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Previously Infected and Recovered Chimpanzees Exhibit Rapid
Responses That Control Hepatitis C Virus Replication

upon Rechallenge
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Responses in three chimpanzees were compared following challenge with a clonal hepatitis C virus (HCV)
contained in plasma from an animal that had received infectious RNA transcripts. Two of the chimpanzees
(Ch1552 and ChX0186) had recovered from a previous infection with HCV, while the third (Ch1605) was a
naïve animal. All animals were challenged by reverse titration with decreasing dilutions of plasma and became
serum RNA positive following challenge. Ch1605 displayed a typical disease profile for a chimpanzee. We
observed increasing levels of serum RNA from week 1 postinoculation (p.i.), reaching a peak of 106 copies/ml
at week 9 p.i., and alanine aminotransferase (ALT) elevations and seroconversion to HCV antibodies at week
10 p.i. In contrast, both Ch1552 and ChX0186 exhibited much shorter periods of viremia (4 weeks), low serum
RNA levels (peak, 103 copies/ml), and minimal ALT elevations. A comparison of intrahepatic cytokine levels in
Ch1552 and Ch1605 showed greater and earlier gamma interferon (IFN-�) and tumor necrosis factor alpha
responses in the previously infected animal, responses that were 30-fold greater than baseline responses at
week 4 p.i. for IFN-� in Ch1552 compared to 12-fold in Ch1605 at week 10 p.i. These data indicate (i) that
clonal HCV generated from an infectious RNA transcript will lead to a typical HCV infection in naïve
chimpanzees, (ii) that there are memory immune responses in recovered chimpanzees that control HCV
infection upon rechallenge, and (iii) that these responses seem to be T-cell mediated, as none of the animals
had detectable antibody against the HCV envelope glycoproteins. These observations have encouraging impli-
cations for the development of a vaccine for HCV.

Infection with hepatitis C virus (HCV) poses a serious public
health problem. It frequently leads to chronic hepatitis and
cirrhosis in humans and is associated with the development of
hepatocellular carcinoma (26). Persistent infection occurs in
up to 85% of patients (1) and at least 30% of chimpanzees (2).
Persistently infected patients are the major source for new
infections. Drug therapy consists of alpha interferon (IFN-�)
or IFN plus ribavirin; however, only a minority of those in-
fected respond to treatment, making vaccine development of
major importance.

HCV has a genomic organization similar to those of the
pestiviruses and flaviviruses and has been classified as a sepa-
rate genus, Hepacivirus, within the family Flaviviridae (25). The
viral particle consists of a nucleocapsid containing a positive-
sense, single-stranded RNA genome of approximately 9,500
nucleotides (nt) (5) surrounded by an envelope derived from
host membranes into which are inserted the virally encoded
glycoproteins (E1 and E2). The genome contains highly con-
served untranslated regions at both the 5� and 3� termini (13,
16, 28). The viral products (core, E1, E2, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) are processed from a �3,000-amino-
acid polyprotein expressed from a single open reading frame
(11, 14).

It has been noted that antibody to the surface proteins of
HCV (E1 and E2) occurs more frequently in persistent infec-
tions than in those that are self-limiting (24). There is some
evidence that antibody to surface proteins can neutralize virus
in vitro (9, 18), and vaccine studies have been carried out with
recombinant E1E2 antigens to induce neutralizing antibody
(4). Although protection in chimpanzees against low-level
challenge (10 50% chimpanzee infectious doses [CID50]) was
observed following vaccination, this was only during periods of
high anti-E1E2 antibody titer (4). It has therefore been sug-
gested that clearance following infection is not mediated
through neutralizing antibody (24) and that in fact strong T-
cell responses, often to nonstructural proteins, in humans and
chimpanzees are a better correlate of viral clearance and re-
covery (6, 7, 12, 21, 27).

The chimpanzee is currently the only animal model for HCV
infection. These animals seem to clear HCV infection more
frequently than humans and develop only mild hepatitis upon
progression to chronicity. However, this model represents well
the features of HCV infection in humans, such as the kinetics
of viremia and persistent infection despite the presence of
humoral and cellular immune responses (29). Of the chimpan-
zees that clear HCV, it has long been known that reinfection
can occur with homologous and heterologous strains of the
virus (8, 23). The suggestion has been made that reinfection
can occur due to the variability of the HCV genome and the
fact that HCV exists in clinical isolates as a population of
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quasispecies that may include viral variants which can escape
the preexisting neutralizing or cellular immune responses (19,
30). These observations have led to the belief that immunity
following HCV infections is weak and that the development of
an effective vaccine against HCV poses a serious challenge.

