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Although the virological features of serologically silent hepadnaviral primary occult infection (POI) have
been relatively well recognized in the woodchuck model of hepatitis B virus infection, the characteristics of
accompanying immune responses remain unknown. In this study, the kinetics of woodchuck hepatitis virus
(WHV)-specific and generalized (mitogen-induced) T-cell proliferative responses and cytokine expression
profiles in circulating lymphoid cells and the liver, along with WHV-specific antibody responses, were inves-
tigated during experimentally induced POI and subsequent challenge with a liver-pathogenic dose (>103

virions) or liver-nonpathogenic dose (50 virions) of the same virus. The data revealed that POI, which does not
prompt WHV surface antigenemia, antiviral antibody response, and hepatitis or protect from challenge with
a liver-pathogenic virus dose, was accompanied by the appearance of a strong WHV-specific T-cell response
directed against multiple viral epitopes that intermittently persisted at low levels for up to 10-months during
follow-up. Furthermore, immediately after exposure to a liver-nonpathogenic dose of WHV, lymphocytes
acquired a heightened capacity to proliferate in response to mitogenic stimuli and displayed augmented
expression of alpha interferon, interleukin-12 (IL-12), and IL-2, but not tumor necrosis factor alpha. Overall,
the kinetics of WHV-specific and mitogen-induced T-cell proliferative and cytokine responses in POI were
closely comparable to those seen in infection induced by liver-pathogenic viral doses. The data demonstrated
that virus-specific T-cell proliferative reactivity is a very sensitive indicator of exposure to hepadnavirus, even
to small amounts inducing serologically mute infection. They also showed that hepadnaviral POI is not only
a molecularly but also an immunologically identifiable and distinctive entity.

Hepatitis B virus (HBV) is a noncytopathic virus causing an
infection having several distinctive clinical profiles ranging
from acute hepatitis (AH) or chronic hepatitis (CH) to a se-
rologically undetectable, seemingly asymptomatic infection,
called an occult HBV infection (OBI) (67). Following exposure
to HBV, more than 90% of immunocompetent adults devel-
oping AH resolve liver inflammation (4, 17), but they fail to
eradicate the virus completely and persistent occult infection
seems to invariably follow (52, 57, 67, 68, 77). The remaining
�10% of individuals develop CH, which is diagnosed when
detection of hepatitis B surface antigen (HBsAg) in serum and
biochemical and histological indicators of liver inflammation
protract for more than 6 months. This form of hepatitis fre-
quently advances to cirrhosis and hepatocellular carcinoma
(HCC) (4, 9).

In the last decade, it became apparent that HBV replication
commonly persists at low levels after resolution of AH in the
context of apparent absence of clinical symptoms. It is also
expected that this form of HBV infection could be a conse-
quence of resolution of a clinically asymptomatic, but serolog-

ically transiently evident (i.e., serum HBsAg-reactive) expo-
sure to virus. The main features of this residual infection, also
called a secondary occult infection (SOI) (49, 50, 54, 57, 67),
are as follows: (i) the lack of detectable serum HBsAg, (ii) the
presence of antibodies to HBV core antigen (anti-HBc), (iii)
the usual but not inevitable occurrence of antibodies to HBsAg
(anti-HBs), (iv) the occurrence of HBV DNA in circulation at
levels usually not exceeding 200 virus genome equivalents
(vge) per ml, and (v) the presence of the viral genome and its
replicative intermediates in the liver and circulating lymphoid
cells (52, 58, 68). This OBI can be a source of infectious virus
available for transmission to healthy individuals through blood
and organ donations, as well as a potential cause of liver
diseases of seemingly unknown etiology, including HCC (re-
viewed in references 28 and 57).

The infection of eastern North American woodchucks (Mar-
mota monax) with woodchuck hepatitis virus (WHV), a mem-
ber of the Hepadnaviridae family (44, 47), provides a natural
and highly valuable laboratory model of HBV infection. The
molecular, virological, and pathological events that follow
WHV invasion are highly compatible to those induced by HBV
in humans. Moreover, the understanding of the natural course,
virological properties, requirements of transmission, and po-
tential pathological consequences of OBI is owed to a large
degree to studies in the woodchuck model of HBV infection
(reviewed in reference 49). Among others, it was established

* Corresponding author. Mailing address: Molecular Virology and
Hepatology Research Group, Division of BioMedical Science, Faculty
of Medicine, Health Sciences Centre, Memorial University, St. John’s,
Newfoundland, Canada A1B 3V6. Phone: (709) 777-7301. Fax: (709)
777-8279. E-mail: timich@mun.ca.

� Published ahead of print on 4 February 2009.

3861



that replication of hepadnavirus in SOI progresses not only in
the liver but also in the immune system (10, 50, 53, 56; re-
viewed in reference 49). In woodchucks, this infection persists
for life, and virus replicative intermediates, including WHV
covalently closed circular DNA and mRNA, are detectable by
highly sensitive assays employing PCR combined with identi-
fication of the resulting amplicons by nucleic acid hybridization
(NAH), i.e., PCR/NAH (10, 53). Moreover, the virus assem-
bled during SOI is infectious, can induce hepatitis and HCC,
and is transmissible from mothers to offspring (10, 11, 26, 53).
Interestingly, SOI can be reactivated following treatment with
an immunosuppressive agent, cyclosporine A, leading to the
reappearance of serum WHsAg-positive infection (46). It also
is of importance to note that approximately 20% of wood-
chucks with SOI finally develop HCC (37, 53).

Investigating the woodchuck model of HBV infection, we
have recently uncovered yet another form of occult hepadna-
viral infection, i.e., primary occult infection (POI) (50; re-
viewed in references 49 and 54). This form has not yet been
identified in humans; however, the existence of HBV DNA-
positive and serum HBsAg- and anti-HBc-negative individuals
may imply its existence (7, 48, 49, 79). Originally, POI was
discovered by studying woodchuck dams with SOI which were
found to transmit to their offspring a low-level WHV infection
limited to the lymphatic system that occasionally may also
engage the liver (10). Subsequently, the same form of occult
persistence was experimentally induced by inoculation of im-
munocompetent, adult woodchucks with WHV doses equal to
or lower than 1,000 virions (50). In this experimental situation,
POI coincided with WHV replication restricted to the lym-
phatic system, which with time could spread in some animals to
the liver. In general, POI is characterized by the presence of
WHV DNA in serum at levels compatible with those occurring
in SOI (�200 vge/ml) and in peripheral blood mononuclear
cells (PBMC) (�103 vge/�g of total DNA), but usually not in
the liver, the absence of serological (immunovirological) mark-
ers of infection, including WHV surface antigen (WHsAg),
antibodies against WHsAg (anti-WHs) and WHV core antigen
(anti-WHc), and by normal liver morphology (reviewed in ref-
erences 49 and 54). The WHV nucleotide sequence in POI has
been found to be the wild type (50, 56). Further, the virus
persisting in POI remains biologically competent, since when
WHV derived from serum or lymphoid cells of animals with
POI was administered to naive woodchucks, symptomatic AH
was induced (10, 50). Most interestingly, woodchucks with POI
are not protected from reinfection with liver-pathogenic doses
of WHV (i.e., �103 virions) (50) and develop classical AH
after the challenge (10, 53). Although it has previously been
documented that POI does not induce a WHV-specific hu-
moral immune response (reviewed in reference 49), it was not
clear whether the virus-specific T-cell responses are also lack-
ing in this form of WHV infection.

