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Figure 4 (see previous page)

MDM2 induced the polyubiquitination of Vif in vitro and in vivo. (A) GST-MDM2 induced the polyubiquitination of Vif
in vitro. Bacterially expressed GST-Vif was subjected to in vitro ubiquitination assays. The reaction was performed in the pres-
ence or absence of El, E2, GST-MDM2, and GST-Ubiquitin as indicated. Reactions were subjected to immunoblotting with
anti-Vif mAb. Arrows indicate GST-ubiquitin-conjugated Vif. (B) Overexpressed MDM2 induced the polyubiquitination of Vif in
vivo. HEK293T cells were cotransfected with expression vectors for MDM2 Wt and a ARF mutant together with expression
vectors for Vif and His-Ubiquitin (His-Ub) as indicated. Cells were treated with MG132 for 6 hrs, and cell lysates were precip-
itated with Ni-NTA agarose beads followed by immunoblotting with the indicated Abs. Since Vif naturally bound to Ni-NTA
agarose, we detected a Vif band itself (arrowhead), whereas no signal was detected in cells lacking Vif (lane 3). Arrows indicate
His-Ub-conjugated Vif. Arrows with asterisk indicate Vif conjugated with endogenous ubiquitin. (C) Transduction of siRNA
reduced cellular levels of endogenous MDM2 and polyubiquitination of Vif. HEK293T cells were cotransfected with expression
vectors for MDM2 siRNA and control siRNA together with expression vectors for Vif and HA-Ubiquitin (HA-Ub). Cell lysates

were immunoprecipitated with anti-Vif mAb followed by immunoblotting with the indicated Abs. Asterisk indicates immu-

noglobulin light chains from the immunoprecipitation.

sion of exogenous MDM2 efficiently induced polyubiqui-
tination of Vif in vive. Furthermore, the knock-down of
endogenous MDM?2 expression by introduction of
MDM2-specific short interfering RNA (siRNA) resulted in
a significant reduction in the amount of polyubiquiti-
nated Vif, commensurate with the extent of reduced
MDM2 expression (Fig. 4C). Collectively, these data indi-
cated that MDM2 mediates polyubiquitination of Vif both
in vitro and in vivo.

MDM2 negatively regulates HIV-1 replication in non-
permissive cells through ubiqutination and degradation of
Vif

Next, we examined the effect of MDM2 on HIV-1 replica-
tion. In a single round infection assay (Fig. 5A), in the
absence of A3G, viral replication was not affected by
expression of MDM2 and/or Vif (lanes 1-6). In contrast,
in the presence of A3G in a non-permissive cell setting,
without the expression of MDM2, the wild type virus
could replicate but the AVif virus could not, as previously
reported (lanes 7 & 8) [3,8]. Co-expression of MDM2
reduced the cellular level of Vif (Fig. 5B, upper panel,
lanes 5 & 11), resulting in the increased virion incorpora-
tion of A3G (Fig. 5B, 2nd lower panel, lane 11 as com-
pared with lanes 7) and the greater suppression of viral
replication (Fig. 5A, lane 11 as compared with lane 7).

We also tested the effect of MDM2 on HIV-1 replication in
the presence of A3F. MDM2 suppressed viral replication
in the presence of A3F, similar to results shown for A3G
(Additional file 3). These data indicated that the MDM2-
mediated Vif downregulation led to upregulated cellular
A3G and A3F levels in producer cells, resulting in less
infectious HIV-1 virions produced. Since MDM2 was pre-
viously reported to upregulate HIV-1 transcription by
ubiquitination of Tat, we further examined HIV-1 replica-
tion in macrophages knocked down for MDM2 (Fig. 5C).
We chose terminally differentiated macrophages as the
target, because the knockdown of MDM2 is lethal for pro-

liferating cells. HIV-1 replicated more efficiently in macro-
phages transfected with MDM2 siRNA than in control
siRNA-transfected macrophages. These data indicated that
MDM2 negatively regulated HIV-1 replication in non-per-
missive target cells through the ubiquitination and degra-
dation of Vif.

To obtain further insights into the mechanisms why our
MDM2 system did not induce the ubiquitination of A3G
which was bound to Vif, we tested the expression levels
and the binding affinity of A3G to Vif in transfected cells.
Co-expression of MDM2 reduced the cellular levels of Vif
and inversely increased the A3G levels in a dose depend-
ent manner (Fig. 5D). Immunoprecipitation assays
revealed that the co-expression of MDM?2 blocked the
binding of A3G to Vif in a dose dependent manner (Fig.
SE). These data suggest that the interaction between
MDM2 and Vif precludes A3G from binding to Vif.

