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The clinical course of hepatitis C virus (HCV) infections in a chimpanzee cohort was examined to better
characterize the outcome of this valuable animal model. Results of a cross-sectional study revealed that a low
percentage (39%) of HCV-inoculated chimpanzees were viremic based on reverse transcription (RT-PCR)
analysis. A correlation was observed between viremia and the presence of anti-HCV antibodies. The pattern of
antibodies was dissimilar among viremic chimpanzees and chimpanzees that cleared the virus. Viremic
chimpanzees had a higher prevalence of antibody reactivity to NS3, NS4, and NS5. Since an unexpectedly low
percentage of chimpanzees were persistently infected with HCV, a longitudinal analysis of the virological
profile of a small panel of HCV-infected chimpanzees was performed to determine the kinetics of viral
clearance and loss of antibody. This study also revealed that a low percentage (33%) of HCV-inoculated
chimpanzees were persistently viremic. Analysis of serial bleeds from six HCV-infected animals revealed four
different clinical profiles. Viral clearance with either gradual or rapid loss of anti-HCV antibody was observed
in four animals within 5 months postinoculation. A chronic-carrier profile characterized by persistent HCV
RNA and anti-HCV antibody was observed in two animals. One of these chimpanzees was RT-PCR positive,
antibody negative for 5 years and thus represented a silent carrier. If extrapolated to the human population,
these data would imply that a significant percentage of unrecognized HCV infections may occur and that silent
carriers may represent potentially infectious blood donors.

Viral hepatitis represents a major health problem through-
out the world. Hepatitis C virus (HCV) infections are partic-
ularly serious, since an estimated 70 to 90% of HCV infections
become chronic (3, 6, 7, 45, 49, 62, 63). Chronic HCV infection
progresses to cirrhosis in at least 20% of infected individuals
after 10 to 20 years and is also associated with hepatocellular
carcinoma (3, 45). At this point, no vaccine for HCV is avail-
able, and antiviral treatments are marginally effective. Inter-
feron is generally used in the treatment of HCV infections.
Although interferon treatment is beneficial to some individ-
uals, only 10 to 20% sustain improved biochemical and viro-
logical values 6 months posttreatment (45). A better under-
standing of HCV replication and pathogenesis is essential in
combating this disease.

The transmission of HCV is primarily associated with par-
enteral routes such as blood transfusions and intravenous drug
use (5). Mandatory anti-HCV screening of blood donors has
significantly decreased the risk of acquiring HCV by transfu-
sion. Sexual transmission is of questionable significance as a
route of infection, and if it occurs, the efficiency is very low
compared to hepatitis B virus (HBV) or human immunodefi-
ciency virus. Rare instances of perinatal transmission have
been documented. However, the route of transmission for
many infections is unknown, since over one-third of HCV-
infected individuals have no apparent risk factors.

HCV is a member of the Flaviviridae family and possesses a
single-stranded RNA genome of positive polarity (13, 26).
Other members of the Flaviviridae family include the Pestivirus
genus and the Flavivirus genus. The genome organization of

HCV is similar to that of the flaviviruses and pestiviruses (13,
42). The 9.4-kb viral RNA has a single large open reading
frame which encodes for a polyprotein of approximately 3,010
amino acids.

The viral genome begins with a 59 noncoding region consist-
ing of about 342 nucleotides. Translation of HCV RNA is
presumably cap independent and involves an internal ribo-
somal entry site located within the 59 noncoding region (25, 51,
66, 69). Expression of partial and full-length recombinant
polyproteins has revealed the organization of the polyprotein
(19–21, 26, 38, 54). The structural proteins of HCV are found
in the amino-terminal quarter of the polyprotein and are fol-
lowed by the nonstructural proteins. Individual proteins are
cleaved from the polyprotein by host and viral proteases. The
structural proteins include the capsid and two envelope glyco-
proteins, E1 and E2. The nonstructural proteins include NS2,
NS3, NS4A, NS4B, NS5A, and NS5B. The NS2 domain and
the amino-terminal portion of NS3 form a zinc-dependent
metalloproteinase, which cleaves NS2 from the polyprotein.
The amino terminus of NS3 encodes a serine proteinase and is
involved in cleaving the polyprotein at all sites downstream of
NS3, thus releasing the individual proteins. At the carboxy
terminus of NS3 are motifs characteristic of nucleoside
triphosphatases (NTPases) and helicases which are thought to
play a role in viral RNA replication. NS4A is required as a
cofactor for NS3 for several cleavages. NS4B is a hydrophobic
protein of unknown function, and NS5B contains the GDD
motif for the viral RNA polymerase. An untranslated region of
approximately 270 nucleotides is present at the 39 end of the
viral genome; it is comprised of a variable region followed by
a poly(U)-polypyrimidine stretch of variable length and a
highly conserved terminal domain (32, 59). The 39 end contains
secondary structures and is presumably where genomic repli-
cation of negative-strand RNA initiates. Partial sequencing of
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multiple HCV isolates has revealed marked variability, which
led to the grouping of various isolates based on genotype (14,
57).

HCV replicates at low levels within hepatocytes. However,
the mechanism of HCV replication has not been well estab-
lished due to several obstacles, such as the lack of a conven-
tional in vitro tissue culture system in which the virus readily
replicates. Although HCV replicates at low levels in primary
hepatocytes, this in vitro tissue culture system is expensive and
difficult to manipulate (35). Low-level replication has also been
reported for human lymphocytic cell lines (43, 56). The repli-
cation of HCV is probably similar to that of other flaviviruses,
which replicate via a negative-strand RNA intermediate. Neg-
ative-strand HCV RNA, indicative of active viral replication,
has been detected at low levels in the liver of HCV-infected
individuals (33). The presence of negative-strand viral RNA in
peripheral blood lymphocytes is controversial, since false prim-
ing of positive-strand RNA appears to occur under some re-
verse transcription-PCR (RT-PCR) conditions (22, 35, 41).
The low levels at which HCV replicates may be beneficial to
maintaining persistent infections.

The hallmark of HCV is its ability to establish persistent
infection. Persistent infection is characterized by sustained
viremia and may occur in approximately 70 to 90% of HCV-
infected humans. These estimations come from numerous
studies involving posttransfusion hepatitis, intravenous drug
user-(IVDU)-associated hepatitis, and community-acquired
hepatitis (3, 4, 6, 7, 45, 49, 62, 63). Viremia is usually associated
with anti-HCV antibody. Although the majority of HCV-in-
fected individuals experience persistent infection, the disease
may be active or quiescent. Patients with persistent viremia and
active disease experience elevated alanine aminotransferase
(ALT) levels and ongoing liver damage. In contrast, at least
30% of chronically HCV-infected individuals are asymptom-
atic and experience quiescent disease (45). Although these
individuals resolve hepatitis and have normal ALT levels, vire-
mia persists, and liver disease often develops after many years
of asymptomatic infection.

