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ABSTRACT

Hepatitis C virus (HCV) entry into host cells is a complex process requiring multiple host factors, including claudin-1 (CLDN1).
Safe and effective therapeutic entry inhibitors need to be developed. We isolated a human hepatic Huh7.5.1-derived cell mutant
that is nonpermissive to HCV, and comparative microarray analysis showed that the mutant was CLDN1 defective. Four hybrid-
omas were obtained, which produced monoclonal antibodies (MAbs) that interacted with the parental Huh7.5.1 cell but not with
the CLDN1-defective mutant. All MAbs produced by these hybridomas specifically bound to human CLDN1 with a very high
affinity and prevented HCV infection of Huh7.5.1 cells in a dose-dependent manner, without apparent cytotoxicity. Two selected
MAbs also inhibited HCV infection of human liver-chimeric mice without significant adverse effects. CLDN1 may be a potential

target to prevent HCV infection in vivo. Anti-CLDN1 MAbs may hence be promising candidates as novel anti-HCV agents.

IMPORTANCE

Safe and effective therapeutic entry inhibitors against hepatitis C virus (HCV) are very useful for combination therapies with
other anti-HCV drugs, such as direct-acting antivirals. In this study, we first showed an effective strategy for developing func-
tional monoclonal antibodies (MAbs) against extracellular domains of a multimembrane-spanning target protein, claudin-1
(CLDN1), by using parental cells expressing the intact target membrane protein and target-defective cells. The established MAbs
against CLDN1, which had a very high affinity for intact CLDN1, efficiently inhibited in vitro and in vivo HCV infections. These
anti-CLDN1 MAbs are promising leads for novel entry inhibitors against HCV.

Worldwide, 170 million people are infected with hepatitis C
virus (HCV), which is a major cause of liver cirrhosis and
hepatocellular carcinoma. Thus, overcoming HCV infection is an
important global health care issue (1). HCV is an enveloped, pos-
itive-sense, single-stranded RNA virus in the Flaviviridae family
(2). Recent clinical research using direct-acting antivirals that tar-
get HCV enzymes, such as sofosbuvir and simeprevir, has pro-
vided new insights into combination therapy with inhibitors of
multiple targets (3-5).

Preventing viral entry into hepatocytes is an attractive target
for anti-HCV agents, but strategies for preventing HCV entry into
host cells are clinically unavailable (6). Host factors involved in
initiating infection include heparan sulfate (7), low-density lipo-
protein receptor (8), CD81 (9), scavenger receptor class B type I
(SRBI) (10), claudin-1 (CLDN1) (11), occludin (12, 13), epider-
mal growth factor receptor (EGFR) (14), and Niemann-Pick C1-
like 1 (15). Among these, CLDN1 is considered a potent target
because it is essential for HCV entry into cells via interaction with
CD81 and for cell-to-cell HCV transmission (16, 17). Anti-
CLDNI1 antibodies (Abs) that inhibit HCV infection in vitro were
reported by Baumert et al. (18, 19) and Hotzel et al. (20), but a
CLDNI1 binder that prevents HCV infection in vivo has not yet
been developed.

In this study, we showed that CLDN1 is a promising anti-HCV
target based on genetic approaches using hepatic cell mutants de-
fective in HCV infection. We developed a unique method for
screening CLDN1 binding and established novel anti-human
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CLDNI (anti-hCLDN1) monoclonal Abs (MAbs) that prevent in
vitro and in vivo HCV infections, without apparent adverse effects.

MATERIALS AND METHODS

Cells and plasmid construction. Human hepatoma Huh-7.5.1 cells (21)
were subcloned by limiting dilution, and a highly HCV-JFH1-permissive
subclonal cell line, Huh-7.5.1-8 (22), was used. Huh-7.5.1-derived cells
and human hepatoma HepG2 cells were maintained as described previ-
ously (22). The pcDNA3.1/Hyg-hCLDNI1 expression vector was prepared
by insertion of hCLDN1 cDNA into the Kpnl/NotI-digested pcDNA3.1-
Hyg vector (Life Technologies Corp.). Huh-7.5.1-derived S7-A cells that
stably expressed hCLDN1 (S7-A/hCLDNI cells) were established by the
following procedure. The pcDNA3.1/Hyg-hCLDN1 vector was trans-
fected into S7-A cells by use of FuGENES6 transfection reagent (Roche
Diagnostics), and hygromycin-resistant clones were selected and cloned
by limiting dilution. Huh7.5.1-8 cells that expressed green fluorescent
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protein (GFP) in the nucleus (Huh7.5.1-8/GFP-Nuc cells) were estab-
lished via the transfection of pAcFP1-Nuc (TaKaRa Bio Inc.) into
Huh7.5.1-8 cells. Human embryonic kidney 293T cells and human fibro-
sarcoma HT1080 cells were obtained from the ATCC (Manassas, VA) and
the Japanese Collection of Research Bioresources (Osaka, Japan), respec-
tively. These cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 units/ml penicillin G,
and 100 pg/ml streptomycin sulfate. The N-terminal FLAG-tagged
CLDN1 and CLDN4 expression vectors, composed of tagged genes in-
serted into pcDNA3.1(+), were prepared using PCR to amplify the tagged
genes. Various FLAG-tagged CLDNI1 vectors with point mutations were
constructed using a KODplus mutagenesis kit (Toyobo Co. Ltd., Osaka,
Japan). These FLAG-tagged CLDNI1 vectors were transiently introduced
into 293T cells by use of X-tremeGENE HP DNA transfection reagent
(Roche Diagnostics). Mouse CLDN1 and human CLDN1, -2, -4, -5, -6, -7,
and -9 cDNAs were generated via PCR, using primer pairs specific to each
CLDN (23). The resultant cDNAs were cloned into pcDNA3.1(—) (Invit-
rogen, CA). The CLDN expression vectors were then introduced into
HT1080 cells, and G418-resistant clones were selected, resulting in the
isolation of cells that stably expressed each CLDN (23).

Mice. Autoimmune BXSB mice were purchased from Japan SCL. For
HCV infection studies, human liver-chimeric mice (24) were used as de-
scribed previously (25). The procedures were approved by the Animal
Ethics Committee of PhoenixBio Co., Ltd. All the animal experiments
were performed according to the guidelines of Osaka University.

