line (TBS) and then incubated with purified TBEV in 1% skim milk in TBS overnight at 4°C. After three
rinses with TBS, the membrane was reacted with the anti-flavivirus group-specific MAb 4G2 (Millipore),
followed by horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG antibodies (Sigma-
Aldrich). The VOPBA membrane and the SDS-PAGE gel were aligned, and the area in the gel corre-
sponding to the positive band in the VOPBA was dissected and sent to Wuhan Spec-Ally Biotech Co.
Ltd. for LC-MS/MS analysis.

Establishment of 293T cells stably overexpressing TIM-1. Human TIM-1 cDNA, kindly provided by
Shan-Lu Liu (Ohio State University) (40), was subcloned into pCDH-Puro vector (System Biosciences) to
generate pCDH-TIM-1. Recombinant lentiviruses containing the transgene were produced by triple
transfection of pCDH-TIM-1, pCMV-dR8.91, and pCMV-VSVG (Addgene) in 293T cells. Two days after
transfection, lentivirus-containing supernatants were harvested and filtered through a 0.45-um mem-
brane. TIM-1-null 293T cells were then exposed to fresh lentivirus-laden supernatants in the presence of
Polybrene (6 nwg-mL™"), and transduced cell populations were selected with puromycin (2 wg-mL™").
293T-TIM-1 cells ectopically expressing TIM-1 were generated, and transgene expression was confirmed
by flow cytometry analysis.

CRISPR/Cas9-mediated knockout of TIM-1 expression. The 293T cells were transfected with a mix-
ture of LentiCRISPRV2 plasmid encoding TIM-1-specific guide RNA (gRNA) or the gRNA control (25),
pCMV-dR8.91, and pCMV-VSVG. The recombinant lentivirus expressing CRISPR/Cas9 and specific single
guide RNAs (sgRNAs) were collected and used for transduction of A549 cells. Transduced cells were
selected by puromycin treatment (3 ug-mL™"), and surviving clones were sorted for TIM-1 negative
expression (A549-TIM-1-KO) by flow cytometry analysis.
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TBEV RNA transfection. The full-length DNA (pTNd/c) was linearized and purified as previously
described (41). In vitro transcription was carried out to generate viral genomic RNA using a MEGAscript
kit, in the presence of a cap analog (Ambion). After extraction via TRIzol LS reagent (Invitrogen), the RNA
was quantified by spectrophotometry and stored at —80°C until use. A549 and A549-TIM-1-KO cells
were electroporated with viral genomic RNA, and virus titer was determined by the TCID,, assay at the
time points indicated.

Virus pulldown. Virus particles were incubated overnight at 4°C with 2 ug of Fc-chimera protein
TIM-1-Fc (AdipoGen) or IgG1-Fc (Sino Biological) in TBS containing 10 mM CaCl,. BSA-saturated protein
G Sepharose beads (GE Healthcare) were added and incubated for 4 h at 4°C. Beads were washed with
TBS containing 10 mM CaCl, and 0.05% Tween, and bound material was resolved in Laemmli buffer
under nonreducing conditions, followed by loading onto 10% SDS-PAGE gels and electroblotting onto
PVDF membranes. PVDF-bound virus particles were detected with the anti-flavivirus group-specific MAb
4G2, anti-EGFP MAb (Abcam) recognizing fused VP40 of EBOV-VLPs, or anti-matrix protein 1 (M1) of
influenza A virus HIN1 (PR8) MAb (Sino Biological), followed by incubation with HRP-conjugated rabbit
anti-mouse IgG antibodies (Sigma-Aldrich).

ELISA binding assay. Wells (96-well plates) were first coated with Fc-fused proteins TIM-1-Fc or
1gG1-Fc (400 ng/well) in TBS supplemented with 10 mM CaCl, overnight at 4°C. Wells were washed with
PBS with Tween 20 (PBST) and blocked for 2 h at 37°C with TBS containing 10 mM CaCl, and 2% BSA.
TBEV particles (5 x 10° TCID,) were added and incubated for 2 h at room temperature (RT), followed by
rinses with PBST. The 4G2 MAb was added to the wells and incubated for 2 h at RT. After washes with
PBST, the plate was incubated with HRP-conjugated goat anti-mouse IgG antibodies (ProteinTech). After
five washes with PBST, the plate was incubated with 3,3’,5,5'-tetramethyl benzidine (TMB; Boster
Biotechnology) for 30 min at RT in the dark. The reaction was stopped by addition of 4N H,SO,. The in-
tensity of yellow color developed by conversion of the substrate was measured at 450 nm with a micro-
plate spectrophotometer reader (BioTek). PtdSer was detected on bound TBEV virions (2 x 10° TCIDs,)
using anti-PtdSer TH6 MAb (Millipore) and HRP-conjugated goat anti-mouse MAb.

