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ABSTRACT Hepatitis C virus (HCV) is the leading cause of chronic hepatitis in
humans. Several host molecules participate in HCV cell entry, but this process re-
mains unclear. The complete unraveling of the HCV entry process is important to
further understand viral pathogenesis and develop therapeutics. Human hepatitis
A virus (HAV) cellular receptor 1 (HAVCR1), CD365, also known as TIM-1, func-
tions as a phospholipid receptor involved in cell entry of several enveloped vi-
ruses. Here, we studied the role of HAVCR1 in HCV infection. HAVCR1 antibody
inhibited entry in a dose-dependent manner. HAVCR1 soluble constructs neutral-
ized HCV, which did not require the HAVCR1 mucinlike region and was abro-
gated by a mutation of N to A at position 94 (N94A) in the Ig variable (IgV) do-
main phospholipid-binding pocket, indicating a direct interaction of the HAVCR1
IgV domain with HCV virions. However, knockout of HAVCR1 in Huh7 cells re-
duced but did not prevent HCV growth. Interestingly, the mouse HAVCR1 or-
tholog, also a phospholipid receptor, did not enhance infection and a soluble
form failed to neutralize HCV, although replacement of the mouse IgV domain
with the human HAVCR1 IgV domain restored the enhancement of HCV infec-
tion. Mutations in the cytoplasmic tail revealed that direct HAVCR1 signaling is
not required to enhance HCV infection. Our data show that the phospholipid-
binding function and other determinant(s) in the IgV domain of human HAVCR1
enhance HCV infection. Although the exact mechanism is not known, it is possi-
ble that HAVCR1 facilitates entry by stabilizing or enhancing attachment, leading
to direct interactions with specific receptors, such as CD81.

IMPORTANCE Hepatitis C virus (HCV) enters cells through a multifaceted process.
We identified the human hepatitis A virus cellular receptor 1 (HAVCR1), CD365, also
known as TIM-1, as a facilitator of HCV entry. Antibody blocking and silencing or
knockout of HAVCR1 in hepatoma cells reduced HCV entry. Our findings that the in-
teraction of HAVCR1 with HCV early during infection enhances entry but is not re-
quired for infection support the hypothesis that HAVCR1 facilitates entry by stabiliz-
ing or enhancing virus binding to the cell surface membrane and allowing the
correct virus-receptor positioning for interaction with the main HCV receptors. Fur-
thermore, our data show that in addition to the phospholipid-binding function of
HAVCR1, the enhancement of HCV infection involves other determinants in the IgV
domain of HAVCR1. These findings expand the repertoire of molecules that HCV
uses for cell entry, adding to the already complex mechanism of HCV infection and
pathogenesis.
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Hepatitis C virus (HCV) is an enveloped, positive-sense, single-stranded RNA virus
that is classified within the Flaviviridae. If left untreated, HCV infection can lead to

chronic liver disease, which can progress to fibrosis, cirrhosis, or hepatocellular carci-
noma (1). HCV is associated with the majority of liver transplantations in the United
States. A protective vaccine against HCV infection is still not available, but there have
been tremendous advances in antiviral drug treatment for HCV over recent years.
Current HCV therapies can clear infections in the vast majority of people treated (2).
However, the cost of therapy, the potential for reinfection, and the development of
resistant viruses can limit the treatment success (2). Further understanding of the
process of HCV entry would contribute to the development of additional strategies to
prevent or treat infections.

HCV entry into cells is a complex and multifaceted process (reviewed in reference 3)
involving initial nonspecific attachment via low-density-lipoprotein receptors and gly-
cosaminoglycans followed by specific interaction with several host cell proteins, in-
cluding the tetraspanin CD81 (4), scavenger receptor B1 (SRB1) (5), claudin 1 (CLDN1)
(6), and occludin (OCLN) (7). Following receptor binding, virions are internalized via
clathrin-mediated endocytosis (8), where the lower pH triggers fusion of viral and
endosomal membranes, delivering the nucleocapsid into the cytoplasm (9). More
recently, additional cofactors, including the receptor tyrosine kinases (10), Niemann-
Pick C1-like 1 (11), transferrin receptor (12), E-cadherin (13), and CD36 (14), have been
shown to facilitate particle entry.

Hepatitis A virus (HAV) cellular receptor 1 (HAVCR1), also known as TIM-1, was first
identified as an HAV cellular receptor (15). HAV is a small, nonenveloped, positive-
strand RNA virus that interacts with the immunoglobulin variable (IgV) domain of
HAVCR1 (TIM-1) (16). Six cysteine residues in the IgV domain of HAVCR1 define a
phospholipid-binding pocket, the function of which is abrogated by an N94A mutation
that prevents coordination of the phosphate group with a metal ion present in the
pocket (17). HAVCR1 functions as a pattern recognition receptor (PRR) of damage-
associated molecular patterns (DAMPS) by recognizing phosphatidylserine exposed at
the cell surface of apoptotic cells (18). HAVCR1 is expressed in T, B, and dendritic cells
and is involved in the modulation of allergic, asthmatic, and autoimmune responses
(reviewed in references 19 and 20). Furthermore, HAVCR1 is expressed on regulatory T
cells (21) and B cells (22), where it functions as a PRR modulating tolerance.

HAVCR1 (TIM-1) has been implicated in cell entry of enveloped viruses by apoptotic
mimicry via interaction with envelope phospholipids (23). Because HAVCR1 polymor-
phisms have been associated with the outcome of HCV infection (24, 25) and HAVCR1
(TIM-1) enhances HCV infection in cell culture (26), we further examined the interaction
of HCV with HAVCR1 to understand the mechanism(s) involved in the infection en-
hancement. To do so, we studied entry into human hepatoma cells using cell culture-
derived (HCVcc) and HCV envelope-pseudotyped (HCVpp) viruses. We evaluated the
effects of anti-HAVCR1 antibodies and soluble HAVCR1 on HCV cell entry and infection
and confirmed that HAVCR1 knockdown (KD) by small hairpin RNA (shRNA) and
knockout (KO) by clustered regularly interspaced short palindromic repeat–CRISPR-
associated protein 9 (CRISPR-Cas9) technology reduced HCV infection. Our data indi-
cated that determinants in the IgV domain of HAVCR1 other than the phospholipid
receptor function are required for the enhancement of HCV infection.