Isolation and characterization of Huh7.5.1-derived cell mutants re-
sistant to HCV. Since Huh7.5.1 cells showed a pronounced cytopathic
effect about 10 days after infection with large amounts of our cell-cultured
infectious HCV-JFH1 (HCVcc) stock (see “In vitro HCV infection,” be-
low), we tried to isolate cell mutants that survived after HCV infection
(HCV-resistant cells). Huh7.5.1 cells were seeded at 5 X 10° cells in 10-cm
dishes and infected on the next day with HCVcc (HCV core content, 0.2
nmol/liter) at a multiplicity of infection (MOI) of >10. After 2 weeks,
surviving cells were reinfected with HCVec (HCV core content, 0.2 nmol/
liter) and cultured for another 2 weeks. Each cell colony was picked and
recloned by limiting dilution. To further isolate HCV-resistant cells not
defective in CD81, we changed and added some steps for screening.
Huh?7.5.1 cells were seeded at 1 X 10° cells in 10-cm dishes and infected on
the next day with HCVcc (HCV core content, 0.2 nmol/liter) at an MOI of
>10. After 8 days, surviving cells were transfected with the pcDNA3.1-
hCD81 vector and cultured for 1.5 days. Transfected cells were then rein-
fected with HCVcc (HCV core content, 0.2 nmol/liter) and cultured for 6
days in the normal medium and for another 25 days in the normal me-
dium containing 1 mg/ml G418 to concentrate CD81-expressing cells.
Each cell colony was picked and recloned by limiting dilution. The reason
for using transiently CD81-transfected cells, not stably CD81-expressing
cells, for HCV infection screening is that treatment of host cells with
selection drugs, such as G418, showed less HCV production and less cy-
topathic effect under our culture conditions.

In vitro HCV infection. HCV-JFHI1 (26) in cell culture (HCVcc) was
prepared from culture supernatants of Huh7.5.1 cells that had been trans-
fected with in vitro-transcribed HCV-JFH1 RNA (22), passaged a few
times using Huh7.5.1-8 cells, and used to infect Huh7.5.1-derived cells
(27). During infection, cells were incubated with the virus at an MOI of 1
for 2 h at 37°C.

Transcriptome analysis. Total RNA was purified from cells by use
of an RNeasy Mini Kit (Qiagen K.K.). Comprehensive RNA microar-
ray analyses were performed using a NimbleGen Human Oligo 72K
chip (Roche Diagnostics K.K.). Data were analyzed using ArrayStar
software (DNAStar Inc., WI).

Isolation of mouse anti-hCLDN1 MAb. Six-week-old male BXSB
mice were immunized with a eukaryotic expression vector that encoded
hCLDNI1 by use of proprietary Genovac technology (Genovac GmbH)
(18,23). The lymphocytes were removed 7 days after the final immuniza-
tion and fused with P3-UI cells in the presence of polyethylene glycol
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FIG 1 Most cell clones with resistance to HCV were CD81 defective and HCV
nonpermissive. Huh7.5.1-derived cell clones (751r-1 and 751r-2) with resis-
tance to HCV, which were isolated by the screen described in Materials and
Methods, were transfected with the pcDNA3.1-hCD81 vector and cultured for
2 days. (A) Cell lysates were subjected to immunoblotting to detect the
GAPDH and CD81 proteins. (B) Transfected cells and control Huh7.5.1-8
cells were infected with HCVcc and stained with anti-HCV core protein
(green) and DAPI (blue) at 3 dpi.

1000. A conditioned medium of hybridomas was screened by flow cytom-
etry, based on the ability to bind Huh7.5.1-8 cells but not CLDN1-defec-
tive cells. After cloning by limiting dilution, four stable hybridomas were
obtained. Immunoglobulin classes/subclasses of clones were determined
using a mouse immunoglobulin isotyping enzyme-linked immunosor-
bent assay (ELISA) kit (BD Biosciences). A rat MAb recognizing extracel-
lular domains of CLDN4 was prepared as described previously (23).

Flow cytometric analysis. To analyze MAb binding to CLDN, cells
were detached and incubated with MAbs (2 to 10 pg/ml), followed by
secondary treatment with phycoerythrin-, fluorescein-, or Alexa 488-con-
jugated goat anti-mouse IgG. MAb-bound cells were analyzed using a
FACSCalibur flow cytometer (BD Biosciences) (22).

Immunofluorescence analysis. Cells were stained with anti-HCV
core MAD and 4',6-diamidino-2-phenylindole (DAPI) as described pre-
viously (22, 28). In brief, cells cultured on collagen-coated glass coverslips
in a 24-well plate were fixed with 3.7% formaldehyde in phosphate-buff-
ered saline (PBS) for 30 min. After washing with PBS containing 30 mM
glycine, the cells were permeabilized with PBS containing 0.1% Triton
X-100 for 10 min, blocked with 5% (wt/vol) skim milk in PBS for 30 min,
and incubated with a 1:500 dilution of mouse anti-HCV core protein
MAD (2H9) followed by a 1:500 dilution of Alexa 488-conjugated goat
anti-mouse IgG (Life Technologies) and DAPI. To detect CLDN1, perme-
abilized and blocked cells were incubated with a 1:200 dilution of rabbit
anti-CLDNI1 polyclonal Abs (pAbs) (Life Technologies Corp.) followed
by a 1:200 dilution of Alexa 488-conjugated goat anti-rabbit IgG. Stained
cells were analyzed using a confocal laser scanning microscope (Axiovert
100M; Carl Zeiss).

qRT-PCR analysis. Total RNA was isolated from cells by using a
Blood/Cultured Cell total RNA Mini Kit (Favorgen Biotech Corp., Ping-
tung City, Taiwan). Cellular contents of viral RNA were determined by
one-step quantitative real-time reverse transcription-PCR (qRT-PCR)
with RNA-direct real-time PCR master mix (Toyobo Co. Ltd., Osaka,
Japan), using specific primers and a TagMan probe as described previ-
ously (22). The cellular mRNA contents of CD81, CLDN1, CLDNG®,
CLDN9Y, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
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FIG 2 Isolation and characterization of Huh7.5.1-derived CLDN1-defective clones. (A) Huh7.5.1-derived cell clones, i.e., S7-A, -B, and -C, and control Huh7.5.1-8 cells
were infected with HCVcc. At 3 dpi, cells were stained with anti-HCV core protein (green) and DAPI (blue). (B) Scatterplot showing the results of the RNA microarray
experiments (Huh7.5.1-8 versus S7-A cells). Each data point represents a single gene. The arrow indicates CLDN1. (C) Each cell lysate was subjected to immunoblotting
to detect CD81, SRBI, CLDN1, occludin, and GAPDH. (D) Each cell was transfected with pcDNA3.1/Hygro (empty vector) or pcDNA3.1/Hygro-hCLDN1 (CLDN1
vector). After 2 days, transfected cells were infected with HCVcc and stained with anti-HCV core protein (green) and DAPI (blue) at 3 dpi. The transfection efficiency was
usually ~30% when we observed it 2 days after transfection. (E) Huh7.5.1-8 cells, S7-A cells, and S7-A cells that stably expressed human CLDN1 (S7-A/hCLDN1) were
stained with anti-CLDN1 pAb (red) and observed by confocal fluorescence microscopy. (F) Each cell culture was infected with HCVcc and stained with anti-HCV core
protein (green) and DAPI (blue) at 3.5 dpi. (G) HCV core contents in the culture supernatants from the different cell types were quantitated by ELISA at 3.5 dpi. (H)
Huh?7.5.1-8/GFP-Nuc cells with green nuclear staining were infected with HCVcc and cultured for 1.5 days. HCV-infected Huh7.5.1-8/ GFP-Nuc cells were mixed with
naive Huh7.5.1-8, S7-A, or 751r-1 cells, at a cell number ratio of 1:10 in each case, and plated onto a 24-well plate. After 5.5 days, cells were stained with anti-HCV core
protein (red) and DAPI (blue). Arrows indicate HCV-infected 751r-1 cells.
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TABLE 1 Expression levels of CLDN1, CLDN6, CLDN9, and GAPDH mRNAs in Huh7.5.1-8 cells and S7-A cells