We wished to revisit the question of reinfection of chimpan-
zees that have cleared HCV to determine whether there is
some control of viral replication upon rechallenge. One naïve
chimpanzee and two previously infected animals were com-
pared in their responses to infection with a clonal virus stock
that lacks quasispecies variability. We examined the clinical
outcome of infection of these three animals by comparing the
levels and durations of viremia, HCV-specific antibody re-
sponses, alanine aminotransferase (ALT) elevation, and intra-
hepatic cytokine levels. In this study, we saw a clear difference
in the course of infection between the animals rechallenged
following clearance and the naïve animal. These results indi-
cate that a memory immune response is present in animals that
clear infections and that this response can significantly control
virus upon rechallenge, suggesting that a vaccine against HCV
is a feasible prospect.

MATERIALS AND METHODS

Challenge inoculum. The chimpanzees in this study were challenged intrave-
nously with 1 ml of plasma from Ch1536 serially diluted in Hanks buffer con-
taining 0.5% human serum albumin. Ch1536 was inoculated with RNA tran-
scripts from an HCV cDNA clone by direct intrahepatic injection (15). At week
2 postinoculation (p.i.), serum from the animal became positive for HCV RNA
and the animal developed an apparently normal HCV infection, with elevated
liver enzymes and seroconversion to HCV antibodies (15, 22). The sample taken
at week 4 p.i. was found to have a real-time PCR titer for HCV RNA of 4 � 105

copies/ml (22) and was free of detectable HCV antibodies, and the viral popu-
lation sequence was indistinguishable from that of the parental cDNA clone.
This plasma sample was serially diluted 10-fold and used to challenge chimpan-
zees ChX0186, Ch1552, and Ch1605 by reverse titration.

Chimpanzees. The serologic status of the animals used in this study is shown
in Table 1. Both ChX0186 and Ch1552 had been previously infected with HCV
and had cleared the virus from their sera. ChX0186 had received H77 plasma in
1994, and Ch1552 had received infectious RNA in 1998, approximately 48 and 15
months prior to the initiation of this experiment, respectively. At the time of
challenge, these animals were HCV antibody positive by enzyme immunoassay
(EIA) 3.0 (Ortho-Clinical Diagnostics, Rochester, N.Y.) but negative for anti-
E1E2 antibody and negative in a T-cell proliferation assay to several HCV
antigens. Ch1605 was a naïve animal and had no signs of prior exposure to HCV.
Sera from these animals were collected at weekly intervals following challenge
with diluted virus and tested by nested reverse transcription (RT)-PCR for HCV
RNA as described below. If the serum sample was negative at 3 weeks postchal-
lenge, the animal received the next highest dilution at week 4. This continued
until a positive serum sample was detected. Serum samples were tested for ALT
elevations, anti-HCV antibodies, and serum RNA for up to 51 weeks postchal-
lenge with the infecting dilution. Liver biopsies were obtained biweekly and
tested for HCV RNA, IFN-�, tumor necrosis factor alpha (TNF-�), and inter-
leukin-4 (IL-4) mRNA.

RNA extractions. Total RNA was prepared from 100 �l of serum or plasma or
approximately 1 mm3 of liver biopsy by using TRIzol reagent (Life Technologies,
Gaithersburg, Md.) according to the manufacturer’s instructions. Twenty micro-
grams of glycogen (Boehringer Mannheim, Mannheim, Germany) was added at
the precipitation step to facilitate the recovery of RNA. The RNA pellet was
resuspended in 10 �l of RNasin-dithiothreitol water (0.2 U of RNasin/�l, 10 mM
dithiothreitol) (Promega, Madison, Wis.) and stored at �80°C until use.

Nested PCR. HCV RNA was analyzed by nested PCR with forward and
reverse primers located in the 5� noncoding region. The primers used were as
follows: outer sense primer 47F1, GTGAGGAACTACTGTCTTCACG (nt 47 to
68); outer antisense primer 263R1, CACTACTCGGCTAGCAGTCTT (nt 263
to 243); inner sense primer 86F2, TGGCGTTAGTATGAGTGTCGTG (nt 86 to
107); and inner antisense primer 227R2, AATCTCCAGGCATTGAGCG (nt
227 to 209). The RT-PCR was carried out with 10 �l of RNA in a 50-�l reaction
mixture by using a GeneAmp EZ rTth RNA PCR kit (Perkin-Elmer Applied
Biosystems, Foster City, Calif.) according to the manufacturer’s instructions.
Reactions were run on a Perkin-Elmer GeneAmp 2400 PCR system machine.
The reaction mixture contained 300 �M (each) dATP, dCTP, dGTP, and dTTP
and primers 47F1 and 263R1. Cycle conditions consisted of a 30-min RT step at
60°C, 40 cycles of 15 s at 94°C and 30 s at 60°C, and then 7 min at 60°C. The
nested reaction mixture, with Taq gold polymerase (Perkin-Elmer Applied Bio-
systems) used according to the manufacturer’s instructions, contained 5 �l from
the first reaction mixture, primers 86F2 and 227R2 at 300 nM, and dATP, dCTP,
dGTP, and dTTP at 300 �M. Cycle conditions consisted of 10 min at 94°C, 40
cycles of 15 s at 94°C and 30 s at 60°C, and then 7 min at 60°C. Products were
visualized on 1% agarose gels with ethidium bromide staining.

