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Abbreviations: CLDN - claudin; CMFDA - 5-chloromethylfluorescein di-acetate;
CTRL - control; EL1 - extracellular loop 1; HBV - hepatitis B virus; HCV - hepatitis C
virus; HCVcc - cell culture-derived HCV; HCVpp - HCV pseudoparticles; mAb -
monoclonal antibody; IgG - immune globulin G; MFI - mean fluorescence intensity;
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; P - patient; PHH -

primary human hepatocytes; RLU - relative light units; TJ - tight junction.
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ABSTRACT
BACKGROUND & AIMS: Hepatitis C virus (HCV) infection is a challenge to
prevent and treat because of the rapid development of drug resistance and
escape. Viral entry is required for initiation, spread, and maintenance of
infection, making it an attractive target for antiviral strategies. The tight
junction protein claudin-1 (CLDN1) has been shown to be required for entry of
HCV into the cell.
METHODS: Using genetic immunization, we produced six monoclonal
antibodies against the host entry factor CLDN1. The effects of antibodies on
HCV infection were analyzed in human cell lines and primary human
hepatocytes.
RESULTS: Competition and binding studies demonstrated that antibodies
interacted with conformational epitopes of the first extracellular loop of
CLDN1; binding of these antibodies required the motif W(30)-GLW(51)-C(54)-
C(64) and residues in the N-terminal third of CLDN1. The monoclonal
antibodies against CLDN1 efficiently inhibited infection by HCV of all major
genotypes as well as highly variable HCV quasispecies isolated from individual
patients. Furthermore, antibodies efficiently blocked cell entry of highly
infectious escape variants of HCV that were resistant to neutralizing
antibodies.
CONCLUSION: Monoclonal antibodies against the HCV entry factor CLDN1
might be used to prevent HCV infection, such as after liver transplantation, and

might also restrain virus spread in chronically infected patients.

Keywords: antiviral, genetic barrier, host factor, receptor, treatment
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INTRODUCTION
Hepatitis C virus (HCV) is a major cause of liver cirrhosis and hepatocellular
carcinoma world-wide. Current antiviral treatment consisting of pegylated interferon-
alpha (IFN-a) and ribavirin is limited by resistance, adverse effects and high costs.?
Although the clinical development of novel antivirals targeting HCV protein
processing has been shown to improve sustained virological response, toxicity of the
individual compounds and development of viral resistance remain major challenges.?

The absence of strategies for prevention of HCV infection is a major problem
for patients undergoing liver transplantation for HCV-related end-stage liver disease.*
Due to viral evasion from host immune responses and immunosuppressive therapy,
re-infection of the graft is universal and characterized by accelerated progression of
liver disease. * Recurrent HCV liver disease in the graft with poor outcome has
become an increasing problem facing hepatologists and transplant surgeons. Thus,
novel antiviral preventive and therapeutic strategies are urgently needed.”

HCV entry into target cells is a promising target for antiviral preventive and
therapeutic strategies 7 since it is essential for initiation, spread and maintenance of
infection.® ” Furthermore, cross-neutralizing antibodies inhibiting HCV entry have
been shown to be associated with control of HCV infection and prevention of HCV re-
infection in cohorts with self-limited acute infection.® °

HCV entry is a multistep process involving several host factors including
heparan sulfate,’® CD81,"* scavenger receptor B1,*? claudin-1 (CLDN1)* and
occludin.'* Among the host cell entry factors, tight junction (TJ) protein CLDN1 is a
promising antiviral target since it is essential for HCV entry and to date there is no
evidence for CLDN1-independent HCV entry.*®* ** Furthermore, CLDN1 has been

suggested to play an important role in cell-cell transmission.'® In contrast to other
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HCV entry factors such as CD81 or scavenger receptor Bl, CLDN1 is predominantly
expressed in the liver.'” CLDNL1 is also expressed in the kidney.*’

To date, the exploration of CLDN1 as an antiviral target has been hampered
by the lack of antibodies targeting surface expressed epitopes.’® In this study, we
demonstrate for the first time successful production of anti-CLDN1 monoclonal
antibodies (mAbs) which inhibit HCV infection. These results suggest that targeting
CLDN1 with specific mAbs may constitute a novel antiviral approach to prevent
primary HCV infection, such as after liver transplantation and might also restrain virus

spread in chronically infected patients.
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MATERIALS AND METHODS
Primary hepatocytes and cell lines. Culture of primary human hepatocytes
(PHH),*® Huh7.5.1,* HEK293T,° HepG2,?° BOSC23 and CHO™ cells have been

described.

