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Scheme 6. Construction of Hexadepsipeptide 7
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186 (EDCI), reactive mixed-anhydride actlvanons, Yamaguchi
187 estenﬁcatlon,20 the Mukaiyama reagent,”’ and the Shiina
188 reagent.”> An esterification with EDCI, 1-hydroxybenzotriazole
189 (HOBt) and N-methylmorpholine (NMM) resulted in low
190 conversion, while the other protocols yielded no detectable
191 product. Finally, esterification of 19 with 18 was successfully
192 achieved in the presence of HBTU, HOBt, and NMM to afford
193 hexadepsipeptide 7 in 40% yield (71% brsm).

194  With hexadepsipeptide 7 assembled, we turned our attention
195 to the synthesis of decadepsipepide 6 (Scheme 7). Two
196 dipeptides 20 and 21, components of 6, were prepared as
197 described below. Condensation of Boc-p-Gln with 1-Leu-OBn
198 (63% yield) followed by benzyl ester hydrogenolysis gave the
199 corresponding dipeptide carboxylic acid 20 in quantitative yield.
200 Boc-D-Leu and 1-Leu-OBn were coupled (84% yield), and
201 removal of the Boc group under acidic conditions provided the

Scheme 7. Synthesis of Decadepsipeptide 6
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corresponding dipeptide amine 21 in quantitative yield. The 202
next step was the incorporation of these dipeptides into 203
hexadepsipeptide 7. Selective removal of the Boc group of 7 204
without affecting the Tr group was accomplished by treatment 20s
with B-bromocatecholborane (BCB)*® in CH,Cl, in 69% yield, 206
and the resulting hexadepsipeptide amine was coupled with 20 207
in the presence of HATU and NMM to afford octadepsipeptide 208
22 in 83% yield. Next, benzyl ester hydrogenolysis of 22 was 209
performed. However, an unexpected cleavage of the Fmoc 210
group was observed when this reaction was conducted in 211
methanol (MeOH). In the case of another benzyl ester 212
hydrogenolysis that provided dipeptide carboxylic acid 16 213
(Scheme 6), the Bn group was removed without the cleavage of 214
the Fmoc group in tetrahydrofuran (THF). Octadepsipeptide 215
22 was difficult to dissolve in a moderately polar aprotic solvent 216
such as THF, while the dipeptide described above dissolved 217
with ease. This problem was resolved by introducing a 3:1 218
mixture of THF and MeOH as the solvent and adjusting the 219
reaction time to allow complete benzyl ester hydrogenolysis.** 220
Removal of the Bn group of 22 in 3:1 THF/MeOH provided 221
the corresponding carboxylic acid. Subsequent coupling with 21 222
afforded decadepsipeptide 6 in 75% yield over the two steps. 223
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224  Having successfully obtained the macrocyclization substrate
225 decadepsipeptide 6, we next examined the cleavage of the Boc,
226 Bn, and Tr groups and the subsequent intramolecular
227 macrocyclization (Scheme 8). First, the Boc and Tr groups of

Scheme 8. Synthesis of Cyclodepsipeptide 3
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228 6 were removed under acidic conditions to provide the
229 corresponding decadepsipeptide amine. The resulting product
230 was next subjected to benzyl ester hydrogenolysis. However, it
231 proved difficult to remove the benzyl ester selectively without
232 affecting the Fmoc group because the decadepsipeptide amine
233 dissolved in polar protic solvents such as MeOH or mixed
234 solvents of THF/MeOH containing MeOH at a higher rate.
235 Therefore, the deprotection sequence was changed. Benzyl
236 ester hydrogenolysis of 6 proceeded in 1:1 THF/MeOH to

1) Hp, PA/C
THF/MeOH (1:1)

2) TFA, CH,Cl,

3) PyAOP, DMAP

provide the corresponding decadepsipeptide carboxylic acid, 237
and then the Boc and Tr groups were removed with 238
trifluoroacetic acid (TFA) in CH,Cl, to afford the macro- 239
cyclization precursor.”® At the stage of macrocyclization, 240
reactions were performed under high-dilution conditions by 241
slow addition of the substrate using a syringe pump in order to 242
prevent the intermolecular reaction. We conducted the 243
macrocyclization reaction with several coupling reagents,®® 244
including HATU, (benzotriazol-1-yloxy)tris(dimethylamino)- 24s
phosphonium hexafluorophosphate (BOP), (benzotriazol-1- 246
yloxy)tripyrrolidinophosphonium hexafluorophosphate 247
(PyBop), and (7-azabenzotriazol-1-yloxy)- 24s
tripyrrolidinophosphonium hexafluorophosphate (PyAOP). 249
The protocol using PyAOP and 4-dimethylaminopyridine 250
(DMAP) in DMF was found to promote the closure of the 251
2S5-membered ring to afford cyclodepsipeptide 3 in 18% yield 252
over the three steps. 253
Total Synthesis of MA026. With the two required key 254
segments (side chain 2 and cyclodepsipeptide 3) in hand, we 255
sought to link them together to accomplish the synthesis of 26
MAO026 (1) (Scheme 9). Removal of the N-terminal Fmoc 2579
group of 3 proceeded with diethylamine in DMF to provide the 238
corresponding cyclodepsipeptide amine 24. An alternative 259
deprotection with piperidine resulted in the formation of 260
several side products that were difficult to separate from 24. 261
Benzyl ester hydrogenolysis of 2 and subsequent coupling with 262
amine 24 in the presence of PYAOP and DMAP furnished 285. 263
Although the deprotection of 2 and 3 gave corresponding 264

Scheme 9. Synthesis of MA026 (1)
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265 carboxylic acid 23 and amine 24 in quantitative yield, their
266 coupling did not proceed completely. Finally, a single-step
267 cleavage of the Tr, tBu, and TBS groups in 25 was achieved
268 with TFA. The crude material was purified by reversed-phase
269 HPLC to furnish pure 1 in 31% yield over the three steps.
270 Analysis of synthetic 1 by 'H and *C NMR spectroscopy,
271 along with other spectroscopic data, showed it to be identical to
272 the natural product.

273 Anti-HCV Activity of MA026 (1). MA026 shows antiviral
274 activity against both IHNV and HCV. Given the fact that
275 THNV and HCV share a common entry process,>”*® we
276 reasoned that MA026 might inhibit the HCV entry process,
277 which consists of cell binding, postcell binding, and
278 endocytosis. On the basis of this prediction, we studied the
279 anti-HCV activity of MA026 by measuring the HCV infectivity
280 to determine whether MA026 inhibits the HCV entry process.
281 Moreover, we compared the anti-HCV activity of synthetic 1
282 with that of the natural product (Figure 2).*° Infectious HCV
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Figure 2. Evaluation of the anti-HCV activity of synthetic and natural

1. The normalized infectivity was calculated as the HCV infectivity
divided by the cell viability.

283 particles were pretreated with compounds for 1 h and infected
284 into Huh-7.5.1 cells for 4 h. After residual virus and the test
285 compound were washed out, cells were further cultured with
286 growth medium in the absence of the compound for 72 h. The
287 infectivity of HCV in the medium was quantified, and half-
288 maximal inhibitory concentration (ICs,) values of the
289 compounds were determined. In this assay, cells were exposed
290 to the test compound only before and during HCV infection.
201 Therefore, this pretreatment procedure could evaluate the
292 potency of the test compound to inhibit the HCV entry process
203 into the host cells. As shown in Figure 2, both synthetic 1 and
294 the authentic natural product suppressed HCV infection into
295 the host cells in a dose-dependent manner (ICg, = 4.39 and
296 4.68 M, respectively). Moreover, incubation in the presence of
297 these compounds did not induce significant cytotoxicity within
298 the concentration range used in these tests (Figure S1 in the
200 Supporting Information). Thus, our data suggest that MA026
300 inhibits HCV infection by blocking the entry process. Phage
301 display screening with immobilized MA026 and SPR binding
302 analyses suggested claudin-1 as a candidate target for the anti-
303 HCV activity of MAQ26.