The mechanisms for maintaining viral persistence are un-
known. Natural HCV infection does not appear to induce
protective immunity, since HCV infection persists despite the
presence of virus-specific cytotoxic T cells and circulating an-
tibodies to HCV proteins. HCV variants arise frequently due
to the high error rate of the viral RNA-dependent RNA poly-
merase. Minor variants of the same strain emerge as a result of
mutation, and HCV virions circulate as quasispecies, or a het-
erogeneous population of minor variants along with a predom-
inant species. HCV infection may persist due to the presence
of quasispecies or multiple variant genomes that continuously
escape neutralization. Several hypervariable regions (HVR)
are present within the envelope glycoproteins and may be
particularly important in maintaining chronicity (9, 13, 26, 30,
67). The first HVR (HVR-1) within E2 has the most significant
divergence. Antibodies elicited against the E2 HVR-1 have
been proposed to neutralize the virus, as well as to promote
immune selection and genetic drift of the E2 HVR-1 (31, 60,
68). Neutralizing antibodies elicited to a particular HVR of the
predominant strain of circulating virus may clear the majority
of virus. However, variant viruses exhibiting amino acid
changes in the HVR may escape neutralizing antibody and
subsequently become the predominant strain of circulating
virus. Additional mechanisms for maintaining persistent infec-
tion may include immunomodulation by viral proteins, such as
the core protein–lymphotoxin-b receptor interaction (40), or
the production of defective interfering particles (39).

HCV pathogenesis is difficult to study, since conventional

tissue culture systems are not established. Animal models
present another challenge in HCV studies. Currently, chim-
panzees serve as the only animal model for HCV infection.
Advantages of studying HCV infection in chimpanzees include
the opportunity to infect chimpanzees with well-characterized
HCV inocula and the availability of serial specimens before
and after infection. The understanding of HCV infection has
been greatly enhanced by the chimpanzee animal model. Many
factors involved in HCV infection, such as transmission, ge-
netic drift, clinical outcome of HCV infection, and the role of
the immune response, have been examined in chimpanzees
(47). As in humans, both viral clearance and persistent viremia
in HCV-infected chimpanzees have been observed. The fre-
quencies of persistent infection in chimpanzees and humans
appear to differ. However, the actual frequency of persistent
infection in chimpanzees is difficult to determine, since most
studies have examined only a small panel of animals (2, 8, 16,
18, 23, 48, 53, 64).

This study analyzed (i) the frequency of persistent infection
in chimpanzees inoculated with various HCV strains and (ii)
the relationship of viremia to anti-HCV antibodies and ALT
values. A cross-sectional study was performed on 46 HCV-
inoculated chimpanzees, using serum collected an average of
10.6 years postinoculation. An unexpectedly high percentage
(61%) of chimpanzees appeared to be convalescent based on
RT-PCR negativity. A longitudinal analysis of the virological
profile experienced by a panel of six HCV-infected chimpan-
zees also revealed a high level of convalescence with rapid
virus clearance and in some instances rapid loss of antibody.
The relevance of these findings to the chimpanzee model and
human HCV infections is discussed.

MATERIALS AND METHODS

Serum samples from chimpanzees. Serum samples were collected in 1995
from 52 non-A, non-B hepatitis virus (NANBH)- or HCV-inoculated chimpan-
zees in the Southwest Foundation for Biomedical Research chimpanzee colony
and were stored at 280°C. Serum samples used in retrospective studies had been
collected twice a year from each animal in the chimpanzee colony and stored at
270°C. The 52 chimpanzees had been inoculated with various strains of NANBH
or HCV between 1978 and 1993. Some of the chimpanzees had been inoculated
with HBV, but only one HCV-inoculated animal was a chronic carrier of HBV.
Additionally, some chimpanzees had been inoculated with human immunodefi-
ciency virus or other viruses. ALT values were determined by standard laboratory
procedures at the time the serum samples were obtained.

Extraction of RNA from chimpanzee sera for RT-PCR analysis. Briefly, 100 ml
of serum was mixed with 900 ml of RNAzol B (Biotecx Laboratories) and 100 ml
of chloroform. The suspension was clarified by centrifugation at 12,000 3 g for
15 min. The aqueous phase was separated, mixed with an equal volume of
isopropanol, and centrifuged at 12,000 3 g for 15 min to precipitate the RNA.
The RNA pellet was washed in 75% ethanol and resuspended in 50 ml of
nuclease-free water containing 1 mM dithiothreitol and 800 U of RNasin RNase
inhibitor (Promega) per ml.

RT-PCR analysis of sera from HCV-inoculated chimpanzees. RNA was re-
verse transcribed and amplified by RT-PCR using the Access RT-PCR system
(Promega). Briefly, a 50-ml reaction mix containing nuclease-free water, RT-
PCR buffer, 0.2 mM dNTP mix, 1 mM downstream primer, 1 mM upstream
primer, 1 mM MgSO4, 5 U of avian myeloblastosis virus reverse transcriptase, 5
U of Thermus flavus DNA polymerase, and 10 ml of the sample RNA was
prepared. The downstream primer (59-TCGCGACCCAACACTACTC-39)
spanned nucleotides 256 to 274, and the upstream primer (59-GGGGGCGAC
ACTCCACCA-39) spanned nucleotides 15 to 32. The RT-PCR reaction mixes
were incubated at 48°C for 45 min for cDNA synthesis. The reactions were
thermal cycled by using the following scheme for amplification: 94°C for 2 min (1
cycle); 94°C for 30 s, 60°C for 1 min, 68°C for 2 min (40 cycles); and 68°C for 7
min (1 cycle).

