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Fig. 4. Stable expression of HCV viral proteins induces lymphoproliferative diseases. The white pulp (WP) and red pulp
(RP) comprise the components of the spleen in wild-type (WT) mice. The neoplastic cells replace the normal
structures, such as the white pulp and red pulp. (¢ and d) The neoplastic cells are larger than lymphocytes (c), and
the nuclei are irregular, round, oval, elongated, and polygonal (d). (e and g) The white pulp in WT mice consisted
of both a B-cell-rich area (arrows, €) and a T-cell-rich area (arrowheads, g). (f and h) The neoplastic cells show
staining for the B cell marker, CD45R, thereby supporting the diagnosis of B-cell lymphoma (f), while they do not
show staining for the T-cell marker CD3 (h). Frames ¢ and d are higher-magnification views of the boxed areas

(white) in a and b, respectively.

The relationship between chronic HCV infection and
Iymphoma during interferon (IFN) disruption

It has been demonstrated that HCV infection causes
Iymphoproliferative diseases, such as B cell non-Hodg-
kin’s lymphomas and mixed cryoglobulinemia [25, 39].
We established IFN regulatory factor-1-null (irf-17")
mice with inducible and persistent expression of HCV
structural proteins (irf- I/CN2 mice), in order to evaluate
the molecular mechanisms of lymphoproliferation as-
sociated with the disruption of IFN signaling and chron-
ic HCV infection [28]. /r/-1/CN2 mice had extremely
high incidences of lymphomas and lymphoproliferative
disorders and displayed increased mortality. Disruption
of irf-1 reduced their sensitivity to Fas-induced apopto-
sis and decreased the levels of caspase-3/7 and caspase-9
mRNA species and associated enzymatic activities. Fur-
thermore, the irf-1/CN2 mice showed decreased activa-
tion of caspase-3/7 and caspase-9 and increased levels
of interleukin (IL)-2, I1.-10, and Bcl-2, which promote
oncogenic transformation of lymphocytes. Disruption
of IFN signaling resulted in the development of lympho-
mas, indicating that differential signaling occurs in lym-
phocytes rather than in the hepatocyte. /RF-I-inducible
genes probably play essential roles in suppressing HCV-

induced lymphomas and in eliminating HCV protein-
expressing cells. Our transgenic mice provide evidence
that the overexpression of apoptosis-related proteins,
including Bel-2, and/or aberrant cytokine production are
primary events in HCV-induced lymphoproliferation.

HCYV proteins expressed in B cells cause lymphoma

To extend the above-mentioned study with regard to
the interaction of lymphoma and HCV infection, we
established HCV transgenic mice that expressed the full
HCYV genome in B cells (RzCD19Cre mice) and observed
a25.0% incidence of diffuse large B cell non-Hodgkin’s
lymphomas within 600 days after birth [19]. The inci-
dence of B cell lymphoma significantly correlated with
the level of soluble I1.-2 receptor alpha subunit (s11-
2Ralpha) in RzCD19Cre mouse serum. All RzCD19Cre
mice with substantially elevated serum sIl.-2Ralpha
levels (>1,000 pg/ml) developed B cell lymphomas.
Compared with tissues from control animals, the B cell
lymphoma tissues of RzCD19Cre mice expressed sig-
nificantly higher levels of sIL.-2Ralpha. We showed that
the expression of HCV in B cells promotes non-Hodg-
kin’s-type diffuse B cell lymphoma, and therefore, the
RzCD19Cre mouse is an appropriate model for studying

- 392 -



IMMUNOPATHOGENESIS OF HCV INFECTION 97

_ 1200 50
£ 500 205
) =
o £ 600 %303
8 8400 20;
3§ 200 10
+ OOU)v'N’Q'U)(Ot\OOO\-—(QOO'OlOOOO
o FTNOLAD D -O© DD
days - - (N0 T O
poly (I:C)

Fig. 5. Pathogenesis of the immunocompetent HCV persistent
infection mouse model. HCV core protein expression was
sustained for at least 600 days after poly(I:C) injection.
Serum ALT levels also continued to elevate.

the mechanisms related to the development of HCV-
associated B cell lymphoma [19].

Chronic persistent expression in HCV transgenic mice
We generated another switching system to study the
expression of HCV proteins using Mx promoter-driven
Cre recombinase with poly(I:C) induction. The Ax pro-
moter is active in hepatocytes as well as in hematopoi-
etic cells. We crossed CN2 mice with Mx/-Cre trans-
genic mice, in which Cre recombinase is expressed by
the IFN-inducible AMx/ promoter. Injection of Mx/-Cre/
CN2-29 mice with poly(I:C) induces IFN production and
the expression of CN2 gene products in hematopoietic
cells (mainly in Kupffer cells and lymphocytes), livers,
and spleens but not in most other tissues. As illustrated
in Fig. 5, the serum alanine aminotransferase (ALT)
levels increased, peaking at 24 h after the first poly(I:C)
injection. These serum ALT levels then decreased until
day 4, when they increased again until day 6, along with
HCYV core protein levels. Thereafter, HCV core protein
was observed consistently for at least 600 days. We also
showed that the serum ALT levels gradually increased
after day 210 despite no change in the HCV core protein
levels. Histological analysis showed that the HCV core
protein was expressed in most hepatocytes of trans-
genic mice which also exhibited lymphocytic infiltration
by the core protein (Fig. 5). These observations indicate
that the expression of the HCV proteins caused chronic
hepatitis in the CN2-29%"2/AfxCre'*~ mice because of a
weak and persistent immune response. We observed a
number of other pathological changes in these mice,
including swelling of hepatocytes, abnormal architecture

of liver-cell cords, abnormal accumulation of glycogen,
steatosis, fibrosis, and hepatocellular carcinoma. We are
convinced that HCV transgenic mice are suitable for
evaluating the mechanisms of persistent HCV infection
and for assisting with the design of HCV vaccines.

Role of NK cells in the antiviral effect of HCV transgenic
mice

The liver is enriched with NK cells and this intrahe-
patic population is embedded in the endothelial lining
of the liver sinusoids. These NK cells were originally
described as “pit’ cells [20]. Intrahepatic NK cells may
behave differently to NK cells in other areas because of
the ‘tolerogenic’ environment of the liver, with murine
intrahepatic NK cells known to be hyporesponsive. They
are less cytotoxic and have an altered cytokine profile
producing lower levels of IFN-y and greater levels of
immunoregulatory cytokines, such as I1.-10, than periph-
eral blood and splenic NK cells [24]. This hyporespon-
sive state has been described in the early stages of HBV
infection and may contribute to the establishment of
chronic viral infection [7]. Peripheral blood NK cell
frequencies, both the absolute number and the percentage
of the total lymphocyte population, are reduced in chron-
ic HCV compared to healthy individuals [30]. In indi-
viduals with chronic HCV infection, NK cell frequency
increases following successful antiviral therapy, while
a reduction in peripheral blood NK cell frequency in
individuals with chronic HCV as compared to spontane-
ous resolvers has also been noted [10]. Thus, NK cells
may play key roles in suppressing HCV replication. We
actually observed much higher levels of HCV core pro-
teins in Tg mice with a depleted population of NK cells.
Furthermore, Cre-mediated genomic DNA recombina-
tion efficiency in HCV-Tg mice was strong in NK cell-
depleted mice between 0.5 and 1 day compared to un-
These data indicate that NK cells

participate in the elimination of core expressing hepato-

treated mice.

cytes during the innate immune response in the acute
phase of HCV infection [41].

Chimeric Human Liver Mice Model

Mercer et al. generated mice with chimeric human
livers by transplanting normal human hepatocytes into
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SCID mice carrying a plasminogen activator transgene
(Alb-uPA). Homozygosity of Alb-uPA was associated
with significantly higher levels of human hepatocyte
engraftment, and these mice developed prolonged HCV
infections with high viral titers after inoculation with
infected human serum [31].

We used the chimeric mice as they were a vast im-
provement over the originals, which had a high substitu-
tion rate of human hepatocytes [45], and examined the
inhibitory effect of DEBIO-025, a novel non-immuno-
suppressive cyclophilin inhibitor derived from cy-
closporin A, on naive HCV genotypes la or 1b in vivo
[14]. Collectively, this small animal model is useful for
assessing the activity of antiviral compounds [33] and
for evaluating protection and passive immunization stud-
ies of HCV [26, 32], but because they lack an immune
system, this model is not suitable for studies of HCV
pathogenesis.

A recent study showed that in Fah""Rag2™112rg™"
mice, the selection pressure for transplanted human
hepatocytes can be regulated by the drug 2-(2-nitro-4-
trifluoro-methylbenzoyl)-1,3-cyclohexanedione. In the
absence of this drug, mouse hepatocytes die because of
the accumulation of toxic tyrosine catabolites and a lack
of fumarylacetoacetate hydrolase, while human hepato-
cytes remain healthy. These mice have a high level of
human liver chimerism, they propagate both HBV and
HCYV, and the HCV-infected mice are responsive to an-
tiviral treatment. It seems that this human liver chime-
ric mouse model will be useful for studying HBV and
HCYV infection, and it has already proven valuable in
antiviral drug testing [2].

The development of molecular biological techniques
has allowed us to generate transgenic mice. Using these
techniques we are able to analyze the immune respons-
es to various viral proteins in mice, even though the
virus does not normally infect murine species. It is es-
sential to generate an infectious HCV mouse model for
a more precise analysis of the interaction between host
and virus. The chimeric human liver mouse model would
appear to be a powerful tool for evaluating the effects
of antiviral drugs. It is hoped that an experimental mouse
model for HCV will yield a number of useful insights
into the immunopathogenesis of this viral infection, and
assist in the development of antiviral drugs.

Acknowledgments

This study was supported by a grant from the Ministry
of Education, Culture, Sports, Science and Technology
of Japan and a grant-in-aid for specially promoted re-
search on viral diseases from the Tokyo metropolitan
government to K. K., a grant from the Ministry of Health,
Labour and Welfare of Japan, and Program for Promotion
of Fundamental Studies in Health Sciences of the Na-
tional Institute of Biomedical Innovation of Japan and
National Institutes of Health research grants to M K.

