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Progress in understanding the pathogenesis of hepatitis C virus
(HCV) has been slowed by the absence of tractable small animal
models. Whereas GB virus B (GBV-B, an unclassified flavivirus)
shares a phylogenetic relationship and several biologic attributes
with HCV, including hepatotropism, it is not known to cause
persistent infection, a hallmark of HCV. Here, we document per-
sistent GBV-B infection in one of two healthy tamarins (Saguinus
oedipus) inoculated intrahepatically with infectious synthetic RNA.
High-titer viremia (108 to 10° genome equivalents per ml) and
transiently elevated serum alanine transaminase activities were
present from weeks 4 to 12 postinoculation in both animals.
However, whereas GBV-B was eliminated from one animal by 20
weeks, the second animal remained viremic (103 to 107 genome
equivalents per ml) for >2 years, with alanine transaminase levels
becoming elevated again before spontaneous resolution of the
infection. A liver biopsy taken late in the course of infection
demonstrated hepatitis with periportal mononuclear infiltrates,
hepatocellular microvesicular changes, cytoplasmic lipid droplets,
and disordered mitochondrial ultrastructure, findings remarkably
similar to chronic hepatitis C. GBV-B-infected hepatocytes con-
tained numerous small vesicular membranous structures resem-
bling those associated with expression of HCV nonstructural pro-
teins, and sequencing of GBV-B RNA demonstrated a rate of
molecular evolution comparable to that of HCV. We conclude that
GBV-B is capable of establishing persistent infections in healthy
tamarins, a feature that substantially enhances its value as a model
for HCV. Mitochondrial structural changes and altered lipid me-
tabolism leading to steatosis are conserved features of the patho-
genesis of chronic hepatitis caused by these genetically distinct
flaviviruses.

hronic hepatitis C is a major threat to the public health.

Although the underlying molecular mechanisms remain
uncertain, hepatitis C virus (HCV) usually escapes both innate
and adaptive immune responses, resulting in long-term persis-
tence of the virus, and placing chronically infected individuals at
risk for cirrhosis and hepatocellular carcinoma (1). Available
therapies include IFN-a and ribavirin, but their efficacy is
limited, and even lengthy treatment frequently fails to achieve
virus elimination (reviewed in ref. 2). Unfortunately, the search
for better and more specific antiviral therapies is complicated by
the lack of a robust, fully permissive cell culture system, as well
as the absence of a readily available animal model of
HCYV infection.

Other than humans, the only animal species that has been
shown to be reproducibly susceptible to virus challenge is the
chimpanzee (Pan troglodytes) (3, 4). Chimpanzees may also be
infected by inoculation of synthetic, genome-length viral RNA
directly into the liver (5-9). Although there is typically little
evidence of liver disease, the chimpanzee model has allowed
characterization of HCV replication in vivo, the host response to
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the virus, and molecular evolution of the virus during persistent
infection (10-13). However, chimpanzees are endangered, and
are available on only a very limited basis, and their use is
prohibitively expensive. There is thus a critical need for an
alternative and more readily available animal model.

The GB hepatitis agent was initially recovered from a surgeon
who presented with jaundice. Serial passage of the infectious
material in tamarins was associated with an acute, inflammatory
hepatitis (14, 15). However, the nature of the responsible agent
remained an enigma until Simons ef al. (16) molecularly cloned
its genome and demonstrated that it was a previously unknown
flavivirus-like virus, which they termed GB virus B (GBV-B).
GBV-B is hepatotropic and causes acute hepatitis in several
species of New World monkeys, including tamarins (Saguinus
sp.) (14, 17), owl monkeys (Aotus trivirgatus) (18), and marmo-
sets (Callithrix jacchus) (19). It is more closely related to HCV
than any other known animal virus in terms of both its genome
organization (Fig. 14) and sequence relatedness (16, 20-22). For
these reasons, it is a potentially useful surrogate for modeling
host—pathogen interactions in hepatitis C. To date, however,
GBV-B has not been shown to establish persistent infection, nor
cause chronic hepatic inflammation, both of which are key
features of hepatitis C.