HCV RNA quantification. RNA levels in plasma and serum samples were
quantified by real-time PCR with the PRISM 7700 sequence detection system
(Perkin-Elmer Applied Biosystems) as previously described (22).

T-cell proliferation assays. Peripheral blood mononuclear cells (PBMCs) were
examined for proliferative responses to specific HCV proteins. PBMCs (105 per
well) were cultured in 200 �l of RPMI 1640 (GIBCO Laboratories, Grand
Island, N.Y.) supplemented with L-glutamine (2 mM), penicillin (100 U/ml),
streptomycin (100 �g/ml), HEPES (10 mM), and 10% heat-inactivated human
AB serum in a 96-well flat-bottom plate (Costar, Cambridge, Mass.). Cells were
stimulated with 1 �g of HCV proteins/ml in four replicate cultures per stimula-
tion condition. Cultures were labeled with 1 �Ci of [3H]thymidine (Amersham,
Little Chalfont, England) on day 5 and harvested 16 h later. Responses were
expressed as a stimulation index (SI), which was calculated as the incorporation
of [3H]thymidine in stimulated cultures divided by the incorporation in unstimu-
lated cultures.

Relative quantification of cytokine mRNA. Relative mRNA levels for IFN-�,
TNF-�, and IL-4 in chimpanzee liver biopsies were determined by using prede-
veloped TaqMan assay reagent kits for human targets (Applied Biosystems).
Primer-probe sets for the endogenous controls human 	-actin and human glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) were also obtained from Ap-
plied Biosystems and used according to the manufacturer’s instructions.

RT of RNA isolated from chimpanzee liver biopsies was carried out by using
a First-Strand cDNA synthesis kit (Pharmacia) according to the manufacturer’s
instructions with 10 pg of random hexamers in a 33-�l reaction mixture. The
volume of the RT reaction mixture was increased to 132 �l with distilled water.
Five microliters was used to test for IFN-�, TNF-�, IL-4, 	-actin, and GAPDH
in separate tubes. Relative mRNA quantification was calculated by the compar-
ative cycle threshold (CT) method by performing the arithmetic operation 2�

CT.
This calculated the amount of target normalized to an endogenous reference
(	-actin or GAPDH) and relative to a calibrator (a liver biopsy taken prior to
challenge), as described in Perkin-Elmer Applied Biosystems user bulletin no. 2.
In brief, 
CT is the difference between the threshold cycles for target (cytokine)
mRNA and endogenous reference (	-actin or GAPDH) mRNA. 

CT is the
difference between the 
CT of the target mRNA postchallenge and the 
CT of
the target mRNA prechallenge.

Enzyme-linked immunosorbent assay (ELISA) for E1E2- or NS3-specific an-
tibodies. Antibodies to the HCV envelope E1E2 and NS3 were determined by
using recombinant antigens derived from the Sindbis virus expression system as
previously described (22).

RESULTS

Virological responses to infection. Chimpanzees ChX0186,
Ch1552, and Ch1605 were challenged with increasing amounts
of RNA-positive HCV plasma until RNA positivity was de-
tected in the serum by nested PCR. Following infection, serum

TABLE 1. Serological status of chimpanzees prior to
initiation of this study

Chim-
panzee

no.

Previous infection
(date, type)

Status regarding:

Serum
RNA

T-cell pro-
liferation

assay

EIA
3.0

Anti-
E1E2

X0186 1994, H plasma Negative Negative Positive Negative
1552 1998, infectious

RNA transcript
Negative Negative Positive Negative

1605 Naïve Negative Negative Negative Negative

VOL. 76, 2002 CONTROL OF HCV REPLICATION IN RECHALLENGED CHIMPANZEES 6587



RNA was analyzed both qualitatively and quantitatively by
nested and real-time PCR, respectively. The sensitivity of the
real-time PCR system with a specific fluorogenic probe was
calculated to be approximately 400 RNA copies/ml of serum.
The nested PCR system has a sensitivity of �40 RNA copies/
ml; therefore, some serum samples could not be quantitated,
even though they were shown to contain HCV RNA. However,
in these cases, the serum RNA titer in the animal was known
to be low (�400 copies/ml).

In this study, the challenge inoculum was plasma derived
from a chimpanzee (Ch1536) infected with in vitro transcribed
RNA. Although Ch1536 developed a classical response to in-
fection, with increasing HCV RNA titers in the serum and
elevated liver enzymes, the infectious qualities of the virus
produced in this animal had not been determined. The RNA
titer was calculated to be 4 � 105 RNA copies/ml by real-time
PCR, but the relationship of this to actual infectious particles
was also unknown. Therefore, the animals were challenged by
reverse titration in order to assess the infectious titer of this
plasma sample and determine whether the virus produced
from the infectious RNA transcripts induced a normal infec-
tion in naïve and previously infected chimpanzees.

