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Cyclosporin A and its Analogs Inhibit Hepatitis B Virus
Entry Into Cultured Hepatocytes Through Targeting a
Membrane Transporter, Sodium Taurocholate
Cotransporting Polypeptide (NTCP)

Koichi Watashi,' Ann Sluder,* Takuji Daito,"* Satoko Matsunaga,® Akihide Ryo,® Shushi Nagamori,*
Masashi Iwamoto,' Syo Nakajima,' Senko Tsukuda,"® Katyna Borroto-Esoda,> Masaya Sugiyama,®
Yasuhito Tanaka,” Yoshikatsu Kanai,* Hiroyuki Kusuhara,® Masashi Mizokami,6 and Takaji Wakita'

Chronic hepatitis B virus (HBV) infection is a major public health problem worldwide.
Although nucleos(t)ide analogs inhibiting viral reverse transcriptase are clinically available
as anti-HBV agents, emergence of drug-resistant viruses highlights the need for new anti-
HBV agents interfering with other targets. Here we report that cyclosporin A (CsA) can
inhibit HBV entry into cultured hepatocytes. The anti-HBV effect of CsA was independent
of binding to cyclophilin and calcineurin. Rather, blockade of HBV infection correlated
with the ability to inhibit the transporter activity of sodium taurocholate cotransporting
polypeptide (NTCP). We also found that HBV infection-susceptible cells, differentiated
HepaRG cells and primary human hepatocytes expressed NTCP, while nonsusceptible cell
lines did not. A series of compounds targeting NTCP could inhibit HBV infection. CsA
inhibited the binding between NTCP and large envelope protein in vitro. Evaluation of
CsA analogs identified a compound with higher anti-HBV potency, having a median
inhibitory concentration <0.2 uM. Conclusion: This study provides a proof of concept for
the novel strategy to identify anti-HBV agents by targeting the candidate HBV receptor,
NTCP, using CsA as a structural platform. (HeraTorOGY 2014559:1726-1737)

epatitis B virus (HBV) infection is a substan-

val public health problem, affecting ~350

million people worldwide."® HBV-infected
patients have an elevated risk for developing liver cir-
rhosis and hepatocellular carcinoma. Currently, clinical
treatment for HBV infection includes interferon alpha
(IFN-2) and nucleos(t)ide analogs. IFN-o therapy
yields long-term clinical benefit in only less than 40%
of patients and can cause significant side effects.
Nucleos(t)ide analog treatment can suppress HBV rep-
lication and is accompanied by substantial biochemical

and histological improvement; however, it may select
for drug-resistant viruses, which limit the efficacy of
long-term treatment. To overcome these problems, the
development of new antd-HBV agents targeting a dif-
ferent step of the HBV life cycle is urgently needed.
As HBV has only one viral gene encoding an enzy-
matic activity, the polymerase, there is no apparent
strategy to develop a new class of antiviral agents other
than polymerase inhibitors. Hence, it is important to
define alternative molecular targets for and-HBV
agents as well as to identfy potential anti-HBV

Abbreviasions: CN, calcinewrin; CeA, cyclosporin A; CyPs, cyclophilins; HBs, viral envelope protein; HBY, hepatitis B virus; HCV, hepatitis C virus; HCVpp,
HCV pseudoparticles; IFN, interferon; LHBs, large envelope protein; MDR, multidrug resistance; MHBs, middle envelope protein; MRE MDR-related protein;
NTCR sodium taurocholate cotransporting polypeptide; PHH, primary human hepatocytes; PPlase, peptidyl prolyl cisltrans-isomerase; SHBs, small envelope proteins
TCA, raurocholic acid; TUDCA, tauroursodeoxycholic acid.
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compounds.>* Myrcludex-B is a peptide mimicking
pre-S1, which is crucial for the virus-cell membrane
interaction. Pretreatment with this peptide has been
shown to prevent virus entry and spread of virus infec-
tion.>® Phenylpropenamide derivatives and heteroaryl-
pyrimidines (HAP) suppressed HBV  replication
through capsid disassembly.”'® Although the develop-
ment of the former was discontinued because of signif-
icant toxicity,” HAP exhibited anti-HBV efficacy in the
absence of robust toxicity.®'® Deoxynojirimycin deriv-
atives are iminosugars that inhibit alpha-glucosidases.
Although treatment with these compounds suppressed
HBV secretion in both cell culture and mouse mod-
els,"'* further investigation will be required to assess
their anti-HBV efficacy and the specificity 1o HBV.
Thus, it is an attractive strategy to identify a cellular
factor that is specifically involved in HBV infection
and relevant for the development of and-HBV agents.