Here, we describe the long-term persistence of GBV-B in a
tamarin infected by intrahepatic inoculation of synthetic viral
RNA. We show that chronic GBV-B infection leads to many of
the pathologic and virologic changes associated with chronic
hepatitis C.

Methods

Virus and Antibodies. Tamarin sera containing infectious GBV-B
were obtained from Jens Bukh (Laboratory for Viral Diseases,
National Institute of Allergy and Infectious Diseases, Bethesda)
and from an animal infected with GBV-B reference material
provided by the American Type Culture Collection. Rabbit
antisera to recombinant GBV-B NS3 and GBV-B NS5B were
obtained from Michael Murray (Schering-Plough Research
Institute, Kenilworth, NJ).

¢DNA Cloning, Plasmid Construction, and RNA Transcription. Viral
RNA was extracted from the serum of a GBV-B-infected
tamarin, converted to ¢cDNA by reverse transcription, and
amplified by PCR, using oligonucleotide primers based on the
reported GBV-B sequence (ref. 16 and Fig. 1B). cDNA repre-
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Fig. 1. (A) Alignments of the HCV and GBV-B genomes, showing putative

protein assignments in the GBV-B polyprotein coding sequence and the
similarities in GBV-B and HCV genome structure. (B) Overlapping segments of
the GBV-B genome that were amplified by RT-PCR and were assembled into
the full-length clone pGBV-B/2.

senting the then unknown 3’ terminal sequences of the virus was
obtained by using the approach described by Kolykhalov et al.
(23). Further details of these methods are described in Support-
ing Methods, which is published as supporting information on the
PNAS web site, www.pnas.org. A genome-length cDNA copy was
assembled downstream of the T7 promoter in pACNR1180 (gift
of Peter Bredenbeek, Leiden University, Leiden, The Nether-
lands), resulting in the plasmid pGBV-B/2. Two micrograms of
Xhol-digested plasmid DNA were transcribed in vitro by using a
T7 MEGAscript kit (Ambion, Austin, TX). The RNA product
was examined by nondenaturing agarose gel electrophoresis and
stored frozen at —70°C until the tamarins were inoculated.

Tamarin Inoculations. RNA (=75 pg) diluted in PBS was inocu-
lated at laparotomy into the livers of GBV-B-naive tamarins
(Saguinus oedipus). Serum samples were collected at regular
intervals postinoculation and, where indicated, liver biopsies
were obtained at laparoscopy. All animal protocols were ap-
proved by the Institutional Animal Care and Use Committee of
the Southwest Foundation for Biomedical Research.

TagMan Quantification of GBV-B RNA. GBV-B RNA was extracted
from tamarin serum samples and quantified by TagMan real-
time RT-PCR assays with primers targeting the core (24) or
NS5A regions of the genome. Details are provided in
Supporting Methods.

GBV-B NS3 ELISA. Tamarin sera were tested for the presence of
antibodies to GBV-B NS3 by ELISA as described (24), with the
exception that purified NS3 (a gift of Michael Murray, Schering—
Plough Research Institute) was used in lieu of GST-NS3
fusion protein.

Determination of GBV-B Sequence. GBV-B RNA was isolated from
serum by using the QIAamp viral extraction kit (Qiagen, Va-
lencia, CA) and heated to 65°C for 5 min before conversion to
cDNA by using hexamer oligonucleotides, and either the Ad-
vantage RT-PCR kit (CLONTECH) or SuperScript III reverse
transcriptase (Invitrogen). The resulting cDNAs programmed
PCR amplification of 0.5- to 2.0-kb DNA fragments by using
GBV-B-specific primers, and the Advantage 2 PCR enzyme
system (CLONTECH) or Platinum Tag polymerase (Invitro-
gen). Purified amplimers were sequenced directly on an Applied
Biosystems automatic sequencer.

Results

Construction of a Genome-Length, Infectious Molecular Clone of
GBV-B. Viral RNA was extracted from the serum of experimen-
tally infected tamarins and was reverse-transcribed into cDNA.
The GBV-B genome was then PCR amplified in four segments
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Fig. 2. Profiles of acute GBV-B infections in tamarins: T12024, which was

inoculated intravenously with GBV-B-positive tamarin serum, and T12023,
which was infected by intrahepaticinoculation of synthetic pGBV-B/2 RNA. @,
viremia measured by quantitative RT-PCR with a sensitivity of detection of
~103 ge/ml (except at weeks 143 and 147, when testing of a larger volume of
serum improved sensitivity to ~50 ge/ml). O, serum ALT (IU); (»),
anti-NS3 (ELISA OD at 405 nm).