Ch1605. Ch1605 was a naïve animal with no detectable se-
rologic evidence of prior exposure to HCV. Viral RNA was not
detected following challenge with plasma diluted to 10�6 or
10�5. However, Ch1605 became serum RNA positive 1 week
after challenge with the 10�4 dilution of plasma from Ch1536.
The clinical profile closely resembled those observed for
Ch1535 and Ch1536 (15, 22), with rapidly increasing viral ti-
ters, elevated liver enzymes, and seroconversion to HCV-spe-
cific antibodies (Fig. 1). Much like those observed for Ch1535
and Ch1536, the viral RNA level began at about 104 RNA

copies/ml at week 1 p.i. and reached a peak of 106 RNA
copies/ml at week 7 p.i. Similarly, an increase in ALT levels
correlated with a decrease in serum RNA. ALT levels reached
a peak at week 9 p.i. and returned to normal by week 13 p.i. In
contrast to those observed for Ch1535 and Ch1536, for which
serum RNA levels remained around 104 copies/ml, the serum
RNA titer for Ch1605 dropped below the level of detection for
real-time PCR (�400 copies/ml), although it could still be
detected intermittently by nested PCR (top of Fig. 1). These
data suggested that Ch1605 was clearing the infection, which
occurs in approximately 50% of chimpanzees. During further
monitoring of this animal up to week 91 p.i., we detected only
one positive serum sample at week 59 p.i. All serum and liver
biopsies tested subsequently to this were negative for HCV
RNA. In our studies, we considered a chimpanzee to have
cleared an infection if three consecutive monthly liver biopsies
and all serum samples obtained during this period (taken
weekly) were negative for HCV RNA. Therefore, Ch1605 was
classified as having cleared the infection by week 91 p.i.

Ch1605 became infected with the 10�4 dilution of Ch1536
plasma, but no apparent infection occurred with the 10�5 di-
lution. Therefore, the infectious titer for the plasma derived
from Ch1536 is approximately 104.5 CID50/ml.

Ch1552. Ch1552 had been previously infected with in vitro
transcribed RNA. This resulted in a classic productive infec-
tion, with rapidly increasing HCV RNA titers and elevated
ALT levels (17) similar to those described above for Ch1605.
Ch1552 cleared the infection and remained serum and liver
biopsy negative for HCV RNA for 34 weeks, at which point the
rechallenge experiments with the diluted Ch1536 plasma were
started. The RNA used to infect Ch1552 was derived from the
same cDNA clone used to transcribe the RNA inoculated into

FIG. 1. Clinical response of Ch1605 to challenge with increasing doses of plasma from Ch1536. Arrowheads indicate the dates of challenge with
increasing doses. Weeks postinoculation are counted as postchallenge with the 10�4 dilution of plasma. Results from nested PCR are indicated
at the top of the graph. Vertical open bars represent negative PCR signals, and vertical filled bars represent positive PCRs. Serum positivity in
Ortho EIA 3.0 is indicated by a horizontal shaded bar.
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Ch1536. Therefore, the viruses produced in these two animals
were as genetically similar as any two HCV isolates can be.

As observed for Ch1605, Ch1552 became serum RNA pos-
itive 1 week after challenge with the 10�4 diluted plasma.
There were no indications of infection following challenge with
the lower dilution, 10�5. However, in contrast to those of naïve
animals, the clinical response of Ch1552 was substantially re-
duced in terms of viral titer, longevity of viremia, and ALT
elevations (Fig. 2). Ch1552 was only briefly positive on three
dates following challenge with the 10�4 diluted plasma, and
only on one of those dates (week 2 post-10�4 dilution chal-
lenge) were there quantifiable levels of RNA (4 � 103 copies/
ml). Slightly elevated ALT was also observed at this same
sample date, increasing from a baseline of 17 mIU/liter to a
value of 31 mIU/liter. Again, this is substantially lower than the
ALT elevation normally observed after the infection of naïve
animals. In the previous infection with in vitro transcribed
RNA, Ch1552 had an ALT peak of 249 mIU/liter at week
10 p.i. and a viremic peak of 107 RNA copies/ml at week 9 p.i.
(17). Four weeks after rechallenge with the 10�4 dilution of
plasma, Ch1552 also received an inoculation of the 10�3 dilu-
tion of Ch1536 plasma, but there was no evidence of reinfec-
tion. These data suggest that Ch1552 had a preexisting immune
response that allowed it to control infection.