304 To identify MA026 binding proteins, we applied a chemical
305 biology approach and performed phage display screening.®’
306 Previously, we used phage display analyses to elucidate a novel

mechanism of HCV replication by identifying the target protein 307
of cyclosporin A.>' Here we employed the same strategy to 308
identify the target of MA026. MA026 was first immobilized on 309
photoaffinity resin containing a photoactive diazirine group that 310
we previouslz developed (Scheme S1 in the Supporting 311
Information).*”** The mixture of photoafiinity resin and 312
MAOQ26 was irradiated with UV light. The highly reactive 313
carbene induced by UV irradiation reacted with MA026, 314
resulting in the production of immobilized MA0O26 in a 315
nonspecific manner. Having prepared the MA026-immobilized 316
resin, we then performed phage display screening using a 317
random phage library displaying random peptides composed of 318
15 amino acids.** The phage display screening method is a 319
powerful tool for identifying binding proteins of specific 320
ligands. In this method, the phage library displaying peptides on 321
phage particles (Input) was incubated with either MA026- 322
immobilized resin or control resin (Bind) (Figure 3A and 3236
Figure S2A in the Supporting Information). Unbound phage 324
particles were removed by washing (Selection). Phage particles 325
bound to the MAO026-immobilized resin were then eluted 326
(Elute) and amplified in Escherichia coli (Amplify). The 327
recovered phage clones (Input) were subsequently subjected 328
to the next round of biopanning. Upon iteration of the 320
biopanning cycles, the recovery rate of eluted phage clones 330
compared with Input increased (Figure S2B). The relative 331
enrichment of phage particles bound to MAO26-immobilized 332
resin was the highest upon the elution from the fourth round of 333
biopanning (Figure 3B). Therefore, we randomly picked 27 334
single phage clones from the fourth-round elution. The 335
sequence of peptides displayed on the phage particles, which 336
were responsible for interaction with MA026, were determined 337
from the DNA sequences of the corresponding phage vectors 338
(Table S1 in the Supporting Information). Multiple sequence 339
alignment analyses using CLUSTALW>® indicated that 340
peptides 1, 3, 10, 19, and 24 shared homology (Figure S3). 341
Among them, we found the peptide sequence VFDSLL, a 34
partially homologous sequence. We then searched the protein 343
database using BLAST®® to find proteins that showed 344
similarities to the VFDSLL sequence. A single protein that 34s
includes the VEDSLL sequence, claudin-1 (CLDN1), was 346
identified in the NCBI database. CLDN1 is highly expressed in 347
the liver and plays an im;)ortant role during the postcell binding 348
process of HCV entry.® 349
On the basis of this knowledge and the result of phage 350
display screenings followed by CLUSTALW and BLAST 3s1
analyses, we proposed a hypothesis that MA026 might interact 352
with CLDN1 and thereby suppress HCV infection. To confirm 353
the interaction between CLDNI1 and MA026, we performed 354
SPR binding analyses using recombinant CLDN1 protein with 355
an N-terminal glutathione S-transferase tag (CLDN1-GST). 356
CLDNI-GST, or GST itself as a negative control, was first 357
immobilized on a sensor chip of the SPR biosensor (Biacore 358
3000), and MA026 samples at different concentrations were 359
then injected over the immobilized proteins.*® The SPR data 360
(Figure 3C) were subsequently analyzed to determine the 361
dissociation constant (Kp). Our results showed a specific dose- 362
dependent binding response of MA026 with CLDN1-GST (Ky, 363
=2.5 X 107° M). By contrast, the response with GST itself was 364
significantly weaker (Kp = 4.0 X 10 M). These results 365
indicate a specific interaction between MA026 and recombinant 366
CLDN1 protein. 367
The process of HCV entry into human hepatocytes requires 368
the interaction of HCV glycoproteins E1 and E2 with host 360
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Figure 3. Phage display screenings and SPR analyses. (A) Procedure
of phage display screening. (B) Relative enrichment of phage particles
bound to MAO26-immobilized resin. Relative enrichment was
determined as the ratio of phage titer of elution from MAO026-
imobilized resin to phage titer of elution from control resin. (C) SPR
analysis of binding between CLDN1-GST and MAQ26. Response units
(RU) were calculated by subtracting the background response
measured on the control flow cell from the response with the
MA026 flow cell.

370 receptors, including tetraspanin CD81 and the high density
371 lipogrotem receptor scavenger receptor class B type I (SR-
372 BI).>® It was reported that these two receptors are not sufficient
373 for HCV entry and that more host proteins are involved.*’
374 CLDNL is a transmembrane protein and belongs to a family of
375 tight )unctlon proteins that act as a barrier in cellular
376 permeability.*' It has been proposed that during the course
377 of HCV entry, CLDN1 interacts with CD81 and influences the
378 cell entry process, including endocytosis.** Although direct
379 binding between HCV particles and CLDN1 has not been
380 conclusively demonstrated, it has been shown that monoclonal
381 anti-CLDN1 antibodies prevent HCV infection.” The peptide

sequence VFDSLL, which is likely to interact with MAOQ26, is 382
conserved in the first extracellular loop (EL1) of CLDNI, and 383
this loop is required for HCV entry.>” The SPR analysis showed 384
an interaction between MAO026 and CLDNI1-GST, and this 385
result supports our hypothesis that MA026 might interact with 386
CLDNT1 and thereby prevent CLDNI1 from interacting with 387
CD81 and the HCV particle. 388

B CONCLUSIONS 389

The first total synthesis of MA026 was achieved in the solution 390
phase with two key segments: side chain 2 and cyclo- 391
depsipeptide 3. The construction of side chain 2 was 392
accomplished with good efficiency by coupling of fatty acid 393
moiety 4 with tripeptide S. In the preparation of macro- 394
cyclization substrate decadepsipeptide 6, an appropriate choice 395
of solvent was required to avoid the cleavage of the N-terminal 396
Fmoc group through hydrogenolysis reactions. The key 397
macrocyclization of the decadepsipeptide at r-Leu'®-p-Gln' 398
was accomplished with PyAOP to afford 3. This convergent 399
modular synthetic route will be useful for the synthesis of a 400
series of MA026 derivatives that will facilitate structure—activity 401
relationship studies. Moreover, xantholysin A, an analogue of 402
MAO026, could be synthesized via this route once the 403
stereochemistry is determined. 404

The anti-HCV activities of synthetic 1 and the authentic 405
natural product were assessed and found to be similar. In this 406
assay, the cells were exposed to the test compound only before 407
and during HCV infection and then subsequently cultured in 408
the absence of the test compound until sampling. Our results 409
suggest that MAO026 might inhibit the early step of HCV 410
infection, including the cell entry process, rather than the 411
following steps such as RNA replication and viral assembly and 412
release. Phage display screenings were performed using 413
MAQ26-immobilized resin and a random phage library. As 414
the biopanning cycle was repeated, the ratio of phage clones 415
bound to MA026 increased. We randomly picked 27 single 416
phage clones and determined the peptide sequences displayed 417
on the phage particles. From the results of multiple sequence 418
alignment analyses using CLUSTALW, we found VFDSLL, a 419
partially homologous peptide sequence. A BLAST search 420
identified CLDN1 as a protein bearing the VFDSLL sequence. 421
This protein plays an important role in the HCV entry process. 422
The specific interaction between MA026 and recombinant 423
CLDNI1 protein was then confirmed by SPR analyses. Because 424
the VEDSLL sequence is conserved in EL1 of CLDNI, we 425
speculate that MA026 might interact with EL1 of CLDNI and 426
thereby interrupt HCV entry into the host cell. 427