Some samples negative by one round of RT-PCR were reexamined in a second
round of PCR. Briefly, a 100-ml reaction mix containing Vent RT-PCR buffer
(New England BioLabs), dNTPs (0.2 mM), downstream primer (1 mg), upstream
primer (1 mg), 2 U of Vent DNA polymerase, and DNA (5 ml) from the
first-round RT-PCR reaction mix was prepared. The primers used for the second
round of RT-PCR were the same as those used for the first round. The reaction
cycle included 1.3 min at 94°C, 2 min at 46°C, and 3 min at 72°C. The reaction
mixes were held at 72°C for 7 min after 35 cycles to complete the DNA synthesis.
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Southern blot hybridization analysis of RT-PCR products. RT-PCR products
were analyzed by electrophoresis on a 1.0% agarose gel in 13 TAE (0.04 M
Tris-acetate, 2 mM EDTA) at 80 V for 1.25 h. Gels were stained with ethidium
bromide (0.5 mg/ml) for 15 min at room temperature, destained in water for 15
min, and photographed. Depurination was performed by incubating the gels in
0.25 M HCl for 10 min at room temperature, followed by a 30-min incubation in
0.4 M NaOH. DNA was transferred to a Gene Screen Plus hybridization transfer
membrane (NEN Research Products), using downward transfer in a TurboBlot-
ter apparatus (Schleicher & Schuell). Membranes were equilibrated in 0.4 N
NaOH for 15 min prior to the transfer. Following the transfer, membranes were
rinsed in 23 SSPE (0.3 M NaCl, 20 mM NaH2PO4 z H2O, 2 mM EDTA [pH 7.4])
at room temperature. Membranes were placed in a seal bag and incubated with
prehybridization mix (50% formamide, 7% sodium dodecyl sulfate [SDS], 0.25 M
NaPO4 [pH 7.2], 0.25 M NaCl, 1 mM EDTA) for 4 h at 42°C. The DNA probe
was prepared by using a Prime-It II random primer kit (Stratagene) according to
the manufacturer’s instructions. Briefly, 25 ng of a gel-purified DNA fragment
spanning nucleotides 95 to 274 was heated with oligonucleotide primers in a
boiling water bath for 5 min. The DNA fragment was added to buffer containing
dATP, dGTP, dTTP, and [a-32P]dCTP (3,000 Ci/mmol; New England Nuclear),
and Exo(2) Klenow enzyme (5 U) was used to radioactively label the DNA
template. The probe was purified over a G-25 Sephadex Quick Spin column
(Boehringer Mannheim Biochemicals). Cerenkov counts were determined in a
scintillation counter, and the probe was added to the prehybridization mix at a
concentration of 106 cpm/ml. Hybridization was conducted for 16 h at 42°C.
Membranes were washed one time at 42°C and two times at 60°C for 10 min in
23 SSC (0.3 M NaCl, 30 mM C6H5O7Na3 z 2H2O [pH 7.0]) containing 0.1%
SDS. Membranes were washed three times for 10 min with 0.13 SSC containing
0.1% SDS at 60°C, dried, and exposed to X-ray film for approximately 1 h at
270°C with one intensifying screen.

Anti-HCV testing. Chimpanzee sera were analyzed for anti-HCV antibody by
using a second-generation enzyme-linked immunosorbent assay (ELISA; Ortho
Diagnostic Systems, Raritan, N.J.). The ELISA was performed according to the
manufacturer’s instructions. The assay kit contains the following recombinant
antigens: c100-3 (amino acids [aa] 1569 to 1931, NS3 and NS4), c200 (aa 1192 to
1931, NS3 and NS4), and c22-3 (aa 2 to 120, capsid). Chimpanzee sera were
analyzed for anti-HCV antibody to individual HCV proteins by using HCV
BLOT 3.0 (Genelabs Diagnostics). The assay was performed according to the
manufacturer’s instructions. The assay kit contains the following recombinant
antigens: capsid (aa 1 to 150), NS3-1 (aa 1368 to 1492), NS3-2 (aa 1192 to 1367),
NS4 (aa 1695 to 1735), and NS5 (aa 2120 to 2623).

RESULTS

Confirmation of HCV infection in a cohort of NANBH- and
HCV-inoculated chimpanzees. To better understand the char-
acteristics of HCV infections in chimpanzees, a cohort of
NANBH- and HCV-exposed animals was examined. The
Southwest Foundation for Biomedical Research accommo-
dates 249 chimpanzees, 52 of which had been exposed to var-
ious NANBH and HCV inocula during the past 2 to 19 years
(Fig. 1). Since some of the animals received uncharacterized
inocula, it was first necessary to determine the number of
animals with confirmed HCV infections. Initially, serum sam-

ples collected in 1995 were examined for the presence of anti-
HCV antibody and viral RNA. Anti-HCV antibody and/or
HCV RNA were detected in serum samples from 22 chimpan-
zees. However, no evidence of previous infection was detected
in serum samples from the remaining 30 animals. Clinical
records from chimpanzees with unconfirmed HCV exposure
were examined to determine if the animals were inoculated
with a strain of NANBH now known to be HCV. HCV inoc-
ulation was confirmed in eight chimpanzees, and the develop-
ment of hepatitis was confirmed based on increased ALT levels
following inoculation. Archived serum samples from the re-
maining 22 chimpanzees were analyzed for anti-HCV antibody
and HCV RNA. HCV infection was confirmed in 6 chimpan-
zees based on antibody positivity and in 10 chimpanzees based
on RT-PCR positivity. Therefore, HCV infection was con-
firmed in a total of 46 chimpanzees. The remaining six animals
were excluded from these studies. These chimpanzees may
have been inoculated with a noninfectious inoculum or an
inoculum containing a non-A, non-B, non-C hepatitis virus, or
the serum samples available for analysis may not have been
optimal for the detection of anti-HCV antibody or HCV RNA.

Evaluation of viral persistence and immune response to
HCV proteins in a cohort of HCV-inoculated chimpanzees.
The relationship of anti-HCV status and ALT levels to viremia
was examined in the 46 HCV-infected chimpanzees. Current
status with regard to the circulating virus was determined by
RT-PCR analysis of serum samples collected in 1995. The
average duration of time since inoculation was 10.6 years.
Serum samples from 18 (39%) of the chimpanzees were RT-
PCR positive, while viral RNA was not detected in 28 (61%) of
the chimpanzees (Fig. 1). The RT-PCR primers were from a
highly conserved area of the 59 noncoding region known to
detect all HCV genotypes. In addition, no correlation was
observed between the inoculating strain and viral persistence,
since a number of both RT-PCR-positive and RT-PCR-nega-
tive animals had received the well-characterized Hutchinson
strain of HCV 1a genotype. The initial RT-PCR analysis in-
volved a single round of RT-PCR followed by Southern hy-
bridization. Although this method detects an estimated 10 mol-
ecules of HCV, HCV may exist below the level of detection.
Additional analysis of the chimpanzees that were antibody
positive but RT-PCR negative (Ab1PCR2) was conducted by
using a second round of PCR followed by Southern hybridiza-
tion. All samples tested by a second round of PCR were neg-
ative. Convalescence was supported by the observation that
most RT-PCR-negative animals were also anti-HCV antibody
negative by ELISA (86%; 24/28). Thus, the RT-PCR-negative
animals had most likely cleared the viral infection. The average
duration of time since infection was similar for RT-PCR-pos-
itive (9.6 years) and RT-PCR-negative (11.6 years) animals.
The high percentage of possible convalescence was unex-
pected, since only 20% of HCV-inoculated humans are ex-
pected to convalesce (3, 4, 6, 7, 45, 49, 62, 63).

