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SH-1.2 RNA-transfected
cells. Ten mivrograms of HUV RNA was tran dinto Huh7.5.1 cells, and
cells were pas: g 2105 days, depending on cell status, Culture medium
was collected after ever v; assage, and HOV core protein levels were measured.
Transfection was performed twice for each chimeric RNA {1 and 2 for each
t [CV core protein levels i culture 1 from MA/FFH-1.1
IIFH-1.2 RNA-transfected cells, {B) Im stained cells at 3 days
after fransfection (alo &), at 21 days afier transfection (¢ to h), and at the time
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protein levels and infectivity in culture medium

ction (day 3) and after long-tenm

I ABLE 1 HCV ¢

culture fdas s 35 1o 493

Sample period and Sample HCV core Infectivity
. * Daynos s
Virus ne ’ {(fwoliliter)  (FFU
Afler vapsfeciion
MAEH-LY 3 3 106 X ¥ 5.00 X 1
2 3 L4 %10 870 X 1)
MA/IFH-1.2 1 3 2042000 730 X0
2 3 205 X 1 930 =1
After long-term culture
MA/FH-1 3 42 338 X108 1.62 X 103
2 42 4.70 % 10% 3.23 X 0¥
MA/IPH-12 1 35 227 X 161 »0 10°F
2 49 4.93 X 10° 327 7108

# Forthe long-term cullure, the days are those of peak cove proteln levels,

as a 5" UTR replacement from J6CF (genotype 2a) to JFH-1 en-
hanced virus production of chimeric J6CF virus harboring the
region of NS2 to 3" X of JFH-1 (J6/IFH-1) {(A. Murayama et al,
unpublished data), The core protein accumulation levels with
MA/IFH-1.2 RNA-transfected cells were higher than those with
MA/IFH-1.1 (P < 0.05) (Fig. 1B). Similarly, core protein and
HCV RNA levels in the mediom of MA/JFH-1.2 RN A-transfected
cells were higher than those of MA/JFH-1.1 (P <2 0.05) (Fig. 1C
and D). Infectivity on day 3 was also h]gim than wﬂh MA/FH-1.1
(P<<0.05) (Fig. 1E), indicating that the 5" UTR of JFH-1 enhanced
virus production. However, infectivity of medium from MA/JFH-
1.2 RNA-translected cells on day 3 remained 6.4-fold lower than
that of JFH-1 although HCV RNA levels in the medium were
similar to those of JFH-1 (Fig. 1D and B}

These results indicate that 2b/2a chimeric RNA is able to yep-
licate autonomously in Huh7.5.1 cells and produce infectious vi-

rus although infectivity remains lower than that of JFH-1.
Assembly-enhancing mutation in core region introduced
éus‘iugi(}n& term cuiture. Becm 1se M/ X’]F’H 1 lzmd M A/}'FH 1.2

virts, we per fm med Ic.mé,w.u,m mltmc of these R}\u tr dnaiuwd
cells in order to examine whether these chimeric RNAs would
continue replicating and producing infectious virus over the long
term. We prepared two RNA-transfected cell lines for each con-
struct (MA/JFH-1.1 and MA/JFH-1.2) as both of these replicated
and produced infectious virus at different levels.

Immediately after transfection, core protein levels and infec-
tivity in whme medium were low (106 X 107 to 2.15 X 1Y
fmol/liter and 5.00 X 10" to 9.30 X 107 FFU/ml, respectively)
(Fig. 2A and Table 1) although a considerable number of core
protein-positive cells were observed by immunostaining (Fig. 2B,
frames a 1o d). Subsequently, core protein levels in the culture
medium decreased gradually {Fig. 2A}, and core protein-positive
cells were rare (Fig. 28, frames ¢ to h). However, at 30 to 40 days

fpeak core levels (davs 42 1o 493 Infected cells were visualized with anti-core
protein antibody (green), and nudlel were visualized with DAPL (blue). (O
Infection of naive cells by culture medivm at an MOT of 0.001. (D} Immuno-
stained cellsat 15+ fier infection with medium at peak core protein levels
{Fig. 2A) at an MOT of 8.001. Infected cells were visualized with anti-core
antibody {green), and nuclel were visualized with DAPL (blue).
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after transfection, core protein levels in the supernatants of all
chimeric RNA-transfected cells increased and reached 2.27 X 10°
10 4.93 X 10 fmol/liter (Fig. 2A and Table 1). Infectivity in the
culture medium also increased (1,61 ¥ 10710 3,27 2 10° FFU/ml)
(Table 1), and at this point, most of the cells were core protein
positive (Fig, 2B, frame i to 1)

As the infectivity of culture supernatant of MA/JFH-1 RNA-
transfected cells appeared 1o increase after long-tevm culture, we
compared viral spread by infection with these sxzpm'ﬁ atants on day
3 {immediately after transfection) and for each peak in cove pro-
tein levels (aftcr long-term culture). When paive Huh7.5.1 cells
were infected with supernatant on days corresponding to a p{ ik in
core protein levels at a multiplicity of infection (MOT} of 0.001,
core protein Jevels in the medium increased 143;}1L¥i y and reac ised
0.64 X 10%10 1.13 X 10° fmol/liter by day 15 after infection (Fig.
2C). Immunostained images showed that most cells were HCV
core protein positive on day 15 (Fig. 2D}, When naive Huh7.5.1

cells were infected with supernatant from day 3 at an MOI of

0.001, core protein levels in the mediom did not increase under
these conditions {Fig. 2C). These results indicate that both MA/
IFH-1 chimeric viruses (MAZIFH-1.1 and MA/JFH-1.2) acquired
the ability to spread rapidly after long-term culture.

As the characteristics of the MA/JFH-1 virus changed in long-
term culture, we analyzed the possible mutations in the viral ge-
nome from the supernatant at each peak in core protein levels
(Table 1, days at peak core levels). Nine- to 12-nucleotide muta-
tions were found in the viral genome from cach supernatant, and
the detected mutations were distributed along the entire genome.
Among these mutations, a common nonsyaonymous mutation
was fm' nd in the core region {Arg to Gly st amino acid [aa}167,
R167 7(5) J.

In order to test the effects of R167G on virus production, an
R167G substitution was introduced into MA/JFH-1.2as MA/TFH-
1.2 replicated and produced infectious virus more efficiently than

MA/FH-1.1. HCV core protein levels in cells and medium of

MASFH-1.2 with R187G (MA/JFH-1.2/R167G) were higher than
with MA/IFH-1.2 (P < 0.05) (Fig 3A and B). HCOV RNA levels in
the medium of MA/JFH-1.2/R167G RNA-transfected cells were
also higher than with MA/JFL I~l,2 {(P<0.05) (Fig. 3C). Infectious
virus production was also increased by the R167G mutation (P <
0.05) (Fig. 3D} and was 8.7-fold hiaher than that of TFH-1 RNA-
transfected cells on day 3 (P < 0.05) (Fig. 3D).

We then tested whether fs’.ib/(s was responsible for the rapid
spread observed in culture supernatant after long-term culture by
monitoring virus spread after infection of naive Huh7.5.1 with
cultare medium taken 3 days after RNA transfection of MA/JFH-
1.2 and MA/JFH-1.2/RI67G at an MOT of 0.005. Core protein
levels in medium from MA/JFH-1.2/R167G-infected cells in-
creased with the same kinetics as levels of JFH-1 (Fig. 3E), and the
population of core protein-positive cells was almost the same as
with JFH-1-infected cells (Fig. 3F), indicating that MA/JFH-1.2/
RI67G virus spread as rapidly as JFH-1 virus. In contrast, we ob-
served 1o infectious foct in the MA/JFH-1.2 virus-inoculated cells
(Fig. 3F}. These data suggest that the R167G mutation in the core
region was a cell culture-adaptive mutation and that it enhanced
infectious MA/JFH-1.2 virus production,

In order to determine whether R167G enhances RNA replica-
tion or other steps in the viral life cycle, we performed a single-

cycle virus production assay (11) using Huh7-25 cells, 2 Huﬁ 7-
derived cell line lacking CD81 expression on the cell surface (1)
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This cell line can support replication and infectious virus produc-
tion upon transfection of HCV genomic RNA but cannot be rein-
fected by progeny virus, thereby allowing observation of a single
cycle of infectious virus production without the confounding ef-
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fects of reinfection. R167G did not affect HCV core protein levels
in the chimeric RNA-transfected Huh7-25 cells (Fig. 4A), demon-
strating that R167G did not enhance RNA replication. Neverthe-
less, R167G increased HCV core protein levels in the medium
(P < 0.05 on days 2 and 3) and infectivity (Fig. 4B and C). These
results suggest that R167G did not affect RNA replication but
affected other steps such as virus assembly and/or virus secretion.