(see Fig. 1B) and cloned into plasmid DNA. The 3’ terminal viral
sequence, not reported by Simons et al. (16), was amplified by
RT-PCR after ligation of a synthetic oligonucleotide to the 3’
end of the viral RNA (see Methods). The resulting cDNA
fragments were assembled into a genome-length clone (pGBV-
B/2) downstream of the T7 RNA polymerase promoter. Ex-
cluding the poly(U) track within the 3'UTR (23 nt), the pGBV-
B/2 sequence (GenBank accession no. AY243572) shares 99.9%
and 99.6% nucleotide identity with infectious molecular clones
reported by Bukh er al. (ref. 25; GenBank accession no.
AF179612) and Sbardellati et al. (ref. 26; EMBL accession no.
AJ277947), and encodes a polyprotein differing from these at
only three and seven residues, respectively.

To assess the infectivity of RNA transcribed from pGBV-B/2,
the products of two separate in vitro T7 transcription reactions
were inoculated into the livers of two healthy tamarins. Infection
was documented in each by the presence of viral RNA in
subsequent serum samples (detected by quantitative RT-PCR),
and the development of antibodies reactive with the viral NS3
protein. Fig. 2 compares the course of infection in one of these
tamarins (T12023) with the typical course of infection in a
tamarin inoculated intravenously with wild-type virus (T12024).
Both of these tamarins developed an acute, self-limited infection
characterized by a transient, high-titer viremia associated with
significant elevation of the serum alanine transaminase (ALT)
activity (Fig. 2).

There was a subtle difference in these infection profiles,
however, in terms of the rapidity with which maximum viremia
(=~10° genome equivalents (ge)/ml in both tamarins) was
achieved. Peak viremia in T12023 did not occur until 4 weeks
after the intrahepatic inoculation of synthetic RNA, with signif-
icantly less viral RNA present in the serum at 2 and 3 weeks,
whereas viremia was maximal at the time of the first bleed at 2
weeks in T12024 and other tamarins inoculated with virus (data
not shown). This difference in the kinetics of viremia was
reproduced in the second tamarin inoculated with RNA (see
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the timing of the liver biopsy. The dashed line represents preinfection serum ALT activity.

no detectable viral RNA and declining levels of antibodies to the
GBV-B NS3 protein. These results confirm the infectivity of
synthetic RNA transcribed from pGBV-B/2.

Persistent GBV-B Infection. Whereas the absence of viral persis-

tence has been considered an important difference between

GBV-B and HCV infection, a second tamarin (T12025) inocu-

lated with synthetic GBV-B RNA developed persistent infection

and chronic viral hepatitis (Fig. 3). As was the case with T12023

(Fig. 2), T12025 developed a high-titer viremia after a delay of

4 weeks. This viremia was accompanied by elevated ALT levels

during the second and third months of the infection. A signifi-

cant drop in the magnitude of the viremia between 12 and 16

weeks after infection was associated with a return of the ALT

activity to baseline. However, T12025 failed to completely

eliminate the infection, and viral RNA remained detectable in

‘ serum samples collected over the ensuing 23 months (Fig. 3).

=T ) Antibodies to GBV-B NS3, which were present by 14 weeks after
RNA inoculation, persisted for the ensuing 30 months.