Production and screening of anti-CLDN1 mAbs. Anti-CLDN1 mAbs were raised
by genetic immunization of Wistar rats using an eukaryotic expression vector
encoding the full-length human CLDN1 cDNA according to proprietary GENOVAC
technology. Following completion of immunization, antibodies were selected by flow
cytometry for their ability to bind to human CLDN1 expressed on the cell surface of
non-permeabilized HEK293T-BOSC23 cells and CHO cells which had been
transfected with pCMV-SPORT6/CLDN1. For imaging studies Huh7.5.1 cells were
stained with rat isotype control or anti-CLDN1 mAb OM-4A4-D4 (10 pg/ml) and

analyzed as described.*®

Epitope mapping. Competition between anti-CLDN1 mAbs for cellular binding was
measured by a cell-based ELISA and labeled antibodies: Huh7.5.1 cells were
incubated for 60 min with 0.1 pg/ml biotinylated anti-CLDN1 mAb (Sulfo-NHS-LC-
Biotin; Thermo Scientific) together with increasing concentrations of unlabeled anti-
CLDN1 mAbs as competitors. Following washing with PBS, binding of biotinylated
antibody was detected by incubation with streptavidin labeled with horseradish
peroxidase. Curves determined by measurement of binding in the presence of an
isotype-matched control were compared to those determined in the presence of the
competing antibody. Epitope mapping was performed using plasmids encoding for

CLDNL1 containing defined mutations and a cytoplasmic N-terminal hemaglutinin-tag
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(HA-tag).”* To study binding of anti-CLDN1 mAbs to mutant CLDN1, binding of mAb
OM-7D3-B3 to BOSC23 transfected with CLDN1 expression constructs was
determined by flow cytometry. Flow cytometric quantitation of HA-tag expression
using an anti-HA antibody (Covance) served as internal control. The transfected cells
were either permeabilized with Cytoperm/Cytofix (BD) for analysis of cytoplasmic HA-
tag expression or untreated for analysis of anti-CLDN1-mutant CLDN1 interactions.
For FACS analysis, transfected cells were incubated with 20 pg/ml anti-CLDN1 mAb
or anti-HA for 30 min followed by incubation with 10 pg/ml anti-rat IgG mAb (for anti-
CLDNL1) or 10 pg/ml anti-mouse IgG mAb labeled with phycoerythrin (for anti-HA).

The half-saturating concentrations (apparent Kq) were determined as described.??

HCVcc and HCVpp production and infection. HCVcc (Luc-Jcl, Luc-Conl),?
HCVpp (strains H77, HCV-J, JFH1, UKN3A1.28, UKN4.21.16, UKN5.14.4,
UKNG6.5.340, PO1VL, PO2VH, PO2VI, P02VJ, PO3VC, P04VC, P04VD, PO4VE,
PO5VD, PO5VE, PO5SVF, PO6VG, PO6VH, PO6VI)** and VSVpp were produced as
described.?* Patient-derived HCVpp were produced from 6 patients (P01-P06)
undergoing liver transplantation using full-length E1E2 expression constructs
generated from circulating HCV as described.® * Huh7.5.1, Huh7 cells or PHH were
pre-incubated with antibodies for 1 h and incubated for 4 h at 37°C with HCVcc or
HCVpp. Viral infection was analyzed as described.’® # For antibody-mediated
neutralization, HCVpp were pre-incubated with autologous anti-HCV serum,?* anti-E2
mAb (IGH461; Innogenetics)® and anti-HCV IgG purified from a chronically infected

patient as described. 2> 2
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Toxicity assays. Cytotoxic effects on cells were assessed by analyzing the ability to
metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as
described previously.?” Huh7.5.1 cells and PHH from three different donors were pre-
incubated with isotype control, anti-CLDN1 OM-7D3-B3 mAbs, anti-Fas (BD),
flavopiridol (Sigma) or compound C (Sigma). TJ integrity was analyzed as

described.?

Statistical analysis. Results are expressed as means + standard deviation (SD).
Statistical analyses were performed using Student's t test with a P value of <0.05

being considered statistically significant.
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RESULTS

Production of anti-CLDN1 mAbs with high affinity to CLDN1 expressed on
human hepatocytes. To explore CLDN1 as a target for antiviral strategies, we
generated anti-CLDN1 mAbs by genetic immunization using a full-length CLDN1
cDNA expression vector. Genetic immunization generated six mAbs that reacted with
native human CLDN1 expressed on BOSC23 and CHO cells, showing negligible
staining of parental cells (Fig. 1A, B). Analyses of the antibody isotypes revealed
IgG2a and IgG2b with a kappa light chain. All of the mAbs bound to the surface of
Huh7.5.1 cells and PHH (Fig. 1C, D).

Next, we characterized the binding properties of anti-CLDN1 mAbs to PHH
(Fig. 1E). The half-saturating concentrations for binding (corresponding to the
apparent Ky) were in the low nanomolar range demonstrating that anti-CLDN1 mAbs
produced by genetic immunization bind with high affinity to CLDN1 expressed on
human hepatocytes (K4 OM-7C8-A8, 7 nM; OM-8A9-A3, 2 nM; OM-6D9-A6, 8 nM,;
OM-4A4-D4, 9 nM; OM-6E1-B5, 3 nM; OM-7D3-B3, 4 nM).