References

1. Alter, H.J. 2005. HCV natural history: the retrospective and
prospective in perspective. J. Hepatol. 43: 550-552.

2. Bissig,K.D., Wieland, S.F., Tran, P., Isogawa, M., Le, T.T.,
Chisari, F.V., and Verma, I.M. 2010. Human liver chimeric
mice provide a model for hepatitis B and C virus infection
and treatment. J. Clin. Invest. 120: 924-930.

3. Bukh, J. 2004. A critical role for the chimpanzee model in
the study of hepatitis C. Hepatology 39: 1469-1475.

4. Chisari, F.V. 1997. Cytotoxic T cells and viral hepatitis. J.
Clin. Invest. 99: 1472-14717.

5. Chisari, F.V. 2000. Rous-Whipple Award Lecture. Viruses,
immunity, and cancer: lessons from hepatitis B. Am. J.
Pathol. 156: 1117-1132.

6. Cooper, S., Erickson, A.L., Adams, E.J., Kansopon, J.,
Weiner, A.J., Chien, D.Y., Houghton, M., Parham, P., and
Walker, C.M. 1999. Analysis of a successful immune
response against hepatitis C virus. fmmunity 10: 439-449.

7. Dunn, C., Peppa, D., Khanna, P., Nebbia, G., Jones, M.,
Brendish, N., Lascar, R.M., Brown, D., Gilson, R.J., Tedder,
R.J., Dusheiko, G.M., Jacobs, M., Klenerman, P., and Maini,
M XK. 2009. Temporal analysis of early immune responses
in patients with acute hepatitis B virus infection.
Gastroenterology 137: 1289-1300.

8. Dustin, L.B. and Rice, C.M. 2007. Flying under the radar:
the immunobiology of hepatitis C. Annu. Rev. Immunol. 25:
71-99.

9. Gale, M. Jr. and Foy, E.M. 2005. Evasion of intracellular
host defence by hepatitis C virus. Nature 436: 939-945.

10. Golden-Mason, L., Madrigal-Estebas, L., McGrath, E.,
Conroy, M.J., Ryan, E.J., Hegarty, J. E., O'Farrelly, C., and
Doherty, D.G. 2008. Altered natural killer cell subset
distributions in resolved and persistent hepatitis C virus
infection following single source exposure. Gut 57: 1121—
1128.

11. Gottwein, J.M., Scheel, TK., Jensen, T.B., Lademann, J.B.,
Prentoe, J.C., Knudsen, M.L., Hoegh, A.M., and Bukh, J.
2009. Development and characterization of hepatitis C virus
genotype 1-7 cell culture systems: role of CD81 and
scavenger receptor class B type I and effect of antiviral
drugs. Hepatology 49: 364-377.

- 394 -



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

IMMUNOPATHOGENESIS OF HCV INFECTION 99

Grakoui, A., Shoukry, N.H., Woollard, D.J., Han, J.H.,
Hanson, H L., Ghrayeb, J., Murthy, K K., Rice, C.M., and
Walker, C.M. 2003. HCV persistence and immune evasion
in the absence of memory T cell help. Science 302: 659-
662.

Guidotti, L.G. and Chisari, F.V. 2006. Immunobiology and
pathogenesis of viral hepatitis. Annu. Rev. Pathol. 1. 23—
61.

Inoue, K., Umehara, T., Ruegg, U.T., Yasui, F., Watanabe,
T., Yasuda, H., Dumont, J.M., Scalfaro, P., Yoshiba, M., and
Kohara, M. 2007. Evaluation of a cyclophilin inhibitor in
hepatitis C virus-infected chimeric mice in vivo. Hepatology
45: 921-928.

Kaech, S.M. and Ahmed, R. 2001. Memory CD8+ T cell
differentiation: initial antigen encounter triggers a
developmental program in naive cells. Nat. Immunol. 2:
415-422.

Kaech, S.M., Hemby, S., Kersh, E., and Ahmed, R. 2002.
Molecular and functional profiling of memory CD8 T cell
differentiation. Cell 111: 837-851.

Kaech, S.M., Wherry, E.J., and Ahmed, R. 2002. Effector
and memory T-cell differentiation: implications for vaccine
development. Nat. Rev. Immunol. 2: 251-262.

Kakimi, K., Guidotti, L.G., Koezuka, Y., and Chisari, F.V.
2000. Natural killer T cell activation inhibits hepatitis B
virus replication in vivo. J. Exp. Med. 192: 921-930.
Kasama, Y., Sekiguchi, S., Saito, M., Tanaka, K., Satoh, M.,
Kuwahara, K., Sakaguchi, N., Takeya, M., Hiasa, Y., Kohara,
M., and Tsukiyama-Kohara, K. 2010. Persistent expression
of the full genome of hepatitis C virus in B cells induces
spontaneous development of B-cell lymphomas in vivo.
Blood 116: 4926-4933

Kern, M., Popov, A., Kurts, C., Schultze, J.L.., and Knolle,
P.A. 2010. Taking off the brakes: T cell immunity in the
liver. Trends Immunol. 31: 311-317.

Kimura, K., Kakimi, K., Wieland, S., Guidotti, L.G., and
Chisari, F.V. 2002. Activated intrahepatic antigen-presenting
cells inhibit hepatitis B virus replication in the liver of
transgenic mice. J. Immunol. 169: 5188-5195.

Kimura, K., Kakimi, K., Wieland, S., Guidotti, L..G., and
Chisari, F.V. 2002. Interleukin-18 inhibits hepatitis B virus
replication in the livers of transgenic mice. J. Virol. 76:
10702-10707.

Kishi, S., Saijyo, S., Arai, M., Karasawa, S., Ueda, S.,
Kannagi, M., Iwakura, Y., Fujii, M., and Yonehara, S. 1997.
Resistance to fas-mediated apoptosis of peripheral T cells
in human T lymphocyte virus type I (HTLV-I) transgenic
mice with autoimmune arthropathy. J. Exp. Med. 186: 57—
64.

Lassen,M.G., Lukens, J.R.,Dolina, J.S., Brown,M.G., and
Hahn, Y.S. 2010. Intrahepatic IL-10 maintains
NKG2A+Ly49~ liver NK cells in a functionally
hyporesponsive state. J. Immunol. 184: 2693-2701.
Lauer, G.M. and Walker, B.D. 2001. Hepatitis C virus
infection. N. Engl. J. Med. 345: 41-52.

Law, M., Maruyama, T., Lewis, J., Giang, E., Tarr, A.W.,
Stamataki, Z., Gastaminza, P., Chisari, F.V., Jones, I.M.,
Fox,R.I.,Ball,J K., McKeating, J.A., Kneteman, N.M., and

217.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

- 395 -

Burton, D.R. 2008. Broadly neutralizing antibodies protect
against hepatitis C virus quasispecies challenge. Nat. Med.
14: 25-27.

Machida, K., Tsukiyama-Kohara, K., Seike, E., Tone, S.,
Shibasaki, F., Shimizu, M., Takahashi, H., Hayashi, Y.,
Funata, N., Taya, C., Yonekawa, H., and Kohara, M. 2001.
Inhibition of cytochrome c release in Fas-mediated signaling
pathway in transgenic mice induced to express hepatitis C
viral proteins. J. Biol. Chem. 276: 12140-12146.
Machida, K., Tsukiyama-Kohara, K., Sekiguch, S., Seike,
E., Tone, S., Hayashi, Y., Tobita, Y., Kasama, Y., Shimizu,
M., Takahashi, H., Taya, C., Yonekawa, H., Tanaka, N., and
Kohara, M. 2009. Hepatitis C virus and disrupted interferon
signaling promote lymphoproliferation via type II CD95 and
interleukins. Gastroenterology 137: 285-296

Maini, M.X., Boni, C., Ogg, G.S., King, A.S., Reignat, S.,
Lee, CK., Larrubia, J.R., Webster, G.J., McMichael, A.J.,
Ferrari, C., Williams, R., Vergani, D., and Bertoletti, A.
1999. Direct ex vivo analysis of hepatitis B virus-specific
CDS8(+) T cells associated with the control of infection.
Gastroenterology 117: 1386-1396.

Meier, U.C., Owen, R.E., Taylor, E., Worth, A., Naoumov,
N., Willberg, C., Tang, K., Newton, P., Pellegrino, P.,
Williams, I., Klenerman, P., and Borrow, P. 2005. Shared
alterations in NK cell frequency, phenotype, and function
in chronic human immunodeficiency virus and hepatitis C
virus infections. J. Virol. 79: 12365-12374.

Mercer, D.F., Schiller, D.E., Elliott, J.F., Douglas, D.N.,
Hao, C.,Rinfret, A., Addison, W.R ., Fischer, K .P., Churchill,
T.A., Lakey, J.R., Tyrrell, D.L., and Kneteman, N.M. 2001.
Hepatitis C virus replication in mice with chimeric human
livers. Nat. Med. 7: 927-933.

Meuleman, P., Hesselgesser, J., Paulson, M., Vanwolleghem,
T., Desombere, 1., Reiser, H., and Leroux-Roels, G. 2008.
Anti-CD81 antibodies can prevent a hepatitis C virus
infection in vivo. Hepatology 48: 1761-1768.

Meuleman, P. and Leroux-Roels, G. 2008. The human liver-
uPA-SCID mouse: a model for the evaluation of antiviral
compounds against HBV and HCV. Antiviral. Res. 80:
231-238.

Orban, P.C., Chui, D., and Marth, J.D. 1992. Tissue- and
site-specific DNA recombination in transgenic mice. Proc.
Natl. Acad. Sci. U.S.A. 89: 6861-6865.

Pawlotsky, J.M. 2004. Treating hepatitis C in “difficult-to-
treat” patients. N. Engl. J. Med. 351: 422-423.

Pawlotsky, J.M. and McHutchison, J.G. 2004. Hepatitis C.
Development of new drugs and clinical trials: promises and
pitfalls. Summary of an AASLD hepatitis single topic
conference, Chicago, IL, February 27-March 1, 2003.
Hepatology 39: 554-567.

Ploss, A. and Rice, C.M. 2009. Towards a small animal
model for hepatitis C. EMBO Rep. 10: 1220-1227.
Rehermann, B., Fowler, P., Sidney, J., Person, J., Redeker,
A.,Brown, M., Moss, B., Sette, A., and Chisari, F.V. 1995.
The cytotoxic T lymphocyte response to multiple hepatitis
B virus polymerase epitopes during and after acute viral
hepatitis. J. Exp. Med. 181: 1047-1058.