In regard to T-cell responses accompanying symptomatic
HBV infection, the resolution of AH was found to be associ-
ated with strong, polyclonal HBV-specific T helper type 1
(Th1) proliferative and cytotoxic T-cell (CTL) reactivities,
while the reverse was demonstrated in CH type B (reviewed in
references 4, 9, and 21). Hepatic injury in HBV infection is an
immune-mediated process. It was established that the CTL
response generated against HBV epitopes can inhibit replica-

tion of intrahepatic virus, both by directly killing infected cells
(22, 41, 68, 74) and by producing antiviral cytokines, such as
gamma interferon (IFN-�) and tumor necrosis factor alpha
(TNF-�) (21, 22). In chimpanzees infected with HBV, injec-
tion of anti-CD8 antibodies during AH resulted in prolonged
viremia and milder hepatic injury, suggesting the dual role of
CD8� T cells in inhibiting HBV replication and mediating liver
pathology (74). Further, the Th1 cytokine profile, coinciding
with a greater expression of IFN-� and TNF-� in HBV-specific
CD4� and CD8� T cells, was found to be associated with
resolution of AH (4, 16, 21). On the other hand, the roles of
the innate immune responses in the pathogenesis of hepadna-
viral hepatitis and determining the outcome of hepadnaviral
hepatitis remain uncertain. However, it has been shown that
activated natural killer (NK) cells (35), NK T cells (31), and
antigen-presenting cells (APCs) (34), as well as cytokines, such
as alpha interferon (IFN-�) (76), interleukin-12 (IL-12) (8),
and IL-18 (35), can independently inhibit virus replication in
HBV transgenic mice, implying the role of innate immunity in
controlling HBV infection in this model. Moreover, upregu-
lated hepatic expression of IFN-� and TNF-� was found to
precede HBV-specific T-cell responses and was accompanied
by a decrease in HBV replication in the liver in chimpanzees,
suggesting that activation of the local innate immunity is, at
least partially, successful in limiting virus propagation in acute
infection (9, 74). Also, in our recent study analyzing the ex-
pression profiles of the genes affiliated with intrahepatic im-
mune responses in woodchucks immediately after inoculation
with a liver-pathogenic dose of WHV, evidence of very early
augmented transcription of the genes indicative of activation of
APCs, NK cells, and NK T cells were found (25). However, this
early innate response was transient and unable to prompt a
virus-specific T-cell response in a timely manner, conversely to
infections induced by many other viral pathogens. In patients
who resolved AH, vigorous HBV-specific T-cell proliferative
and CTL responses were identified for many years after recov-
ery, suggesting their pivotal role in controlling virus replication
during OBI (4, 68).

In the present study, the kinetics of WHV-specific and
mitogen-induced (generalized) T-cell proliferative responses,
humoral responses, and profiles of cytokine gene expression in
lymphoid cells and in the liver, along with immunovirological
(serological) and molecular markers of WHV infection, were
analyzed in animals with experimentally induced POI and after
reexposure of the animals to low (liver-nonpathogenic) or high
(liver-pathogenic) doses of the same inoculum. Our study
shows that POI, despite the absence of serological, biochemi-
cal, and histological indicators of infection, is accompanied by
strong T-cell proliferative responses directed toward multiple
virus epitopes with kinetics compatible with those observed
after infection with liver-pathogenic virus doses leading to clas-
sical AH. The appearance of WHV-specific T-cell responses
was preceded by a heightened capacity of lymphocytes to pro-
liferate in response to mitogenic stimuli, as we have previously
observed in a symptomatic, self-limited AH (24). Additionally,
there was an aberrant expression of cytokines known to be
involved in the activation of APCs and NK cells. Furthermore,
woodchucks with POI challenged with either a liver-nonpatho-
genic or liver-pathogenic dose of WHV demonstrated similar
profiles of virus-specific and mitogen-induced T-cell prolifera-
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tive responses as those occurring after primary infection. In-
terestingly, these relatively strong secondary T-cell prolifera-
tive responses were unable to provide sufficient help to prevent
hepatitis.

MATERIALS AND METHODS

Animals. Twelve healthy adult woodchucks (Marmota monax) investigated in
this study were housed in the Woodchuck Hepatitis Research Facility at Memo-
rial University, St. John’s, Newfoundland, Canada. Their WHV-naive status was
confirmed by the absence of WHV DNA in randomly selected liver, PBMC, and
serum samples analyzed by specific nested PCR/NAH (sensitivity of �10 vge/ml)
and by repeated serum negativity for WHsAg and anti-WHc. Experimental
protocols were approved by the Institutional President’s Committee on Animal
Bioethics and Care.

Inoculation, challenge, and rechallenge with WHV. The control group (study
group A; Fig. 1) consisted of two healthy woodchucks which were intravenously
(i.v.) infected with 1.1 � 1010 DNase digestion-protected vge of WHV/tm3
inoculum (GenBank accession number AY334075) (50) and then injected with
0.5 ml of sterile phosphate-buffered saline (PBS), pH 7.4, at 30 weeks post-
primary infection (w.p.p.i.) (subgroup HN [n � 1]) or challenged with a low dose
(50 DNase digestion-protected vge) of WHV/tm3 at 26 w.p.p.i. (subgroup HL
[n � 1]) (Fig. 1). In addition, two other woodchucks were i.v. infected with a

medium dose of WHV/tm3 (1.1 � 106 DNase digestion-protected vge) and
challenged with the same dose of WHV/tm3 at 30 w.p.p.i. (subgroup MM [n �

1]) or injected with PBS at 30 w.p.p.i. (subgroup MN [n � 1]).
In the experimental group (study group B; Fig. 1), eight woodchucks were i.v.

injected with 50 DNase digestion-protected vge of WHV/tm3 inoculum. It was
previously established that WHV doses below 1,000 virions of WHV/tm3 inoc-
ulum, as well as other WHV inocula, consistently induce POI in WHV-naive,
immunologically competent woodchucks (50, 56). After 26 w.p.p.i., the ani-
mals were challenged with a high dose of WHV/tm3 (1.1 � 1010 vge; group
LH [n � 3]) or a low dose of WHV/tm3 (50 vge; group LL [n � 3]) or injected
with 0.5 ml of PBS (group LN; n � 2) (Fig. 1). Subsequently, the animals from
groups LL and LN were rechallenged at 55 w.p.p.i. with a low dose of WHV
(50 vge; subgroup LLL [n � 2] and subgroup LNL [n � 1]) or were injected
with PBS (subgroup LLN [n � 1] and subgroup LNN [n � 1]). One animal
(animal 9/M [animal 9, a male]) from subgroup LLL was rechallenged for the
second time at 77 w.p.p.i. with a high dose of WHV (1.1 � 1010 vge; subgroup
LLLH) (Fig. 1).

Sample collection and PBMC isolation. Blood samples were collected on
sodium-EDTA or without the addition of anticoagulant, weekly up to 10 weeks
after each injection with virus, then biweekly up to 20 weeks, and then approx-
imately monthly until challenge or autopsy. Serum was separated from untreated
blood and stored at 	20°C. PBMC were isolated from EDTA-treated samples on
Ficoll-Paque Plus (Amersham Pharmacia Biotech, AB, Uppsala, Sweden) as

FIG. 1. Schematic representation of the experimental protocol used to infect and challenge woodchucks with liver-pathogenic (group A) and
liver-nonpathogenic (group B) doses of WHV. In total, 12 WHV-naive, healthy animals were i.v. injected with low (nonpathogenic; 50 vge),
medium (liver-pathogenic; 1.1 � 106 vge), or high (liver-pathogenic; 1.1 � 1010 vge) doses of WHV/tm3 inoculum. (A) Animals in study group A
(n � 4) were injected with either a high (1.1 � 1010 vge; n � 2) or medium (1.1 � 106 vge; n � 2) dose of WHV. Animals developed classical,
serologically detectable WHV infection and were challenged with a low (50 vge; n � 1) or medium (1.1 � 106 vge; n � 1) dose of WHV/tm3 or
injected with PBS. (B) Animals in study group B (n � 8) were initially injected with a 50-vge dose of WHV. All animals developed serum WHsAg
and anti-WHc negative but WHV DNA reactive POI and were challenged or rechallenged with a low (50 vge; n � 5) or high (1.1 � 1010 vge; n �
4) dose of the same inoculum or injected with PBS. The animals from groups A and B were divided into subgroups according to the dose of WHV
used for the challenge or rechallenge or injection with PBS, as described in detail in Materials and Methods. The groups and subgroups were
named using the following designations: L, low virus dose (50 vge); M, medium virus dose (1.1 � 106 vge); H, high virus dose (1.1 � 1010 vge);
N, no virus (injection with PBS).
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described previously (23). Cell viability was measured by the trypan blue dye
exclusion method and normally exceeded 98%.