Discussion

In this study, we report that MDM2 is a novel E3 ligase for
HIV-1 Vif. MDM2 physically interacts with Vif and func-
tions as an: E3 ligase for Vif to induce its polyubiquitina-
tion and proteasomal degradation. Several E3 ligases
including Cul5 [17], Nedd4, and AIP4 [18], have been
reported to induce Vif ubiquitination, and the roles of
Culs for Vif ubiquitination and degradation are especially
well documented. Dang et al. have recently reported that
Cul5 induces A3G degradation not by direct ubiquination
of A3G but indirectly through Vif ubiqutination and that
polyubiquitinated Vif might serve as a vehicle to transport
A3G into proteasomes for degradation [23]. In this man-
uscript, we show that MDM2 only targets Vif for degrada-
tion but not A3G, although MDM2 and Cul5 both induce
Vif ubiquitination (Additional file 2, part A). MDM2
reduced cellular Vif levels and inversely increased A3G
levels (Fig. 5B &5D), unlike Cul5. One possible explana-
tion is that the binding of MDM2 to Vif precluded A3G
from binding Vif {Fig. 5E}, whereas a Cul5-Vif complex
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Figure 5

MDM2 negatively regulated HIV-1 replication in non-permissive cells through the degradation of Vif. (A) The
overexpression of MDM2 inhibited HIV-1 replication in the presence of A3G. NL-43 Wt and AVif viruses were produced from
HEK293T cells transfected with expression vectors for MDM2 Wt and a ARF mutant in the presence or absence of A3G. The
viral infectivity was examined using M8166 cells. Values are presented as averages of more than 3 independent experiments. (B)
MDM2 reduced cellular levels of Vif, resulting in more incorporation of A3G into HIV-1 virions. Immunoblotting for cell lysates
(upper 3 panels) and precipitated virions (lower 2 panels) was performed with the indicated Abs. Lane numbers correspond to
those in Fig. 4A. (C) HIV-I replication in macrophages transfected with MDM2- and control-siRNA. MDM were transfected
with MDM2- and control-siRNA and challenged with R5 HIV-1g ¢ (left panel). Cell lysates were subjected to immunoblotting
with the indicated antibodies (right panels). (D) Coexpression of MDM2 reduced celiular levels of Vif and inversely increased
A3G levels in a dose dependent manner. HEK293T cells were cotransfected with expression vectors for A3G, Vif, GFP, and
MDM2 as indicated. Cell lysates were subjected to immunoblotting with the indicated Abs. (E) Immunoprecipitation assays
revealed that the coexpression of MDM2 blocked the binding of A3G to Vif in a dose dependent manner. HEK293T celis were
cotransfected with expression vectors for A3G, GFP-Vif, and MDM2 as indicated. Cell lysates were immunoprecipitated with
anti-GFP mAb followed by immunoblotting with the indicated Abs.

can bind A3G to form a ternary complex. MDM?2 binds
the N-terminal region of Vif which does not overlap with,
but is close to the A3G/A3F binding domain [25]. This
binding might affect the interaction of Vif with A3G and/
or A3F. Furthermore, the evidence that an MDM2 ARF
mutant failed to protect A3G indicated that the ubiquiti-
nation and degradation of Vif is necessary to protect A3G
and A3F from Vif. These findings suggest that different E3
ligases might play different roles in Vif ubiquitination.
Further studies on the different roles of Vif ubiquitination

—129—

by different E3 ligases and their virological significance
should be investigated.

We demonstrate that MDM2 negatively regulated HIV-1
replication through Vif degradation. Through the degra-
dation of target proteins (p53, pRB, etc), MDM?2 can exert
profound physiological effects on the regulation of cell
cycle, cell proliferation, DNA repairs and other processes.
To our knowledge, this is the first report to show that
MDM?2 plays an important role in viral replication
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through the degradation of viral proteins. Recently,
MDM2 was also reported to ubiquitinate HiV-1 Tat pro-
tein and activate its transcriptional activity in a non-prote-
olytic manner [26]. Our experiment using MDM2
knockdown macrophages showed that HIV-1 replication
in these macrophages was more efficient than in control
siRNA-transfected macrophages. These data are consistent
with MDM2 negatively regulateing HIV-1 replication
through Vif ubiquitination (Fig. 5C). However, the repli-
cation efficiency of HIV-1 in MDM?2 knockdown macro-
phages was only 2-fold higher and was slower than in
control siRNA-transfected macrophages. This suggests the
possibilities that the ubiquitination of Tat might work as
a positive regulatory factor at an earlier phase of infection
and that MDM2 might be involved in both positive and
negative regulation of HIV-1 replication at different
stages. Further studies on the detailed effect of MDM2 on
HIV-1 replication are needed.