Further investigations to develop an improved synthetic 428
route that provides more efficient access to analogues and to 429
reveal the detailed mechanism of the anti-HCV activity of 430
MAO026 are currently underway and will be disclosed in due 431

course. 432
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A method for rapid production of single-round infectious particles (SRIPs) of flavivirus would be
useful for viral mutagenesis studies. Here, we established a DNA-based production system for
SRIPs of flavivirus. We constructed a Japanese encephalitis virus (JEV) subgenomic replicon
plasmid, which lacked the C-prM-E (capsid—pre-membrane—envelope) coding region, under the
control of the cytomegalovirus promoter. When the JEV replicon plasmid was transiently co-
transfected with a JEV C-prM-E expression plasmid into 293T cells, SRIPs were produced,
indicating successful trans-complementation with JEV structural proteins. Equivalent production
levels were observed when C and prM—E proteins were provided separately. Furthermore,
dengue types 1-4, West Nile, yellow fever or tick-borne encephalitis virus prM-E proteins could
be utilized for production of chimaeric flavivirus SRIPs, although the production was less efficient
for dengue and yellow fever viruses. These results indicated that our plasmid-based system is
suitable for investigating the life cycles of flaviviruses, diagnostic applications and development of

Accepted 3 October 2013 safer vaccine candidates.

Japanese encephalitis virus (JEV) is the leading cause of
viral encephalitis with severe mortality in eastern and
south-eastern Asia, and is estimated to be responsible for
67900 cases annually, mostly in children (Campbell et al.,
2011). The virus is transmitted by Culex mosquito vectors
between pigs and/or wild birds, and humans and horses are
thought to be dead-end hosts. JEV is a member of the
genus Flavivirus within the family Flaviviridae, which
includes dengue virus (DENV), West Nile virus (WNV),
yellow fever virus (YFV) and tick-borne encephalitis virus
(TBEV). JEV is an enveloped single-stranded positive-sense
RNA virus with an 11 kb genome that is translated as a
single large polyprotein. The polyprotein is co-translation-
ally cleaved by host and viral proteases into three structural
proteins — capsid (C), pre-membrane (prM) and envelope

tThese authors contributed equally to this paper.

One supplementary figure is available with the online version -of this
paper.

(E) — and seven non-structural (NS) proteins (Sumiyoshi
et al., 1987).

For several flaviviruses, subgenomic replicons, which lack
structural protein genes but can replicate in cells, have been
constructed (Khromykh & Westaway, 1997; Pang et al.,
2001; Shi et al., 2002). In addition, the expression of viral
structural proteins in cells harbouring replicon RNA has
been shown to produce single-round infectious particles
(SRIPs), which are infectious, but progeny viruses cannot
be spread from the infected cells, as the packaged genome
lacks structural protein genes (Gehrke et al, 2003; Jones
et al., 2005; Khromykh et al., 1998; Ng et al., 2007; Scholle
et al., 2004; Yun et al, 2009). Furthermore, trans-packaging
of replicons by the prM-E proteins from heterologous
flaviviruses have been reported (Ansarah-Sobrinho et al.,
2008; Yoshii et al., 2008).

A method for rapidly producing SRIPs of flaviviruses
would be useful for viral mutagenesis studies, diagnostic
applications and the production of vaccines with reduced
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risk of infection. In this study, to establish a DNA-based
production system for SRIPs, we constructed a JEV
subgenomic replicon plasmid, which lacked the C-prM-E
coding region, under the control of the cytomegalovirus
(CMV) promoter. As DNA-based replicons can be
transfected directly into eukaryotic cells without in vitro
transcription, SRIPs can be rapidly produced by co-
transfection with structural protein-expression plasmids.

In order to generate a subgenomic replicon from the JEV
Nakayama strain (McAda et al, 1987), viral RNA was
extracted from infected Vero cells, reverse transcribed into
cDNA and amplified in individual dsDNA fragments
containing T7 RNA polymerase promoter and hepatitis
delta virus ribozyme (HDV-RZ) as shown in Fig. 1(a). For
deletion of the C-prM-E region, a synthetic antisense
oligonucleotide was used to add a BspTT site at codons 17—
18 of the C-coding region following the cyclization
sequence, and a sense oligonucleotide was designed that
added the BspTT site before the C-terminal transmembrane
domain, which consists of 30 aa of the E protein coding
sequence, in order to permit ligation of C to NSI. The five
individual fragments required to produce a replicon-length
c¢DNA were readily assembled into the low-copy-number
plasmid pACYC177, designated pJEVrep#97. Replication
of in vitro-transcribed RNAs derived from the plasmid was
confirmed in RNA-transfected cells (data not shown).
Next, to construct a DNA-based replicon plasmid, the T7
RNA polymerase promoter was replaced with the CMV
promoter, and the simian virus 40 polyadenylation signal
was inserted downstream of the HDV-RZ; the resulting
plasmid was designated pCMV-JErep (Fig. la). pCMV-
JErep-fs, which contains a frameshift mutation through a
4 nt insertion upstream of the GDD motif of RNA-
dependent RNA polymerase in NS5, was also constructed
as a negative control with no replication activity. To
characterize the replication activity of the plasmid-derived
replicon, 293T cells were transfected with plasmids as
described previously (Suzuki et al.,, 2013). Indirect immuno-
fluorescence with an anti-dsRNA antibody showed positive
staining in the cytoplasm of cells transfected with pCMV-
JErep plasmid or infected with JEV Nakayama strain,
whereas no signal was detected in the cells transfected with
pCMV-JErep-fs, indicating the ability of viral RNAs
transcribed intracellularly from the plasmid pCMV-JErep
to replicate in cells (Fig. 1b). It should be noted that NSI
protein was detected in the cytoplasm of cells transfected
with both pCMV-JErep and pCMV-JErep-fs.

We also constructed expression plasmids for JEV C-E,
mature C consisting of 105 aa, and prM-E, which we
designated pCAG-JECE, pCAG-JEC and pCAG-JEprME,
respectively (Fig. 2a). To reduce sequence homology and
intergenomic recombination potential with the truncated
C and E genes in the subgenomic replicon, 21 nt mutations
were incorporated into the 5’ region of the C gene and 3’
region of the E gene. These changes also include two
nucleotides in the conserved 5’ cyclization sequence (CS)
(Hahn et al, 1987; Khromykh et al, 2001), producing a

sequence that was non-complementary to the 3’ CS of the
replicon genome, thereby preventing replication of a
recombinant genome. To produce SRIPs of JEV, 293T
cells were transfected with a mixture of two (pCMV-JErep
and pCAG-JECE) or three (pCMV-JErep, pCAG-JEC and
pCAG-JEprME) plasmids. The infectivity of SRIPs was
determined by inoculating the culture supernatant of
transfected cells into Vero cells, followed by immunostain-
ing with anti-NS1 antibody. 293T cells produced a titre of
6.9 x10° IU ml™" (Fig. 2b) or 7.9 x 10° TU ml~ " (Fig. 2c)
3 days after transfection with two or three plasmids,
respectively. In contrast, no infectious particles were
detected in the supernatant when one of the two or three
plasmids was omitted or the replicon containing a
frameshift mutation was introduced. The production levels
of SRIPs from cells transfected with two or three plasmids
were similar, as shown in Fig. 2(d).

In order to confirm that the SRIPs have only single-round
infectivity potential, Vero cells were inoculated with medium
harvested from 293T cells transfected with replicon and
structural protein plasmids, and were examined for antigen-
positive cells. SRIPs were demonstrated to be infectious in
the first round (Fig. 3a). However, no antigen-positive cells
were observed in a second round, in which the supernatants
of the cells infected with SRIPs were transferred to naive
Vero cells (Fig. 3a). As a control, supernatant from JEV-
infected cells produced antigen-positive cells in second-
round infection.