Cyclosporin A (CsA) is an immunosuppressant clin-
ically used for suppression of the immunological fail-
ure of xenograft tissues. CsA primarily targets cellular
peptidyl prolyl cis/trans-isomerase (PPlase) cyclophilins
(CyPs)."” The resultant CsA/CyP complex subse-
quently binds to and inhibits calcineurin (CN), a
phosphatase that dephosphorylates nuclear factor of
activated T cell (NF-AT) to allow nuclear translocation
and transactivation of downstream genes. This CN
inhibition contributes to the suppression of immune
responses. In addition, CsA is known to inhibit the
transporter activity of membrane transporters, includ-
ing the mulddrug resistance (MDR) and MDR-related
protein (MRP) families."* Previously, we demonstrated
that CsA and its nonimmunosuppressive derivatives
suppress hepatitis C virus (HCV) replication,'’ 16 with
the anti-HCV activity being mediated by the inhibi-
tion of CyPs.'”"? Currently, a series of drugs classified
as CyP inhibitors are in clinical development for treat-
ment of HCV-infected patients.”®*!

In this study we report that CsA and its analogs
inhibited HBV entry through a CyP-independent
mechanism. We established a screening system that
can identify small molecules inhibiting HBV entry.

WATASHI ET AL. 1727

Screening in this system revealed that CsA blocked
HBV entry. The anti-HBV activity of CsA was not cor-
related with binding to CyPs and CN. CsA inhibited
the transporter activity of sodium taurocholate cotrans-
porting polypeptide (NTCP), a recently reported can-
didate for the HBV entry receptor,”> and interrupted
the binding between NTCP and large envelope protein
in vitro. Other NTCP inhibitors also blocked HBV
infection. Analog testing identified CsA-related com-
pounds with higher ant-HBV potency than CsA.
Thus, CsA and NTCP inhibitors can be used as a
platform to develop a novel class of anti-HBV agents.

Materials and Methods

Cell Culture. HepaRG  (Biopredic), HepAD38
(kindly provided by Dr. Christoph Seeger at Fox
Chase Cancer Center), and primary human hepato-
cytes (PHHs) (Phoenixbio) were cultured as described
previously.”

HBYV Preparation and Infection. The HBV used
in this study was mainly derived from the culture
supernatant of HepAD38 cells. HBV infection was
performed as described previously.”> More detailed
procedures are given in the Supporting Information.

Indirect Immunofluorescence Analysis, Real-Time
Polymerase Chain Reaction (PCR), Southern Blot
Analysis, 3-(4,5-Dimethylthiazol-2-yl)—2,5-diphenyl-
tetrazolium Bromide (MITT) Assays, and Reporter
Assays. Indirect immunofluorescence analysis, real-
time PCR, southern blot analysis, MTT assays, and
reporter  assays were performed essendally as
described.”® More detailed procedures are given in the
Supporting Information.

Detection of HBs and HBe Antigens. HBs antigen
was quantified by enzyme-linked immunosorbent assay
(ELISA) as described previously.”> HBe antigen was
detected by a Chemiluminescent Immuno-Assay (Mit-
subishi Chemical Medience).

HCYV Pseudoparticle Assay. The HCV pseudopar-
ticles (HCVpp), which reproduce HCV envelope-
mediated entry, were generated by transfecting the

Addyess reprint requests to: Koichi Watashi, Ph.D., Department of Virology II, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo,

162-8640, Japan. E-mail: kwatashi@nih.go jp; fax: +81-3-5285-1161.
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expression plasmids for MLV Gag-Pol, HCV E1E2,
and a luciferase that can be packaged into the virion
(kindly provided by Dr. Francois-Loic Cosset at the
University of Lyon) into 293T cells. HCVpp recovered
from the culture supernatant of transfected cells were
used in a HCV entry assay as described previously.24

Transporter Assay. 'The wansporter activity of
NTCP was assayed essentially as described® using 293
(Sekisui Medical) and HepG2 cells permanently over-
expressing human NTCP. Briefly, the cells were prein-
cubated with compounds at 37°C for 15 minutes and
then incubated with radiolabeled substrate, [*H]tauro-
cholic acid (TCA), at 37°C for 5 minutes to allow
substrate uptake into the cells. The cells were then
washed and lysed to measure the accumulated radioac-
tivity. In this assay, we did not observe cytotoxic effects
of compounds at any of the concentrations tested.
More detailed procedures are given in the Supporting
Information.