Rui, L. and Goodnow, C.C. 2006. Lymphoma and the control



100

40.

41.

42.

43.

44,

45.

K. KIMURA AND M. KOHARA

of B cell growth and differentiation. Curr. Mol. Med. 6:
291-308.

Sakaguchi, S. 2004. Naturally arising CD4+ regulatory T
cells for immunologic self-tolerance and negative control
of immune responses. Annu. Rev. Immunol. 22: 531-562.
Satoh, K., Takahashi, H., Matsuda, C., Tanaka, T., Miyasaka,
M., Zeniya, M., and Kohara, M. 2010. Natural killer cells
target HCV core proteins during the innate immune response
in HCV transgenic mice. J. Med. Virol. 82: 1545-1553.
Shepard, C.W., Finelli, L., and Alter, M.J. 2005. Global
epidemiology of hepatitis C virus infection. Lancet Infect.
Dis. 5: 558-567.

Shoukry, N.H., Grakoui, A., Houghton, M., Chien, D.Y.,
Ghrayeb, J., Reimann, K.A., and Walker, C.M. 2003.
Memory CD8+ T cells are required for protection from
persistent hepatitis C virus infection. J. Exp. Med. 197:
1645-1655.

Strader, D.B. 2002. Understudied populations with hepatitis
C. Hepatology 36: $226-236.

Tateno, C., Yoshizane, Y., Saito, N., Kataoka, M., Utoh,R.,
Yamasaki, C., Tachibana, A., Soeno, Y., Asahina, K., Hino,
H., Asahara, T., Yokoi, T., Furukawa, T., and Yoshizato, K.

- 396 -

46.

47.

48.

49.

50.

2004. Near completely humanized liver in mice shows
human-type metabolic responses to drugs. Am. J. Pathol.
165: 901-912.

Tellinghuisen, T.L. and Rice, C.M. 2002. Interaction between
hepatitis C virus proteins and host cell factors. Curr. Opin.
Microbiol. 5: 419-427.

Thimme, R., Oldach, D., Chang, K.M., Steiger, C., Ray,
S.C.,and Chisari, F.V. 2001. Determinants of viral clearance
and persistence during acute hepatitis C virus infection. J.
Exp. Med. 194: 1395-1406.

Wakita, T., Taya, C., Katsume, A., Kato, J., Yonekawa, H.,
Kanegae, Y., Saito, I., Hayashi, Y., Koike, M., and Kohara,
M. 1998. Efficient conditional transgene expression in
hepatitis C virus cDNA transgenic mice mediated by the
Cre/loxP system. J. Biol. Chem. 273: 9001-9006.

Wasley, A. and Alter, M.J. 2000. Epidemiology of hepatitis
C: geographic differences and temporal trends. Semin. Liver
Dis. 20: 1-16.

Zou, S.,Dodd, R.Y., Stramer, S.L., and Strong, D.M. 2004.
Probability of viremia with HBV, HCV, HIV, and HTLV
among tissue donors in the United States. N. Engl. J. Med.
351: 751-759.



Virus Research 160 (2011) 89-97

- Contents lists available at ScienceDirect

Virus Research

journal homepage: www.elsevier.com/iocate/virusres'~

Conditional gene expression in hepatitis C virus transgenic mice without
induction of severe liver injury using a non-inflammatory Cre-expressing
adenovirus

Tomoko Chiyo?, Satoshi Sekiguchi?, Masahiro Hayashi?, Yoshimi Tobita?, Yumi Kanegae®,
Izumu Saito®, Michinori Kohara®*

a Department of Microbiology and Cell Biology, The Tokyo Metropolitan Institute of Medical Science, 1-6, Kamikitazawa 2-chome, Setagaya-ku, Tokyo 156-8505, Japan
b Laboratory of Molecular Genetics, Institute of Medical Science, The University of Tokyo, Tokyo 108-8639, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2010
Received in revised form 19 May 2011
Accepted 20 May 2011

Available online 30 May 2011

We previously established inducible-hepatitis C virus (HCV) transgenic mice, which expressed the HCV
gene (nucleotides 294-3435) encoding the core, E1, E2, and NS2 proteins. The expression of these proteins
is regulated by the Cre/loxP system and an adenovirus vector (AdV) that expresses Cre DNA recombinase
(Cre) controlled by the CAG promoter (AXCANCre). Recent studies have demonstrated that AXCANCre
injection alone results in severe liver injury by induction of the adenovirus protein IX (Ad-pIX) gene.
As a result, HCV protein expression in transgenic mice livers was only short-term. In contrast, the EFla
promoter-bearing AdV induces slight Ad-pIX gene expression without inducing severe liver injury. There-
fore, in the present study, we developed a Cre-expressing AdV that bears the EF1a promoter (AXEFCre)
to express HCV protein in the transgenic mouse livers. In the non-transgenic mice injected with AXCAN-
Cre, alanine aminotransferase (ALT) levels were elevated and severe liver inflammation occurred; this
was not observed in AXEFCre-injected mice. In contrast, AXEFCre-injected HCV transgenic mice showed
milder liver inflammatory responses that were clearly due to HCV protein expression. Moreover, the
AXEFCre injection enabled the transgenic mice to persistently express HCV protein. These results indi-
cate that use of AXEFCre efficiently promotes Cre-mediated DNA recombination in vivo without a severe
hepatitis response to AdV. This inducible-HCV transgenic mouse model using AXEFCre should be useful
for research on HCV pathogenesis.
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1. Introduction

Infection with the hepatitis C virus (HCV) is a major global
health problem, as persistent viral infection leads to liver cirrhosis
and hepatocellular carcinoma (Goodman and Ishak, 1995; Shepard
et al., 2005). The chimpanzee is the only validated animal model for
in vivo studies of HCV infection, while in vivo studies on the patho-
genesis of HCV have been conducted using new animal models
(Kremsdorf and Brezillon, 2007). Several groups have established
transgenic mice that constitutively express single or multiple HCV
protein(s) in the liver (Lerat et al., 2002; Moriya et al., 1997). How-
ever, in these mice, HCV protein expression begins in utero; as a
result, they develop immune tolerance to the HCV antigens, and
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0168-1702/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2011.05.019

HCV-specific cellular responses or liver inflammation cannot be
induced. To overcome these obstacles, we previously developed
immunocompetent HCV transgenic mice in which HCV protein
expression was tightly regulated by the Cre/loxP system (Wakita
et al., 1998).

The E1-and E3-deleted adenovirus vector (AdV) has been widely
used for both basic studies of gene function and for gene therapy
in vivo. To deliver the Cre gene into the livers of HCV transgenic
mice, we used an AdV that carries the CAG promoter linked to
a nuclear localization signal-tagged Cre (AXCANCre), which has
been used for Cre-mediated DNA recombination (Baba et al., 2005;
Kobayashi et al., 2000; Shintani et al., 1999; Wakita et al., 1998).
While AdV is relatively efficient in inducing transgene expres-
sion, several studies have shown that the viral vector itself can
induce strong inflammatory responses in murine livers (Kafri et al.,
1998; Wakita et al., 2000). Moreover, expression of transgenes via
AdVs persists for only 2-4 weeks due to elimination of infected
cells through immune responses directed against the AdVs (Akagi
et al,, 1997; Bangari and Mittal, 2006; Kafri et al.,, 1998; Sun et al.,
2005; Wakita et al., 2000). To address these problems, the viral
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genes that cause cellular immune responses have been investi-
gated. Recently, Nakai et al. (2007) reported that co-expression of
adenovirus protein IX (Ad-pIX) resulted in AdV-induced immune
responses. However, AdVs that carried the EFla promoter did not
induce Ad-pIX or increase the alanine aminotransferase (ALT) level,
facilitating long-term transgene expression in mice.

Inthe present study, we generated a Cre-expressing AdV bearing
the EF1a promoter (AXEFCre) to enable the persistent expression
of HCV protein in the livers of inducible-HCV transgenic mice
regulated by the Cre/loxP recombination system. When this AdV
was used to express Cre in the HCV transgenic mouse livers, it
induced less severe inflammatory responses and improved the
long-term expression of HCV proteins compared to CAG promoter-
bearing AdVs. Thus, AXEFCre efficiently promotes Cre-mediated
DNA recombination in vivo without a severe hepatitis response
to AdV and should be useful for HCV gene expression in the HCV
transgenic mice.

2. Materials and methods
2.1. Cells

The 293 cells [CRL-1573, a human embryonic kidney cell line
that contains the Ad5 E1 region; American Type Culture Collection
(ATCC)] and HepG2 cells (HB-8065, a human hepatocellular car-
cinoma cell line; ATCC) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Nissui Pharmaceutical) supplemented
with 10% fetal bovine serum (FBS; JRH Biosciences), 100 U/mL peni-
cillin, and 100 p.g/mL streptomycin (GIBCO) (10% FBS-DMEM). In
addition, HepG2 cells containing the Cre reporter unit CALNLZ
(Baba et al., 2005), termed Hep-CALNLZ cells, were selected for
resistance to G418 (300 pg/mL; Sigma) and cultured in 10% FBS-
DMEM.

2.2. Adenovirus vectors

E1- and E3-deleted AdVs derived from human adenovirus type
5 encoding expression units with a leftward orientation were used
in this study. As expression units, untagged Cre or NLS-tagged Cre
under the control of the CAG promoter (AXCANCre or AXCACre),
untagged Cre or NLS-tagged Cre under the control of the EFla
promoter (AXEFNCre or AXEFCre), and untagged [3-galactosidase
(LacZ) under the control of the EFla promoter (AXEFLacZ) were
constructed (Fig. 1A). AXCANCre and AxCACre were generated as
described previously (Kanegae et al., 1995). AXEFNCre, AxXEFCre,
and AXEFLacZ were constructed using pAXEFwtit2 DNA/RE Treat-
ment (Nippon Gene). All of the AdVs were purified using two rounds
of CsCl gradient centrifugation, and the titers of the concentrated
and purified virus stocks were determined as described previously
(Kanegae et al., 1994).