Following its recovery from infection, Ch1552 was moved
from the Food and Drug Administration facility to the Coul-
ston Foundation, Alamogordo, N.Mex. Three weeks after this
move, Ch1552 became serum RNA positive. Ch1552 was again
able to control the infection, as demonstrated by the occur-
rence of intermittent and low-level viremia, the fact that the
RNA concentrations were not always high enough to be quan-
tifiable, and clearance. This second bout of viremia led to some
elevation of ALT levels, which were higher than those ob-

served following challenge with 10�4 diluted plasma but lower
than those observed in acute infections of naïve animals. At-
tempts to amplify the viral populations in the sera from these
sample dates for sequence analysis were unsuccessful due to
the low viral titers. Therefore, the possibility of escape muta-
tions causing this reappearance of viremia could not be exam-
ined for this animal.

ChX0186. Chimpanzee X0186 had been previously infected
with H plasma in 1994 and recovered from infection. The
animal was challenged with diluted plasma from Ch1536, start-
ing with a 10�7 dilution. There was no indication of infection
in this animal following either the 10�4 dilution or the 10�3

dilution. Two weeks after receiving the 10�2 dilution of
plasma, ChX0186 became serum RNA positive (Fig. 3). Much
like that observed for Ch1552, the infection in ChX0186 was
significantly reduced and was characterized by intermittent
viremia, RNA titers below the level of quantification, and
minimal ALT elevations. These observations served as a fur-
ther indication that previously infected animals have long-term
memory immune responses to HCV that can control infection.

Antibody responses. Serum samples from all chimpanzees
were tested for antibodies to HCV by using the commercial
tests Ortho EIA 3.0 (Ortho-Clinical Diagnostics) and RIBA
2.0 (Chiron Corp., Emeryville, Calif.) and in-house ELISAs
with the recombinant antigens NS3 and E1E2.

Ch1605 seroconverted to HCV-specific antibodies 9 weeks
after challenge with plasma containing clonal HCV (Fig. 1).
This coincided with the peak in ALT elevation. The resolved
chimpanzees 1552 and X0186 were positive by EIA 3.0 before
rechallenge; hence, any boosting of antibody levels following
reinfection could not be determined with the qualitative com-
mercial EIA. Analyses of the antibody profiles to individual
antigens for all three chimpanzees with RIBA 2.0 and an in-

FIG. 2. Clinical response of Ch1552 to challenge with increasing doses of plasma from Ch1536. Arrowheads indicate the dates of challenge with
increasing doses. Weeks postinoculation are counted as postchallenge with the 10�4 dilution of plasma. Results from nested PCR are indicated
at the top of the graph. Vertical open bars represent negative PCR signals, and vertical filled bars represent positive PCRs. Serum positivity in
Ortho EIA 3.0 is indicated by a horizontal shaded bar.
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house NS3-specific ELISA are shown in Fig. 4 (RIBA 2.0
contains antigens from the HCV core [c22], NS2 and NS3
[c33], and NS4 [5-1-1/c100]). Ch1605 (Fig. 4A, top panel) se-
roconverted by RIBA at week 9 p.i., at the same time as the
EIA seroconversion. The strongest response was against c33,
the NS3 antigen in the assay. A weaker response developed
later against the 5-1-1/c100 peptides located in the NS4 region
of the HCV polyprotein. Ch1552 had weak preexisting anti-
body to the same two RIBA antigens (Fig. 4B, top panel).
Three weeks after challenge with the 10�4 dilution of plasma,
antibody titers to these antigens rapidly increased to levels
comparable to those seen for Ch1605. Chimpanzee X0186 also
had preexisting antibodies to the NS3 and NS4 antigens (Fig.
4C, top panel), and these antibody levels were also boosted
following infection with HCV. Testing of sera against recom-
binant NS3 antigen in an in-house ELISA showed similar in-
creases in specific antibody following infection with HCV, al-
though this decreased rapidly following clearance of the virus
(Fig. 4, lower panels). No antibody to the HCV envelope was
detected in any of the animals at any time prior to or following
the HCV challenge (data not shown).

Proliferative T-cell responses. PBMCs from all chimpanzees
were examined prior to challenge with plasma and then again
during the acute phase of infection. PBMCs collected on con-
secutive dates were tested, and the strongest responses ob-
served for each animal are shown in Fig. 5. No significant
proliferative responses were observed in any of the animals
prior to initiation of this study, even in animals that had been
previously infected with HCV. Following infection with HCV,
Ch1605 had significant proliferative responses at week 10 p.i.
to the NS3 and NS4 antigens, reaching an SI of �15. This time
point was after the peaks of viremia and ALT, which occurred
at weeks 7 and 9 p.i., respectively. The strong T-cell response
in Ch1605 may have contributed to the animal’s eventual clear-
ance of the HCV infection. The response in Ch1552 was lower

than expected given the rapid clearance of the infection.
Ch1552 had a detectable response only to the helicase portion
of NS3 at 3 weeks p.i., and the magnitude of this response was
reduced compared to that of Ch1605. By week 3 p.i., the
viremia and ALT elevations in Ch1552 had peaked and it had
already begun to clear the infection. In contrast to Ch1552,
ChX0186 had a vigorous response to HCV antigens, particu-
larly to the NS4 antigen (SI of almost 70). This sample date was
3 weeks after inoculation with the 10�2 plasma dilution and 12
weeks after challenge with the 10�4 dilution, which was infec-
tious in Ch1605 and Ch1552 but did not lead to a detectable
infection of ChX0186.

