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BV infection experiments. These data suggest that CsA blocked HBV infection.

ffectaof cyclosporin A on HBV entry
Adecreased HBs and HBe secreted from the infected cells in a dose-dependent manner
;. 2A). We next investigated which step in the HBV life cycle was blocked by CsA.
V life cycle can be divided into two phases: the early phase of infection including
ment, entry, nuclear import, and cccDNA formation, and the following late phase
presenting HBV replication that includes transcription, assembly, reverse transcription, and
lease (32). Lamivudine drastically decreased HBV DNAs in HepAD38 cells (33),
ich reproduce HBV replication but not the early phase of infection (Fig. 2B). In addition,
inuous treatment with lamivudine as well as entecavir and interferon-o. for 4 days after

}{B%@gnfection could decrease HBV DNA levels in HBV-infected HepaRG cells, which
suggests an inhibition of HBV replication (Fig. 2C). Nevertheless, lamivudine did not show

HBYV effect when applied only prior to and during HBV infection (Fig. 1A and B),
ng that anti-HBV compounds identified in Fig. 1A interrupted the early phase of the
ife cycle.

hen examined whether CsA inhibited attachment or entry. For evaluating HBV
iment (34), cell surface HBV DNA was extracted and quantified from HepaRG cells
to HBV at 4°C for 3 h and then washed (Fig. 2D-a). For the internalization assay
the above cells, after washing, were further cultured at 37°C for 16 h to allow HBV to
erna nto the cells, and then trypsinized to digest HBV remaining on the cell surface to
ow quantification of internalized HBV DNA (Fig. 2D-b). CsA slightly reduced the
of attached HBV DNA, although the effect was not statistically significant (Fig. 2D-a).
contrast, CsA caused a significant reduction of HBV DNA in the internalization assay (Fig.
In a time of addition assay as shown in Fig. 2E, treatment with CsA during HBV
5 fec n decreased HBs and HBe production (Fig. 2E-b), while CsA did not have an
V effect when delivered after HBV infection (Fig. 2E-c). Thus, CsA appears to
‘fély block the entry step including internalization. To examine whether CsA targeted
particles or host cells, we preincubated HBV with CsA and then purified away CsA
froma%e HBYV inoculum, followed by the measurement of the HBV infectivity using HepaRG
cells (Fig. 2F). Preincubation with CsA did not affect HBV infectivity in contrast to the
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primary human hepatocytes. As shown in Fig. 3A, CsA reduced the infection of HBV

pe A, C, or D, which differ in sequences from the virus strain used in all of the other

However, CsA did not affect the entry of HCV, in contrast to the inhibition of HCV

A ect of immunosuppressants on HBV infection

@s é is used clinically as an immunosuppressant, such as in patients following liver

transpl;ntation (13). We therefore investigated the activity of other immunosuppressants on
infection. Among the additional immunosuppressive drugs examined, only FK506

to suppress HBV infection (Fig. 4A). CsA is known to have three major cellular

assay showed that CsA inhibited the activity of NTCP both in 293 (Fig. 5A) and

cells (Fig. 5B) engineered to stably overexpress NTCP, as previously reported (35).

vas also suggested to bind to NTCP on the membrane in a ligand binding assay using
Hep@2-NTCP cells (Fig. S2).

TCP mRNA was expressed in HepaRG cells and PHH, which are HBV susceptible, while

( tfé no expression was detected in HBV non-susceptible cell lines including HepG2,

Huh-7, FL.C4, and non-hepatocyte HeLa cells (Fig. 5C). In contrast, CyPA and CyPB were
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sed in all of these cell lines, irrespective of infection susceptibility. Intriguingly, we
that the inhibition of NTCP transporter activity correlated with anti-HBV entry activity
(Fig..5A and Fig. 4A and B). These results suggest the possibility that compounds targeting
ave the potential to block HBV infection. To test this prediction, we treated
RG cells with compounds known to inhibit NTCP, including ursodeoxycholate, cholic
,{ropranolol, progesterone, and bosentan (35, 36) to investigate the effect on HBV entry
1S1n he protocol in Fig. 1A. As shown in Fig. 5D, these compounds inhibited HBV
nfection. Thus, inhibition of NTCP blocked HBV infection. We also showed that HepG2
verexpressing NTCP were susceptible to HBV infection (Fig. S5E), as reported recently
| Treatment with CsA also reduced HBs and HBe secretion when these cells were
ted with HBV (Fig. SE), suggesting that CsA inhibited NTCP-mediated HBV infection.
}% binding of the HBV large envelope protein (LHBs) to NTCP was reported to be
important for HBV entry (22). Thus one mechanism by which compounds that directly
TCP activity may block HBV entry is interruption of the binding between NTCP and
To test this possibility, we established an AlphaScreen assay to evaluate
;HBs-NTCP binding in vitro as described in Experimental Procedures. In vitro synthesized