Virus particle assembly efficiency was then assessed by deter-
mining intracellular-specific infectivity from infectivity and RNA
titer in the cells, as reported previously (11). As shown in Fig. 4G,
R167G enhanced intracellular-specific infectivity of MA/JFH-1.2
virus 10.2-fold. Virus secretion efficiency was also calculated from
the amount of intracellular and extracellular infectious virus, but
R167G had no effect (Fig. 4G).

To confirm the effects of Argl67 in other HCV strains, we
tested its effects on JFH-1. Asaa 167 of JFH-1 is Gly, we replaced it
with Arg (G167R). HCV core protein levels in the cells were not
affected by G167R (Fig. 4D), and no effects on RNA replication
were confirmed. HCV core protein levels in the medium and in-
fectivity decreased after G167R mutation (Fig. 4E and F). As the
G167R mutation decreased intracellular infectious virus produc-
tion of JFH-1 to undetectable levels, we were unable to determine
the intracellular-specific infectivity and virus secretion efficiency
of JFH-1 G167R (Fig. 4G). These results indicate that Gly is fa-
vored over Arg at core position 167 for infectious virus assembly
in multiple HCV strains.

MA harboring the R167G mutation, 5" UTR, and N3H (NS3
helicase) and N5BX (NS5B to 3’ X) regions of JFH-1 replicated
and produced infectious chimeric virus. In order to establish a
genotype 2b cell culture system with the MA strain with minimal
regions of JFH-1, we attempted to reduce JFH-1 content in MA/
JFH-1.2. We previously reported that replacement of the N3H and
N5BX regions of JFH-1 allowed efficient replication of the J6CF
strain, which normally cannot replicate in cells (21). Thus, we
tested whether the N3H and N5BX regions of JFH-1 could also
support MA RNA replication.

We prepared two chimeric MA constructs harboring the 5’
UTR and N3H and N5BX regions of JFH-1, MA/N3H+N5BX-
JFHI1 (Fig. 5A) and MA/N3H+N5BX-JFH1/R167G. After in vitro
transcribed RNA was transfected into Huh7.5.1 cells, intra-
cellular core protein levels of MA/N3H+NS5BX-JFH1 and MA/
N3H+N5BX-JFH1/R167G RNA-transfected cells increased in a
time-dependent manner and reached almost the same levels as
with MA/JFH-1.2 RNA-transfected cells on day 5 (Fig. 5B). Extra-
cellular core protein and HCV RNA levels of MA/N3H-+N5BX-
JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
also increased in a time-dependent manner (Fig. 5C and D). How-
ever, they were more than 10 times lower than with MA/JFH-1.2
RNA-transfected cells although intracellular core levels were com-
parable on day 5 (Fig. 5B to D). '

We then tested whether the medium from MA/N3H-+N5BX-
JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
was infectious. Infectivity of the medium from MA/N3H+N5BX-
JFH1 RNA-transfected cells was below the detection limit, and
that of MA/N3H+N5BX-JFH1/R167G RNA-transfected cells on
day 5 was very low (3.3 X 10" = 2.1 X 10! FFU/ml) (Fig. 5E). To
confirm infectivity, the culture media were concentrated, and
their infectivity was determined. Infected foci were observed after
infection with concentrated medium in MA/N3H+N5BX-JFH1/
R167G RNA-transfected cells (Fig. 5F), and infectivity was found
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FIG 4 Effects of R167G on replication and virus production of MA/JFH-1.2
and JFH-1 in Huh7-25 cells. Ten micrograms of HCV RNA was transfected
into Huh7-25 cells, and cells and medium were harvested on days 1, 2, and 3.
HCV core protein levels in cells (A and D) and in medium (B and E) were
measured, and infectivity of medium (C and F) was determined. n.d., not
determined. Dashed line indicates the detection limit. (G) Intracellular specific
infectivity and virus secretion efficiency of chimeric HCV RNA-transfected
cells. Intracellular and extracellular infectivity of day 3 samples was deter-
mined, and specific infectivity and virus secretion rate were calculated. Assays
were performed three times independently, and data are presented as means =
standard deviation. NA, not available.
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tobe 7,27 X 104 = 7.57 » 107 FFU/ml (Fig. 5G). No infected foci
were observed after infection of MA/N3H+NSBX-JFHT RNA-
wansfected cells, even when mediwm was concentrated (Fig. 5F),
although intracelldar and extracellular core protein levels were
comparable to those with MA/N3HA+NSBX-JFHI/RI167G RNA-
transfected cells (Fig. 5B and ©). These results indicate that re-
placement of the 5" UTR and N3H and N5BX regions in [FH-1
were  necessary (0 rescue autonomous rephcation in the
replication-incompetent MA strain and for secretion of infectious
chimeric virus. However, the secretion and infection efficiencies
of the virus were low.

Cell culture-adaptive mutations enhanced infectious virus
pmdumkm of MA/N3H+N3BX-JFHI/R167G. Because MA/
NIHANSBX-JFHI/R167G replicated efficiently but produced
very sma}iamrmms of infectious virus, we performed a long-term
culture of the RNA-transfected cells in order to induce cell
culture-adaptive mutations that could enhance infections virus
production, We prepared RNA-transfected cells using two con-
structs, MA/NSHHNSBX-TFHT and MA/N3HANSBX-JFH 1/
R167G; both of these replicated efficiently, and MA/N3H +N3BX-
TFHI/RLE7G pmda wced infectious virus at low levels while MA/
N3HA-NSBX-JFH1 did not. Immediately after transfection, the
HCV core protein kwh in the medium of each RNA-transfected
cell culture peaked at 3.0 X 104 fmol/liter and declined thereafter.
However, the core protein level in the medivm with MA/
NAH+NEBX-ITFHI/RI67G RNA-transfected cells continued to
increase and reached a peak of 2.7 X 10% fmol/liter 54 days after
transfection, at which point most cells were core protein positive
{(Fig. 6B). The core protein level in the medium with MA/
NBHANSBX-JFHT RNA-transfected cells did not increase and
core-positive cells were scarce on day 54 (Fig. 6B}, We analyzed
the viral genome in the culture supernatants from day 54 for pos-
sible mutations and identified four nonsynonymous mutations in
the MA/NAIHANSBX-JFHI/RI67G  genome: L8145 (NS2),
RIOI2G, (NS23, T1106A (NS3), and V1951 A (NS4R). In order to
test whether these amino acid substitutions enhance infectious
viros production, L8148, R1012G, T1106A, and V1953 A were in-
troduced into MA/N3H+NSBX-JFHI/RI67G, and the product
was designated MA/NAH+N3BX-JFH 1/5am (where am indicates
adaptive mutation). On day 1, although HCV core protein levels
in the MA/N3H+NSBX-JFH1/5am RNA-transfected cells were
higher than those of MA/NSH+NSBX-JFHI/RIG7G RNA-
transfected cells, they were still lower than those of MA/JFH-1.2/
R167G RNA-transfected cells; however, on days 3 and 3, they
reached a level comparable to that of MA/JFH-1.2/R167G RNA-
rransfected cells (Fig. 6C). HCV core protein and HCV RNA Jevels
in the mediwm of MA/NZH -+ N3BX-TFH1/5am RNA-transfected
cells weve higher than those of MA/IFH-1L2/R167G RNA-
transfected cells {P <0 0.05, Fig. 6D and 6E, respectively). MA/
NAHAN5BX-]FH1/5am, containing the four additional adaptive
mutations, produced infectious virus at the same level as MA/
JFH-1.2/R167G on day 5 (Fig. 6F). These results indicate that the

cells were infected with mnwm;a(cd mecium from RNA-transfected cells on
day 5. Infected cells were visue 1anti-core antibody {green), and nuclef
Were vi ed with DAD] () Infectivity of concentrated culture me-
divm from HOV RNA-vran ected cells. Cu ltmenmdmmwaucmaemmiec} by
20 times, Infectivities of ariginal and concentrated culture media were deter-

mined. Dashed line fndicates detection thelimit.
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FIG 6 Cell culture-adaptive mummm enhanced infectious virus produc-
tion of I\(IA’\%H NEBX- ] LAY Long-term culture of MA/
N3H A NSBX-1FHT and MA/NIH H JR?.{‘J(S RN A-transfected
cells. Ten nmmg; ams of HOV RNA was transfected into Huh7.5.1 cells,
and cells were passaged every 2 1o 5 days, depending on cell status, Cudtore
medium was collected after every passage, and HCV core protein levels
were mmxuwd HOVY enre protein levels in culture medium from MA/