Since anti-CLDN1 mAbs failed to stain primary mouse hepatocytes but bound
to primary hepatocytes of Macaca fascicularis (data not shown), it is likely that the
epitopes targeted by the antibodies are conserved among primates but different in
rodents. Negligible staining of CLDN1 deficient cells transfected to express human
CLDN2, 3, 4,6, 7,9, 11, 12, 15, 17 and 19 suggests specific interaction of the mAbs

with CLDN1 but not with other members of the CLDN family (Fig. 2A and Fig. S1).

Anti-CLDN1 mAbs bind to conformational epitopes in CLDN1 extracellular loop
1 (EL1) comprising motif W(30)-GLW(51)-C(54)-C(64). To investigate whether the

six different anti-CLDN1 mAbs recognize similar or unrelated epitopes, we performed
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cross-competition experiments with the mAbs. Labeled anti-CLDN1 mAb OM-7D3-B3
was incubated with Huh7.5.1 cells in the presence of increasing concentrations of the
five remaining unlabeled anti-CLDN1 mAbs. All of the unlabeled mAbs reduced the
binding of OM-7D3-B3. In contrast, the isotype control mAb had no effect (Fig. 2B).
Similar results were obtained for cross-competition experiments with labeled versions
of the other mAbs (Fig. 2C). The mutual cross-competition between all six mAbs
suggests that they recognize similar epitopes on CLDNL1.

To further define the motif(s) targeted by the mAbs, we studied the interaction
of mAb OM-7D3-B3 with a panel of CLDN1 mutants.? Using an alanine scanning
mutagenesis approach, Cukierman and colleagues identified residues in the highly
conserved claudin motif W(30)-GLW(51)-C(54)-C(64) within the first extracellular loop
that are critical for HCV entry.?! To investigate whether this motif is recognized by
anti-CLDN1 mAbs, CLDN1-deficient BOSC23 cells were transduced to express
CLDN1 mutants and binding of anti-CLDN1 OM-7D3-B3 was analyzed by flow
cytometry. CLDN1 mutants contained alanine substitutions of critical residues in the
highly conserved claudin motif (Fig. 2D, left panel) as well as single alanine
substitutions at positions occupied by bulky, charged or polar residues in the CLDN1
N-terminal region (Fig. 2D, right panel). To monitor correct protein expression,
mutant CLDN1 proteins contained an HA-tag (Fig. 2D). Mutation of amino acid
residues at positions 30, 33, 35, 49, 50, 51, 54 and 64 of CLDN1 reduced OM-7D3-
B3 binding to CLDN1 mutants, whereas the other mutations had a minimal effect
(Fig. 2D). These results suggest that the antibody OM-7D3-B3 recognizes
conformation-dependent epitopes in CLDN1 EL1 which are dependent on the W(30)-

GLW(51)-C(54)-C(64) motif as well as residues in the N-terminal third of EL1.

10
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Cross-inhibition of infection of HCV isolates from all major genotypes. To
investigate whether the antibodies produced by genetic immunization inhibit HCV
infection, Huh7.5.1 cells were infected with chimeric luciferase reporter viruses Luc-
Conl (HCV structural proteins of genotype 1b) and Luc-Jc1 (genotype 2a).> Fig. 3A
shows that anti-CLDN1 mAbs inhibit Luc-Jcl infection of Huh7.5.1 cells in a dose-
dependent manner (ICsp 1-6 pg/ml). In contrast, an isotype control mAb had no
effect. Comparable results were obtained for Luc-Conl (Fig. 3B), suggesting that
inhibition of HCV infection was not dependent on the viral genotype. To investigate
whether anti-CLDN1 mAbs were effective against different HCV envelope
glycoproteins, we analyzed their inhibition of HCVpp bearing envelope glycoproteins
from HCV genotypes 1-6. All of the anti-CLDN1 mAbs inhibited the infectivity of
HCVpp from genotypes 1-6 in a dose dependent manner (ICso 0.1-5 ug/ml; Fig. 3C).
A similar inhibition of HCVpp infection was observed in PHH (Fig. S2). Inhibition of
HCV infection was confirmed using whole HCV derived from patient serum (Fig. S3).
Taken together, these data demonstrate that anti-CLDN1 mAbs efficiently inhibit

HCV infection of all major genotypes.

Inhibition of infection of HCV variants escaping autologous neutralizing
antibodies and re-infecting the liver graft. End-stage liver disease due to chronic
HCV infection is a leading cause for liver transplantation. Using PHH and HCVpp
bearing viral envelope glycoproteins derived from HCV-infected patients undergoing
liver transplantation, we previously demonstrated that enhanced viral entry and
escape from autologous antibody-mediated neutralization are key determinants for

the selection of viral variants during HCV re-infection of the liver graft.?

11
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To assess whether anti-CLDN1 mAbs inhibit infection by HCV escape
variants, we investigated the effect of anti-CLDN1 mAbs on entry of HCVpp bearing
envelope glycoproteins from highly infectious HCV strains selected during
transplantation and re-infecting the liver graft.?* As shown in Fig. 4, pre-incubation of
PHH with anti-CLDN1 mAbs inhibited entry of patient-derived HCVpp in PHH (Fig.
4C), which were only poorly neutralized by antibodies present in autologous pre-
transplant serum (Fig. 4B). Similar results were obtained using PHH from different
donors (data not shown). These data demonstrate that anti-CLDN1 mAbs specifically
inhibit entry of HCV escape variants that are resistant to autologous host responses
and re-infect the liver graft.