Intrahepatic cytokine levels. To examine the possible corre-
lation between intrahepatic cytokine levels and virus clearance
after rechallenge, we analyzed mRNA levels of IFN-�, TNF-�,
and IL-4 in snap-frozen liver biopsies from Ch1605 and
Ch1552. No liver biopsies were available from ChX0186 to
perform this assay. The levels of mRNA were determined by
using real-time PCR and normalized relative to the GAPDH
and 	-actin housekeeping genes. Both endogenous controls
yielded similar results. For clarity, the data shown are normal-
ized to GAPDH and are expressed as values relative to the first
prechallenge sample (Fig. 6). For Ch1605, we observed a brief
12-fold increase in intrahepatic IFN-� that coincided with the
peak in ALT at week 10 p.i. No significant elevations in TNF-�
or IL-4 were observed for this animal (Fig. 6A). For Ch1552, a
very different profile was observed. The increase in intrahe-
patic IFN-� mRNA began earlier, at week 2 p.i., and persisted
until at least week 6 p.i. An almost 30-fold increase over base-
line was observed at week 4 p.i. In addition, an increase in
TNF-� mRNA was observed for Ch1552, peaking at week 2 p.i.
at approximately ninefold above baseline (Fig. 6B). No in-
crease in IL-4 was detected. Only minimal ALT elevations
above baseline were observed for Ch1552, but these coincided
with the increase in cytokine levels observed at week 2 p.i.

FIG. 3. Clinical response of ChX0186 to challenge with increasing doses of plasma from Ch1536. Arrowheads indicate the dates of challenge
with increasing doses. Weeks postinoculation are counted as postchallenge with the 10�4 dilution of plasma. Results from nested PCR are indicated
at the top of the graph. Vertical open bars represent negative PCR signals, and vertical filled bars represent positive PCRs. Serum positivity in
Ortho EIA 3.0 is indicated by a horizontal shaded bar.
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Rechallenge of Ch1605. Following clearance of the virus by
Ch1605, we rechallenged this animal to determine whether the
response profiles observed for Ch1552 and ChX0186 were
reproducible in Ch1605 by using a higher challenge dose. This
animal was rechallenged with 100 CID50 of Ch1536 plasma.

A response similar to those of Ch1552 and ChX0186 was
observed for Ch1605 following rechallenge (Fig. 7). The ani-
mal became serum RNA positive at week 1 p.i. but had short,
low-level viremia and reduced ALT elevations. Serum samples
were quantifiable for viral RNA only at week 1 p.i., with a titer
of 5 � 104 RNA copies/ml. ALT levels increased above normal
at week 2 p.i. for only 1 week, to 70 mIU/liter. This contrasts
with a peak of 176 mIU/liter during the primary infection and
a total elevation time above normal of 9 weeks (Fig. 1). The
intrahepatic cytokine pattern was also similar to that seen in
Ch1552 following rechallenge. The peak in IFN-� was ninefold
above baseline and coincided with the ALT peak at week 2 p.i.;
it returned to normal levels by week 9 p.i. (Fig. 7).

DISCUSSION

Studies of HCV-infected humans (20) and experimentally
infected chimpanzees (8, 23) have suggested that natural HCV
infection does not induce protective immunity at the humoral
or cellular levels. Farci et al. (8) studied chimpanzees sequen-
tially inoculated with different HCV strains. Each rechallenge
with either a homologous or a heterologous strain resulted in
the recurrence of viremia and often the reappearance of HCV-
specific antibodies and changes in liver pathology. Prince et al.
(23) made similar observations, finding no significant differ-
ence in the responses to homologous and heterologous chal-
lenges. The viral titers in the sera of the rechallenged chim-
panzees were not determined in either of these studies.
However, in most cases, the viremia was shorter following
rechallenge. These observations have led to questions regard-
ing the feasibility of a vaccine for this virus, as it appears that
natural infection does not confer any protection from reinfec-
tion.

One of the major questions regarding reinfection is whether
it could be due to the quasispecies nature of HCV isolates and
therefore be the result of preexisting escape mutants. In our
study, a virus stock was used for rechallenge that had no de-
tectable sequence heterogeneity, greatly reducing the quasi-
species problem one usually faces with natural isolates. Our
observations correlate with those previously made for chim-
panzees and suggest that HCV infection does not elicit a ster-
ilizing immune response. However, it does induce a response
that curtails the infection in terms of its duration, viral repli-
cation, and degree of hepatitis and leads to rapid clearance and
recovery. This response appears to be cell mediated, as no
antibodies to surface antigens were detected in these animals,
and it is active at the primary site of HCV replication, the liver.
Our observations are also consistent with those of recent re-
ports examining the reinfection of chimpanzees (3, 31). Bassett
et al. (3) examined PBMCs in rechallenged animals and found
similarly rapid clearance that coincided with higher prolifera-
tive T-cell responses; intrahepatic responses were not exam-
ined. Weiner et al. (31) used intrahepatic inoculation of RNA
transcribed from cDNA clones and found reduced infection
levels in rechallenged animals. Control of infection correlated
with HCV-specific T-cell responses in the PBMCs and liver,
with a possible contribution of anti-E1E2 or -HVR1 antibod-
ies, indicating that the role of HCV-specific antibodies in clear-
ing virus in a rechallenged chimpanzee cannot be eliminated.