We then evaluated whether the SRIPs could be used in
neutralization tests instead of infectious live virus by using
anti-JEV sera raised in rabbits as a representative antibody.
Serial fourfold dilutions of serum were mixed with aliquots
of SRIPs or virus of equivalent infectivity. The virus—
antibody mixture was incubated for 1 h at room tem-
perature, followed by titration for infectivity on Vero cell
monolayers in a 96-well plate. The neutralizing activity of
each antibody dilution was expressed as a percentage of the
infectivity obtained with the control, which was tested in
the absence of any serum. Infection with SRIPs and JEV
Nakayama strain were similarly neutralized by anti-JEV
antibody in a dose-dependent manner, although normal
serum did not affect infection with SRIPs and JEV (Fig.
3b).

Next, to examine whether SRIPs derived from other
flaviviruses could be generated using our plasmid-based
method, we used prM-E expression plasmids for the
following viruses: DENV1, Mochizuki strain; DENV2, New
Guinea C strain; DENV3, H87 strain; DENV4, H241 strain
(Konishi et al., 2006); WNV, NY99-6922 strain (Ishikawa
et al, 2007); YFV, 17D strain; and TBEV, Oshima 5-10
strain (Yoshii et al, 2003). Detection of each E protein
in cells transfected with prM-E expression plasmids by
immunofluorescence revealed indistinguishable efficiency of
transfection as shown in Fig. S1 (available in JGV Online).
Efficient production of chimaeric flavivirus SRIPs by co-
transfection with JEV C and JEV replicons was achieved for

http://virsgmjournals.org
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Fig. 1. (a) Schematic representation of the position of the JEV genome showing restriction enzymes sites (Notl, BspTl, BspEl,
BamHlI, Mlul, Xhol and Xbal), fragments used to assemble for replicon construction, position of the T7 promoter, CMV promoter
(CMV), HDV-RZ and polyadenylation signal (pA). (b) 293T cells were transfected with the indicated plasmids or were infected
or mock-infected with JEV. Two days post-transfection or post-infection, cells were fixed and permeabilized as described
previously (Suzuki et al., 2013). Samples were then incubated with anti-dsRNA antibody (J2; English & Scientific Consulting) or
anti-NS1 antibody (2D5; Konishi et al., 2004). Green signals were obtained with Alexa-Fluor-488-labelled goat anti-mouse IgG
secondary antibody (Invitrogen). Cell nuclei were counterstained with DAPI.

WNV and TBEV, although production of SRIPs was less
efficient for DENV1-4 and YFV (Fig. 3c¢).

It is curious that TBEV prM-E protein can be utilized
efficiently for assembly of SRIPs in combination with the
JEV C protein and replicon RNA producing equivalent
titres to JEV and WNV, as TBEV is a tick-borne virus and
is classified as a distinct serogroup from JEV. In contrast,
production of DENV- and YFV-SRIPs was less efficient.
The low infectious titre of SRIPs containing at least dengue
prM-E may be explained by the low specific infectivity of
particles encapsidated in DENV envelope protein (van der
Schaar et al., 2007; Winkelmann et al., 2011), although we
were unable to exclude the possibility that the viral
assembly and/or secretion with dengue prM-E is not

efficient (Chang et al, 2003; Hsieh et al., 2008). Adaptive
mutations in structural and NS proteins could possibly
enhance the production of infectious particles by improv-
ing the specific infectivity of the resulting particles
(Winkelmann et al, 2011). In addition, it has been
reported that a chimaeric WNV genome with DENV2
prM-E genes but lacking the C gene replicates much better
in DENV2-C-expressing cells than in WNV-C-expressing
cells (Suzuki et al, 2009), thus suggesting that the
combination of homologous C protein and prM-E proteins
improves the production of viral particles. Therefore, it is
possible to obtain a better yield of dengue SRIPs by using
DENV C protein instead of JEV C protein. Such DENV-
SRIPs can be useful for studying infection-enhancing and
neutralizing antibody activities.
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Fig. 2, Schematic representation of JEV replicon and structural protein-expression plasmids. (a) Top: JEV subgenomic replicon
with deletion of structural proteins. This replicon contains a partial C and E gene. Bottom: JEV structural protein-expression
plasmids showing the region of overlap with JEV replicon. Boxes indicate the 8 nt in the 5’ CS that are 100 % conserved among
all mosquito-borne flaviviruses. The JEV C-E, C and prM-E coding sequences harbour silent mutations designed to prevent
homologous recombinations that included two changes to the CS sequence, which must be 100% complementary to the 3’
CS of JEV in order to permit genome replication. The termination codon is underlined. Nucleotide substitutions are shown in red.
(b, c) Titres of JEV-SRIPs produced by transfection of 293T cells with replicon plasmid and structural protein-expression
plasmids. Dilutions of supernatant collected at 3 days post-transfection were used to inoculate monolayers of Vero cells. Cells
were fixed at 2 days post-infection and stained with anti-NS1 antibody. Stained cells were then counted to determine the titres
U m™ produced by transfections. ND, Not detected. (d) Time course of JEV SRIP production from transfected cells. At each
time point, medium was removed and frozen for subsequent titration and fresh medium was added. JEV SRIP titres were
determined by assaying infectivity in Vero cells.

The plasmid-based production system offers an advantage
for vaccine production in terms of stability and safety, as
this method is able to reduce the chance of mutations
in the structural protein region, as well as the risk
of infection when compared with live virus production.
In addition, our replicon plasmids have the potential
for application to DNA-based vaccines, as described

previously (Cao et al, 2011; Chang et al., 2008; Huang
et al., 2012).

In conclusion, we established a DNA-based production
system for SRIPs of flaviviruses. This system has potential
value as a basic research and diagnostic tool, and could be
used to enhance the safety of neutralization assay, as well as
vaccine production.

http://virsgmjournals.org
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Fig. 3. Vero cells were inoculated with supernatant of 293T cells transfected with the indicated plasmids or infected with JEV.
Two days post-inoculation, culture supematants were collected, and cells were fixed and stained with NS1 antibodies (first
round). Naive Vero cells were reinfected with culture supernatants from the first round. Two days post-inoculation, cells were
fixed and stained with NS1 antibodies (second round). Cell nuclei were counterstained with DAPI. (b) JEV SRIP inoculum was
incubated with serially diluted (1:2000, 1:8000 and 1:32000) rabbit normal serum or anti-JEV serum for 1 h at room
temperature, followed by inoculation onto Vero cells. Cells were immunostained with anti-NS1 antibody at 2 days post-
infection, and antigen-positive cells were counted and used to calculate a titre based on f.f.u. mI™" for spreading infections or IU
ml™" for non-spreading infections. Data for each condition are means of values obtained from three independent experiments
with error bars showing sb. The value for controls without serum (no serum) was set at 100 %. (c) Infectious titres of flavivirus
SRIPs, including dengue types 1-4 (D1-4), produced by transfection of 293T cells with pCMV-JErep, pCAG-JEC and
flavivirus prM-E expression plasmids. Dilution of supernatant collected at 3 days post-transfection was used to inoculate

monolayers of Vero cells. Cells were fixed at 2 days post-infection and stained with anti-JEV NS1 antibody, and stained cells
were counted in order to determine titres.
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Hepatitis B virus (HBV) entry has been analyzed using infection-susceptible cells, including primary
human hepatocytes, primary tupaia hepatocytes, and HepaRG cells. Recently, the sodium taurocholate
cotransporting polypeptide (NTCP) membrane transporter was reported as an HBV entry receptor. In this
study, we established a strain of HepG2 cells engineered to overexpress the human NTCP gene (HepG2-