We also demonstrated that Vif can bind MDM2 directly.
We also mapped the interaction domain of MDM2 with
Vif to amino acids 168-320 which is located in its central
acidic and Zn finger domains. This central domain is dif-
ferent from the primary p53-binding site of MDM2 which
is located in its N-terminal region; however, this central
deomain was recently reported as a second p53-binding
site and was shown to be important for the regulation of
p53 stability [27-30] (Fig. 2B &2C). Interestingly, several
proteins including p300, p14ARF, and pRB bind to the cen-
tral domain of MDM2 and regulate the stability and func-
tion of p53 via MDM2 [28,31]. Thus, it is possible that Vif
might affect the stability and function of p53. Indeed, we
confirmed that Vif can stabilize p53 (Izumi et al., unpub-
lished data), which could explain why the effect of MDM2
on p53 degradation was weaker than that on Vif as shown
in Fig. 1A. A further study is under way to elucidate this
new function of Vif (Izumi et al., HIV-1 Vif induces G2 cell
cycle arrest via the p53 pathway, unpublished).

Finally, expanding evidence suggests that the ubiquitina-
tion system plays important roles in many aspects of HIV-
1 replication including the degradation of A3G by Vif [9-
11], the degradation of CD4 by Vpu [32], HIV-1 viral bud-
ding [33], Tat-mediated transactivation [26], and Vpr-
induced G2 cell cycle arrest [34,35]. The functional link-
age between Vif and MDM2 also suggests that ubiquitin
processes such as the A3G/Vif interplay is highly complex.
It is obvious that HIV-1 replication in target CD4+ T cells
is strongly affected by the interplay of these proteins.
From the viral point of view, this interplay might give an
advantage to HIV-1 replication. One possibility is that
MDM2 regulates cellular Vif levels appropriately, such as
not to affect viral replication [36] but just enough to
antagonize A3G. Recent studies suggest that the G-to-A
mutations induced by A3G may not be the mechanism by
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which A3G restricts or controls viral replication [37] and
that a partially effective Vif inhibitor may actually acceler-
ate the evolution of drug resistance and immune escape
[38]. The inhibitory activity of MDM2 toward Vif could be
partially effective and therefore could lead to viral evolu-
tion of drug resistance and immune escape. More recently,
Nathans et al. have reported a small molecule that specif-
ically antagonizes Vif function and inhibits viral replica-
tion by targeting the A3G/Vif axis. This compound
enhances Vif degradation only in the presence of A3G, but
does not induce A3G degradation and rather stabilizes
A3G. They suggested the possibility of a new proteolytic
enzyme for Vif degradation and that their new compound
interferes with Vif interaction with a host protein in a Vif-
A3G-host protein complex, thereby making Vif less stable.
The precise biological significance of this Vif-A3G-host
protein complex requires future elucidation. Nevertheless,
modification or intervention of such Vif-A3G-host protein
interplay could lead to the development of new therapeu-
tic strategies for HIV-1 infection.

Conclusion

MDM2 is a novel E3 ligase for Vif which induces the poly-
ubiquitination and degradation of Vif to negatively regu-
late HIV-1 replication.

Methods

Plasmid constructs

Expression vectors for hemagglutinin (HA)- or FLAG-
tagged MDM2, pCMV4/HA-MDM2 or pCMV4/FLAG-
MDM2, and their mutants were constructed as previously
described [19]. An expression vector for HA-tagged
human APOBEC3G, pcDNA3/HA-hA3G [39], and HIV-1
reporter plasmids, pNL43/Aenv-Luc (WT) and pNL43/
AenvAvif-Luc (AVif) [8], were constructed as previously
described. Expression vectors for FLAG-tagged Parkin and
Cul5 (pcDNA3/FLAG-Parkin and pcDNA3/FLAG-Cul5,
respectively) were constructed by the PCR method. Com-
plementary DNA for- HIV-1 Vif was also cloned into
pDON-AI (TAKARA BIO INC.) and pDON/EGEP for
expression of Vif and EGFP-fused Vif (EGFP-Vif). The sub-
genomic expression vector pNL-Al, which expresses all
HIV-1 proteins except for gag and pol products, and its
mutants expressing Vif deletion mutants were kind gifts
from Dr. K. Strebel [22].