The same serum samples were analyzed for anti-HCV anti-
body by using a second-generation ELISA and a third-gener-
ation recombinant immunoblot assay (RIBA). Anti-HCV an-
tibody was detected by ELISA in 22 (48%) of the HCV-
inoculated chimpanzees. Immunoblot analysis was performed
on chimpanzee sera that were positive by ELISA, and 55, 91,
64, 73, and 73% were reactive with capsid, NS3-1, NS3-2, NS4,
and NS5, respectively (Table 1). The low percentage of chim-
panzees reactive to the HCV capsid protein has been described
previously (8, 23, 34).

RT-PCR positivity correlated with anti-HCV antibody pos-
itivity, since 100% (18/18) of the RT-PCR-positive chimpan-
zees were also anti-HCV antibody positive. Additionally, anti-

FIG. 1. Current HCV status of the chimpanzees at the Southwest Founda-
tion for Biomedical Research. During the past 2 to 19 years, 52 of the 249
chimpanzees were inoculated with various NANBH inocula. HCV infection was
confirmed in 46 animals. Serum samples collected in 1995 were analyzed for
HCV RNA by RT-PCR analysis and for anti-HCV antibody by ELISA.
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body positivity correlated with RT-PCR positivity, as 82% (18/
22) of the antibody-positive chimpanzees were also RT-PCR
positive (Fig. 1; Table 1). However, 18% (4/22) of the anti-
body-positive samples were HCV RNA negative. Ab1PCR2

serum samples have been observed by other investigators (17,
58, 65). Chimpanzees with an Ab1PCR2 status may have low
levels of RNA that are undetectable by RT-PCR or a sustained
anti-HCV antibody response in the absence of HCV RNA.

The percentages of chimpanzees with antibody reactivity to
capsid and NS3-1 were similar in both Ab1PCR1 and
Ab1PCR2 groups (Table 1). However, these groups differed in
the percentages of chimpanzees with antibody reactivity to
NS3-2, NS4, and NS5. In the Ab1PCR1 group of chimpan-
zees, 78% (14/18) were anti-NS3-2 antibody positive, while an
anti-NS3-2 antibody response was not observed in Ab1PCR2

chimpanzees (0/4). Anti-NS4 and anti-NS5 antibody responses
were observed in 83% (15/18) and 25% (1/4) of the Ab1PCR1

and Ab1PCR2 chimpanzees, respectively. Therefore, antibody
against NS3-2, NS4, and NS5 were observed more frequently in
chimpanzees with viremia.

The relationship between antibody and RT-PCR positivity
to ALT levels was examined as well. Elevated ALT levels in
HCV-infected humans are usually defined as 2 to 2.5 times the
upper limit of normal. Since ALT levels are rarely this high in
HCV-infected chimpanzees after the acute-phase episode, the
ALT level was considered elevated if the mean ALT value was
above the upper limit of normal, or if two or more elevated

ALT values were observed, but the mean ALT was within the
normal range. The mean ALT values were calculated from at
least two ALT values per year for the past 4 years. In the
Ab1PCR1 group of chimpanzees, 44% (8/18) had elevated
ALT values; one chimpanzee in the Ab1PCR2 group had
elevated ALT values; and all 24 Ab2PCR2 chimpanzees had
normal ALT values (Table 1).

Evaluation of viral persistence in six HCV-inoculated chim-
panzees. Since an unexpectedly high percentage of chimpan-
zees appeared to be convalescent in the cross-sectional study,
a longitudinal study of the full clinical spectrum experienced by
six HCV-infected chimpanzees was performed. These chim-
panzees were not selected to represent different disease out-
comes but were selected based on exposure to a common
inoculum. The Hutchinson strain of HCV was serially inocu-
lated into six chimpanzees between 1988 and 1989 (Fig. 2).
Serial bleeds prior to infection and for 5 to 8 years after
infection were examined for the presence of HCV RNA. All six
chimpanzees were successfully infected, since HCV RNA was
initially detected in the earliest tested serum sample (approx-
imately 1 to 2 months postinoculation). In two chimpanzees
(33%), HCV RNA was persistently detected in serial serum
samples, including the most recent samples collected at 6 and
7 years postinoculation. In contrast, HCV RNA remained un-
detectable by RT-PCR analysis after 3 to 5 months postinocu-
lation in serum samples collected from the other four chim-
panzees (67%). Therefore, the percentages of chimpanzees

TABLE 1. HCV-inoculated chimpanzee colony

Group Chimp no. ALTa
RIBA analysisb

Capsid NS3-1 NS3-2 NS4 NS5

Ab1PCR1 (n 5 18) 243 N 2 11 11 21 31
x62 59 21 31 11 21 31
x81 62 2 31 11 21 31
x83 51c 2 21 11 21 2
x99 N 21 41 11 21 31
x119 N 31 2 11 2 31
x123 N 2 41 11 31 41
x130 N 31 41 11 21 21
x134 55c 11 2 2 2 31
x174 72 21 41 21 21 31
x183 73 11 21 2 2 2
x196 49c 2 41 11 21 31
x204 N 2 31 2 41 41
x216 N 11 41 11 11 11
x258 N 11 21 2 21 2
x304 45c 21 21 11 21 31
x341 N 2 31 11 21 31
x342 N 2 41 21 21 41

Percentage 44 56 89 78 83 83

Ab1PCR2 (n 5 4) x30 N 2 11 2 2 2
x65 N 2 31 2 11 2
x108 N 11 21 2 2 2
x189 61 21 21 2 2 21

Percentage 25 50 100 0 25 25

Ab2PCR2 (n 5 24)d

a Based on a minimum of eight samples over 4 years. The mean ALT value is indicated if it was over the normal cutoff. N, normal ALT value.
b Serum samples were analyzed by RIBA for reactivity to capsid, NS3-1, NS3-2, NS4, and NS5; the intensity of the reaction is designated negative (2) to 41 as

indicated by the manufacturer. Chimpanzee x30 was indeterminate by RIBA.
c The mean was not above the normal cutoff value of 55, but at least two samples were elevated.
d These animals were RT-PCR negative and were negative for anti-HCV by ELISA, and so RIBA analysis was not performed. No ALT elevations were observed

in this group.
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with persistently detectable HCV RNA after HCV infection
were similar in the cross-sectional (39%) and longitudinal
(33%) studies.

