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Hepatitis C Virus JFH-1 Strain Infection in
Chimpanzees Is Associated With Low Pathogenicity
and Emergence of an Adaptive Mutation

Takanobu Kato,"* Youkyung Choi,* Gamal Elmowalid,' Ronda K. Sapp,' Heidi Barth,' Akihiro Furusaka,’
Shuniji Mishiro,” Takaji Wakita,* Krzysztof Krawczynski,* and T. Jake Liang!

The identification of the hepatitis C virus (HCV) strain JFH-1 enabled the successful devel-
opment of infectious cell culture systems. Although this strain replicates efficiently and
produces infectious virus in cell culture, the replication capacity and pathogenesis in vivo are
still undefined. To assess the /7 vivo phenotype of the JFH-1 virus, cell culture—generated
JFH-1 virus (JFH-1cc) and patient serum from which JFH-1 was isolated were inoculated
into chimpanzees. Both animals became HCV RNA-positive 3 days after inoculation but
showed low-level viremia and no evidence of hepatitis. HCV viremia persisted 8 and 34
weeks in JFH-1cc and patient serum—infected chimpanzees, respectively. Immunological
analysis revealed that HCV-specific immune responses were similarly induced in both ani-
mals. Sequencing of HCV at various times of infection indicated more substitutions in the
patient serum—inoculated chimpanzee, and the higher level of sequence variations seemed to
be associated with a prolonged infection in this animal. A common mutation G838R in the
NS2 region emerged carly in both chimpanzees. This mutation enhances viral assembly,
leading to an increase in viral production in transfected or infected cells. Conclusion: Our
study shows that the HCV JFH-1 strain causes attenuated infection and low pathogenicity in
chimpanzees and is capable of adapting in vive with a unique mutation conferring an
enhanced replicative phenotype. (HEPATOLOGY 2008;48:732-740.)

epartis C virus (HCV) infects approximately
170 million people worldwide and is a major
causartive agent of chronic liver discases in-
cluding cirrhosis and hepatocellular carcinoma.’-?
However, the underlying biological mechanisms of
pathogenesis and persistence are still nor well under-

stood. No vaccine protecting against HCV infection is

currently available.? Therapy for HCV-related chronic
hepatitis remains problematic, with limited efficacy,
A5 Under-
standing the biology of this virus and the development

high cost, and substancial adverse effects.’

of new therapies has been hampered by a lack of appro-
priate model systems for replication and infection of
this virus.
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Recent progress with a unique HCV genotype 2a
strain, JFH-1, isolated from a case of fulminant hepatitis
in Japan, has led to the development of a robust HCV
infectious cell culture system.&? This JFH-1 strain can
replicate efficiently, produce the infectious viral particles,
and show robust infection in vitro. However, in our pre-
vious report, the inoculation of cell culture—generated
JFH-1 virus (JFH-1cc) induced only transient and atten-
uated infection in a chimpanzee.® The observed low vir-
ulence of this strain in vivo was unexpected but consistent,
with an inverse relationship between in vivo and in vitro
properties of cell culture adaprive mutations in the HCV
replicon system.'?

In this study, we performed an extensive analysis of the
in vivo replication and pathogenicity of the JFH-1 strain
by inoculating chimpanzees with JFH-lcc and patient
serum from which the JFH-1 strain was isolated. Further-
more, we analyzed viral sequences during the infection to
identify mutations that might represent in vive adaptive
murations with unique phenotypes.

Materials and Methods

Cell Culture. Huh7 derivative cell lines Huh7.5 and
Huh7.5.1 were provided by Charles Rice (Rockefeller
University, New York, NY) and Francis Chisari (Scripps
Research Institute, La Jolla, CA), respectively.”? The
Huh7 derivative clone Huh7-25 that lacks CD81 expres-
sion was reported previously.!

Inocula. The production of JFH-1cc has been re-
ported previously.'” Briefly, the full-length JFH-1 RNA
was synthesized by in vitro transcription with linearized
pJFH-1 plasmid and MEGAscript kit (Ambion, Austin,
TX).# Ten micrograms full-length JFH-1 RNA was trans-
fected into 3.0 X 10° Huh7 cells by electroporation, and
the culture medium with JFH-1cc was harvested 5 days
after transfection. The culture medium was passed
through a 0.45-pm filter unit. The case of fulminant hep-
atitis C from which the JFH-1 strain was isolated has been
reported previously.® An aliquot of acute-phase serum
(point A as indicated by Karto et al.?) was used in this
study. To determine the HCV RNA titers in these inoc-
ula, total RNA was extracred from 140 pl of these sam-
ples by QIAamp Viral RNA Kit (QIAGEN, Valencia,
CA), and copy numbers of HCV RNA were derermined
by real-time quantitarive reverse transcription polymerase
chain reaction (RT-PCR), as described previously.'?