NEHA I and MA/NSH+ NSBX-JFHI/R167G RNA-transfected
:e’ih are memmc‘(f (B) lmmmmtamwd celis on de ind 54 after frans-
fection, Infected cells were visualized with anti-core anti mci} gree
nuclel were visualized with DAPL (blued {Cto Y Bffect of four ads
cell culture-adaptive mutations on virus production. Ten microgray
HOV RNA was transfected into Huh7.5.1 cells, and ¢ ':and :vatdmm were
}smthad on days 1, 3, and 5. HCV core levels in

(13 and HOV RNA levels in medium (B) were mmmneda and mfutmt,y of
J:@ fum (F) was determined. Assays were performed three tmes indepen-
dently, and data are presented as means = standard deviation. n.d. not
determined. Dashed line indicates the detection Hmit,

February 2012 Volume B6  tumber 4

HCY Genotype 2b infectious Chimeric Virus

00 E
2% 1
I 1
eg 10k
eE F
&g - 3
() @ 1 P
> 8 -
01 &
10 0100
interferon «-2b ({U/mL)
23 JFr
B MAJFH-1URIETG
B VMANSHHNSBX-JFH/Bam
B 100 L
2% s
K B!
£g 0L
& E 3
g> f
8¢ 4
o 3
GEOE
g 3
011
: 10
interferon «-2b (U/mL)
3 JFH
E MALIFHA.ZRI8TG
BBl WANIHENSBX-JPHSam
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four additional adaptive mutations enhance infectious virus pro-
duction and that MA/N3H 4 NABX-JFH1/5am RNA-transfected
cells replicate and produce infectious virus as efficiently as MA/
JFH-1.2/R167G RNA-transfected cells.

Comparison of interferon sensitivity between JFH-1, MA/
JFH-1.2/R167G, and MA/N3H-+N5BX-JFH1/R167G. Using the
newly established genotype 2b infectious chimeric virus, we com-
pared interferon sensitivity between the JFH-1, MA/IFH-1.2/
R167G, and MA/N3H-+NEBX-JFH1/5am viruses. JFH-1 or MA
chimeric viral RNA-transfected Huh7.5.3 cells were treated with

, 10, 100, or LOOU TU/ml interferon o-2b, and HCV core
protein levels in the cells and in culture media were compared.
Interferon decreased HCV core protein levels in the [FH-1 RNA-
transfected cells and in the medium in a dose-dependent manner,
and production was inhibited to 26.8% = 3.0% and 45.6% =
4.7%, respectively, of control levels (Fig. 7A and B, respectively),
In contrast, HCV core protein lewels in cells and medium of
MA/JFH-1.2/R167G and MA/NSH-NSBX-JFH1/5am  RNA-
transfected cells decreased more pronouncedly in a dose-
dependent manner (Fig. 7A and B, respectively), HCV core pro-
tein levels in cells and medium from MA/N3H - NSBX-JFH 1/ 5am
RNA-transfected cells were lower than those from MA/JFH-1.2/
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R167G RNA-transfected cells (Fig. 7A and B, respectively)
(P < 0.05 at 1, 10, 100, and 1,000 TU/ml), indicating that the
MA/N3H+N5BX-JFH1/5am virus was more sensitive to inter-
feron than the MA/JFH1.2/R167G virus, which contained more
regions from JFH-1.

DISCUSSION

In this study, we developed a novel infectious HCV production
system using a genotype 2b chimeric virus. To improve infec-
tious virus production, we introduced two modifications into
the chimeric genome.

First, we replaced the 5" UTR from MA with that of JFH-1.
Similarly to J6/JFH-1, replacement of the 5" UTR increased
core protein accumulation in both the cells and medium when
these RN As were transfected into Huh7.5.1 cells (Fig. 1). The
same trend was observed when these RNAs were transfected
into Huh7-25 cells (data not shown), indicating that the 5’
UTR of JEH-1 enhanced RNA replication. There are two ge-
netic variations in J6CF and seven in MA in the region we
replaced (nt 1 to 154 for J6CF and nt 1 to 155 for MA), and
some of these mutations may affect RNA replication by chang-
ing the RNA secondary structure, RNA-RNA interactions, or
binding of host or viral proteins.

Second, we introduced a cell culture-adaptive mutation
(R167G) in the core region. This mutation was induced by
long-term culture of MA/JFH-1 RNA-transfected cells (Fig. 2).
MA/JFH-1 chimeric RNA (MA/JFH-1.1 and MA/JFH-1.2) rep-
licated when synthesized RNA was transfected into the cells.
However, infectious virus production was low, and virus infec-
tion did not spread over the short term. In early stages of long-
term culture, the number of core protein-positive cells gradu-
ally decreased, and core protein-positive cells were scarcely
detectable. Subsequently, the population of core protein-
positive cells increased, reaching almost 100%. At this time
point, we identified a common mutation in the core region
(R167G) of the viral genome as a cell culture-adaptive muta-
tion and found that it enhanced infectious virus production
(Fig. 3). Several nonsynonymous mutations other than R167G
were identified in the viral genome from each supernatant, and
these mutations may enhance infectious virus production.
However, there was a discrepancy between RNA levels and the
infectivity of the culture media of MA/JFH-1.2 and MA/JFH-
1.2/R167G RNA-transfected cells (Fig. 3C and D). The MA/
JFH-1.2/R167G mutant had a 2-log increase in viral infectivity
compared to that of MA/JFH-1.2 but only a 1-log increase in
secreted RNA. The replication efficiency of MA/JFH-1.2 RNA-
transfected cells was comparable to that of MA/JFH-1.2/R167G
RNA-transfected cells, but the efficiency of infectious virus as-
sembly within the cells was low, indicating that mainly nonin-
fectious virus may be produced.

Infection of MA/JFH-1.2/R167G virus spreads rapidly, sim-
ilarly to that of the JFH-1 virus, when it is inoculated into naive
Huh7.5.1 cells. On a single-cycle virus production assay, we
found that the R167G mutation did not affect RNA replication
or virus secretion but enhanced infectious virus assembly
within the cells (Fig. 4). Efficient infectious virus assembly
within the cells was mainly responsible for the rapid spread and
high virus production of MA/JFH-1.2/R167G.

The amino acid at 167 (aa 167) is located in domain 2 of the
core region, which is important for localization of the core
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protein (3, 8). Lipid droplet localization of the core protein
and/or NS5A is important for infectious virus production (4,
18, 26). The interaction between the core protein and NS5A is
also important for infectious virus production (16). Thus, aa
167 affects infectious virus production possibly by altering sub-
cellular localization of the core protein or interaction between
the core protein and NS5A. We examined the amino acid se-
quence of the core protein in 2,078 strains in the Hepatitis
Virus Database (http://s2as02.genes.nig.ac.jp/) and found that
aa 167 is Gly in all other strains. These data strongly suggest
that Glyataa 167 is important for the HCV life cycle. As the MA
strain was cloned from the serum of a patient with chronic
hepatitis C, the low virus production by this Gly at aa 167 may
be important for persistent infection.

We then attempted to reduce the contents of JFH-1 from
MA/JFH-1.2/R167G. We previously reported that the N3H and
N5BX regions of JFH-1 were sufficient for replication of the
J6CF strain (21). We also reported that this effect was observed
only in genotype 2a strains (J6CF, JCH-1, and JCH-4). In this
study, we tested whether the N3H and N5BX regions of JFH-1
could also support replication of a genotype 2b strain, MA. We
constructed an MA chimeric virus harboring the N3H and
N5BX regions of JFH-1 and combined this with the 5" UTR of
JFH-1 and the R167G mutation (MA/N3H-+N5BX-JFH1/
R167G). This chimeric RNA was able to replicate in the cells
and produce infectious chimeric virus in culture medium al-
though infectious virus production levels were low (Fig. 5).