Evaluation of ALT levels and anti-HCV status in chimpan-
zees with persistent viremia. Analyses of serial bleeds for ALT
levels, HCV RNA, and anti-HCV antibody status from the two
chimpanzees with persistent viremia (x174 and x196) were per-
formed to better understand the clinical course of the HCV
infection in these animals. Although persistent viremia was
observed in both chimpanzees, major differences in ALT levels
and anti-HCV status were observed. One chimpanzee had
significant elevations of ALT values and an early and long-
lived anti-HCV antibody response, while the other animal had
primarily normal ALT levels and an undetectable anti-HCV
antibody response for 5 years.

Chimpanzee x174 was inoculated with acute phase plasma
from x007 (Fig. 2). A biphasic pattern of peak ALT elevation
was observed between 2 and 3 months postinoculation and was
followed by periods of slightly elevated ALT levels intermittent
with periods of normal ALT levels (Fig. 3). Consistently ele-
vated ALT values were observed in sera examined after 62
months postinoculation. The first serum sample tested, exclud-
ing the prebleed, was HCV RNA positive based on RT-PCR
analysis. All subsequent serum samples examined were RT-
PCR positive with the exception of one sample collected at 4.2
months postinoculation. Anti-HCV antibody was first detected
in serum collected from x174 at 3 months postinoculation, and
all subsequent serum samples collected throughout the 7-year
analysis were strongly anti-HCV antibody positive by ELISA
(Fig. 3). Immunoblot analysis was performed on serial serum
samples from x174 to determine the relationship of an anti-
body response elicited against capsid, NS3-1, NS3-2, NS4, and
NS5 to viral RNA persistence (Table 2). An antibody response
elicited against NS3-1 and NS4 was observed in serum col-
lected at 2.6 months postinoculation. An additional antibody
response elicited against NS3-2 was detected at 3.1 months
postinoculation. Antibody specific for all five proteins was de-
tected in serum samples collected at 75 and 85 months post-
inoculation.

Chimpanzee x196 was inoculated with concentrated tissue
culture medium from hepatocytes obtained from x007 by liver
wedge surgery (27, 28). A significant ALT elevation was not

observed during the acute phase of infection for x196, and
ALT levels were primarily below the upper limit of normal,
although slightly elevated ALT levels were observed intermit-
tently throughout the analysis (Fig. 3). The first serum sample
tested, excluding the prebleed, was HCV RNA positive based
on RT-PCR analysis. HCV RNA was consistently detected in
all subsequent serum samples analyzed throughout 77 months
postinoculation. An anti-HCV antibody response recently
emerged in x196 but was undetectable for the first 5 years
postinoculation. Since x196 was persistently HCV RNA posi-
tive, x196 was considered to be a long-term antibody-negative
silent carrier. An anti-HCV antibody response which was neg-
ative based on the ELISA cutoff value was first detected at 62
months (5 years) postinoculation (Fig. 3). Immunoblot analysis
of this serum sample revealed that the first detectable anti-
HCV response was elicited against NS5 (Table 2). A stronger
anti-HCV antibody response, which was considered positive
based on the ELISA cutoff value, was observed in serum sam-
ples collected at 68 and 77 months postinoculation. Immuno-
blot analysis of these serum samples revealed that antibody
responses were elicited against all antigens except capsid.

Evaluation of ALT levels and anti-HCV status in chimpan-
zees with viral clearance. The four chimpanzees that cleared
the virus were examined by using the same approach as used
for the persistently infected animals to determine if viral clear-
ance was associated with an antibody response elicited to any
particular HCV protein(s). Similarities were observed in the
patterns of viral clearance and ALT levels. However, two very
different antibody profiles were observed. A typical convales-
cent antibody profile was observed in two animals (x194 and
x198), with a gradual reduction in anti-HCV antibody through-
out 7 years of analysis (Fig. 4). In contrast, a rapid loss of
antibody occurred in the other two convalescent animals (x007

FIG. 2. Serial passage of the Hutchinson strain of HCV in chimpanzees.
Chimpanzees x007 and x194 were inoculated with 102.5 CID50 of the Hutchinson
strain (H77) of HCV in March and April 1988 (3/88 and 4/88), respectively.
Acute-phase plasma from x007 was inoculated into x174 in August 1988. Con-
centrated tissue culture medium from hepatocytes obtained from x007 liver was
used to inoculate x196 in September 1988 (27, 28). Acute-phase plasma from
x174 was concentrated and inoculated into x268 in May 1989. Chimpanzee x198
was inoculated with acute-phase plasma from x268 in September 1989.

FIG. 3. ALT levels and anti-HCV status in HCV-inoculated chimpanzees
with persistent viremia. The presence (1) or absence (2) of HCV RNA, de-
tected by RT-PCR, is indicated. The arrow indicates the ALT upper normal limit
(55 U/liter). The solid line indicates the ALT values. The bars represent the
anti-HCV ELISA (Ortho HCV 2.0) OD values. The dashed line indicates the
ELISA cutoff OD value.
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and x268) and represented an atypical convalescent antibody
profile (Fig. 5).