2.3. Animal procedures

HCV transgenic mice CN2-29 (C57BL/6 background) and nor-
mal C57BL/6 mice were used in the experiments. The CN2-29
transgenic mice express HCV genotype 1b proteins (core, E1, E2,
and NS2 proteins) under the regulation of the Cre/loxP condi-
tional switching system (Wakita et al., 1998). The transgenic mice
were intravenously injected with each AdV at a dose of 1.0 x 10°
plaque-forming units (PFU), and sacrificed 0.5, 7, or 21 days after
injection for liver histology and biochemical analysis. All mice were
bred in a pathogen-free facility and tested routinely for mouse
hepatitis virus and other pathogens. All experiments using mice
were approved by The Tokyo Metropolitan Institute of Medical
Science Animal Experiment Committee and were performed in

accordance with the animal experimentation guidelines of The
Tokyo Metropolitan Institute of Medical Science.

2.4. Western blot detection of Cre and Ad-pIX

The HepG2 cells were placed in collagen-coated, 12-well plates
and infected with the AdVs at a multiplicity of infection (MOI) of
20 or 100 for Western blot detection of Cre or Ad-pIX, respec-
tively. After 24 h, the cells were washed with phosphate-buffered
saline (PBS)and resolved in radioimmunoprecipitation assay (RIPA)
buffer [10mM Tris-HCl (pH 7.5), 0.15 M NacCl, 1% sodium dodecyl
sulfate (SDS), 0.5% Nonidet P-40, protease inhibitor cocktail (Com-
plete; Roche Molecular Biochemicals)]. The protein concentrations
of the cell lysates were measured using the DC protein assay
(Bio-Rad Laboratories). The cell lysates were electrophoresed on
SDS-polyacrylamide gel, transferred to polyvinylidene difluoride
membrane (GE Healthcare) activated with methanol, and blocked
with 5% skim milk in PBS containing 0.1% Tween-20 (PBST). After
washing with PBST, the membrane was incubated overnight at 4°C
in the presence of anti-Cre rabbit polyclonal antibody or anti-Ad-
pIX rabbit polyclonal antibody (Nakai et al., 2007) prepared from
hyper-immune rabbit sera, or anti-f3-actin mouse monoclonal anti-
body (Sigma), followed by incubation with horseradish peroxidase
(HRP)-conjugated F(ab’), of anti-rabbit or mouse IgG (GE Health-
care) for 1h at room temperature. The expression levels of these
proteins were visualized using the ECL system (GE Healthcare) and
an LAS3000 imager (Fujifilm).

2.5. LacZ gene activation and cytotoxicity of Cre-expressing AdVs

The Hep-CALNLZ cells were cultured on collagen-coated, 96-
well plates and infected with AdVs at various MOIs in four-fold
serial dilutions. After 48 h, cytotoxicity assays were performed
using the Cell Counting Kit-8 (Dojindo Molecular Technologies),
according to the manufacturer’s instructions. To detect LacZ expres-
sion, the cells were fixed with 4% paraformaldehyde in PBS for
10 min, washed with PBS, and incubated in X-Gal solution (5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM
MgCl, in PBS) containing 0.5 mg/mL 5-bromo-4-chloro-3-indolyl-
B-D-galactopyranoside (X-Gal; WAKO Pure Chemicals) at 37°C
overnight.

2.6. Extraction of total RNA and quantification of Ad-pIX mRNA
levels

The HepG2 cells were infected with the AdVs at an MOI of
100 and were harvested after 24 h. The CN2-29 transgenic mice
were injected with the AdVs at a dose of 1.0 x 10° PFU and were
sacrificed to obtain their liver samples after 12 h. Total RNA was
extracted from the cells or mouse livers using the RNeasy Mini
Kit (Qiagen) and RNase-free DNase (Qiagen). Reverse transcription
was performed using the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Copy numbers of the Ad-pIX cDNA
were assessed by quantitative real-time detection polymerase
chain reaction (RTD-PCR) with the specific probe AdIX-354-
S25FT (5'-[FAM]-TCAGCAGCTGTTGGATCTGCGCCAC-[TAMRA]-3');
AdIX-327-S24 (5-TTTGACCCGGGAACTTAATGTCGT-3') and AdIX-
387-R19 (5'-GGAGGAAGCCTTCAGGGCA-3') were used as primers.
The standard curve was generated using pAXEFLacZ. Analyses were
conducted using an ABI PRISM 7700 Sequence Detection System
with TagMan Universal PCR Master Mix (Applied Biosystems).
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Fig. 1. Generation of AdVs expressing Cre under the control of different promoters. pCAG, CAG promoter; pEF, EF1a promoter; GpA, rabbit B-globin poly(A) signal; NLS,
nuclear localization signal; neo, neomycin-resistance gene; pA, poly(A) signal; LacZ, 3-galactosidase; Ad-plIX, adenovirus protein [X. (A) Structures of Cre-expressing AdVs.
NLS-tagged Cre (NCre) or Cre were expressed under the control of the CAG or EF1a promoter. AXEFLacZ, which expresses LacZ under the control of the EF1a promoter, was
used as a control. (B) Cre protein expression. HepG2 cells were infected with AdVs at an MOI of 20. After 24 h, total protein extracts from the cells were subjected to Western
blotting. The detected f3-actin protein is also shown. Note that mobility is slightly reduced when Cre is tagged with NLS (lanes, AxCANCre and AXEFNCre). (C) Schematic
representation of LacZ transgene activation mediated by Cre-expressing AdV in Hep-CALNLZ cell chromosomes. Cre recognizes a pair of its target sequences loxP and removes
the stuffer region as a circular DNA, resulting in expression of the transgene by the CAG promoter. (D) Cre recombination activity. Hep-CALNLZ cells were infected with
Cre-expressing AdVs at the indicated dosages (four-fold serial dilutions; MOI range, 0.04-160). After 48 h, the cells were fixed and stained using X-gal staining. The first lane
contains the mock-infected controls. The AXEFLacZ-infected lanes show the LacZ-gene-expressed control. (E) Cre cytotoxicities. Hep-CALNLZ cells were infected with AdVs
at the indicated dosages (four-fold serial dilutions; MOI range, 0.04-160). After 48 h, cell viability was measured using a Cell Counting Kit-8. (F) Ad-pIX protein expression.
HepG2 cells were infected with AdVs at an MOI of 100. After 24 h, total protein extracts from the cells were subjected to Western blotting. The detected B-actin protein is
also shown. (G) mRNA expression of Ad-pIX. HepG2 cells were infected with AdVs at an MOI of 100. After 24 h, total RNA extracts from the cells were subjected to reverse
transcription and quantitative RTD-PCR with an Ad-pIX-specific probe and a primer pair. ND, not detected.

- 399 -



92 T. Chiyo et al. / Virus Research 160 (2011) 89-97

(A)

= neo-1801-823FT

[KpCAGID| neo |pAP| RECNZ HCV cDNA
oy foxP loxP
CAG-1688-520 neo-2020-R16

Cre-expressing AdV
) 6-294-S20FT
KeCAGTP| RecNz HCV cDNA [IY

—y toxP
CAG-1688-520

.
6-450-R20

°

(B)

mg 201 2000+
§8 )
oR [
g:o-: 15+ ‘q% §1500~
25 g2
> 2 ig
O ;; 10+ @+~ 1000
T =0
'53' 8 =
2y > o
EE 5 2 E 500+
E o =2
e ~

Fig. 2. Cre-mediated genomic DNA recombination and HCV core protein expression in transgenic mouse livers. (A) Structure of the Cre-mediated activation transgene unit
CALNCN2 (Wakita et al.,, 1998). pCAG, CAG promoter; neo, heomycin-resistance gene; pA, poly(A) signal. The R6CN2 HCV ¢DNA (nucleotides 294-3435) contains the core,
E1, E2, and NS2 regions. This construct does not allow HCV mRNA transcription prior to Cre-mediated DNA recombination, detected with the primer pair CAG-1688-520
and neo-2020-R16. When Cre-expressing AdV is injected, the neo gene and poly(A) signal are removed by recombination between two loxP sequences. The recombined HCV
transgene is detected with the primer pair CAG-1688-520 and 6-450-R20. (B) Determination of Cre-mediated DNA recombination. CN2-29 transgenic mice were injected
with 1.0 x 10° PFU for each AdV, and liver samples were harvested 7 days post-injection. Genomic DNA was extracted from the livers, and the numbers of copies of the
recombined HCV-transgenes were determined using quantitative RTD-PCR with specific probes (6-294-S20FT) and a primer pair (CAG-1688-S20 and 6-450-R20). The values
shown are means £ S.D. of more than three individual specimens. (C) Measurements of HCV core protein concentration in liver samples obtained from CN2-29 transgenic
mice 7 days after injection of 1.0 x 10° PFU for each AdV. The samples were homogenized and the concentrations of HCV core protein were determined by EIA. The values
shown are means = S.D. of three individual specimens. (D) Immunofluorescence analysis of HCV core proteins. Liver sections of CN2-29 transgenic mice 7 days after injection

of 1.0 x 10° PFU for each AdV were fixed and co-stained with rabbit anti-core polyclonal antibody (green) and DAPI (blue). Scale bar, 50 pm.

2.7. Determination of Cre-mediated HCV transgene
recombination in mouse livers

The transgenic mouse livers were digested at 37 °C overnight
in lysis buffer [50mM Tris—-HCl (pH 8.0), 0.1M NaCl, 20mM
EDTA, 1% SDS] containing 1 mg/mL proteinase K. Total genomic
DNA was then extracted using the phenol-chloroform extraction
method. The copy numbers of the recombined HCV transgene
in the livers were assessed via quantitative RTD-PCR (Takeuchi
et al, 1999) with the specific probe 6-294-S20FT (5'-[FAM]-
TGATAGGGTGCTTGCGAGTG-[TAMRA]-3’) and the primer pair
CAG-1688-520 (5'-GGTTGTTGTGCTGTCTCATC-3/) and 6-450-R20
(5’-ACAGGTAAACTCCACCAACG-3’) (Fig. 2A). The standard curve
was generated using pCALNCN2/59-2 (Wakita et al., 1998) and
quantitative RTD-PCR with the specific probe neo-1801-S23FT
(5'-[FAM]-TCAAGAGACAGGATGAGGATCGT-[TAMRA]-3’) and the
primer pair CAG-1688-520 (5'-GGTTGTTGTGCTGTCTCATC-3’) and
neo-2020-R16 (5'-TGCCTCGTCCTGCAGT-3') (Fig. 2A). The GAPDH
gene was used as an internal control for all samples. Analyses were
carried out on an ABI PRISM 7700 Sequence Detection System with
TagMan Universal PCR Master Mix (Applied Biosystems).

