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FIG. 4. Effects of hB-ind1 knockdown on the replication of HCV RNA and the production of infectious particles. (A) The hB-indl knockdown
(Huh-si2 and Huh-si5) and control (Huh-c) cell lines were first transfected with either a plasmid encoding hB-ind1 resistant to siRNA by virtue
of the introduction of silent mutations (FLAG-rB-ind1) or an empty vector (EV) and then further transfected with replicon RNA transcribed from
pFK-I,¢, neo/NS3-3'/NK3.1. (Upper panel) The cell colonies remaining after cultivation for 4 weeks in the presence of G418 were fixed with 4%
paraformaldehyde and stained with crystal violet. (Lower panel) The number of colonies was standardized to the amount of transfected RNA.
(B) The expression of the siRNA-resistant hB-ind! (FLAG-rB-ind1) and the endogenous hB-ind! (eB-ind1) in Huh-c, Huh-si2, and Huh-siS cells
transfected with either a plasmid encoding FLAG-rB-ind1 or an empty vector was analyzed by Western blotting (IB) with an antibody to hB-ind!
or B-actin. (C) HCV subgenomic replicon RNA transcribed from pFK-I,4, FL/NS3-3'/NKS5.1 and capped Renilla luciferase RNA transcribed from
pRL-CMV were cotransfected into Huh-c, Huh-si2, and Huh-si5 cells pretransfected with either a plasmid encoding FLAG-rB-ind1 or an empty
vector. The firefly luciferase activity was normalized to that of Renifla luciferase. HCV TRES-dependent translational activity was expressed as a
percentage of the RLU of Huh-c cells transfected with an empty plasmid. EMCV, encephalomyocarditis virus. (D) HCVce were inoculated into
Huh-c, Huh-si2, and Huh-si5 cells pretransfected with either a plasmid encoding FLAG-rB-ind1 or an empty vector. (Upper panel) The culture
supernatants at 72 h postinoculation were subjected to a focus-forming assay, and virus titers are expressed as focus-forming units (FFU) per
milliliter. (Lower panel) The amount of intracellular HCV RNA was measured by real-time PCR and normalized to the amount of GAPDH
mRNA. The HCV RNA level is expressed as a percentage of that of Huh-c cells transfected with an empty plasmid. Data in this figure are
representative of three independent experiments. Error bars, standard deviations. Asterisks indicate significant differences (*x, P < 0.01; +, P <
0.05) from the control value.

previously shown that FKBPS is capable of binding to both NS5A mutant hB-indl, indicating that hB-ind1 interacts with Hsp90
and Hsp90 through the tetratricopeptide repeat (TPR) domain  through the FxxW motif (Fig. 6B).

and that the recruitment of Hsp90 to the replication complex Previously, we showed that the amino acid residues of the
plays a crucial role in the replication of HCV (45). Hsp90 is a  carboxylate clump position in the TPR domain of FKBPS at-
molecular chaperone and requires various cochaperone proteins tach to the C-terminal MEEVD motif of Hsp90 (45). To ex-
such as p23 for efficient chaperone activity. hB-indI shows ho- amine the interaction of hB-ind1 with Hsp90 in the absence of
mology to p23 (Fig. 2A), and the FxxW motif, essential for the association with FKBPS, FLAG-tagged hB-ind1l was first co-
binding to Hsp90, is conserved in residues Phe'7xxTrp''" of  expressed with HA-tagged Hsp90 or mutant Hsp90 lacking the
hB-indl (11, 27, 68). To determine whether hB-ind1 interacts MEEVD motif in 293T cells and then immunoprecipitated
with Hsp90 through the FxxW motif as reported for p23,  with an anti-FLAG antibody. Similar levels of hB-ind! were
FLAG-tagged hB-ind! or an hB-ind1 mutant in which Phe'””  coprecipitated with Hsp90 irrespective of the deletion of the
and Trp''” had been replaced with Ala (FLAG-hB-ind1AxxA) MEEVD motif of Hsp90 (Fig. 6C), suggesting that hB-ind1
was coexpressed with HA-tagged Hsp90 in 293T cells and alone is capable of binding to Hsp90 through the FxxW motif
immunoprecipitated with an anti-FLAG antibody. Hsp90 was irrespective of the association of FKBP8. To further clarify the
coimmunoprecipitated with wild-type hB-ind1 but not with the interplay among hB-ind1, FKBPS8, and Hsp90, FLAG-tagged
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FIG. 5. Dominant-negative effect of an hB-ind 1 mutant on the replication of HCV. (A) Plasmids encoding full-length hB-ind1 (construct 1) or
deletion mutants of hB-ind1 retaining (construct 2) or lacking (construct 3) the NS5A binding region. (B) One of the three plasmids or an empty
vector (EV) was transfected into Huh9-13 cells harboring a subgenomic HCV replicon RNA and was subjected to Western blotting (IB) with
specific antibodies at 72 h posttransfection. (C) The amount of intracellular HCV RNA in the Huh9-13 cells was measured at 72 h posttransfection
by real-time PCR, normalized to the amount of GAPDH mRNA, and expressed as the percentage of the value for control cells transfected with
an empty plasmid. (D) One of the three plasmids or an empty vector was transfected into Huh7.5.1 cells, and then HCVee were inoculated. Virus
production in the culture supernatants at 72 h postinoculation was determined by a focus-forming assay. FFU, focus-forming units. Data in this
figure are representative of three independent experiments. Error bars, standard deviations. Asterisks indicate significant differences (P < 0.01)

from the control value.

hB-ind1 was coexpressed with HA-tagged Hsp90 and/or
FKBPS8 and then immunoprecipitated with an anti-FLAG an-
tibody. Coprecipitation of Hsp90 with hB-indl was increased
by additional expression of FKBP8 (Fig. 6D). These results
suggest that hB-ind1 interacts with Hsp90 through the FxxW
motif and that FKBPS also participates in the complex forma-
tion to enhance the interaction.

hB-ind1 participates in HCV propagation through the in-
teraction with Hsp90. Next, to examine the role of the inter-
action of hB-ind1 with Hsp90 in the replication of HCV RNA,
the replicon RNA transcribed from pFK-l;,, neo/NS3-3'/
NKS.1 was transfected into hB-indl knockdown Huh-siS
cells expressing siRNA-resistant FLAG-rB-ind1 or FLAG-rB-
indlAxxA, in which the Hsp90 binding motif FxxW was
changed to AxxA. The colony formation in Huh-si5 cells trans-
tected with an empty plasmid was 10% of that in Huh-c cells.
The expression of FLAG-rB-ind in Huh-si5 cells recovered the
colony formation in Huh-si5 cells to 98% of that in Huh-c cells,
although that of FLAG-rB-indl AxxA in Huh-si5 cells exhib-
ited only 40% recovery (Fig. 7A). To further examine the role
of the interaction between hB-ind1 and Hsp90 in the produc-
tion of HCVcc, Huh-si5 cells expressing either FLAG-rB-ind1
or FLAG-rB-ind1AxxA were infected with HCVee, and the
virus titer in the culture supernatants and the intracellular
HCV RNA level at 72 h postinfection were determined. Virus
production was reduced in the culture supernatants, and viral
RNA replication in the hB-indl knockdown cells was restored
by the expression of FLAG-rB-indl but not by that of FLAG-
rB-ind1AxxA, as seen in colony formation by the replicon

RNA (Fig. 7B). Collectively, these results suggest that the
interaction of hB-ind1 with Hsp90 through the FxxW motif is
required for genomic RNA replication and particle production
of HCV.

DISCUSSION

In this study we have shown that hB-ind1 participates in
HCV RNA replication and particle production through inter-
action with NS5A, FKBPS, and HspY0. hB-ind1 was initially
identified as a downstream transducer of Racl, a member of
the small GTP-binding proteins, in mouse fibroblasts treated
with sodium butyrate, a multifunctional agent known to inhibit
cell proliferation and to induce differentiation by modulating
transcription (6, 10). Racl possesses diverse biological func-
tions, including cytoskeletal dynamics, membrane ruffling, cell
cycle progression, gene transcription, and cell survival (4, 31,
49). Previous studies have suggested that hB-indl mediates
Racl and Jun N-terminal protein kinase-NF-«B signaling and
is involved in the regulation of gene expression (6, 10). Inhi-
bition of Racl function leads to disruption of cytoskeleton
dynamics, resulting in impairment of cell growth (17, 69).

Inhibition of cell growth downregulates HCV RNA replica-
tion in the replicon cell line (41, 51), and cell cycle regulation
affects HCV IRES-mediated translation (20, 61). Further-
more, cytoskeletal regulation is required for HCV RNA syn-
thesis (3). However, knockdown of hB-indl and expression of
the deletion mutants exhibited neither morphological change
nor suppression of cell growth, suggesting that the suppression
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FIG. 6. Interaction of hB-ind1 with other NS5A-binding host proteins. (A) FLAG-hB-ind1 was first coexpressed with HA-tagged FBL2,
VAP-A, VAP-B, or FKBPS in 293T cells and then immunoprecipitated with an anti-FLAG or control antibody. The immunoprecipitates were
detected by Western blotting (IB) with an anti-HA antibody. (B) FLAG-hB-ind1 or FLAG-hB-ind1AxxA, in which Phe'"” and Trp''" had been
replaced with Ala, was coexpressed with HA-Hsp90 in 293T cells and immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates
were detected by Western blotting with an anti-HA or anti-FLAG antibody. (C) FLAG-hB-ind1 was coexpressed with HA-Hsp90 or mutant Hsp90
lacking the MEEVD motif (HA-Hsp90 AMEEVD) in 293T cells and was immunoprecipitated with an anti-FLAG antibody. The immunopre-
cipitates were detected by Western blotting with an anti-HA or anti-FLAG antibody. (D) HA-Hsp90, HA-FKBPS8, and FLAG-hB-ind1 were
coexpressed in various combinations in 293T cells and immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates were detected
by Western blotting with an anti-HA or anti-FLAG antibody. Data in this figure are representative of three independent experiments.

of HCV replication by dysfunction of hB-ind1 is not due to cell
growth arrest or cytoskeletal disruption. Murine B-indl has
been reported to be expressed in all mouse tissues examined,
with abundant expression detected in the testis, kidney, brain,
and liver (10). Significant levels of endogenous hB-ind1 expres-
sion have been detected in the human hepatic cell lines Huh7,
HepG2, Hep3B, and FLC4 and in the nonhepatic human cell
lines HeLa, 293T, and THP-1 (data not shown); therefore, the
tissue specificity of HCV replication could not be explained by
the expression of hB-ind1.

Combination therapy with IFN and cyclosporine A has been
shown to be effective for patients infected with a high viral load
of HCV genotype 1b (24), and cyclosporine A has been shown
to suppress HCV RNA replication in vitro through deactiva-
tion of the interaction between NS5B and cyclophilin B (66).
Cyclophilin and FKBP are classified as immunophilins capable
of binding to immunosuppressants cyclosporine A and FK506,
respectively (33). The immunophilins do not share a homolo-
gous domain with each other, based on their amino acid se-
quences, substrate specificities, and inhibitor sensitivities. We

have recently reported that NS5A binds specifically to FKBP8
but not to other homologous immunophilins such as FKBP52
and cyclophilin D. FKBPS8 forms both a homomultimer and a
heteromultimer with the chaperone protein Hsp90. Mutation
analyses of FKBP8 and Hsp90 suggest that FKBPS8 acts as an
intermediate between NS5A and Hsp90 via the different posi-
tion of the TPR domain in FKBPS and regulates HCV genome
replication (45).