Chimpanzee x194 was inoculated with 102.5 50% chimpan-
zee infective doses (CID50) of the Hutchinson strain of HCV
(Fig. 2). A sharp elevation in ALT was observed around 2
months postinoculation, which returned to normal within 2
weeks (Fig. 4). Excluding the prebleed, the first four serum
samples tested were HCV RNA positive based on RT-PCR
analysis. However, serum collected from x194 was HCV RNA
negative at 4.8 months postinoculation and at all subsequent
time points examined throughout 7 years of analysis. A gradual
reduction in anti-HCV antibody was observed in x194. Anti-
HCV antibody was first detected by ELISA in a serum sample
collected at 2 months postinoculation. Although x194 was no
longer viremic at 4.8 months postinoculation, a serum sample
collected at 36 months postinoculation was still anti-HCV an-
tibody positive by ELISA. Samples examined beyond 61
months were ELISA negative by the cutoff; however, anti-
HCV antibody appeared to be sustained at low levels, since
even the last serum sample examined from x194, over 7 years
postinoculation, still had an elevated optical density (OD)
reading by ELISA. Immunoblot analysis was performed on
serial serum samples from x194 to determine if a relationship
existed between antibody response to individual antigens and
clearance of viremia. The serum sample collected from x194
prior to HCV inoculation contained antibody slightly reactive
with NS4. Antibody responses elicited against NS3-1 and NS4
were observed in serum samples collected from x194 at 2, 4.8,
and 66 months postinoculation (Table 2). The similar RIBA
patterns at 4.8 and 66 months fail to explain the loss of ELISA

reactivity in the later sample and exemplify the differences in
these two assays.

Chimpanzee x198 was inoculated with acute-phase plasma
from x268 (Fig. 2). A sharp elevation in the ALT level was
observed in x198 at about 2 months postinoculation (Fig. 4).
The ALT level returned to normal within 2 weeks and was
consistently below the upper limit of normal throughout the
analysis. The first two postinoculation serum samples tested
were HCV RNA positive. A serum sample collected from x198
at 4.3 months postinoculation and all samples examined at
later time points were HCV RNA negative based on RT-PCR
analysis. As in x194, anti-HCV antibody in x198 gradually de-
clined following the loss of RT-PCR positivity. Anti-HCV an-
tibody was first detected by ELISA in a serum sample collected
at 2.9 months postinoculation. Although x198 was no longer
viremic, a serum sample collected at 10 months postinocula-
tion was anti-HCV antibody positive by ELISA. Serum sam-
ples collected at 32 to 64 months postinoculation were just
below the cutoff value for the ELISA, suggesting that anti-
HCV antibody was long lived. Immunoblot analysis revealed
that an antibody response elicited to NS3-1, NS4, and NS5 was
detected in serum collected 2.9 months postinoculation (Table
2). Anti-NS5 antibody was presumably lost in the absence of
viremia and was not detected in serum collected at 64 months
postinoculation.

Chimpanzee x268 was inoculated with concentrated acute-
phase plasma from x174 (Fig. 2). The ALT level peaked at 3
months postinoculation and returned to normal after about 1.5
months (Fig. 5). The first two postinoculation serum samples
tested were HCV RNA positive based on RT-PCR analysis.

TABLE 2. Antibody responses in chronic and convalescent chimpanzees

Group Chimp no. Mo
PIa HCV RNAb

RIBA analysisc

Capsid NS3-1 NS3-2 NS4 NS5

With persistent HCV infection x174 0 2 2 2 2 2 2
2.6 1 2 11 2 21 2
3.1 1 2 21 21 21 2

75 1 21 41 21 21 31
85 1 21 41 21 21 31

x196 22.7 2 2 2 2 2 2
62 1 2 2 2 2 11
68 1 2 41 11 21 31
77 1 2 41 11 21 31

With viral clearance x194 20.2 2 2 2 2 11 2
2 1 2 11 2 21 2
4.8 2 2 21 2 21 2

66d 2 2 21 2 21 2
x198 20.2 2 2 2 2 2 2

2.9 1 2 31 2 21 21
64d 2 2 21 2 11 2

x268 20.2 2 2 2 2 2 2
2.6 1 11 2 2 2 2
3.3 2 11 21 2 11 2
7.3d 2 2 21 2 2 2

61d 2 2 11 2 2 2
x007 22.8 2 2 2 2 2 2

1.8 1 2 2 2 21 2
2.2 2 2 11 2 21 2
6.9d 2 2 11 2 2 2

67d 2 2 2 2 2 2

a Negative values indicate prebleeds taken before inoculation.
b Detected by RT-PCR as described in Materials and Methods.
c Serum samples were analyzed by RIBA; the intensity of the reaction is designated negative (2) to 41 as indicated by the manufacturer.
d Sample taken at a time when the animal was no longer ELISA positive.
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Chimpanzee x268 apparently cleared the virus at 3.3 months
postinoculation, because HCV RNA was not detected in any
serum examined from x268 between 3.3 and 61 months post-
inoculation. The first two serum samples collected from x268 at
2.6 and 3.3 months postinoculation were anti-HCV antibody
positive by ELISA. However, the anti-HCV antibody declined
rapidly. Serum samples collected from x268 at 7.3 and 10
months postinoculation were antibody negative by ELISA and
had OD readings well below the cutoff value. By RIBA, chim-
panzee x268 initially elicited an antibody response against cap-
sid at 2.6 months postinoculation (Table 2). Antibodies specific
for capsid, NS3-1, and NS4 were detected at 3.3 months post-
inoculation. Serum collected from x268 at 7.3 and 61 months
postinoculation contained antibody specific for NS3-1, but
antibodies specific for capsid and NS4 were no longer
present.

Chimpanzee x007, like x194, was inoculated with 102.5 CID50
of the Hutchinson strain of HCV (Fig. 2). The ALT level
peaked at about 2 months postinoculation and returned to
normal within 2 weeks (Fig. 5). The first two postinoculation
serum samples tested were HCV RNA positive. However, se-
rum collected from x007 was HCV RNA negative at 2.2
months postinoculation and at all subsequent time points ex-
amined. Serum samples collected from x007 at 1.8 and 2.2
months postinoculation were anti-HCV antibody positive by
ELISA; however, the ELISA reactivity fell rapidly. Serum sam-
ples collected from x007 at 3.4 and 6.9 months postinoculation
had OD readings of 0.365 and 0.083, respectively, and were
anti-HCV antibody negative by ELISA. All serum samples
subsequently collected were anti-HCV antibody negative by
ELISA. Immunoblot analysis revealed that x007 elicited an
antibody response against NS4 at 1.8 months postinoculation
and against NS3-1 and NS4 at 2.2 months postinoculation
(Table 2). Serum collected from x007 at 6.9 months postinocu-
lation contained antibody specific for NS3-1, and anti-HCV

antibodies were not detected in serum collected at 67 months
postinoculation.

Relationship of antibody response to capsid, NS3-1, NS3-2,
NS4, and NS5 to viremia. Immunoblot analysis of the latest
bleeds from the two chimpanzees with persistent viremia indi-
cated that x174 and x196 elicited an antibody response to
NS3-1, NS3-2, NS4, and NS5 (Table 2). An anticapsid antibody
response was observed in x174 but not in x196. These chim-
panzees remained RT-PCR positive regardless of the humoral
immune response elicited to the HCV recombinant proteins,
indicating that persistence was not due to the lack of a humoral
immune response to these antigens.