2.8. Quantitation of HCV core proteins in mouse liver lysates

The transgenic mouse livers were homogenized in 0.5 mL RIPA
buffer, and centrifuged at 15,000 rpm for 10 min at 4°C. The pro-
tein concentrations of the supernatants were measured using the
Bradford method (DC protein assay; Bio-Rad). The concentrations
of HCV core proteins in the liver samples were determined using
the Ortho HCV core protein ELISA kit (Eiken Chemical).

2.9. Biochemical analyses of mouse sera

Sequential blood samples were obtained by orbital bleeding
after each AdV administration, and the sera were isolated by cen-
trifugation at 10,000 rpm for 3 min at 4°C. Serum ALT levels were
determined using the Transaminase-CII Test A (Wako Pure Chemi-
cals).

2.10. Histology and immunohistochemical staining

The liver samples were fixed with 4% paraformaldehyde in
PBS, paraffin-embedded, sectioned at 4-pm thickness, and stained
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with hematoxylin and eosin (H&E). Liver histology was evaluated
according to modified Histology Activity Index (HAI) scores in three
categories: piecemeal necrosis, spotty necrosis, and portal inflam-
mation (Knodell et al., 1981; Yang et al., 1994).

The liver tissues were frozen in OCT compound (Tissue Tech)
for immunohistochemical staining of HCV core proteins. The sec-
tions were fixed with a 1:1 solution of acetone:methanol at —20°C
for 10 min and then washed with PBS. Subsequently, the sections
were incubated with the IgG fraction of an anti-HCV core rab-
bit polyclonal antibody (RR8) (Wakita et al., 1998) labeled with
biotin in blocking buffer for 1h at 4°C. The sections were incu-
bated with strept-avidin-conjugated horseradish peroxidase for
30 min at room temperature. Immunohistochemical staining was
conducted using the Tyramide Signal Amplification Kit (Molecular
Probes). Fluorescently labeled sections were stained with 4/,6-
diamidino-2-phenylindole (DAPI; Molecular Probes) to stain the
cell nuclei at room temperature before cover slipping. Fluorescence
was observed under a fluorescence microscope (Carl Zeiss).

2.11. Statistical analysis

Data are shown as the mean=+S.D. Statistical analyses were
performed using analysis of variance (ANOVA) followed by the
Student-Newman-Keuls (SNK) test or analyzed using the unpaired
Student’s t-test. Statistical significance was established at p <0.05.

3. Results
3.1. Generation of Cre-expressing AdVs

To enable HCV transgenic mice using the Cre/loxP system to
express HCV protein persistently without severe inflammatory
responses to AdV, we first constructed AdVs that expressed Cre
with or without a nuclear localization signal (NLS) tag (AXEFNCre or
AXEFCre, respectively) together with LacZ under the control of the
EF1a promoter (AXEFLacZ) (Fig. 1A). AXCANCre and AXCACre were
also generated to compare the impacts of using the CAG promoter
and the EF1a promoter (Fig. 1A). Expression of Cre proteins from
various AdVs was confirmed in human liver-derived HepG2 cells by
Western blot analysis (Fig. 1B). Cre protein expression levels were
not significantly different whether the gene was expressed under
the control of the CAG or the EFla promoter in the HepG2 cells
(Fig. 1B). Next, we examined the recombination activities of Cre
expressed via the AdVs using the Hep-CALNLZ cell line, HepG2 cells
that express CALNLZ (Fig. 1C). When the Cre-expressing AdVs bear-
ing the CAG or EF1a promoters infected these cells, the blue color
produced by LacZ activation was observed for MOIs of 0.15-160.
The cells infected with AXEFLacZ showed the blue staining in an
MOI-dependent manner (Fig. 1D, lane AXEFLacZ). In contrast, the
color faded for MOIs >40 when the Cre-expressing AdVs were used
(Fig. 1D, lanes AXCANCre, AXCACre, AXEFNCre, and AXEFCre). At an
MOI of 160, all of the Cre-expressing AdVs resulted in cytotoxicity,
while the LacZ-expressing AdV did not affect cell viability (Fig. 1E).

AdV-induced immune responses are partly caused by co-
expression of Ad-pIX (Nakai et al., 2007). To confirm the protein
expression levels of Ad-pIX due to the AdVs, we performed West-
ern blotting with anti-Ad-pIX sera (Fig. 1F). When HepG2 cells were
infected with AdVs bearing the CAG promoter, significant amounts
of Ad-pIX were detected as 14-kDa bands (Fig. 1F, lanes AXCANCre
and AxCACre). In contrast, when using AdVs bearing the EFla pro-
moter, the 14-kDa band representing Ad-pIX was undetectable, as
was the case for mock-infected HepG2 cells (Fig. 1F, lanes AXEFN-
Cre, AXEFCre, AXEFLacZ, and mock). We also examined the mRNA
expression levels of Ad-pIX and obtained similar results that cor-
related with the protein expression levels (Fig. 1G).

3.2. HCV gene expression and core protein production mediated
by various Cre-expressing AdVs in transgenic mouse livers

The HCV transgenic mouse CN2-29 contains a reporter unit
(CALNCN2) that is activated by Cre and conditionally expresses the
HCV gene (Fig. 2A; Wakita et al.,, 1998). To assess the efficiency of
Cre-expressing AdVs in promoting HCV gene expression, we intra-
venously injected the CN2-29 transgenic mice with various AdVs.
At 7 days post-injection, Cre protein expression was confirmed
by Western blot analysis of liver lysates (data not shown). The
recombined HCV transgene levels in the livers were determined
by quantitative RTD-PCR using specific probes and primer pairs, as
described in Section 2 (Fig. 2A and B). When each Cre-expressing
AdV was injected, the respective recombined HCV transgene was
detectable; AXCANCre-injected CN2-29 transgenic mice expressed
the highest levels of the recombined HCV transgene in their livers
(Fig. 2B). CN2-29 transgenic mice injected with AdVs expressing
NLS-tagged Cre had higher levels of the recombined HCV trans-
gene in their livers (Fig. 2B, AXCANCre and AXEFNCre). This result
suggests that NLS-tagged Cre efficiently translocated to the cell
nucleus, which is consistent with our previous data (Baba et al,,
2005). However, the levels of the recombined HCV transgene
were not correlated with the expression level of HCV core protein
(Fig. 2C).

The core protein levels in the livers were measured by enzyme
immunoassay (EIA) as described in Section 2. The expression of the
E1 and E2 proteins in the CN2-29 transgenic mouse livers has been
shown previously (Wakita et al., 1998). The mean core protein level
was 1.3 ng/mg total protein in the CN2-29 transgenic mouse livers
7 days after administration of AxCANCre (Fig. 2C). AxCACre- and
AXEFNCre-injected mice expressed approximately one-half of the
core protein levels resulting from AxCANCre injection (Fig. 2C).

Expression of core proteins in AdV-injected CN2-29 transgenic
mouse livers was confirmed through immunofluorescence stain-
ing. Core proteins were expressed in the hepatocytes in the lobules
of liver sections from Cre-expressing AdV-injected mice (Fig. 2D).
In contrast, AXEFLacZ-injected transgenic mice did not express core
proteins (Fig. 2C and D).

3.3. Liver injury and Ad-pIX expression in HCV transgenic mice
injected with AdVs

To evaluate hepatocellular injury caused by expression of HCV
proteins in CN2-29 transgenic mice injected with Cre-expressing
AdVs, we serially estimated the serum ALT levels (Fig. 3A). For
AxCANCre, the serum ALT level was elevated on day 5 and peaked
1-2 weeks post-injection (Fig. 3A, open triangle). ALT levels in
AxCACre-injected transgenic mice were also elevated, although
these levels declined over time (Fig. 3A, open circle). When AXEFN-
Cre or AXEFCre was injected, ALT levels did not immediately
increase, although they gradually increased after day 5 (Fig. 3A,
closed triangle and closed circle, respectively). Injection of AXE-
FLacZ did not increase serum ALT levels in the CN2-29 transgenic
mice (Fig. 3A, closed rectangle).

We also performed histological analyses of liver sections from
CN2-29 transgenic mice 7 days after AdV injection (Fig. 3B).
We found that severe inflammation with lymphocyte infiltra-
tion and spotty necrosis were diffusely observed in the livers of
mice injected with the AdVs bearing the CAG promoter (AxCACre
and AxCANCre) (Fig. 3B, a,b). In contrast, AXEFNCre-injected and
AXxEFCre-injected transgenic mouse livers exhibited mild inflam-
mation without massive piecemeal necrosis on day 7 (Fig. 3B,
¢,d). No inflammation was observed in the AXEFLacZ-injected mice
(Fig. 3B, e).

To confirm the expression levels of Ad-pIX in AdV-injected
transgenic mice, we determined Ad-pIX mRNA in the liver using
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Fig. 3. Effects of AdVs on liver injuries in HCV transgenic mice. (A) Serum ALT levels were measured at the indicated time-points in CN2-29 transgenic mice injected with
1.0 x 10° PFU AXCANCre (open triangle), AXCACre (open circle), AXEFNCre (closed triangle), AXEFCre (closed circle), and AXEFLacZ (closed rectangle). The ALT levels are shown
as means  S.D. of three individual specimens. (B) Histopathologic changes in the livers of transgenic mice 7 days after injection of each AdV. The liver sections were stained
with H&E. The arrows represent lymphocyte infiltrations. Scale bar, 50 p.m. (C) mRNA expression of Ad-pIX in the livers. CN2-29 transgenic mice were injected with 1.0 x 10°
PFU of the AdVs. After 12 h, the livers were harvested. The total RNA extracts from the livers were subjected to reverse transcription and RTD-PCR with an Ad-pIX-specific
probe and a primer pair, as described in Section 2. The numbers of copies of Ad-pIX mRNA are shown as means + S.D. of three individual specimens.

reverse transcription and quantitative RTD-PCR, as described under
Section 2. The copy numbers of Ad-pIX mRNA were quite high in
transgenic mice that were injected with AdV bearing the CAG pro-
moter (Fig. 3C). The observed inflammation levels were consistent
with the expression levels of Ad-pIX.