We showed in this paper that the N3H and N5BX regions of
JFH-1 were able to support RNA replication by both genotype
2a clones and genotype 2b clones, but the nucleotide sequence
similarity between JFH-1 and MA was lower than that between
JFH-1 and J6CF (77% versus 89%, respectively). Compared to
MA/JFH-1.2/R167G, MA/N3H+N5BX-JFH1/R167G RNA
showed the same levels of RNA replication and low levels of
infectious virus production. To clarify whether there were any
differences in the characteristics of the secreted virus, we per-
formed density gradient ultracentrifugation with the MA/JFH-
1.2/R167G and MA/N3H+N5BX-JFH1/R167G viruses. The
distributions of the HCV core protein and infectivity showed
similar profiles (data not shown).

The differences between MA/JFH-1.2/R167G and MA/
N3H-+N5BX-JFH1/R167G are the NS2, NS3 protease domain
(N3P), and NS4A to NS5A regions. Nucleotide variation(s)
other than aa 167 in these regions of the MA strain may be
associated with reduced virus assembly. We identified four ad-
ditional cell culture-adaptive mutations, L814S (NS2),R1012G
(NS2), T1106A (NS3), and V1951A (NS4B), which resulted
from long-term culture of MA/N3H+N5BX-JFH1/R167G
RNA-transfected cells. Consequently, cells transfected with
MA/N3H+N5BX-JFH1/5am constructed by insertion of these
four adaptive mutations into MA/N3H+N5BX-JFH1/R167G
replicated and produced infectious virus as efficiently as MA/
JFH-1.2/R167G RNA-transfected cells (Fig. 6).

This system is able to contribute to studies into the devel-
opment of antiviral strategies. It has been reported that HCV
genotype 2a was more sensitive to interferon therapy than HCV
genotype 2b in a clinical study (20). To assess the interferon
resistance of genotype 2b, a cell culture system with multiple
genotype 2b strains is necessary. The previously reported rep-
licable genotype 2b chimeric virus harbored only structural
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regions of 2b strains (6, 27). The 2b/JFH-1 chimeric virus con-
taining the region of the core protein to NS2 from the J8 strain
(genotype 2b) and the region of NS3 to 3’ X of JFH-1 was able
to replicate and showed that there were no differences in inter-
feron sensitivity among the JFH-1 chimeric viruses of other
genotypes (6, 27). Another 2b/JFH-1 chimeric virus containing
the regions of the core protein to NS2 (nt 342 to 2867) of a
genotype 2b strain and of NS2 to 3’ UTR (nt 2868) of JFH-1 has
been reported (6,27). The authors reported that their 2b/JFH-1
chimeric virus was more sensitive to interferon than JFH-1 (6,
27). We developed the genotype 2b HCV cell culture system
with another HCV genotype 2b strain (MA). We identified a
virus assembly-enhancing mutation in the core region, the
minimal JFH-1 regions necessary for replication, and four ad-
ditional adaptive mutations that enhance infectious virus pro-
duction and demonstrated that MA harboring the five adaptive
mutations and the 5 UTR and N3H and N5BX regions of
JFH-1 (MA/N3H+N5BX-JFH1/5am) could replicate and pro-
duce infectious virus efficiently.

Using these novel genotype 2b chimeric viruses, we assessed
interferon sensitivity. We found that MA/JFH-1.2/R167G chi-
meric virus and MA/N3H+N5BX-JFH1/5am virus were more
sensitive to interferon than the JFH-1 virus (Fig. 7). Further-
more, we found that MA/N3H+N5BX-JFH1/5am was more
sensitive to interferon than MA/JFH-1.2/R167G, indicating
that the genetic variation(s) in the NS2, N3P, and NS4A to
NS5A regions affect interferon sensitivity. Although genotype
2a viruses are more sensitive to interferon than genotype 2b
viruses in clinical studies, JFH-1 displayed interferon resis-
tance in our study.

These results suggest that the JFH-1 regions in the 2b/JFH-1
virus affect the interferon sensitivity of the chimeric virus.
Moreover, it was reported that amino acid variations in E2, p7,
NS2, and NS5A were associated with the response to peginter-
feron and ribavirin therapy in genotype 2b HCV infection (10).
Therefore, our MA/JFH-1 chimeric virus harboring minimal
regions from JFH-1 (MA/N3H-+N5BX-JFH1/5am) is more
suitable for assessing the characteristics of the MA strain than
the MA/JFH-1 chimeric virus, which includes a nonstructural
region from JFH-1 (MA/JFH-1.2/R167G). We showed here
that replacement of the 5’ UTR and N3H and N5BX regions in
MA with those from JFH-1 is able to convert MA into a repli-
cable virus. Using the same strategy, numerous HCV cell cul-
ture systems with various genotype 2b strains, as well as geno-
type 2a strains, may be available.

In conclusion, we established a novel HCV genotype 2b cell
culture system using a chimeric genome in MA harboring min-
imal regions from JFH-1. This cell culture system using the
chimeric genotype 2b virus will be useful for characterization
of genotype 2b viruses and the development of antiviral strat-
egies.
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Aim: In the 2007-2008 guidelines of the study group (Minis-
try of Health, Labor and Welfare of Japan), lamivudine (LAM)-
continuous treatment was recommended in patients treated
with LAM for more than 3 years who maintained hepatitis B
virus (HBV) DNA less than 2.6 log copies/mL, because in these
patients LAM resistance might exist and switching treatment
to entecavir (ETV) might cause ETV resistance. However, there
was no evidence on whether switching treatment to ETV- or
LAM-continuous treatment was better in those patients. In
the present study, we performed a randomized controlled
trial of LAM-to-ETV switching treatment.

Methods: Twenty-seven patients treated with LAM for more
than 3 years whose HBV DNA levels were less than 2.6 log
copies/mL were enrolled and randomly divided into two
groups, LAM-continued group or switching to ETV group.
Then, we examined incidence of virological breakthrough
(VBT) and breakthrough hepatitis (BTH) in each group.

Results: There was no BTH in any of the patients. VBT was
observed in six patients of the LAM group (6/15, 40%), and no
patient of the ETV group (0/11, 0%) (P = 0.02). The differences
of the proportion of cumulated VBT using a log-rank test with
Kaplan-Meier analysis were significant between the LAM and
ETV groups (P = 0.025).

Conclusion: In patients treated with LAM for more than
3 years maintaining HBV DNA less than 2.6 log copies/mL,
switching treatment to ETV is recommended at least during
the 2 years’ follow-up period.

Key words: chronic hepatitis B, entecavir, lamivudine,
lamivudine resistance, randomized controlled trial,
switching treatment
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INTRODUCTION

VER THE PAST two decades, treatment of chronic
hepatitis B (CHB) has greatly improved with the
availability of nucleos(t)ide analogs (NA), including
lamivudine (LAM), adefovir dipivoxil (ADV), entecavir
(ETV), telbivudine, clevudine and tenofovir. NA target
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the reverse transcriptase of hepatitis B virus (HBV), and
are highly effective in suppressing HBV replication and
clinical progression to liver cirrhosis and hepatocellular
carcinoma in CHB patients.'

Lamivudine, ADV and ETV are commonly available in
Japan. LAM, the first approved NA, has been shown to
provide benefit for CHB patients with respect to the
reduction of HBV DNA, normalization of alanine ami-
notransferase (ALT) and improvement of liver histol-
ogy.>® However, a serious problem of LAM is the high
incidence of drug resistance during long-term treatment.
The detection rate of LAM resistance has been reported
to be 24% at 1year and 70% after 5years of
treatment.” '’ Even when the HBV DNA level was main-
tained at less than 2.6 log copies/mL, the accumulated
incidence of LAM resistance reached 65% in patients
treated with LAM for a long period (3 to ~10 years)."
LAM resistance is caused by amino acid substitution(s)
at rtM204V/I within the reverse transcriptase domain of
the HBV polymerase gene.'*"'* The emergence of a LAM-
resistant strain leads to virological breakthrough (VBT)
and breakthrough hepatitis (BTH).

Recently, ETV has been demonstrated to exert antiviral
efficacy in both NA-naive and LAM-resistant CHB
patients.’>'” The frequency of ETV resistance has been
reported to be 1.2% after 5years of treatment in
NA-naive CHB patients.'"®” On the other hand, in
switching treatment to ETV for LAM-resistant CHB
patients, the cumulative probability of ETV resistance
increases.'”?° After 5 years of treatment, 51% of LAM-
refractory patients treated with ETV showed genotypic
ETV resistance.”!