After a nadir in the viremia of ~103 ge/ml at 16 weeks
postinoculation, the quantity of circulating virus increased slowly
in T12025, reaching ~5 X 107 ge/ml by 110 weeks (Fig. 3). This
increase in viremia was matched by a gradual elevation of the
serum ALT activity, which was over twice baseline by week 66,
and demonstrated a sharp spike 101 weeks after RNA inocula-
tion (Fig. 3). Approximately 10 weeks later, the viremia abruptly
declined, with apparent clearance of the virus by week 120. Viral
RNA was not detected in five subsequent serum samples col-
lected over the next 28 weeks, even when larger volumes of serum
were tested to improve the sensitivity of detection to ~50 ge/ml.
Decreasing levels of NS3 antibody activity after week 120 were
also consistent with the elimination of GBV-B (Fig. 3). Thus,
GBV-B infection persisted in T12025 for >2 years, with viremia
and chemical evidence of hepatitis, but eventually spontaneously
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Fig.3. Persistent GBV-B infection in tamarin T12025, which was infected by intrahepatic inoculation of synthetic RNA (see the Fig. 2 legend). The arrow marks
below). Its basis is uncertain, but likely reflects a difference in  resolved after a second episode of acute hepatocellular injury
the specific infectivity of the inocula. Viremia persisted at high ~ and marked ALT elevation.
levels for 14 weeks in T12023, then rapidly declined in magnitude
coincident with resolution of the ALT abnormalities (Fig. 2).  Pathologic Changes in Persistent GBV-B Infection. A biopsy of the
Multiple serum samples collected at late time points contained  liver at week 107 confirmed ongoing hepatitis in T12025 after

almost 2 years of persistent viremia (Fig. 3). Although the serum
ALT was within the normal range at the time of biopsy [28
international units (IU)], as were serum aspartate aminotrans-
ferase, y-glutamyl transpeptidase, albumin, bilirubin, and total
serum protein levels (data not shown), the portal tracts were
expanded with lymphocytic infiltrates (Fig. 4 B-D), findings that
were not present in uninfected liver (Fig. 44). Focal disruption
of the portal tracts was associated with spillover of lymphocytes
into the parenchyma (Fig. 4C). There was relatively little in-
flammatory change within the liver parenchyma, but micro-
vesicular changes were widespread within the hepatocytes of
the persistently infected tamarin (Fig. 4E). Lipofuchsin deposits,
which were present in both infected and uninfected tamarins,
were probably unrelated to GBV-B. Immunohistochemical
staining demonstrated the presence of GBV-B NS3 and GBV-B
NS5B proteins within the cytoplasm of <1% of hepatocytes in
the infected liver (Fig. 5 B and D). Antigen-laden cells were
located outside of the periportal regions where inflammation
was most prominent, and were not identified in uninfected
control tissue (Fig. 5 4 and C).

Examination of ultrathin sections by transmission electron
microscopy demonstrated abnormalities in mitochondrial ultra-
structure in the persistently infected liver tissue, with loss of both
density and definition of cristae (Fig. 6; compare structures
marked by solid arrows in 4 versus B-D). Most hepatocytes in
the infected liver contained multiple small (=2-um diameter)
lipid-containing vesicles (Fig. 6 B and C, open arrows), which
were not present in uninfected tamarin liver (Fig. 64). Inter-
estingly, in some hepatocytes, these lipid droplets appeared to be
within the nucleus (not shown). Some hepatocytes also con-
tained clusters of smooth-surfaced cytoplasmic vesicles of vari-
ous sizes (Fig. 6D, arrowhead). These membranous structures
resemble those described in cells expressing HCV nonstructural
proteins, and that have been proposed to contribute to the viral
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Fig. 4.

Hematoxylin/eosin-stained sections of normal tamarin liver (A) and liver from tamarin T12025 (B-E), 107 weeks after intrahepatic inoculation of RNA.

See text for findings. Original magnification: A, B, and D, X50; C, X100; E, X200.

replication complex (27). These vesicles may thus be indicative
of ongoing GBV-B replication in hepatocytes.

Molecular Evolution of GBV-B During Persistent Infection. To deter-
mine the rate of molecular evolution of the GBV-B genome
during persistent infection, we amplified the viral sequence by
RT-PCR from serum collected from T12025 40—48 weeks after
initial inoculation and compared the dominant nucleotide se-
quence with that of the synthetic RNA inoculum. As summarized
in Fig. 7, a total of 23 single-nucleotide substitutions were
identified over the entire genome, 11 of which resulted in amino
acid changes within the polyprotein (see Table 1, which is

Fig. 5.
NS5B (C and D) antigens in normal tamarin liver (A and C) and liver taken from
T12025 (B and D), 107 weeks after RNA inoculation. Arrows indicate cells
containing abundant cytoplasmic viral antigen.