RESULTS
Antibody to HAVCR1 blocks HCV entry and is synergistic with anti-CD81 antibody.

To determine if HAVCR1 is involved in HCV infection, we tested the ability of anti-
HAVCR1 monoclonal antibody (MAb) 1D12 to block the entry of cell-culture-derived
J6/JFH1 HCV particles (HCVcc) into human hepatoma Huh7.5 cells. We compared the
inhibitory effect to that of a MAb targeting the known HCV entry factor, CD81. The
anti-HAVCR1 MAb inhibited HCVcc infection of Huh7.5 cells in a dose-dependent
manner (Fig. 1A). Similarly, antibody to CD81, a key determinant for HCV entry (27) that
interacts with the HCV envelope E2 protein at a number of binding sites (28, 29), also
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inhibited HCVcc infection (Fig. 1B). An isotype control had no effect on HCV entry (Fig.
1C). The anti-CD81 MAb was slightly more potent than the anti-HAVCR1 MAb, with a
calculated 50% inhibitory concentration (IC50) of 210 ng/ml versus 277 ng/ml. We also
observed a synergistic effect of the anti-CD81 and 1D12 MAbs in blocking HCV infection
by using a constant ratio combination of the two antibodies (Fig. 1D). This synergy was
further evaluated by calculating a combination index (CI) (30) that can vary between
synergistic (CI � 0.85), additive (CI � 0.85 to 1.1), and antagonistic (nonadditive) (CI �

1.1) effects. This value (mean CI � 0.7) confirmed that anti-CD81 and anti-HAVCR1
antibodies synergistically inhibited HCVcc infection. These data suggest that HAVCR1
plays a role in facilitating HCV entry into cells.

HAVCR1 functions early during HCV infection. Our data using antibodies further
confirmed that HAVCR1 is involved in the HCV entry process. To understand the
mechanism of action and assess whether this molecule is involved in attachment
and/or at postbinding steps, we assessed the inhibitory effects of anti-HAVCR1 MAb
treatment at different times before and after virus binding. Similar studies have been
used to analyze the time of action of other HCV receptors (12, 14, 27). Huh7.5 cells were
infected with JFH1 HCVcc carrying the Nanoluciferase reporter gene (JFH1-Nanoluc) at
4°C for 1 h to allow virus binding to cells but not entry, washed three times, and
incubated at 37°C to allow virus cell entry to proceed. Antibodies to CD81, HAVCR1, or
an isotype control were added before and after infection at hourly intervals, and
luciferase activities were compared to the activity in mock-infected cells to assess
infectivity (Fig. 2). The amount of antibody added corresponded to the IC50 determined
in prior experiments. Consistent with previous studies (9), anti-CD81 antibody inhibited
infection by 50% when added during virus binding and directly after transfer to 37°C
but had no significant effect at 1 to 4 h postinfection (Fig. 2A). Similarly, anti-HAVCR1
MAb 1D12 inhibited approximately 50% of HCV infection when added at �1 and 0 h
but had no effect at 1 to 4 h postinfection (Fig. 2B). As expected, the isotype control had
no significant effect on HCVcc infectivity (Fig. 2C). These data indicate that HAVCR1
functions early during HCVcc infection and suggest that this receptor may act at the

FIG 1 Inhibition of HCVcc entry into Huh7.5 cells by anti-HAVCR1 antibody. Huh7.5 cells were treated
with decreasing concentrations of the following antibodies following 2-fold dilutions from 4 �g/ml to
0.0625 �g/ml: anti-HAVCR1 MAb (1D12) (A), anti-CD81 MAb (JS-81) (B), and isotype control (C). Cells were
treated with antibodies 1 h prior to infection with J6/JFH1. After 72 h, HCVcc infection was evaluated by
automatic counting of stained foci and the percentage of inhibition calculated by comparing focus
counts in treated and mock-treated cells. (D) Huh7.5 cells were treated with increasing concentrations of
anti-CD81 and anti-HAVCR1 MAbs individually or in combination. The percentage of inhibition and dose
effect plot was created using CalcuSyn 2.0 software. Testing for all assays was performed in duplicate.
Error bars represent standard errors of the means. Data are representative of three independent
experiments.
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initial binding stage of entry. To analyze whether there is an association between
HAVCR1 and CD81 at the cell surface, we used confocal microscopy. This revealed that
despite strong signals on the surface of cells for both molecules, there was no evidence
of colocalization between CD81 and HAVCR1 at the surface of uninfected cells (Fig. 2D).

Soluble HAVCR1 inhibits HCV entry in a dose-dependent manner. If HCVcc entry
into cells is mediated through binding of the virus particles to HAVCR1, we hypothe-
sized that soluble HAVCR1 would compete for cellular binding to the viral particles and
inhibit entry. To determine whether HAVCR1 can directly interact with HCVcc, we
treated virus with a soluble HAVCR1 in the form of an Fc fusion protein (HAVCR1-Fc)
prior to infection of Huh7.5 cells. HAVCR-Fc inhibited the infection of four HCVcc
chimeric viruses containing E1/E2 glycoproteins from different HCV genotypes similarly,
in a dose-dependent manner (Fig. 3A), whereas no inhibition was seen using the
negative control Fc (Fig. 3A). From these studies, we calculated the IC50 values of
HAVCR1 for the 1a/2a, 1b/2a, 2a/2a, and 3a/2a HCVcc as 18.8 nM, 25.6 nM, 18.3 nM, and
32.6 nM, respectively. Interestingly, we found that an Fc fusion of the monkey homolog
of HAVCR1, mkHAVCR1-Fc, also inhibited HCV entry in a dose-dependent manner (Fig.
3B) (IC50 � 7.46 nM), similarly to HAVCR1-Fc. However, an Fc fusion of the mouse
ortholog of HAVCR1, Havcr1-Fc, showed no inhibitory activity against HCVcc even at
high concentrations (Fig. 3B). Because mouse Havcr1 is also a phospholipid receptor,
our data indicated that the presence of a phospholipid-binding pocket alone is not
sufficient for the HAVCR1-HCV interaction.