Serological and molecular markers of WHV infection. Serial serum samples
were examined for the presence of WHsAg, anti-WHc, and anti-WHs using
specific enzyme-linked immunosorbent assays as reported previously (50, 53).
WHV DNA in serum and liver samples was detected by nested PCR/NAH assays
with WHV core (C), surface (S), and X-gene-specific primers (sensitivity of 
10
vge/ml or 
10 vge/�g of total DNA) (10, 53). As a biochemical measure of liver
injury, serum levels of sorbitol dehydrogenase (SDH) were evaluated by an
appropriate spectrophotometric assay (3).

Liver biopsy samples and histopathology. Up to seven liver tissue samples
were collected from each animal by surgical laparatomy or at autopsy at the time
points indicated in Fig. 2. The samples were routinely processed, embedded in
paraffin, and stained (50). Hepatic lesions were graded on the numerical scale of
0 to 3 and reported as the degree of hepatitis as described previously (26, 51, 53).

WHV antigens and T-cell mitogens. Recombinant WHV core protein (rWHc),
e protein (rWHe), and X protein (rWHx), used to measure WHV-specific T-cell
proliferative responses, were produced in the pET41b(�) Escherichia coli ex-
pression system (Novagen, Darmstadt, Germany) and purified using histidine tag
affinity chromatography (Qiagen, Mississauga, Canada) as described previously
(24, 75). These antigens were tested extensively for nonspecific induction of
T-cell proliferation by potential bacterial contamination using PBMC from
WHV-naive animals, including woodchucks prior to injection with WHV inves-
tigated in this study, and were found entirely free of such impurities (24, 75). In
addition, WHsAg was purified from pooled sera from a woodchuck with chronic
WHV infection as reported previously (24, 50). Also, a synthetic peptide carrying
the WHV T-cell immunodominant epitope located between amino acids 97 and
110 of WHc protein (WHc97-110) (45) was synthesized (Synprep Corporation,
Dublin, CA). The recombinant WHV antigens and WHsAg were used at 1 and
2 �g/ml in the T-cell proliferative assays, while WHc97-110 peptide was used at 5
and 10 �g/ml.

The generalized (nonspecific) proliferative capacity of the woodchuck lympho-
cytes was measured by assessing PBMC proliferation in response to stimulation
with mitogens as reported previously (24). For this purpose, concanavalin A
(ConA) (Pharmacia Fine Chemicals, Uppsala, Sweden), pokeweed mitogen
(PWM) (Phytolacca americana agglutinin; ICN Biochemicals Inc., Aurora, OH),
and phytohemagglutinin (PHA) (ICN Biochemicals Inc.) were used in T-cell
proliferation assays at five serial twofold concentrations ranging from 1.2 to 20
�g/ml for ConA and PHA and from 0.6 to 10 �g/ml for PWM.

CFSE-based flow cytometry T-cell proliferation assay. The WHV-specific T-
cell proliferative response in woodchuck PBMC after stimulation with different
WHV antigens or WHc97-110 peptide was assessed by CFSE-based flow cytomet-
ric assay, as described in detail elsewhere (23). Briefly, freshly isolated PBMC
were labeled with 5- and 6-carboxyfluorescein diacetate succinimidyl ester
(CFSE) (Molecular Probes, Eugene, OR) at a final concentration of 1 �M and
cultured at a density of 3 � 105 cells/well in 48-well tissue culture plates in
triplicate wells with tested concentrations of WHV antigens or WHc97-110, as
indicated above, or with medium alone as a control. The cells were incubated for
5 days at 37°C, harvested, and washed in PBS with 1 mM EDTA. The data were
acquired by using a FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ). The halving of CFSE fluorescence was deconvoluted using CellQuest
Pro software (Becton Dickinson) (23). The cell division index (CDI) was defined
by dividing the percentage of cells with halved CFSE fluorescence after stimu-
lation with a test WHV antigen by the percentage of cells with halved CFSE
fluorescence cultured in medium only. The CDI values of �3.1 for rWHc, rWHe,
and rWHx and � 2.1 for WHsAg and WHc97-110 peptide were considered a
measure of WHV-specific T-cell proliferative response (23). However, for clarity
of presentation, only the cutoff value of �3.1 was marked in the graphs showing
WHV-specific T-cell response.

Adenine incorporation T-lymphocyte proliferation assay. The generalized pro-
liferative capacity of woodchuck lymphocytes in response to virus-nonspecific
stimulation was evaluated using mitogens and [3H]adenine incorporation assay
as described previously (23, 24, 39). Briefly, freshly isolated woodchuck PBMC
were cultured at a density of 1 � 105 cells/well of a 96-well tissue culture plate
in the presence of different concentrations of mitogens as indicated above or in
medium alone in triplicate wells. After 5 days in culture, cells were pulsed with
0.1 �Ci of [3H]adenine (Amersham Pharmacia Biotech, Uppsala, Sweden) for 12
to 18 h and harvested, and counts per minute (cpm) in each test well and control
well were measured. The mean cpm values were calculated by averaging the cpm
values from the respective triplicate wells. The stimulation index (SI) was cal-
culated by dividing the mean cpm value obtained after a mitogenic stimulation by
the mean cpm value observed without any stimulation (medium only) (24).

Real-time RT-PCR analysis of gene expression. Sequential liver and PBMC
samples collected prior to inoculation with WHV and after challenge with virus
were evaluated for the expression of selected cytokine and immune cell marker
genes by real-time reverse transcription-PCR (RT-PCR) using a LightCycler
(Roche Diagnostics, Mannheim, Germany) (24, 25). In the case of PBMC, 5 �
105 to 1 � 106 freshly isolated cells were suspended in 1 ml of Trizol reagent
(Invitrogen) and stored at 	20°C. Liver samples collected by biopsy or autopsy
were stored at 	80°C until RNA isolation with Trizol reagent. After collection
of all experimental samples, RNA was extracted simultaneously and reversely
transcribed to cDNA as reported previously (24, 25). The expression of wood-
chuck IFN-�, IFN-�, TNF-�, IL-2, IL-4, IL-10, and IL-12 was quantified using
the equivalent of 50 ng of total RNA and woodchuck gene-specific primer pairs
as reported in recent works from this laboratory (24, 25). Transcription of the
genes was normalized against expression of woodchuck �-actin, and the expres-
sion levels detected after inoculation or challenge with WHV were compared
with those determined for the same animal prior to infection to define the
increase or decrease as previously described (24).

Statistical analysis. The two-tailed, unpaired Student t test, with 95% confi-
dence interval, was used to compare the means of the groups. P values of �0.05
were considered statistically significant. The values marked with one asterisk
were statistically significantly different with a P value of 
0.05, the values with
two asterisks were significantly different with a P value of 
0.005, and the values
with three asterisks were significantly different with a P value of 
0.0001.