Immunohistochemical staining for GBV-B NS3 (A and B) and GBV-B

Martin et al.

published as supporting information on the PNAS web site).
Three single-nucleotide substitutions were present by week 10,
two of which eliminated amino acid differences that distinguish
our infectious GBV-B molecular clone from that reported by
Bukh et al. (25): Ala-1594 — Thr in NS4A and Val-2236 — Ala
in NS5A. Similar mutations (Ala-1594 — Val and Val-2236 —
Ala) occurred during the self-limited infection of T12023 (Fig.
2). Mutations at these residues are likely to represent correction
of suboptimal quasispecies polymorphisms present in pGBV-

Fig. 6.
persistently infected tamarin liver from T12025 (B-D). O, mitochondria, with
ill-defined cristae in the infected tissue. —, lipid droplets with electron-dense
surface deposits. [, clusters of small smooth-surface vesicles. N, nucleus. (Bar,
1 pum.)

Transmission electron microscopy of normal tamarin liver (A) and
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Fig. 7. Mutations present in virus circulating in T12025 between weeks 40
and 48 postinoculation of RNA. Those occurring by week 10 were also ob-
served in acutely infected tamrins. Solid arrows indicate nonsilent mutations
in the ORF or nucleotide substitutions in the noncoding regions of the viral
genome. Lightly shaded arrows indicate mutations that were present at weeks
40-42 but reverted to wild-type sequence by weeks 44-48.

B/2. Three other nucleotide changes were present in the dom-
inant sequence at weeks 40—42, but they either completely or
partially reverted to the pGBV-B/2 sequence by weeks 44-48.
Such results are consistent with ongoing quasispecies selection
during GBV-B persistence. Excluding these six mutations, the
GBV-B genome accumulated mutations at a rate of ~2.4 X 1073
nucleotide substitutions per base position per year during per-
sistent infection, a value remarkably close to that reported for
HCV in persistently infected chimpanzees (1.5-2.2 X 1073
nucleotide substitutions per base position per year; refs. 10 and
11). Interestingly, none of the 11 mutated amino acid residues in
GBV-B were within the envelope glycoproteins (Fig. 7).

Passage of GBV-B Virus from a Persistently Infected Tamarin. To
determine whether the unusually lengthy persistence of virus in
T12025 was related to mutation in the GBV-B genome, we
inoculated a naive tamarin, T16441, intravenously with week-52
serum from T12025 containing ~3 X 10* ge of virus. This
tamarin sustained a typical acute, self-limited infection, which
was marked by the presence of high-titer viremia from weeks
2-16 postinoculation, and with a prominent but transient in-
crease in serum ALT activity associated with histopathologic
evidence of acute hepatitis (data not shown). These results
indicate that the long-term persistence of GBV-B in T12025
reflects an individual host response to the infection, rather than
a unique genetic composition of the virus.

Discussion

Because animal modeling of HCV infections is restricted to
chimpanzees, it is extraordinarily expensive and difficult to
accomplish. GBV-B offers an excellent surrogate, although its
natural host is uncertain. Attempts to demonstrate GBV-B in
either the original human GB serum specimen or in other human
or nonhuman primate materials failed (17, 28). Early cross-
protection studies suggested that GBV-B may be of human origin
(29), but the virus does not infect chimpanzees (18). Thus,
GBV-B is likely to be native to one or more nonhuman primate
species, probably of New World origin (14, 18, 19, 30). Whereas
GBV-B and HCV are distinctly different agents, sharing only
27-33% amino acid identity within the polyprotein (20, 21), it
would seem reasonable to assign them to the same genus,
Hepacivirus, in the family Flaviviridae (31). The genomes have a
similar overall organization. The putative structures of the
internal ribosome entry sites of these viruses are remarkably
similar, with the exception of two additional internal stem loops
in GBV-B (32, 33). The NS3 serine proteinases of these viruses
have closely related substrate specificities (34), requirements for
analogous cognate NS4A cofactor domains, and susceptibility to
candidate HCV NS3/4A protease inhibitors (35). Finally, like
HCV, the 3'NTR of GBV-B contains a homopolymeric poly(U)
track (25, 36).