Keywords: hNTCP-C4 cells). HepG2-hNTCP-C4 cells were shown to be susceptible to infection by blood-borne and
HBV cell culture-derived HBV. HBV infection was facilitated by pretreating cells with 3% dimethyl sulfoxide
l;;_ﬁ;mon permitting nearly 50% of the cells to be infected with HBV. Knockdown analysis suggested that HBV infec-
DMSO tion of HepG2-hNTCP-C4 cells was mediated by NTCP. HBV infection was blocked by an anti-HBV surface
Cyclosporin protein neutralizing antibody, by compounds known to inhibit NTCP transporter activity, and by cyclo-
Oxysterol sporin A and its derivatives. The infection assay suggested that cyclosporin B was a more potent inhibitor

of HBV entry than was cyclosporin A. Further chemical screening identified oxysterols, oxidized deriva-
tives of cholesterol, as inhibitors of HBV infection. Thus, the HepG2-hNTCP-C4 cell line established in this
study is a useful tool for the identification of inhibitors of HBV infection as well as for the analysis of the
molecular mechanisms of HBV infection.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Approximately 350 million people are estimated to be infected
with hepatitis B virus (HBV) worldwide {1-4]. Chronically infected
patients are at a greater risk of developing hepatocellular carci-
noma. Currently, clinical treatment for HBV infection includes

Abbreviations: Ab, antibody; cccDNA, covalently closed circular DNA; Cs,
cyclosporin; DMSO, dimethyl sulfoxide; GEq, genome equivalent; HBc, HBV core
protein; HBs, HBV surface protein; HBV, hepatitis B virus; NTCP, sodium taurocho-
late cotransporting polypeptide; OHC, hydroxycholesterol; PHH, primary human
hepatocytes; PTH, primary tupaia hepatocytes.
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interferon (IFN)a and nucleos(t)ide analogs [2,4]. I[FNoa therapy
yields long-term clinical benefit in less than 40% of the treated
patients and can cause significant side effects. Nucleos(t)ide analog
treatment can suppress HBV replication with substantial biochem-
ical and histological improvement; however, such analogs may
select drug-resistant viruses, thereby limiting the efficacy of
long-term treatment. Thus, the development of new anti-HBV
agents targeting a different molecule in the HBV life cycle is
urgently needed.

HBV is a hepatotropic virus that mainly or exclusively infects
human liver {1,5]. HBV infection can be reproduced in cell culture
using primary human hepatocytes (PHH), primary tupaia hepato-
cytes (PTH), and HepaRG cells {&]. Although HBV infection into
these cells is robust, these models have significant limitations as
tools for analyzing the mechanisms of HBV infection. Notably,
these models can yield unstable reproducibility among lots and
low tolerability of transfection efficiency with plasmid and siRNA:
preparation and culturing of these cells require significant

0006-291X/$ - see front matter © 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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technical skill. In the case of hepatitis C virus (HCV), development
of the HCV cell culture (HCVcc) system, in which HCV produced
from a JFH-1 strain-based molecular clone can reinfect Huh-7 cells,
greatly contribute to the characterization of the HCV life cycle and
the evaluation of novel anti-HCV drug candidates {7}. However, the
above-noted limitations of HBV-susceptible cells have hampered
analysis of the HBV life cycle and impeded identification of new
anti-HBV drug targets. Thus, establishment of a novel cell line
supporting HBV infection is expected to accelerate the molecular
analyses of HBV infection as well as the development of anti-
HBV agents.

Recently, the sodium taurocholate cotransporting polypeptide
(NTCP) membrane transporter was reported as an HBV entry
receptor {8]. NTCP is a sodium-dependent transporter for tauro-
cholic acid, and belongs to a family of solute carrier proteins that
consist of seven members (SLC10A1-A7) [9,10]. NTCP is expressed
at the basolateral membrane of hepatocytes and mediates the
transport of conjugated bile acids and some drugs from portal
blood to the liver {11]. NTCP specifically interacts with the large
surface protein of HBV, thereby functioning as a viral entry recep-
tor [8].

In this study, we established a strain of HepG2 cells engineered
to overexpress the NTCP-encoding gene. One of these clones, des-
ignated HepG2-hNTCP-C4, was shown to be highly susceptible
for HBV infection, confirming that this infection is mediated by

NTCP and permitting evaluation in these cells of the anti-HBV -

activity of various compounds: reduction of HBV infection of
HepG2-hNTCP-C4 cells was observed upon treatment with com-
pounds that blocked HBV entry in other assays and by known
inhibitors of NTCP transporter activity [12}. A small-scale chemical
screen permitted use to identify oxysterols as inhibitors of HBV
infection. Thus, the cell line established in this study is useful for
screening for anti-HBV agents, as well as for analysis of the molec-
ular mechanisms of HBV infection.

2. Materials and methods
2.1. Reagents

Dimethyl sulfoxide (DMSO), anti-FLAG antibody (Ab), dextran
sulfate, cholate, progesterone, 22(S)-hydroxycholesterol (OHC),
25-0HC, 200-OHC, and 7B-OHC were purchased from Sigma.
Ursodeoxycholate was purchased from Tokyo Chemical Industry.
Bromosulfophthalein was from MP biomedicals. Cyclosporin
(Cs)A, CsB, CsC, CsD, and CsH were obtained from Enzo Lifesci-
ences. Anti-HBV surface protein (HBs) Ab was from Abcam. Hepa-
rin was obtained from Mochida Pharmaceuticals. Myrcludex-B was
kindly provided by Dr. Stephan Urban at University Hospital
Heidelberg and was synthesized by CS Bio (Shanghai, China).

2.2. Cell culture and plasmid transfection

HepG2 and HepG2-hNTCP-C4 cells were cultured with DMEM/
F-12 + GlutaMax (Invitrogen) supplemented with 10 mM HEPES
(Invitrogen), 200 units/ml penicillin, 200 pug/ml streptomycin, 10%
FBS, 50 uM hydrocortisone and 5 pg/ml insulin in the presence
(HepG2-hNTCP-C4 cells) or absence (HepG2 cells) of 400 pg/ml
G418 (Nacalai). HepAD38 (kindly provided by Dr. Christoph Seeger
at Fox Chase Cancer Center) {13} and HepaRG cells (BIOPREDIC)
were cultured as described previously [14].

An expression plasmid for hNTCP {15] was transfected into
HepG2 cells with TransIT-LT1 (Mirus) according to the manufac-
turer’s instruction to establish HepG2-hNTCP-C4 cells.

2.3. HBV preparation and infection

HBV was prepared and infected as described {14}]. Except as
noted, the HBV used in this study was genotype D derived from He-
pAD38 cells [13]. HBV was infected into NTCP-expressing HepG2
cells at 6 x 10° or 1.8 x 10* genome equivalent (GEq)/cell or into
HepaRG cells at 6 x 10% GEg/cell. All infections were performed
in the presence of 4% PEG8000 at 37 °C for 16 h as previously de-
scribed {141 Dr. Urban’s group reported that a quantity of more
than 10% GEq/cell (i.e. 1.25 — 40 x 10* GEq/cell) of HBV derived
from HepAD38 or HepG2.2.15 cells was required as an inoculum
for efficient infection into HepaRG cells in the presence of 4%
PEG8000 [ 16]. A limited number of infections were performed with
HBV of genotype C, derived from the serum of an HBV-infected pa-
tient, at 100 GEg/cell.

2.4. Real-time PCR and RT-PCR

Real-time PCR for quantification of HBV covalently closed circu-
lar (ccc)DNA were performed as described {14]. Isolation of total
RNA from cell lysates and reverse transcription PCR (RT-PCR) using
a One step RNA PCR kit (Takara) were performed as described pre-
viously {17]. Primers used in this study were as follows: 5-AGG-
GAGGAGGTGGCAATCAAGAGTGG-3' and 5-CCGGCTGAAGAACATT
GAGGCACTGG-3' for NTCP, 5'-CCATGGAGAAGGCTGGGG-3' and
5'-CAAAGTTGTCATGGATGACC-3' for GAPDH, respectively.