AlphaScreen Assay. Recombinant NTCP and HBs
proteins, which were tagged with 6xHis and biotn,
respectively, were synthesized using a wheat cell-free pro-
tein system as described previously.®®  Protein-protein
interactions were detected using the AlphaScreen IgG
(ProteinA) detection kit (PerkinElmer) according to the
manufacturer’s instruction. Briefly, the recombinant tagged
proteins were incubated with streptavidin-coated donor
beads and ant-6xHis antibody-conjugated acceptor beads
that generate a Juminescence signal when brought into
proximity by binding to interacting proteins. Lumines-
cence was analyzed with the AlphaScreen detection pro-
gram of an Envision spectrophotometer (PerkinElmer).
More detailed procedures for the AlphaScreen assay are
described in the Supporting Information.

Additional experimental procedures are included in
the Supporting Information.

Restlts

Cyclosporin A Blocked HBV Infection. We
focused on HBV entry and established a cell culture
system to evaluate this step in HBV infection. To
identify small molecules inhibiting HBV entry, we pre-
treated HepaRG cells” with compounds for 2 hours,
then added a HBV inoculum and continued incuba-
tion with compounds for 16 hours (Fig. 1A). After
washing out free HBV and compounds, the cells were
cultured for an additional 12 days in the absence of
compounds (Fig. 1A). For robust chemical screening,
HBV infection was monitored by the viral envelope
protein {HBs) level secreted from the infected cells at
12 days postinfection by ELISA. This assay could
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identify heparin, an HBV attachment inhibitor,2%?

and bafilomycin Al, a v-type H™ ATPase inhibitor
that blocks acidification of vesicles and HBV entry,*
but not lamivudine, a reverse transcriptase inhibitor,>!
as compounds reducing HBs protein level in the
medium (Fig. 1B). In addition, use of an antd-HBs
antibody to neutralize viral entry, but not use of an
anti-FLAG antibody, reduced viral protein secreted
from the HBV-infected cells (Fig. 1B). Thus, this sys-
tem is likely to evaluate the effect of compounds on
the early phase of the HBV life cycle, including attach-
ment and entry, but not effects on HBV replication. A
chemical screen with this system revealed that CsA
reduced HBs secretion from HBV-infected cells (Fig.
1B). Treatment with CsA significantly decreased HBc
protein expression (Fig. 1C) and HBV DNA as well as
cccDNA  (Fig. 1D) in the cells and HBe in the
medium (Fig. 1E), without causing cytotoxicity (Sup-
porting Fig. S1A). This effect of CsA was not limited
to infection of HepaRG cells, as we observed a similar
ant-HBV effect of CsA for PHHs (Fig. 1F). The anti-
HBV effect of CsA was also observed on HBV infec-
tion of PHHs in the absence of PEG8000 (Fig. S1B),
indicating that the effect of CsA did not depend on
PEG8000, which was normally included in the HBV
infection experiments. These data suggest that CsA
blocked HBV infection.

Effect of Cyclosporin A on HBV Entry. CsA
decreased HBs and HBe secreted from the infected cells
in a dose-dependent manner (Fig. 2A). We next investi-
gated which step in the HBV life cycle was blocked by
CsA. The HBV life cycle can be divided into two phases:
the early phase of infecton including attachment, entry,
nuclear import, and cccDNA formation, and the follow-
ing late phase representing HBV replication that includes
wanscripton, assembly, reverse transcription, and viral
release.’ Lamivudine drastically decreased HBV DNAs
in HepAD38 cells,”® which reproduce HBV replication
but not the early phase of infection (Fig. 2B). In addi-
tion, contnuous treatment with lamivudine as well as
entecavir and interferon-o for 4 days after HBV infection
could decrease HBV DNA levels in HBV-infected Hep-
aRG cells, which suggests an inhibition of HBV replica-
don (Fig. 2C). Nevertheless, lamivudine did not show an
anti-HBV effect when applied only prior to and during
HBV infection (Fig. 1A,B), suggesting that the anti-
HBV compounds identified in Fig. 1A interrupted the
early phase of the HBV life cydle.