The HAVCR1 phospholipid-binding pocket is involved in the interaction with
HCV. HAVCR1 is a class I integral membrane glycoprotein that contains an N-terminal
IgV domain extended from the plasma membrane by a mucinlike domain, which is
anchored to cellular membranes by a canonical transmembrane domain followed by a
cytoplasmic tail (15). The HAVCR1 monkey homolog mkHAVCR1 and the mouse or-
tholog Havcr1 share the same organization (20) but differ in sequence identity. There
is 53% sequence identity between mkHAVCR1 and Havcr1 and 79% identity between
mkHAVCR1 and HAVCR1 (17). The IgV domain has been shown to contain the binding
site for HAV (16) and a phospholipid-binding pocket (17) that binds phosphatidylserine

FIG 2 Comparison of inhibitory activities and cell membrane localization of CD81 and HAVCR1. JFH1-
Nanoluc was added to cells at 4°C for 1 h before moving the cells to 37°C to allow entry and infection
to proceed. Antibody against CD81 (JS-81) (A), HAVCR1 (1D12) (B), or mouse isotype control (C) was
added hourly to cells before and after HCVcc binding. The amount of antibody used was the concen-
tration that was previously found to result in 50% inhibition of infection or the highest equivalent
concentration in the case of the isotype control. The levels of luciferase expression at different time
points were measured, and the percentages of inhibition were calculated by comparing the signals in
mock-treated and infected cells at each time point. Error bars represent standard errors of the means. (D)
Confocal analysis of Huh7.5 cells surface stained with 4=,6-diamidino-2-phenylindole (DAPI), anti-CD81
MAb (JS-81), and anti-HAVCR1 MAb (HAVCR1-1 MAb).
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(PS) but not phosphatidylcholine (PC) (18). PS is a phospholipid contained in the inner
leaflet of the plasma membrane that is exposed at the outer leaflet in apoptotic cells
and is also a component of viral envelopes (18). We found that the HAVCR1 mucinlike
region is not required for the HAVCR1-HCV interaction because HAVCR1(IgV)-Fc, a
construct containing only the IgV-like domain and not the mucinlike domain, had an
inhibitory effect on HCVcc infection similar to that of HAVCR1-Fc, a construct containing
both extracellular domains (Fig. 3C). HAVCR1(IgV)-Fc and HAVCR1-Fc had similar IC50

values, 22.7 nM and 22.36 nM, respectively. In contrast, an Fc fusion of HAVCR1
containing an N94A mutation in the phospholipid-binding pocket of the IgV domain
(HAVCR1-N94A-Fc), which prevents binding of phospholipids, showed no inhibition of
HCVcc infection (Fig. 3D). Taken together, these data indicate that the integrity of the
phospholipid-binding pocket in HAVCR1 is necessary for the interaction with HCVcc
particles.

To further analyze the role of PS in HCVcc entry via HAVCR1, we tested the inhibitory
effects of PS-containing liposomes. We found that high concentrations of PS-liposomes,

FIG 3 Dose-dependent inhibition of HCVcc entry with soluble HAVCR1 receptors, phosphatidyl serine, or annexin V. HCVcc
was incubated 1 h prior to infection of Huh7.5 cells with increasing amounts of soluble HAVCR1 receptor containing the
IgV- and mucinlike domains (HAVCR1-Fc) (A), soluble monkey HAVCR1 (mkHAVCR1-Fc) or mouse Havcr1 ortholog
(mHavcr1-Fc) (B), HAVCR1-Fc or soluble HAVCR1 containing the IgV-like domain [HAVCR1(IgV)-Fc] (C), HAVCR1-Fc or the
same receptor with an N94A mutation in the phosphatidylserine binding domain (HAVCR1-N94A-Fc) (D), phosphatidyl-
serine (PS) or phosphatidylcholine (PC) liposomes (E), or annexin V (F). Testing for all assays was performed in duplicate.
Error bars represent standard errors of the means. Data are representative of three independent experiments. All
experiments were performed with HCVcc J6/JFH1 except for that shown in panel A, which used HCVcc chimeric viruses
1a/2a, 1b/2a, 2a/2a (J6/JFH1), and 3a/2a.
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in the 10 �M range, only partially inhibited HCVcc infection, while the control lipo-
somes containing PC showed no inhibitory effect (Fig. 3E). This requirement for
relatively high concentrations of PS-liposomes to achieve inhibition of HCVcc entry is
consistent with previously published data on the role of HAVCR-1 (TIM-1) in HCV entry
(26). Similarly, treatment of viral particles with a micromolar concentration of annexin
V, a cellular protein that binds to PS, partially inhibited HCVcc entry (Fig. 3F). Since a low
nanomolar concentration of HAVCR-Fc results in similar levels of inhibition (Fig. 3A to
D), our findings further suggest that the HAVCR1-HCV interaction is not mediated solely
by phospholipids present on the viral membrane.

Knockdown of HAVCR1 expression reduces HCV entry. To further understand the
HAVCR1-HCVcc interaction, we knocked down the expression of HAVCR1 in Huh7.5
cells by transfection of plasmids expressing HAVCR1-specific shRNA fragments (HAVCR1
KD cells). Fluorescence-activated cell sorting (FACS) analysis revealed that the propor-
tion of cells expressing HAVCR1 (Fig. 4A) and the level of expression on a per-cell basis
(mean fluorescence intensity) (Fig. 4B) were significantly reduced in the HAVCR1 KD
cells compared to the results for the parental Huh7.5 cells, whereas the expression
of CD81 and SRB1 (Fig. 4A and B) were not affected. We also verified the surface
expression of claudin and occludin using biotinylation pulldown studies and found no
difference between the Huh7.5 and the HAVCR1 KD cells (Fig. 4C). Infection with
JFH1-Nanoluc showed significantly lower levels (P � 0.029) of luciferase in HAVCR1 KD
cells than in parental cells for up to 72 h postinfection (Fig. 4D). Furthermore, the levels