No. of copies/pg total RNA (n = 3)*

Cell line CLDN1 mRNA CLDN6 mRNA CLDN9 mRNA GAPDH mRNA
Huh7.5.1-8 (5.8 = 1.3) X 10° (1.1 £0.0) X 10° (4.6 = 1.0) X 10* (1.2 £0.1) X 10*
S7-A <10? (1.1 = 0.3) X 10° (4.3 £0.7) X 10" (1.3 +0.2) X 10®

“ The limit of detection was 10* copies of mRNA.

determined by one-step QRT-PCR with RNA-direct SYBR green real-time
PCR master mix (Toyobo Co. Ltd., Osaka, Japan), using the following
specific primers: 5'-AAGCAGTTCTATGACCAGGCCCTAC-3" and 5'-T
GAGGTGGTCAAAGCAGTCAGTG-3' for CD81,5'-GCACATACCTTC
ATGTGGCTCAG-3" and 5-TGGAACAGAGCACAAACATGTCA-3'
for CLDNI, 5'-AATGCAGATCCTGGGAGTCGTC-3" and 5'-ACGATG
CTGTTGCCGATGAA-3' for CLDNG6, 5'-TTCGACCTTGGCCTGATGA
C-3" and 5'-CTGCAGCCAGGTGTAGCTTG-3’ for CLDNY, and 5'-GC
ACCGTCAAGGCTGAGAAC-3" and 5'-TGGTGAAGACGCCAGTGG
A-3" for GAPDH. PCR was performed in a LightCycler real-time PCR
system (F. Hoffmann-La Roche AG Konzern-Hauptsitz, Basel, Switzer-
land), and the PCR conditions were as follows: 90°C for 1 min, 60°C for 20
min, 95°C for 30 s, and 45 cycles of 95°C for 0 s and 60°C for 45 s.

A

1) Immunization
s.c. &

@ CLDN1

Expression vector

BXSB mouse

immunized 3 times at 2 week

HCVpp infection. HCV pseudoparticles (HCVpp) were generated as
described previously (29), using glycoprotein (HCV E1 and E2)-express-
ing vectors (JFHI1 [genotype 2a] and TH [genotype 1b]) (30).

For infection assay (22), Huh7.5.1-8 cells were infected with HCVpp
for 3 h at room temperature. The medium was replaced by fresh medium,
and cells were cultured for an additional 2 days at 37°C. Luciferase activ-
ities of cell lysates were measured using a luciferase reporter assay kit
(PicaGene; Toyo Ink).

TJ function assays. To examine tight junction (TJ) integrity in the
monolayers, we observed the paracellular diffusion of solutes from the
bile-canalicular (BC) lumen into the basolateral medium (19). In brief, on
day 0, HepG2 cells were seeded at 10° cells in 24-well plates. On day 5, the
cell monolayers were treated with or without 0.1 pg of tumor necrosis
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FIG 3 Establishment of mouse anti-hCLDN1 MAbs. (A) Strategy for MAb development against extracellular domains of hCLDNI. s.c., subcutaneous. (B)
Huh?7.5.1-8 (black histograms) or S7-A (white histograms) cells were incubated with the conditioned medium from each hybridoma clone and treated with
phycoerythrin-conjugated secondary Abs. Stained cells were analyzed by flow cytometry. (C) 293T cells were transiently transfected with pcDNA3.1(+)-FLAG-
hCLDN1 (FLAG-hCLDN1) or pcDNA3.1(+)-FLAG-hCLDN4 (FLAG-hCLDN4). After 2 days, cells were stained with anti-hCLDN1 MAbs or an anti-CLDN4
MAD and analyzed by flow cytometry. Gray and white patterns are for vehicle- and MAb-treated cells, respectively. (D) Huh7.5.1-8 (upper) and S7-A (lower) cells
were incubated with anti-hCLDN1 MADs or polyclonal Abs (pAbs) that recognized the cytosolic domain of CLDN1 and then treated with Alexa 488-conjugated
secondary Abs. Stained cells were observed by confocal microscopy. (E) Huh7.5.1-8 or S7-A cell lysates were subjected to immunoblotting with anti-hCLDN1
MADs, anti-CLDN1 pAbs, or an anti-GAPDH MAb.
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FIG 4 Established mouse MAbs specifically recognized human CLDN1. HT1080 cells that expressed human CLDN1, CLDN2, CLDN4, CLDN5, CLDNG,
CLDN7, or CLDN9 and mouse CLDN1-expressing L cells were incubated with anti-CLDN1 MAbs, i.e., 2C1, 3A2, 5F2, and 7A5, at 5 pg/ml and then treated with
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG. Gray and white patterns indicate vehicle- and Ab-treated cells, respectively.

factor alpha (TNF-a), 5 pg of anti-CLDN1 MAbs, or control mouse IgG
and cultured for 1 h at 37°C. Cells were then stained with 5 mM 5-chlo-
romethylfluorescein diacetate (CMFDA) at 37°C for 10 min, and the
numbers of BC dot-like structures were counted by fluorescence micros-
copy.

Invivo HCV infection experiments. Human liver-chimeric PXB mice
(24) were generated by transplanting 10° human primary hepatocytes
(BD Gentest inducible-qualified human cryohepatocytes; HF284, lot 195;
BD Biosciences) into the spleens of 2- to 3-week-old uPA/SCID mice as
previously described (25). Five weeks after transplantation, mouse serum
was analyzed for the presence of human albumin by use of ELISA. Animals
with human albumin levels of >1 mg/ml were considered to be success-
fully engrafted and used for the infection studies. PXB mice were injected
intraperitoneally with anti-hCLDN1 MAb (3A2 or 7A5) or a control Ab at
30 mg/kg of body weight (4 mice/group). Eight hours after Ab adminis-
tration, mice were inoculated intravenously with HCV-HCR6 (10* cop-
ies) (genotype 1b; accession no. AY045702), which was obtained from
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HCV-HCRé6-infected PXB mice. One copy corresponds to 0.185 IU. Since
the total blood volume of a mouse is approximately 80 ml/kg of body
weight (31), 10* HCV RNA copies/mouse corresponds to ~1.7 X 10*
HCV RNA copies/ml (~3 X 10° IU/ml) of serum. Mice were injected
intraperitoneally with 3A2 or 7A5 at 20, 10, and 10 mg/kg on days 3, 7, and
10, respectively. Sera were collected from mice on days 0, 3, 7, 10, 14, 21,
28, 35, and 42 and used for analyses.