We then examined whether CsA inhibited attach-
ment or entry. For evaluating HBV attachment,** cell
surface HBV DNA was extracted and quantified from
HepaRG cells exposed to HBV at 4°C for 3 hours and
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Fig. 1. Cyclosporin A (CsA) blocked HBV infection. (A) Schematic representation of the schedule for exposing HepaRG cells to compounds
and HBV. HepaRG cells were pretreated with compounds for 2 hours and then inoculated with HBV for 16 hours. After washing out the free HBV
and compounds, the cells were cultured with the medium in the absence of compounds for an additional 12 days to quantify HBs protein
secreted from the infected cells into the medium. Black and dotted bars indicate the interval for treatment and without treatment, respectively.
(B) CsA 4 uM, heparin 25 U/mL, bafilomycin A1 200 nM, lamivudine 1 uM, anti-FLAG 10 pg/ml, and anti-HBs antibody 10 ug/mL, were
tested for effect on HBV infection according to the protocol shown in (A). (C-E) HBc protein (C), HBV DNAs, and cccDNA (D) in the cells as well
as HBe antigen in the medium (E) at 12 days postinfection according to the protocol shown in (A) were detected by immunofiuorescence, real-
time PCR analysis, southemn blot, and ELISA. Red and blue in (C) show the detection of HBc protein and nuclear staining, respectively. (F) PHHs
were treated with the indicated compounds and infected with HBV using the protocol shown in (A). The levels of HBV DNAs in the cells, as well

as of HBs and HBe antigens in the medium, were determined. Statistical significance was determined using the Student f test (*P < 0.05,
**p < 0.01).

then washed (Fig. 2D-a). For the internalization HBV remaining on the cell surface to allow quantifica-
assay,>® the above cells, after washing, were further ton of internalized HBV DNA (Fig. 2D-b). CsA
cultured at 37°C for 16 hours to allow HBV to inter- slightly reduced the amount of attached HBV DNA,
nalize into the cells, and then trypsinized to digest although the effect was not statistically significant
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Fig. 2. CsA reduced internalized HBV. (A) HepaRG cells were treated with or without various concentrations of CsA (0.5, 1, 2, and 4 uM) as
shown in Fig. 1A. HBV infection was monitored by HBs and HBe secretion. (B) HBV DNA in core particles was detected by southemn blot analysis
of DNA extracts from HepAD38 cells treated for 6 days with or without tetracycline 0.5 ug/mL and lamivudine 1 uM. (C) Upper scheme indi-
cates the treatment schedule of HepaRG cells with compounds and HBV. HepaRG cells were infected with HBV for 16 hours. After washing out
the input virus, cells were cultured in the absence of compounds for 8 days. The cells were then cultured with compounds (lamivudine 1 uM,
entecavir 1 uM, IFN-oc 100 1U/mL, or heparin 25 U/mL) for 4 days and recovered for detection of HBV DNA. Black and dotted boxes indicate
the periods with and without treatment, respectively. Lower graph shows the quantified relative HBV DNA level in cells treated according to the
above scheme. (D) Upper scheme shows the experimental procedure for examining the attached and internalized HBV. (a) The cells were pre-
treated with compounds (heparin 25 U/mL, lamivudine 1 uM, or CsA 4 uM) at 4°C for 2 hours and then treated together with HBV at 4°C for 3
hours to allow HBV attachment to the cells. After washing out the free virus, cell surface HBV DNA was extracted and quantified by real-time
PCR. (b) After attachment of HBV at 4°C for 3 hours and the following wash, the cells were cultured in the presence or absence of compounds
at 37°C for 16 hours to allow the cells to internalize bound HBV. The cells were then trypsinized and extensively washed prior to quantifying the
cellular HBV DNA. The lower graphs show the level of HBV DNA attached to the cells (a) and internalized inside the cells (b). "Background" in
(b) indicates the signal from cells incubated at 4°C, instead of 37°C, for 16 hours after washing out the virus in (b), which shows the back-
ground signal leve!l of the assay. (E) The upper scheme shows the procedure for the time of addition experiment. Compounds (CsA 4 uM, anti-
HBs antibody 10 ug/mL, or heparin 25 U/mL) were applied beginning 2 hours prior to HBV infection (a), beginning during HBV infection (b), or
beginning immediately after HBV infection (c) until 24 hours postinfection. HBs and HBe protein secretion were measured at 12 days postinfec-
tion. Middle and lower graphs indicate HBs and HBe secretion, respectively, from the cells treated according to the above scheme. (F) Preincuba-
tion of HBV with compounds. HBV was preincubated with the indicated compounds for 30 minutes at 37°C. Compounds were then removed by
ultrafiltration. The recovered compound-treated HBV was used to infect HepaRG cells (16 hours incubation), and HBV infection was monitored
with HBs antigen secreted into the medium at 12 days postinfection. *P < 0.05, **P < 0.01, N.S., not significant.
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Fig. 3. CsA showed a pan-genotypic anti-HBV effect. (A} PHHs were
treated with compounds (CsA 4 uM or heparin 25 U/mL) according to
the scheme in Fig. 1A with different genotypes of HBV inoculum, and
either HBs protein in the medium or HBV DNA in the cells at 12 days
postinfection was quantified. (B) CsA did not affect the entry of HCV.
Huh-7.5.1 cells were pretreated with the indicated compounds for 1
hour and then infected with HCVpp for 4 hours. At 72 hours postinfec-
tion, intracellular luciferase activity was measured. *P<0.05,
**P < 0.01, N.S., not significant.