RESULTS

Infection with a low WHV dose induces serologically silent
but WHV DNA-positive infection. Serial serum and liver tissue
samples collected from woodchucks inoculated with low (50
vge), medium (1.1 � 106 vge), or high (1.1 � 1010 vge) doses
of WHV were examined for serum WHsAg, anti-WHc, and
anti-WHs (serological markers) and WHV DNA in serum and
hepatic tissue (molecular markers). Animals injected with a
high WHV dose (animals 1/F [animal 1, a female] and 2/M
[animal 2, a male]) showed, as expected, the appearance of
WHsAg at 3 to 4 w.p.p.i., which persisted until 8 to 10 w.p.p.i.
(Fig. 2, group A). In animals injected with a medium dose of
WHV (animals 3/F and 4/M), serum WHsAg became reactive
at 10 and 12 w.p.p.i., and the antigen cleared from circulation
at 16 w.p.p.i. in animal 4/M, while it persisted for up to
38 w.p.p.i. in animal 3/F. All four animals developed anti-WHc.
Animals 1/F and 2/M developed anti-WHc beginning from 6 to
8 w.p.p.i., while animals 3/F and 4/M developed anti-WHc
from 10 to 12 w.p.p.i. All animals remained antibody reactive
until the end of follow-up (Fig. 2, group A). Anti-WHs ap-
peared in woodchuck 1/F and was periodically detectable since
14 w.p.p.i., while the other three woodchucks remained anti-
body nonreactive (data not shown). There was no difference in
the time of the appearance of WHV DNA in serum in animals
injected with high or medium doses of WHV, and the genome
became detectable starting from 1 w.p.p.i. and persisted
throughout the entire observation period. The levels of WHV
DNA in liver biopsy samples obtained at 7 w.p.p.i. from ani-
mals injected with a high dose were 6 � 106 vge/�g total DNA
and between 1 � 102 and 3 � 102 vge/�g total DNA in animals
injected with a medium WHV dose. After resolution of acute
infection, hepatic load of WHV DNA usually ranged between
1 � 102 and 6 � 103 vge/�g DNA and persisted to the end of
follow-up; however, it transiently rose up to 1 � 106 vge/�g
DNA in the liver sample of animal 3/F acquired at 55 w.p.p.i.
(Fig. 2, group A).

The histological features of AH were found in liver biopsy
samples collected at 7 w.p.p.i. from woodchucks 1/F and 2/M
inoculated with a high dose of WHV (Fig. 2, group A). These
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alterations coexisted with serum WHsAg positivity in both
animals and elevated levels of SDH in woodchuck 1F (SDH
was measured in woodchuck 2/M after challenge with WHV).
In woodchucks 3/F and 4/M injected with a medium dose of

WHV, liver biopsy samples obtained at 7 w.p.p.i. showed nor-
mal liver morphology at a time when serum WHsAg was neg-
ative and SDH levels remained normal (Fig. 2, group A),
indicating that these samples were acquired prior to the acute

FIG. 2. Profiles of serological markers of WHV infection and WHV DNA detection in sera and liver tissue samples in animals belonging to
study groups A and B. Woodchucks were injected with 5 � 101, 1.1 � 106, or 1.1 � 1010 vge of WHV/tm3 inoculum or with PBS at the time points
indicated in the figure by vertical solid black lines. For each animal, the appearance and duration of positivity of WHsAg, anti-WHc, WHV DNA,
and SDH in sequential serum samples are represented by hatched horizontal bars. The liver samples were collected at the time points indicated
by the solid black arrowheads, and estimated loads of WHV DNA presented in vge/�g of total liver DNA and histological degree of hepatitis
graded on a scale from 0 to 3 in each liver sample are presented. HCC was diagnosed in liver tissue collected at autopsy from animal 11/M.
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phase of infection. Following clearance of WHsAg, minimal to
moderate intermittent liver inflammation remained evident in
all animals, similar to what has been observed in previous
studies (11, 26, 53). Challenging animal 2/M with 50 vge and
animal 4/M with 1.1 � 106 vge did not induce the reappearance
of WHs antigenemia or increase WHV DNA load in serum or
hepatic tissue (Fig. 2, group A).

In contrast to the woodchucks injected with high or medium
doses of WHV, inoculation with 50 vge initiated POI in all
eight animals (group B), as evidenced by the detection of
WHV DNA in serum beginning 1 to 2 w.p.p.i. and its long-term
persistence at levels of �100 vge/ml in the absence of detect-
able WHsAg and anti-WHc (Fig. 2, group B). This serologi-
cally mute infection was accompanied by the absence of WHV
DNA in the liver and entirely normal liver morphology, as it
was evident in animal 5/M followed for up to 96 w.p.p.i. (Fig.
2, group B). It is of note that although the liver remained virus
genome negative, WHV DNA was detected in the bone mar-
row collected at autopsy of this animal (data not shown). The
above findings were in full agreement with those reported
previously for woodchucks with naturally acquired or experi-
mentally induced POI (10, 50, 56; reviewed in reference 49).

The animals with POI challenged once or twice with a low,
liver-nonpathogenic dose of the virus, i.e., animals 6/M (sub-
group LNL), 7/M (subgroup LLL), 8/M (subgroup LLN), and
9/M prior to challenge with a high WHV dose (subgroup
LLLH), remained WHsAg and anti-WHc nonreactive and did
not show a measurable increase in the level of WHV DNA in
serum, and their livers remained WHV DNA nonreactive and

free of histologically evident alterations (Fig. 2, group B). The
exception was animal 8/M (subgroup LLN) in which WHV
DNA transiently appeared at levels of �100 vge/�g total DNA
in two sequential liver biopsy samples, one collected at
17 w.p.p.i. and the second collected 6 weeks after the first
challenge with WHV (Fig. 2, group B). This intermittent de-
tection of the WHV genome was not accompanied by liver
injury, as confirmed by histology examination and by normal
SDH levels. Further, there was an unexplained appearance of
mild liver inflammation in animal 6/M at 44 w.p.p.i. that pro-
tracted until the autopsy but was not accompanied by elevated
SDH levels. As mentioned above, this inflammation also did
not coincide with detection of WHV DNA in the liver (Fig. 2,
group B).

As has been previously observed for either naturally ac-
quired or experimentally induced POI, the challenge with high
doses of WHV initiated serum WHsAg-positive infection and
hepatitis (10, 50). Similarly, all animals with POI which were
challenged with a high dose of WHV in the current study, i.e.,
animals 9/M (subgroup LLLH), 10/F and 12/M (subgroup LH),
and 11/M (subgroup LHN) (Fig. 2, group B), developed WHs
antigenemia and became anti-WHc reactive, as well as dem-
onstrated transiently elevated levels of serum SDH, implying a
self-limiting episode of acute liver injury. In animals 9/M, 10/F,
and 12/M, WHsAg eventually vanished, while it persisted to
the end of the observation period in animal 11/M, i.e., up to
104 weeks after administration of a high dose of virus (Fig. 2,
group B). This animal developed CH and finally HCC. After
challenge of animals with POI with a high dose of WHV, the

FIG. 3. Kinetics of WHV-specific T-cell proliferative responses in woodchucks infected with liver-pathogenic and -nonpathogenic doses of
WHV. The animals were infected with WHV, and serial PBMC samples were isolated, stimulated in vitro with four different WHV antigens or
WHc97-110 peptide, and analyzed for resultant proliferation using CFSE-based proliferation assay to define the cell division index (CDI). The
dashed vertical lines and solid black arrowheads show the time points at which animals were injected or challenged with WHV, while the dashed
horizontal line represents the cutoff value for positive virus-specific T-cell response. The duration of POI induced in woodchucks belonging to study
group B, identified by detection of WHV DNA in serum, is shown by the stippled background. (A) Representative profiles of WHV-specific T-cell
proliferative responses in animal 1/F infected with a high, liver-pathogenic dose (1.1 � 1010 vge) and in animal 6/M inoculated with a low,
liver-nonpathogenic dose (50 vge) of WHV after cell stimulation with rWHc, rWHe, rWHx, WHc97-110 peptide, or WHsAg, as determined by the
CFSE assay. The results are represented as CDIs. The highest CDI value given by any of the WHV antigens tested or WHc97-110 peptide at a given
time point was considered a measure of the WHV-specific T-cell response and is indicated by an open square and represented as a solid gray
shaded area. (B) The profiles of WHV-specific T-cell responses identified in individual animals infected with a high or medium dose of WHV
(group A) or with a low WHV dose (group B). The PBMC collected from these animals were stimulated with rWHc, rWHe, rWHx, WHc97-110
peptide, or WHsAg and the highest CDI value given by any of these antigens for each time point is represented as WHV-specific T-cell response
as explained above. The subgroup designations are explained in the legend to Fig. 1.
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liver tissue biopsy samples demonstrated histological features
of hepatitis, except for the sample obtained 6 weeks postchal-
lenge from animal 11/M, where only minimal inflammatory
alterations were found (Fig. 2, group B). The same liver sam-
ples became WHV DNA reactive and remained virus genome
positive until the autopsy. In summary, woodchucks infected,
challenged, or rechallenged with 50 vge of otherwise patho-
genic WHV acquired sustained, serologically, biochemically,
and histologically silent but molecularly evident POI. The an-
imals were not protected from infection with a high dose of the
same virus and acquired acute hepatitis, as previously reported
(10, 50, 56).