2.5. Detection of HBs and HBe antigens

HBs antigen was quantified by ELISA as described previously
141 HBe antigen was detected by Chemiluminescent Immuno As-
say (Mitsubishi Chemical Medience).

2.6. Southern blot analysis

Isolation of cellular DNA and southern blot analysis to detect
HBV DNAs were performed as described previously [14].

2.7. Indirect immunofluorescence analysis

Immunofluorescence was conducted essentially as described
{14} using an anti-HBc Ab (#B0586, DAKO) at a dilution of 1:1000.

2.8. Flow cytometry

An aliquot of 1 x 10° of HepG2 or HepG2-hNTCP-C4 cells was
incubated for 30 min with a 1:50 dilution of anti-NTCP Ab (Ab-
cam), then washed and incubated with a dye-labeled secondary
Ab (Alexa Fluor 488, Invitrogen) at 1:500 dilution in the dark.
Staining and washing were carried out at 4 °C in PBS supplemented
with 0.5% bovine serum albumin and 0.1% sodium azide. The sig-
nals were analyzed with Cell Sorter SH8000 (SONY).

2.9. siRNA transfection
siRNAs were transfected into the cells at a final concentration of

10-30 nM using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s protocol. siRNAs were purchased from Sigma.

2.10. Statistical analyses

Statistical analyses are done with student t-test.
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3. Results and discussion
3.1. Establishment of a cell line susceptible to HBV infection

To establish a cell line permanently expressing NTCP, we trans-
fected an NTCP-encoding plasmid into HepG2 cells and selected
with G418 at 1 mg/ml for 3 weeks. The resultant 9 cell clones were
isolated and NTCP expression was analyzed by RT-PCR. One of
these clones, designated HepG2-hNTCP-C4, was used in the follow-
ing experiments because this specific clone exhibited high
expression of NTCP and high susceptibility to HBV infection, as
shown below. Specifically, NTCP mRNA was abundantly expressed
in HepG2-hNTCP-C4 cells, in contrast to little to no expression of
NTCP mRNA in the parental HepG2 cells (Fig. 1A). Consistent with
the mRNA levels, NTCP protein was detected on the cell surface in
HepG2-hNTCP-C4 cells (Fig. 1B). To evaluate HBV infection, these
cells were inoculated with HBV for 16 h and cultured in normal
growth medium for an additional 12 days, and then HBV surface
protein (HBs) and HBe antigens in the culture supernatant as well
as HBV DNAs, covalently closed circular (ccc)DNA, and HBV core
(HBc) in the cells were assessed. The HBV inoculum used in this
experiment was of genotype D, and was derived from the culture
supernatant of HepAD38 cells that produce HBV by depletion of
tetracycline [ 13]. To confirm that the detected signals were derived
from HBV infection and did not represent non-specific background,
the cells were incubated with 1 pM Myrcludex-B (or with DMSO
vehicle) for 3 h prior to and for 16 h during HBV infection. Myrclu-
dex-B is a lipopeptide consisting of amino acid residues 2-48 of the
pre-S1 region of HBV, and is known to block HBV entry {18].

M. Iwamoto et al. / Biochemical and Biophysical Research Communications 443 (2014) 808-813

Following HBV exposure, little or no HBs and HBe antigens was
detected in the culture supernatant of the parental HepG2 cells,
and little HBc protein was observed in these cells (Fig. 1C, D, and
G). However, these proteins, as well as HBV DNAs and cccDNA,
were detected in HBV-treated HepG2-hNTCP-C4 cells (Fig. 1C-G).
The corresponding signals were significantly reduced in the cells
treated with an HBV entry inhibitor, Myrcludex-B, but not in the
cells treated with DMSO (Fig. 1C-G). These data suggested that
HepG2-hNTCP-C4 cells are HBV-susceptible, in contrast to the
parental HepG2 cells. The HepG2-hNTCP-C4 cell line also was sus-
ceptible to infection with HBV genotype C, which was derived from
the serum of an HBV-infected patient (Fig. 1H and I).

3.2. HBV susceptibility of HepG2-hNTCP-(4 cells was augmented by
pretreatment with DMSO

It has been reported that a prolonged HBV infection in primary
human hepatocytes can be enhanced by pretreatment with DMSO
{19]. Therefore, we examined whether pretreatment with DMSO
affected HBV infection of HepG2-NTCP-C4 cells. The cells were
pretreated with 3% DMSO for 24 h and then the HBV infectivity
was investigated following the protocol as in Fig. 1. Immunofluo-
rescence analysis revealed that approximately 50% of the DMSO-
pretreated cells were HBc-positive at 12 days post-infection
(Fig. 2A, middle), while only 10-20% of cells were HBc-positive
cells in the absence of pretreatment (Fig. 1G, upper right). The ef-
fect of DMSO pretreatment on HBV susceptibility was both concen-
tration-(Fig. 2B) and time-dependent (Fig. 2C).
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Fig. 1. Establishment of a cell line susceptible to hepatitis B virus (HBV) infection. (A) mRNAs for sodium taurocholate cotransporting polypeptide (NTCP) and GAPDH in
HepG2 and HepG2-hNTCP-C4 cells were detected by RT-PCR. (B) NTCP protein on cell surface of HepG2 (black) and HepG2-hNTCP-C4 cells (red) was detected by flow
cytometry. (C-G) HepG2-hNTCP-C4 or the parental HepG2 cells pretreated with or without 1 uM Myrcludex-B or vehicle (DMSO) for 3 h were inoculated with HBV (genotype
D) for 16 h. After washing out of the free virus and the compounds, the cells were cultured for an additional 12 days in normal growth medium and then assayed for secretion
of HBs (C) and HBe antigens (D) secreted in the culture supernatant, and for the presence of HBV covalently closed circular (ccc)DNA (E), HBV DNAs (F), and HBV core (HBc)
proteins (G) in the cells. rc, dsl, and ss in (F) indicate relaxed circular, double strand linear, and single strand HBV DNA, respectively. Red and blue signals in (G) indicate HBc
protein and nuclear staining, respectively. (H and I) Infection of blood-borne HBV into HepG2-hNTCP-C4 cells. HBV (genotype C) derived from an HBV-infected patient was
used as an inoculum for the infection assay. Levels for HBs antigen in the culture supernatant (H) and HBV cccDNA in the cells (I) are shown. The data in C-E, H, and I show the

means of three independent experiments. *P < 0.05, **P < 0.01.
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Fig. 2. HBV infection was facilitated by pretreatment of HepG2-hNTCP-C4 cells with DMSO. (A) HepG2 or HepG2-hNTCP-C4 cells preincubated with 3% DMSO for 24 h were
inoculated with HBV in the presence of 3% DMSO for 16 h. Treatment with Myrcludex-B was used as a negative control for infection. At 12 days postinfection, HBc protein
(red) and the nucleus (blue) were detected by immunofluorescence analysis. (B) Cells were pretreated by exposure for 24 h to various concentrations of DMSO (0-3%). (C)
Cells were pretreated by exposure to 3% DMSO for various treatment times (2, 6, 18, and 24 h). HBc protein (red) and the nucleus (blue) were detected as in (A).