d LHBs were at least partially functional, as NTCP bound to its substrate TCA (Fig.

protein-protein interaction. In contrast to NTCP, recombinant GST or other
Bs (Fig. 5F-a), suggesting that our AlphaScreen assay produced a specific signal for
he initeraction of NTCP with LHBs. Consistent with the report that the pre-S1 region of
was important for the binding to NTCP (22), the signal was decreased in a
endent manner by the addition of pre-S1 lipopeptide HBVpreS/2-48™" (5) (Fig.
but not of an inactive mutant of pre-S1 (Fig. S3C), indicating a competition of pre-S1
Bs for NTCP binding. In this assay, CsA as well as FK506 and a CsA derivative,
454139 (see the next section), were shown to reduce the signal for LHBs-NTCP
b ng;g in a dose-dependent manner (Fig. 5F-c, d, and e). These results suggest that CsA

targets NTCP and thereby inhibits the interaction between LHBs and NTCP.
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nal analogs, SCYX827830 and SCYX1454139, had significant anti-HBV activities
6A and C). Alisporivir (Debio 025), an anti-HCV drug candidate (38), also decreased

BV infection to the equivalent level to CsA (Fig. 6B). Fig. 6D shows dose-dependent
eduction of HBs secretion by treatment with SCYX618806, SCYX827830, and
454139, all of which had more potent anti-HBV activities than CsA (compare Fig. 6D

% Fig. 2A). These results indicate that anti-HBV activity is not disrupted by at least some
%’ngés 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 structure-activity relashionships.
@bl

ne that prevent CN binding and immunosuppressive activity (Table S1), further

, SCYX618806 and alisporivir bear modifications on the 4-leucine residue of the CsA

nfirming that anti-HBV activity does not require immunosuppressive activity. Notably,
454139 showed the strongest anti-HBV entry activity among 50 CsA derivatives
' examined (data not shown and Fig. 6E). The ICsos for anti-HBV activity as well as CCss
ined by a MTT-based cell viability assay are shown in Fig. 6E. The ICso and CCs of
454139 were 0.17+0.02 and >10 pM, respectively, a profile superior to that of CsA
»

%@%@Cm of 1.1740.22 and >10 pM, respectively). Inhibition of HBV infection by

vnﬂ‘sgé including human immunodeficiency virus, HCV, influenza virus, severe acute

respiratory syndrome coronavirus, human papillomavirus, flaviviruses, vesicular stomatitis
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nd vaccinia virus (16, 39-46). Virological analyses using CsA further demonstrate
yPs are involved in the replication of these viruses. In this study, we showed that CsA
ed the entry of HBV but in an apparent CyP-independent manner. It was previously

that CsA suppressed HBV replication in a cell culture system carrying an HBV

V activity observed in this study, based on several observations. Firstly, the
imental system mainly used in this study (Fig. 1A) is likely to evaluate the early phase
__of HBV infection but not HBV replication. Secondly, the suppression of HBV replication by

_ “sA-reported previously was mediated by blocking the mitochondrial permeability transition

ssibly through binding to mitochondrial CyPD (47, 48). The anti-HBV activity
wn in this study, however, had no correlation with binding to CyPs, suggesting that the
in rbi;;céon of HBV infection in HepaRG cells and primary human hepatocytes is not from the
result of suppression of HBV replication. Rather, CsA inhibited NTCP transporter activity

“disrupted the binding between NTCP and LHBs in vitro. Moreover, inhibition of HBV

A
n could be observed by treatment with other compounds having the capacity to inhibit
These results suggest that targeting NTCP blocks HBV infection.