(Fig. 2D-a). In contrast, CsA caused a significant
reduction of HBV DNA in the internalization assay
(Fig. 2D-b). In the time of addition assay as shown in
Fig. 2E, treatment with CsA during HBV infection
decreased HBs and HBe production (Fig. 2E-b), while
CsA did not have an anti-HBV effect when delivered
after HBV infection (Fig. 2E-c). Thus, CsA appears to
primarily block the enuy step including internaliza-
tion. To examine whether CsA targeted HBV particles
or host cells, we preincubated HBV with CsA and
then purified the CsA from the HBV inoculum, fol-
lowed by measurement of the HBV infectivity using
HepaRG cells (Fig. 2F). Preincubation with CsA did
not affect HBV infectivity, in contrast to the antago-
nizing effect of heparin to HBV particles (Fig. 2F),
suggesting that CsA did not affect HBV particles but
rather targeted host cells.

Cyclosporin A Showed a Pan-Genotypic Anti-HBV
Effect. We examined the and-HBV effect of CsA on
the infection of different genotypes of HBV into
PHHs. As shown in Fig. 3A, CsA reduced the infection
of HBV genotype A, C, or D, which differ in sequences
from the virus strain used in all of the other figures.
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However, CsA did not affect the entry of HCV, in con-
trast to the inhibition of HCV entry by heparin, bafilo-
mycin Al, or an anti-HCV E2 antibody (Fig. 3B).
Effect of Immunosuppressants on HBV Infec-
tion. CsA is used clinically as an immunosuppressant,
such as in patients following liver transplantation.'
We therefore investigated the activity of other immu-
nosuppressants on HBV infection. Among the addi-
tional immunosuppressive drugs examined, only
FK506 was able to suppress HBV infection (Fig. 4A).
CsA is known to have three major cellular targets: cel-
lular cyclophilins (CyPs), calcineurin (CN), and trans-
porters including MDRs and MRPs.'® Although both
CsA and FK506 can inhibit CN (Fig. 4B), this activity
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Fig. 4. Effect of immunosuppressants on HBV infection. (A,C) Hep-
aRG cells were treated with or without the indicated compounds at 2
uM (FK506 4 pM) in (A), and CsA (2 and 4 pM) and PSC833 (2 and
4 uM) in (C), according to the scheme in Fig. 1A. HBs (A,C) and HBe
(C) secretion was determined. (B) Effect of compounds on the activity
of the calcineurin/NF-AT pathway. Jurkat cells transfected with pNF-AT-
luc and pRL-TK were stimulated with PMA and ionomycin in the pres-
ence or absence of CsA, FK506, and PSC833 for 24 hours to mea-
sure the luciferase activity. (D) Cyclophilin binding activity of CsA,
FK506, and PSC833 was determined in a competitive binding assay
as described in the Materials and Methods using a CsA-derived fluo-
rescent probe. 1Csos (M) for the inhibition of probe binding to CyPA,
CyPB, and CyPD are shown. *P < 0.05, **P < 0.01.
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was dispensable for the anti-HBV effect, as PSC833, a
CsA derivative inactive for CN inhibition (Fig. 4B),""
could sdll inhibit HBV infection (Fig. 4C). As
PSC833 and FK506 did not bind to the active site of
CyPs (Fig. 4D), CyP inhibition is not likely to be
responsible for the anti-HBV activity.