3.4. Liver inflammatory responses to the HCV protein inducibly
expressed by AdVs in transgenic mice

Because our results indicated that severe liver injuries were
caused by AdVs bearing the CAG promoter, we evaluated liver
inflammatory responses to the HCV protein inducibly expressed
by AdVs in transgenic mice 7 days post-injection according to the
modified HAI scoring system (Fig. 4A) (Knodell et al,, 1981; Yang
et al.,, 1994). Among the transgenic mice, more severe liver dam-
age was observed in those that were injected with Cre-expressing
AdVs bearing the CAG promoter (Fig. 4A, AXCANCre and AxCACre)
compared to those injected with Cre-expressing AdVs bearing the
EF1a promoter (Fig. 4A, AXEFNCre and AXEFCre).

Because AXEFCre more efficiently expressed HCV proteins than
AXEFNCre (Fig. 2C and D), we injected AXEFCre into transgenic mice
and wild-type mice to examine the effects of HCV protein expres-
sion. The severity of liver inflammation in the AXEFCre-injected
transgenic mice was significantly greater than in the AXEFCre-
injected wild-type mice or the AXEFLacZ-injected transgenic mice
(Fig. 4A and B).

Seven days after AdV administration, serum ALT levels of
AxCANCre-injected wild-type mice were significantly higher than
those of AXEFCre-injected wild-type mice (Fig. 4C). This ALT eleva-
tion was observed in both transgenic and wild-type mice injected
with AXCANCre (Fig. 4C). In contrast, AXEFCre was injected into
the two groups, transgenic mice expressing HCV proteins exhibited
more severe liver injury than wild-type mice (Fig. 4C and D).

3.5. Effects of Cre-expressing AdV bearing the EF1a promoter on
HCV protein expression in transgenic mouse livers

To investigate whether CN2-29 transgenic mice injected with
AdVsbearing the EF1a promoter showed liver inflammation caused
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Fig.4. Liver inflammatory responses due to HCV protein expression induced by AXEFCre. (A) Histopathology of mouse livers after injection of AdVs. Histopathologic features
of the livers of CN2-29 transgenic mice (HCV-Tg, closed bars) injected with 1.0 x 10° PFU of AXCANCre, AXCACre, AXEFNCre, AXEFCre, or AXEFLacZ, and wild-type mice that
were injected with 1.0 x 10° PFU of AXEFCre at day 7 post-injection (WT, opened bar). Pathologic changes were evaluated by light microscopy of H&E-stained sections of
the mouse livers using the modified HAI scoring system. The extent of pathology was scored on a scale from 0 (none) to 12 (severe). All of the scores are means = S.D. of
more than three individual specimens. Statistical analysis was performed using an unpaired Student’s t-test. NS, not significant. (B) Histopathologic changes resulting from
HCV protein expression in mouse livers. CN2-29 transgenic mice (HCV-Tg) were injected with AXEFCre or AxEFLacZ and wild-type mice (WT) were injected with AXEFCre
7 days post-injection. The liver sections were stained with H&E. The arrows represent piecemeal necrosis. Scale bars, 50 pm. (C) Serum ALT levels with or without HCV
protein expression 7 days after administration of the AdVs. Statistical analysis was performed using an unpaired Student’s t-test between CN2-29 transgenic mice (HCV-Tg)
and wild-type mice (WT). NS, not significant. (D) Sequential changes in serum ALT levels after AXEFCre administration. Serum ALT levels were measured at the indicated
time-points in CN2-29 transgenic mice (HCV-Tg, closed square) or wild-type mice (WT, opened square) that were injected with 1.0 x 10° PFU AXEFCre. ALT levels are shown
as means =+ S.D. of more than three individual specimens. Statistical analysis was performed using an unpaired Student’s t-test between CN2-29 transgenic mice (HCV-Tg)
and wild-type mice (WT). *p<0.05; **p<0.01. (E) HCV core protein expression 21 days after AdV administration in transgenic mouse livers, CN2-29 transgenic mice were
injected with 1.0 x 10° PFU for each AdV. After 21 days, the livers were harvested and homogenized. The concentrations of HCV core proteins in liver lysates were determined
by EIA, The values shown are means =+ S.D. of three individual experiments. Statistical analysis was performed using an ANOVA, followed by the SNK test. *p <0.05.

by persistently expressed HCV proteins, we evaluated core proteins
by EIA in transgenic mouse livers 21 days post-injection of the AdVs
(Fig. 4E). HCV core protein expression was scarcely detectable in
the transgenic mice injected with AXCANCre, while the AXEFCre-
injected transgenic mice showed significantly higher levels of core
protein expression (Fig. 4E). Although, the AXCANCre injection was
scarcely observed at day 21 in the transgenic mice (Fig. 4E), HCV

core protein expression induced by AXEFCre injection was observed
until at least day 56.

4. Discussion

In the present study, we demonstrated that Cre-expressing
AdVs bearing the EF1a promoter induce HCV gene expression and
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HCV protein production without induction of severe liver injury in
inducible-HCV transgenic mice. We further observed that increases
inserum ALT levels and liver inflammation were related to HCV pro-
tein expression mediated by AXEFCre injection. Moreover, AXEFCre
injection enabled the transgenic mice to persistently express HCV
proteins.

In previous studies, HCV transgenic mice constitutively express-
ing HCV proteins exhibited symptoms of steatosis and/or
hepatocellular carcinoma, but did not show inflammatory or
immunopathologic changes (Lerat et al., 2002; Moriya et al,, 1997,
1998; Sun et al., 2001). Inducible-HCV transgenic mouse lineages,
in which HCV protein expression is regulated, have enabled investi-
gation of the immunopathogenesis of HCV protein expression. HCV
transgenic mice regulated by the Cre/loxP system (Sun et al., 2005;
Tumurbaatar et al., 2007; Wakita et al., 1998) or the tetracycline
regulatory system (Ernst et al., 2007) exhibit inducible and liver-
specific expression of HCV proteins. Inducible-HCV transgenic mice
using the CrefloxP system with an AdV that expresses Cre under
the control of the CAG promoter (AXCANCre) exhibit HCV-specific
immune responses (Wakita et al., 1998, 2000). The inducible-HCV
CN2-29 transgenic mice, which express the core, E1, E2, and NS2
proteins, have HCV-specific cytotoxic T lymphocytes (Takaku et al.,
2003; Wakita et al., 1998, 2000).

However, they show severe inflammatory responses to AXCAN-
Creitself and thus, HCV protein expression is only transient (Wakita
et al., 2000). These significant obstacles have limited the utility
of inducible-HCV transgenic mice. Therefore, to deliver the Cre
gene into the liver, non-adenoviral induction methods have been
developed (Ho et al,, 2008; Sun et al,, 2005; Zhu et al., 2006).
Meanwhile, adenoviral genes that cause cellularimmune responses
have been identified and modified AdVs that do not trigger host
immune responses have been developed (Palmer and Ng, 2005). A
recent study demonstrated thatimmune responses to AdVs bearing
the CAG promoter were associated with co-expression of Ad-pIX,
whereas immune responses were minimal when transgene expres-
sion was controlled by the EFla promoter (Nakai et al.,, 2007).
Therefore, we postulated that severe inflammation of mouse liv-
ers after administration of Cre-expressing AdVs bearing the CAG
promoter (AXCANCre) might be caused by expression of Ad-pIX.
In the present study, we generated Cre-expressing AdVs bearing
the EF1o promoter (AXEFCre) and infected HCV transgenic mice.
AXEFCre-injected mice expressed much less Ad-pIX mRNA and
did not show the increased levels of ALT or severe liver inflam-
mation as did Cre-expressing AdVs under the control of the CAG
promoter (Fig. 3). In contrast, AXCANCre administration caused
severe liver injury in both HCV transgenic mice and wild-type
mice (Fig. 4D; Wakita et al., 2000). AXEFCre administration caused
liver injury in the HCV transgenic mice, but not in the wild-type
mice (Fig. 4A-D). These results suggest that AXEFCre alone induces
only minimal host immune responses compared to AXCANCre;
therefore, the liver inflammatory responses exhibited by AXEFCre-
injected transgenic mice were clearly due to expression of HCV
proteins. Because AXCANCre injection alone causes severe liver
injuries, most of the hepatocytes infected with AXCANCre are elim-
inated and HCV protein expression in the livers of transgenic mice
is only transient (Wakita et al.,, 2000). On the other hand, AXEFCre
injection did not induce such severe liver injuries. The AXEFCre-
injected HCV transgenic mice showed milder liver inflammation in
response to expression of HCV proteins and persistently expressed
HCV proteins without elimination of hepatocytes infected with
AXEFCre.

In conclusion, HCV gene expression mediated by the Cre/loxP
system and a Cre-expressing AdV that bears the EFla promoter,
AXEFCre, enables Cre-mediated recombination of transgenes in
mice without inducing severe liver injury due to the AdV itself.
Moreover, this inducible-HCV transgenic mouse model should be

useful for investigation of liver injury due to HCV and the patho-
genesis of HCV.
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Monoclonal Antibody 2-152a Suppresses
Hepatitis C Virus Infection Through Betaine/
GABA Transporter-1
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Background. We recently established a monoclonal antibody (2-152a MAD) that binds to 3B-hydroxysterol-
A24-reductase (DHCR24) by immunizing mice with cells (RzM6-LC) persistently expressing hepatitis C virus
(HCV). Here, we aimed to analyze the activity of 2-152a MAD against HCV replication and explore the molecular
mechanism underlying the antiviral activity.

Methods. We characterized the effects of 2-152a MAb on HCV replication and performed a microarray analysis
of antibody-treated HCV replicon cells. The molecules showing a significant change after the antibody treatment
were screened to examine their relationship with HCV replication.