The 2007-2008 guidelines of the study group (Min-
istry of Health, Labor and Welfare of Japan) for patients
on LAM therapy are summarized in Table 1.7 Regardless
of duration of LAM administration, in cases where HBV
DNA is more than 2.6 log copies/mL with BTH, ADV
add-on treatment was recommended. In patients treated
with LAM for less than 3 years who maintained HBV

Hepatology Research 2011; 41: 505-511

DNA of less than 2.6 log copies/mL or HBV DNA of 2.6
log copies/mL or more without BTH, switching to ETV
was recommended. On the other hand, in patients
treated with LAM for more than 3 years who maintained
HBV DNA of less than 2.6 log copies/mL or HBV DNA
of 2.6 log copies/mL or more without BTH, LAM-
continuous treatment was recommended because in
these patients LAM resistance might exist, and switching
treatment to ETV might cause ETV resistance. However,
there is insufficient evidence on whether switching treat-
ment to ETV- or LAM-continuous treatment is better for
CHB patients treated with LAM for more than 3 years
with HBV DNA of less than 2.6 log copies/mL.

In the present study, we performed a randomized
controlled trial of LAM-to-ETV switching treatment
in CHB patients treated with LAM for more than
3 years who maintained HBV DNA of less than 2.6 log
copies/mL.

METHODS

Patients

TOTAL OF 27 CHB patients (mean age

55+ 9 years, 17 men) from 11 institutions all over
Japan (Hokkaido University Hospital, Tohoku Univer-
sity Hospital, Akita City Hospital, Kuramitsu Clinic,
Juntendo University Hospital, Chukyo Hospital,
Nagoya City University Hospital, Okayama University
Hospital, Kawasaki Medical University Hospital, Ehime
University Hospital, Shin-Kokura Hospital) were
enrolled from April 2008. All the patients were followed
at least 6 months after they were diagnosed with CHB.
Their characteristics are shown in Table 2. They were
treated with LAM (100 mg/day) for more than 3 years
(median 50 months, range 36-106 months). Before
starting LAM administration, all patients were positive
for hepatitis B surface antigen (HBsAg) in serum, abnor-
mal for ALT, detectable for HBV DNA, and were not

Table 1 2007-2008 guidelines of the study group (Ministry of Health, Labor and Welfare of Japan) for patients on lamivudine

treatment

Duration of lamivudine
treatment HBV DNA

<3 years

23 years

<2.6 log copies/mL, persistently
22.6 log copies/mL No BTHt

With BTH

May be switched to ETV 0.5 mg/day
May be switched to ETV 0.5 mg/day
Add on ADV 10 mg/day

LAM 100 mg/day
LAM 100 mg/day
Add on ADV 10 mg/day

tAfter checking for absence of LAM resistance.

ADV, adefovir; BTH, breakthrough hepatitis; ETV, entecavir; HBV, hepatitis B virus; LAM, lamivudine.

© 2011 The Japan Society of Hepatology
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Table 2 Characteristics of LAM continuous group and ETV
switch group at baseline

LAM (n=15) ETV(n=11) P-value

Male 10 6 NS
Age 5347 57+7 NS
Duration of LAM 59 + 23 55+ 18 NS

administration

(month)
ALT (1U/L) 33429 28422 NS
HbeAg positive 1 1 NS

ALT, alanine aminotransferase; ETV, entecavir; HBeAg, hepatitis
B e-antigen; LAM, lamivudine; NS, not significant.

infected with hepatitis C virus and HIV. Patients diag-
nosed with alcoholism, primary biliary cirrhosis or
autoimmune hepatitis were excluded.

Study design

The overview of this study design is shown in Figure 1.
Twenty-seven patients treated with LAM for more than
3 years were enrolled, who showed HBV DNA of less
than 2.6 log copies/mL at entry. They were randomly
divided into two groups by each institution, the LAM-
continued group (LAM group) or switching to the ETV
group (ETV group). The primary end-points were the
incidences of VBT and BTH in each group. VBT was
defined as having more than 1 log copies/mL increase of
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HBV DNA level from the nadir on at least two occasions
after initial virological response. BTH was defined as
showing abnormal ALT level due to LAM or ETV
resistance. All subjects were monitored at least every
3-month intervals. At every visit, routine examination
with biochemical (ALT, bilirubin, albumin) and viro-
logical (HBV DNA level, hepatitis B e-antigen [HBeAg],
anti-HBe) assessments took place. The mean follow-up
period was 24 + 3 months.

This study was registered in the University Hospital
Medical Information Network Clinical Trials Registry
(UMIN-CTR) on 4 April 2008 as “A randomized trial of
lamivudine continuous therapy and entecavir switching
therapy for chronic hepatitis B patients treated with
lamivudine monotherapy” (no. UMIN000001120).

The study protocol conformed to the Declaration of
Helsinki, and was approved by the Committee for Ethics
of Medical Experiments on Human Subjects of all the
institutions, and written informed consent was obtained
from every participant.

Serological and virological markers of HBV

Hepatitis B surface antigen, antibody against HBsAg
(anti-HBs), HBeAg and antibody against HBeAg (anti-
HBe) were determined using commercially available
enzyme immunoassays. HBV DNA was determined by
an Amplicor HBV Monitor (Roche Molecular Systems,
Branchburg, NJ, USA; detection limit 2.6 log copies/mL)

duration of treatment; more than 3 years
HBVDNA < 2.6 log copies/mL

Lamivudine 100mg/day

(n=27)

!

Randomized controlled trial

T

Figure 1 Overview of this study design.
Twenty-seven patients treated with

(n = 15)

Lamivudine 100mg/day

Entecavir 0.5mg/day
(n=12)

lamivudine for more than 3 years
whose hepatitis B virus (HBV) DNA was
maintained at <2.6 log copies/mL were
enrolled. They were randomly divided
into two groups by each institution,
lamivudine-continued group or switch-

Drop out due to side effect
(n=1)

jﬁ

Follow up period
(24 + 3 months)

ing to entecavir group. We examined
the incidence of virological break-
through and breakthrough hepatitis in

[endpoints )
Virological breakthrough
Breakthrough hepatitis

each group.
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or COBAS AmpliPrep-COBAS TagMan HBV test (Roche
Molecular Systems; detection limit 2.1 log copies/mL).
Positive results (signals) below the quantitative HBV
DNA concentrations are referred to as “detected” and
negative signals are “not detected” when registered by
COBAS AmpliPrep-COBAS TagMan HBYV test. The pres-
ence of LAM-resistant rtM204V/I and rtL180M substitu-
tions was analyzed by direct sequencing of the HBV
DNA polymerase reverse transcriptase site.

Retrospective analysis

Using a conserved serum sample, we examined the exist-
ence of LAM-resistant rtM204V/I or rtL.180M at baseline
in patients with VBT. We also measured HBV DNA by
COBAS AmpliPrep-COBAS TagMan HBV test, and we
evaluated the subsequent occurrence of VBT according
to the DNA level (not detected/detected/2.1 to <2.6 log
copies/mL).

Statistical analysis

Categorial variables were compared between groups by
the y -test or Fisher's exact test, and non-categorical vari-
ables by Mann-Whitney's U-test. The cumulated VBT
rate was compared between each group using a log-rank
test with Kaplan-Meier analysis. All data were analyzed
using SPSS ver. 15.0] software. P < 0.05 was considered
statistically significant.

RESULTS

Baseline characteristics of the patients

ASED ON THIS randomized controlled trial, 12

patients were placed in an ETV group and 15 in a
LAM group. One patient in the ETV group dropped out
because of skin rash by ETV. The baseline characteristics
of the patients are described in Table 2. At the entry, one
patient was positive for HBeAg in each group. There was
no difference in sex, age, duration of LAM administra-
tion and ALT level between the two groups.

Incidence of VBT and BTH

There was no BTH in any of the patients. The incidence
of VBT was six patients out of 15 (40%) in the LAM
group, and no patient in the ETV group (P = 0.02). The
Kaplan-Meier curve for the proportion of cumulated
VBT is shown in Figure 2. The differences in the rates of
VBT were significant between the LAM and ETV groups
(log-rank test P=0.025).