FIG 4 Reduced HAVCR1 expression on Huh7.5 cells results in reduced levels of HCVcc and HCVpp entry. Huh7.5 HAVCR1-1
knockdown (KD) cells were generated by transfection of parent Huh7.5 cells with a plasmid expressing HAVCR1 shRNA. (A)
Percentages of parent and KD cells positive for HAVCR1, CD81, and SRB1 surface expression. Bars represent the mean values
from 5 independent experiments for HAVCR1 and CD81 and 4 independent experiments for SRB1. (B) Mean fluorescence
signals of HAVCR1, CD81, and SRB1 surface expression on parent and KD cells. Bars represent the mean values from 5
independent experiments for HAVCR1 and CD81 and 4 independent experiments for SRB1. (C) Western blot detection of
claudin and occludin after cell surface biotinylation of Huh7.5 and HAVCR1 KD cells. Whole-cell lysate (WCL) is cell lysate prior
to pulldown treatment. Nonbiotinylated control represents cells treated exactly as for the biotinylated cells but without the
addition of EZ-Link sulfo-NHS-LCLC-biotin for cell surface biotinylation. Anti-claudin antibody was used for detection and
shows the specificity of the NeutrAvidin beads for precipitation. (D) Luciferase activities at 24, 48, and 72 h postinfection in
lysates of parent and KD cells infected with JFH1-Nanoluc. Bars represent the mean relative light units (RLU) calculated from
4 independent experiments using 9 replicates per experiment. (E) Titers of virus recovered from the supernatants of parent and
KD cells at 72 h postinfection with JFH1-Nanoluc. Bars represent the mean titers from 4 independent experiments. (F)
Luciferase activities in parent and KD cells 48 h after infection with HCVpp. (G) Luciferase activities in parent and KD cells 48 h
after infection with VSV-G. Bars represent the mean values from 4 independent experiments. Error bars in all graphs represent
standard errors of the means. Statistical analyses were performed using the Mann-Whitney test.
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of HCVcc recovered from the supernatants of infected HAVCR1 KD cells were signifi-
cantly lower (P � 0.029) than the levels recovered from parental cells (Fig. 4E). We also
observed significantly lower levels (P � 0.029) of luciferase expression in HAVCR1 KD
cells than in parent cells following infection with HCVpp (Fig. 4F). At the same time, we
did not find any differences in the levels of luciferase expression following infection
with control vesicular stomatitis virus envelope glycoprotein (VSV-G) pseudoparticles
(Fig. 4G). These results indicate that knockdown of HAVCR1 decreased but did not
prevent HCV infection of Huh7 cells.

Knockout of HAVCR1 decreases but does not prevent HCV infection. Because
HAVCR1 knockdown affected HCV infection, we further studied HCV infection in
knockout cells. To do so, we used CRISPR-Cas9 technology to knock out the HAVCR1
gene in Huh7-A-I cells (N. Amharref, M. I. Costafreda, M. Manangeeswarwn, J. Jacques,
K. Konduru, A. C. Shurtleff, J. M. Casasnovas, and G. Kaplan, submitted for publication),
a cell clone derived from Huh7 cells. Flow cytometry analysis confirmed that four KO
cell clones (clones 2, 9, 11, and 12) did not express HAVCR1 (Fig. 5A). However, two of
the HAVCR1 KO cell clones, clones 11 and 12, expressed normal levels of CD81, whereas
clones 2 and 9 expressed significantly lower levels of CD81 at the cell surface than did
Huh7-A-I cells (Fig. 5B). Infection of HAVCR1 KO cells with JFH1-Nanoluc showed a
significant decrease in luciferase signal at 72 h postinfection in all clones compared to
the signal in the parent Huh7-A-I cells (P � 0.029) (Fig. 5E). The greatest reductions
were seen for clones 2 and 9, presumably due to the additional reductions in CD81
expression. However, clones 11 and 12, which had levels of CD81 expression on the
surface comparable to the level on Huh7-A-I cells, also showed significantly reduced
levels of HCVcc infection (P � 0.029). Clone 12 was confirmed to express comparable
levels of SRB1 through FACS staining (Fig. 5C) and of claudin and occludin using
biotinylation of surface proteins followed by pulldown with streptavidin beads (Fig. 5D).
This observed decrease in the infectivity of clone 12 was due to reduced entry of HCVcc
and not RNA replication, as similar luciferase levels were observed in parental cells and
clone 12 HAVCR1 KO cells transfected with RNA transcribed from the JFH1-Nanoluc
plasmid in vitro (Fig. 5F). The transfection of RNA into the cells bypasses the cell entry
process by delivering RNA directly into the cytoplasm. In contrast, RNA replication was
reduced in clone 2 at 24 to 47 h posttransfection compared to the RNA replication in
clone 12 and Huh7-A-I. Clone 2 was found to have minimal levels of CD81 expression
(Fig. 5B), and these data are consistent with previous results indicating that reduced
CD81 expression levels have a negative impact on HCV RNA replication (31).

To further verify that the reduced infectivity of HCV in the HAVCR1 KO cells was due
to the lack of HAVCR1 expression, we transfected HAVCR1 KO clone 12 cells with a
plasmid coding for HAVCR1. Transient transfection of HAVCR1 resulted in the expres-
sion of the receptor at the cell surface (Fig. 6A), which was determined to be active
because these cells bound significantly higher levels of apoptotic cells than vector-
transfected cells (Fig. 6B). Furthermore, transfection of HAVCR1 restored the enhance-
ment of HCV infection (Fig. 6C), which confirmed that HAVCR1 expression increases but
it is not required for HCV infection.

The integrity of the HAVCR1 phospholipid-binding pocket is required to en-
hance HCV infection. Our neutralization data using soluble forms of HAVCR1 indicated
that the integrity of the phospholipid-binding pocket in the IgV domain is required for
the HAVCR1-HCV interaction (Fig. 3D). To determine whether the phospholipid-binding
pocket is also required to enhance HCV infectivity, we transfected HAVCR1 KO clone 12
cells with an HAVCR1 expression plasmid containing an N94A mutation in the
phospholipid-binding pocket or a control E88A mutation outside the pocket. A sche-
matic representation of HAVCR1 with the different domains and mutations studied is
presented in Fig. 7A, and the exact positions of the mutations are shown in Fig. 7B. The
transfectants expressed HAVCR1 N94A or E88A at the cell surface (Fig. 6D). As expected,
the N94A but not the E88A mutation blocked the phospholipid-binding function of
HAVCR1 (Fig. 6E). More importantly, HCV infection was not enhanced in HAVCR1
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N94A-transfected cells, whereas HAVCR1 E88A significantly increased infectivity com-
pared to the results for vector-transfected cells (Fig. 6F). Our results indicated that the
integrity of the phospholipid-binding pocket is needed for the direct HAVCR1-HCV
interaction and is also required for the enhancement of HCV infection.