Results. The antibody had antiviral activity both in vitro and in vivo (chimeric mice). In the microarray
analysis, 2-152a MADb significantly suppressed the expression of betaine/GABA transporter-1 (BGT-1) in 2 HCV
replicon cell lines but not in HCV-cured cells. Silencing of BGT-1 expression by small interfering RNA (siRNA)
revealed significant suppression of HCV replication and infection without cytotoxicity. Further, BGT-1 expression

was significantly increased in the presence of HCV (P < .05).

Conclusions.

Our results suggest that 2-152a MAb suppresses HCV replication and infection through BGT-1.

These findings highlight important roles of BGT-1 in HCV replication and reveal a possible target for anti-HCV

therapy.

Hepatitis C virus (HCV) causes chronic hepatitis and
hepatocellular carcinoma (HCC) [1-3]. Chronic HCV
infection is a major global public health concern because
it affects at least 170 million people worldwide [2]. The
most effective treatment against HCV currently com-
prises a combination therapy of PEGylated a-interferon
(IFN-o) and ribavirin [4, 5]. However, considering that
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sustained virological responses develop in only ap-
proximately half of the patients infected with HCV ge-
notype 1, the clinical efficacy of this therapy is limited
[6, 7]. Efforts to develop therapies against HCV are
further hindered by the high level of viral variation and
capacity of the virus to cause chronic infection.
Therefore, there is an urgent need to develop effective
treatments against chronic HCV infection.

In a previous study, we established a cell line ex-
pressing HCV (RzM6-LC) to investigate the effects of
persistent HCV expression on cell growth [8]. We also
established a monoclonal antibody (2-152a MAb)
against the RzM6-LC cell line to produce clones that
recognize both cell surface and intracellular molecules.
Using this method, we identified 3b-hydroxysterol-D24-
reductase (DHCR24) as the recognition molecule of this
antibody.

1172 e JID 2011:204 (15 October) o Satoh et al

- 406 -



DHCR24 (also termed seladin-1) is an enzyme that catalyzes
the conversion of desmosterol to cholesterol in the postsqualene
cholesterol biosynthetic pathway [9, 10]. DHCR24 also acts as
a hydrogen peroxide scavenger [11]. Therefore, DHCR24 may
play a crucial role in maintaining cell physiology through
cholesterol synthesis and oxidative stress. We previously dem-
onstrated that HCV infection upregulates DHCR24 expression,
and overexpression of DHCR24 inhibits apoptosis and
inactivates the tumor suppressor gene p53 [12]. Moreover,
silencing of DHCR24 suppressed HCV replication [13]. How-
ever, the precise mechanisms through which DHCR24 affects
the HCV life cycle are unclear. In this study, we aimed to analyze
the activity of 2-152a MAb against HCV replication and explore
the molecular mechanism underlying the antiviral activity.

Materials And Methods

Cell Lines and Reagents

Human hepatoma cell line HuH-7 cell-based HCV replicon-
harboring cell lines [14] R6FLR-N (genotype 1b) [15], FLR3-1
(genotype 1b) [16], and JFH-1 (genotype 2a) [17] were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
GlutaMAX (Invitrogen) containing 10% fetal calf serum (FCS;
Sigma-Aldrich) in the presence of G418 (500 mg/mL for R6FLR-
N and FLR3-1, 300 mg/mL for JFH-1; Invitrogen). Cured/
HuH-7 histone H3 lysine 4 (K4) cells cured off HCV by in-
terferon treatment [18] were maintained in DMEM GlutaMAX
containing 10% FCS without G418. The JFH/K4 cell line
persistently infected with the HCV JFH-1 strain and HuH-7 cell
lines were maintained in DMEM containing 10% FCS [19]. The
human hepatoblastoma HepG2 cell line was also maintained in
DMEM containing 10% FCS.

Generation of 2-152a MAb

BALB/c strain of mice was immunized with 7-8 intraperitoneal
injections of RzM6-LC cells (5 X 10%) in RIBI adjuvant (tre-
halose dimycolate + monophosphoryl lipid A emulsion; RIBI
ImmunoChem Research). After completion of the immuniza-
tion regimen, their spleens were excised and splenocytes were
fused with mouse myeloma plasminogen activator inhibitor
(PAI) cells by using PEG1500 (Roche). Hybridoma cells were
then selected with hypoxanthine, aminopterin, and thymidine
(Invitrogen), and culture supernatants were collected for
screening by whole-cell enzyme-linked immunosorbent assay
(ELISA).

HCV Infection in Humanized Chimeric Mouse Liver and HCV
mRNA Quantification by Real-time Detection Polymerase Chain
Reaction

We purchased (from PhoenixBio Co.) chimeric mice that were
established by transplanting human primary hepatocytes into
severely combined immunodeficient (SCID) mice carrying

a urokinase plasminogen activator (uPA) transgene controlled
by an albumin promoter [20]. These mice were then infected
with plasma isolated before 2003 from an HCV-positive patient
(HCRS®) [8, 21], in accordance with the Declaration of Helsinki.
The protocols for the animal experiments were preapproved by
the local ethics committee, and the animals were maintained in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. HCV genotype 1b RNA
levels were established at 0.96-1.84 X 10 copies/mL in mouse
serum samples before the antibody treatment. The antibody
(2-152a MAb) and normal immunoglobin G (IgG, 400 mg/20 g
body weight) were intraperitoneally injected into the mice
(n = 4) at 2-day intervals over a period of 14 days. [FN-o
(30 mg/kg) was administered subcutaneously at 2-day intervals
over a period of 2 weeks. Human serum albumin in the blood of
chimeric mice was measured by using an Alb-II kit according to
the manufacturer’s instructions (Eiken Chemical). HCV RNA
levels in serum and JFH/K4 cells were measured by real-time
detection polymerase chain reaction (real-time detection
[RTD]-PCR) as described previously [22]. HCV RNA in the cell
cultures and supernatants was extracted by using Isogene and
Isogene LS (Nippon Gene), respectively.

Replication Assay Using HCV Replicon Cells

We used 3 HCV subgenomic replicon cell lines: R6FLR-N,
FLR3-1, and JFH-1. They were seeded at a density of 5 X 10°
cells/well in 96-well tissue culture plates in DMEM GlutaMAX
(Invitrogen) containing 5% fetal bovine serum (Thermo Sci-
entific). Following incubation for 24 hours at 37°C (in 5% CO,),
the medium was removed and serial dilutions of antibody were
added. Luciferase activity was determined by using a Bright-Glo
luciferase assay kit (Promega) after 72 hours according to the
manufacturer’s instructions. The results were calculated as the
average percentage relative to the reactivity in untreated cells,
which was set at 100%. The viability of the replicon cells was
measured by using a WST-8 cell counting kit (Dojindo)
according to the manufacturer’s instructions.

Immunostaining and Antibodies
Cells were cultured on glass coverslips (1.0 cm diameter) and
fixed with 1% paraformaldehyde in phosphate-buffered saline
(PBS) at room temperature for 10 minutes in 24-well plates. To
permeabilize the cell membranes, the cells were treated with 1%
Triton X-100 in PBS at room temperature for 10 minutes. After
washing with 0.05% Tween-20 in PBS, the cells were incubated
with 2-152a MADb, antiprotein disulfate isomerase (PDI) rabbit
polyclonal antibody (Stressgen Bioreagents) or normal mouse
IgG for 1 hour and washed with 0.05% Tween-20 in PBS. Alexa
Fluor 488-labeled goat antimouse IgG was used as the secondary
antibody.

Anti-NS5A antibody was provided by Dr Yoshiharu Matsuura
(Osaka University). Anti-myc mouse monoclonal antibody
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Figure 1. Anti-DHCR24 monoclonal antibody (2-152a MAb) suppresses HCV replication in vitro and in vivo. A, The effects of 2-152a MAb on HCV
replication were measured by the luminescence activity and cell viability in FLR3-1 cells. The replicon cell line was incubated with IgG from narmal mice
or 2-152a MAb at 1 or 10 pg/mL for 24, 48, and 72 hours. The mean values from triplicate wells are indicated, and the vertical bars represent the
standard deviation. The medium control (2% FCS-DMEM) without IgG is indicated as 0. B, The JFH/K4 cells were treated with cholesterol synthesis
inhibitor U18666A (1 mM, 10 mM), IFN-o {250 1U/mL), Cyclosporin A (25 uM) and its solvent Cremophor, normal mouse IgG (10 ug/mL), and 2-152a IgG
(10 pg/mL). HCV core and actin proteins were detected. C, HCV RNA copies were measured in JFH/K4 cells after treatment with normal or 2-152a IgG
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(9E10; Cell Signaling Technology) and antiactin mouse
monoclonal antibodies (Sigma-Aldrich) were utilized for de-
tecting myc-fusion protein and normalization of the results,
respectively.

cDNA Synthesis and Quantitative Reverse Transcriptase PCR
c¢DNA was synthesized from 0.5 or 1 mg of total RNA with
a Superscript IT kit (Invitrogen). TagMan gene expression assays
were custom designed and manufactured by Applied Bio-
systems. The expression was quantified with the ABI 7500
real-time PCR system (Applied Biosystems).

Microarray Analysis

For microarray analysis, total RNAs were extracted using
RNAeasy kit (Qiagen), and RNA integrity was assessed using
a Bioanalyzer (Agilent Technologies). cRNA targets were syn-
thesized and hybridized with Whole Human Genome Oligo
Microarray (G4112F; Agilent) according to the manufacturer’s
instructions.

RNA Interference, Expression Vector Construction, Transfection,
and Rescue Experiments

Small interference RNA (siRNA) targeting betaine/GABA
transporter-1 (BGT-1; nucleotides 120-144) was designed by
using a program (https://rnaidesigner.invitrogen.comy/) based
on registered sequences in GenBank (5'-CAACAAGATGGAGT
TTGTGCTGTCA-3"). Alternative siRNA  (BGT-1-siRNA-
362; nucleotides 362-386) was similarly designed. The HCV-
siRNA (R7) sequence was 5'-GUCUCGUAGACCGUGCACCA
dTdT-3'.