POI and serologically apparent WHV infection are accom-
panied by WHV-specific T-cell proliferative responses that
were comparable in magnitude. To determine the features of
WHV-specific T-cell proliferative response in the course of
POI and to compare them with those accompanying serologi-
cally evident infection associated with hepatitis, sequential
PBMC samples were ex vivo exposed to WHV antigens or
WHc97-110 peptide, and their proliferation was measured by a
CFSE-based flow cytometric assay. As illustrated in Fig. 3A for
animals 1/F and 6/M infected with 1.1 � 1010 vge and 50 vge of
WHV, respectively, both virus doses induced strong, multispe-
cific T-cell proliferative responses of comparable magnitudes
between 8 and 15 w.p.p.i., which persisted at lower levels to the
end of follow-up or until WHV challenge. In animal 6/M,
which was challenged with 50 vge at 55 w.p.p.i., the augmented
T-cell proliferation in response to WHV antigens reemerged
between 59 to 62 w.p.p.i. (Fig. 3A).

In animals infected with a high or medium dose of WHV
(Fig. 3B, group A), the peak of WHV-specific T-cell response

occurred between 8 and 15 w.p.p.i., and the reactivity remained
detectable, although at much lower levels up to the end of the
observation period, as in woodchucks 1/F and 3/F, or until
challenge with WHV, as in woodchucks 2/M (subgroup HL)
and 4/M (subgroup MM). It is of note that challenging wood-
chuck 2/M with 50 vge did not induce a significant increase in
the magnitude of WHV-specific response, while challenging
woodchuck 4/M with another 1.1 � 106 vge dose caused strong,
but delayed, secondary T-cell response directed against virus
antigens (Fig. 3B, group A). These findings were closely com-
patible with those recently reported for woodchucks infected
and challenged with high, liver-pathogenic doses of WHV (24).

Overall, the PBMC samples obtained from animals inocu-
lated with 50 vge of WHV which established POI displayed
virus-specific T-cell response profiles that were similar to those
found in woodchucks injected with high or medium doses of
the inoculum. Thus, all animals infected with low virus doses
(Fig. 3B, group B) responded by generating WHV-specific
lymphocyte proliferative reactivity with magnitudes compara-
ble to those observed in the animals infected with liver-patho-
genic doses between 8 and 15 w.p.p.i. Further, the challenge or
rechallenge of the woodchucks with POI with a low dose of
WHV, i.e., animals 6/M (subgroup LNL), 7/M (subgroup
LLL), 8/M (subgroup LLN), and 9/M before challenge with a
high dose (subgroup LLLH), induced WHV-specific T-cell re-
sponsiveness profiles similar to those of animals injected and
then challenged with a high or medium dose; the T-cell re-
sponsiveness peaked between 6 and 12 weeks after each expo-
sure to virus. In the animals with POI, including animal 5/M
(subgroup LNN), the virus-specific reactivity was intermit-
tently detectable throughout the entire observation period.

FIG. 4. Comparative kinetics of mitogen-induced (virus-nonspecific) and WHV-specific T-cell proliferative responses in woodchucks infected
with high (liver-pathogenic) and low (liver-nonpathogenic) doses of WHV. Freshly isolated PBMC were stimulated with twofold serial dilutions
of ConA, PHA, and PWM, and the resultant proliferation was measured by an adenine incorporation proliferation assay to determine the
stimulation index (SI) for each concentration of mitogens tested. The SI values obtained for the five serial concentrations of a mitogen were
averaged to define the mean mitogenic stimulation index (M.M.S.I.), which are presented by the solid black lines. The dashed vertical lines and
solid black arrowheads show the time points at which animals were injected or challenged with WHV, while the dashed horizontal line represents
the cutoff value for the virus-specific positive T-cell response. The WHV-specific T-cell response profile for each animal is shown with a shaded
area under a solid gray line, and the duration of POI is shown by the stippled background. The CDI values for WHV-specific T-cell response and
M.M.S.I. values after mitogenic stimulation are shown on the left and right y axes, respectively. (A) Representative profiles of lymphocyte
proliferative responses induced by ConA, PHA, and PWM and WHV-specific T-cell response in animal 1/F infected with a liver-pathogenic dose
(1.1 � 1010 vge) and in animal 6/M inoculated with a liver-nonpathogenic dose (50 vge) of WHV after cell stimulation with different mitogens, as
explained above. (B) Comparative profiles of ConA-induced and WHV-specific lymphocyte proliferative responses in individual woodchucks
infected with a high or medium dose of WHV (group A) or with a low dose of WHV (group B).
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Further, the virus-specific T-cell response profiles found in
woodchucks infected in the first instance with a low dose and
then challenged with a high dose, i.e., animals 9/M (subgroup
LLLH), 10/F and 12/M (subgroup LH), and 11/M (subgroup
LHN), were again similar to those observed during primary
infection induced by a high, medium, or low dose of WHV and
than challenged. Taken together, the results clearly showed
that both primary and secondary virus-specific T-cell prolifer-
ative responses in POI are strong and multispecific despite the
lack of serological evidence of infection or histological and
biochemical signs of hepatitis and that their kinetics closely
follow those occurring after infection with much greater
(�105- or 1010-fold) doses of the virus.

Heightened T-cell proliferation in response to mitogenic
stimuli follows WHV inoculation independently of virus dose.
Following our previous findings that WHV invasion is almost
immediately followed by augmented generalized, virus-in-
duced but virus-nonspecific T-lymphocyte proliferation re-
sponse (24), PBMC collected during POI and control symp-
tomatic WHV infection were cultured in the presence of
twofold serial dilutions of ConA, PHA, or PWM and assessed
for their ability to proliferate in an adenine incorporation as-
say. As shown in Fig. 4A for animals 1/F and 6/M, both high
and low doses of WHV induced heightened T-cell proliferation
between 1 and 3 w.p.p.i. after stimulation with all mitogens
tested. This increased responsiveness subsided after 4 to
6 w.p.p.i., at the time when the virus-specific T-cell response
appeared, and then rebounded when the virus-specific re-
sponse subsided. A similar pattern of mitogen-induced lym-
phocyte proliferation was also observed after reexposure of
woodchucks with POI to a low dose of WHV (Fig. 4A, animal
6/M). Since the kinetics of proliferative responses following
ConA, PHA, and PWM stimulation were comparable (Fig.
4A), only the ConA-induced profiles are shown for other an-
imals in Fig. 4B.