Co-immunoprecipitation assays

We performed an immunoprecipitation assay for protein-
protein interaction in vivo, as described previously [8].
HEK293T cells were cotransfected with pCMV4/HA-
MDM2 and pNL-Al by the calcium phosphate method.
Two days after transfection, cells were lysed in lysis buffer
(25 mM HEPES pH7.4/150 mM NaCl/1 mM MgCl,/0.5%
TritonX-100/10% Glycerol) and complexes were immu-
noprecipitated with anti-MDM2 monoclonal antibody

Page 9 of 12

(page number not for citation purposes)

-130—



Retrovirology 2009, 6:1

(mAb) (SMP-14, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA and Ab-1, Calbiochem, EMD Biosciences, Inc,
Darmstadt, Germany) and Protein A-Sepharose beads
{Amersham Biosciences Corp.) at 4°C. The beads were
washed with RIPA buffer (50 mM Tris-HCl pH8.0/150
mM NaCl/1% Triton-X 100/0.1% SDS/0.1% DOC) and
analyzed by immunoblotting with anti-Vif mAb (#319)
(A kind gift from Dr. M. Malim through the AIDS
Research and Reference Reagent Program) [40] or anti-HA
mAb (12CAS5). To map the regions of MDM?2 necessary
for binding to Vif, HEK293T cells were cotransfected with
expression vectors for a series of MDM2 deletion mutants
together with pNL-A1l. Complexes were immunoprecipi-
tated with anti-HA mAb and analyzed by immunoblot-
ting with anti-Vif mAb. To map the regions of Vif
necessary for binding to MDM?2, HEK293T cells were
cotransfected with expression vectors for a series of Vif
deletion mutants together with pCMV4/HA-MDM?2.
Complexes were immunoprecipitated with anti-Vif mAb
and analyzed by immunoblotting with anti-MDM2 mAb.
In all these experiments, transfected cells were treated
with MG132 for 6 hrs prior to harvesting in order to stabi-
lize both Vif and MDM2; otherwise we could not detect
the expression of MDM2 because of its rapid degradation,
as seen in Fig. 1A.

In vitro and in vivo ubiquitination assays

In vitro ubiquitination assays were carried out in ubiquitin
reaction buffer (50 mM Tris-HCl/2 mM ATP/5 mM
MgCl,/2 uM DTT) with E1(200 ng), E2(Ubc5c)(150 ng),
and GST-tagged ubiquitin (GST-Ub) (10 ug) as described
previously [13]. MDM2 and Vif were expressed as GST-
fusion proteins in Escherichia coli strain DH5a and BL21,
respectively. The reactions were incubated at 30°C for 90
min. The samples were subjected to immunoblotting with
anti-Vif mAb to detect GST-ubiquitin conjugated Vif.

For in vivo ubiquitination assays, HEK 293T: cells were
cotransfected with plasmids expressing Vif, FLAG-MDM?2
or its mutants, and His-tagged ubiquitin (His-Ub) as indi-
cated. Cells were treated with 10- pM MG132 for 6 hrs
prior to harvesting. Forty-eight hours post transfection,
cell lysates  were affinity-purified with-- Ni-NTA-agarose
beads (Invitrogen corporation, Carlsbad,  CA) and ana-
lyzed by immunoblotting with anti-Vif mAb.

For production of RNAi within the cells, we used the pSu-
per vector as described previously [19]. pSuper-MDM2-1
contained the 19 nt derived from the mdm2 ¢DNA (nt
404~422) as the target sequence, Double-stranded RNA
containing scrambled 19 nt was- used as a control.
HEK293T cells were transfected with pSuper plasmids
together with plasmids expressing. Vif and HA-Ub. Cell
lysates were immunoprecipitated with anti-Vif mAb fol-
lowed by immunoblottimg with anti-HA mAb.

-131-
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Single round infection assays with HIV-1 luciferase
reporter virus

Luciferase reporter viruses with or without Vif were pre-
pared by cotransfection of pNL43/Aenv-Luc (Wt) or
pNL43/AenvAvif-Luc (AVif) plus pVSV-G together with a
mock vector or an expression vector for MDM2 or a
mutant in the presence or absence of pcDNA3/hA3G by
calcium phosphate as previously described [8]. The
reporter viruses were adjusted according to p24 values and
used to infect M8166 target cells. Productive infection was
measured by luciferase activity and values were presented
as percent infectivity relative to the value of each virus
without the expression of hA3G.