HCV measurement in mouse serum. HCV RNA in mouse serum was
quantified using TagMan EZ RT-PCR core reagent (Life Technologies
Corp.) and an ABI Prism 7500 sequence detector system (Life Technolo-
gies Corp.). The lower quantification limit of the assay was 4.0 X 10*
copies/ml.

Human albumin, ALT, and AST measurements in mouse serum.
The human albumin level in mouse serum was measured using an LX
Alb-II kit (Eiken Co., Ltd.). Serum alanine aminotransferase (ALT) and
aspartate transaminase (AST) levels were measured using a Transami-
nase-CII kit (Wako Pure Chemical).
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FIG 5 Analysis of anti-hCLDN1 epitope on hCLDNI. (A) Schematic structure of CLDN1 and homologies of the first (EL1) and second (EL2) extracellular loops
of human and mouse CLDN1 proteins. (B and C) 293T cells were transiently transfected without a vector (mock) or with the FLAG-hCLDN1, FLAG-hCLDN1-
EL-m, FLAG-hCLDN1-EL1-m, FLAG-hCLDN1-EL2-m, FLAG-hCLDN1-M152L, or FLAG-hCLDN1-V155] expression vector, as indicated. (B) Flow cytomet-
ric analyses were performed using anti-hCLDN1 MAbs (7A5, 2C1, 3A2, and 5F2). Each cell culture was incubated with 2 pg/ml of anti-hCLDN1 MAb (white
histograms) or control IgG (gray histograms), and Ab binding was detected using Alexa 488-conjugated goat anti-mouse IgG(H+L). (C) The cell lysates were
subjected to immunoblotting with anti-FLAG, anti-hCLDN1 (7A5), and anti-GAPDH.

Anti-hCLDN1 MAb measurements in mouse serum. Anti-hCLDN1
MAD 3A2 and 7AS5 levels in mouse serum were determined by a modified
method based on that described by Meuleman et al. (31). We used
Huh7.5.1-8 cells instead of Huh7.5 cells, purified anti-hCLDN1 MAbs
3A2 and 7A5 as standards, and a 1:1,000 dilution of Alexa 488-conjugated
goat anti-mouse IgG(H+L) (Life Technologies Corp.) as the secondary
antibody. Mouse sera and antibodies were diluted with PBS containing
2% fetal bovine serum.

Statistical analysis. The drug concentration providing 50% inhibition
(IC5,) was calculated by using the “log (inhibitor) versus normalized re-
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sponse-variable slope” equation of the nonlinear regression model in-
cluded in GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).
Statistical analysis was performed with Student’s ¢ test, using the Graph-
Pad calculator (http://www.graphpad.com/quickcalcs/); differences with
P values of <0.05 were considered statistically significant.

Cell ELISA. Cell ELISA was performed as follows. Huh7.5.1-8 cells
seeded at 1.5 X 10* cells/well in 96-well plates were cultured for 2 days at 37°C
and fixed with 100 pl of 3.7% formaldehyde-PBS for 1 h at room tempera-
ture. After washing with PBS containing 30 mM glycine, cells were blocked
with 100 pl of 5% (wt/vol) skim milk in TBS-T (Tris-buffered saline contain-
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ing 0.1% [vol/vol] Tween 20) for 30 min and then incubated with 5-fold serial
dilutions of 100 .l of anti-CLDN1 MAbs or control IgG (2.5 pg/ml) for 2 h,
followed by a 1:5,000 dilution of 100 .l of horseradish peroxidase-conjugated
AffiniPure goat anti-mouse IgG(H+L) (Jackson ImmunoResearch Labora-
tories, Inc.) for 1 h at room temperature. The plates were washed 3 times with
TBS-T between incubations. To detect antibody binding to the cells, o-phen-
ylenediamine dihydrochloride and hydrogen peroxide were used as sub-
strates. The absorbance at 492 nm for each well was determined on an Op-
sysMR plate reader (Dynex Technologies Inc.). The half-saturating
concentrations (apparent K; values [antibody dissociation constants]) were
determined as described previously (32).

Other methods. The HCV core protein level in the culture superna-
tant, which indicates the level of secreted virus, was quantified by ELISA
using an Ortho HCV antigen ELISA kit (Ortho-Clinical Diagnostics,
Inc.). Immunoblot analyses were performed using the NuPAGE system
(Life Technologies Corp.) as described previously (22, 27).

Microarray data accession number. Microarray data are available in
the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession
number E-MTAB-2589.

RESULTS

Isolation of Huh7.5.1-derived cell mutants resistant to HCV. To
understand the overall HCV life cycle, host factors involved in
HCV infection should be elucidated. Genetic approaches to iso-
late host cell mutants defective in HCV infection are powerful
strategies for identifying genes essential for the HCV life cycle. We
isolated cell mutants that survived after HCV infection (HCV-
resistant cells) because some of these mutants are expected to be
defective in host factors essential for HCV infection. In the first
trial, we cloned >20 lines of surviving cells which were not per-
missive to HCV, except for one persistently infected clone. Bio-
chemical analyses of these HCV-nonpermissive cells showed that
they were all CD81 defective and that transient expression of hu-
man CD81 in these cells recovered their capacity for HCV infec-
tion. Results for representative clones, i.e., 751r-1 and 751r-2 cells,
are shown in Fig. 1, indicating that CD81 is essential for HCV
infection, as described previously (9, 33). To isolate other HCV-
resistant cells, multicopy CD8I expression plasmids were intro-
duced into Huh7.5.1 cells before secondary HCVcc infection dur-
ing the screening. Various cell mutants were established again
after cloning. Among them, three clones, S7-A, -B, and -C, were
characterized in the following experiments.