Infection Study in Chimpanzees. Housing, mainte-
nance, and care of the chimpanzees used in this study
conformed to the requirement for the humane use of
animals in scientific research as defined by the Institu-
tional Animal Care and Use Committee of the Centers for
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Disease Control and Prevention. Chimpanzee 10273
(CH10273, female, age 5, 20 kg) was inoculated intrave-
nously with 100 uL serum (9.6 X 10° copies) from the
fulminant hepatitis patient mixed with 400 L Dulbec-
co's modified Eagle’s medium culture medium. Chim-
panzee 10274 (CH10274, female, age 5, 22 kg) was
inoculated intravenously with 500 pl. Dulbecco’s modi-
fied Eagle’s medium culture medium containing JFH-1cc
(1.4 X 107 copies). Serum and liver biopsy samples of
these animals were obtained at baseline and weekly after
inoculation.

Measurement of HCV RNA, anti-HCV, and Ala-
nine Aminotransferase. HCV RNA in chimpanzees was
quantitatively measured by nested RT-PCR with a sensi-
tivity of detection of approximately 50 IU/mL (COBAS
Amplicor; Roche Molecular Systems, Pleasanton, CA)
and was quantified using Amplicor Monitor (Roche
Molecular Systems). Serum samples were tested for anti-
HCV (ORTHO version 3.0 enzyme-linked immunosor-
bent assay rtest system, Ortho-Clinical Diagnostics,
Raritan, NJ). Serum alanine aminotransferase (ALT) val-
ues in chimpanzee’s sera were established using a com-
mercially available assay kit in accordance with the
manufacturer’s instructions (Drew Scientific, Dallas,
TX). Curoff values representing 95% confidence limit for
the upper level of normal ALT activity were calculated
individually for each chimpanzee using 10 pre-inocula-
tion enzyme values obtained over a period of 4 1o 6 weeks,
and were 73 U/L in CH10274 and 76 U/L in CH10273.

HCV Sequencing. The total RNA was extracted from
280 pL chimpanzee sera collected at appropriate time
points by the use of QlAamp viral RNA kit, and comple-
mentary DNA was synthesized by use of Superscript IT1
(Invitrogen, Carlsbad, CA). The complementary DNAs
were subsequently amplified with TaKaRa LA Tag DNA
polymerase (Takara Mirus Bio, Madison, WI). Five sep-
arate fragments were amplified by nested PCR covering
the entire open reading frame and a part of the 5'UTR of
the JFH-1 strain as follows; nt 128-1829, nt 1763-4381,
nt 4278-6316, nt 6172-7904, and nt 7670-9222. The
sequence of each amplified fragment was determined di-
rectly. The fragment encompassing hypervariable region
1 (HVR-1) {nr 128-1829) was cloned into the pGEM-T
easy vector (Promega, Madison, W1) and 10 clones from
each time point were scquenced.

I-Cell Proliferation and Interferon-y Enzyme-
Linked Inmunosorbent Spot Assays. The cryopre-
served peripheral blood mononuclear cells (PBMCs) were
used for immunological analysis. Standard T-cell prolif-
eration assay was performed as described previously.!s
Cells were stimulated with recombinant HCV genotype
2a core or NS5a protein (Fitzgerald Industries Interna-
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tional, Concord, MA) and pulsed with *H-thymidine
(GE Healthcare BioSciences, Piscataway, NJ). T-cell
stimulation was expressed as a stimulation index that was
calculated as the ratio of average counts per minure
(CPM) of antigen-stimulated proliferation over average
CPM of the medium background. A sample was consid-
ered positive when the average stimulation index was
greater than 5. The numbers of antigen-specific interferon
gamma (IFN-y)-producing cells were analyzed by en-
zyme-linked immunosorbent sport (ELISpot) assay.
PBMCs were stimulated with recombinant protein anti-
gens (HCV core and NS5a proteins) and HCV overlap-
ping peptide pools (15mers overlapped by 10 amino
acids) from core (38 peptides, amino acids 1-195) and
NS3 (56 peptides, amino acids 1031-315)(Mimotopes,
Raleigh, NC). The NS3 overlapping peptde pools were
divided into two sets. The number of spots was counted
by using a computer-assisted AID ELISpor Reader Sys-
tem and AID software version 3.5 (Autoimmune Diag-
nostika GmbH, Strassberg, Germany). Antigen-specific
spot-forming unit (SFU) was calculated by subtracting
the average of background values (four wells without an-
tigen, typically fewer than 10 spots) from that of the an-
tigen-stimulated sample. The sample was considered
positive when the background-corrected SFU was grearer
than 10 and twice or more the mean SFU of the preinfec-
tion samples in the same animal.