Knockdown of MDM2 in macrophages and replication
assays

Monocyte-derived macrophages (MDM) were cultured for
7 days from CD14+ monocytes isolated from the periph-
eral blood of an HIV-1-negative healthy individual. Elec-
troporation with Stealth Select RNAi for MDM2 or
Control {Invitrogen Corporation) was performed using
the Nucleofector machine (Amaxa Inc., Gaithersburg,
MD) according to the manufacturer's instructions. Twenty
four hours after transfection, MDM were challenged with
R5 HIV-1p i at multiplicity of infection of 0.1 at 37 °C for
3 hrs. The cells were cultured from day 4 to 21 after infec-
tion, and the concentration of p24 antigen in the superna-
tant was measured with an HIV-1 p24 antigen enzyme-
linked immunosorbent assay [ELISA] kit (ZeptMetrix,
Buffalo, NY).
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Additional material

Additional file 1

Supplementary figure 1 — the stability of Vif protein in p53-/- MEF
and p53-/-MDM2-/- MEF cells. MEF cells were transfected with pDON/
Vif or pcDNA3/HA-A3G. Twenty-two hours after transfection, the cells
were treated with cycloheximide (CHX) for the indicated times, and cell
Iysates were subjected to immunoblotting with the indicated Abs.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-1-S1.pdf]

Additional file 2

Supplementary figure 2 — immunopurified MDM2 induced the polyu-
biquitination of Vif in vitro. (A) MDM2 as well as Cul5 induced the
polyubiquitination of Vif. HEK293T cells were transfected with expression
vectors for His-MDM2 and His-Cul5. His-tagged proteins were purified
using Ni-NTA agarose and subjected to in vitro ubiquitination assays as
described in a legend to Fig. 4A. Reactions were subjected to immunoblot-
ting with anti-Vif Ab. Arrows indicate GST-Ub-conjugated Vif. Asterisks
indicate non-specific bands associated with GST-Vif protein recognized by
anti-Vif Ab, as they are seen in lanes 1 and 3. (B) MDM?2 induced the
polyubiquitination of Vif Wt but not that of A22 that was defective for
binding MDM2. Filled asterisks indicate non-specific bands associated
with GST-Vif protein, while white asterisks indicate those associated with
GST-Vif A22,

Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-1-52.pdf]

Additional file 3

Supplementary figure 3 - the overexpression of MDM2 inhibited HIV-
1 replication in the presence of A3F. Single round infection assays were
performed in the presence or absence of A3F as described in a legend to
Fig. 5A. Values are presented as averages of more than 3 independent
experiments.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1742-
4690-6-1-83.pdf]
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ABSTRACT

More than 170 million people worldwide are chronically infected by HCV, which is the causative agent
of chronic hepatitis C, cirrhosis, and finally liver cancer. Although animal models of viral hepatitis are
a prerequisite for the evaluation of antiviral and vaccine efficacy, the restricted host range of HCV has
hampered the development of a suitable small animal model of HCV infection. Use of the chimpanzee,
the only animal known to be susceptible to HCV infection, is limited by ethical and financial restrictions.
In this regard GBV-B, being closely related to HCV, appears to be a promising non-human surrogate
model for the study of HCV infection. This review describes the characteristic of GBV-B infection of New
World monkeys, and discusses current issues concerning the GBV-B model and its future directions.

Key words GBV-B, HCV, hepatitis C, monkey.

INTRODUCTION

Since HCV was identified as a major causative agent for
non-A, non-B hepatitis in 1989 by Choo et al. (1), it has
become evident that HCV is disseminated worldwide and
is carried by an estimated more than 170 million people
(2). In most advanced nations, the prevalence of HCV
infection is roughly 1-2% and further dissemination is
suppressed. By contrast, among developing countries the
number of HCV-infected patients is still increasing due
to iatrogenic exposure, including blood transfusion from
unscreened donors and reuse or inappropriate steriliza-
tion of contaminated medical equipment, and injecting
drug use (3). After HCV exposure, about 70% of indi-
viduals who exhibit acute infection progress to chronic
liver disease, and many of these patients develop hepatic
cirrhosis and hepatocellular carcinoma (2). Currently, the
only treatment available for patients with chronic HCV in-
fections is combination therapy with pegylated interferon
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and ribavirin, As the standard therapy is effective in only
approximately 50% of patients with chronic HCV hepati-
tis, the other half of affected patients are still threatened by
poor prognosis (4). It is therefore urgent to develop more
effective therapeutics for HCV infection. At the same time,
prophylactic vaccines are indispensable for prevention of
further spread of HCV in developing countries, including
reduction of the risk to health care workers of occupational
transmission.