The molecular chaperone Hsp90 is one of the most abun-
dant proteins in unstressed cells and generally requires various
cochaperone proteins in multiple steps to promote the folding,
functional maturation, and stability of its client proteins. Newly
synthesized unfolded client proteins are delivered to the Hsp70
complex via Hsp40. In most cases, Hsp70 is able to process the
client proteins on its own. Certain substrates require Hsp90 for
proper folding or activation. In this case, the scaffold protein
Hop connects elements of the Hsp70 and Hsp90 machineries
to form an intermediate complex (2, 12, 13, 47). In the late
stage, the Hsp70 component dissociates, and at the same time,
p23 and immunophilins enter the complex (44, 54) and the
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FIG. 7. Role of the interaction of hB-ind1 with Hsp90 in the replication of HCV. (A) hB-ind! knockdown (Huh-si5) and control (Huh-c) cell
lines were transfected either with a plasmid encoding the FLAG-tagged siRNA-resistant hB-ind1 (FLAG-rB-ind1) or FLAG-rB-ind1AxxA (with
substitutions in the motif required for binding to Hsp90) or with an empty vector (EV) and were then further transfected with replicon RNA
transcribed from pFK-I54, neo/NS3-3'/NKS5. 1. (Upper panel) The cell colonies remaining after cultivation for 4 weeks in the presence of G418 were

fixed with 4% paratormaldehyde and stained with crystal violet. (Lower panel) The number of colonies was standardized to the amount of

transfected RNA. (B) (Upper panel) Huh-si5 cells expressing either FLAG-rB-ind1 or FLAG-rB-ind1AxxA were infected with HCVce, and virus
production in the culture supernatants at 72 h postinoculation was determined by a focus-forming assay. (Lower panel) The amount of intracellular
HCV RNA was measured at 72 h posttransfection by real-time PCR, normalized to the amount of GAPDH mRNA, and expressed as a percentage
of the value for control cells transfected with an empty plasmid. Data in this figure are representative of three independent experiments. Error bars,
standard deviations. Asterisks indicate significant differences (P < 0.01) from the control value.

client proteins are refolded by Hsp90 chaperone activity to
achieve the mature form. After that, p23 enhances the disso-
ciation of the mature client protein from the final complex, and
the released Hsp90 enters in the next chaperone cycle (72). It
has been reported that Hsp90 cochaperone frequencies differ
among client proteins (50). FKBPS interacts with the C-termi-
nal MEEVD motif of Hsp90 through the carboxylate clump
position in the TPR domain of FKBPS (45).

The C-terminal region of hB-indl shares homology with
PTPLA (60). Protein tyrosine phosphatases are generally in-
volved in the signaling pathways regulating metabolism, cell
growth, differentiation, and cytoskeletal dynamics through the
conserved HC(x)sR motif (57). NS5A also interacts with signal
transducer and activator of transcription 1 (STAT1) and im-
pairs IFN signaling through the suppression of STAT! phos-
phorylation (30). In addition, intracellular uptake of apoptotic
cells expressing NS5A by dendritic cells leads to an increase in
the secretion of CXCL-8 and impairment of IFN-induced ty-
rosine phosphorylation of STAT1 and STAT2 (67). Although
hB-ind1 lacks the conserved active motif, the interaction of
NS5A with the coiled-coil domain in the central region of
hB-indl may have an effect on the phosphorylation of host
proteins involved in the replication of HCV.

Hsp90 has been shown to be involved in the enzymatic
activity and intracellular localization of several viral poly-
merases, including those of influenza virus (39, 42), herpes
simplex virus type 1 (5), and Flock house virus (25). Knock-
down and treatment with an Hsp90 inhibitor have revealed
that Hsp90 activity is important for the rapid growth of nega-
tive-strand RNA viruses (9). Furthermore, Hsp90 has been
shown to be required for the activity of hepatitis B virus reverse

transcriptase (21, 22). Although the precise mechanisms by
which Hsp90 and FKBP8 cooperate with NS5A to improve the
in vivo replication of HCV have not been clarified yet, treat-
ment with Hsp90 inhibitors in combination with IFN reduced
HCV replication in mice xenotransplanted with human liver
fragments (43).

In this study, hB-ind1 was shown to interact with Hsp90
through the FxxW motif in the N-terminal p23 homology do-
main, and the interaction of hB-ind1 with Hsp90 was shown to
be further intensified by the expression of FKBP8, suggesting
that FKBP8 and hB-ind1 cooperatively recruit Hsp90 to the
HCYV replication complex. Furthermore, hB-ind1 was shown to
be involved in HCV genomic RNA replication and particle
production through the interaction with NS5A and Hsp90.
These results suggest that hB-indl may be involved in the
Hsp90 chaperone pathway in a function similar to that of p23
in cooperation with immunophilins such as FKBPS8 and that it
plays a crucial role in HCV replication in terms of the correct
folding of the replication complex required for efficient enzy-
matic activity. In addition, cyclophilin B may also participate in
the translocation of NS5B, as seen in the polymerase subunits
of influenza virus, to facilitate binding to the viral RNA. In
contrast to cyclosporine A, FK506 per se exhibits no inhibition
of RNA replication in HCV replicon cells (65). FKBPS is a
member of the FKBP family but lacks several amino acid
residues required for peptidyl-prolyl cis-trans isomerase and
FK506 binding activities (29). Therefore, nonimmunosuppres-
sive FK506 derivatives that are capable of binding to FKBP§
may exhibit anti-HCV activity. Recently, geldanamycin, an in-
hibitor of Hsp90, was shown to drastically impair the replica-
tion of poliovirus without any escape mutant emerging (15).
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Therefore, elucidation of host proteins, including immunophi-
lins, cochaperones, and chaperones, participating in the HCV
replication complex may lead to the development of new ther-
apeutics for chronic hepatitis C with a broad spectrum and a
low possibility of emergence of breakthrough viruses against
antiviral drugs.

In conclusion, in this study we demonstrated that hB-ind! is
involved in HCV replication through interactions with NSSA,
FKBPS, and Hsp90. Further clarification of the relationship
between viral and host proteins is needed in order to under-
stand the precise mechanism of HCV replication.

ACKNOWLEDGMENTS

We thank H. Murase for secretarial work. We also thank T. Wakita,
F. Chisari, and R. Bartenschlager for providing the infectious clones of
JFHI, Huh7.5.1, and replicon cell lines, respectively.

This work was supported in part by grants-in-aid from the Ministry
of Health, Labor, and Welfare: the Ministry of Education, Culture,
Sports, Science, and Technology; the 21st Century Center of Excel-
lence Program; and the Foundation for Biomedical Research and
Innovation.

REFERENCES

. Appel, N., T. Pietschmann, and R. Bartenschlager. 2005. Mutational analysis
of hepatitis C virus nonstructural protein SA: potential role of differential
phosphorylation in RNA replication and identification of a genetically flex-
ible domain. J. Virol. 79:3187-3194.

2. Bohen, S. P., A. Kralli, and K. R. Yamamoto. 1995. Hold "em and fold "em:

chaperones and signal transduction. Science 268:1303-1304.

3. Bost, A. G, D. Venable, L. Liu, and B. A. Heinz. 2003. Cytoskeletal require-
ments for hepatitis C virus (HCV) RNA synthesis in the HCV replicon cell
culture system. J. Virol. 77:4401-4408.

4. Bryan, B. A, D. Li, X. Wu, and M. Liu. 2005. The Rho family of small
GTPases: crucial regulators of skeletal myogenesis. Cell. Mol. Life Sci.
62:1547-1555.

. Burch, A. D, and S. K. Weller. 2005. Herpes simplex virus type 1 DNA
polymerase requires the mammalian chaperone hspY0 for proper localiza-
tion to the nucleus. J. Virol. 79:10740-10749.

6. Burridge, K., and K. Wennerberg. 2004. Rho and Rac take center stage. Cell
116:167-179.

. Cerny, A, and F. V. Chisari. 1999. Pathogenesis of chronic hepatitis C:
immunological features of hepatic injury and viral persistence. Hepatology
30:595-601.

8. Chung, K. M., J. Lee, J. E. Kim, O. K. Song, 8. Cho, J. Lim, M. Seedorf, B.
Hahm, and S. K. Jang. 2000. Nonstructural protein SA of hepatitis C virus
inhibits the function of karyopherin B3. J. Virol. 74:5233-5241.

9. Connor, J. H., M. O. McKenzie, G. D. Parks, and D. S. Lyles. 2007. Antiviral

activity and RNA polymerase degradation following Hsp90 inhibition in a

range of negative strand viruses. Virology 362:109-119.

Courilleaun, D., E. Chastre, M. Sabbah, G. Redeuilh, A. Atfi, and J. Mester.

2000. B-ind1, a novel mediator of Racl signaling cloned from sodium bu-

tyrate-treated fibroblasts. J. Biol. Chem. 275:17344-17348,

11. Dittmar, K. D., D. R. Demady, L. F. Stancato, P. Krishna, and W. B. Pratt.
1997. Folding of the glucocorticoid receptor by the heat shock protein (hsp)
90-based chaperone machinery. The role of p23 is to stabilize receptor.hsp90
heterocomplexes formed by hsp90.p60.hsp70. J. Biol. Chem. 272:21213-
21220.

12. Dittmar, K. D., K. A. Hutchison, J. K. Owens-Grillo, and W. B. Pratt. 1996.
Reconstitution of the steroid receptor. hsp90) heterocomplex assembly sys-
tem of rabbit reticulocyte lysate. J. Biol. Chem. 271:12833-12839.

13. Frydman, J., and J. Hohfeld. 1997. Chaperones get in touch: the Hip-Hop
connection, Trends Biochem. Sci. 22:87-92.

14. Gale, M. J., Jr.,, M. J. Korth, N. M. Tang, S. L. Tan, D. A. Hopkins, T. E.
Dever, S. J. Polyak, D. R. Gretch, and M. G. Katze. 1997. Evidence that
hepatitis C virus resistance to interferon is mediated through repression of
the PKR protein kinase by the nonstructural SA protein. Virology 230:217-
227.

15. Geller, R., M. Vignuzzi, R. Andino, and J. Frydman. 2007. Evolutionary

constraints on chaperone-mediated folding provide an antiviral approach

refractory to development of drug resistance. Genes Dev. 21:195-205.

Hamamoto, L, Y. Nishimura, T. Okamoto, H. Aizaki, M. Liu, Y. Mori, T,

Abe, T. Suzuki, M. M. Lai, T. Miyamura, K. Moriishi, and Y. Matsuura.

2005. Human VAP-B is involved in hepatitis C virus replication through

interaction with NSSA and NSSB. 1. Virol. 79:13473-13482.

17. Hardy, R. W., J. Marcotrigiano, K. J. Blight, J. E. Majors, and C. M. Rice.

w

~

10.

16.

[*)

21.

29

28.

29.

30.

33.

34

oy
o

36.

37,

8.

J. ViroL.

2003. Hepatitis C virus RNA synthesis in a cell-free system isolated from
replicon-containing hepatoma cells. J. Virol. 77:2029-2037.

. He, Y., H. Nakao, S. L. Tan, 8. J. Polyak, P. Neddermann, S. Vijaysri, B. L.

Jacobs, and M. G. Katze. 2002. Subversion of cell signaling pathways by
hepatitis C virus nonstructural SA protein via interaction with Grb2 and P85
phosphatidylinositol 3-kinase. J. Virol. 76:9207-9217.

. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989.

Site-directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77:51-59.

. Honda, M., S. Kaneko, E. Matsushita, K. Kobayashi, G. A. Abell, and S. M.

Lemon. 2000. Cell cycle regulation of hepatitis C virus internal ribosomal
entry site-directed translation. Gastroenterology 118:152-162.

Hu, J., and C. Seeger. 1996. Hsp90 is required for the activity of a hepatits
B virus reverse transcriptase. Proc. Natl. Acad. Sci. USA 93:1060-1064.
Hu, J., D. O. Toft, and C. Seeger. 1997. Hepadnavirus assembly and reverse
transcription require a multi-component chaperone complex which is incor-
porated into nucleocapsids. EMBO J. 16:59-68.

23. Huang, D. C., S. Cory, and A. Strasser. 1997. Bcl-2, Bel-XL and adenovirus

protein E1BIYKD are functionally equivalent in their ability to inhibit cell
death. Oncogene 14:405-414.