Recent studies have shown that cross-neutralizing anti-E2 antibodies or
purified heterologous anti-HCV IgG obtained from HCV-infected patients are capable
of neutralizing genetically diverse HCV isolates and could protect against HCV
quasispecies challenge.? ?° To investigate whether the combination of anti-envelope
and anti-receptor antibodies results in an additive effect on the inhibition of HCV
infection, we pre-incubated patient-derived HCVpp with anti-E2 mAb IGH461 (Fig.
5A) or purified heterologous anti-HCV IgG (Fig. 5B) and studied their ability to inhibit
HCVpp infection in cells pre-incubated with anti-CLDN1 mAbs. Combination of
antiviral and anti-receptor antibodies resulted in a marked additive effect, decreasing

the ICs of anti-CLDN1 up to 100 fold (Fig. 5).

Anti-CLDN1 mAbs inhibit entry of highly variable HCV quasispecies from
patients with chronic hepatitis C. A major challenge for the development of
antiviral strategies is the high variability of the virus. HCV has a high replication rate

and the highly error prone viral polymerase allows for rapid production of minor viral

12
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variants called “quasispecies” that may outpace humoral and cellular immune
responses.”® *° These variants are under constant immune pressure in the infected
host, and selection processes lead to domination of the viral quasispecies by the
fittest virus that can evade immune recognition or confer resistance to antiviral
therapies or antiviral antibodies. To investigate whether anti-CLDN1 mAbs can inhibit
all variants within a quasispecies population within chronically infected patients, we
cloned, sequenced and expressed the envelope glycoproteins of an individual patient
chronically infected with HCV (Fig. 6). Anti-CLDN1 mAbs broadly inhibited HCV
infection of HCVpp bearing highly variable envelope glycoproteins from patient-
derived quasispecies (Fig. 6). A similar inhibition of infection of HCV quasispecies

was obtained for a second patient chronically infected with HCV (data not shown).

Absent toxic effects of anti-CLDN1 mAbs in PHH. To address potential
toxic effects of anti-CLDN1 mAbs we performed cell viability analysis in PHH and
Huh7.5.1 cells based on MTT testing. Following incubation of hepatoma cells and
PHH with anti-CLDN1 no toxic effects were observed (Fig. 7A-D). In contrast, pre-
incubation of cells with flavopiridol, compound C and anti-Fas antibody resulted in
easily detectable toxicity (Fig. 7A-D). CLDNL1 is an important structural component of
TJ.Y To investigate whether anti-CLDN1 mAbs alter TJ function, we studied their
effect on TJ integrity and permeability in a well characterized TJ functional assay
based on polarized hepatoma cells.® As shown in Fig. 7E, the capacity of bile
canaliculi lumens to retain 5-chloromethylfluorescein di-acetate (CMFDA) was similar
in polarized HepG2 cells treated with anti-CLDN1 mAbs OM-7D3-B3, OM-8A9-A3,

control mAb, or PBS, whereas CMFDA retention was reduced in PMA, TNFa and

13



interferon-y-treated HepG2 cells (Fig. 7E). These data indicate that anti-CLDN1

mADbs do not affect TJ integrity.

14
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DISCUSSION
Here we demonstrate, for the first time, the successful production of anti-CLDN1
mAbs which broadly inhibit HCV infection including patient-derived escape variants
that are resistant to autologous host neutralizing responses.

Due to the absence of preventive strategies for re-infection and limited efficacy
and tolerability of interferon-based antiviral therapies in liver transplant recipients,
there is a major medical need for the development of novel approaches preventing
HCV infection of the liver graft.* 3! In contrast to chronic hepatitis B, where antiviral
antibodies efficiently prevent re-infection of the liver graft in combination with
nucleoside analogues, the development of prophylactic strategies for HCV re-
infection remains a challenge.® A key limitation for the development of preventive
strategies is the high variability of the virus resulting in rapid and constant escape
from neutralizing anti-envelope antibodies.?® *? In a detailed longitudinal analysis of
six patients undergoing liver transplantation and HCV re-infection, we have
previously shown that HCV evades host neutralizing responses due to rapidly
emerging adaptive mutations in the HCV envelope glycoproteins. 2 The liver graft is
infected by highly infectious HCV escape variants that are resistant to autologous
host responses.?* Escape from neutralizing antibodies has been also described as an
important mechanism for viral persistence in chronic HCV infection.?® Thus, blocking
essential cellular entry factors may be a promising alternative antiviral strategy by
increasing the genetic barrier for viral resistance.