As shown in Fig. 4B and previously reported (24), PBMC
collected from animals after injection with a high (animals 1/F
and 2/M) or medium (animals 3/F and 4/M) dose of WHV
displayed heightened capacity to proliferate in response to
mitogenic stimuli between 1 and 3 w.p.p.i. This proliferative
reactivity subsided between 4 and 6 w.p.p.i. when the virus-
specific T-cell response appeared and then rose again when the
virus-specific response declined. Further, challenge of animal
4/M infected with a medium dose with another medium dose of
the same inoculum induced a T-cell proliferative response
profile similar to that observed after primary exposure to
WHV (Fig. 4B, group A). Interestingly, infection with a low,
liver-nonpathogenic dose of WHV also induced immediate
augmentation in lymphocyte proliferation in response to non-
specific stimuli, which declined when virus-specific T-cell reac-
tivity appeared and subsequently increased again when the
virus-specific response declined (Fig. 4B, group B). Similar
transiently augmented mitogen-induced lymphocyte respon-
siveness was detected immediately after each challenge or re-
challenge of the animals with POI with either a low or high
dose of WHV. Taken together, the results showed that WHV
invasion leading to establishment of either POI or serologically
evident infection accompanied by hepatitis coincides with the
highly compatible profiles of virus-specific and generalized (vi-
rus-nonspecific) T-cell proliferative responses.

Induction of POI and subsequent challenge with WHV are
accompanied by aberrant expression of cytokines in periph-
eral lymphoid cells. Freshly isolated, unmanipulated PBMC
(i.e., not subjected to ex vivo stimulation with either mitogens
or WHV-specific antigens) collected from woodchucks after
infection with a low dose of WHV and subsequent challenge
with either a high or low dose of the same virus were quantified
for the expression of selected cytokines by real-time RT-PCR.
Considering the opposing profiles of WHV-specific and mito-
gen-induced lymphocyte responses observed in this study and
taking under consideration previous findings for woodchucks
infected and challenged with high doses (�1.1 � 1010 vge) of
WHV (24), the progression of POI was divided into four
phases: (i) the phase before infection (phase A), (ii) the phase
between 1 and 3 w.p.p.i. characterized by the heightened
mitogen-inducible T-cell proliferative reactivity and essentially
absent WHV-specific T-cell response (phase B), (iii) the phase
between 4 and 6 w.p.p.i. accompanied by decreasing nonspe-
cific and undetectable virus-specific T-cell proliferative re-
sponses (phase C), and (iv) the phase between 7 and 15 w.p.p.i.
with essentially absent nonspecific T-cell proliferative reactiv-
ity and arising and then peaking WHV-specific T-cell response
(phase D). Similarly, because of the overall opposing kinet-
ics of the specific and nonspecific T-cell responses identified
after challenge of animals with POI with WHV, the obser-
vation period after challenge was also divided into phases B
to D (Fig. 5).

As shown in the top row of Fig. 5, inoculation with a low,
liver-nonpathogenic dose of WHV induced significantly higher
expression of IFN-� (P � 0.0092), IL-12 (P � 0.0089), and
IL-2 (P � 0.005) along with elevated transcription of IFN-�
(P � 0.0196) and IL-4 (P � 0.0358) during phase B than
expression levels before infection (phase A). Thus, increased
mRNA levels of these genes were detected in intact PBMC at
the time when these cells displayed heightened proliferation in
response to mitogenic but not to virus-specific stimuli (Fig. 4).
Subsequently, during phase C, when the mitogen-induced T-
cell proliferative responsiveness subsided, the expression of the
cytokines mentioned above, except IFN-� and IL-4, signifi-
cantly decreased. Most interestingly, the level of transcription
of TNF-�, which remained at approximately the same level in
phases A and B, significantly (P � 0.021) declined in phase C
(Fig. 5, top row). Finally, the expression of IFN-�, TNF-�,
IL-12, IL-2, and IFN-�, but not that of IL-4 and IL-10, was
synchronously upregulated during phase D, coinciding with the
appearance and peaking of the WHV-specific T-cell response.
Following challenge of the animals with POI with a low dose
(i.e., 50 vge) of WHV (Fig. 5, middle row), overall, the patterns
of expression of the cytokines detected during phases B to D
were similar to those identified after primary injection with the
same low dose, although the differences in transcription levels
between different phases after challenge were less pronounced
for some cytokines.

When the woodchucks with POI were challenged with a high
dose (i.e., 1.1 � 1010 vge) of WHV (Fig. 5, bottom row), the
expression of IFN-� (P � 0.0167), IL-12 (P � 0.0296), and
IL-2 (P � 0.0051) was again elevated during phase B but then
subsided in phase C, while transcription of TNF-� remained
unchanged until phase D. Similarly, during phase D, which
corresponded to serum WHsAg-positive infection accompa-
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nied by histologically evident hepatitis (Fig. 2, group B) and
the peak WHV-specific T-cell response, the expression of
TNF-� (P � 0.001) and IFN-� (P � 0.0063) became signifi-
cantly augmented (Fig. 5, bottom row). Overall, the increases
in the mRNA levels of the cytokines were much greater than
those detected in phase D of POI (Fig. 5, bottom row) or in
animals with POI which were challenged with low virus dose
(Fig. 5, middle row). After challenge with a high dose, the
synchronously upregulated expression of IFN-�, TNF-�, IL-12,
IL-2, and IFN-� was also accompanied by the significantly
greater levels of transcription of IL-4 (P � 0.009) and IL-10
(P � 0.0097) than those accompanying phase D after primary
infection or challenge with a low dose of virus (Fig. 5, top row
and middle row, respectively). Collectively, quantitative anal-
ysis of cytokine expression in circulating lymphoid cells serially
acquired during POI revealed that the infection with low, liver-
nonpathogenic dose of hepadnavirus not only almost immedi-
ately enhanced T-cell responsiveness to mitogenic stimuli but
also upregulated transcription of a number of functionally im-
portant cytokines in unmanipulated cells, although, as in sero-
logically evident infection caused by liver-pathogenic doses of
the virus (24), POI did not induce TNF-� expression in circu-

lating lymphoid cells that are known to be essential for activa-
tion of APCs and NK cells.

Hepatic expression of IFN-� but not IFN-� or TNF-� is
upregulated during POI. The liver biopsy samples obtained at
7 and 18 w.p.p.i. with a low dose and after challenge of the
animals with POI with either a low or high dose of WHV or
after injection with PBS for a control, which were collected at
6 and 24 weeks postchallenge (w.p.c.), were evaluated for ex-
pression of IFN-�, TNF-�, IFN-�, IL-4, and CD3. The results
were compared with the transcription levels detected for the
same genes in the liver samples obtained from the same ani-
mals prior to the first injection with virus. As shown in Fig. 6,
the liver samples collected at 7 w.p.p.i. displayed significantly
higher mRNA levels of IFN-� (P � 0.0001), in the absence of
significantly elevated TNF-�, IFN-�, IL-4, or CD3 expression,
than the biopsy samples collected prior to infection (Fig. 6).
Furthermore, the intrahepatic expression of the genes exam-
ined, including IFN-�, was not significantly upregulated at
18 w.p.p.i. as well as after control injection with PBS, com-
pared to the levels detected in healthy animals prior to injec-
tion with WHV. Comparable patterns of cytokine and CD3
expression were also observed in the liver biopsy samples from