Flow cytometry assays. TIM-1 surface expression was detected by flow cytometry as described
previously (42). Briefly, dispersed cells were incubated with anti-human TIM-1, anti-mouse TIM-1, or
the corresponding isotype control MAb (BioLegend) for 30 min at 4°C. Cells were washed and pelleted
by centrifugation before resuspension in solution containing Alexa 594-conjugated goat anti-mouse
or goat anti-rat IgG antibodies (Abcam). Following incubation for 30 min at 4°C in the dark, the cells
were washed twice before flow cytometry analysis (fluorescence-activated cell sorter [FACS]
LSRFortessa; BD Biosciences). Intracellular viral antigens were stained with the anti-E 4G2 MAb.
Infected cells were fixed and permeabilized by prechilled methanol. Then, cells were incubated with
primary 4G2 MADb for 1 h at 4°C, followed by two washes. Cells were then incubated with the second-
ary Alexa 594-conjugated goat anti-mouse Ab for 30 min at 4°C. Cells were washed twice prior to flow
cytometry analysis.

Infection inhibition assay. TBEV incubated with the indicated doses of ANX5 (Abcam) or TIM-1-Fc
in serum-free medium was used to infect TIM-1-expressing cells, including 293T-TIM-1 and A549, at a
multiplicity of infection (MOI) of 1. Virus titers were assessed 48 h later by the TCID,, assay. The effect of
ANX5 and TIM-1-Fc on cellular viability was measured by the lactate dehydrogenase (LDH) assay as
described previously (43, 44). Treatment with 10 ulL of Triton X-100/well served as a positive control for
cytotoxicity.

Indirect immunofluorescence and confocal microscopy. Cells were cultured on 35-mm-diameter
plastic culture dishes (Nunc) and incubated with TBEV for 1 h at 4°C, with or without a temperature shift
to 37°C for 45 min. Cells were fixed with chilled methanol and incubated with primary goat anti-TIM-1
polyclonal Ab (R&D Systems) and mouse anti-E 4G2 MAb. After washing with PBS, cells were incubated
with the secondary antibodies, Alexa Fluor 488-conjugated donkey anti-mouse IgG and Alexa Fluor 647-
conjugated donkey anti-goat 1gG (Abcam). The cell nuclei were counterstained with Hoechst 33342.
Cells were visualized under a PerkinElmer UltraVIEW VoX live-cell imaging system (PerkinElmer) or a
Dragonfly spinning confocal system (Andor Technology).

TIM-1 MAb inhibition of infection assay. Cells were preincubated with media containing the indi-
cated quantities of anti-human TIM-1, anti-mouse TIM-1, or the corresponding isotype control MAb
(BioLegend) for 30 min prior to infection. Cells were then infected with TBEV at an MOI of 1 or 5. The
presence of antibodies in the cell culture medium was maintained throughout the experiment.
Supernatants were collected 48 h later, and virus titers were determined by the TCID,, assay.

RNA interference knockdown. A549 cells were transiently transfected using the Lipofectamine
RNAiMax protocol (Life Technologies) with 10 nM siRNAs, according to the manufacturer’s instructions.
After 48 h, cells were harvested for Western blot analysis or infected with TBEV at an MOI of 5, and
infected cell percentages were quantified 24 h postinfection by flow cytometry. Pools of three siRNAs
for TIM-1 and one negative-control siRNA were purchased from Cohesion Biosciences. The effect of
siRNAs on cell viability was measured by the LDH assay.