In this study we demonstrate for the first time that anti-CLDN1 mAbs efficiently
inhibit infection of PHH with HCV isolates having escaped host neutralizing
antibodies during liver transplantation. The broad neutralization of a large panel of

HCV escape variants from six patients undergoing liver transplantation (Fig. 4)

15
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suggests that cross-inhibiting anti-CLDN1 mAbs, with or without concomitant antiviral
therapy, may offer a promising strategy to prevent HCV re-infection of the liver graft.
As anti-CLDN1 mAbs inhibit viral infection already by more than 99% (Fig. 3), the
combination of anti-CLDN1 mAbs with direct antiviral agents such as anti-envelope
antibodies (Fig. 5) or viral protease inhibitors® most likely will completely block HCV
infection.

Interestingly, the doses of anti-CLDN1 mAbs required for efficient inhibition
(>90%) of escape variants or quasispecies present in chronically infected patients
(10-50 pg/ml) were markedly lower than anti-HBs plasma concentrations required for
prevention of HBV infection (500 pg/ml anti-HBs IgG during the first week post-
transplantation and 100 pg/ml after week 12).*® Inhibitory anti-CLDN1 concentrations
were in a similar range as trough levels of plasma concentrations of approved
therapeutic or preventive mAbs used in cancer or antiviral treatment.®* 3 Thus, anti-
CLDNL1 concentrations required for efficient inhibition of HCV infection are in a range
of plasma antibody concentrations that can be achieved following intravenous
administration of antibodies in vivo.

Moreover, anti-CLDN1 mAbs may also be of interest to target antiviral
resistance in chronic hepatitis C. Since anti-CLDN1 mAbs broadly inhibit infection of
highly diverse viral quasispecies and escape variants in a genotype-independent
manner, it is conceivable that anti-CLDN1 mAbs may complement ongoing efforts to
block intracellular replication events with inhibitors of the HCV proteases and
polymerase. This concept is supported by the successful clinical use of entry
inhibitors for viral resistance in combination with other antivirals in HIV infection.3®

Using a panel of well characterized CLDN1 mutants we demonstrate that mAb

OM-7D3-B3 recognizes a cluster of amino acid residues comprising W(30)-GLW/(51)-

16
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C(54)-C(64) as well as residues of the CLDN1 EL1 N-terminal third. Interestingly,
these CLDN1 regions have been shown to be important for HCV entry in
mutagenesis studies.’*?! Since the identified epitopes are structurally not grouped
together, it is likely that recognized epitopes are conformation-dependent. This
hypothesis is further supported by the finding that (i) anti-CLDN1 mAbs did not show
an easily detectable interaction with linear CLDN1 peptides as antigens in an ELISA
and that (ii) pre-incubation of antibodies with linear peptides encoding for amino
acids of the CLDN1 EL1 were not able to revert antibody-mediated inhibition of
infection (data not shown). Thus, our results indicate that the targeted epitopes are
conformational in nature, rather than linear, confirming that genetic immunization
focuses on recognition of native proteins and offers an explanation why this
technology has proven successful. Taken together, our results define epitopes in
CLDN1 EL1 which are crucial for HCV entry and are accessible to antibodies
blocking HCV infection.

A potential limitation of the clinical use of anti-receptor antibodies could be
adverse effects. Host cell factors have important functions which may be linked to
mechanism of viral entry. Antibodies binding to cellular entry factors may alter the
function or expression of receptors resulting in side effects. Interestingly, no toxic
effects were detected in PHH based on MTT testing. Furthermore, anti-CLDN1 mAbs
had no adverse effect on TJ integrity in polarized hepatoma cells (Fig. 7). This finding
suggests that TJ CLDN1 is not accessible for anti-CLDN1 mAbs or that CLDN1
domains targeted by anti-CLDN1 mAbs are different from functional domains
required for TJ integrity. Although further studies are needed to address toxicity in

hepatic and extrahepatic tissues (such as the kidney) in vivo, our studies in PHH and
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hepatoma cells did not reveal any findings precluding the further development of the
antibodies.

In conclusion, our findings demonstrate that targeting CLDN1 EL1 by anti-
CLDN1 mAbs broadly cross-neutralizes HCV infection and therefore constitutes a
novel antiviral approach to prevent primary HCV infection, such as after liver
transplantation and might also restrain virus spread in chronically infected patients.
Following humanization of the anti-CLDN1 mAbs, proof-of-concept studies in animal

models and humans are the next step for the clinical development.
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FIGURE LEGENDS
Fig. 1. Production of CLDN1-specific mAbs with high affinity to HCV permissive
cells lines and human hepatocytes. (A) Specific binding of rat anti-human CLDN1
mAb OM-7D3-B3 (20 pg/ml) to CLDN1 expressed on the cell surface of BOSC23
cells transfected with pCMV-SPORT6-CLDN1 (black histogram) but not to cells
transfected with control vector (pCMV-SPORT6; red histogram). MAb binding was
revealed by flow cytometry using PE-conjugated anti-rat IgG mAb. The x and y axes
show mean fluorescence intensities and relative numbers of stained cells,
respectively. (B) Specific binding of anti-CLDN1 mAbs (20 ug/ml) to human CLDN1
expressed on the cell surface of transfected CHO cells. CHO cells were transfected
with pCMV-SPORT6-CLDN1 (grey bars) or control vector (pCMV-SPORT6; black
bars). The mean fluorescence intensities (MFIs) for each experiment performed in
triplicate are shown. (C) Binding of mAbs to Huh7.5.1 cells and primary human
hepatocytes (PHH) was determined by flow cytometry as described above. (D)
Staining of cell surface CLDN1 on Huh7.5.1 cells by anti-CLDN1 mAb OM-4A4-D4
was performed as described in Materials and Methods. Cell nuclei were stained with
DAPI. (E) Binding properties of anti-CLDN1 mAbs to PHH. Cells were incubated with
increasing concentrations of anti-CLDN1 mAbs. MAb binding was revealed by flow
cytometry using PE-conjugated anti-rat IgG mAb. As a control, isotype-matched rat
IgG2 was used. Mean fluorescence intensities compared to experiments with isotype