© 2011 The Japan Society of Hepatology
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Figure 2 Proportion of cumulated virological breakthrough in
lamivudine (LAM) and entecavir (ETV) group. The cumulated
rate of virological breakthrough was higher in patients treated
with LAM than those with ETV (40% vs 0%, P=0.025 by
log-rank test).

Characteristics of patients with VBT in
LAM group

Details of the six VBT cases in the LAM group are
described in Table 3. Assessment of LAM-resistant muta-
tions at the time of VBT showed that both rtM204V and
rtL180M were observed in all cases. For five of the six
cases, HBV DNA was detected by COBAS AmpliPrep-
COBAS TagMan HBYV test at baseline, although the HBV
DNA level was very low. With respect to LAM-resistant
mutation at baseline, rtM204V and nL180M were
observed in one of six cases. In contrast, no LAM-
resistant mutations were observed in 20 non-VBT cases
at baseline.

Incidence of VBT based on the HBV DNA
level by COBAS AmpliPrep-COBAS TagMan
HBV test

Incidence of VBT based on the HBV DNA level according
to COBAS AmpliPrep-COBAS TagMan HBV test at base-
line is shown in Figure 3. HBV DNA levels were less than
2.6 log copies/mL by Amplicor HBV Monitor in all
cases. However, HBV DNA levels in the LAM group were
“not detected” in five cases, “detected” in eight cases and
2.1 log copies/mL or more in two cases by COBAS
AmpliPrep-COBAS TagMan HBV test. VBT was observed
in five of the 10 cases whose results were either
“detected” or 2.1 log copies/mL or more and in one
of the five “not detected” cases. On the other hand,
although HBV DNA levels in the ETV group were
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Table 3 Characteristics of patients with virological breakthrough in LAM group

At virological breakthrough

At baseline

Mutant of

HBV DNA

Period of VBT

(months)

Mutant of LAM

resistance

HBV DNA by TagMan
HBV (log copies/mL)

HBeAg

Duration of LAM
administration

(month)

Sex

Age

LAM resistance

(log copies/mL)

L180M/M204V

4.9

None 14

Detected

Negative

37

49
54

L180M/M204V

2.8
4.5

None

Detected

Negative

106

L180M/M204V

None

Not detected
Detected

Negative

81
43

63

L180M/M204V

10
12
2

None

Negative

57
55

L180M/M204V
L180M/M204V

2.8
4

Detected None
L180M/M204V

Negative
Negative

84
36

2=

57

ALT, alanine aminotransferase; I:TV, entecavir; | 1BeAg, hepatitis B e-antigen; 11BV, hepatitis B virus; .AM, lamivudine; VBT, virological breakthrough.
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“detected” in six cases by COBAS AmpliPrep-COBAS
TagMan HBYV test, there was no incidence of VBT: HBV
DNA levels of five patients were undetectable and that of
one patient was “detected” at the last follow-up point
after switching to ETV.

DISCUSSION

T PRESENT, LAM, ADV and ETV are only approved

for treatment of CHB patients in Japan. ETV has
become the first-line treatment for NA-naive patients,
because the ETV resistance is much less frequent than
LAM-resistance.*”>** On the other hand, in switching
treatment to ETV for LAM-resistant CHB patients, the
frequency of ETV resistance was increased.'”2%%5-?7 It has
also been reported that ADV add-on treatment sup-
pressed HBV replication more effectively than ETV
or ADV monotherapy in patients with LAM-resistant
CHB.»? Therefore, it is desirable to examine LAM-
resistant mutants before switching to ETV in patients
treated with LAM. However, as the assay for the LAM-
resistant mutants is not covered by the Japanese health
insurance systemn at present, the Japanese guidelines for
CHB management after LAM therapy were based on
HBV DNA, duration of LAM administration and inci-
dence of BTH (Table 1).2? In patients treated with LAM
for more than 3 years, maintaining HBV DNA of less
than 2.6 log copies/mL or HBV DNA of 2.6 log
copies/mL or more without BTH, LAM-continuous treat-
ment was recommended because in these patients,
LAM-resistance might exist, and switching treatment to
ETV might cause ETV-resistance. It was reported that
although LAM-resistant strains were detected in 34%
cases treated with LAM for more than 3 years and whose
HBV DNA level was suppressed to less than 2.6 log
copies/mL, switching to ETV maintained undetectable
HBV DNA level over 2 years.” In addition, Kurashige
etal. reported that LAM-to-ETV switching treatment
maintained an undetectable HBV DNA level in patients
with baseline HBV DNA of less than 2.6 and 2.6 to less
than 4.0 log copies/mL for a period of ETV treatment
ranging 10-23 (median 20) months.** In the present
study, randomized controlled trial evidenced that
switching treatment to ETV or LAM-continuous treat-
ment would be recommended in CHB patients treated
with LAM for more than 3 years and maintained HBV
DNA of less than 2.6 log copies/mL. Interestingly, even
though HBV DNA had been suppressed to less than 2.6
log copies/mL, a high rate of VBT was observed in
the LAM group, whereas no VBT over 24 months was
observed in the ETV group. Of the six patients with VBT,

© 2011 The Japan Society of Hepatology
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LAM group (n = 15)
HBV DNA < 2.6 logcopies/mL

ETV group (n = 11)
HBV DNA < 2.6 logcopies/mL

l

Measured HBV DNA by TagMan PCR

— T

l

Measured HBV DNA by TagMan PCR

e T~

not detected detected 2.1
(n=5) (n=8) (n=2)

not detected detected
(n=5) (n=6)

| VBT (n=1) J rVBT(n=4) | ’ VBT(n=1)|

|
[verin=o0 |

| VBT (n =0) |

Figure 3 Incidence of virological breakthrough (VBT) based on the hepatitis B virus (HBV) DNA level at baseline by COBAS
AmpliPrep-COBAS TagMan HBV test (TagMan PCR). The subsequent occurrence of VBT according to the DNA level by TagMan
PCR (not detected/detected/2.1 to <2.6 log copies/mL) was evaluated. In the lamivudine (LAM) group, VBT was observed in five
of the 10 cases in which the results were either “detected” or >2.1 log copies/mL and in one of the five “not detected” cases. On the
other hand, HBV DNA levels in the entecavir (ETV) group were “detected” in six, but there was no incidence of VBT.

five had no LAM resistance at baseline. However, the
LAM resistance of tM204V and rtL180M were found in
all the patients with VBT in the LAM group. Moreover, a
retrospective assessment by COBAS AmpliPrep-COBAS
TagMan HBV test showed that HBV DNA was detectable
in 10 patients in the LAM group and six patients in the
ETV group. Only five of the 10 patients in the LAM
group had VBT, but none in the ETV group. In addition,
one patient had VBT in the LAM group even though
DNA was not detected by the TagMan test, suggesting
that switching to ETV was preferable. Hence, our data
supported the 2010 Japanese guidelines which recom-
mend switching to ETV in patients whose HBV DNA
levels are less than 2.1 log copies/mL by TagMan PCR.

A potential limitation of the present study is that the
number of the cases was small. Nevertheless, our ran-
domized controlled trial indicated significant difference
in the incidence of VBT between the LAM and ETV
groups. Therefore, this study is valuable for the purpose
of verifying the 2007-2008 guidelines in Japan. In the
present study, although no LAM-tesistant mutant was
observed in the ETV group at baseline, a very low level
of LAM-resistant mutants may derive ETV resistance for
long-term therapy. The results of switching to ETV in
the present study were favorable during the 24-month
observation period, but we have to be careful of pos-
sible emergence of ETV-resistant mutants in long-term
follow up.

In conclusion, in patients treated with LAM for more
than 3 years maintaining HBV DNA of less than 2.6 log

© 2011 The Japan Society of Hepatology

copies/mL, switching treatment to ETV is recommended
in at least a 2-year follow-up period.
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Novel 2'-fluoro-6'-methylene-carbocyclic adenosine (9) was synthesized and evaluated its anti-HBV
activity. The titled compound demonstrated significant antiviral activity against wild-type as well as
lamivudine, adefovir and double lamivudine/entecavir resistant mutants. Molecular modeling study indi-
cate that the 2'-fluoro moiety by a hydrogen bond, as well as the van der Waals interaction of the carbo-
cyclic ring with the phenylalanine moiety of the polymerase promote the positive binding, even in the

Published by Elsevier Ltd.