Immunoblot analysis of serum samples from the four con-
valescent chimpanzees revealed that none of the chimpanzees
elicited an anti-NS3-2 antibody response. An anti-NS4 anti-
body response was observed in all six chimpanzees but only
transiently in the two convalescent animals with rapid loss of
antibody. Only one convalescent chimpanzee, x198, elicited an
anti-NS5 antibody response. The antibody response to NS5 in
x198 was transient and was detectable during the viremic phase
at 3 months postinoculation but not at 64 months postinocu-
lation. The longitudinal analysis of a small number of animals
suggests that most animals destined to clear the virus fail to
respond to NS3-2 and NS5. The lack of responses to NS3-2 and
NS5 in the convalescent chimpanzees may be due to insuffi-
cient time to elicit an immune response prior to viral clearance.
Examination of the RIBA reactivities in the cross-sectional
analysis of the 22 antibody-positive animals also suggested that
chronically infected animals have reactivity to NS3-2 and NS5
(78 and 83%), while most ELISA-positive convalescent ani-
mals do not (0 and 25%). In the cross-sectional study, the
probability of detecting antibodies to NS3-2 and NS5 in chron-
ically infected chimpanzees was greater than that of ELISA-
positive convalescent animals (P 5 0.0096 and P 5 0.046 re-
spectively; Fisher’s exact test). ELISA-negative convalescent
animals were not examined by RIBA because ELISA-negative
animals are unlikely to be positive in the assay. Therefore, an

FIG. 4. ALT levels and anti-HCV status in HCV-inoculated chimpanzees
with a gradual reduction in anti-HCV antibody. For details, see the legend to Fig.
3.

FIG. 5. ALT levels and anti-HCV status in HCV-inoculated chimpanzees
with a rapid loss of anti-HCV antibody. For details, see the legend to Fig. 3.
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anti-NS3-2 or an anti-NS5 antibody response may be a marker
for chronicity. However, in the cross-sectional study, it could
not be determined whether convalescent animals failed to re-
spond to these antigens or lost the response following viral
clearance.

DISCUSSION

Currently, the chimpanzee serves as the only animal model
for HCV infection. Although the chimpanzee animal model
has been valuable in examining many factors in HCV infection,
the characteristics of HCV infection in chimpanzees compared
to humans is not well understood (47). To better understand
the chimpanzee animal model for HCV infection, a cross-
sectional analysis of a cohort of 46 HCV-infected chimpanzees
and a longitudinal analysis of 6 chimpanzees were performed.

An unexpectedly high percentage of chimpanzees appeared
to convalesce from HCV infection in both the cross-sectional
(61%) and longitudinal (67%) studies. The high percentage of
convalescence observed in chimpanzees did not appear to be
correlated with the inocula, the duration of time since inocu-
lation, or the presence of anti-HCV antibody. Viral persistence
or clearance did not appear to be correlated with a particular
strain of HCV, since both RT-PCR-positive and RT-PCR-
negative chimpanzees received the well-characterized Hutch-
inson strain of HCV as an inoculum. Since the Hutchinson
strain of HCV was serially passaged in the chimpanzees exam-
ined in the longitudinal study, some argument could be made
for the attenuation of the virus by animal passage. However,
x007 and x194, both convalescent animals, received the unpas-
saged Hutchinson inocula. The average durations of time since
infection were also similar for both RT-PCR-positive and RT-
PCR-negative chimpanzees. As in human studies, a good cor-
relation between anti-HCV antibody and HCV RNA was ob-
served in chimpanzees. However, the high percentage of
convalescence in chimpanzees could not be associated with a
humoral immune response elicited to a specific HCV antigen
in the RIBA.

The cross-sectional study revealed four Ab1PCR2 chimpan-
zees. Second-round RT-PCR was performed after the initial
RT-PCR to confirm that these animals were negative by RT-
PCR. However, levels of HCV RNA below the sensitivity of
the assay may exist, and these animals may actually still harbor
the virus at low levels. Elevated ALT levels were observed in
one Ab1PCR2 animal (x189), suggesting that this animal may
still be viremic. Long-lasting anti-HCV antibody responses ap-
peared to be rare in the chimpanzees, since most RT-PCR-
negative animals were also anti-HCV antibody negative. How-
ever, a long-lasting anti-HCV antibody response was observed
by RIBA in the absence of viremia in x194 and x198 in the
longitudinal analysis for approximately 5 years after viral clear-
ance, and the Ab1PCR2 chimpanzees in the cross-sectional
study may likewise have a lasting anti-HCV antibody response
in the absence of viremia.

The pattern of antibodies was dissimilar among Ab1PCR1

and Ab1PCR2 chimpanzees. A higher percentage of persis-
tently infected, Ab1PCR1 chimpanzees than of Ab1PCR2

chimpanzees elicited an antibody response to NS3-2, NS4, and
NS5. This finding must be interpreted with caution due to the
low numbers of Ab1PCR2 animals. However, persistently in-
fected chimpanzees may respond more frequently to NS3-2,
NS4, and NS5 due to constant or higher levels of antigenic
stimulation. If NS3-2, NS4, and NS5 are poor immunogens,
Ab1PCR2 chimpanzees may have cleared the virus prior to
eliciting an immune response against these antigens. Alterna-
tively, short-lived anti-NS3-2, anti-NS4, and anti-NS5 antibody

responses may have been elicited in these animals. The longi-
tudinal analysis revealed that anti-NS3-2 antibody responses
were never detected in the chimpanzees that cleared the virus,
suggesting that a response was never elicited. An anti-NS4
antibody response was observed in all six chimpanzees but only
transiently in the two convalescent animals with rapid loss of
antibody, suggesting that both short- and long-lived antibody
responses to NS4 can be elicited. An anti-NS5 antibody re-
sponse was initially observed in one chimpanzee that cleared
the virus but was not detected in a later serum sample, sug-
gesting that the anti-NS5 antibody response was not long lived.
Similarly, Farci and coworkers observed that an anti-NS5 an-
tibody response persisted in animals with chronic infection but
reappeared and then disappeared in rechallenged chimpanzees
with transient viremia (16).