CsA Blocked HBYV Infection Through Targeting
NTCP. Recently, NTCP was reported as a candidate
entry receptor for HBV.*> A transporter activity assay
showed that CsA inhibited the activity of NTCP both
in 293 (Fig. 5A) and HepG2 cells (Fig. 5B) engineered
to stably overexpress NTCP, as previously reported.?’
CsA was also suggested to bind to NTCP on the
membrane in a ligand binding assay using HepG2-
NTCP cells (Fig. 52).

NTCP messenger RNA (mRNA) was expressed in
HepaRG cells and PHH, which are HBV-susceptible,
while little 0 no expression was detected in HBV-
nonsusceptible cell lines including HepG2, Huh-7,
FLC4, and nonhepatocyte Hela cells (Fig. 5C). In con-
trast, CyPA and CyPB were expressed in all of these cell
lines, irrespective of infection susceptibility. Intriguingly,
we found that the inhibition of NTCP transporter
activity correlated with anti-HBV entry activity (Figs.
5A, 4A,B). These results suggest the possibility that
compounds targeting NTCP have the potential to block
HBV infection. To test this prediction, we treated Hep-
aRG cells with compounds known to inhibit NTCP
including ursodeoxycholate, cholic acid, propranolol,
progesterone, and bosentan®*® to investigate the effect
on HBV entry using the protocol in Fig. 1A. As shown
in Fig. 5D, these compounds inhibited HBV infection.
Thus, inhibition of NTCP blocked HBV infection. We
also showed that HepG2 cells overexpressing NTCP
were susceptible to HBV infection (Fig. 5E), as reported
recently.*” Treatment with CsA also reduced HBs and
HBe secretion when these cells were infected with
HBV (Fig. 5E), suggesting that CsA inhibited NTCP-
mediated HBV infection.

The binding of the HBV large envelope protein
(LHBs) to NTCP was reported to be important for
HBV entry.”* Thus, one mechanism by which com-
pounds that directly inhibit NTCP activity may block
HBV entry is interruption of the binding between
NTCP and LHBs. To test this possibility, we established
an AlphaScreen assay to evaluate LHBs-NTCP binding
in vitro as described in the Materials and Methods. /n
vitro synthesized NTCP and LHBs were at least partially
functional, as NTCP bound to its substrate TCA (Fig.
S3A) and LHBs could neutralize HBV infection into
HepaRG cells (Fig. S3B). As shown in Fig. 5E incuba-
tion of recombinant NTCP with LHBs but not middle
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(MHBs) and small envelope protein (SHBs) produced a
significant AlphaScreen signal (Fig. 5F-a, left) indicative
of a direct protein-protein interaction. In contrast to
NTCP, recombinant GST or other nonrelevant proteins,
LCK and FYN,”” did not produce a binding signal
when incubated with LHBs (Fig. 5F-a), suggesting that
our AlphaScreen assay produced a specific signal for the
interaction of NTCP with LHBs. Consistent with the
report that the pre-S1 region of LHBs was important
for the binding to NTCPE™* the signal was decreased in a
dose-dependent manner by the addition of pre-S1 lipo-
peptide HBVpreS/2-48™"° (Fig. 5F-b) but not of an
inactive mutant of pre-S1 (Fig. S3C), indicating a com-
petition of pre-S1 with LHBs for NTCP binding. In
this assay, CsA as well as FK506 and a CsA derivative,
SCYX1454139 (see the next section), were shown to
reduce the signal for LHBs-NTCP binding in a dose-
dependent manner (Fig. 5F-c,d,e). These results suggest
that CsA targets NTCP and thereby inhibits the interac-
tion between LHBs and NTCP.