urrent anti-HBV agents are mainly comprised of nucleos(t)ide analogues and IFNs.
ment of anti-HBV agents targeting different molecules is greatly needed for
ing improved treatment of HBV infection, especially to combat drug resistant virus.
.¢ell entry mechanisms have been poorly defined. At the initial stage, HBV attaches to
‘ with low affinity through binding involving cellular factors including heparan
stilfate proteoglycans (28, 29). For the subsequent entry mechanism, it has recently been
that NTCP is essential for HBV specific entry (22). Although the precise
ism for entry and internalization is as yet incompletely understood, interference with

ep has emerged as an attractive approach for development of novel therapeutics. For

2l sssion, and prevention of HBV recurrence after liver transplantation. Given that HBV

reactivation generally occurs under immunosuppressive conditions (49, 50), it is uncertain
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er clinically relevant doses of CsA or FK506 could be helpful in preventing HBV

ion after liver transplantation. It remains also unknown in general whether entry
’ib't s could be effective in eliminating chronic HBV infection. Future studies should

%e whether inhibition of HBV entry by CsA or its derivatives can reduce persistent
fection, especially in combination with nucleos(t)ide analogues or interferons. In
y, we obtained non-immunosuppressive CsA derivatives that could inhibit HBV entry
Moreover, a small scale analog analysis identified a CsA derivative exhibiting more

otent inhibition of HBV infection, with as ICsy of 0.1-0.2 uM (Fig. 6). This ICs is

valent to the anti-HCV replication activities of alisporivir or SCY-635 (0.22 uM and 0.08

%

spectively), drugs which have been shown to reduce HCV viral load in
ected-patients during clinical trials (38). Further analog analysis using CsA as a platform
ay%ziggcntify more potent anti-HBV compounds.

In general, antiviral drugs targeting a cellular factor select drug resistant virus at a lower

ﬁgééncy than do direct-acting antiviral agents. Cellular targets relevant for anti-HBV drug

(
pment have been poorly defined to date. This study has demonstrated that small
lecules targeting NTCP can inhibit HBV infection. Further study of NTCP inhibitors and

vatives may provide a new anti-HBV strategy targeting a cellular factor, which is less
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Cyclosporin A (CsA) blocked HBV infection. (A) Schematic representation of the

LAG 10 pg/ml, and anti-HBs antibody 10 pg/ml, were tested for effect on HBV
bn according to the protocol shown in (A). (C-E) HBc protein (C), HBV DNAs, and
A (D) in the cells as well as HBe antigen in the medium (E) at 12 days postinfection
acco :@fing to the protocol shown in (A) were detected by immunofluorescence, real time PCR
analysis, southern blot, and ELISA. Red and blue in (C) show the detection of HBc protein

iclear staining, respectively. (F) Primary human hepatocytes were treated with the

_indicated compounds and infected with HBV using the protocol shown in (A). The levels of

tetracycline 0.5 pg/ml and lamivudine 1 pM. (C) Upper scheme indicates the

BV for 16 h. After washing out the input virus, cells were cultured in the absence of
nds for 8 days. The cells were then cultured with compounds (lamivudine 1 pM,
r 1 uM, IFNo 100 IU/ml, or heparin 25 U/ml) for 4 days and recovered for detection
DNA. Black and dotted boxes indicate the periods with and without treatment,
. %P %ively. Lower graph shows the quantified relative HBV DNA level in cells treated
%eﬁgéng to the above scheme. (D) Upper scheme shows the experimental procedure for

examining the attached and internalized HBV. (a) The cells were pretreated with compounds
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n 25 U/ml, lamivudine 1 pM, or CsA 4 uM) at 4°C for 2 h and then treated together
BV at 4°C for 3 h for allowing HBV attachment to the cells. After washing out the
ree yirus, cell surface HBV DNA was extracted and quantified by real time PCR. (b) After
ent of HBV at 4°C for 3 h and the following wash, the cells were cultured in the

ce or absence of compounds at 37°C for 16 h to allow the cells to internalize bound

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
ted at 4°C, instead of 37°C, for 16 h after washing out the virus in (b), which shows the
ound signal level of the assay. (E) The upper scheme shows the procedure for the
e of addition experiment. Compounds (CsA 4 uM, anti-HBs antibody 10 pg/ml, or
h né 25 U/ml) were applied beginning 2 h prior to HBV infection (a), beginning during
HBYV infection (b), or beginning immediately after HBV infection (c) until 24 h postinfection.