FIG 5 Complete silencing of HAVCR1 expression in Huh7.5 cells significantly reduces HCVcc infection. Surface
expression levels of receptors on Huh7.5 cells, Huh7-A-I cells, and different clones of Huh7-A-I HAVCR1
knockout (KO) cells were assessed by FACS using MAbs specific to HAVCR1 (REA383) (A), CD81 (JS-81) (B), and
SRB1 (m1B9) (C). Data for positive cells are shown in dark gray, and data for mouse PE-isotype control are
shown in light gray. Data are representative of three independent experiments. (D) Western blot detection of
claudin and occludin after cell surface biotinylation of Huh7-A-I and clone 12 KO cells. Whole-cell lysate (WCL)
is cell lysate prior to pulldown treatment. Nonbiotinylated control represents cells treated exactly as for the
biotinylated cells but without the addition of EZ-Link sulfo-NHS-LCLC-biotin for cell surface biotinylation.
Anticlaudin antibody was used for detection and shows the specificity of the NeutrAvidin beads for
precipitation. Antiactin antibody was used for detection of actin, a cytoplasmic protein that is not expressed
on the cell surface, demonstrating biotinylation of surface proteins only. (E) Luciferase activities in lysates from
Huh7-A-I HAVCR1 KO clones and parent cell line at 72 h postinfection with JFH1-Nanoluc. Data were obtained
from 3 independent experiments, and each experiment was carried out using 12 replicates for each cell clone.
Each symbol represents an individual well from the 3 independent experiments. Horizontal bars represent the
mean luciferase activities. P values were calculated using the mean values from each of the 3 independent
experiments. (F) Time course of luciferase expression relative to the expression at 3 h posttransfection in
Huh7-A-I HAVCR1 KO clones 2 and 12 and parent cells following transfection with JFH1-Nanoluc RNA
transcribed in vitro. Data are the mean values from 6 replicates at each time point. Error bars represent
standard errors of the means. Data are representative of two independent experiments. RLU, relative light
units.
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Direct signaling via HAVCR1 is not required to enhance HCV infection. The
HAVCR1 cytoplasmic tail contains a conserved tyrosine residue (Y330) that is phosphor-
ylated upon HAVCR1 cross-linking (32) and a nonconserved tyrosine residue (Y336) of
unknown function. A binding motif for SH2 domains of Src family kinases that does not
require phosphorylation of Y330 for kinase binding (33) is also present between amino
acids 324 and 331 of the HAVCR1 cytoplasmic tail. To determine whether direct
signaling via HAVCR1 is required for the enhancement of HCV infection, we made
HAVCR1 mutants containing Y330A, Y336A, or the deletion of amino acid residues 324
to 331 (del324 –331) (Fig. 7A and B). Transient transfection of HAVCR1 KO clone 12 cells
with these constructs resulted in cell surface expression of the cytoplasmic tail mutants

FIG 6 Expression of HAVCR1 in KO clone 12 enhances HCV infection. HAVCR1 KO clone 12 cells were transfected with plasmids expressing
HAVCR1, mutated forms of HAVCR1 (E88A, N94A, Y330A, Y336A, and del324 –331 mutations), or vector. (A) Expression of HAVCR1 on the
surface of clone 12 cells transfected with vector or plasmid expressing HAVCR1 48 h posttransfection was assessed using anti-HAVCR1-1
MAb. (B) Apoptotic binding activities of clone 12 cells transfected with vector or plasmid expressing HAVCR1. (C) Luciferase expression
in cell lysates of clone 12 cells transfected with HAVCR1 expression plasmid and infected with JFH1-Nanoluc. Data at 24 h postinfection
are shown. Four independent experiments were performed; each time point included 3 replicates. (D) Expression of E88A or N94A mutant
on the surface of transfected clone 12 cells 48 h posttransfection assessed using anti-HAVCR1-1 MAb. (E) Apoptotic binding of clone 12
cells transfected with vector or plasmids expressing E88A and N94A mutant forms of HAVCR1. (F) Luciferase expression in cell lysates of
clone 12 cells transfected with plasmids expressing E88A or N94A mutants and infected with JFH1-Nanoluc. Data are from 4 independent
experiments, each including 3 replicates, at 24 h postinfection. (G) Expression of Y330A, Y336A, or del324 –331 mutant on the surface of
transfected clone 12 cells 48 h posttransfection was assessed using anti-HAVCR1-1 MAb. (H) Apoptotic binding of clone 12 cells
transfected with vector or plasmids expressing Y330A, Y336A, and del324 –331 mutant forms of HAVCR1. (I) Luciferase expression in cell
lysates of clone 12 cells transfected with Y330A, Y336A, or del324 –331 mutant plasmids and infected with JFH1-Nanoluc. Data are from
4 independent experiments, each including 3 replicates, at 24 h postinfection. Horizontal bars represent the mean values. Asterisks
represent significance values obtained using the Mann-Whitney test to compare the mean values for vector-transfected cells with the
mean values for each of the other transfectants. NS, not significant; **, P � 0.001; ***, P � 0.0001. For FACS histograms, HAVCR1 expression
on transfected cells is shown as filled dark-gray areas, and data for untransfected cells stained with anti-HAVCR1-1 MAb are shown as filled
light-gray areas. RLU, relative light units; MFI, mean fluorescence intensity.
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(Fig. 6G), and these mutants were confirmed as active PS receptors (Fig. 6H). Interest-
ingly, all these cytoplasmic tail mutants significantly (P � 0.001) enhanced HCV
infection (Fig. 6I) compared to the results for the vector control, indicating that direct
signaling via HAVCR1 is not required to increase HCV cell entry.

The IgV domain of human HAVCR1 is responsible for facilitating HCV entry. To
determine whether the IgV domain of human HAVCR1 is sufficient to enhance HCV
infection, we generated a human/mouse chimeric receptor by replacing the mouse IgV
domain with that of human HAVCR1 (Hu IgV/mHavcr1) while retaining the mouse
mucin domain (Muc), transmembrane domain (TM), and cytoplasmic tail (CT) (Fig. 7A
and B). Transiently transfected HAVCR1 KO clone 12 cells expressed Hu IgV/mHavcr1
(Muc-TM-CT) at the cell surface (Fig. 8A), which was active as a PS receptor (Fig. 8B), and
the cells showed significantly (P � 0.001) enhanced HCV infection compared to the
results for mHavcr1- and vector-transfected cells (Fig. 8C), despite the expression of
mHavcr1 on the surface of the cells (Fig. 8A). These data indicated that an active PS
receptor such as mHavcr1 is not sufficient to increase HCV infection and that additional
determinants present in human HAVCR1 are required for the enhancement.