Characterization of Huh7.5.1-derived CLDN1-defective cell
clones. S7-A, -B, and -C cells were not permissive to HCVcc (Fig.
2A), indicating that they were defective in host factors essential for
HCV infection. We then performed comparative microarray anal-
yses of Huh7.5.1-8 and S7-A cells. The scatterplot as well as qRT-
PCR analysis clearly showed that CLDN1 expression was defective
in S7-A cells (Fig. 2B and Table 1), consistent with the immuno-
histochemistry data (Fig. 2E). Immunoblot analyses also showed
that there was no CLDN1 protein in S7-A, -B, and -C cells and that
CD81 was enhanced in these cells because of the transfection of
the CD81 expression vector during screening (Fig. 2C). Similar
levels of CLDN6 mRNA were expressed in both Huh7.5.1 and
S7-A cells, which were about 1/5 the levels of CLDN1 (Table 1),
suggesting that HCV-JFH1 cannot infect Huh7.5.1-derived cells
via CLDNG6. Other host factors involved in HCV entry, such as
SRBI and occludin, were detected in S7-A, -B, and -C cells (Fig.
2C). When the hCLDNI1 expression vector was transiently trans-
fected into S7-A, -B, and -C cells, the permissiveness to HCV
infection was recovered in transfected cells (Fig. 2D). S7-A cells
stably expressing hCLDN1 (S7-A/hCLDNI cells) (Fig. 2E) were
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FIG 6 Measurement of anti-CLDN1 MAD binding to cellular CLDN1 by cell
ELISA. After fixation, Huh7.5.1-8 cells in 96-well plates were incubated with
serial dilutions of each anti-CLDN1 MADb (2C1, 3A2, 5F2, and 7A5) or control
IgG, followed by horseradish peroxidase-conjugated second antibody. The
binding of each antibody to cellular CLDN1 was measured as described in
Materials and Methods.

permissive to HCVcc (Fig. 2F) and released significant amounts of
HCV particles (Fig. 2G), indicating that all stages of the HCV life
cycle were restored by expression of CLDNT1 in S7-A cells. These
observations demonstrate that HCV resistance of S7-A, -B, and -C
cells was due to their deficiency of CLDN1 expression and that
CLDNT1 is essential for HCV infection, as described previously
(11). We also examined the role of CLDN1 in cell-to-cell trans-
mission by using CLDN1-defective S7-A cells. HCV-prein-
fected Huh7.5.1-8/GFP-Nuc cells with a GFP nuclear marker
were mixed with naive Huh7.5.1-8, S7-A, or CD81-defective
751r-1 cells. After culture for 5.5 days, HCV-infected cells were
observed by immunostaining of HCV core proteins. S7-A cells
with blue nuclei were never infected by HCV, while one or two
751r-1 cells adjacent to Huh7.5.1-8/GFP-Nuc cells were in-
fected (Fig. 2H). To confirm the CD81 defectin 751r-1 cells, we
examined the amounts of CD81 mRNA in Huh7.5.1-8 and
751r-1 cells by qRT-PCR. The level in Huh7.5.1-8 cells was
(1.12 = 0.11) X 10° copies/pg total RNA, whereas the level in
751r-1 cells was <1/10* (<10 copies/pg total RNA) of that in
Huh?7.5.1-8 cells (under the limit of detection). Note that cell-
to-cell transmission in 751r-1 cells is quite unlikely to be me-
diated by the very minimal amounts of CD81 on the surfaces of
751r-1 cells (Fig. 2H). These results indicate that cell-to-cell
transmission of HCV can occur at a low efficiency without the
presence of CD81, but CLDNI1 seems to be absolutely essential,
as previously reported (17).

Isolation of MAbs against extracellular domains of hCLDN1.
These studies using CLDN1-defective mutants, together with pre-
vious studies (11, 17-19), indicate that CLDN1 is a promising
target for anti-HCV agents; therefore, we tried to establish MAbs
against extracellular domains of hCLDNI. An effective screening
system is crucial for developing functional Abs that prevent HCV
entry into hepatocytes; thus, it was very important to screen MAbs
recognizing “intact” extracellular domains of CLDN1 in hepato-
cytes. For screening, we used Huh7.5.1-8 cells that expressed in-
tact CLDN1 and CLDN1-defective S7-A cells that we established
in this study. We used fluorescence-activated cell sorting (FACS)
analysis to screen hybridomas producing MAbs that interacted
with Huh7.5.1-8 cells but not S7-A cells (Fig. 3A). Autoimmune
BXSB mice were immunized with an hCLDN]I expression vector,
resulting in the isolation of four hybridomas producing MAbs
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FIG 7 Inhibition of HCV infection by anti-hCLDN1 MAbs in vitro. Huh7.5.1-8 cells were seeded at 5 X 10* cells in 48-well plates and pretreated with the
indicated amount of anti-hCLDN1 MAD or control IgG (control Ab) for 1 h at room temperature and then were subjected to the following procedures. (A to C)
Cells were infected with HCVcc (MOI = 1) for 2 h at room temperature and cultured for 4 days in the presence of the indicated amounts (0.1 to 5 pg/well) of
MADbs (400 pl/well). (A) Culture supernatants were collected, and levels of HCV core proteins were quantified by ELISA. (B) The cellular total RNA was extracted,
and HCV RNA contents were quantified by qRT-PCR. The dotted line represents the average level in HCV-uninfected cells. In panels A and B, values are
expressed as percentages, and data represent the means = standard deviations (SD) (n = 3). (C) Cell lysates were subjected to immunoblotting of HCV NS3, core,
and GAPDH proteins. (D and E) Cells were then infected with HCVpp (genotype 2a [D] or genotype 1b [E]) for 3 h at room temperature and cultured for 2 days
in the presence of the indicated amounts of each anti-hCLDN1 MAD. Luciferase activities in cell lysates were measured using a luminometer. Values are expressed
as percentages. Data in each graph represent the means = SD (n = 3). RLU, relative light units.

(2C1, 3A2, 5F2, and 7A5) that bound to Huh7.5.1-8 cells but not  clones 2C1 and 3A2 were 1gG2b, 5F2 was IgG2a, and 7A5 was
S7-A cells (Fig. 3B). IgGl. To confirm whether these MAbs recognized hCLDNI,

Characterization of MAbs that recognized extracellular do- HEK293T cells were transiently transfected with a FLAG-
mains of CLDNI. Isotype analyses of these MAbs showed that hCLDN1 or FLAG-hCLDN4 vector and stained with these MAbs
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or an anti-CLDN4 MAD. All MAbs bound to FLAG-CLDNI1-ex-
pressing cells but not FLAG-CLDN4-expressing cells, to which an
anti-CLDN4 MAb bound (Fig. 3C). We also investigated the spec-
ificity of these MAbs by using mouse CLDN1-expressing L cells
and hCLDN1, -2, -4, -5, -6, -7, and -9-expressing HT1080 cells. All
clones reacted with hCLDN1-expressing cells, but they did not
react with cells expressing mouse CLDN1 and other hCLDNss (Fig.
4). These results showed that all MADbs specifically recognized ex-
tracellular domains of hCLDNI.