Identification of CsA Analogs Possessing a Higher
Anti-HBV Potential. Considering CsA as a lead
compound, we tested CsA analogs for anti-HBV activ-
ity. As shown in Fig. 6A, SCYX618806 reduced HBs
secretion after HBV infection, while a related analog
SCYX1774198 did not have a significant ant-HBV
effect (Fig. 6A,C). Additional analogs, SCYX827830
and SCYX1454139, had significant anti-HBV activities
(Fig. 6A,C). Alisporivir (Debio 025), an anti-HCV
drug candidate,*® also decreased HBV infection to the
equivalent level to CsA (Fig. 6B). Figure 6D shows a
dose-dependent reduction of HBs secretion by treat-
ment with SCYX618806, SCYX827830, and
SCYX1454139, all of which had more potent ant-
HBYV activities than CsA (compare Fig. 6D with Fig.
2A). These results indicate that anti-HBV activity is
not disrupted by at least some changes to the 3-
glycine, 4-leucine, and 8-alanine residues of CsA,
although additional analogs will need to be evaluated
for a full understanding of the structure-activity rela-
tionships. Notably, SCYX618806 and alisporivir bear
modifications on the 4-leucine residue of the CsA
backbone that prevent CN binding and immunosup-
pressive activity (Table S1), further confirming that
anti-HBV activity does not require immunosuppressive
activity. Notably, SCYX1454139 showed the strongest
anti-HBV entry activity among 50 CsA derivatives
examined (data not shown and Fig. 6E). The median
inhibitory concentrations (ICsgs) for anti-HBV activity
as well as CCsgps determined by an MTT-based cell
viability assay are shown in Fig. 6E. The ICsy and
CCsq of SCYX1454139 were 0.17 £ 0.02 and >10
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Fig. 5. NTCP inhibitors blocked HBV infection. (A) NTCP transporter activity was examined following CsA, FK506, rapamycin, and PSC833
treatment of 293 cells overexpressing NTCP, as described in the Materials and Methods. Dose-response curves and ICsqs for inhibition of NTCP
transporter activity are shown. (B) NTCP transporter activity was measured in HepG2-NTCP cells treated with or without CsA 10 uM or taurourso-
deoxycholic acid (TUDCA) 10 uM as a positive control. (C) Expression of mRNAs for NTCP CyPA, CyPB, and GAPDH in HepaRG, PHHs, HepG2,
Huh-7, Hela, and FLC4 cells was determined by RT-PCR. (D) HepaRG cells were treated with or without CsA 4 uM, ursodeoxycholate 100 uM,
cholic acid 100 uM, propranolol 100 uM, progesterone 40 uM, bosentan 100 uM, and heparin 25 U/mL according to the scheme in Fig. 1A.
Secretion of HBs and HBe was quantified. (E) HepG2 cells overexpressing NTCP (HepG2-NTCP) and the parental HepG2 cells were pretreated
with or without CsA or heparin for 2 hours, then treated with HBV for 16 hours. HBV infection was monitored with HBs and HBe secreted from
the cells. (F) AlphaScreen assay to evaluate the binding between NTCP and large envelope protein (LHBs) as described in the Materials and
Methods. (a) Left, His-tagged GST (white bars) or NTCP (black bars) are incubated with large (LHBs), middle (MHBs), or small envelope protein
(SHBs). Right, His-tagged NTCP and other nonrelevant proteins, LCK and FYN, and GST were incubated with LHBs, MHBs, and GST. (b-e) His-
tagged GST (white bars) or NTCP (black bars) were incubated with LHBs in the presence of varying amounts of pre-S1 lipopeptide HBVpreS/2-
48™" (b; 0, 7.7, 15.3, 30.7, and 61.3 uM), CsA (c; 0, 37.5, 75, 150, and 300 uM), FK506 (d; 31, 63, 125, 250, and 500 uM), and
SCYX1454139 (e; 0, 37.5, 75, 150, and 300 uM), respectively. *P < 0.05, **P < 0.01.

UM, respectively, a profile superior to that of CsA SCYX1454139 was also observed in PHHs, in which
(ICsg and CCsq of 1.17 = 0.22 and >10 uM, respec- also the anti-HBV effect of SCYX1454139 was more
tively). Inhibition of HBV infection by treatment with remarkable than that of CsA (Fig. 6F). These results
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Fig. 6. Analysis of CsA analogs. (A,B) Anti-HBV activity of CsA analogs. HepaRG cells were treated with or without dimethyl sulfoxide (DMSQ),
heparin 10 U/mL, lamivudine 1 uM, CsA 4 uM, or its analogs, SCYX618806, SCYX1774198, SCYX827830, and SCYX1454139 (A) or alisporivir
(B) at 4 uM, as shown in Fig. 1A to measure HBs and HBe secretion level. (C) Chemical structures of CsA and its derivatives. (D) Dose-
response curves for CsA analogs. HepaRG cells were treated with or without various concentrations of SCYX618806, SCYX827830, or
SCYX1454139 (0.25, 0.5, 1, 2, and 4 uM) as shown in Fig. 1A. (E) ICsqs (uM) for CsA and its analogs in blocking HBV infection are shown.
CCs0s (uM) determined by the MTT cell viability assay are also shown. (F) PHHs were treated with CsA and its derivatives at 4 uM or left
untreated according to the protocol in Fig. 1A, and HBV infection was monitored by HBs protein secretion. *P < 0.05, **P < 0.01.

clearly indicate that analogs of CsA may include com-
pounds with greater ant-HBV potency than that of
CsA itself.