. Inoue, K., K. Sekiyama, M. Yomada, T. Watanabe, H. Yasuda, and M.

Yoshiba. 2003, Combined interferon a2b and cyclosporin A in the treatment
of chronic hepatitis C: controlled trial. J. Gastroenterol. 38:567-572.

. Kampmueller, K. M., and D. J. Miller. 2005. The cellular chaperone heat

shock protein 90 facilitates Flock House virus RNA replication in Drosophila
cells. J. Virol. 79:6827-6837.

. Kapadia, S. B., and F. V. Chisari. 2005. Hepatitis C virus RNA replication

is regulated by host geranylgeranylation and fatty acids. Proc. Natl. Acad.
Sci. USA 102:2561-25606.

. Kosano, H., B. Stensgard, M. C, Charlesworth, N. McMahon, and D. Toft.

1998. The assembly of progestcrone receptor-hsp90 complexes using purified
proteins, J. Biol. Chem. 273:32973-32979.

Lai, V. C., S. Dempsey, J. Y. Lau, Z. Hong, and W. Zhong. 2003. In vitro
RNA replication directed by replicase complexes isolated from the sub-
genomic replicon cells of hepatitis C virus. J. Virol. 77:2295-2300.

Lam, E., M. Martin, and G. Wiederrecht. 1995. Isolation of a ¢cDNA encod-
ing a novel human FKS06-binding protein homolog containing leucine zip-
per and tetratricopeptide repeat motifs. Gene 160:297-302.

Lan, K. H., K. L. Lan, W. P. Lee, M. L. Sheu, M. Y, Chen, Y. L. Lee, 8. H.
Yen, F. Y. Chang, and S. D. Lee. 2007. HCV NSSA inhibits interferon-alpha
signaling through suppression of STAT1 phosphorylation in hepatocyte-
derived cell lines. J. Hepatol. 46:759-767.

. Le, S. S., F. A, Loucks, H. Udo, S. Richardson-Burns, R. A. Phelps, R. J.

Bouchard, H. Barth, K. Aktories, K. L. Tyler, E. R. Kandel, K. A. Heiden-
reich, and D. A. Linseman. 2005. Inhibition of Rac GTPase triggers a ¢-Jun-
and Bim-dependent mitochondrial apoptotic cascade in cerebellar granule
neurons. J. Neurochem. 94:1025-1039.

. Lindenbach, B. D., M. J. Evans, A. J. Syder, B. Wolk, T. L. Tellinghuisen,

C. C. Liu, T. Maruyama, R. O. Hynes, D. R. Burton, J. A. McKeating, and
C. M. Rice. 2005. Complete replication of hepatitis C virus in cell culture.
Science 309:623-626.

Liu, J., J. D. Farmer, Jr., W. S. Lane, J. Friedman, I. Weissman, and S. L.
Schreiber. 1991, Calcineurin is a common target of cyclophilin-cyclosporin A
and FKBP-FK506 complexes. Cell 66:807-815.

Lohmann, V., F. Korner, J. Koch, U. Herian, L. Theilmann, and R. Barten-
schlager. 1999. Replication of subgenomic hepatitis C virus RNAs in a
hepatoma cell line. Science 285:110-113.

. Macdonald, A., K. Crowder, A. Street, C. McCormick, and M. Harris. 2004,

The hepatitis C virus NSSA protein binds to members of the Src family of
tyrosine kinases and regulates kinase activity. J. Gen. Virol. 85:721-729.
Majumder, M., A. K. Ghosh, R. Steele, R. Ray, and R. B. Ray. 2001. Hep-
atitis C virus NSSA physically associates with p53 and regulates p21/wafl
gene expression in a p53-dependent manner. J. Virol. 75:1401-1407.
Manns, M. P,, M. Cornberg, and H. Wedemeyer. 2001. Current and future
treatment of hepatitis C. Indian J. Gastroenterol. 20(Suppl. 1):C47-C51.
Mercer, D. F., D. E. Schiller, J. F. Elliott, D. N. Douglas, C. Hao, A. Rinfret,
W. R, Addison, K. P. Fischer, T. A. Churchill, J. R. Lakey, D. L. Tyrrell, and
N. M. Kneteman. 2001. Hepatitis C virus replication in mice with chimeric
human livers. Nat. Med. 7:927-933.

. Momose, F., T. Naito, K. Yano, S. Sugimoto, Y. Morikawa, and K, Nagata.

2002. Tdentification of Hsp90 as a stimulatory host factor involved in influ-
enza virus RNA synthesis. J. Biol. Chem. 277:45306-45314.

. Moriishi, K., and Y. Matsuura. 2003, Mechanisms of hepatitis C virus in-

fection. Antivir. Chem. Chemother. 14:285-297.

. Murata, T., T. Ohshima, M. Yamaji, M. Hosaka, Y. Miyanari, M. Hijikata,

and K. Shimotohno. 2005. Suppression of hepatitis C virus replicon by
TGF-p. Virology 331:407-—417.

. Naito, T., F. Momose, A. Kawaguchi, and K. Nagata. 2007. Involvement of

Hsp90 in assembly and nuclear import of influenza virus RNA polymerase
subunits, J. Virol. 81:1339-1349.

. Nakagawa, S., T. Umehara, C. Matsuda, S. Kuge, M. Sudoh, and M. Kohara,

- 1083 -

8002 ‘8z Aueniga4 uo | NIMIG AINN YMYSO Je Bio'wse Al woy papeojumog



Vor. 82, 2008

44,

46.

47.

48.

49.

58.

59.

. Okamot

2007. Hsp90 inhibitors suppress HCV replication in replicon cells and hu-
manized liver mice. Biochem. Biophys. Res. Commun. 353:882-888.
Obermann, W, M., H. Sondermann, A. A. Russo, N, P. Pavletich, and F. U.
Hartl. 1998. In vivo function of Hsp90 is dependent on ATP binding and
ATP hydrolysis. J. Cell Biol. 143:901-910.

T., Y. Nishimura, T. Ichimura, K. Suzuki, T. Miyamura, T.
Suzuki, K. Moriishi, and Y. Matsuura. 2006. Hepatitis C virus RNA repli-
cation is regulated by FKBPS and Hsp90. EMBO J. 25:5015-5025.
Pietschmann, T., V. Lohmann, A. Kaul, N. Krieger, G. Rinck, G. Rutter, D.
Strand, and R. Bartenschlager. 2002. Persistent and transient replication of
full-length hepatitis C virus genomes in cell culture. J. Virol. 76:4008-4021.
Prapapanich, V., 8. Chen, E. J. Toran, R. A. Rimerman, and D. F. Smith.
1996. Mutational analysis of the hsp70-interacting protein Hip. Mol. Cell.
Biol. 16:6200-6207.

Qadri, I, M. Iwahashi, and F. Simon. 2002. Hepatitis C virus NS5A protein
binds TBP and p53, inhibiting their DNA binding and p33 interactions with
TBP and ERCC3. Biochim. Biophys. Acta 1592:193-204.

Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diek and A. Hall.
1992. The small GTP-binding protein rac regulates growth factor-induced
membrane ruffling. Cell 70:401-410.

50. Riggs, D. L., M. B. Cox, J. Cheung-Flynn, V. Prapapanich, P. E. Carrigan,

and D. F. Smith. 2004. Functional specificity of co-chaperone interactions
with Hsp90 client proteins. Crit. Rev. Biochem. Mol. Biol. 39:279-295.

. Scholle, F., K. Li, F. Bodola, M. Ikeda, B. A. Luxon, and S. M. Lemon, 2004,

Virus-host cell interactions during hepatitis C virus RNA replication: impact
of polyprotein expression on the cellular transcriptome and cell cycle asso-
ciation with viral RNA synthesis. J. Virol. 78:1513-1524.

. Shi, 8. T,, S. J. Polyak, H. Tu, D. R. Taylor, D. R. Gretch, and M. M. Lai.

2002. Hepatitis C virus NSSA colocalizes with the core protein on lipid
droplets and interacts with apolipoproteins. Virology 292:198-210.

. Strader, D. B, T. Wright, D. L. Thomas, and L. B, Seeff. 2004, Diagnosis,

management, and treatment of hepatitis C. Hepatology 39:1147-1171.

. Sullivan, W,, B, Stensgard, G. Caucutt, B, Bartha, N. McMahon, E. S.

Alnemri, G. Litwack, and D. Toft. 1997. Nucleotides and two functional
states of hsp90. J. Biol. Chem. 272:8007-8012.

. Takamizawa, A., C. Mori, I. Fuke, S. Manabe, S. Murakami, J. Fujita, E.

Onishi, T. Andoh, L. Yoshida, and H. Okayama. [991. Structure and orga-
nization of the hepatitis C virus genome isolated from human carriers.
1. Virol. 65:1105-1113.

. Tan, S. L., H. Nakao, Y. He, S. Vijaysri, P. Neddermann, B. L. Jacobs, B. J.

Mayer, and M. G. Katze. 1999. NS5A, a nonstructural protein of hepatitis C
virus, binds growth factor receptor-bound protein 2 adaptor protein in a Src
homology 3 domain/ligand-dependent manner and perturbs mitogenic sig-
naling. Proc. Natl. Acad. Sci. USA 96:5533-5338.

. Tiganis, T., and A. M. Bennett. 2007. Protein tyrosine phosphatase function:

the substrate perspective. Biochem. J. 402:1-15.

Tsukiyama-Kohara, K., N. lizuka, M. Kohara, and A. Nomoto. 1992. Inter-
nal ribosome entry site within hepatitis C virus RNA. J. Virol. 66:1476-1483.
Tu, H., L. Gao, S. T. Shi, D. R. Taylor, T. Yang, A. K. Mircheff, Y. Wen, A. E.
Gorbalenya, S. B. Hwang, and M. M. Lai. 1999. Hepatitis C virus RNA
polymerase and NS5A complex with a SNARE-like protein. Virology 263:
30-41.

. Uwanogho, D. A., Z. Hardcastle, P. Balogh, G. Mirza, K. L. Thornburg, J.

HUMAN B-indl IS INVOLVED IN HCV REPLICATION

61.

63.

66.

=

67.

68.

69,

7

71

74.

[=

2641

Ragoussis, and P. T. Sharpe. [999. Molecular cloning, chromosomal map-
ping, and developmental expression of a novel protein tyrosine phosphatase-
like gene. Genomics 62:406-416,

Venkatesan, A., R. Sharma, and A. Dasgupta. 2003. Cell cycle regulation of
hepatitis C and encephalomyocarditis virus internal ribosome entry site-
mediated translation in human embryonic kidney 293 cells. Virus Res. 94:
85-95.

). Wakita, T., T. Pietschmanon, T. Kato, T. Date, M. Miyamoto, Z. Zhao, K.

Murthy, A. Habermann, H. G. Krausslich, M. Mizokami, R. Bartenschiager,
and T. J. Liang. 2005. Production of infectious hepatitis C virus in tissue
culture from a cloned viral genome. Nat. Med. 11:791-796.

Wang, C., M. Gale, Jr., B. C. Keller, H. Huang, M. S. Brown, J. L. Goldstein,
and J. Ye, 2005. Identification of FBL2 as a geranylgeranylated cellular
protein required for hepatitis C virus RNA replication. Mol. Cell 18:425-
434,

. Wasley, A., and M. J. Alter. 2000. Epidemiology of hepatitis C: geographic

differences and temporal trends. Semin. Liver Dis. 20:1-16.

. Watashi, K., M. Hijikata, M. Hosaka, M. Yamaji, and K. Shimotohno. 2003.

Cyclosporin A suppresses replication of hepatitis C virus genome in cultured
hepatocytes. Hepatology 38:1282-1288.