ANIMAL MODELS OF HCV INFECTION:
RODENTS AND CHIMPANZEES

Research in infectious diseases will never progress without
animal models. Because conventional small animals are
not susceptible to HCV infection due to its limited host
range, development of an effective prophylactic vaccine,
as well as unveiling of the molecular mechanism of viral
pathogenesis, has been hampered. Nonetheless, decades
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of struggle have resulted in a number of animal models
for HCV infection and hepatitis C.

Recently, a number of rodent models have been devel-
oped (for a review of this topic see reference 5). Rodent
models, which permit HCV replication and involve trans-
plantation of human hepatocytes, include immunotore-
lated fetal rat (transplantation of human hepatoma cell
line Huh7 into newborn rats after prior injection of the
same cells into pregnant females) (6) and immunodefi-
cient mice such as trimera mice (7, 8) and uPA mice (9-
11). These rodent models are highly useful for evaluating
the efficacy of antiviral drugs and neutralizing monoclonal
antibodies. In addition, a number of HCV transgenic mice
have been developed. These enable direct characterization
of the effects of expression of HCV genes on liver in-
jury (5). These small animal models do not require costly
facility for primates as mentioned later. While having a
number of merits as mentioned above, these rodent mod-
els still have some limitations. For example the former
models are not suitable for investigation of the pathogen-
esis of hepatitis C and the development of effective vaccine
strategies, while in the latter models the proteins of inter-
est are usually over-expressed as compared with natural
HCYV infection, and the integration site of the transgene
may have an influence on the outcome of the study.

The chimpanzee model is the most straightforward
since this animal can be experimentally infected with
HCV. One third of HCV-inoculated chimpanzees develop
chronic infection, while infection resolves in the remain-
der after an acute phase lasting 2—-3 months, indicating that
the chronicity rate in chimpanzees is somewhat lower than
in humans (12). The chimpanzee model has been consid-
ered the primary choice for studying the relationship be-
tween the virus and host anti-viral immune responses, as
well as for evaluating immunopathogenesis and the effi-
cacy of prophylactic vaccination. However, irrespective of
itsbenefits, many obstacles need to be overcome in order to
use this model. For example in many countries it is illegal
to employ the chimpanzee as an experimental animal, pri-
marily due to ethical, (and secondly to financial), reasons.
In fact, in 2004 the Dutch government decided to stop all
research with chimpanzees at the biomedical primate re-
search center in Rijswijk, Netherlands. As this was the only
primate center in Europe where chimpanzees were used
for biomedical research, this decision made chimpanzees
unavailable as experimental animals in Europe. It is still
possible to employ chimpanzees for biomedical research
in some other countries, including the USA. However, the
National Center for Research Resources of the National
Institute of Health in the USA has recently decided not
to continue to breed chimpanzees for research (13). It is
estimated that the existing chimpanzees in the National
Center for Research Resources will die within 30 years.
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AIDS-related research has been one of the major pur-
poses for using chimpanzees. However, due to the rea-
sons mentioned above, as well as the endangered status of
chimpanzees, nowadays AIDS scientists mainly make use
of macaque monkeys infected with SIV as a non-human
primate surrogate AIDS model (14, 15). The macaque/SIV
model is useful since SIV is highly related to HIV-1, and
induces AIDS-like diseases that are comparable to those
of humans infected with HIV-1. Taking this into consider-
ation, an alternative surrogate model which employs New
World monkeys infected with GBV-B may be promising
for future HCV/hepatitis C research.

GBV-B AS A NON-HUMAN PRIMATE
SURROGATE MODEL OF HCV INFECTION

Among viruses so far known, GBV-B is the most closely
related to HCV. However, due to a lack of epidemiological
information as discussed below, GBV-B has been tenta-
tively classified in the Hepacivirus genus of the Flavivirus
family. Originally, Deinhardt et al. (16) found that some
tamarins (genus Saguinus) developed hepatitis after inoc-
ulation with an inoculum obtained from a surgeon with
the initials GB who had contracted hepatitis. After 11
passages in tamarins they obtained serum including GB
agent(s), and were then able to achieve molecular cloning
of GBV-A and GBV-B as flavivirus-like genomes (17) and
to demonstrate GBV-B as an agent which could cause hep-
atitis in tamarins (18). Although it was unclear whether
GBV-B originated from the GB inoculum or the tamarins
themselves, later animal studies demonstrated that GBV-B
is infectious for tamarins but not chimpanzees (19) and
reciprocally that HCV is infectious for chimpanzees but
not tamarins (20). These findings led to the retrospec-
tive conclusion that at least one of the tamarins employed
for the in vivo passage study was persistently infected with
GBV-B, and therefore GBV-B is probably a virus that orig-
inated in tamarins (20). However, GBV-B has not so far
been isolated from additional tamarins, probably due to
limited epidemiological analyses. Thus the natural host(s)
and prevalence of GBV-B are yet to be determined.