DISCUSSION

Viruses usurp the apoptotic cell clearance mechanism to gain entry into cells via a
mechanism known as viral apoptotic mimicry, in which PS exposed at the virion surface

FIG 7 Schematic representation of the HAVCR1, mHavcr1, and chimeric proteins used in transient-transfection experiments. (A) Receptor domains and
mutations in the human and mouse proteins. (B) Sequence alignment of HAVCR1, mouse Havcr1 (mHavcr1), and chimeric protein. Yellow highlighting denotes
residues conserved between the molecules. The different receptor regions are defined by colored underlining as follows: red, IgV domain; blue, mucin domain;
green, transmembrane domain; black, cytoplasmic domain. Mutated or deleted residues in HAVCR1 are shown in black boxes.
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binds to PS receptors on cells to facilitate entry (for a review, see reference 23).
Apoptotic mimicry involving several direct PS receptors (HAVCR1 [also known as TIM-1],
HAVCR2, CD300a, and CD300f) and indirect PS receptors like MFGE8 and GAS6 that
bind to cell surface receptors has been reported for alphaviruses, flaviviruses, filovi-
ruses, arenaviruses, poxviruses, rhabdoviruses, and baculoviruses (23). Here, we show
through a series of studies using antibodies, soluble receptors, and knockdown (KD)
and knockout (KO) cells that HAVCR1 (TIM-1) facilitates the entry of HCV.

Our initial experiments showed that a MAb against the IgV-like domain of HAVCR1
inhibited HCV entry in a dose-dependent manner (Fig. 1) and that this inhibition was
synergistic when combined with antibody to CD81. Moreover, soluble HAVCR1 receptor
blocked HCV infection, indicating a direct interaction between HAVCR1 and HCV
particles, while the deletion of the mucinlike region of HAVCR1 did not affect neutral-
ization. The N94A mutation in HAVCR1 that disrupts the PS-binding pocket blocked
neutralization of HCVcc by HAVCR1-Fc and did not enhance the infection of HAVCR1 KO
cell transfectants expressing HAVCR1.

Our studies using HAVCR1 knockdown and knockout cells showed reduced levels of
HCV infection, providing additional confirmation of a role for HAVCR1 in HCV entry.
These studies indicated that the HAVCR1-mediated enhancement of HCV infection is at
the cell entry level, since HAVCR1 KO and parental cells supported similar HCV growth
upon transfection of viral RNA. Deletion of the HAVCR1 gene in the knockout cells,
which was confirmed through sequence analysis (data not shown) and flow cytometry,
did not completely prevent HCVcc infection, suggesting that HAVCR1 is not required
but instead facilitates or enhances cell entry by playing a role of cell entry cofactor. The
inhibition of HCV infection by anti-HAVCR1 MAb treatment is consistent with this
hypothesis because it is only effective before infection or during absorption.

FIG 8 The IgV domain of human HAVCR1 is responsible for facilitating HCV entry. (A) Expression of
HAVCR1 or mHavcr1 on the surface of transfected clone 12 cells 48 h posttransfection. Receptor
expression is shown as filled dark-gray areas, and data for stained, untransfected cells are shown as filled
light-gray areas. (B) Apoptotic binding of clone 12 cells transfected with vector or plasmids expressing
HAVCR1, mHavcr1, or chimeric human/mouse receptor. MFI, mean fluorescence intensity. (C) Luciferase
expression in cell lysates of clone 12 cells transfected with expression plasmids and infected with
JFH1-Nanoluc. RLU, relative light units. Data shown are from 5 experiments with transient transfection of
the control vector and HAVCR1 and 3 independent experiments for mHavcr1, including 3 replicates each,
at 24 h postinfection. Asterisks represent significance values obtained using the Mann-Whitney test to
compare the data for vector-transfected cells with the data for each of the other transfectants or the
parent cell line. NS, not significant; **, P � 0.001; ***, P � 0.0001.
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Further analyses of KO cells rescued with plasmids expressing mutant forms of
HAVCR1 or the mouse orthologue (mHavcr1) provided additional insights into regions
critical for interactions of the receptor with HCV particles. Mutations in the cytoplasmic
tail of HAVCR1 that could mediate direct signal transduction did not affect the
enhancement of HCV infection. Additionally, mHavcr1, the mouse ortholog of HAVCR1
that is also a PS receptor, did not neutralize HCVcc or enhance infection in KO cells.
Exchange of the IgV domain of mHavcr1 with the IgV domain of human HAVCR1
restored the enhancement of HCV infection. Taken together, our results indicate that
the IgV domain of HAVCR1 is required to enhance HCV infection. However, binding of
PS to a PS receptor alone is not sufficient to mediate the HAVCR1-HCV interaction, since
mHavcr1 did not enhance HCV infection, suggesting that the HAVCR1 IgV may also
interact with other molecules at the virion surface, such as E1E2. Our results are
consistent with previous studies showing that the human HAVCR1 (TIM-1) homologs
HAVCR2 (also known as TIM-3) and TIM-4, which are also PS receptors, did not enhance
HCV infection (26) and indicate that apoptotic mimicry may not be the only mechanism
by which HAVCR1 enhances HCV infection.

A high concentration of PS-liposomes, in the 10 �M range, was required to partially
block HCVcc infection in Huh7.5 cells, compared to the low, 0.1-to-1 �M range needed
to block HAVCR1-mediated binding and phagocytosis of apoptotic cells (18). These
results support our hypothesis that either the interaction of HCV with HAVCR1 is not
entirely mediated through binding of PS to the PS-binding pocket or the PS present on
the HCV virion surface does not interact efficiently with HAVCR1. Consistent with these
findings, we also observed that a high concentration of annexin V, in the 1,000 �M
range, is required to partially inhibit HCV infection, compared to the 0.03 �M range of
HAVCR1-Fc needed to achieve similar inhibition, further suggesting that the interaction
of HCV with the IgV of HAVCR1 may not be restricted to PS interactions with the
PS-binding pocket. The infection of dengue virus (DV), another member of the Flavi-
viridae family, is enhanced by HAVCR1, TIM-4, and members of the TAM family (34),
which are unrelated PS-binding receptors, suggesting that DV has less stringent
requirements for enhancement of infection by PS receptors.