Watashi, K., N, Ishii, M. Hijikata, D. Inoue, T. Murata, Y. Miyanari, and K.
Shimotohno. 2005. Cyclophilin B is a functional regulator of hepatitis C virus
RNA polymerase. Mol. Cell 19:111-122.

Wertheimer, A. M., S. J. Polyak, R. Leistikow, and H. R. Rosen. 2007,
Engulfment of apoptotic cells expressing HCV proteins leads to differential
chemokine expression and STAT signaling in human dendritic cells. Hepa-
tology 45:1422-1432.

Wochnik, G. M., J. C. Young, U. Schmidt, F. Holsboer, F. U. Hartl, and T.
Rein. 2004. Inhibition of GR-mediated transcription by p23 requires inter-
action with Hsp90. FEBS Lett. 560:35-38.

Xue, Y., F. Bi, X. Zhang, Y. Pan, N. Liu, Y. Zheng, and D. Fan, 2004,
Inhibition of endothelial cell proliferation by targeting Racl GTPase with
small interference RNA in tumor cells. Biochem. Biophys. Res. Commun.
320:1309-1315.

Ye, J., C. Wang, R. Sumpter, Jr., M. S. Brown, J. L. Goldstein, and M. Gale,
Jr. 2003. Disruption of hepatitis C virus RNA replication through inhibition
of host protein geranylgeranylation. Proc. Natl. Acad. Sci. USA 100:15865—
15870.

Yi, M., and S. M. Lemon. 2004. Adaptive mutations producing efficient
replication of genotype la hepatitis C virus RNA in normal Huh7 cells.
J. Virol. 78:7904-7915.

. Young, J. C,, and F. U. Hartl. 2000. Polypeptide release by Hsp90 involves

ATP hydrolysis and is enhanced by the co-chaperone p23. EMBO J. 19:
5930-5940.

. Zech, B., A. Kurtenbach, N. Krieger, D. Strand, S. Blencke, M. Morbitzer, K.

Salassidis, M. Cotten, J. Wissing, S. Obert, R. Bartenschlager, T. Herget,
and H. Daub. 2003. Identification and characterization of amphiphysin II as
a novel cellular interaction partner of the hepatitis C virus NS5A protein.
J. Gen. Virol. 84:555-560.

Zhong, J., P. Gastaminza, G. Cheng, S. Kapadia, T. Kato, D. R. Burton, S. F.
Wieland, S. L. Uprichard, T. Wakita, and F. V. Chisari. 2005. Robust
hepatitis C virus infection in vitro. Proc. Natl. Acad. Sci. USA 102:9294-
9299,

- 1084 -

8002 '8Z Auerugag uo |N NIMIE AINN YMYSO 1e Bio wseal woyy papeojumod



Journal of General Virology (2008), 89, 2108-2113 DOI 10.1099/vir.0.83658-0

Correspondence
Kazuaki Chayama
chayama@hiroshima-u.acjp

Received 13 December 2007
Accepted 14 May 2008

INTRODUCTION .

Establishment of an infectious genotype 1b
hepatitis C virus clone in human hepatocyte
chimeric mice

Takashi Kimura,"Q Michio Imamura,"? Nobuhiko Hiraga,"Q

Tsuyoshi Hatakeyama,'* Daiki Miki,"? Chiemi Noguchi,"® Nami Mori,'?
Masataka Tsuge, " Shoichi Takahashi,'? Yoshifumi Fujimoto,'? Eiji lwao,
Hidenori Ochi,.2* Hiromi Abe,'?* Toshiro Maekawa,* Keiko Arataki,®
Chise Tateno,>® Katsutoshi Yoshizato,>® Takaji Wakita,” Toru Okamoto,®

Yoshiharu Matsuura® and Kazuaki Chayama'?*

'Department of Medicine and Molecular Science, Division of Frontier Medical Science, Programs for
Biomedical Research, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima,
Japan

2Liver Research Project Center, Hiroshima University, Hiroshima, Japan
3Research Division, Mitsubishi Tanabe Pharma Corporation, Osaka, Japan

*Laboratory for Liver Disease, SNP Research Center, Institute of Physical and Chemical Research
(RIKEN), Yokohama, Japan

®Hirosimakinen-Hospital, Internal Medicine, Hiroshima, Japan

®Developmental Biology Laboratory, Department of Biological Science, Graduate School of
Science, Hiroshima University, Higashihiroshima, Japan

"Department of Virology II, National Institute of Infectious Diseases, Shinjuku-ku, Japan

8Department of Molecular Virology, Research Institute for Microbial Diseases, Osaka University,
Osaka, Japan

The establishment of clonal infection of hepatitis C virus (HCV) in a small-animal model is
important for the analysis of HCV virology. A previous study developed models of molecularly
cloned genotype 1a and 2a HCV infection using human hepatocyte-transplanted chimeric mice.
This study developed a new model of molecularly cloned genotype 1b HCV infection. A full-length
genotype 1b HCV genome, HCV-KT9, was cloned from a serum sample from a patient with
severe acute hepatitis. The chimeric mice were inoculated intrahepatically with in vitro-transcribed
HCV-KT9 RNA. Inoculated mice developed viraemia at 2 weeks post-infection, and this persisted
for more than 6 weeks. Passage experiments indicated that the sera of these mice contained
infectious HCV. Interestingly, a similar clone, HCV-KT1, in which the poly(U/UC) tract was 29 nt
shorter than in HCV-KT9, showed poorer in vivo infectivity and replication ability. An in vitro study
showed that no virus was produced in the culture medium from HCV-KT9-transfected cells. In
conclusion, this study developed a genetically engineered genotype 1b HCV-infected mouse.
This mouse model will be useful for the study of HCV virology, particularly the mechanism
underlying the variable resistance of HCV genotypes to interferon therapy.

hepatocytes of humans and chimpanzees. There are many

Hepatitis C virus (HCV), a positive-sense, single-stranded
RNA virus, infects and replicates efficiently only in the

genotypes of HCV distributed worldwide (Simmonds et al.,
1993); among them genotype 1b is the major genotype in
Asia, including Japan, and is known to be one of the most
resistant genotypes to interferon (IFN) therapy (Fried et al,,

The GenBank/EMBL/DDBJ accession numbers for the sequences of

2002). Until recently, studies of HCV replication have long

HCV-KT9 and HCV-KT1 determined in this work are AB435162 and been hampered by the lack of a virus culture system. The

AB426117, respectively.

development of HCV replicon systems has allowed the
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study of the mechanisms of replication of HCV (Lohmann
et al, 1999). However, these replicons lack structural
proteins, do not replicate efficiently without adaptive
mutations and do not produce infectious virions. Recently,
it was reported that the genotype 2a full-length JFH-1
genome replicated efficiently in Huh7 cells without adaptive
mutations and produced virions that were infectious for
both naive cells and chimpanzees, as well as for a human
hepatocyte-transplanted chimeric mouse (Wakita et al,
2005; Zhong et al., 2005; Lindenbach et al., 2006). To date,
five full-length genotype 1b clones, HCV-N (Beard et al,
1999), Con-1 (Bukh et al, 2002), HCV-J4 (Okamoto et al.,
1992), HCV-CG1b (Thomson et al., 2001) and HCV-BK
(Takamizawa et al., 1991), have been demonstrated to be
infectious by intrahepatic inoculation of transcribed HCV
RNA into the liver of chimpanzees. Among these, only the
HCV-CGI1b genome is reported to produce HCV particles
when transfected into Huh7 cells (Heller et al,, 2005).

Although the chimpanzee is a useful animal model for the
study of HCV infection, there are ethical restrictions on the
use of this animal. Instead, Mercer et al. (2001) developed a
useful small-animal model for the study of HCV infection
using chimeric urokinase-type plasminogen activator
(uPA)/severe combined immunodeficiency (SCID) mice
(which are immunodeficient and undergo liver failure)
with engrafted human hepatocytes. This HCV-infected
mouse model is reported to be useful for evaluating anti-
HCV drugs such as IFN-x and anti-NS3 protease
(Kneteman et al, 2006). We have previously described
methods to improve the replacement levels of human
hepatocytes in this mouse model (Tateno et al., 2004) and
we have developed a reverse genetics system for hepatitis B
virus (Tsuge et al, 2005) and HCV (Hiraga er al., 2007). In
the present study, we report the establishment of an
infectious genotype 1b HCV clone that infects and
replicates efficiently in human hepatocyte chimeric mice.

METHODS

Cloning of infectious genotype 1b HCV isolate. Serum samples
were obtained from a 43-year-old physician who developed severe
acute hepatitis after needle stick exposure from a patient with chronic
hepatitis C. On admission, the serum total bilirubin concentration was
10.0 mg dl™" and the prothrombin time was 40 %. The patient tested
positive for HCV antibodies by a third-generation radioimmunoassay
(Ortho-Clinical Diagnostics) and for HCV RNA by RT-PCR. Serum
HCV RNA was quantified using an Amplicor Monitor HCV test
(Rache Diagnostics). The HCV RNA titre was 2.5 x 10° copies ml™ ' on
admission and then decreased gradually. Fig. 1 shows the serial changes
in alanine aminotransferase (ALT) as a measure of liver function and
HCV RNA levels in this patient. Serum samples obtained in the early
phase of infection were used for cloning the full-length genome.

RNA extraction, cDNA synthesis, plasmid construction and
RNA transcription. Total RNA was extracted from 100 pl serum
samples using SepaGene RV-R (Sanko Junyaku) and reverse transcribed
with random hexamers and ReverTra Ace reverse transcriptase
(Toyobo) according to the manufacturer’s instructions. PCR primers
were designed based on the sequence of HCV-Con1 (GenBank accession

HCV RNA
(copies mi*) 2.5 x 108 15x 104 30x10°  <1.0x10°
2000 ¥ \ 4 A\
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Fig. 1. Clinical course of a patient with severe acute hepatitis C.
Alanine aminotransferase (ALT) and prothrombin time (PT) are
shown from the day of admission (day 1). The patient was treated
daily with 10° U IFN-f intravenously for 5 days, followed by 10° U
IFN-2 intramuscularly three times a week for 6 months. HCV RNA
was measured on days 1, 7, 13 and 17 (arrowheads). A serum
sample was taken on day 1 (arrow) and used to clone the full-
length HCV genome.

no. AJ238799; Bukh et al, 2002). Five overlapping cDNA segments (nt
1-2292, 2269-6715, 6696-9094, 7564-9404 and 9361-9605; nucleotide
numbers are those of HCV-Conl) were amplified by PCR with TaKaRa
LA Taq polymerase (Takara Biochemicals) using the above ¢DNA.
Amplified products were separated by agarose gel electrophoresis.
Nucleotide sequences were determined using a Big Dye Terminator Mix
Cycle Sequencing kit (Applied Biosystems Japan) with an automated
DNA sequencer (model 310; PE Biosystems). We corrected the
nucleotide sequences of the obtained clones by site-directed mutagen-
esis and made them identical to the nucleotide sequences obtained by
direct sequencing. Naturally occurring restriction enzyme cutting sites
were utilized to clone each segment. We utilized the vector pBR322 and
created a multiple-cloning site under the control of the T7 promoter by
ligating a linker at restriction enzyme cutting sites as they appeared in
order from 5" to 3" in the HCV sequences (Fig. 2a). Each segment of
HCV was cloned into this vector to generate the full-length clones. The
HCV-KT9 clone was established using the 3'-terminal fragment with
the longest poly(U/UC) tract length (115 nt), which should have a high
replication ability (Friebe & Bartenschlager, 2002; Yi & Lemon, 2003;
You & Rice, 2008). A clone with a shorter poly(U/UC) tract length
(86 nt), HCV-KTI, was also generated. A polymerase-deficient mutant
with an amino acid substitution in the GDD motif (GDD—GND;
HCV-KT9-GND) was generated using a Quick Change Site-Directed
Mutagenesis kit (Stratagene). After digesting the plasmid with Xbal
(New England BioLabs) at the 3’ end of the HCV ¢cDNA, HCV RNA
was transcribed using T7 RNA polymerase (MEGAscript; Ambion) at
37 °C for 3h in a 100w reaction mixture, according to the
manufacturer’s instructions. The RNA was analysed using denaturing
agarose gel electrophoresis and kept at =80 ~C until use.