The coding region of the BGT-1 gene was obtained from
RNA of R6FLR-N cells by reverse transcription—polymerase
chain reaction (RT-PCR). The PCR products were inserted in
EcoRV-Xhol sites of pcDNA6-myc His, version A (Invitrogen)
after digestion of EcoRV—Xhol. To generate mutant plasmids
that contained nucleotide substitutions in the siRNA-targeted
site, we introduced point mutations into pcDNA-BGT-1
by using site-directed mutagenesis with a QuickChange
multisite-directed mutagenesis kit (Stratagene), according
to the manufacturer’s instructions, and the following
oligonucleotide primer: BGT-1-mut, 5'-CCAATGGACCAA-
CAAGATGGAATTCGTTICTATCGGTGGCCGGGGAGCTC
ATTGGG-3’ (the mutations introduced by mutagenesis are
underlined).

Transfection of siRNAs was carried out by reverse transfection
using Lipofectamine RNAIMAX according to the manu-
facturer’s protocol (Invitrogen). Transfection of the expression
vector was undertaken by using Lipofectamine LTX with Plus
reagent (Invitrogen).

The rescue experiment was performed after reverse trans-
fection of BGT-1 siRNA (1.5 nM) into R6FLR-N cells by using
RNAIMAX reagent. After 48 hours, wild-type (wt) and mutant
(mut) BGT-1 expression vectors (10 ng) were transfected by
using Lipofectamine LTX, and the luciferase activity and cell
viability were assessed by WST-8 assay (Dojindo) after 24 hours.

Analysis of HCV Infection and BGT-1 Expression
For infection assays, Cured/HuH-7 K4 cells were incubated with
JFH/K4 cell-derived HCV (2.0 X 10° copies/mL). At 72 hours
after incubation, HCV infection and BGT-1 expression were
analyzed by real-time detection (RTD)-PCR and TagMan ex-
pression assay, respectively, as described earlier.

Statistical Analysis

The Student ¢ test was used to test the statistical significance
of the results. P values < .05 were considered statistically
significant.

Results

Inhibitory Effect of 2-152a MAb on HCV Replication In Vitro

We examined the effects of 2-152a MAb on HCV replication and
the viability in HCV replicon cell lines. The treatment with
2-152a MADb significantly decreased HCV replication after
48 hours and cell viability after 72 hours (Figure 1A4). To de-
termine the recognition site of 2-152a MAb, we performed
epitope mapping by using serial overlapping deletion mutants of
the DHCR24 fusion protein (Supplementary Figure 1A).
The recognition site was identified within amino acid residues
259-314 (Supplementary Figure 1B) and the predicted “Di-
minuto-like protein” homologous region [23] indicated in
Supplementary Figure 1A.

Suppression of HCV Infection by 2-152a MAb

To determine the effects of 2-152a MAb on HCV infection, we
inoculated the antibody into a persistently HCV-infected cell
line (JFH/K4; Figure 1B and C) or uPA-SCID chimeric mice
previously transplanted with human hepatocytes [20] and

Figure 1 continued. {10 pg/mL). The error bars indicate the standard deviation, and the asterisk indicates P <<.005. D, Relative amounts of HCV RNA (%
copies/mg total RNA on days —1 or 0} in the livers of chimeric mice inoculated with the control medium, PEGylated IFN-a, normal IgG, or 2-152a IgG were
estimated by RTD-PCR. For normalization, the HCV RNA level 1 day before the inoculation (day —1) or on the day of inoculation (day 0) was defined as
100%. The graph shows the relative amounts of HCV RNA at —1 day (or day 0), 7 days (or 4 days), and 14 days. The error bars indicate the standard
deviation, and the asterisk indicates P <C.005. £, Ratio of body weight of mice inoculated with either normal IgG or 2-152a MAb IgG to that on day —1. F,
Ratio of albumin concentration in serum samples of mice inoculated with 2-152a MAb IgG or normal IgG to that on day —1. The vertical bars indicate the

standard deviation.
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Figure 2. A, Genes that showed significant changes in expression after the 2-152a MAb treatment. HCV replicon cells {FLR3-1 and R6FLR-N) and K4
cells were treated with 2-152a MAb. The symbols shaded in gray indicate the genes that showed significantly changed expression commonly in R6FLR-N
and FLR3-1 cells, and those shaded in orange indicate the genes that showed significantly changed expression in K4 cells. The amount of labeled probe
for microarray analysis was 7-fold higher than that in the first experiment (Supplementary Table 1). Each value indicates the number of ratios of signal 2-
152a MAb/normal IgG treatment. B, TagMan expression assay of BGT-1 in samples of R6FLR-N cells treated with 2-152a MAb or normal IgG. BGT-1
mRNA (0.5 pg) samples treated with 2-152a MAb or normal IgG were transcribed by reverse transcriptase, and synthesized cDNAs were used for TagMan
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infected with HCV (Figure 1D and F). We detected viral protein
(core) (Figure 1B) or viral RNA in cells (Figure 1C) and mouse
blood by using RTD-PCR (Figure 1D). There was a significant
reduction in the viral titers with 2-152a MAD treatment com-
pared with that in normal IgG treatment (control) (P < .005,
Figure 1C and D). No significant effects on body weight were
observed by the inoculation of 2-152a MAD (Figure 1E). Further,
no significant differences were found among the levels of human
albumin in the sera of the normal IgG- and 2-152a MAb-in-
oculated mice (Figure 1F).

Expression of DHCR24 in Carcinoma Cells and on the Surface of
HuH-7-Derived Cells

We observed abundant intracellular expression of DHCR24 in
hepatoma cell lines in the previous study [12]; therefore, we
characterized its expression on the surface of various carcinoma
cell lines by flow cytometric analysis to clarify the mechanism of
2-152a MAD antiviral effects. In this analysis, DHCR24 expres-
sion was localized to the surface of the HuH-7 and HuH-7-based
cell lines, HCV replicon cell lines (R6FLR-N, FLR3-1, and
JFH-1), HCV persistently infected cell line (JFH/K4), and K4
cells; on the other hand, DHCR24 was not significantly
expressed on the surface of the HepG2, Hep3B, RzM6-0d,
RzM6-LC, WRL68, and PLC/PRF/5 cell lines (Supplementary
Figure 1C). To confirm the expression of DHCR24 on the cell
surface, we performed immunofluorescence staining (Supple-
mentary Figure 1D). DHCR24 expression was detected in the
HuH-7 cells without permeabilization.

Suppression of BGT-1 mRNA Expression in HCV Replicon Cell
Lines After Treatment With 2-152a MAb

To determine the molecular mechanism underlying the effects of
2-152a MAD, we performed microarray analysis twice with dif-
ferent amounts of probes and evaluated the changes in gene
expression associated with the 2-152a MAb treatment, which
were specific to the HCV replicon cells rather than to the HCV-
cured K4 cells. Using this methodology, we identified approxi-
mately 3-14 genes as upregulated and about 17-20 genes as
downregulated following the treatment with 2-152a MAD,
compared with the expressions in normal IgG-treated R6FLR-N,
FLR3-1, and K4 cells (Figure 2A4). Among these genes, the ex-
pression level of SLC6A12 (BGT-1; GenBank accession number
NM_003044) showed significant downregulation in both the
R6FLR-N and the FLR3-1 cell lines but not in the K4 cells
(Figure 2A; Table 1). To validate this result, we tested BGT-1
mRNA expression in R6FLR-N cells treated with 2-152a MAb
and normal IgG by using TagMan expression assay. This assay

Table 1. Screened Genes in HCV Replicon Cell Lines After
Treatment of IgG

Gene
name

R6FLR-N FLR3-1  FLR3-1 HuH-7/K4
24 hours 24 hours 72 hours 24 hours

Screened specifically in replicon cells®

1st screening AKR1C1 0.67 0.62 0.65 NS
~ BGT1 053 063 053 NS
2nd screening AKR1C1 0.74 NS 0.73 NS
(7-fold)? or 0.75 k
; F2RL2 0.72 0.68 0.62 NS
BGT-1 058 058 0.61 NS
Screened in replicon and cured K4 cells®
Istscreening CNN1 275 06 162 1.9
2nd screening CNN1 2.63 2.18 1.39 1.88
(7fold°  TAGLN 163 152 147 1.44
VNN2 0.65 0.63 0.66 0.67
Abbreviations:  HCV, hepatitis C virus; 1gG, immunoglobin G; NS, not
screened. :

? Screened genes were significantly changed in HCV replicon cells but not in
HuH-7/K4 cells; each value indicates ratio of signal 2-152a MAb IgG/normal IgG
treatment.

® Screened genes were significantly changed in all cell lines, including
replicon cells and HuH-7/K4 celis.

¢ Comparing to 1st screening, 7-fold amount of labeled probe was used for
microarray.

demonstrated that the relative expression of BGT-1 was signif-
icantly suppressed by the treatment with 2-152a MAb (P < .001,
Figure 2B). Significant downregulation of BGT-1 was also ob-
served by treatment with 2-152a MAb in HCV-JFH-1-infected
cells (Figure 2C).

We further addressed the mechanism of action of 2-152a
MAD. Treatment with 2-152a MAb did not decrease the level of
cholesterol (Figure 2D), and silencing of DHCR24 did not in-
fluence BGT-1 significantly (Figure 2E).

Inhibition of HCV Replication and Infection by siRNA Directed
Against BGT-1

Because BGT-1 expression was suppressed by the treatment with
2-152a MAb, which had antiviral activity, we attempted BGT-1
silencing in HCV replicon cell lines by using designed siRNAs to
examine the potential role of BGT-1 in HCV replication. BGT-1
silencing was confirmed by RT-PCR (Figure 3A). The effect of
the siRNAs on HCV replication was examined by Western
blotting with anti-NS5A antibody (Figure 3B) and measured by
the luminescence level (Figure 3C, left panel) and cell viability
(Figure 3C, right panel) in FLR3-1 cells. We also examined the
effect of these siRNAs in R6FLR-N and JFH-1 cells (Supple-
mentary Figure 2A) and observed similar inhibitory effects as

Figure 2 continued. gene expression assay. Each value was compensated with values of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as
the internal control and normal [gG. The asterisk indicates P <.001, and the vertical bars indicate the standard deviation. C, Level of BGT-1 and DHCR24
proteins detected in JFH/K4 cells after treatment with 2-152a or normal IgG (10 pg/mL). D, The relative cholesterol amount was measured in R6FLR-N
cells treated with 2-152a or normal IgG (10 pg/ml). £ BGT-1 and DHCR24 proteins were detected in normal IgG- or 2-152a IgG-treated RBFLR-N cells.
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