control antibody are shown. Apparent Kq are shown in the inset.

Fig. 2. Mapping of CLDN1 epitopes targeted by mAbs. (A) Negligible binding of

anti-CLDN1 mAb to other members of the CLDN family. BOSC23 cells were

transfected with validated CLDN expression constructs and binding of anti-CLDN1
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mAbs to cell surface CLDN was analyzed by flow cytometry. Specific binding is
expressed in mean fluorescence intensity (MFI) relative to negative control. (B, C)
Competition of anti-CLDN1 mAbs for cellular binding. Huh7.5.1 cells were incubated
with 0.1 pg/ml biotinylated anti-CLDN1 mAb OM-7D3-B3 together with increasing (B)
or saturating concentrations (C) of unlabeled anti-CLDN1 mAbs as competitors.
Following washing of cells in PBS, binding of labeled antibody was detected as
described in Methods and is shown as relative fluorescence units (RFU). (D) Epitope
mapping. Mapping studies were performed using plasmids expressing CLDN1
containing an hemaglutinin-tag (HA-tag) and defined mutations indicated on the x-
axis: the left panel shows mutants containing alanine substitutions of critical residues
in the highly conserved claudin motif W(30)-GLW(51)-C(54)-C(64):?* the right panel
shows single alanine substitutions at positions occupied by bulky, charged or polar
residues.”> CLDN1-negative BOSC23 cells were transfected with mutant CLDN1
expression constructs and binding of mAb OM-7D3-B3 was analyzed by flow
cytometry. MAb binding to mutant CLDN1 relative to binding to wild-type CLDN1 is
shown (black bars). Proper expression of CLDN1 proteins was confirmed by flow
cytometric analysis of HA-tag expression using an anti-HA antibody (grey bars)
except for mutant I32A where the HA-tag was absent and expression of CLDN1 was
confirmed by FACS analysis using an unrelated anti-CLDN1 antibody (data not
shown). Binding of anti-HA antibody to HA of mutant CLDNL1 relative to HA of wild-

type CLDNL1 is shown as internal control for expression of mutant CLDN1 (grey bars).
Fig. 3. Genotype-independent inhibition of HCVcc and HCVpp infection by anti-

CLDN1 mAbs. (A, B) Inhibition of HCVcc infection by anti-CLDN1 mAbs. Huh7.5.1

cells were pre-incubated with increasing (A) or a fixed (10 pg/ml) (B) concentration of
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anti-CLDN1 or control mAbs for 1 h at 37°C before infection with Luc-Jcl or Luc-
Conl HCVcc. HCV infection was assessed as described in Methods. (C) Inhibition of
infection of HCVpp bearing envelope glycoproteins from genotypes 1-6. Huh7 cells
were pre-incubated with antibodies as described in (A) before infection with HCVpp.
MLV-based HCVpp bearing envelope glycoproteins of strains H77 (genotype 1a),
HCV-J (1b), JFH1 (2a), UKN3A1.28 (3a), UKN4.21.16 (4), UKN5.14.4 (5),
UKN®6.5.340 (6) and VSVpp were produced as described in Methods. Means = SD

from three experiments are shown, respectively.

Fig. 4. Efficient inhibition of infection of HCV variants escaping autologous
neutralizing antibodies and re-infecting the liver graft by anti-CLDN1 mAbs.
HIV-based HCVpp bearing envelope glycoproteins from HCV escape variants
derived from 6 patients undergoing liver transplantation (PO1VL, PO2VH, P02VI,
PO2VJ, PO3VC, P04VC, P04VD, PO4VE, PO5VD, POSVE, PO5VF, PO6VG, PO6VH,
PO6VI)** were produced from patient-derived full-length ELE2 expression constructs
as described.® (A) Infectivity of HCV escape variants. HCVpp were added to PHH
and infection was analyzed as in Fig. 3. Results are expressed in relative light units
(RLU) plotted in a logarithmic scale. (B) Escape of HCVpp infection from
neutralization by autologous pre-transplant serum. HCVpp were incubated with
autologous pre-transplant anti-HCV positive serum or control anti-HCV negative
serum (Ctrl) and HCVpp infection in PHH was analyzed as described in Fig. S1. As a
positive control, HCVpp bearing envelope glycoproteins from a heterologous strain
(HCV-J) were incubated with pre-transplant serum at the same dilution. (C) Inhibition
of infection of viral escape variants and HCV-J by anti-CLDN1 mAb OM-7D3-B3.