Based on immunohistochemical analyses under nonpermeabi-
lized conditions, we observed that cell-cell contact sites in
Huh7.5.1-8 cells were mainly stained with these anti-hCLDN1
MAbs, while those in CLDN1-defective S7-A cells were not (Fig.
3D), suggesting that all anti-hCLDN1 MADbs can recognize intact
extracellular domains of CLDN1, which are mainly localized to
TJs in cell monolayers. Additionally, the immunoblot analysis
showed that only 7A5 reacted with hCLDNI1 (Fig. 3E), indicating
that 7A5 recognized both intact and denatured forms of hCLDN1,
while the other clones (2C1, 3A2, and 5F2) reacted only with the
intact form.

The 7A5 clone recognized the primary structure of hCLDNT1;
thus, we determined the 7A5 epitope on hCLDN1 by muta-
tional analyses. Five amino acid residues in two extracellular
loops (EL1 and EL2) of CLDN1 differ between the human and
mouse CLDNI1 proteins (R31, M46, and S74 in EL1 and M152
and V155 in EL2 of hCLDN1) (Fig. 5A). Replacement of these
hCLDN1 amino acids with those of mouse CLDN1 (R31K,
M461, S74N, M152L, and V155I) eliminated the 7A5-hCLDNI1
reaction (Fig. 5B, FLAG-hCLDNI1-EL-m panels; also see Fig.
4). These results suggest that the critical epitopes of 7A5 are
probably located among these five amino acids. Next, amino
acids in EL1 or EL2 of hCLDN1 were replaced with those in EL1
or EL2 of mouse CLDN1 (FLAG-hCLDN1-EL1-m and FLAG-
hCLDN1-EL2-m constructs, respectively). The 7A5 clone bound to
cells that expressed FLAG-hCLDN1-EL1-m but not to those that ex-
pressed FLAG-hCLDN1-EL2-m, for which cell surface expression
was verified using the 2C1 clone (Fig. 5B), suggesting that 7A5 recog-
nizes only the EL2 domain of hCLDNI. Further investigations
showed that the binding of 7A5 to FLAG-hCLDNI1 was preserved by
the replacement of valine with isoleucine at position 155 (V155I) but
not by the replacement of methionine with leucine at position 152
(M152L) (Fig. 5B). Consistent with this, the 7A5 clone recognized
FLAG-hCLDN1-V155I but not FLAG-hCLDN1-M152L, according
to immunoblot analysis (Fig. 5C). These results indicate that the me-
thionine at position 152 (M152) in EL2 is a critical residue during the
7A5-hCLDNI interaction.

We determined the amino acid sequences of the Vi; and V.
regions of MAbs (data not shown). All MAbs had different se-
quences, but the homologies between 2C1 and 3A2 were quite
high (93% and 97% similarity in the V{; and V; regions, respec-
tively), and those between 5F2 and 7A5 were also high (88% and
95% similarity in the Vi and V| regions, respectively), reflecting
the similar binding characteristics of these MAbs (Fig. 5B).

We also examined the binding properties of the MAbs for
Huh7.5.1-8 cells (Fig. 6). The apparent K, values were all in the
picomolar range (95 [2C1], 124 [3A2], 228 [5F2], and 201 [7A5]
pM), indicating that these MAbs bind with very high affinity to
intact CLDN1 on Huh7.5.1-8 cells.

Anti-hCLDN1 MAbs inhibited HCV infection in vitro. To
investigate whether anti-hCLDN1 MAbs could prevent HCV in-
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FIG 8 Anti-CLDN1 MAbs did not affect TJ functions in cultured cells. (A)
Huh7.5.1-8 cells were treated with or without 5 wg of anti-hCLDN1 MAbs or
control IgG (control Ab) and cultured for 4 days at 37°C. Cells were fixed,
permeabilized, and stained with anti-CLDN1 pAbs, which recognize the cyto-
solic domain of CLDNI, as described in Materials and Methods. (B) HepG2
cells were treated with or without TNF-a, anti-hCLDN1 MAbs, or control IgG
(control Ab) and incubated for 1 h at 37°C. Cells were then stained with
CMFDA, and numbers of BCs were counted by fluorescence microscopy. Data
represent the means = SD (n = 3).

fection, Huh7.5.1-8 cells were infected with HCVcc in the pres-
ence or absence of each CLDN1 MAb. HCV infection was assessed
using an ELISA for the HCV core protein in the conditioned me-
dium at 4 days postinfection (dpi). Treatment of cells with each
MAD decreased the amount of the HCV core protein in superna-
tants in a dose-dependent manner, indicating that these MAbs
strongly inhibited HCV infection (Fig. 7A). MAD levels that re-
sulted in a 50% inhibition of HCV production were 0.19 (2C1 and
3A2),0.23 (7A5), and 5.8 (5F2) wg/ml, which seemed to correlate
well with the binding affinities of MADbs for cellular CLDNI1 (Fig.
6). Quantification of the HCV RNA by qRT-PCR (Fig. 7B) and
immunoblot analysis of HCV proteins (Fig. 7C) in infected cells
also detected similar inhibition rates of HCV infection by these
MAbs.

HCVpp infection is a valid model of HCV entry into cells.
Thus, we investigated the effects of anti-hCLDN1 MAbs on
HCVpp (genotypes 2a and 1b) entry into Huh7.5.1-8 cells. The
treatment of cells with control IgG (10 pg/ml) did not reduce
HCVpp infection. In contrast, treatment with each anti-hCLDN1
MADb decreased the entry of both genotypes of HCVpp (2a [Fig.
7D] and 1b [Fig. 7E]) in a dose-dependent manner. MADb levels
that resulted in a 50% inhibition of HCVpp entry were 0.2 (2C1
and 3A2), 1.2 (7A5), and 6.5 (5F2) pg/ml for genotype 2a and 0.4
(2C1 and 3A2), 0.9 (7A5), and 5 (5F2) pg/ml for genotype 1b,
which are comparable between genotypes. From these findings,
anti-hCLDN1 MAbs may be promising candidates for the devel-
opment of HCV entry inhibitors.