CHARACTERISTICS OF GBV-B
INFECTION OF NEW WORLD MONKEYS

Previous data have shown that a number of New World
monkeys (parvorder Platyrrhini) including tamarins, the
common marmoset { Callithrix jacchus) and the owl mon-
key (Aotus trivirgatus) are susceptible to GBV-B infec-
tion, as summarized in Table 1, although in tamarins
peak concentrations of viruses in plasma are higher (107
10" GE/ml) than in other monkeys (10°-10% GE/ml)
(21-29). In general, in any monkey species viremia
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Table 1 Summary of characteristics of acute GBV-B infection in monkeys

Monkeys permissive of
experimental infection

Tamarins (Genus Saguinus)

Common marmoset (Callithrix jacchus)

Owl monkey (Aotus trivirgatus)

1-2 weeks post infection

Tamarins; 107-10'° GE/mll

Marmoset and owl monkey; 10°-108 GE/mi
Peak ALT levels Approximately 200-500 1U/ml

Duration of viremia 2-3 months

Timing of seroconversion A couple of weeks before clearance

of viremia

Appearance of viremia
Peak levels of viremia

persists for 2-3 months and is followed by clearance.
GBV-B-infected monkeys with viremia usually develop
self-resolving subacute hepatitis, as indicated by increases
in the concentrations of serum enzymes such as ALT,
gamma-glutamyltranspeptidase, and isocitrate dehydro-
genase. Pathologically, degeneration and apoptosis of
hepatocytes, as well as disruption and dilation of sinu-
soids, have been observed in the livers of GBV-B-infected
tamarins with higher viremia and ALT activity (29). It
is possible that GBV-B-specific CTL may cause the liver
damage. However, a recent study reported that CTL are in-
duced at a late stage of subacute GBV-B infection, and are
inversely correlated with reduction in viremia (30). Since
liver damage is usually found very early (1-2 weeks) after
infection, when specific CTL are not observed, it is likely
that viral replication in the hepatocytes leads directly to
the early onset of cytopathic effects, while lower numbers
of CTL may also contribute to cytotoxicity.

The clearance of viremia in the acute phase of GBV-
B infection should require an effective antiviral immune
response. In particular, in both GBV-B and HCV intra-
hepatic CTL appear to play a major role in viral clear-
ance (30, 31). In addition, secondary GBV-B infection
after clearance of the primary viremia induces a strong T
cell response, leading to virtual absence of viremia, indi-
cating that efficient memory is a key to protection from
chronic viral infection (30, 32). In pre-immune chim-
panzees antibody-mediated depletion of either CD4 or
CD8 T lymphocytes affects their ability to control viral
replication, resulting in prolonged viremia, demonstrat-
ing essential roles for both CD4 and CD8 memory in
protection from viral persistence (33, 34).

On the other hand, the significance of humoral immu-
nity in controlling GBV-B replication is still unclear. It is
reasonable to assume that neutralizing antibodies also play
important roles in the clearance of subacute viremia and
protection from viral persistence. In the case of HCV, in
one well characterized single-source outbreak of hepati-
tis C, viral clearance was associated with rapid induction

© 2009 The Societies and Blackwell Publishing Asia Pty Ltd

of neutralizing antibodies in the early phase of infection,
while chronic HCV infection was characterized by absent
or low-titer neutralizing antibodies in this phase. Patients
with resolution of infection were shown to exhibit broader
cross-neutralizing activity of antibodies in the early phase
of infection (35). In one chronic HCV patient who was
followed up for 30 years, it has also been shown that HCV
continuously escaped the host’s immune system by re-
peated mutational changes, resulting in loss of recogni-
tion of the HCV envelope glycoproteins by antibodies
(36). The fact that the sequences of envelope glycopro-
tein and specificity of neutralizing antibody change over
time suggests that neutralizing antibodies exert selective
pressure on HCV evolution. Thus, although neutralizing
antibodies (and/or CTL) are not necessarily capable of
controlling chronic viral infection, frequent escape from
the antibodies needs so called fitness cost, resulting in the
partial suppression of viral loads. Indeed, HCV-infected
patients with primary antibody deficiencies have acceler-
ated rates of disease progression (37).