Chronic hepatitis B virus (HBV) infection is one of the leading
causes of morbidity and mortality worldwide. Chronic infection
with HBV occurs in approximately 350 million of the world popula-
tion, including 1.7 million in the USA.! HBV infection can persist for
thelife of the host, often leading to severe consequences such as liver
failure, cirrhosis and eventually hepatocellular carcinoma, resulting
in annually 0.5-1.2 million deaths worldwide.2 HBV is an incom-
plete double-stranded DNA virus. [ts DNA replication is unique be-
cause it includes a reverse transcription step. The HBV DNA
polymerase/reverse transcriptase is an essential and multifunc-
tional enzyme, which operates as a DNA polymerase/reverse trans-
criptase, an RNAse H, through coordinating the assembly of v1ral
nucleocapsids, as well as catalyzing the generation of DNA primers.>
Nucleoside analogues can suppress HBV replication by inhibiting
the viral polymerase/reverse transcriptase. The pivotal role of nucle-
oside/nucleotide analogues such as lamivudine, adefovir, telbivu-
dine, entecavir, clevudine, and tenofovir has been demonstrated
by their therapeutic efficacy in clinical practice. However, long-term
therapy with these drugs is often associated with viral resistance,
which significantly compromises the clinical application of these
agents. For example, the extensive use of lamivudine resulted in
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the emergence of mutants that areresistant to the anti-HBV activity;
24% after a 1-year therapy, increasing to over 70% after 4 years of
therapy. Adefovir has been used for the patients, who develop
lamivudine-resistant mutants, however, a significant number of
patients (29% after 5 years of use) also develop the adefovir resistant
mutant (N236T).

Entecavir is a carbocyclic 2’-deoxyguanosine analog that dem-
onstrates potent anti-HBV activity® and is recommended for pa-
tients with the wild-type strain as well as for those patients
harboring lamivudine-resistant strains.> However, a recent study
by Tanaka and his co-workers suggest that the viral breakthrough
was observed in the lamivudine-refractory group in 4.9% of
patients at baseline and increase to 14.6%, 24% and 44.8% at weeks
48, 96 and 144, respectively.®

In view of the fact that currently adefovir and entecavir are the
most prescribed drugs for the treatment of chronic HBV infection,
it is critical to discover the agents that do not confer cross-
resistance with the adefovir and lamivudine/entecavir-mutants
for the future treatment of drug resistant patients. In this report
we try to demonstrate that our newly discovered compound 9
may potentially play a significant role for that purpose.

Carbocyclic nucleosides are an interesting class of compounds
in which the methylene group replaces the oxygen atom of a fura-
nose ring. As a consequence, the glycosidic bond is resistant to
nucleoside phosphorylase as well as nucleoside hydrolase, which
makes the carbocyclic nucleosides more stable towards metabolic
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Scheine 1. Synthesis of target compound 9. Reagents and conditions: (a) NaH, BnBr, DMF, 0 °C; (b) TFA/H,0 (2:1), 50 °C; (c) TIDPSCl,/imidazole, DMF, 0 °C; (d) DAST, CH,Cl,,
rt; (e) TBAF/AcOH, THF, rt; (f) BzCl, pyridine, rt; (g) BCls, CH,Cl,, 78 °C; (h) N,N-dibocprotected adenine, DIAD, Ph3P, THF, 0 °C; (i) TFA, CH,Cl,, rt; (j) DIBAL-H, CH,Cl,, —78 °C.

degradation.” Due to these features, carbocyclic nucleosides have
received much attention as potential chemotherapeutic agents.®
Carbovir and entecavir are examples of results of these efforts.

It is also well known that incorporation of a fluorine atom at the
2'-position of nucleosides can increase the stability of the glycosyl
bond towards chemical and metabolic degradation.*'® A fluorine
substitution on the carbocyclic sugar moiety has been proven to
be useful in producing effective antiviral agents as demonstrated
by our group in 2'-fluoro-5-methyl-p-L-arabinofuranosyluracil
(L-FMAU or clevudine)'! as well as in clofarabine.'?

In view of the 2’-F substitution®'° as well the introduction of an
exocyclic double bond to carbocyclic nucleosides,* which have
been beneficial for anti-HBV activity such as in entecavir, 2'-flu-
oro-6'-methylene-carbocyclic adenosine or (+)-9-[(1R2R3R4R)-
2-fluoro-3-hydroxy-4-(hydroxymethyl)-5-methylenecyclopentan-
1-yl] adenine 9 was synthesized and evaluated for its antiviral
activity against wild-type HBV as well as adefovir, lamivudine
and lamivudine/entecavir (double)-resistant mutants in vitro.

The synthesis of the target nucleoside 9 commenced with com-
pound 7 as the key intermediate (Scheme 1). Compound 1 was syn-
thesized according to the reported procedure from our group.'
The allylic hydroxyl group of 1 was protected with a benzyl group
and subsequent deprotection of the acetonide and the t-butyl
group of compound 2 gave 3 in 86% yield. The 3, 5-hydroxy groups
of 3 were selectively protected with 1,3-dichloro-1,1,2,2-tetraiso-
propyl disilazine to give 4 in 95% yield. Transformation of the 2-
B-hydroxyl group to 2-o-fluoro was accomplished by treating the
alcohol 4 with DAST to give 47% yield of compound 5. However,
debenzylation of 5 was unsuccessful under the Birch reduction or
the Lewis acid (BCl3) conditions. Therefore, the silyl group of 5
was removed by using tetrabutyl ammonium fluoride (TBAF/
HOAC) to yield 82% of a diol, which was re-protected by benzoyl
chloride in pyridine to give the fully protected intermediate 6 in
86% yield. The compound 6 was then treated with BCl; at —78 °C
to obtain the key intermediate 7 in 76% yield. N,N-diboc protected
adenine was synthesized according to the reported protocol in lit-
erature’® and condensed with 7 to obtain 8 in 51% yield. The
deprotection of the Boc group was carried out by TFA to afford
82% yield. Eventually, the treatment of DIBAL-H gave the target
compound 9'° in 76% yield.

The synthesized nucleoside 9 was evaluated for its antiviral
activity against wild-type HBV as well as adefovir, lamivudine

and lamivudine/entecavir-drug resistant mutants in vitro,'® and
the results are summarized in Table 1. As the compound 9 is a
derivative of an adenine analog, we directly compared its antiviral
activity to that of adefovir instead of entecavir (a guanine analog)
although the carbocyclic moiety is similar to that of entecavir. Fur-
thermore, compound 9, an adenine analogue, can interact with the
thymidine moiety in the DNA template-primer site while entecavir
interacts with the cytosine moiety at the same site in the active
site. Thus, the base moiety is the major deciding factor, not the
sugar moiety in determining the mode of action.

The target compound 9 demonstrated a significant antiviral
in vitro activity against wild-type (WT) HBV with an ECsy value
of 1.5 uM. The antiviral potency was similar to that of adefovir,
while being 7-fold less potent than lamivudine. However, the con-
centration of the compound 9 required to inhibit 90% (ECqq) of
wild-type HBV 'is 4.5 uM, which is 1.5-fold more potent than
adefovir (ECsp 7.1 uM; Table 1).

The compound 9 also showed excellent activity against both
lamivudine and adefovir resistant' HBV mutants.'” Particularly,
the compound 9 showed -a 4.5-fold enhanced potency of ECsg
(1.7 uM) and a 7.8-fold more favorable ECyo (4.6 M) against ade-
fovir mutant rtN236T. For lamivudine mutants, rtM204V and
rtM2041, the compound 9 showed an ECs, value of 1.8 versus
1.6 uM for adefovir, and 1.0 versus 1.9 pM for compound 9 and
adefovir, respectively, while in the ECqo value, compound 9 demon-
strated more favorable anti-HBV activity for both mutants,
rtM204 V (4.7 vs 7.0 puM) and rtM204I (5.0 vs 8.0 uM). For mutant
rtL180M, the antiviral activity of compound 9 was similar to that of
lamivudine in the ECs¢-2.1 versus 1.5 uM, while the compound 9
exhibited a 4.3-fold increased antiviral activity in the ECgy value
(5.1 vs 22.0 uM).