Anti-hCLDN1 MAbs did not affect TJ functions in cultured
cells. CLDN1 is a T] protein and has important roles in the regu-
lation of cell polarity and barrier functions. Thus, we examined
whether anti-hCLDN1 MAbs affected CLDN1 functions in TJs.
First, the cellular CLDN1 distribution was tested after treating
Huh?7.5.1-8 cells with 5 g of anti-hCLDN1 MADbs for 4 days. Even
after the long treatments with MAbs, CLDN1 was detected at cell-
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FIG 9 Inhibition of HCV infection by anti-hCLDN1 MAbs in vivo. (A) In vivo HCV infection procedure using human liver-chimeric mice. These mice were
treated with control IgG or an anti-hCLDN1 MAb, i.e., 3A2 or 7A5, using the indicated amounts, via intraperitoneal (i.p.) injection. HCV (genotype 1b; 10*
copies) was used for infections in these experiments. (B) HCV RNA contents of sera were determined by qRT-PCR at the indicated time points. The dotted line
indicates the detection limit. The arrows show the times of injection of MAbs. P values were 0.019, 0.121, 0.069, 0.043, and 0.044 for 3A2 and 0.019, 0.123, 0.219,
0.045, and 0.064 for 7A5 at days 7, 14, 21, 28, and 35, respectively, when the undetected values were considered to be 2 X 10* copies/ml. (C to F) Characteristics
of MAb-treated chimeric mice, including body weight (C) and human albumin (D), AST (E), and ALT (F) levels in sera.

cell contact sites (Fig. 8A), suggesting that CLDN1 localization to
cell-cell contact sites, probably TJs, was not affected by anti-
hCLDNI1 MAbs. We next examined whether the binding of anti-
hCLDN1 MADbs to polarized HepG2 cells perturbed TJ integrity.
CMEFDA retention in the BC lumen was comparable in polarized
HepG2 cells treated with anti-hCLDN1 MAbs, control IgG, or
PBS, while it was decreased in TNF-a-treated cells (Fig. 8B), sug-
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gesting that all anti-hCLDN1 MAbs had no effects on TJ integrity
(barrier function).

Anti-hCLDN1 MAbs prevented HCV infection in vivo. We
tested whether MAb administration inhibited HCV infection in
vivo by using human liver-chimeric mice, a well-known animal
model of HCV infection (24, 34-36). We focused on clones 3A2
and 7A5 in the in vivo HCV infection analysis, because these two
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TABLE 2 Levels of anti-CLDN1 MAbs in sera of human liver-chimeric [ 5 2
mice in in vivo HCV infection experiments E E 5 §
Antibody level in serum (pg/ml)” - % % _ g g/
Mouse no. Day 3 Day 10 g ﬁ i f a 5 f
3A2-1 1.67 = 0.10 <0.085 E (%l % i § § é
3A2-2 1.13 £ 0.01 <0.085
3A2-3 0.15 *= 0.07 <0.085
3A2-4 1.85+0.23 <0.085 .
7A5-1 282.6 £ 20.9 110.3 £ 8.3 § ;o: ﬁ\ %
7A5-2 2247 * 8.7 95.7 £5.9 g = NS
7A5-3 <0.21 14.0 £ 0.3 wzc NSRS
7A5-4 105.3 + 3.4 12.6 £ 0.3 Wl =228 -8R
“ Data represent the means = SD (n = 4). The limit of detection was 0.085 for the 3A2- r; 2 ﬂ :J 2 2 il
treated mice and 0.21 for the 7A5-treated mice. 5 AXA b
MADbs recognized different epitopes and substantially inhibited [0 ca
HCYV infection in vitro (Fig. 5 and 7). Chimeric mice were admin- %2 =%
istered 3A2 or 7A5 intraperitoneally, at 30, 20, 10, and 10 mg/kg % ij XS
on days 0, 3, 7, and 10, respectively. On day 0, 8 h after MAb wl == ER 3
administration, these mice were challenged with HCV (genotype N R JABAA
1b) (Fig. 9A). All mice that received the control Ab were HCV a8 S28 ST
positive on day 14. Serum HCV RNA levels in three mice reached
a plateau that exceeded 107 copies/ml on day 21, while the level in
the 4th mouse (control IgG-1) also reached a plateau of about 107 N B3
copies/ml, on day 28 (Fig. 9B). Three mice that received 3A2 were § g 5 E
HCV negative even after day 42, while the 4th mouse that received © % o o ==
3A2 (3A2-4) had a very low serum HCV RNA level, near the de- z =l nad O
tection limit, until day 14. Three mice that received 7A5 exhibited g E -=° A
an apparent increase in delay of serum HCV RNA levels compared g oo -0
with mice that received the control Ab, while the 4th mouse that %
received 7A5 (7A5-1) was HCV negative even after day 42. These g e =5
results show that anti-hCLDNI1 clones 3A2 and 7AS5, especially § 2R R
3A2, substantially prevent HCV infection in vivo. = S S s S
To investigate why some MAb-treated mice showed a break- & < S8R CARA
through in viremia at different time points, we determined the T o ohad o
serum MAD levels at 3 and 10 days post-HCV inoculation (Table § 8| mxwe o=
2). Interestingly, the serum MADb levels in 3A2-treated mice at day =
3 were very low (<2 pg/ml), and those at day 10 were under the R=
limit of detection; nevertheless, three of four 3A2-treated mice did 8 n °s
not show HCV breakthrough (Fig. 9B). Although we have to investi- § E § § §
gate the distribution and metabolism of the 3A2 MAD in animals, we g PN © o=
speculate that this MAb may completely block HCV entry through its E I P no
higher affinity for human liver CLDN1. On the other hand, the 7A5 B2l 5l =esg S
MADb was detected significantly in sera of 7A5-treated mice at days 3 £ E ol Ealals -0
and 10, except in that of the 7A5-3 mouse, in which the level was =l
extremely low (<0.21 pg/ml) at day 3: injection of the MAb may have £ s =
been missed, or the MAb was efficiently excreted or metabolized by ::6 S a9 o8
an unknown mechanism. Consistent with the results, the 7A5-3 sl S ds
mouse showed an early breakthrough in viremia (Fig. 9B). The 7A5-1 2 % s % i’ 2 ?:f T=
mouse showed the highest concentration of 7A5 MAb in serum at 2| Ele H ; : O 4 g
days 3 and 10 (Table 2) and did not show HCV breakthrough (Fig. g E ‘E S S SR|g
9B). Thus, serum 7A5 levels seemed to be reversely correlated with = #
serum HCV RNA levels. 2 B
To monitor the toxic effects of anti-hCLDN1 MAbs, we mea- g ! =
sured the body weights and analyzed human albumin, AST, and H ! é §
ALT levels in sera of MAb-treated mice. No significant changes in < c;f =l _ 3
body weight or human albumin, AST, and ALT levels were ob- 2 I % % % g
served in mice that received control Abs or anti-hCLDN1 MAbs 2 %_g =S % E =S % E g
(Fig. 9C to F and Table 3). In particular, the constant human Sl 5812 2 £

4876 jviasm.org Journal of Virology May 2015 Volume 89 Number 9


http://jvi.asm.org

albumin levels detected in anti-hCLDN1 MAb-treated mice dur-
ing the experimental period indicated that there were no dropouts
of human hepatocytes and no defects in human hepatocyte func-
tions of chimeric mice. Additionally, there were no apparent
changes in body weight or AST and ALT levels in the anti-
hCLDN1 MAb-treated chimeric mice which were not infected
with HCV (data not shown). These data suggest that anti-
hCLDN1 MAbs 3A2 and 7A5 do not have significant cytotoxic
effects on human hepatocytes at the MADb doses used.