Construction of a phylogenetic tree. A phylogenetic tree was
constructed based on the entire nucleotide sequences of 26 full-length
genotype 1b clones plus HCV-KT9. The total number of synonymous
and non-synonymous substitutions among the nucleotide sequences
was estimated using the method of Gojobori et al. (1982) and a
phylogenetic tree was constructed by the neighbour-joining method
(Saitou & Nei, 1987). '
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Fig. 2. (a) Schematic diagram of the organization of the cDNA
clone HCV-TK9. The T7 RNA promoter (T7P) is located
immediately upstream of the HCV genome. Restriction enzyme
sites that were used to create clone HCV-KT9 are labelled
according to their nucleotide position within the HCV sequence.
Amino acid sequences unique to HCV-KT9 compared with 26
other HCV genotype 1b isolates are indicated at the bottom of the
figure, with the paosition of the repaired amino acid residues noted
within the polyprotein. (b) Length of the poly(U/UC) tracts of HCV-
KT1, HCV-KT9 and 22 other HCV genotype 1b clones reported
previously. Asterisks indicate clones confirmed to be infectious by
experiments using chimpanzees. (c) Phylogenetic tree constructed
with HCV-KT9 and 26 genotype 1b HCV whole-genome
sequences. Bar, number of nucleotide substitutions per site.
Asterisks indicate clones confirmed to be infectious in experiments
using chimpanzees.

Intrahepatic injection experiments in human hepatocyte chi-
meric mice. We used methods described previously (Tateno et al.,
2004) to generate uPA */*/SCID "/" mice and transplant human
hepatocytes. All mice used in this study were transplanted with frozen
human hepatocytes obtained from the same donor. Mouse serum
concentrations of human serum albumin (HSA) correlate with the
repopulation index and were measured as described previously
(Tateno et al., 2004). Intrahepatic injection of RNA, extraction of
serum samples and euthanasia were performed under ether
anaesthesia. Briefly, 500 pl RNA solution containing 30 pg tran-
scribed HCV RNA was injected into the liver of anaesthetized
chimeric mice through a small abdominal incision. RNA extraction
from mouse serum samples, quantification of HCV RNA and nested
PCR were performed as described previously (Hiraga et al,, 2007). All
animal protocols described in this study were performed in
accordance with the guidelines of the local committee for animal
experiments and under the approval of the Ethics Review Committee
for Animal Experimentation of the Graduate School of Biomedical
Sciences, Hiroshima University.

Celi culture, RNA transfection and measurement of HCV core
antigen. The human hepatoma cell line Huh7 was maintained in
Dulbecco’s modified Eagle’s medium (Sigma) containing 109% fetal
calf serum. RNA transfection and measurement of HCV core antigen
in the culture medium were performed as described previously
(Wakita et al., 2005).

Statistical analysis. The infectious ratio of chimeric mice was
compared and the differences assessed using a z* test. Differences in
HCV RNA replication ability in vitro were analysed statistically by
one-way analysis of variance followed by Scheffe’s test. A P value of
less than 0.05 was considered statistically significant.

RESULTS

Characteristics of genotype 1b clones HCV-KT9
and HCV-KT1

The entire genome of HCV ¢DNA was assembled from five
DNA fragments (Fig. 2a). We obtained 24 3’-extremity
clones with different poly(U/UC) tract lengths. We selected
the clone with the longest (U/UC) tract because a previous
study indicated that the length of poly(U/UC) tract
correlates with HCV replication in an HCV replicon system
(Friebe & Bartenschlager, 2002; Yi & Lemon, 2003; You &
Rice, 2008). The length of the poly(U/UC) tract in the
longest 3 clone was 115 nt. The entire genome length of the
HCV-KT9 clone using this longest 3 clone was 9621 nt. We
also generated the clone HCV-KT1 with a shorter (86 nt)
poly (U/UC) tract to compare the replication abilities of
these clones. The lengths of the poly(U/UC) tracts of 22
clones deposited in GenBank are shown in Fig. 2(b). All
infectious clones had a poly(U/UC) tract longer than 80 nt.
Fig. 2(c) shows a phylogenetic tree constructed using the
nucleotide sequences of the 26 full-length genotype 1b
clones published to date. Interestingly, the sequence of
HCV-KT9 was closest to that of HCV-CG1b (GenBank
accession no. AF333324), which has been reported to be
infectious, and formed a cluster with two other infectious
clones, HCV-N (Beard et al, 1999) and HCV-BK
(Takamizawa et al, 1991). We compared the amino acid
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sequences of HCV-KT9 with an alignment of the sequences
of the 26 other genotype 1b strains. All HCV full-length
clones reported from Japan were included in these 26 strains.
Based on these comparisons, we identified 25 aa unique to
HCV-KT9 (Fig. 2a). We found that the amino acid sequence
of the IFN sensitivity-determining region in the NS5A
region, which has been suggested to mediate IFN resistance
via interaction with the cellular protein kinase R (Enomoto
et al,, 1996; Gale et al., 1997), was that of the wild-type.

Intrahepatic injection of HCV-KT1 and HCV-KT9
RNAs into human hepatocyte chimeric mice

In the next experiments, 30 pg in vitro-transcribed RNA of
HCV-KT1, HCV-KT9 or HCV-KT9-GND was injected
into the livers of chimeric mice. Eight of 10 (80 %) HCV-
KT9-injected mice developed measurable viraemia at
2 weeks post-inoculation (Table 1 and Fig. 3), with the
HCV RNA titre reaching 1.1 x 10° to 8.8 x 10° copies ml™"
at 6 weeks post-inoculation (Fig. 3). To check for the
presence of infectious HCV in the serum of HCV-KT9-
infected mice, each of five naive mice was injected with
10 pl serum sample (containing 3.5 x 10° copies of HCV)
obtained from an HCV-KT9-infected mouse 6 weeks after
inoculation. All five naive mice became positive for HCV
RNA, as confirmed by nested PCR, at 2 weeks post-
inoculation and two mice developed persistent viraemia
(Fig. 4). These results indicated that the serum of HCV-
KT9-injected mice contained infectious HCV. In contrast
to HCV-KT9, none of the three mice injected with HCV-
KT9-GND RNA developed viraemia (Table 1). These
results indicated that HCV-KT9 replicates efficiently in
mice livers and produces infectious virus continuously. On
the other hand, only one out of seven HCV-KT1-injected
mice (14 %) developed measurable viraemia (Table 1 and
Fig. 3). The level of viraemia was low in this HCV-KT1-
infected mouse, HCV RNA was negative by nested PCR at
2 weeks after inoculation and the titre was only
2.2 % 10* copies ml™" at 4 weeks post-inoculation (Fig. 3).
These results confirmed the importance of the poly(U/UC)
tract length in experimentally induced viraemia.

The nucleotide and amino acid sequences of the viral
genome isolated from an HCV-KT9-injected mouse (Fig. 3)

Table 1. Correlation between length of the poly(U/UC) tract
and HCYV infection

Clone Length of Number of mice  Infection

poly(U/UC) ratio

tract Infected Not Total
infected
HCV-KTI 86 1 6 7 14 %
HCV-KT9 115 8 2 10 80 %™
HCV-KT9- 115 0 3 3 0%
GND

*P=0.015, compared with HCV-KTI.

108| —® HCV-KTS-Infected
(n=8)
~O— HCV-KT1-Infected

(n=1)
107 ~O HCV-KT1-uninfected
(n=6)

108

10°

10¢

HCV RNA (copies mi-)

i
|

-
o
©

HSA (ng ml-)
3

108t

Time after inoculation (weeks)

Fig. 3. Changes in HCV RNA levels and HSA concentrations in
the sera of mice infected with clonal HCV. Mice were inoculated
intrahepatically with 30 g in vitro-transcribed HCV RNA. Eight of
the ten HCV-KT9-infected mice (80 %), one of the seven HCV-
KT1-infected mice (14 %) and none of the three HCV-KT9-GND-
infected mice became positive for HCV RNA. The results for six
HCV-KT 1-uninfected mice are also shown. Mice serum samples
were obtained every 2 weeks post-infection for analysis of HCV
RNA titres. Data are shown as mean + sD.

at 6 weeks after RNA injection were identical to the
injected HCV-KT9 (data not shown). We tried to reclone
the poly(U/UC) tract in the HCV-KT1-infected mouse, but
it was impossible to reamplify the HCV ¢DNA using the
remaining small amount of serum.

Analysis of virus production from HCV-KT9-
transfected cells

Next, we evaluated the ability of the HCV-KT9 clone to
replicate in transfected Huh7 cells. In these experiments,
we used JFH-1 RNA, which is known to replicate efficiently
in cell cultures, as control (Wakita et al., 2005). Core
protein was secreted efficiently from JFH-1 RNA-trans-
fected Huh7 cells. In contrast, we did not observe any
measurable levels of core protein in the supernatant of
HCV-KT9-transfected cells (Fig. 5), suggesting a minimal
replication ability of HCV-KT9 to produce and release
virus into the supernatant.

DISCUSSION

In this study, we described the establishment of a genotype
Ib clone, HCV-KT9, that replicated efficiently following
injection of the transcribed RNA into chimeric mouse liver.
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Fig. 4. Passage experiments of HCV in naive chimeric mice. Five
naive chimeric mice were inoculated intravenously with 10 pl
serum sample (containing 3.5%10° copies HCV) obtained from an
HCV-KT9-infected mouse at week 6 post-inoculation. Serum
samples were obtained at the indicated time intervals for the
measurement of HCV RNA levels and HSA concentrations. Data
represent the changes in five individual mice.

The key factor that determines the infectivity of HCV
clones has not yet been established. We previously
established a clone from HCV that replicated in a chimeric
mouse after injection of serum from a chronically HCV-
infected patient. However, we did not observe viraemia
after intrahepatic injection of the transcribed RNA from
this clone (unpublished results). In contrast, injection of
HCV-KT9 RNA in the present study resulted in viraemia in
eight out of ten mice (80 %). The fact that the nucleotide

15001

~@- HCVKTY

T ~O- HCV-KT-GND
E -O- JFH-1
= 1000
c
)
T
©
g 500
>
O
I

20

0
24 48 72
Time after transfection (h)

Fig. 5. Time-course studies of HCV core protein secretion into
the culture medium of HCV RNA-transfected cells. Huh7 cells
were transfected with 10 pg HCV-KT9, HCV-KT9-GND or JFH-1
RNA. HCV core antigen in the culture medium was measured at
24,48 and 72 h after transfection. Data are shown as mean % SD of
HCV core protein levels obtained from three independent
transfection experiments.

and amino acid sequences of the virus recovered from the
infected mice were identical to those of the HCV-KT9
clone indicated that no adaptive mutation was necessary
for this clone to replicate in the chimeric mouse.

Interestingly, the clone was obtained from a patient with
severe acute hepatitis. This is similar to JFH-1, an HCV
clone with a strong replication ability in cultured cell lines,
chimpanzees and chimeric mice, which was cloned from
serum samples of a patient who developed acute fulminant
hepatitis with a high virus titre (Wakita et al, 2005). A
virus that replicates in the early stage of infection may have
strong replication ability, which may be lost in the chronic
phase of infection.

A key amino acid substitution may be present in one (or
some) of the amino acids unique to this clone (Fig. 2a). We
also showed that clone HCV-KT1, which differs from
HCV-KT9 only in the length of the poly(U/UC) tract, had
a poorer replication ability in mice (Table 1 and Fig. 3).
However, there is a possibility that a shorter poly(U/UC)
tract only slows down the rate of infection, as the HCV
RNA titre in the HCV-KT1-infected mouse at 6 weeks after
inoculation was similar to that in HCV-KT9-infected mice
(Fig. 3). It has been reported that the length and
composition of the poly(U/UC) tract is important for the
replication of HCV replicons (Friebe & Bartenschlager,
2002; Yi & Lemon, 2003; You & Rice, 2008). However, no
replication advantage of a poly(U/UC) tract longer than
86 bp was revealed in this study. This may be due to
differences in vitro and in vivo, where the innate immune
response against the virus may be more robust than in cell
culture.