Compound 9 was also evaluated against the lamivudine double
mutant, rtL180M/rtM204V, and it exhibited the ECsp 2.2 uM that
was equal to the adefovir, while the ECgq value of 5.5 pM of com-
pound 9 was more effective than that of adefovir (8.5 uM). In addi-
tion, deamination studies with adenosine deaminase from calf
thymus indicated that the compound 9 was completely stable.'®

In preliminary studies, compound 9 was also evaluated against
lamivudine/entecavir -double resistant clone (L180M +S202]+
M202V), in which compound 9 demonstrated significant anti-
HBV activity (ECso 0.67 uM) against the mutant. In the case of
lamivudine and entecavir, there are significant decrease in their
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‘Table 1

In vilrp anti-HBV activity against adefovir, lamivudine and entecavir drug-resistant mutants in the intraceliular HEV DNA replication assay
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367

Strains Compound 8 (M) Adefindr (UM} Lamivudine {uM} Entecavir (pM}
ECs®  ECoo® CCse™  Fold resistancef ECse  ECge  Fold resistance ECsy  Elee  Fold resttance ECxg  ECgp  CCop
{ECan) {ECap) {ECyo}
Wild Type 1.5 4.5 »100 1.3 7.1 - 6.2 0.6 - 0.008 0033 28
rtM204V 1.8 4.7 >100 1.0 1.6 78 1.0 >100 100 »166 NIt NT Nt
riM204] 1.0 5.0 >0 1.1 1.9 8.0 1.1 >100 0 »100  »166 NT NT NT
tLI80M 2.1 5.1 2100 11 5.5 7.7 1.1 1.5 220 367 NT NT NT
LMy’ 2.2 55 >100 1.2 2.1 8.5 1.2 >100  >3100 166 NT NT NT
rtN236T 1.7 4.6 >100 1.0 78 3606 54 6.2 4.9 1.5 NT NT W1
rtLM/rovvy 0.67 NT NY - NT NT 500 NT - 1200 NT NT
frited

* i LMITEMY = riL180M/TtM204V double mutant.
b Effective concentratinn required to inhibit 50% of HEV-DNA.
© Concentration required 1o reduce infectious virus titer by 80%

9 The » sign indicates that the 50% inhibition was not reached at the highest concentration tested.
¢ The drug concentration required to reduce the cellular viability by 50% as assayed by an MTT assay.

{ Fold resistance = {mutant ECys}lwt ECagl.

¥ reLMITEMVIRSG = rlL1BOM/M2 04/ rtS202G.
"ONT = not tested.

i Ref. 19.

+ Ref. 20,

antiviral potency {ECspy > 500 and 1.2 pM, respectively) as shown in
Table 1,940

It was of interest to know how the compound 8 demonstrated
the favorable anti-HBV activity in comparison to that of adefovir.
Therefore, molecular modeling studies were conducted to obtain
the insight of the molecular mechanism of compound 9 by using
the Schrodinger suite.?! The homology model of HBY RT was con-
structed based on the published X-ray crystal structure of HIV re-
verse transcriptase (PDB code: 1RTD),?? which was previously used
for molecular mechanism studies of several anti-HBY nucleo-

Figure 1. Binding mode and van der Waals interaction of compound 9 {a) in wild-
type HBV and {B) in N236T adefovir mutant HBV, Yellow dotted lines are hydrogen
bonding interactions {<2.5 Al

sides.”® In the homology model of HBV polymerase, the relative po-
sition of o-, - and v-phosphates of compound 9 with respect to
the catalytic triad were assumed to occupy the similar position
to the dNTP in the crystal structure of the HIV-1 RT-DNA-dNTP
complex. The molecular docking™ of compound 8 shows that the
triphosphate forms all the network of hydrogen bonds with the ac-
tive site residues, S85, A86, AB7, R41, K32 (Fig. 1a). The
v-phosphate of compound 9 retains a critical H-bonding with the
OH of $S85 with connection of hydrogen bonds between S$85 and
N236. Generally, the N236T mutant loses the hydrogen bond to
$85, which results in destabilization of the S85 to y-phosphate
interaction, thus causes resistance. However, compound 9 (as its
triphosphate} maintains a critical H-bonding with S$85 (Fig. 1b)
similar to that as observed in wild type HBV (Fig. 1a).

The carbocyclic ring with an exocyclic alkene of compound 9
occupies the hydrophobic pocket (residues F88, L180 and M204)
and makes the favorable van der Waals interaction with F88
(Fig. 1a and b}. The 2’-fluorine substituent in the carbocyclic ring
of compound 9 appears fo promote an additional binding with
R41 as shown in Figure 1a and b, which corroborates with the anti-
viral activity of compound 9 shown in Table 1, Overall, the model-
ing studies can qualitatively explain the favorable anti-HBV
activity of the newly discovered compound 9 in WT (Fig. 1a) as
well as against adefovir resistant mutant, N2367T (Fig. 1b). These
modeling studies are qualitative, and therefore, more quantitative
calculation is warranted in the future.

In summary, a novel carbocyclic adenosine derivative 8 was
synthesized, and evaluated for its anti-HBVY activity. From these
studies, the target nucleoside demonstrated significant anti-HBV
activity against both the wild-type as well as the major nucleo-
side-resistant HBV mutants (adefovir and lamivudine), including
the lamivudine/entecavir double mutant. In view of these promis-
ing anti-HBV activities, further biclogical and biochemical studies
of the nucleoside 9 is warranted to assess the full potential as an
anti-HBV agent.
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To investigate the potential of cross-species transmission of non-human primate HBV to humans, severe
combined immunodeficiency mice transgenic for urokinase-type plasminogen activator, in which the
mouse liver has been engrafted with human hepatocytes, were inoculated with non-human primate
HBV. HBV-DNA positive serum samples from a gibbon or orangutan were inoculated into 6 chimeric mice.
HBV-DNA, hepatitis B surface antigen (HBsAg), and HB core-related antigen in sera and HBV cccDNA in
liver were detectable in 2 of 3 mice each from the gibbon and orangutan. Likewise, applying immunoflu-
orescence HBV core protein was only found in human hepatocytes expressing human albumin. The HBV
sequences from mouse sera were identical to those from orangutan and gibbon sera determined prior to
inoculation. In conclusion, human hepatocytes have been infected with gibbonjorangutan HBV.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis B is caused by hepatitis B virus (HBV), a hepatotropic
virus of the family Hepadnaviridae. This family comprises two
genera, Avihepadnavirus and Orthohepadnavirus which can infect
birds and mammals, respectively (Mason et al, 2005). As for
humans, approximately 350 million chronic carriers have been
infected by HBV worldwide (Lavanchy, 2004) and 15-40 percent
have developed liver cirrhosis and hepatocellular carcinoma (Lee,
1997; McQuillan et al., 1989; Sharma et al., 2005). In addition to
humans, HBV also infects higher non-human primates (apes) such
as orangutans ( Pongo pygmaeus), gibbons (Hylobates sp. and Nomas-
cus sp.), gorillas (Gorilla gorilla), and chimpanzees (Pan troglodytes)
(Grethe et al., 2000; MacDonald et al., 2000; Makuwa et al., 2003;
Noppornpanth et al., 2003; Sall et al., 2005; Sa-nguanmoo et al.,
2008; Starkman et al,, 2003; Warren et al., 1998). In compari-
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son with human HBV, non-human primate HBVs contain a 33
nucleotide deletion in the PreS1 gene and all non-human primate
HBVs cluster within their respective group separate from each
human HBV genotype (Grethe et al., 2000; Kramvis et al., 2005;
Robertson, 2001; Takahashi et al., 2000). )
Several experiments have been conducted to study cross-
species transmission of human HBV to non-human primates.
Human HBsAg positive sera were intravenously inoculated into
chimpanzees. In all experiments, inoculated chimpanzees dis-
played HBsAg in their sera (Kim et al., 2008; Tabor et al., 1980).
In 1977, Bancroft et al. inoculated pooled saliva collected from 5
human carriers into gibbons. Gibbons which received subcutaneous
injections of the pooled saliva developed serological markers of
HBYV infection. In contrast, gibbons infected via either the nasal
or oral route did not show evidence of HBV infection (Bancroft
et al.,, 1977). However, the negative results in this study are proba-
bly attributable to the lack of a sufficiently sensitive test available
at that time. Alter et al. transmitted semen and saliva of carrier
patients to chimpanzees. Chimpanzees developed HBsAg and ele-
vated ALT after inoculation (Alter et al., 1977). In 1980, Scott et al.
inoculated semen donated by HBsAg and HBeAg positive patients