FIG. 5. Quantitative analysis of cytokine gene expression in circulating lymphoid cells in woodchucks during different phases of WHV POI and
the animals’ subsequent challenge with either a low (liver-nonpathogenic) or high (liver-pathogenic) dose of WHV. The expression of IFN-�,
TNF-�, IL-12, IL-2, IFN-�, IL-4, and IL-10 was analyzed in freshly isolated PBMC collected from animals with POI (n � 6) and after challenge
with either a low (low-dose challenge; n � 3) or high (high-dose challenge; n � 3) dose of the virus. After each primary or subsequent exposure
to WHV, the time line of infection was divided into four phases (phases A, B, C, and D) according to the distinct profiles of WHV-specific and
mitogen-induced T-cell responses as described in Results. The number (n) under each bar shows the number of PBMC samples examined. The
level of expression of each cytokine was normalized against the level of �-actin and then compared to the level observed prior to primary infection
(phase A) to calculate the increase or decrease in expression. The P values above each bar represented by asterisks were obtained by comparing
the mean expression level of a given gene during phase B, C, or D with the mean level of expression determined for the gene in phase A, while
the P values shown at the top of each panel were obtained by comparing with each other the mean expression level of a given gene determined
for phases B, C, and D. Values marked with one asterisk were significantly different at a P value of �0.05, values with two asterisks were
significantly different at a P value of �0.005, and values with three asterisks were significantly different at a P value of �0.0001. n.s., not significantly
different.
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the animals with POI after challenge with a low dose of WHV
(Fig. 6). As anticipated, liver samples collected at 24 w.p.c., but
not those challenged with a high dose that were obtained at
6 w.p.c., showed strong expression of TNF-� (P � 0.0032),
IFN-� (P � 0.0001), and CD3 (P � 0.0003), but not IFN-�.
Collectively, these results showed that POI is associated with
elevated expression of IFN-� in the absence of TNF-� and
IFN-� response and, most intriguingly, in the absence of de-
tectable WHV in the liver.

DISCUSSION

In this report, POI experimentally induced by exposure of
woodchucks to a low, liver-nonpathogenic dose of WHV was
found to be accompanied by the following: (i) induction of
virus-specific T-cell proliferative response against multiple
epitopes of structural and nonstructural proteins of WHV in
the absence of virus-specific humoral response; (ii) induction
of a heightened capacity of circulating lymphoid cells to pro-
liferate in response to mitogenic stimuli soon after exposure to
WHV, similar to that seen for infection induced by liver-patho-
genic virus doses (24), and (iii) aberrant expression in the
peripheral immune cells of cytokines mediating early innate
immune responses. In addition, the kinetics of secondary T-cell
proliferative responses, induced in woodchucks with POI by
challenge with either liver-nonpathogenic or -pathogenic
WHV doses, were highly comparable to those seen after pri-
mary WHV infection. However, this secondary T-cell response
failed to protect animals with POI against development of AH
following exposure to a liver-pathogenic dose of the virus.

Findings from studies of other viral infections, such as hep-
atitis C virus (HCV) (32, 38), human immunodeficiency virus
(HIV) (66), and simian immunodeficiency virus (42) infec-
tions, parallel the results from our study in that inoculation
with a subpathogenic quantity of WHV induced a virus-specific
T-cell response without stimulating a virus-specific antibody
response. In this context, the sexual partners of patients with
acute HCV or HIV infections (32, 40), individuals seronegative
for HCV but with a history of a HCV-contaminated needle
stick injury (38), health care workers with occupational expo-
sure to the bodily fluids of HIV-infected individuals (65), or
infants born to HIV-positive mothers (14), all of whom remain
persistently seronegative for antiviral antibodies display virus
multiepitope-specific CD8� CTL and CD4� T-cell prolifera-
tive responses. Similarly, in our study, all eight animals exposed
to a low virus dose established persistent POI in the face of

FIG. 6. Hepatic expression of selected cytokines and CD3 during
POI and after challenge with either a high or low dose of WHV or
injection with PBS. The levels of IFN-�, TNF-�, IFN-�, IL-4, and CD3
mRNA were measured by real-time RT-PCR in liver samples collected
from woodchucks during POI (n � 8) and from woodchucks after

challenge with a low (n � 3) or high (n � 3) dose of WHV or after
control injection with PBS (n � 2). The numbers (n) under each bar at
the bottom of the figure indicate, respectively, the number of liver
biopsy samples analyzed and the time of their collection presented in
weeks after primary infection (W.P.P.I.) or in weeks postchallenge
(W.P.C.). The mean expression level of a particular gene during POI
or after challenge was normalized against �-actin expression and then
compared with the mean determined in the liver samples collected
prior to infection. Values marked with one asterisk were significantly
different at a P value of �0.05, values with two asterisks were signifi-
cantly different at a P value of �0.005, and values with three asterisks
were significantly different at a P value of �0.0001.
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strong WHV-specific T-cell proliferative reactivity, the absence
of detectable anti-WHc or anti-WHs antibodies, and no liver
injury. It has been previously hypothesized that following ex-
posure to low doses of hepadnavirus, although the T-cell re-
sponse is induced, it is suboptimal and unable to prompt liver
injury as well as to protect from challenge with a pathogenic
dose of the virus (10, 38). Further, in woodchucks infected with
WHV, virus-specific T-cell response during POI was linger-
ingly detectable, albeit intermittently and at a magnitude lower
than that detected in SOI continuing after resolution of AH.
This suggests protracted stimulation of this response, probably
by low-level WHV replication, as observed after recovery from
experimental AH in woodchucks (53) and in patients conva-
lescing from acute HBV infection (68).

Overall, the roles of hepadnavirus-specific T-cell responses
in the pathogenesis and control of HBV infection are well
recognized. Studies of humans, chimpanzees, and woodchucks
have also uniformly revealed that T-cell responsiveness to he-
padnavirus is delayed until 6 to 12 weeks postinfection (w.p.i.)
compared to the responses observed following invasions with
other viral pathogens, such as lymphocytic choriomeningitis
virus (LCMV) (19), murine cytomegalovirus (MCMV) (69),
and influenza virus (18; reviewed in reference 70). This delay in
the appearance of hepadnavirus-specific T-cell reactivity was
believed to be a consequence of the long incubation period of
the virus or an inappropriate innate cytokine microenviron-
ment during the preacute phase of infection (4). In our most
recent study (24), we have shown that this delay in the appear-
ance of virus-specific T-cell proliferative response in WHV
infection is preceded by virus-induced but nonspecific, aber-
rant T-cell activation occurring between 1 and 6 w.p.i., which is
associated with the impaired expression of cytokines, especially
that of TNF-� and IFN-�, and followed by apoptotic death of
activated T cells. In other viral infections, the early and syn-
chronous expression of the above cytokines, together with
IFN-�, IL-2, and IL-12, initiate the innate responses leading to
the differentiation and maturation of dendritic cells to profes-
sional APCs, as well as to the activation of NK cells to produce
IFN-� and acquire cytotoxic capacity (30, 33, 62, 63). The
proper activation of this innate response guides the rise of
adaptive immunity by stimulating generation of antigen-spe-
cific T and B lymphocytes (2, 30, 33). On the other hand, APCs
and NK cells generated in the absence of TNF-� or IFN-�
have impaired T-cell stimulatory capacities and display re-
duced antiviral activities (13, 29, 43). Thus, similar to our
observations made during the period preceding development
of acute WHV infection (24), the data from animals with
experimentally induced POI suggest that the induction of a
strong, nonspecific T-cell proliferative response and the aber-
rant expression of innate cytokines soon after exposure to a
low, liver-nonpathogenic dose of hepadnavirus also delay the
appearance of a virus-specific T-cell immune response. It is
noteworthy that irrespective of the WHV dose, strong T-cell
proliferation directed against multiple antigenic WHV
epitopes occurred only after the synchronous expression of
IFN-�, TNF-�, IL-12, IFN-�, and IL-2 detected from 7 w.p.i.
onwards. This provides indirect validation that the initiation of
antiviral T-cell response in WHV infection has to be accom-
panied by coordinated expression of appropriate cytokines in
immune cells, albeit the magnitudes of IFN-� and TNF-� tran-

scription in the PBMC from animals with POI were signifi-
cantly lower (P � 0.024 and P � 0.0075, respectively) than
those detected during acute hepatitis.