IBS protein secretion was measured at 12 days postinfection. Middle and lower graphs
HBs and HBe secretion, respectively, from the cells treated according to the above

(F) Preincubation of HBV with compounds. HBV was preincubated with the
ated compounds for 30 min at 37°C. Compounds were then removed by ultrafiltration.
The fecovered compound-treated HBV was used to infect HepaRG cells (16 h incubation),
V infection was monitored with HBs antigen secreted into the medium at 12 days

ction. *P<0.05, **P<0.01, N.S. not significant.

g."3. CsA showed a pan-genotypic anti-HBV effect. (A) Primary human hepatocytes
ated with compounds (CsA 4 pM or heparin 25 U/ml) according to the scheme in Fig.

in the cells at 12 days postinfection was quantified. (B) CsA did not affect the entry of
Huh-7.5.1 cells were pretreated with the indicated compounds for 1 h and then
with HCV pseudoparticles (HCVpp) for 4 h. At 72 h postinfection, intracellular

luck: &fzr%se activity was measured. *P<0.05, **P<0.01, N.S. not significant.

Flg%%? Effect of immunosuppressants on HBV infection. (A, C) HepaRG cells were
treated with or without the indicated compounds at 2 uM (FK506 4 pM) in (A), and CsA (2
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) and HBe (C) secretion was determined. (B) Effect of compounds on the activity of

ed with PMA and ionomycin in the presence or absence of CsA, FK506, and PSC833
to measure the luciferase activity. (D) Cyclophilin binding activity of CsA, FK506,

edures, using a CsA-derived fluorescent probe. 1Csos (UM) for the inhibition of probe
inding to CyPA, CyPB, and CyPD are shown. *P<0.05, **P<0.01.

mined following CsA, FK506, rapamycin, and PSC833 treatment of 293 cells
overeressing NTCP, as described in Experimental Procedures. Dose response curves and
ICs¢s for inhibition of NTCP transporter activity are shown. (B) NTCP transporter activity
easured in HepG2-NTCP cells treated with or without CsA 10 pM or

odeoxycholic acid (TUDCA) 10 uM as a positive control. (C) Expression of
NAs for NTCP, CyPA, CyPB, and GAPDH in HepaRG, primary human hepatocytes,
12, Huh-7, HelLa, and FLC4 cells was determined by RT-PCR. (D) HepaRG cells were

cheme in Fig. 1A. Secretion of HBs and HBe was quantified. (E) HepG2 cells

W‘ég ing NTCP (HepG2-NTCP) and the parental HepG2 cells were pretreated with or

nitored with HBs and HBe secreted from the cells.  (F) AlphaScreen assay to evaluate the

nd other non-relevant proteins, LCK and FYN, and GST were incubated with LHBs,
§ and GST. (b-e) His-tagged GST (white bars) or NTCP (black bars) were incubated
LHBs in the presence of varying amount of pre-S1 lipopeptide HBVpreS/2-48™" (b; 0,
. ;%12%3, 30.7, and 61.3 puM), CsA (c; 0, 37.5, 75, 150, and 300 uM), FK506 (d; 31, 63, 125,
250, and 500 pM), and SCYX1454139 (e; 0, 37.5, 75, 150, and 300 pM), respectively.
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, **P<0.01.

Analysis of CsA analogs. (A, B) Anti-HBV activity of CsA analogs. HepaRG

re treated with or without DMSO, heparin 10 U/ml, lamivudine 1 uM, CsA 4 pM, or
its_analogs, SCYX618806, SCYX1774198, SCYX827830, and SCYX1454139 (A) or
vir (B) at 4 uM, as shown in Fig. LA to measure HBs and HBe secretion level. (C)
mical structures of CsA and its derivatives. (D) Dose response curves for CsA analogs.
epaRG cells were treated with or without various concentrations of SCYX618806,
(827830, or SCYX1454139 (0.25, 0.5, 1, 2, and 4 pM) as shown in Fig. 1A. (E) ICses
r CsA and its analogs in blocking HBV infection are shown. CCses (LM) determined
TT cell viability assay are also shown. (F) Primary human hepatocytes were treated
with-CsA and its derivatives at 4 pM 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.
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Fig. 2.
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Fig. 5.
A NTCP transporter activity B
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