As shown in the present study, reverse genetics of HCV has
become available for studies of HCV replication. The
important factors for virus replication suggested above can
be analysed further using this system.

We also examined the response of HCV-KT9-infected mice
to IFN treatment. Three HCV-KT9-infected mice were
treated with daily intramuscular injections of 1000 IU IFN-
2 (g body weight) ™' for 2 weeks. This regimen resulted in a
reduction in HCV RNA levels of only 1.0 log copies ml™"
(data not shown). These results are consistent with our
previous study, which showed a similar low-level reduction
in HCV RNA in mice infected with a genotype la clone,
and differ from our previous results in mice infected with
HCV genotype 2a, which became negative for HCV RNA
following daily treatment with 1000 IU IFN-2 (g body
weight) ™' for 2 weeks (Hiraga et al., 2007). These results
are in agreement with our clinical experience that genotype
1 is more resistant to [FN therapy than genotype 2. As
shown in the present study and previously (Hiraga et al,
2007), reverse genetics of HCV with three genotypes, 1a, 1b
and 2a, is now available. By recombination of these clones
or the establishment of mutants with nucleotide and amino
acid sequences similar to each other, it may be possible to
clarify the mechanism underlying the variability in
susceptibility of HCV genotypes to IFN.
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In this study, HCV-KT9 showed no virus production
ability in vitro. Recently, Kato et al. (2007) reported that
the genotype 1b HCV clone CG1b replicated in Huh7.5.1
cells and produced infectious HCV. It will be of interest to
create chimeric viruses of HCV-KT9 and HCV-CG1b, and
to determine the mutations that are important for virus
production in vitro.

In summary, we established an infection model of a
genotype 1b HCV clone using human hepatocyte chimeric
mice. This model will be useful for studies of HCV
replication, particularly the mechanism underlying the
variable resistance of HCV genotypes to IEN therapy.
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Adoptive immunotherapy with liver allograft—
derived lymphocytes induces anti-HCV

activity after liver transplantation in humans
and humanized mice
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After liver transplantation in HCV-infected patients, the virus load inevitably exceeds pre-transplantation lev-
els. This phenomenon reflects suppression of the host-effector immune responses that control HCV replica-
tion by the immunosuppressive drugs used to prevent rejection of the transplanted liver. Here, we describe an
adoptive immunotherapy approach, using lymphocytes extracted from liver allograft perfusate (termed herein
liver allograft-derived lymphocytes), which includes an abundance of NK/NKT cells that mounted an anti-HCV
response in HCV-infected liver transplantation recipients, despite the immunosuppressive environment. This
therapy involved intravenously injecting patients 3 days after liver transplantation with liver allograft-derived
lymphocytes treated with IL-2 and the CD3-specific mAb OKT3. During the first month after liver transplan-
tation, the HCV RNA titers in the sera of recipients who received immunotherapy were markedly lower than
those in the sera of recipients who did not receive immunotherapy. We further explored these observations in
human hepatocyte-chimeric mice, in which mouse hepatocytes were replaced by human hepatocytes. These
mice unfailingly developed HCV infections after inoculation with HCV-infected human serum. However, injec-
tion of human liver-derived lymphocytes treated with IL-2/OKT3 completely prevented HCV infection. Fur-
thermore, an in vitro study using genomic HCV replicon-containing hepatic cells revealed that IFN-y-secreting
cells played a pivotal role in such anti-HCV responses. Thus, our study presents what we believe to be a novel

paradigm for the inhibition of HCV replication in HCV-infected liver transplantation recipients.

Introduction

Liver failure and hepatocellular carcinoma (HCC) due to chronic
hepatitis C infection are the most common indications for liver
cransplantation (LT), and the incidences of both have been pro-
jected to increase furcher in the future. Recurrent HCV infection
of che allograft is universal, occurs immediately after LT, and is
associated with accelerated progression to cirrhosis, graft loss, and
death (1, 2). This reflects the suppression of those host-effector
immune responses that usually control HCV replication, suggest-
ing that the immunosuppressive environment may play a major
role in the rapid progression of recurrent HCV infection after LT
(3,4). Further, the immunosuppressive condition described above
is considered to increase the incidence of cancer recurrence after LT
in HCC patients. We recently proposed the novel strategy of adju-
vant immunotherapy for preventing the recurrence of HCC after
LT; chis immunotherapy involves intravenously injecting LT recip-
ients with activated liver allograft-derived NK cells (5, 6). Since
the immunosuppressive regimen currently used after LT reduces
the adaptive immune components buc effectively maintains the
innate components of cellular immunicy (7-9), the augmenca-
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tion of the NK cell response, which is thought to play a pivotal
role in innate immunity, may be a promising immunotherapeutic
approach (6).We confirmed that che IL-2/anti-CD3 mAb-treated
(IL-2/OKT3-treated) liver allograft-derived NK cells expressed a
significantly high level of the tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL), which is a critical molecule for
tumor cell killing. Further, these cells showed high cyrotoxicity
against HCC cells, with no such effect on normal cells (5). After
obtaining approval from the ethical committee of our institute,
we successfully administered adoptive immunotherapy wich IL-2/
OKT3-created liver lymphocytes to liver cirrhosis patients with
HCC in a phase I trial. Alchough the long-term benefics of this
approach with regard to the control of HCC recurrence after LT
remain to be elucidated, chis trial provided a unique opportunity to
study whether the adoptive administration of IL-2/OKT3-created
liver lymphocytes could also mount an ant-HCV response in HCV-
infected LT recipients.

Previous studies have highlighted the important roles of innate
lymphocytes in developing immunity against hepatotropic
viruses, including HCV (10, 11). In chis regard, it is known chat
patients with chronic HCV infection show diminished NK and
NKT cell responses (12-14). In the case of an LT, it has recently
been reported that the host CD36° innate lymphocyte population,
November 2009
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consisting of NK and NKT cells, is appreciably associated wich che
severity of HCV recurrence after LT (15). These insights into the
immunopathogenesis of HCV recurrence indicarte chat the innate
immune components mentioned above are potential targets for
therapeuric manipulation. In chis scudy, we have demonstraced
for che first time to our knowledge that adoptive immunoctherapy
with IL-2/OKT3-treated liver lymphocytes, including abundant
NK and NKT cells, shows anti-HCV activity after LT, even in an
immunosuppressive environment.
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Results
Adoptive transfer of IL-2/OKT3~treated liver lymphocytes. The human
liver contains a significant number of resident lymphocytes. These
cells include abundant CD56* NK and NKT cells, many of which
differ phenotypically and functionally from the circulating cells
(14, 16). In our previous study, we performed ex vivo perfusion of
the liver through the portal vein, which was necessary in order to
flush blood from the liver graft before implantacion. Liver-resident
lymphocytes were then extracted from the perfusates (number of
lymphocytes extracted from normal liver perfusates, 0.5 + 0.1 cells
per gram of liver weight; n = 14) (5). Proportions of CD56*CD3-
NK cells and CD56°CD3* NKT cells among the lymphocytes
extracted from che liver perfusates (NK cells, 46.4% + 4.2%; NKT
cells, 17.2% + 2.3%; n = 14) were significancly (P < 0.05) higher than
those among the lymphocytes derived from the peripheral blood
of the same donors (NK cells, 21.9% + 3.7%; NKT cells, 3.8% + 0.9%;
= 14). Extensive preclinical studies have shown char liver
allograft-derived resident NK cells mediate remarkably higher
cytotoxic activity against HCC cells than do peripheral blood NK
cells (5). On chis basis, we undertook a clinical trial of adjuvant
immunotherapy wich IL-2/OKT3-treated liver lymphocytes for
preventing the recurrence of HCC after LT in 14 recipients wich
HCC (Figure 1 and Tables 1 and 2). The therapy involved admin-
istering a single intravenous injection of IL-2/OKT3-trearted liver
lymphocytes to recipients 3 days after LT (2-5 x 108 cells injected
per subject). In order to prevent graft-versus-host disease (GVHD),
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Figure 1

Schematic outline of adoptive immuno-

therapy with lymphocytes extracted
/ from liver allograft perfusate. The
therapy involved giving an intrave-
nous injection of IL-2/OKT3-treated
liver lymphocytes to LT recipients.
The lymphocytes were extracted
from the donor liver graft perfusate.
After 3 days of culture with IL-2 (100
JRU/mI), the activated liver NK cell—
enriched lymphocytes were admin-
istered to the LT recipients through
venous circulation. OKT3 (1 pg/ml)
was added to the culture medium
1 day before this administration in
order to prevent GVHD.

Recipient

ie., to inactivate CD3" alloreactive T cells, we added an anti-CD3
mAb, OKTS3, to the culture medium a day before the inoculation.
During che follow-up period (mean, 23.4 months; range, 10.7-32.9
months), neither any remarkable adverse effects nor rejection epi-
sodes occurred. All 14 subjects who received the immunotherapy
were alive without recurrence of HCC after LT (including S patients
with HCC exceeding the Milan criteria; ref. 17). Ac our institure,
the survival rate and recurrence rate of historical conctrol patients
with HCC exceeding the Milan criteria were 78% (30 of 37) and
10.8% (4 of 37), respectively. The lymphocytes in the peripheral
blood of LT recipients who received immunotherapy in the early
postoperative period showed significantly enhanced cytotoxicity
against an HCC cell line (HepG2) as compared with those in che
peripheral blood of LT recipients who did not receive the therapy
in the same period (Figure 2A). Although the gross proportions
of NK/NKT cells in the peripheral blood of patients treared with
immunotherapy did not differ from those in the peripheral blood
of untreated patients, the proportions of TRAIL® NK cells signifi-
cantly increased after immunotherapy in the peripheral blood of
the former patiencs. This increase in the TRAIL® NK cells in the
peripheral blood lymphocytes was not observed in untreated
patients (Figure 2B). Furthermore, there was a significant correla-
tion berween the frequency of TRAIL' NK cells in the peripheral
blood lymphocytes and the NK cytolytic activity of the peripheral
blood lymphocytes at 7 days after LT (Spearman rank-order cor-
relation coefficient = 0.54, P = 0.01; Figure 2C), indicating the anti-
HCCeffect of adoptively injected TRAIL* NK cells. It would be per-
tinent to conduct additional clinical trials of this immunotherapy
for preventing HCC recurrence after LT.