To specifically evaluate the T-cell response against the
NS2 region containing the G838R mutation, two pep-
tides of 18 amino acids (NS2-G: ITLFTLTPGYKTLL-
GQCL and NS2-R: ITLFTLTPRYKTLLGQCL) were
synthesized (Sigma-Genosys, The Woodlands, TX). PB-
MCs from both chimpanzees were stimulated with the
wild-type (WT) and mutant peptides (2 pg/mL) and an-
alyzed for [FN-vy production by IFN-y ELISpor assays as
described.

Production of JFH-1 G838R Mutant Virus. The
full genome JFH-1 construct with G838R mutation in
the NS2 region was generated by site-directed mutagene-
sis. The replication-deficient clone of JFH 1 generared by
introducing a point mutation into the GDD motif of the
NS5B to abolish the RNA-dependent RNA polymerase
activity was used as a negative control (JFH-1 GND).8

Quantification of HCV RNA and HCV Core Anti-
gen. To determine the amount of HCV, total RNA was
extracted with QIAamp Viral RNA Kit from 140 ul
culture medium, or with RNeasy mini kit (QIAGEN,
Valencia, CA) from cell pellet. Copy numbers of HCV
RNA were determined by real-time quantitative RT-PCR
as described. HCV core antigen (Ag) in culture superna-
tant was quantified by highly sensitive enzyme immuno-
assay (Ortho HCV core antigen ELISA Kit, Ortho
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Clinical Diagnostics, Tokyo, Japan).'’ To determine in-
tracellular HCV core Ag, the cell pellet was resuspended
with 100 pL radioimmune precipitation assay buffer con-
taining 1% sodium dodecyl sulfate, 0.5% NP40, 10 mM
Tris-HCI (pH 7.4), 1 mM ethylenediaminetetra-acetic
acid, 150 mM NaCl, and Complete Mini protease inhib-
itor cocktail (Roche Applied Science, Indianapolis, IN),
then sonicated 10 minutes and subjected to the Ortho
HCV core antigen enzyme-linked immunosorbent assay
after centrifugation.

Titration of HCV Infectivity. To assess the intracel-
lular infectivity, cells were harvested by treatment with
trypsin-cthylenediaminetetra-acetic acid and pelleted by
centrifugation. Cell pellets were resuspended with 500
wl. Dulbecco’s modified Eagle’s medium with 10% feral
bovine serum and lysed by four freeze—thaw cycles. The
supernatant was collected after centrifugation and passage
through a 0.45-um filter. These cell lysates and culture
supernatants were serially diluted fivefold and inoculated
into naive Huh7.5.1 cells seeded at 1 X 10% cells/well in
96-well flat-bottom plates and assayed for focus-forming
unit (FFU) by and-core immunofluorescence as described
previously.’6

Statistical Analysis. Data from repeated experiments
were averaged and expressed as mean T standard devia-
tion. Statistical analysis was performed using the Mann-
Whitney test. P values of less than 0.05 were considered
statistically significant.

Results

Clinical, Virological, and Immunological Profiles
of JFH-I1-Infected Chimpanzees. Chimpanzee 10273
(CH10273) was inoculated with patient serum contain-
ing 9.6 X 10° copies of HCV RNA. Chimpanzee 10274
(CH10274) was inoculated with 1.4 X 107 copies of
JFH-1cc in culture medium. In both chimpanzees, HCV
RNA became detectable in serum by RT-PCR 3 days after
inoculation. Viremia was low, with titers of approxi-
mately 103 copies/mL. Serum ALT levels were within
normal limits, and histological observation of liver biopsy
showed no evidence of hepatitis (Fig. 1). In CH10273,
HCV RNA in serum fluctuated but persisted for 34 weeks
after inoculation, and ant-HCV was detecred from 20
weeks after inoculation (Fig. 1A). In CH10274, serum
HCV RNA disappeared at 9 weeks after inoculation, and
no anti-HCV seroconversion was observed (Fig. 1B).