Discussion

Previous reports have demonstrated that CsA sup-
presses the replication of a variety of viruses including
human immunodeficiency virus, HCV, influenza virus,

severe acute respiratory syndrome coronavirus, human
papillomavirus, flaviviruses, vesicular stomatitis virus,
and vaccinia virus.'¢34 Virological analyses using
CsA further demonstrate that CyPs are involved in the
replication of these viruses. In this study, we showed
that CsA inhibited the entry of HBV but in an appa-
rent CyP-independent manner. It was previously
reported that CsA suppressed HBV replication in a cell
culture system carrying an HBV transgene.47 However,
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this antireplication effect is not likely to be responsible
for the anti-HBV activity observed in this study, based
on several observations. First, the experimental system
mainly used in this study (Fig. 1A) is likely to evaluate
the early phase of HBV infection but not HBV repli-
cation. Second, the suppression of HBV replication by
CsA reported previously was mediated by blocking the
mitochondrial permeability transidon pore possibly
through binding to mitochondrial CyPD.*”*® The
anti-HBV activity shown in this study, however, had
no correlation with binding to CyPs, suggesting that
the inhibidon of HBV infection in HepaRG cells and
PHHs is not from the result of suppression of HBV
replication. Rather, CsA inhibited NTCP transporter
activity and disrupted the binding between NTCP and
LHBs in vitro. Moreover, inhibition of HBV infection
could be observed by treatment with other compounds
having the capacity to inhibit NTCP. These results
suggest that targeting NTCP blocks HBV infection.
The current anti-HBV agents are mainly comprised
of nucleos()ide analogs and IFNs. Development of
anti-HBYV agents targeting different molecules is greatly
needed for achieving improved treatment of HBV
infection, especially to combat drug-resistant virus.
HBV cell entry mechanisms have been poorly defined.
At the initial stage, HBV attaches to target cells with
low affinity through binding involving cellular factors
including heparan sulfate proteoglycans.?®*? For the
subsequent entry mechanism, it has recently been
reported that NTCP is essental for HBV-specific
entry.”* Although the precise mechanism for entry and
internalization is as yet incompletely understood, inter-
ference with this step has emerged as an attractive
approach for development of novel therapeutics. For
example, Gripon et al.> demonstrated that a peptide
mimicking the pre-S1 region of large envelope protein
prevented HBV infection in a mouse model. These
results suggest that inhibition of virus cell entry could
be an effective strategy for preventdng HBV infection
to achieve clinical outcomes such as for postexposure
prophylaxis, blockage of vertical transmission, and pre-
vention of HBV recurrence after liver transplantation.
Given that HBV reactivation generally occurs under
immunosuppressive conditions,”>® it is uncertain
whether clinically relevant doses of CsA or FK506
could be helpful in preventing HBV reactivation after
liver transplantation. It remains also unknown in gen-
eral whether entry inhibitors could be effective in elim-
inating chronic HBV infection. Future studies should
evaluate whether inhibition of HBV entry by CsA or
its derivatives can reduce persistent HBV infection,
especially in combination with nucleos(t)ide analogs or
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interferons. In this study, we obtained nonimmunosup-
pressive CsA derivatives that could inhibit HBV entry
(Fig. 6). Moreover, a small-scale analog analysis identi-
fied a CsA derivative exhibiting more potent inhibition
of HBV infection, with an ICsq of 0.1-0.2 uM (Fig.
6). This ICsq is equivalent to the anti-HCV replication
activities of alisporivir or SCY-635 (0.22 uM and 0.08
UM, respectively), drugs which have been shown to
reduce HCV viral load in infected patients during clin-
ical trials.’® Further analog analysis using CsA as a
platform may identify more potent ant-HBV
compounds.

In general, antiviral drugs targeting a cellular factor
select drug-resistant viruses at a lower frequency than
do direct-acting antiviral agents. Cellular targets rele-
vant for anti-HBV drug development have been poorly
defined to date. This study has demonstrated that
small molecules targeting NTCP can inhibic HBV
infection. Further study of NTCP inhibitors and CsA
derivatives may provide a new anti-HBV strategy tar-
geting a cellular factor, which is less likely to foster
emergence of drug-resistant viruses.
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