Anti-HCV activity after adoptive immunotherapy. Of the 14 LT
recipients who received the immunotherapy, 7 had chronic HCV
infection. During the period of this trial, S other HCV-infected LT
recipients who did not agree to receive immunocherapy served as
controls; the background of the controls, including HCV geno-
type, age, and immunosuppressive therapy, was similar to that
of the immunotherapy recipients (Table 3). It has been reported
November 2009 3227
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that HCV RNA concentrations sharply decrease a day after LT and
increase rapidly thereafter (3). In some of the patients, who did

@
E 22 %’ 2 22 g g 2 22222 : not receive the immunocherapy, HCV RNA titers remained lower
3 IIIIII S ===1% | than that of the pretransplanc titer 1 week after LT, suggesting the
1 individual variation of increasing tempo. However, in almost all
B2 SovTLONTIN—IOND~ | patients, HCV RNA titers exceeded the pretransplantation levels
3 5 FedEsRanerEne i by 2 weeks after LT. Notably, HCV infection disappeared in 2 LT
e B | recipients after the immunotherapy, but chis was not observed in
o ‘ che case of any HCV-infected LT recipients who did not receive
E § === 1====S==-= ; che cherapy. In one of these patients (who had che lowest HCV
g
|

RNA levels before LT), HCV RNA has not been detected to date
(20 monchs after LT), even with a qualitative assay. In the ocher
patient, HCV RNA became detectable at 2 months after LT. On
the other hand, the 2 patients with the highest HCV viral loads
did not respond at all to the immunoctherapy. Thus, the effects
of immunotherapy were dependent on the HCV virus load before
LT, probably because of the proportion of effectors and targets.
All patiencs with HCV viremia are currently being treared wich
pegylated IFN-a2b and ribavirin. Nevertheless, during the first
monch after LT, the HCV RNA citers in the sera of LT recipients
who received cthe immunocherapy were statistically lower than
those in the sera of LT recipients who did not receive cthe ctherapy
(P < 0.05) (Figure 3). Among the LT recipients who received the

The Milan criteria specifies that liver cancer patients with a single tumor of 5 or fewer centimeters in diameter or 3 or fewer tumors, each no more than 3 cm in diameter, and with no macrovascular invasion,
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TE = © immunotherapy, at 2 weeks after LT, HCV RNA remained unde-
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=2 SYVa- b Zo tectable in 4 patiencs (responders), whereas it was detectable in the
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other 3 patients (nonresponders). The serum ALT levels did not
differ between the responders and nonresponders (Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/]JCI38374DS1), suggesting that the immunotherapy
did not inhibit HCV RNA by injuring HCV-infected hepatocytes.
In vitro evidence to prove the anti-HCV activity of IL-2/OKT3~treated
liver lymphocytes by using HCV replicon—containing hepatic cells. The
liver allograft-derived lymphocytes were cultured in complete
medium with and withourt IL-2 for 3 days. This was followed by
adding OKT3 to the culture medium 1 day before coculcuring the
lymphocytes with HCV replicon-containing hepatic cells in a tran-
swell system, at an indicated time. While che freshly isolated liver
allograft-derived lymphocytes inhibited HCV replication in the
HCV replicon-containing hepatic cells to some extent, the culci-
vation of these lymphocytes with IL-2/OKT3 markedly promoted
anti-HCV activity. Absence of exposure to either IL-2 or OKT3
resulted in reduced anti-HCV activity of the lymphocytes (OKT3
had a more profound influence than IL-2) (Figure 4A). When the
lymphocytes were treated with IL-2 alone, the CD56* fraction,
including NK and NKT cells, thac had been isolated by magnetic
cell sorting inhibited HCV replication more strongly than the
CDS56" fraction; furcher, the CD3-CD56* NK celland CD3*CDS6°
NKT cell subfractions showed equivalent anti-HCV activity (Figure
4, Band C). On the other hand, when the lymphocytes were treared
with both IL-2 and OKT3, the CDS56* and CD56- fractions showed
similar levels of anti-HCV activity (Figure 4B). After the treat-
ment with IL-2 and OKT3, IFN-y was the predominant cytokine
in the culture supernatant of the lymphocyres (Figure SA), and
intracellular IFN-y expression was induced in the CD3-CDS6°
NK, CD3*CDS56* NKT, and CD3*'CD56" T cells (Figure 5B). There
was no difference between the proportions of TRAIL' and TRAIL-
CD3-CD56° NK cells producing IFN-y (Supplemental Figure 2).
Adding mAb against IFN-y to the coculture of lymphocytes wich
HCV replicon cells markedly weakened the anti-HCV effects. The
incomplete restoration of the anti-HCV effect by anti-IFN-y trear-
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can expect an excellent outcome after LT, with only a 10% risk of cancer recurrence (31). AFP, alpha fetoprotein; F, female; M, male; MELD, model for end-stage liver disease; PIVKA-II, protein induced by

Recipient and tumor characteristics
Sex
M
M
M
F
F
F
M
F
F
M
M
M
M
M
vitamin K absence; Path., pathological; Postop., postoperative.

Table 1
Patient Age
no.

AN NWNOD

3228 The Journal of Clinical Investigation  hrrp://www.jciorg  Volume 119 Number 11 November 2009

- 1093 -



Table 2

Donor and graft characteristics

Donor  Donor Donor HLA

no. age (yr) sex A B C

1 4 M 24, 07,40 03,07

2 24 M 2402,2603  4002,2603  0304,5201
3 51 F 0201,2402 0702,3901  0702.-

4 34 M 2601,2603  4001,4801  0303,0401
5 31 M 0206,2402 40025401  0102,0304
6 53 F 2402, 5201,5401  0102,1202
7 24 M 2601,3101  4006,5201  0801,1202
8 34 M 1101,- 4001,5401  0102,1502
9 37 M 0201,1101  1501,4006  0702,0801
10 28 M 1101,3303  5502,5801 0102,0302
" 28 M 0207,2402  4601,5201  0102,5201
12 27 M 0201,1101  1501,3501 0303,0415
13 54 F 1101,2402  1501,1507  0303,0401
14 21 F 2601,2603  1501,5401  0102,0303

ment suggests the possibility that other inflammartory cytokines
may also be responsible for the anti-HCV effect, although we have
not defined them at present (Figure SC). Thus, the vigorous anti-
HCV activity of IL-2/OKT3-treated liver lymphocytes was depen-
dent, ac least in part, on their [FN-y-secreting activity.

LEN-y-secreting activity in LT recipients after adoptive immunatherapy.
At 14 days after LT, the number of IFN-y-secreting cells in the
peripheral blood of LT recipients who received adoptive immuno-
therapy was significantly higher than that in the peripheral blood
of LT recipients who did not receive immunotherapy during the
trial period (Figure 6). This result was consistent wich the results
of the in vitro studies showing the crucial role of IFN-y produced
in IL-2/OKT3-treated liver lymphocytes.

In vivo evidence to prove the anti-HCV activity of adoptive immunothera-
Py by using HCV-infected human hepatocyte—chimeric mice. HCV-infected
mice have previously been developed by inoculating HCV-infected
human serum into chimeric urokinase-type plasminogen activator-
SCID (uPA-SCID) mice with engrafted human hepatocytes (18).
This HCV-infected mouse model
has been reported to be useful for
evaluating anti-HCV drugs such as
1IEN-a.and anti-NS3 protease (19).
We also generated a human hepa-

Table 3

tocyte-chimeric mouse model, No. Age Sex HCV
in which mouse hepatocytes genotype
were almost completely replaced With immunotherapy

by human hepatocytes (20). 4 64 F 1b
These mice consistently devel- 6 47 F 1b
oped long-term HCV infections, 8 65 F 1b
showing high viral citers after 10 56 M 1b
inoculation with HCV genotype " 56 M 1b
1b-infected human serum (50 pl/ 12 58 M 1b
mouse) (Supplemental Figure 3). w .59 hM 1b
Intraperitoneal injection of IL-2/ A ithowt '5"1""""0' ’;rapy 1b
OKT3-treared liver lymphocytes B 44 M 1b
(20 x 10° cells/mouse), at 2 weeks c 54 M 1b
after inoculation wich the infected D 56 M %
serum, consistently prevenced che E 57 M 1b

development of HCV infection in
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Relationship Graft Graft No. of cells
weight (g)  administered (x 106)

Offspring Right 608 172
Offspring Right 658 38
Spouse Right 670 129
Offspring Left 414 143
Offspring Posterior 702 135
Sibling Right 538 41
Offspring Right 642 350
Offspring Right 846 229
Offspring Left 402 811
Offspring Right 686 517
Offspring Right 558 414
Offspring Right 628 509
Sibling Right 650 460
Offspring Right 436 382

the human hepartocyte-chimeric mice (Figure 7A). Such anci-HCV
effects were countered by anti-IFN-y neutralizing antibodies in
some chimeric mice, suggesting the potential role played by IFN-y
in the anci-HCV effects of the immunotherapy. The administration
of recombinant human IFN-y markedly and consistently prevented
the development of HCV infection in the human hepatocyte-chi-
meric mice. Once the HCV RNA became undertectable in the sera of
chimeric mice receiving either IL-2/OKT3-treated liver lymphocytes
or recombinant IFN-y, it could not be detected again. The constant
levels of human serum albumin in che chimeric mice indicated
that neicher the immunotherapy nor recombinant IFN-y admin-
istration had significant adverse effects on human hepatocytes in
those mice (Figure 7B). Once HCV infection had developed in the
human hepatocyte-chimeric mice, who showed high titers of HCV
RNA in their sera (over 10° copies/ml) 4 weeks after the inocula-
tion of HCV-infected serum, the preventive effects of the adoptive
immunotherapy or recombinant IFN-y on HCV infection were no
longer observed (Figure 7C).

Characteristics of HCV-infected LT recipients that received and did not receive immunotherapy

MELD Pre-HCVRNA  Postoperative Immunosuppressant
(KIU/m1) months
16 210 29 Basiliximab+FK506+MMF
8 5,000 26 Basiliximab+CsA+MMF
18 2,400 24 Basiliximab+CsA+MMF
8 970 19 Basiliximab+FK506+MMF
9 1,700 17 Basiliximab+FK506+MMF
22 19 17 Basiliximab+FK506+MMF
6 2,200 16 Basiliximab+FK506+MMF
27 420 42 Basiliximab+FK506+MMF
10 1,600 32 Basiliximab+FK506 +MMF
8 180 22 Basiliximab+CsA+MMF
10 470 20 Basiliximab+FK506+MMF
12 3,200 6 Basiliximab+FK506+MMF
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Figure 2

Adoptive immunotherapy with IL-2/OKT3-treated liver lymphocytes promoted the cytotoxic activity and TRAIL expression of NK cells in LT
recipients. {A) The NK cytotoxic activities of the indicated effectors against their target cells were analyzed by the 3'Cr-release assay. The dot plot
represents the NK cytotoxic activities of freshly isolated peripheral blood lymphocytes obtained from recipients who received immunotherapy (+)
{n =7) and did not receive immunotherapy (-) (n = 5) against HepG2 target cells {effector/target [E/T] ratio, 40:1) 3 and 7 days after LT. NK cyto-
toxic activilies are represented as a proportion (percentage) of the preoperative cytotoxicity in each patient. Horizontal lines indicate the mean.
Statistical analyses were performed using the 2-tailed, paired Student’s ¢ test. *P < 0.05 for day 7 versus day 3. (B) The frequency of TRAIL+ NK
cells increased remarkably in the peripheral blood of LT recipients who received the immunotherapy. Horizontal lines indicate the mean. Statisti-
cal analyses were performed using the Mann-Whitney U test. P = 0.013 for inmunotherapy group versus untreated group in postoperative day 7.
(C) Correlation between TRAIL* NK cell ratio and NK cytolytic activity after LT (Spearman rank-order correlation coefficient = 0.54, P = 0.01).
Statistical analyses were performed using the Spearman rank-order correlation coefficient. The diagonal line indicates a linear regression line.

Each dot indicates the cytotoxicity and TRAIL* NK cell percentange of each patient. C1, control 1; POD, postoperative day; Pt., patient.

Discussion

The consequences of recurrent hepatitis C on the survival of graft
and LT recipients can only be avoided by the development of safe
and effective antiviral strategies that can not only prevent initial
graft infection but also eradicate established hepatitis C recur-
rence (3, 4). With regard o initial graft infection, the circulating
virions infect the liver graft immediately afrer LT. HCV RNA con-
centrations usually increase a few days after LT, reflecting acrive
HCV replication in che liver graft. In general, in such an early phase
of a viral infection, the first line of host defense may be effective
in removing the virus; however, recent reports have indicated that
HCV effectively escapes the innate immune system comprising
NKand NKT cells, resulting in persistent infection (21, 22). It has
been reported that cross-linking of CD81 on NK cells by the major
envelope protein of HCV, HCV-E2, blocks NK cell activation, IFN-y
production, cytotoxic granule release, and proliferarion (21).
Engagement of CD81 on NK cells blocks tyrosine phosphoryla-
tion through a mechanism chat is distinct from the negarive sig-
naling pacthways associated with NK cell inhibitory receptors for
major histocompatibility complex class I molecules (22). These

3230 The Journalof Clinical Investigation

Thup://www jciorg

facts prove that HCV-E2-mediated inhibirion of NK cells is an
efficient HCV evasion strategy, which involves targeting the early
antiviral activities of NK cells and allowing the virus to establish
itself as a chronic infection.