3.3. HBV infection was mediated by NTCP in HepG2-hNTCP-(4 cells

We used knockdown analysis to determine whether HBV
infection of HepG2-hNTCP-C4 cells was mediated by NTCP. Trans-
fection with siRNA against NTCP (si-NTCP) and GAPDH (si-GAP-
DH) specifically knocked down mRNA for NTCP and GAPDH,
respectively, in HepG2-hNTCP-C4 cells (Fig. 3A). Consistent with
the effect on transcript level, treatment with si-NTCP depleted
NTCP protein on the cell surface (Fig. 3B). The HBV infection
assay, performed as in Fig. 1, indicated that depletion of NTCP
reduced the levels for HBs (Fig. 3C) and HBe antigens (Fig. 3D)
in culture supernatant as well as HBV cccDNA (Fig. 3E) and HBc
protein (Fig. 3F) in the cells at 12 days postinfection with HBV.
These data suggested that HBV infection into HepG2-hNTCP-C4
cells was mediated by NTCP.

3.4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells
To determine whether HepG2-hNTCP-C4 cells could be used to

evaluate anti-HBV activity of compounds, we examined the effect
of known entry inhibitors in these cells. The cells were pretreated

with compounds for 3 h and then inoculated with HBV for 16 h in
the presence of compounds (Fig. 4A). Inoculation with HBV was
followed by culturing of the cells in normal growth medium for
an additional 12 days until detection of HBs antigen in the culture
supernatant and cccDNA in the cells (Fig. 4A). This protocol has
been used previously to evaluate the entry inhibition activity of
compounds {20]. Treatment with anti-HBs neutralizing Ab, but
not that with a non-relevant anti-FLAG Ab, inhibited HBV infection
(Fig. 4B). Heparin and dextran sulfate, which have been reported to
inhibit HBV attachment to the target cells {21}, also reduced HBV
infection (Fig. 4C). In addition, known NTCP substrates and inhibi-
tors, including ursodeoxycholate, cholate, progesterone, and
bromosulfophthalein {12}, blocked HBV infection in this assay
(Fig. 4D). We recently identified that cyclosporin A (CsA) and its
analogs blocked HBV entry through inhibition of interaction be-
tween NTCP and the HBV large surface protein [23]. As shown in
Fig. 4E, CsA and its analogs inhibited HBV infection in the present
assay, with CsB showing the highest potency for inhibition of HBV
infection among Cs analogs (Fig. 4E). These data indicate that
HepG2-hNTCP-C4 cells are useful for evaluating the effect of HBV
entry inhibitors.
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Fig. 3. HBV infection of HepG2-hNTCP-C4 cells was mediated by NTCP. (A) HepG2-hNTCP-C4 cells were transfected (for 48 h) with or without [siRNA(-)] siRNAs against
NTCP (si-NTCP) or GAPDH (si-GAPDH), and mRNA expression levels of NTCP and GAPDH were detected by RT-PCR. (B) Parental HepG2 and HepG2-hNTCP-C4 cells were
transfected (for 48 h) with or without si-NTCP or si-GAPDH, and cell surface-displayed NTCP protein was detected by flow cytometry. The red, blue, and green lines indicate
the signal in HepG2-hNTCP-C4 cells treated with si-NTCP, HepG2-hNTCP-C4 cells treated with si-GAPDH, and HepG2 cells, respectively. (C-F) The cells prepared as in (A)
were infected with HBV according to the protocol shown in Fig. . Culture supernatants were assayed for levels of secreted HBs (C) and HBe (D) antigens, and cells were
assayed for intracellular levels of HBV cccDNA (E) and HBc protein (F). The red and blue signals in (F) indicate HBc and nuclear staining, respectively.



812 M. Iwamoto et al. /Biochemical and Biophysical Research Communications 443 (2014) 808-813

B anti-hBs C D
HBV : [ |, _antibody Inhioret NTCP inhibitors
- 12 1.2 1.2 -
compounds : (EEEEENNT | s 1 '!; 1+ g 1
[<]
| 3h | 16h [12days| S8 € o8 € o8
o 0.6 & 06 - 2 06
I ' ' T 04 {f ** I 04 - T 04
| 1 g o.g - 0.2 - 0.2 < f **
— 0 - 0 -
(=] ] k-] m oG - -
= o [ o mEL meooec
g = 3 EELS Ex5E £X5588
£ £ 6B = I 63 g3 6c28558
> ® "5 EE ©3£2 8555¢%
2 £°S e § 2g o
ES s g = 2§ o=
Q - o=
o 8 g
E CsA analogs F HBs cccDNA 5 E
- 12 514 E
3 T 14 ° 1.2 4
e Sos s 1y
PY € - <08
m o 0.6 F i
b= =4 m H a 0.6
0.4 ] 4
x | S04
0.2 1l ©o2-f *
k 0- 0 =
g CsA CsB CsC CsD CsH § §22(s)-o|-|c E gzz(s)-ouc
[+
125 080 147 >8 096 :1Cqg ® 2 ° 3
(uM) > S
s H
G HBs cccDNA H
1.2 1.4 1.2 -
s 1 g1z g 1 %
S 0.8 s 1 £ o8
£ < 038
~ 06 g 2 0.6
0.6 m
g 0.4 ‘?3 04 - I 0.4 -
0.2 Fok S 0.2 - 0.2
LTI TR LI TTE ’
£55000 £550585
cIBRER S3pR&e
N W O W
S« S
s s

Fig. 4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells. (A) Schematic representation of the experimental procedure for evaluating HBV entry inhibition. HepG2-
hNTCP-C4 cells were pretreated with or without compounds for 3 h and then inoculated with HBV for 16 h. After washing out of free HBV and the compounds, the cells were
cultured with normal culture medium in the absence of compounds for an additional 12 days, and HBs antigen in the culture supernatant andfor HBV cccDNA in the cells
were detected. Black and white bars show period of treatment and without treatment, respectively. (B-G) HepG2-hNTCP-C4 cells were treated with or without 1 uM
Myrcludex-B, 10 ug/ml anti-HBs or anti-FLAG Ab (B); HBV attachment inhibitors including 100 IU/ml heparin and 1 mg/ml dextran sulfate (C); NTCP inhibitors including
100 pM ursodeoxycholate, 100 uM cholate, 40 uM progesterone, and 100 pM bromosulfophthalein (D); cyclosporins (CsA, CsB, CsC, CsD, CsH) at 1, 2, 4, and 8 uM (E); 22(S)-
hydroxycholesterol (OHC) at 11, 33, and 100 pM (F); or oxysterols including 22(S)-OHC, 25-OHC, 200-OHC, and 78-OHC at 100 uM (G). For each assay, the cells were infected
with HBV as shown in (A) and the levels of HBs antigen secreted into the culture supernatant and/or cccDNA in the cells were detected. Pretreatment time of compounds in (F)
and (G) was 6 h, instead of 3 h. ICsgs of cyclosporin derivatives calculated in this assay are shown below the graph in (E). (H) HepaRG cells were treated with or without
various concentrations of 22(S)-OHC (0.3, 0.9, 3, and 9 uM) and infected with HBV according to the protocol shown in (A). HBV infection was monitored by detecting the level
of HBs secreted into the culture supernatant.