Immunological analysis for T-cell proliferation and
IFN-vy production showed that HCV-specific immune
responses were induced in both animals (Fig. 1). Their
responses corresponded to the profiles of viremia and re-
mained at low levels after disappearance of viremia. The
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Fig. 1. infection profiles and T cell immune responses in patient
serum-inoculated and JFH-1cc-inoculated chimpanzees. (A) Chimpanzee
CH10273 was inoculated with patient serum containing 9.6 > 106
copies of HCV, (B) Chimpanzee CH10274 was inoculated with JFH-1cc
containing 1.4 x 107 copies of HCV. White arrows indicate the time
points at which HCV sequences were determined. T cell proliferation
assay results against HCV core and NS5a are shown as stimulation index
(middle panel). IFN-v responses against HCV core and NS5a proteins or
overlapping peptide pools of core and NS3 are shown as SFU per 2.5 X
10° cells (bottom panel).

T-cell proliferative responses against the HCV core and
NS5a proteins became positive 4 weeks after inoculation
and continued up to 30 and 18 weeks in CH10273 and
CH10274, respectively. Likewise, the IFN-vy responses
against HCV structural and nonstructural antigens were
detected 4 weeks after inoculation and maintained 34
weeks and 16 weeks in CH10273 and CH10274, respec-
dvely (Fig. 1).

HCYV Sequence Analysis. To investigate the differ-
ence and evolution of infected viruses, HCV sequences in
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both chimpanzees were determined directly at multiple
time points as indicated in Fig. 1. In CH10273, HCV
sequences were determined with sera collected at weeks 2,
19, and 23. Nineteen synonymous and six nonsynony-
mous mutations were already observed at week 2, and the
number of mutations increased gradually with time (Ta-
ble 1). Conversely, CH10274 showed no mutation at the
carliest time point of infection (week 2) but subsequently
developed four synonymous and seven nonsynonymous
mutations at week 7 (Table 1). The murated amino acids
in the JFH-1 genome were distributed in E2, NS2, NS5a,
and NS5b regions (Fig. 2A). Among these mutations,
only one mutation, G838R in NS2, was identified as a
common mutation between the two chimpanzees. To as-
sess the complexity of the quasispecies, the amplified frag-
ment encompassing HVR-1 was cloned and 10 clonesin
each time point were sequenced. In both animals, HVR
populations of isolated HCV indicated similarly low
complexity of heterogeneity (Fig. 2B). HCV clones iso-
lated from CH10273 contained one HVR-1 muration
N397S art the earliest time point of infection, and this
mutation could not be found in clones of the inoculum
(Fig. 2B). To exclude the possibility of PCR arrifact, se-
quences were confirmed by independent analyses. To en-
sure that the common NS2 mutant was not present as a
minor species at the earliest time point of CH10274
(week 2), cloning (15 clones) and sequencing was per-
formed and showed the WT sequence.

Effect of the NS2 Mutation on HCV Life Cycle. To
assess whether this NS2 mutation could be a result of
cytotoxic T-lymphocyte escape, which has been described
in acutely HCV-infected chimpanzees,'” we tested the T
cell response of PBMCs from various time points during
the infection against 18-mer peptides encompassing this
region (both the WT and mutant sequences were tested).
No T cell response could be detected against either the
WT or mutant peptides throughourt the infection, there-
fore making cytotoxic T-lymphocyte escape mutation
highly unlikely. To assess the phenotype of the observed
common muration, G838R in the NS2 region, JFH-1
construct with this mutation was generated (JFH-1

Table 1. Sequence Evolution of JFH-1 in Chimpanzees

Synonymous Non-synonymous
Mutations* Mutations® Total
CH10273
#1 (week 2) 19 6 25
#2 (week 19) 33 15 48
#3 (week 23) 35 17 52
CH10274
#1 (week 2) 0 0 0
#2 (week 7) a 7 11

*Compared with the consensus JFH-1 sequence.