We have explored whether CD81 cross-linking-induced inhibitory
effects occureven in IL-2-stimulated NK cells. CD81 cross-linking
by a mAb specific for CD81 inhibired antitumor cytotoxicity and
anti-HCV activity mediated by resting NK cells, but this manipu-
lation did not alter both these activities of IL-2-stimulated NK
cells (Supplemencal Figure 4). This indicated that exposure to IL-2
before CD81 cross-linking abrogates subsequent inhibirory signals
in the NK cells. This would be one mechanism whereby the adop-
tive immunotherapy wich IL-2/OKT3-treated liver lymphocytes
inhibited HCV replication at the early phase of infection after LT.

Although the role of NK cells in controlling HCV infection and
replication has not been completely elucidated, a recent report has
indicated that NK cells do not exert a direct cytolytic effect on the
HCV replicon-containing hepatic cells but release IFN-y, suppress-
ing HCV RNA expression {11). The role of IFN-y in the expression of
NK cell-mediated anti-HCV activity has been proved by the observa-
November 2009
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tion that NK cell-conditioned media have an enhanced expression
of signal transducerand activator of transcription 1, a nuclear factor
that is essential in IFN-y-mediated antiviral pathways. It has also
been reported that hepacocytes cultured in NK cell-conditioned
media express higher levels of IFN-o/B, IFN regulatory factor 3,and
IFN regulatory factor 7, confirming that NK cells play a key role in
suppressing HCV infection ofand replication in human hepatocytes
in an IFN-dependent manner (23). Similar to recent reports, in the
present study, we dernonstrated that the NK cells among the IL-2/
OKT3-treated liver lymphocytes released soluble factors, predomi-
nantly IFN-y, thus suppressing HCV replication (Figures 5-7).

In addition to NK cells, NKT cells are thought to be involved

of NKT cells in controlling HCV infection/replication remains
unclear. One reporr has indicated that the number of NKT cells
in patients wich chronic HCV infection does not differ from
thac in healchy donors; however, activated NKT cells in HCV-
infecred patients produce higher levels of IL-13 — but compa-
rable levels of IFN-y — than those in healthy subjects, showing
that NKT cells are biased roward T-helper 2-type responses in
chronic HCV infection (24). Another recent report has shown
that the sustained response of patients with chronic hepatitis C
ro treatment with IFN-a and ribavirin is closely associated with
increased dynamism of NK and NKT cells in the liver, implicat-
ing an NKT cell-mediared mechanism in anti-HCV activity (25).

in eliciting innate responses against infection; however, the role  Here, we have described that NKT as well as NK cells in the IL-2/
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Figure 4

The cultivation of liver lymphocytes with IL-2/OKT3 markedly promoted anti-HCV activity. (A) Activation by IL-2 and OKT3 significantly
promoted the anti-HCV effect of the liver allograft-detived lymphocytes thal were cultured in complete medium with and without IL-2 {100
JRU/mI) for 3 days. OKT3 (1 ng/mi) was then added 1 day before coculturing with HCV replicon cells, at the indicated time. The bar graphs
indicate the luciferase activities of the cells in each group. Data are presented as mean + SEM (n = 5). Stalistical analyses were performed
using the Mann-Whitney U test with Bonferroni correction after the Kruskal-Wallis H test. *P < 0.01 for OKT3 and IL-2/OKT3 treatment versus
no treatment. (B) CD56+ fraction, including NK and NKT cells, strongly inhibited HCV replication. The cullure conditions are described in A.
By magnetic cell sorling, CD56* and CD56- fractions were isolated from the activated lymphocytes and analyzed for anti-HCV activity. The
bar graphs indicate the luciferase activities of the cells in each group (IL-2-treated group, white bars; IL-2 plus OKT3-treated group, black
bars). Whole, whole lymphocytes. Data are presented as mean = SEM (n = 5). Statistical analyses were performed using the Mann-Whitney
U'test. *P < 0.05 for CD56+ fraction versus CD56- fraction. (C) Anti-HCV effect of NK cells was almost identical to that of NKT cells after IL-2
activation. The liver allograft-derived lymphocytes were cullured in complete medium with IL-2 (100 JRU/mI) for 3 days. By magnetic sorting,

CD3-CD56* (NK) and CD3+CD56+ (NKT) fractions were isolated from the activated lymphocytes and analyzed for anti-HCV activity. Data are
presented as mean + SEM (n = 8).
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Figure 5

Anti-HCV activity of IL-2/OKT3-treated liver lymphocyles was dependent on their IFN-y secretion ability. (A) IFN-y was the major cytokine
released from the cultured cells. The bar graphs indicate the concentrations of various cytokines (IFN-y, TNF-a, IL-2, IL-4, IL-5, and IL-10)
detected in the coculture supernatant by CBA. Data are presented as mean + SEM (n = 3). (B) The efiects of IL-2 and OKT3 (100 JRU/mi
and 1 pg/mil, respectively) on IFN-y production by stimulated CD3-CD56+ NK, CD3+CD56* NKT, and CD3+CD56- T cells were evaluated by a
combination of cell surface and cytoplasmic mAb staining and subsequent flow cytometric analysis. Histograms represent the log flucrescence
intensities obtained upon staining for IFN-y after gating of each fraction. Dotted lines represent negative control staining with isotype-matched
mAbs. Horizontal lines indicate the gated portion of lymphocyles. GMean, geometric mean fluorescent intensity. (C) Blocking of IFN-y with mAb
(100 pg/ml) elucidated the marked role played by IFN-y in producing the anti-HCV effect. The bar graphs indicate the luciferase activities of the
cells in each group. Data are presented as mean + SEM of a representative triplicate sample.

OKT3-treated liver lymphocytes could play a vital role in con-
trolling HCV replication in hepatic cells via an IFN-y-associated
mechanism (Figures 5 and 6).

Therefore, in the early phase of HCV reinfection after LT, the
effects of IFN-y secretion from adoptively injected liver lympho-
cytes may include inhibition of HCV virion production, which is
probably caused by suppression of viral RNA and protein synthesis
without immune lysis of intact hepatic cells. This IFN-y secretion
from both CD3*CD56* NKT cells and CD3’ T cells was markedly
upregulated after treatment with OKT3, which was originally
used to prevent GVHD (Figure 5B). This is possibly because of the
potent mitogenic activicy of OKT3 that induces the activation of
CD3*CDS56* NKT cellsand CD3* T cells. However, the administra-
tion of OKT3-coated cells in vivo resulcs in the opsonization and
subsequent trapping and/or lympholysis of cells by the reticuloen-
dothelial system (26-28). Thus, GVHD is prevented in LT recipi-
ents treated with adoptive immunotherapy.

Our finding that the IL-2/OKT3-treated liver lymphocytes con-
trolled HCV replication via an IFN-y-associated mechanism can
lead to the clinical application of recombinant IEN-y for anti-HCV
treatment. However, a clinically applicable dose of recombinanc
IFN-y could not induce significanc inhibitory effects on HCV
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virernia in the previous study (29). Based on the accumulation of’
adoptively injected IL-2/OKT3-treated liver lymphocytes in the
liver of human hepatocyte-chimeric mice (data not shown), the
immunotherapy with the liver lymphocytes would provide suffi-
cient IFN-y to the HCV-infected site.

It has been recently reported that HCV-specific CD8* T cells
exert strong antiviral effects by both cytopathic and IFN-y-medi-
ated noncytopathic effector functions (30). However, in patients
with chronic HCV infection, dysfunction and funcrional restora-
tion of HCV-specific CD8" T cell responses have been reported
(31). Since HCV-specific CD8" T cell defects may be important in
persistent HCV infections, correcting these defects is considered to
our knowledge to be a novel approach to treat HCV infection. Fur-
ther studies are required to investigate whether activation of NK or
NKT cells functionally restores HCV-specific CD8" T cells.

In conclusion, adoptive immunotherapy using IL-2/OKT3-
treaced liver lymphocytes containing abundant NK and NKT cells
could mount remarkable anti-HCV responses in HCV-infected
LT recipients, although its effects were incomplete or transient.
Treatment-related improvements, such as defining the best sched-
ule and frequency of cell inoculation and developing more potent
effectors, could improve clinical benefics.
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Figure 6

Adoptive immunotherapy with IL-2/OKT3-treated liver lymphocytes induced the production of IFN-y in the LT recipients. At 14 days after LT, the
number of IFN-y—secreting cells in the peripheral blood of LT recipients treated with the adoptive immunotherapy (+) with IL-2/OKT3-treated liver
lymphocytes, including NK and NKT cells, was significantly higher than that in the peripheral blood of untreated LT recipients (). Histograms rep-
resent the proportion (percentage) of IFN-y—positive cells among the mononuclear cells obtained from the peripheral blood of the immunotherapy
(n = 4) and control group (n = 4) LT recipients. Dotted lines represent negative control staining with isotype-matched mAbs. Horizontal lines
indicate the gated portion of lymphocytes. Data are presented as mean + SEM. Histogram profiles shown are representative of 4 independent
experiments. Statistical analyses were performed using the Mann-Whitney U test. *P < 0.05 for immunotherapy group versus control group.

Methods obrained from all of the patients. This approach was successfully used in 14
Subjects. All the human liver samples were collected ar Hiroshima University  cirrhoric patients with HCC undergoing clinical LT (Tables 1 and 2). Of these
Hospital. Tissue specimens were collected after approval from the Institu- 14 patients, 7 had chronic HCV infection. Five other LT recipients with chronic
tional Review Board of Hiroshima University and after written informed con- ~ HCV infection did not agree to receive this immunotherapy during the trial
sent was obrtained from the patients. The use of immunotherapy with IL-2/  period. HCV RNA was qualitatively detected in the sera of these patients by a
OKT3-treated liver lymphocytes was approved by the Clinical Institutional  standardized qualitative RT-PCR assay (Amplicor HCV monitor, version 2.0;
Ethical Review Board of Hiroshima University. Written informed consentwas ~ Roche Diagnostics) every week during the first month after LT.
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Figure 7

Adoptive immunotherapy with IL-2/OKT3-treated liver lymphocytes prevented HCV infection in human hepatocyte—chimeric mice. (A) Human
hepatocyte—chimeric mice were intravenously injected with human serum samples positive for HCV genotype 1b. Two weeks after injecting the
infected serum, the mice were intraperitoneally inoculated with IL-2/0OKT3treated liver lymphocytes (20 x 108 cells/mouse; n = 6) for adoptive
immunotherapy. When indicated, anti-human IFN-y mAb was injected intraperitoneally 1 day before the immunotherapy (n = 4). Intraperitoneal
injection of recombinant human IFN-y (rhIFN-y) was commenced at 2 weeks after injecting the infected serum (n = 5). The untreated mice
served as controls (n = 6). The dot plots represent serum HCV RNA titers in each chimeric mouse 4 weeks after the injecting the infected
serum. Statistical analyses were performed using the Mann-Whitney U test. *P < 0.01 for immunotherapy group versus control group. (B) The
lines represent serial changes in human serum albumin levels in the sera of the mice indicated above. Data are presented as mean + SEM. (C)
IL-2/0OKT3-treated liver lymphocytes (20 x 10° cells/mouse) were intraperitoneally inoculated 4 weeks after the injection with the infected serum
(n = 5) for adoptive immunotherapy. Intraperitoneal injection of recombinant human IFN-y was commenced 4 weeks after the injecting the
infected serum (n = 9). The untreated mice served as controls (n = 9). The dot plots represent serum HCV RNA titers in each chimeric mouse
6 weeks after injection with the infected serum.
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