The previously infected animals in this study, ChX0186 and

FIG. 4. RIBA and NS3 ELISA results obtained for sera from
Ch1605 (A), Ch1552 (B), and ChX0186 (C) following challenge with
plasma from Ch1536. In the top panels, filled bars represent 5-1-1/c100
and open bars represent C33c; the filled bar at the extreme right in
panel C represents C22. In the bottom panels, shaded bars represent
NS3 (derived from Sindbis virus). OD, optical density.
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Ch1552, did not have antibody to the surface envelope proteins
of HCV, as would be expected for most acute viral infections
(24). Nor did the chimpanzees produce any detectable anti-
bodies to these antigens upon reinfection. Therefore, there is
presumably no first line of defense in the form of neutralizing
antibody to prevent reinfection. Virus replication, once initi-
ated, appears to be contained through cellular responses di-
rected towards the liver, responses that would first require
some viral replication for the activation of memory cells.

Inoculation of the naïve chimpanzee, Ch1605, with 1 ml of
the 10�4 dilution of serum from Ch1536 elicited a classic in-
fection, with a rapid onset of viremia and an exponential in-
crease in viral titer over several weeks. This viral replication
resulted in acute hepatitis, as determined by elevated liver
enzymes and seroconversion to HCV-specific antibody at week
9 p.i. (Fig. 1). In this animal, the immune responses led to a
decrease in serum RNA below the level of quantitation by
week 12 p.i. Ch1605 remained intermittently serum RNA pos-
itive at a low level for almost a year but eventually cleared the
infection.

The data obtained from Ch1605 indicate that the virus de-
rived from the infectious RNA transcripts used to inoculate
Ch1536 leads to a normal infection in naïve animals. This
provides further evidence that the sequence encoded by the
cDNA clone constructed by Kolykhalov et al. (15) is a faithful
representation of an infectious HCV genome. Since Ch1605
was not infected with the 10�5 dilution challenge but devel-
oped a normal infection following the 10�4 dilution challenge,
the infectious titer of this plasma sample can be estimated to
be 104.5 CID50/ml (3.16 � 104 CID50/ml). This infectious titer
compares with an RNA titer of 4 � 105 copies/ml. Therefore,
the particle-to-infectivity ratio in this system was approxi-
mately 12:1. This is similar to that observed for the original
H77 strain, which had an infectious titer in chimpanzees of
106.5 (10) and an RNA copy number of �108/ml. This differ-

ence could reflect the fact that not all virus particles in serum
can result in infection upon inoculation into a suitable host.

In the two previously infected animals, Ch1552 and
ChX0186, a clinical profile very different from that seen in
Ch1605 was observed upon challenge with virus. Although
both animals became infected, the infection resulted in very
low levels of serum RNA, and ALT elevations were signifi-
cantly diminished (Fig. 2 and 3). However, there was a 2-log
difference in the amount of virus required to infect these ani-
mals. Ch1552 became RNA positive following challenge with
the 10�4 dilution of Ch1536 plasma, the same as that required
to infect Ch1605. Challenge of ChX0186 with either this dilu-
tion or the 10�3 dilution elicited no apparent infection, as
determined by nested PCR of serum or liver biopsies. In ad-
dition, there was no increase in anti-HCV antibody levels until
challenge with the 10�2 dilution (Fig. 4C), which led to a
productive infection. The reason for this difference in infectiv-
ity is unclear. ChX0186 had been previously infected with the
H strain of HCV, whereas Ch1552 had received infectious
RNA transcribed from the same clone as that used for the
infection of Ch1536. Therefore, Ch1552 was reinfected with a
virtually identical virus. ChX0186, having received the H strain
isolate, was effectively challenged with only a single variant
from the full repertoire of viruses present in its original infec-
tion. It may therefore have had a more diverse immune re-
sponse and may have been protected from reinfection follow-
ing low-dose challenge with the 10�4 (3.2 CID50) and 10�3 (32
CID50) dilutions. The animal had no detectable anti-envelope
antibody prior to challenge with the diluted plasma or after
infection, although the titers may have been below the detec-
tion levels of the assays used. However, these data suggest that
the protection and the rapid clearance observed for both of the
previously infected chimpanzees were due to cellular re-
sponses.