Quantitation of viral RNA uptake. Parental 293T and TIM-1-expressing 293T-TIM-1 cells were incu-
bated with TBEV for 1 h at 4°C, followed by 37°C for 45 min. Cells were then treated with proteinase K
(Beyotime; final concentration, 1 mg/mL) for 45 min at 4°C to remove noninternalized virus particles.
Total RNA was extracted from infected cells using an Omega HP total RNA isolation kit (Omega Bio-Tek,
Inc.). The viral RNA level was determined by real-time quantitative PCR (QRT-PCR) with human GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as the endogenous control. QRT-PCR was carried out
using a HiScript Il one-step qRT-PCR SYBR green kit (Vazyme) on a Bio-Rad CFX96 real-time PCR system
(Bio-Rad Laboratories, Inc.). The following primers were used: TBEV-F (genome position 7656 to 7675
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relative to TBEV strain WH2012, GenBank accession no. KJ755186), 5'-TAGGCGTGGTGGTTCTGAGG-3";
TBEV-R (genome position 7846 to 7827), 5'-GTTTAGCCGTGCCCCGTGAC-3"; GAPDH-F, 5'-GAAGGTGAAGGTCGGAGTC-
3"; GAPDH-R, 5'-GAAGATGGTGATGGGATTTC-3" (45). Results are expressed as the fold difference using expression in
293T infected cells as the calibrator value.

Mice and virus infection. Heterozygous C57BL/6J-TIM-1"/~ mice (B6/JNju-Havcr1em'¢419184/Nju) were
generated at Nanjing Biomedical Research Institute of Nanjing University (NBRI) using CRISPR/Cas9 tar-
geting the genomic region between exon 2 and exon 5. C57BL/6J-IFNAR1~/~ (B6.129S2-Ifnar1"™'9!/
Mmjax, IFNART KO) mice were kindly provided by Xinwen Chen (Wuhan Institute of Virology, Chinese
Academy of Sciences). C57BL/6J-TIM-1~/~ mice (TIM-1 KO) were produced by crossing parental C57BL/
6J-TIM-1"/~ mice. TIM-1~/~ IFNAR1~/~ double KO (DKO) mice were generated by crossing TIM-1 KO and
IFNAR1 KO mice. Mice were interbred, and genomic DNA from progeny was genotyped by PCR. The
TIM-1 genotyping primers included the following: shared forward primer, 5'-TGTACGAGCTGTCT
GCTGTTACTAG-3'; KO reverse primer, 5-TCTGGCAGCTCAAACCCAAG-3’; WT reverse primer, 5'-
TATGCCTGCACTCTCAGGCCA-3'. PCR amplification was carried out by 35 cycles of 15 s at 94°C, 15 s at
65°C, and 1 min at 72°C. The primers and protocol for IFNAR1™/~ screening have been previously
described (46). All expected genotypes were generated in normal Mendelian ratios. Homozygous prog-
eny of TIM-1 KO and WT littermates at 6 to 8 weeks of age, or homozygous progeny of DKO and IFNAR1
KO at 10 to 12 weeks of age were infected via footpad injection using concentrations of virus noted in
the figure legends. All inoculums were administered in the left-rear footpad. Animals were weighed, and
clinical symptoms and behavioral alterations were monitored for each recording day from day 0 to day
21 postchallenge.

Measurement of viral burden in mice. Subsets of mice were euthanized, and serum, brain, kidney,
spleen, and lung samples were dissected. Organs were weighed and homogenized by a bead-beater ap-
paratus. Total RNA was extracted from samples using the RNeasy kit according to the manufacturer’s
protocol (Qiagen). Viral load was determined by qRT-PCR as previously described (47). The levels of viral
RNA were expressed on a log,, scale as viral RNA copies per mL or per mg tissue after comparison with
a standard curve produced using serial 10-fold dilutions of TBEV RNA.

Data availability. The data that support the findings of this study are available within this article
and its supplemental materials. Additional data related to this paper may be requested from the
authors.

Statistical analyses. Graphical representation and statistical analyses were performed using
SigmaPlot 10.0 (Stystat Software) and Origin 8.0 (Origin Software). Results are shown as means = stand-
ard deviation. Unpaired t tests were used as indicated for two-group comparisons. A one-way analysis of
variance (ANOVA) was used when the study included more than two groups. Differences were consid-
ered statistically significant when the P value was <0.05 (*, P < 0.05).
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