Although features of the subacute phase of GBV-B in-
fection are similar to that of HCV, a major defect of GBV-B
infection as a surrogate model for HCV is that it is difficult
to chronically infect monkeys. While as many as 70% of
humans with HCV infection become chronically infected,
only approximately a third of chimpanzees do so (2, 12).
By contrast, only a few cases regarding chronic GBV-B
infection have been reported so far. The best example was
a case of a tamarin persistently infected with GBV-B (24);
the monkey exhibited acute mild hepatitis with viremia
(peak level; ~10° GE/ml), which reduced to a set point
level (less than-10* GE/ml) at 16 weeks post infection,
followed by a gradual increase in viremia which reached
>107 GE/ml at 112 weeks post infection, along with a sig-
nificant ALT increase. However, the viremia suddenly de-
clined thereafter and became undetectable, in association
with a reduction in antibody titer, and subsequent in vivo
passage of virus obtained from the tamarin failed to re-
produce persistent infection in other tamarins (24). In ad-
dition, immunosuppression of a GBV-B-infected tamarin
by FK506 treatment, or infection of GBV-B with deletion
of poly(U) tract in the 3’ UTR, reportedly resulted in rel-
atively long-term persistent infection of GBV-B for up to
46 and 90 weeks; respectively (23, 27). These results indi-
cate that GBV-B may have the potential for establishing
chronic infection.

Furthermore; our recent study has demonstrated that
among four common marmosets infected with GBV-B de-
rived from a molecular clone pGBB (21), two developed
long-term chronic infection for up to three years, with re-
current viremia in which plasma viral RNA levels fluctu-
ated between undetectable and 10° GE/ml, which is equiv-
alent to the case of chimpanzees chronically infected with
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HCV (Iwasaki et al., manuscript in preparation). Notably,
the induction of antiviral antibody response as measured
by anti-Core and -NS3 antibodies was delayed in both
cases, followed by a gradual increase, and then sustained
high antibody titers. This was in contrast with an abrupt
and transient increase at the end of periods of subacute
viremia in marmosets and tamarins with viral clearance.
Whether a delayed antibody response is associated with
persistent GBV-B infection remains to be determined.
Taken together, these findings indicate the similarity
between HCV and GBV-B in regard to their ability to
induce chronic infection, and also shed light on the further
potential of GBV-B as a surrogate model for HCV.

FUTURE PROSPECT OF GBV-B
SURROGATE MODEL

Although many questions are still to be addressed, ac-
cumulating evidence from extensive studies to date has
greatly advanced the usefulness of the GBV-B as a surro-
gate model for HCV. The GBV-B model may be applica-
ble for evaluating the feasibility and safety of anti-HCV
vaccines employing novel viral vectors and gene therapy
which creates RNA interference. For example, in a recent
pilot study we showed that systemic administration of
cationic liposome-encapsulated small interfering RNA to
marmosets resulted in efficient regulation of GBV-B repli-
cation, indicating the usefulness of the surrogate model
for proving the feasibility of RNA interference technology
for future clinical application (38). This GBV-B model
will also be helpful in identifying the virological and im-
munological factors which determine whether the out-
come is acute resolving or chronic infection. While the
GBV-B model appears to be valuable, development of
an HCV/GBV-B chimeric virus would greatly expand the
utility of the surrogate model, since it would enable us
to directly evaluate antiviral vaccines and chemicals for
HCYV as a preclinical study. Rijnbrand et al. have reported
that a chimeric GBV-B with 5" untranslated region from
HCV is infectious and causes hepatitis in tamarins (39).
As recently demonstrated by Chevalier ef al. (40), this will
be a good model for evaluating the potential of small in-
terfering RNA specific to HCV genome for future clinical
application.

In regard to this, we may refer to an elegant precedent
in the case of the macaques AIDS model. SIVmac is well
known to efficiently infect, and result in the development
of AIDS in macaques. Furthermore HIV-1, of which only
7% of the entire genome is derived from SIVmac, has
been demonstrated to overcome the host range of au-
thentic HIV-1, and to acquire the ability to productively
infect macaque cells (41, 42). Instead of endangered chim-
panzees, tamarins/marmosets which can be chronically
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infected with an HCV/GBV-B chimera (hopefully capable
of inducing chronic hepatitis) should be the next genera-
tion of a promising non-human primate surrogate model
for HCV infection, one which is similar to the macaques
AIDS model. Whatever animals are used for pre-clinical
study, it is important to keep in mind that results obtained
from monkey models using either GBV-B or HCV/GBV-B
chimera (as well as SIV or HIV/SIV chimera) may not
necessarily be applicable to humans, because of potential
differences in the molecular structure and/or mechanism
by which antivirals and/or viral a