PHH were pre-incubated with anti-CLDN1 or isotype control mAbs (25 ug/mL) and
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infection was analyzed as described above. Means + SD from a representative

experiment performed in triplicate are shown.

Fig. 5. Additive effect of antiviral and anti-CLDN1 antibodies on inhibition of
HCV infection. HCVpp of strains PO2VJ and P04VJ (see Fig. 4) were pre-incubated
with anti-E2 mAb IGH461 (A) or purified heterologous anti-HCV IgG (1 or 10 pg/ml)
obtained from an unrelated chronically infected subject (B) or isotype control 1gG for
1 h at 37°C and added to Huh7 cells pre-incubated with serial dilutions of anti-CLDN1
OM-7D3-B3 or rat isotype control mAbs. HCVpp infection was analyzed as described

in Fig. 3.

Fig. 6. Anti-CLDN1 mAbs broadly inhibit infection of viral quasispecies in
chronic HCV infection. Full-length HCV envelope glycoproteins were cloned and
sequenced from plasma of an individual patient chronically infected with HCV
(genotype 1b) using E1E2-specific primers as described.® A total of 30 clones was
analyzed by alignment of E1E2 sequences. Lentiviral HCVpp displaying patient-
derived envelope were produced as described.” *® (A) Relative distribution of the
variants in the HCV-infected patient based on alignment of E1E2 sequences.
Variants containing stop codons, insertions or deletions altering the HCV open
reading frame are depicted with a star () and were not further analyzed in HCVpp
assays. (B) Comparative analysis of viral entry of HCVpp bearing envelope
glycoproteins of viral quasispecies in PHH. HIV-HCVpp expressing patient-derived
envelope glycoproteins were incubated with PHH and infection was analyzed as
described in Fig. S1. Results are expressed in relative light units (RLU) plotted in a

logarithmic scale. The threshold for a detectable infection in this system was 3 x 10°
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RLU and is indicated by a dotted line. (C) Inhibition of HCV entry by anti-CLDN1
mAbs. PHH were pre-incubated with rat anti-CLDN1 OM-7D3-B3 or rat isotype
control mAbs (25 pg/ml) and infected with HCVpp bearing HCV envelope
glycoproteins from quasispecies shown in (A). Means = SD from a representative
experiment performed in triplicate are shown. Abbreviations: NI - non infectious; Ctrl -

negative control.

Fig. 7. Absent toxicity and absent adverse effects on tight junction integrity in
PHH and hepatoma cells. (A-D) Cytotoxic effects on cells were assessed by
analyzing the ability to metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT).?” Huh7.5.1 cells (A) and PHH from three different donors (B-D) were
incubated either with isotype control or anti-CLDN1 OM-7D3-B3 mAbs (10 pg/ml),
anti-Fas (10 pg/ml), flavopiridol (10 uM) or compound C (20 uM) (B-C) or anti-CLDN1
OM-7D3-B3 mAb (0-1000 pg/ml), anti-Fas (0-100 pg/ml) and compound C (0-1000
MM) (D) Relative cell viability was assessed in comparison to mock incubated PHH
(=100%). (E) Anti-CLDN1 mAbs do not alter tight junction (TJ) integrity in polarized
HepG2 cells. Cells were treated with serum-free medium for 4 hours before being
exposed to either control (PBS), irrelevant control, anti-CLDN1 OM-7D3-B3 and OM-
8A9-A3 mAbs (10 pg/ml), TNF-a (10 ng/ml), interferon-y (10 ng/ml), PMA (50 ng/ml)
for 1 hour. TJ integrity was analyzed by analyzing the capacity of bile canaliculi *" to
retain 5-chloromethylfluorescein diacetate (CMFDA) compared to the total BC as
described.?®° Means + SD from representative experiments performed in triplicate are

shown (A-E).
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Figure 4
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Figure 5
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Figure 7
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SUPPLEMENTARY DATA