T-cell proliferation assays on peripheral blood do not seem

FIG. 5. T-cell proliferation assay with PBMCs from Ch1605, Ch1552, and ChX0186 prechallenge (top panels) and postchallenge (lower panels)
with infecting plasma. The cutoff for positive responses was an SI of 3, indicated by a dashed line. pos., positive; Hel., helicase portion of NS3.
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to entirely support this conclusion, as Ch1552 had lower T-cell
responses than Ch1605 (Fig. 5). However, analysis of liver
biopsies from Ch1605 and Ch1552 for cytokine mRNA levels
indicated a robust response in the liver, suggesting that re-

sponses in the peripheral blood may not be good indicators of
the mechanisms controlling the viral infection at the site of
replication. In the naïve Ch1605, intrahepatic IFN-� increased
to approximately 12-fold above baseline during the acute
phase, but no changes in TNF-� were observed. This increase
coincided with the ALT peak, occurring 10 weeks after chal-
lenge. An increase in IFN-� was also seen in Ch1552. However,
this occurred within 2 weeks of the challenge and was more
pronounced, reaching levels almost 30-fold above baseline
(Fig. 6B). An increase in TNF-� levels was also observed
within the first 2 weeks of infection. No increases in IL-4 were
observed for either animal. Thus, Ch1552 exhibited a more
rapid and robust response than that seen in the primary infec-
tion of Ch1605. This response appeared to control replication
and the spread of the virus in the liver, preventing liver damage
and hepatitis, as indicated by only minimal and transient in-
creases in liver enzymes. Rechallenge of Ch1605 resulted in a
clinical profile similar to those seen for Ch1552 and ChX0186,
with reduced viremia and ALT elevations (Fig. 7). The level of
intrahepatic IFN-� in this animal (eightfold above baseline)
was not significantly greater than that seen in the primary
infection, but its increase was more rapid, occurring at 2 weeks
p.i.

It is widely believed that HCV is not a cytopathic virus and
that hepatitis observed during infection is mediated by the host
immune response. If this is true, the reduced pathology ob-
served by us for previously infected animals could be due to the
primed immune response, limiting the viral replication to a few
infected cells and possibly destroying those cells before the
exponential increase in viral load that is seen in naïve animals
could take place (Fig. 1). As the infection was restricted to only
a few cells, manifestations of hepatitis such as ALT elevations
were also limited to normal or near-normal levels. In the naïve
animal, Ch1605, several weeks of viral replication were neces-
sary to induce a primary immune response. At this stage, many
liver cells were infected. Therefore, more cells were damaged
by the immune system, leading to control of the infection but
also to high ALT levels.

The cells responsible for the intrahepatic cytokine response

FIG. 6. Relative cytokine levels (measured in fold increase over
baseline) observed in liver biopsies from Ch1605 (A) and Ch1552 (B).

FIG. 7. Clinical profile and intrahepatic cytokine levels of Ch1605 following rechallenge with 100 CID50 of Ch1536 plasma. Relative cytokine
levels are measured in fold increase over baseline. Results from nested PCR are indicated at the top of the graph. Vertical open bars represent
negative PCR signals, and vertical filled bars represent positive PCRs.
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remain to be determined and will require analysis and charac-
terization of a specific T-cell effector function in the liver and
T-cell kinetics in the blood. Therefore, it is not yet possible to
determine the specific correlates of immunity in these animals.
These studies are currently being addressed and will be re-
ported elsewhere. However, the cytokine data do indicate that
the immune system in chimpanzees can be primed to elicit an
immune response upon infection that controls virus replication
and prevents chronic infection. In addition, this memory re-
sponse was long lasting in ChX0186. Four years had elapsed
between the first infection and the rechallenge in this study. In
other reports, animals had not been exposed to HCV for up to
16 years but still controlled infection (3). This has promising
implications for vaccine development against HCV. Thus far,
vaccines to HCV have concentrated on the generation of an-
tibodies to the surface glycoproteins (4). This approach has
had limited success, in that protection could be achieved only
against low-dose challenge and only when antibody titers to the
envelope were high. A vaccine that primes the system to mimic
the responses observed for ChX0186 and Ch1552 upon pri-
mary challenge with HCV would be an enormous advance.
Although low-level, short-lived infection may still occur, it is
the development of chronic infections leading to chronic liver
disease and cirrhosis that needs to be prevented. The concept
of T-cell vaccines is not new and has been suggested for HCV
as well as other pathogens. The diversity of the envelope pro-
tein among HCV isolates has frequently led to the suggestion
that the inclusion of more conserved T-cell epitopes will be a
necessary requirement for an effective vaccine. The data pre-
sented in this study support this notion and extend the theory
for a T-cell vaccine that can at least protect against chronic
HCV infection. The coupling of a vaccine designed to induce
strong T-cell responses with one that also elicits neutralizing
antibody may provide the ideal means of protection from HCV
infection.
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