Based on data from eight previous chimpanzee studies which
used RT-PCR analysis to determine if HCV-inoculated chim-
panzees experienced self-limited or persistent infection, the
average frequency of persistent infection observed in chimpan-
zees is estimated at 58% (2, 8, 16, 18, 23, 48, 53, 64). However,
the frequency of persistent infection in chimpanzees is difficult
to determine based on multiple early studies, since different
RT-PCR methods were used and since only a small panel
(average 5 8, range 5 4 to 19) of chimpanzees was examined.
Although more studies are necessary to evaluate the rate of
persistent infection in HCV-inoculated chimpanzees, the rate
of persistent infection in the human population appears to be
much higher and has been estimated at 70 to 90% (3, 4, 6, 7, 45,
49, 62, 63). The surprisingly low percentage of chimpanzees
with persistent HCV infections compared to previous studies
involving human populations may be explained if chimpanzees
experience a different clinical course than the human popula-
tion. Alternatively, the full clinical spectrum of HCV-infected
humans may not be observed in studies that select individuals
based on virological or disease status.

An estimated 20% of HCV-infected humans are expected to
convalesce, in contrast to approximately 60% of HCV-infected
chimpanzees in this study. If the percentage of chimpanzees
that convalesce can be extrapolated to the human population,
the frequency of humans that clear the virus may be several
times higher than estimated. Since most HCV infections are
asymptomatic, and many individuals have normal ALT levels
throughout the infection (3, 15, 44, 55), humans that clear the
virus and become antibody negative would not be detected in
clinical studies or as HCV-exposed blood donors. The selec-
tion criteria used for NANBH studies, the potential for rapid
loss of antibody in convalescent humans, and the potential
presence of silent HCV carriers in the human population may
cumulatively lead to the underestimation of HCV infection in
the human population. In fact, individuals with rapid viral
clearance and antibody loss, as seen in 33% of longitudinally
examined chimpanzees, would be virtually invisible in clinical
studies without very closely spaced serial bleeds from the time
of exposure.

The frequency of persistent HCV infection has been esti-
mated at approximately 80% based on selected populations of
individuals diagnosed with posttransfusion NANBH (1, 7, 17,
37, 49). The diagnosis of NANBH was primarily based on
elevated ALT levels (24). Generally, individuals were sus-
pected to have hepatitis if there were at least two consecutive
serum samples within a 2-week interval in which one ALT level
was above the normal range and the second was at least 2 to 2.5
times the upper limit of normal. The elevation in ALT was
considered relevant if it occurred from days 11 through 180
after the transfusion, and NANBH was diagnosed if hepatitis
could not be attributed to hepatitis A virus infection, HBV
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infection, or other causative agents. In contrast, for studies
performed on chimpanzees, the frequency of persistent infec-
tion is based on all inoculated animals. The criteria for selec-
tion of humans in the posttransfusion hepatitis studies may
have excluded a significant percentage of HCV-infected pa-
tients who did not experience ALT levels above 2 to 2.5 times
the upper limit of normal. If individuals without significant
ALT elevations are more apt to clear their infections, the
frequency of HCV infection and viral clearance may be higher
than expected. In our previous analysis of 50 NANBH-inocu-
lated chimpanzees, 48% of the chimpanzees would have been
excluded based on ALT levels that did not meet the criteria for
selection in human posttransfusion studies (34). Additionally,
this study and others have documented acute HCV infection in
the absence of ALT elevations in the acute phase of disease
(17, 47, 49). The frequency of persistent HCV infection has
also been estimated based on cohorts of individuals with com-
munity-acquired hepatitis and IVDUs. However, the selection
of individuals participating in the community-acquired hepati-
tis study was based on elevated ALT levels and the diagnosis of
NANBH (6). In contrast, Thomas and coworkers performed a
prospective study of HCV infection in a cohort of IVDUs in
which participants were not selected based on the diagnosis of
NANBH but were eligible if they had a history of injecting
illicit drugs within the previous 10 years (61, 62). A high rate of
RT-PCR positivity was also observed in the IVDU cohort and
may be explained by either a high rate of persistent infection or
by convalescence followed by continuous reexposure and rein-
fection with HCV. Studies in chimpanzees have demonstrated
that immunity to HCV appears to be insufficient to protect
against reinfection (16, 46–48). Therefore, it is unclear if the
lower percentage of chimpanzees with persistent HCV infec-
tion compared to the human population is due to differences in
the clinical courses or if the full clinical spectrum of HCV-
infected humans is not observed in studies that select individ-
uals based on disease status or high-risk activities.

The frequency of HCV infection may also be underesti-
mated in the human population if similarities in antibody pro-
files exist between humans and chimpanzees that clear the
virus. Both rapid and gradual loss of anti-HCV antibody titer
was observed in the chimpanzees that cleared the virus. If rapid
loss of antibody occurs in the human population, as in the
chimpanzees, the duration of time that HCV infection could be
detected would be greatly reduced, and the frequency of HCV
infection and viral clearance may be underestimated. Resolved
HCV infections in seronegative humans may be more common
than is generally suspected, since the loss of anti-HCV anti-
body has been observed in HCV-infected humans (36, 49), and
since HCV-specific cytotoxic T-lymphocyte responses are oc-
casionally detected in the normal control population (11, 50).
The frequency of HCV infection may also be underestimated
if a significant percentage of silent carriers exist within the
human population. Chimpanzee x196 was anti-HCV antibody
negative and HCV RNA positive for 5 years. If extrapolated to
the human population, this finding suggests that a significant
percentage of human chronic carriers may go unrecognized.
Silent carriers have been documented in HCV-infected hu-
mans (10, 29, 52). However, it is difficult to determine the
actual percentage of silent carriers in the human population
without performing longitudinal RT-PCR studies on thou-
sands of individuals or at least numerous high-risk individuals
(IVDUs). Due to the very rapid loss of RT-PCR reactivity seen
in four of six animals, longitudinal studies in humans would
need to examine very closely spaced serial bleeds.

The characteristics of HCV infection in the chimpanzee
animal model is important to assess, since this animal will most

likely be used to examine potential therapies and vaccines. The
results of such experiments must be carefully interpreted due
to the high percentage of naturally occurring viral clearance
(60%). Regardless of whether HCV-infected chimpanzees are
truly representative of HCV infection in humans, the chimpan-
zee animal model will be valuable in understanding the mech-
anism of viral clearance. Early vaccine trials for HCV in chim-
panzees attributed clearance of viremia to attenuation of the
infection due to partial protection by the vaccine (12). Such
interpretations are surely complicated by the findings pre-
sented in this study.
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