DISCUSSION

We applied genetic approaches to host cell mutants to identify
host factors essential for the HCV life cycle. We isolated numerous
HCV-resistant cell mutants, including those defective in CD81 or
CLDNI1 (Fig. 1 and 2), which are known host factors involved in
HCV entry (9, 11). Using these mutants, we confirmed that CD81
and CLDNI are essential for HCV infection in hepatocytes (Fig. 1
and 2).

HCV entry into cells is a multistep process involving host re-
ceptors, such as CD81, SRBI, CLDNI1, and occludin (9-11, 13).
These receptors may be promising targets for novel antiviral treat-
ments (6). For example, Abs recognizing extracellular regions of
these receptors are lead molecules for development of HCV entry
inhibitors. Anti-CD81, -SRBI, and -CLDN1 Abs have been cre-
ated to inhibit HCV infection in vitro (18, 31, 37). Anti-CD81 and
-SRBI Abs can suppress HCV infection in vivo (31, 37, 38). It is
unknown whether CLDN1 is a critical receptor for HCV infection
in vivo. Here we established a unique screening system for CLDN1
binders by using CLDN1-defective cells (Fig. 3A), and we devel-
oped four novel anti-hCLDN1 MAbs: 2C1, 3A2, 5F2, and 7A5
(Fig. 3). 3A2 and 7A5 prevented HCV infection in vitro and in vivo
(Fig. 7 and 9). Since we can now use genome editing strategies,
such as the CRISPR/Cas9 system, to establish specific gene knock-
out mutant cells easily, this Ab screening method using parental
cells expressing the intact target membrane protein and the target-
defective cells would be a useful strategy for developing functional
MADbs against extracellular domains of intact multimembrane-
spanning proteins.

There are two major differences between the methods used by
Fofana et al. to develop anti-CLDN1 MAbs (18) and those used in
our study (Fig. 3A). Fofana et al. used rats as immunized animals,
while we used autoimmune BXSB mice. They used CLDN1-over-
expressing cells for hybridoma screening, while we used intact
CLDN1-bearing Huh7.5.1 and CLDNI-defective S7-A cells.
These differences may have resulted in the different characteristics
of the two MAb groups. MAbs developed by Fofana et al. recog-
nized the conserved motif W30-GLW51-C54-C64 and the 133,
Y35, and D38 residues in EL1 of hCLDN1 (18). In contrast, our
MAD 7A5 recognized M152 in EL2 (Fig. 5). Three other MAbs
recognized structures with three-dimensional conformations;
thus, the real epitopes cannot be defined until the cocrystal struc-
tures are solved in the future. However, our preliminary flow cy-
tometric observations based on mutational analyses showed that
the binding strengths of 2C1, 3A2, and 5F2 to the mouse-type EL1
or EL2 mutants were significantly low or undetectable (Fig. 5),
suggesting that these clones may recognize three-dimensional
conformations of EL1 and EL2. The rat anti-CLDN1 MAbs by
Fofana et al. resulted in a >90% inhibition of HCV infection in
vitro at 10 to 50 pg/ml (18), whereas our mouse MAbs had similar
inhibitory effects at only 0.3 to 8 pg/ml (Fig. 7). The binding
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affinities of rat MAbs for cellular CLDN1 were in the nanomolar
range (2 to 9 nM) (18), whereas those of our mouse MAbs were in
the picomolar range (100 to 230 pM) (Fig. 6). At least two of our
anti-hCLDN1 MAbs, 3A2 and 7A5, significantly inhibited HCV
infection in vivo (Fig. 9). Thus, the tight association between our
MAbs and domains that included intact EL2 of hCLDN1 may have
resulted in higher in vitro and successful in vivo anti-HCV activi-
ties. 3A2 exhibited a more efficient inhibition of HCV infection in
vivo and in vitro than that by 7A5 (Fig. 7 and 9), possibly because
of differences in their epitopes, i.e., 7A5 recognizes EL2, while 3A2
may recognize EL1 and EL2. The crystal structure of mouse
CLDNI15 was reported very recently (39). The transmembrane
four-helix bundle of CLDNI15 is tightly packed; thus, N-terminal
EL1 and C-terminal EL2 are located in close proximity. CLDN1
may have a similar conformation, because homology modeling of
the CLDN family indicates that the conformation of the four-helix
bundle is highly conserved. A previous study showed that the first
extracellular loop of CLDNI1 is required for HCV entry (11). In
this study, anti-CLDN1 MAbs 5F2 and 7AS5, recognizing the sec-
ond extracellular loop of CLDNI1 (Fig. 5B and C), could also pre-
vent HCV infection (Fig. 7). We now think that binding of the 5F2
and 7A5 MAbs to the second extracellular loop of CLDN1 is likely
to mask the first extracellular loop as well as the second one and to
block HCV entry, since MAbs are ~5-fold larger than the CLDN1
molecule, and both extracellular loops of CLDN1 might be located
very closely on the membranes, like those of CLDN15 (39).

CLDN has pivotal roles in the physiological barrier that
regulates the free movement of solutes via the paracellular
space (40). Hepatocytes are highly polarized cells, and their
plasma membranes are separated into apical-canalicular and
basolateral-sinusoidal domains by TJs (41). TJs are physiolog-
ical barriers that prevent HCV entry into host cells, and T]
disruption increases HCV entry (42). Thus, adverse effects may
occur in the liver if anti-hCLDN1 MAbs disrupt TJ seals. How-
ever, MAD treatment prevented HCV entry without affecting
CLDN1 localization at cell-cell contact sites in Huh7.5.1-8 cells
(Fig. 8A). Importantly, MAb treatment did not have significant
adverse effects on human liver function at the doses used (Fig.
9D to F and Table 3). CLDN1 is expressed on apical and baso-
lateral surfaces of hepatocytes in normal liver tissue (43), but
the presence of TJs (42) or CLDNI localization at TJs (11) is
not critical for HCV infection. Therefore, nonjunctional
CLDN1 may be a promising target for HCV therapy. The treat-
ment of cells with anti-hCLDN1 MAbs for a long period re-
sulted in CLDN1 localization to cell-cell contact sites and dot-
like localization to the cell surface near cell-cell contact sites
(Fig. 8A). Under these conditions, nonjunctional CLDNI,
which may be involved in HCV infection, may be trapped by
MAbs.

In conclusion, we developed a novel Ab screening system using
CLDNI1-defective cells and successfully created mouse anti-
hCLDN1 MAbs that strongly inhibited HCV infection in vitro and
in vivo, without apparent adverse effects, thereby providing new
insights into the future development of CLDN1-targeting anti-
HCV agents, although further investigations, including in vivo
HCV infection experiments with other genotypes of the virus, are
needed. These agents may be useful in inhibiting primary infec-
tions, such as those after liver transplantation, and in combination
therapies with other anti-HCV drugs, such as direct-acting anti-
virals.
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