SUPPLEMENTARY MATERIALS AND METHODS

Infection of primary human hepatocytes by serum-derived HCV. To identify HCV
positive serum samples resulting in productive infection of PHH, randomly selected
serum samples from eighteen patients with chronic HCV infection from diverse
genotypes were screened for infectivity in PHH. The sera were obtained in the
framework of a clinical trial (ClinicalTrials.gov Identifier: NCT00638144) and were
characterized by a viral load ranging between 1.27 x 10° and 8.8 x 10° 1U/ml
(determined by Abbott RealTime™ HCV) and sero-negativity for HAV, HBV and HIV.
PHH (3 x 10° cells, isolated and cultured in collagen-coated 24 well-plates as
described)? were incubated with 25 pl of HCV-positive serum. The cells were then
washed three times and cultured as described.® Five days post-inoculation, cells
were washed three times and total cellular RNA was extracted using the RNAeasy kit
(Qiagen). Five hundred ng of total RNA were analyzed by quantitative RT-PCR using
the SensiMix™™ Probe One-Step Kit (BIOLINE), using primers Con259F
(5’AGYGTTGGGTYGCGAAAGY3'), Con312R (5'GTGAGCGTTCGYGGGA3') and a
probe (5’ AGTCCGTCATGGTGTTCC 3’) corresponding to nucleotides 260-270, 298-
313 and 279-296 as described.* GAPDH mRNA in each sample was quantified in
parallel.® ° The measured amounts of HCV RNA were normalized to the amount of
GAPDH mRNA in each sample, and the results were expressed per culture plate (3 x
10° cells) as described recently.® ° Positive infection was confirmed by de-novo
detection of intracellular HCV RNA as previously described.®* ° Using this
experimental set-up, incubation of PHH with two sera resulted in reproducible
productive HCV infection. The infectious samples comprised serum #08 (45 year old

male patient infected with genotype 2a and a viral load of 2.51 x 10° IU/ml) and

37



10

15

serum #10 (54 year old female patient infected with HCV genotype 2b and a viral
load of 1.37 x 10° IU/ml). The infectious serum samples were then used to assess
inhibition of HCV infection by anti-CLDN1 mAbs. One day after plating, PHH were
incubated with anti-CLDN1 OM-7D3-B3 or rat isotype control mAbs (25 ug/ml) for 1 h
and incubated overnight at 37°C with 25 pl of HCV-positive serum #08 and #10 or
HCV negative control serum (CTRL), respectively. The apparent multiplicity of
infection (estimated by the ratio of HCV RNA copies divided by the number of
hepatocytes per well) ranged between 0.5 and 1, respectively. Following
guantification of intracellular HCV RNA on day 5 post-infection, the HCV RNA levels
were normalized to the amount of GAPDH mRNA in each sample as described,* °
and the results were expressed as percentage of HCV infection compared to control

mADb treated PHH as described.®®
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FIGURE LEGENDS

Fig. S1. Absent reactivity of anti-CLDN1 mAbs with non type 1 members of the
human CLDN family. CLDN1-deficient 293T cells were transfected with a panel of
AcGFP tagged human CLDNs (1, 3, 4, 6, 7, 9, 11, 12, 15, 17) as described.™ ® Cells
transfected with an unrelated vector (pcDNA3.1) served as a negative control.
Binding of anti-CLDN1 mAb OM-7D3-B3 to cell surface CLDN was analyzed as
described in Fig. 2A. Specific binding of anti-CLDN1 mAb to AcGFP tagged CLDNs
is shown as the difference of the mean fluorescence intensity (AMFI) of cells stained
with anti-CLDN1 mAb OM-7D3-B3 and cells stained with isotype control rat mAb
(upper panel). Proper expression of AcGFP tagged CLDN proteins was confirmed by
flow cytometric analysis of AcGFP expression. Specific fluorescence of the
respective AcGFP tags is shown as the difference of the mean fluorescence intensity
(AMFI) of cells transfected with each AcGFP tagged expression construct and cells
transfected with non-tagged CLDN1 (lower panel). Means + SD of a representative

experiment performed in triplicate are shown.

Fig. S2. Inhibition of HCVpp infection in PHH by anti-CLDN1 mAbs. HIV-based
HCVpp bearing envelope glycoproteins of strains (A) H77 (genotype 1a), (B) HCV-J
(1b), (C) JFH1 (2a), (D) UKN3A1.28 (3) (E) UKN4.21.16 (4), (F) UKN5.14.4 (5), (G)
UKN®6.5.340 (6) and (H) VSVpp were produced as described in Methods. PHH were
pre-incubated with anti-CLDN1 or isotype control mAbs (25 ug/ml) for 1 h at 37°C
before infection with HCVpp for 4 h at 37°C. (I) Dose-dependent inhibition of infection
by HCVpp bearing envelope glycoproteins of strain H77 using anti-CLDN1 mAb OM-

8A9-A3. Experiments were performed as described in Fig. 3A. HCVpp infection was
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assessed as described in Methods. Means + SD from a representative experiment

performed in triplicate are shown.

Fig. S3. Anti-CLDN1 mAbs inhibit infection of PHH by serum-derived HCV. PHH
were pre-incubated with anti-CLDN1 OM-7D3-B3 or isotype control mAbs (25 ug/ml)
for 1 h at 37°C before infection with HCV-positive serum (HCVser) obtained from two
patients chronically infected with HCV genotype 2a (A) and 2b (B) or HCV-negative
serum (CTRL). Following quantification of newly synthesized intracellular HCV RNA
on day 5 postinfection by RT-PCR, HCV RNA levels were normalized to the amount
of GAPDH mRNA in each sample as described.® The results are expressed as
percentage of HCV infection in the presence of anti-CLDN1 antibody compared to
infection in the presence of control isotype mAb (=100%). Means = SD from a

representative experiment performed in duplicate are shown.
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Figure S1
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Figure S2
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Figure S3
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