Despite the fact that hepadnaviral core protein is recognized
as a strong T-cell-independent antigen (55), the absence of
anti-WHc antibody responses in the presence of detectable
virus-specific T-cell reactivity after infection with a low dose of
WHV, either following primary exposure or challenge, is dif-
ficult to explain. Nonetheless, similar observations have been
made for seronegative HCV- and HIV-infected individuals
(32, 38). Furthermore, infection with a low dose of LCMV,
resulting in the inability to detect virus antigens in secondary
lymphoid organs, was suggested to hamper the development of
the T-cell-independent antibody response (61), implying that
similarly minute quantities of WHcAg might fail to induce the
specific antibody response in woodchucks during POI. Addi-
tionally, the initiation of T-cell-dependent B-cell activity re-
quires the presence of properly activated CD4� T cells in the
context of the appropriate cytokine milieu enriched with IL-10
and IL-4 (27). The analysis of expression of cytokines in cir-
culating lymphoid cells obtained during POI in our study re-
vealed that after initial exposure to or challenge with a low
dose of WHV, expression of IL-4 and IL-10 remains un-
changed, even during phase C (Fig. 5), equivalent to the acute
phase of infection caused by liver-pathogenic dose of WHV
(24), when expression of IFN-� and TNF-� rebounds. This
may imply that the absence of anti-WHc response could also
stem from the inappropriate cytokine milieu. This line of rea-
soning is indirectly supported by the fact that woodchucks with
POI challenged with a high dose of WHV, which led to in-
creased expression of IL-4 and IL-10 in the PBMC during the
acute phase of infection, showed anti-WHc antibody response.

The capacity of lymphoid cells to proliferate in response to
ex vivo stimulation with nonspecific mitogens provided valu-
able insight into the generalized immune competency of the
cells during infections with a variety of microbial pathogens,
including HIV (64), measles virus (60), MCMV (1), Schisto-
soma japonica (20), and recently, WHV (24). Similar evalua-
tions of PBMC from patients with CH type B have shown a
decreased proliferative capacity of lymphocytes after stimula-
tion with mitogens (15, 72). In our study, irrespective of the
quantity of invading virus, each primary or subsequent expo-
sure to WHV immediately induced a heightened capacity of
lymphocytes to proliferate in response to mitogen stimulation,
which was also accompanied by elevated transcription of genes
encoding IFN-�, IL-12, and IL-2 in unmanipulated circulating
lymphoid cells. The roles of IL-2 in T-cell and NK cell growth
and survival are well acknowledged, and the absence of this
cytokine is associated with decreased proliferative responsive-
ness of these cells (36, 59, 71). However, it is of note that 5 to
10% of PBMC is comprised of NK cells, which can undergo
blastogenesis and incorporate greater amounts of radioactive
thymidine in vitro in the presence of increased IFN-� expres-
sion, as is the case in LCMV and MCMV infections (5, 6, 62,
63, 73). Further, NK cells cultured in the presence of both
IFN-� and IL-12 demonstrate greater rates of blastogenesis
than those cultured with IFN-� alone and can promote mito-
gen-induced proliferation of peripheral T cells, probably due
to their increased ability to produce IL-2 (62, 63). From this
study and from the data on the mitogen-induced lymphocyte
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hyperresponsiveness and concurrent cytokine expression ob-
served immediately after exposure to WHV, it could be in-
ferred that the elevated expression of cytokines is behind the
early, heightened proliferative capacity of T cells in our study.

Although the appearance and magnitude of T-cell responses
during POI are similar to those observed during symptomatic
WHV infection, these responses do not protect against hepa-
titis after challenge with large amounts of the virus. It has been
postulated that the phenotypic heterogeneity of the cells me-
diating cellular and humoral immune responses can be dic-
tated by the dose of antigen, with small doses usually favoring
the development of cellular immune responses (27, 78). In this
context, it is of note that in other studies it has been shown that
CD4� T-cell responses generated during vesicular stomatitis
virus infection induced by low doses tend to inhibit the virus-
specific CD8� T-cell response (12). This may suggest that
infection with a low dose of WHV could induce a defective
CD8� T-cell response incapable of protecting the host against
challenge with liver-pathogenic doses of WHV. Nonetheless,
patients who recovered from AH type B and developed anti-
HBs are protected from development of hepatitis after reex-
posure to HBV, as those immunized with HBV vaccine, im-
plying the important protective role of anti-HBs response. As
we have established before (10, 50) and confirmed in the
course of the current study, woodchucks infected with low
doses of WHV do not develop detectable anti-WHs or anti-
WHc. Taken together, this implies that not only improper
activation of T-cell responses but also the absence of induction
of specific antibodies may contribute to the failure of the im-
mune system to provide protective immunity in POI.

The analysis of cytokine gene expression in liver biopsy sam-
ples collected during POI and after challenge with a low dose
of WHV showed that at 6 to 7 w.p.p.i., transcription of IFN-�,
but not IFN-� or TNF-�, was significantly increased. The ev-
idence of IFN-� expression in the liver, along with the absence
of lymphocytic infiltrations, as evidenced by histological exam-
ination at multiple time points after primary infection or chal-
lenge with a low WHV dose, indicates that administration of
such a dose, although unable to prompt immunological re-
sponses leading to hepatic injury, was not entirely immunolog-
ically inconsequential to the liver. Further, elevated transcrip-
tion of this important cytokine in the context of the absence of
detectable WHV replication and immune cell infiltrations sug-
gests that the event might be due to activation of the cells
constitutively residing within the liver or circulating through-
out the organ after encountering small quantities of virus. The
mechanism of this activation and identification of the pheno-
type of the cells involved will require further investigations.
Nonetheless, the present finding needs to be interpreted with
caution, due to the relatively small number of liver biopsy
samples analyzed. On the other hand, the absence of intrahe-
patic expression of IFN-� and TNF-�, as well as CD3 at 7 and
18 w.p.i. and following challenge with a low dose of WHV (Fig.
6) is consistent with the protracted absence of hepadnaviral
replication in the liver during POI, as observed in the current
study (Fig. 1) and also reported previously (10, 50; reviewed in
reference 49). Further, serologically evident infection induced
by high, liver-pathogenic doses of WHV (25), as well as by
challenge of animals with POI with similar high doses in the
current study, has been shown to be associated with signifi-

cantly upregulated intrahepatic expression of IFN-�, TNF-�,
and CD3, suggesting the successful generation and recruitment
of virus-specific CD8� CTLs and CD4� Th1 cells to the liver.
Taken together, the analysis of gene expression in the hepatic
tissue samples performed in our study implies that a low dose
of WHV, although it does not initiate infection in the liver,
induces a local type I interferon response by an as yet unknown
mechanism.

Our study demonstrates that a low dose of hepadnavirus,
causing an asymptomatic infection progressing in the absence
of liver infection and virus-specific humoral immune response,
induces multispecific antiviral T-cell proliferative responses
and that overall, their kinetics are compatible to that accom-
panying symptomatic infection. Although this virus-specific T-
cell response does not coincide with protection against hepa-
titis after challenge with a liver-pathogenic dose of the same
virus, this response appears to be a reliable immunological
indicator of the initiation and progression of occult infection.
Similar to our observations, a recently published study has
demonstrated that patients with HBV OBI progressing in the
absence of virus-specific antibodies carry circulating HBV-spe-
cific CD8� T cells, as visualized by staining with class I major
histocompatibility complex tetramers (79). The assessment of
such a cellular response can aid the diagnosis of low-dose HBV
infection in high-risk groups, such as health care workers ex-
periencing contaminated needle stick injuries, family members
of infected individuals or intravenous drug users, which other-
wise could be underestimated due to the lack of virus-specific
antibody responses and sufficiently sensitive HBV DNA detec-
tion assays. Comparative analysis of virus-specific and mito-
gen-induced T-cell proliferative capacities along with cytokine
responses during POI and symptomatic infection accomplished
in the current study should increase our understanding of im-
munological processes underlying the pathogenesis of HBV
infection caused by different doses of invading virus.
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