As there are only reverse transcriptase inhibitors currently HBV-susceptible PHH, PTH, and HepaRG cells. HepG2-hNTCP-C4

available as anti-HBV drugs that inhibit the HBV life cycle, develop- cells will facilitate knockdown analysis of host factors to define
ment of new anti-HBV agents targeting different steps in the HBV their roles in infection and screenings of compounds to identify no-
life cycle are greatly needed {1-4}. We therefore screened for com- vel inhibitors of HBV infection. As an example, we demonstrated

pounds that blocked HBV entry by following the same protocol as here that oxysterols blocked HBV infection. The molecular mecha-
in Fig. 4A. We found that an oxysterol, 22(S)-hydroxycholesterol nisms whereby oxysterols inhibit HBV infection are now under
(OHC), reduced HBV infection in a dose-dependent manner investigation. These analyses will be important for understanding
(Fig. 4F). Other oxysterols, 25-OHC, 200-OHC, and 7B-OHC, also the mechanisms of HBV infection as well as for developing new
significantly decreased HBV infection (Fig. 4G). To validate this anti-HBV agents.

result, we repeated the assay using HepaRG cells, a line that

frequently has been used in HBV entry experiments |14}, We found Acknowledgments

that 22(S)-OHC also reduced HBV infection of HepaRG cells in a

dose-dependent manner (Fig. 4H), suggesting that the observed HepAD38 cells were kindly provided by Dr. Christoph Seeger at
inhibitory effect of oxysterols reflects a genuine inhibition of Fox Chase Cancer Center. Myrcludex-B, a pre-S1 lipopeptide, was
HBV infection. kindly provided by Dr. Stephan Urban at University Hospital Hei-

Thus, we have newly established a cell line that is susceptible to delberg. We also are grateful to all of the members of Department
HBV infection. HepG2-hNTCP-C4 cells exhibited approximately of Virology II, National Institute of Infectious Diseases. This study
50% of HBV-infection positive cells (Fig. 2A), while maximum was supported by Grants-in-aid from the Ministry of Health, Labor,
HBV infection of HepaRG cells was reported to be only 7% [16] or and Welfare, Japan, from the Ministry of Education, Culture, Sports,
20% {22} of the total population. These cells are expected to be use- Science, and Technology, Japan, and from Japan Society for the Pro-
ful for analyzing the molecular mechanisms of HBV infection, given motion of Science, and from the Research on Health Sciences
that HepG2-derived cells show higher efficiency of transfection Focusing on Drug Innovation from the Japan Health Sciences
with expression plasmids and siRNAs than the current available Foundation.



M. lwamoto et al./Biochemical and Biophysical Research Communications 443 (2014) 808-813 813

References

[1] D. Grimm, R Thimme, HE Blum, HBY life cycle and novel drug targets,
Hepatol, Int. 5 (2011} 644-653.

[2] §M. Pawlotsky, G. Dushieiko, A Hatzakis, D. Lau, G, Lau, T.L Liang S. Locamiai,
P. Martin, D.D, Richman, F. Zoulim, Virologic monitoring of hepatitis B virus
therapy in clinical trials and practicer recommendations for a standardized
approach, Gastroenterology 134 (2008} 405-415.

[3] M. Rapicetta, . Ferrari, M. Levrero, Viral determinants and host immuse
responses in the pathogenesis of HBY infection, |, Mad, Virol. 87 (2002) 454
457,

[4] F. Zoutim, Hepatitls B virus resistance to antiviral drugs: where ave we going?,
Liver Int 31 {Suppl 11 (2011 111116

[5] P. Gripon. S. Rumin, 5. Urban, §. Le Seyec. D, Glaise, . Cannie, €. Guyomard, [
Lucas, C Trepo, C Guguen-Guillouzo, infection of a human hepatoma cell line
by hepatitis B virus, Proc, Natl, Acad, Sci. USA 99 (2002) 13655-15660.

[6] & Glebe, S. Urban, Viral and cellular determinants invelved in hepadnaviral
entry, World 1. Gastroenterol. 13 (2007} 22-38,

[7] }.M. Gottwein, §. Bukh, Cutting the gordian knot-development and biological
relevance of hepatitis C virus cell culture systems, Adv. Virus Res, 71 (2008)
51-133.

[8] H.Yar, G. Zhong, G. Xu, W. He, Z. Jing, Z. Gao, Y. Huang, Y. Qi B. Peng, H. Wang,
L. Fu, M. Song, P Chen, W, Gag, B Ren, ¥, Sun, 1. Cal, X. Feag, 1. Sul, WL 1L
Sodium taurocholate cotransporting polypeptide is a funcdonal receptor for
humnan hepatitis B and D virus, Elife 1 (2012) e00049.

[9] M.S. Anwer, B. Stieger, Sodium-dependent bile salt transporters of the SLC10A
cransporter family: more than solute transporters, Pflugers Arch. (2013} (Epub
ahead of print),

[10] P Meier, B, Stieger, Bile salt transporters, Annu. Rev. Physiol. 84 (2002) 635~
661,

[11] €. Seeger. W.S. Mason, Sodium-dependent taurochelic cotransporting
polypeptide: a candidate receptor for human hepatitis B virus, Gut 62
(2013) 10931085,

[12] B, Kim, B, Leake, M. Cvetkovic, MM, Roden, ] Madeau, & Walubo, GR
Witkinzon, Modulation by drugs of human hepatic sedivm-dependent bile
acid transporter (sodivm taurocholate cotransporting polypeptide) activity, L
Pharmacol. Exp. Ther. 297 (1898} 1204-1208.

[13] S Ladner, M.J Otto, €S, Barker, K. Zatfers, GH Wang, LT, Guo, € Seeger, RW.
King, inducible expression of human hepatitis B virus (HBV) in stably

transfected hepatoblastoma cells: a novel systern for sereening potential
inhibitors of HBV replication, Antimicrob. Agents Chemother, 41 (1997) 1715~
1720.

[14] ¥. Watashi, . Liang, M. twamoio, H. Marusawa, N. Uchida, T. Daito, K
Kitamura, M. Muramaisy, H. Chashi, T, Kiychara, R Suzukd, | 14, 8. Tong, Y.
Tanaka, K. Murata, H. Alzaki, T. Wakita, Interleukin-1 and tumor necrosis
factor-alpha trigger restriction of hepatids B virus infection via a cytidine
deaminase activation-induced cytidine deaminase (A, L Biol Chem. 288
{2013) 31715-31727.

[15] S. Mita, H. Suzuki, H. Akita, H. Hayashi, R Onuld, AF, Hofmann, V. Sugiyama,
Inhibition of bile acid transport across Nat/taurocholate cotransporting
polypeptide (SLC10A1) and bile salt export pump (ABUB 11)-coexprassing
LLC-PK1 cells by cholestasis-inducing drugs, Drug Metab. Dispos. 34 (2008)
15751581,

[16] A. Schuize, K. Mills, T.S. Weiss, S, Urban, Hepatocyte polarization is esseatial
for the productive entry of the hepatitls B virus, Hepatology 58 {2012} 373~
383,

[17] M. Koyanagi, M. Hijikata, K Watashi, 0. Masui, K Shimotohno, Centrosomal
Pd.1-associated protein is a new member of franscriptional coactivators for
nuclear factor-kappal, L Biol, Chem. 286 {2005) 12430-12437.

[18] P. Gripon, 1. Cannie, S, Urban, Efficient inhibition of hepatitiy B virus infection
by acylated peptides derived from the large viral surface protein, . Virel. 78
{2008) 1613-1622,

[19] . Gripon, € Diot, A Corly, € Guoguen-Guiliouze, Regulation by
dimethylsulfoxide, insulin, and corticosteroids of hepatitis B virus replication
in a transfected human hepatoma cell line, 1. Med. Virol 28 {1989) 193-199.

[20] K. Watashi, A. Sluder, T. Daito, S. Matsunaga, A. Ryo, S. Nagamori, M. Iwamoto,
S. Nakajima, S. Tsukuda, K. Borroto-Esoda, M. Sugiyama, Y. Tanaka, Y. Kanai, H.
Kusuhara, M. Mizokami, T. Wakita, Cyclosporin A and its analogs inhibit
hepatitis B virus entry into cultured hepatocytes through targeting a
membrane transporter NTCP, Hepatology, in press.

[21] A. Schudze, P. Gripon, S Urban, Hepatitis B vicus infection initiates with a large
surface protein-dependent binding to heparan sulfate proteoglycans,
Hapatelogy 46 (2007 17521768,

[22] . ¥antz, R Parent, 1. Durantel, P. Gripon, € Guguen-Guillouze, ¥ Zoulim,
Persistence of the hepagtis B virus covalently closed circular DNA in HepaRG
human hepatooyre-iile calls, L Gen, Virol 80 (20093 127135,