However, two putative attributes of GBV-B have distin-
guished it from HCV. First, long-term persistence of virus has
not been observed in tarmarins infected with GBV-B. Second,
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there has been little genetic variation among reported GBV-B
sequences (16, 25, 26). This latter observation is likely to reflect
the common origin of the GBV-B sequences reported to date,
because we observed a rate of molecular evolution of GBV-B
similar to that reported for HCV during virus persistence (10,
11). Interestingly, no mutations occurred within the structural
proteins during the persistence of virus in T12025 (Fig. 7). The
analogous proteins of HCV also undergo little molecular evo-
lution in persistently infected chimpanzees, even within the
hypervariable regions (10, 11, 13). This finding suggests that
persistent GBV-B infection, like persistent HCV infection, is not
caused by escape from a neutralizing antibody response, at least
in these nonhuman primate models. As with HCV, the evolution
of acute GBV-B infection to long-term persistence is likely to
depend on a complex interplay with the host’s immune response,
particularly in the early stages of the infection (37), and may be
indicative of specific virus disruption of one or more immune
defense mechanisms.

Of ~30 tamarins inoculated intravenously with GBV-B and
reported in the literature, all cleared the virus between 9 and 26
weeks postinoculation and none developed chronic infection
(17-19, 25, 26). Whereas this result suggests that persistent
GBV-B infection may be relatively uncommon, the course of
infection in T12025 demonstrates that at least some normal
tamarins fail to clear the acute infection and go on to develop a
chronic hepatitis associated with persistent viremia. Because
there are too few reports (six tamarins) of animals challenged by
direct intrahepatic inoculation of synthetic RNA (this article and
refs. 25 and 26), it is unclear as to whether this route of infection
enhances the likelihood of persistent infection. We cannot rule
out the possibility that the pPGBV-B/2 sequence might uniquely
predispose to persistence, although T12023 developed a typical
acute infection after inoculation with this RNA (Fig. 2). We have
observed the consistent selection of alternative sequence poly-
morphisms at amino acid residues in both NS4A and NS5A after
infection of tamarins with synthetic RNA (Fig. 7), and such
polymorphisms could be important to the generation of persis-
tence. Further studies will be needed to determine the frequency
and mechanisms of GBV-B persistence, as well as the immuno-
logic responses that led to eventual elimination of the infection
in T12025. Such spontaneous resolution of HCV infection is rare
once chronicity is established (38).

A biopsy of the liver 107 weeks after the inoculation of T12025
with synthetic RNA, while viremia was still at high titer (Fig. 3),
revealed pathologic features characteristic of the liver injury in
chronic hepatitis C. In addition to lymphocytic infiltration of
portal tracts and occasional focal disruption of the limiting plate
(Fig. 4 B-D), there were widespread microvesicular changes in
hepatocytes (Fig. 4F), with numerous small lipid droplets visu-
alized by transmission electron microscopy (Fig. 6B). Steatosis is
an important and relatively unique hallmark of chronic hepatitis
C in humans (39). The core protein of HCV has been closely
associated with lipid accumulation in both cellular and trans-
genic animal models (40-42), and it localizes to the surface of
such droplets (40, 43). Both HCV and GBV-B core proteins have
been suggested to contain a proline motif resembling the lipid-
interaction domain of plant oleosins (44). The lipid droplets in
the hepatocytes of T12025 represent a previously unrecognized
feature of GBV-B-associated liver injury. They support the
contention that the GBV-B and HCV core proteins share a
common capacity for interacting with pathways involved in lipid
metabolism, and suggest that lipid droplet formation may be
important in the viral life cycle.

The changes in mitochondrial ultrastucture noted in T12025
(Fig. 6) also parallel observations in HCV-infected livers (45,
46), as well as in transgenic animal and cellular models of HCV
protein expression (47). Such common histopathology suggests
common pathogenetic mechanisms, and indicates that more

Martin et al.
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could be learned by further studies of chronic GBV-B hepatitis
in New World monkeys.
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