In humans, there is some evidence that HAVCR1 (TIM-1) may be expressed in
different cell types, including hepatocytes, multiple epithelial cells, and immune system
cells like B- and T cells, macrophages, and dendritic cells (35). It is possible that HCV may
use HAVCR1 for initial binding to the surface membrane and correct positioning of the
virus for interaction with the main HCV receptors. Alternatively, HAVCR1 may enhance
HCV cell entry by an indirect mechanism that increases the activation of other receptors
and coreceptors. HCV may also use HAVCR1 to bind cells circulating in the blood and
facilitate transportation to the site of replication in the liver. Our findings provide
mechanistic insights into the interaction of HCV with the HAVCR1 IgV domain, expand
the repertoire of molecules that HCV uses for cell entry, and add to the already complex
mechanism of infection for this virus. Further studies will be required to determine
whether HAVCR1 (TIM-1) plays any role in the pathogenesis of HCV, as suggested by
epidemiological studies (24, 25, 36), and whether it could be involved in cell-to-cell
spread or used as a target in novel therapeutic strategies.

MATERIALS AND METHODS
HCVcc production and inhibition of infection. We used four HCVcc chimeric viruses carrying the

structural proteins from four different genotypes, 1a, 1b, 2a and 3a, on the JFH1 2a backbone (37).
J6/JFH1 (2a/2a) was kindly provided by Charles Rice (Rockefeller University, NY). The 1a/2a, 1b/2a, and
3a/2a chimeric viruses were produced and their titers determined on human hepatoma Huh7.5 cells as
described previously (38).

Inhibition assays were performed using decreasing concentrations of the following antibodies
following 2-fold dilutions from 4 �g/ml to 0.0625 �g/ml: anti-HAVCR1 MAb (1D12) (BioLegend, San
Diego, CA) and anti-human CD81 MAb (JS-81) (BD Pharmingen, San Jose, CA). Antibodies were added to
Huh7.5 cells, and after 1 h at 37°C, the cells were washed and infected with HCVcc and the foci stained
as previously described (39). Foci were counted using an automated counting system (Cellular Technol-
ogy Limited, Cleveland, OH) and BioSpot 5.0 Professional software (Cellular Technology Limited, Cleve-
land, OH). A mouse IgG1 isotype control antibody (BioLegend, San Diego, CA) was included in all
inhibition assays.
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Inhibition assays using soluble receptors, PS, PC, or annexin V were performed in a similar fashion
following 2-fold dilutions except that the molecules were incubated with 100 focus-forming units of
HCVcc for 1 h at 37°C before infection. The soluble receptor-HCVcc mixture was then added to cells and
incubated for an additional 3 h, after which cells were washed twice with phosphate-buffered saline (PBS)
and fresh medium was added. After 72 h, we performed focus staining of Huh7.5 cells (39).

Infection with JFH1 luciferase-expressing HCVcc and HCVpp. JFH1 HCVcc carrying the Renilla
luciferase reporter gene (JFH1-luc) was kindly provided by Curt Hagedorn (University of Arkansas) (40).
JFH1 expressing NanoLuc luciferase (JFH1-Nanoluc) was generated by cloning the NanoLuc reporter
gene (Promega, Madison, WI) into the NS5A region of JFH1-luc using the MluI restriction site, thereby
replacing the Renilla luciferase gene with the Nanoluciferase gene. HCV-pseudotyped particles (HCVpp)
carrying the envelope protein of HCV GT1a/H77 and VSV-G-pseudotyped particles were generated as
described previously (41). Cells in 96-well plates were infected with JFH1-Nanoluc or HCVpp stock. After
3 washes with PBS, fresh Dulbecco’s modified Eagle’s medium (DMEM) was added and the cells
incubated for an additional 72 h. To determine luciferase activity, cells were lysed by freezing and
thawing in reporter lysis buffer (Promega, Madison WI) and 20-�l amounts were used in a luciferase assay
system (Promega, Madison WI). The signal was read using a MicroLumat plus LB96V luminometer
(Berthold Technologies, Oak Ridge TN).

Generation and purification of soluble receptors. Recombinant proteins containing the extracel-
lular domain of human HAVCR1, the monkey homolog (mkHAVCR1), or the mouse ortholog (mHavcr1)
fused to the human IgG1 Fc fragment (HAVCR1-Fc) were generated and purified using protein G as
previously described (42).

Generation of Huh7.5 HAVCR1 knockdown (KD) cells. To knock down the expression of HAVCR1,
Huh7.5 cells were electroporated (Amaxa Nucleofector; Lonza, Allendale, NJ) with two plasmids express-
ing short hairpin RNAs (shRNAs) of HAVCR1 (AAGGAGGTTCAACAACTAAGT and CGACACTGCAGGGAGC
AATAA) under the control of the U1 promoter and the hygromycin resistance gene (SureSilencing shRNA
plasmids for human HAVCR1) (SABiosciences Corp., Frederick, MD). Transfectants were selected with
0.150 mg/ml of hygromycin, and reduced expression of HAVCR1 was verified by quantitative PCR and
FACS analysis using anti-HAVCR1-1 MAb.

Analysis of HCV infection in HAVCR1 KO cells. HAVCR1 in Huh7-A-I cells, a clone of Huh7 cells
permissive for wild-type HAV infection (43), was knocked out using CRISPR-Cas9 technology (Amharref
et al., submitted), and single-cell clones were isolated and termed Huh7-A-I HAVCR1 KO cells. The lack
of expression of HAVCR1 in Huh7-A-I HAVCR1 knockout (KO) cells was verified by FACS analysis. Huh7-A-I
and Huh7-A-I HAVCR1 KO cells were infected with HCVcc and HCVpp as described above.

Transfection of Huh7-A-I cells. Huh7-A-I parental and HAVCR1 KO cells were transfected, using
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA), with plasmids expressing human HAVCR1
(pEFHAVCR1) wild type (21), human HAVCR1 containing an N-to-A mutation at residue 94 in the
phospholipid-binding pocket that prevents binding of apoptotic cells (17, 18) (pEFHAVCR1-N94A), or the
mouse ortholog Havcr1 (pEFmHavcr1) (21) under the EF1 alpha promoter. Mutants with the following
additional mutations were constructed using the same expression vector: an E-to-A mutation at residue
88, a Y-to-A mutation at residue 330, a Y-to-A mutation at residue 336, and a deletion of residues 324
to 331.

RNA transfections were performed using a Gene Pulser electroporation system (Bio-Rad, Hercules,
CA) with settings as previously described (44). RNA was transcribed in vitro from a plasmid containing the
JFH-Nanoluc genome linearized with XbaI (New England BioLabs, Ipswich, MA) using a T7 in vitro
transcription system according to the manufacturer’s instructions (Ambion, Austin, TX).

Flow cytometry analysis of receptor expression on cells. To characterize receptor expression on
the surface of Huh7.5 cells, we performed staining with the following antibodies: anti-CD81 mouse MAb
(JS-81; BD Pharmingen, San Jose, CA); anti-SRB1 antibody (m1B9; BioLegend, San Diego, CA), anti-
HAVCR1 phycoerythrin (PE)-labeled mouse MAb (REA384; Miltenyi Biotec, Inc., Auburn, CA), or purified
HAVCR1-1 MAb, an antibody directed against the IgV domain of HAVCR1 that blocks binding of
phospholipids. One million cells were incubated with antibodies for 1 h at 4°C, washed with PBS–1%
bovine serum albumin (BSA) and incubated (in the case of anti-CD81 and HAVCR1-1) with secondary
anti-mouse antibodies labeled with PE (Thermo Fisher Scientific, Waltham, MA) for an additional 30 min
at 4°C. Following washing, cells were analyzed using an LSR Fortessa instrument. (BD Biosciences, San
Diego CA). Data were collected for 104 cells and analyzed using FlowJo 9.4 software.

Cell surface protein biotinylation. For isolation and quantification of occludin and claudin on the
surface of cells, we used a biotinylation pulldown approach (45). Briefly, 5 � 105 cells were seeded onto
100-mm dishes 24 h before staining. Cells were washed twice with PBS, and membrane proteins were
biotinylated by incubating cells for 30 min on ice with 1 ml of EZ-Link sulfo-NHS-LC-LC-biotin
(sulfosuccinimidyl-6-[biotinamido]-6-hexanamido hexanoate) (2.5 mg/ml) (Life Technologies; Thermo
Fisher Scientific, Waltham, MA). Cells were washed twice in 5 ml of cold 100 mM glycine in Dulbecco’s
PBS (DPBS) and 3 times in 20 mM glycine in DPBS and lysed in 400 �l of lysis buffer (1% Triton X-100 in
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail [Sigma, St. Louis, MO]) for
1 h at 4°C, and the collected cell lysate was incubated overnight with rotation at 4°C with 40 �l of
NeutrAvidin beads (Pierce; Thermo Fisher Scientific, Waltham, MA). Following incubation, the bead-lysate
mixture was washed 4 times with 1 ml of lysis buffer, 2 times with 1 ml of buffer containing 0.1% Triton
X-100 in Tris-HCl, pH 7.4, 350 mM NaCl, and 5 mM EDTA, and once in 50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, and 1 mM EDTA. The beads with precipitated protein were resuspended in 40 �l of 2� gel loading
buffer. Samples were heated at 70°C for 10 min and centrifuged, and supernatants analyzed by Western
blotting. A portion of the whole-cell lysate was retained for Western blot analysis. The protein concen-
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tration was quantified using a standard protein assay, and equal amounts were loaded onto SDS-PAGE
gels. The following antibodies were used for Western blot analysis: rabbit anti-claudin antibody (Thermo
Fisher Scientific, Waltham, MA), mouse anti-occludin antibody (BD Bioscience, San Jose, CA), and mouse
anti-actin MAb (Pierce; Thermo Fisher Scientific, Rockford, IL). The following peroxidase-labeled second-
ary antibodies were used: anti-rabbit IgG (GE Healthcare, UK) and anti-mouse IgG (H�L) (KPL, Gaithers-
burg, MD). Signals were detected with the SuperSignal west pico plus chemiluminescent substrate
(Pierce; Thermo Fisher Scientific, Waltham, MA).

Binding of apoptotic cells. Binding of apoptotic cells was assessed as previously described (21). In
brief, apoptotic Jurkat cells were produced by treatment with 50 �M etoposide for 8 h and stained with
5 �M CMFDA (5-chloromethylfluorescein diacetate) (Jurkat-CMFDA cells). Subconfluent monolayers
(50%) in 12-well plates of Huh7-A-I and Huh7-A-I HAVCR1 KO cells transiently transfected with the
plasmids coding for HAVCR1 variants or empty vector were incubated with 106 apoptotic Jurkat-CMFDA
cells in 500 �l of complete medium for 30 min at room temperature. Cell monolayers were washed 3
times, and the binding of Jurkat-CMFDA cells was quantitated in a Synergy HT fluorescence plate reader
(485 nm/528 nm excitation/emission).

Confocal analysis of Huh7.5 cells. Huh7.5 cells were seeded onto Labtek chambered coverglasses
(Nunc, Rochester, NY) pretreated with 0.1 mg/ml poly-L-lysine (Sigma, St. Louis, MO) 24 h before use.
Anti-CD81 MAb (JS-81) and anti-HAVCR1-1 MAb were labeled with Alexa Fluor 546 and Alexa Fluor 488,
respectively, using an antibody labeling kit (Molecular Probes, Eugene, OR) according to the manufac-
turer’s instructions. Live cells were incubated with labeled antibodies, washed, and then fixed with 2%
paraformaldehyde for 20 min at room temperature. Cells were visualized using the Leica SP8 DMI6000
confocal microscope system (Mannheim, Germany) equipped with a 63� oil objective lens (numeric
aperture [NA] 1.4). A white light laser was used for excitation at wavelengths of 488 and 546 nm.

Statistical analyses. Statistical calculations were performed using GraphPad Prism software (version
5.0) (San Diego, CA) and Mann-Whitney testing. A P value of �0.05 was considered significant.
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