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Repeated Exposure to Trace Amounts of Woodchuck Hepadnavirus
Induces Molecularly Evident Infection and Virus-Specific T Cell
Response in the Absence of Serological Infection Markers and
Hepatitis

Shashi A. Gujar,* Patricia M. Mulrooney-Cousins, Tomasz |. Michalak

Molecular Virology and Hepatology Research Group, Division of Biomedical Sciences, Memorial University, St. John's, Newfoundland and Labrador, Canada

Exposure to multiple small doses of hepatitis B virus (HBV) is a frequent occurrence in high-risk groups, including close rela-
tives of infected individuals, primary care givers, and intravenous drug users. It remains uncertain whether such repeated con-
tact may culminate in a symptomatic infection coinciding with hepatitis in individuals not immunoprotected. In this study, we
evaluated consequences of multiple exposures to small, liver-nonpathogenic amounts of infectious hepadnavirus in the wood-
chuck model of hepatitis B. Virus-naive animals were intravenously injected with 6 weekly doses of 110 DNase digestion-pro-
tected virions of woodchuck hepatitis virus (WHYV), injected again with 6 weekly 110-virion doses after 7.5 months, and then
challenged or not with a liver-pathogenic dose of 1.1 X 10° virions of the same inoculum. The data revealed that two rounds of
such repeated exposure did not result in serologically evident infection or hepatitis. However, a low-level WHV DNA-positive
infection accompanied by a WHV-specific T cell response in the absence of antiviral antibody reactivity was established. The
kinetics of the virus-specific and mitogen-induced (generalized) T cell responses and the inability to induce immunoprotection
against challenge with a large, liver-pathogenic virus dose were closely comparable to those previously reported for occult infec-
tion initiated by a single liver-nonpathogenic dose of WHYV. Thus, repeated exposures to small quantities of hepadnavirus in-
duce molecularly evident but serologically silent infection that does not culminate in hepatitis or generate immune protection.

The findings imply that the HBV-specific T cell response encountered in the absence of serological markers of infection likely

reflects ongoing occult infection.

ultiple exposures to small amounts of hepatitis B virus

(HBV) are of frequent occurrence in both occupational and
nonoccupational settings (1-6). Routine vaccination against HBV
prevents infection potentially caused by such exposure. However,
consequences of repeated contacts with small quantities of HBV of
individuals not immunoprotected against the virus are not recog-
nized and it is unknown whether such exposure can culminate in
a serologically detectable infection and hepatitis.

The data acquired from the woodchuck model of hepatitis B
showed that exposure to a singular low dose (i.e., <1,000 virions)
of woodchuck hepatitis virus (WHV), which is a close relative of
HBV (7-9), establishes serologically undetectable infection in
which the virus genome and its replication are detectable when
nucleic acid amplification assays of enhanced sensitivity are ap-
plied (10-13). This molecularly evident but immunovirologically
silent infection was designated primary occult infection (POI) (12,
14). POI was originally uncovered in offspring born to wood-
chuck dams convalescent from experimental acute hepatitis (AH)
(15). In these animals, WHV DNA was identified in serum and in
the immune system but not in the liver and virus replication pro-
gressed at a very low level in the absence of detectable serum WHV
surface antigen (WHsAg) and antibodies to WHYV core antigen
(anti-WHc) and in the context of normal liver morphology. This
form of silent WHYV infection was subsequently reproduced in
adult animals by intravenous (i.v.) injection with WHV doses
containing less than 1,000 DNase digestion-protected virions (11,
12). WHYV replication was again restricted to the lymphatic system
and progressed without histologically apparent liver injury. In the
most recent study on the lifelong consequences of POI, we uncov-
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ered that about 20% of woodchucks injected with a single 100-
virion dose of WHV developed hepatocellular carcinoma (HCC)
that was preceded by the appearance of the viral genome and its
replication markers (i.e., covalently closed circular DNA
[cccDNA] and mRNA) in the liver, clearly demonstrating patho-
genic relevance of persistent POI (P. M. Mulrooney-Cousins and
T. I. Michalak, unpublished data). In general, serum WHYV loads
during POI do not exceed 100 to 200 virus genome equivalents
(vge) or copy numbers/ml, the virus has the wild-type sequence,
and it retains liver-pathogenic competence when administered to
virus-naive animals at doses greater than 10 virions (9, 14)
(Mulrooney-Cousins and Michalak, unpublished). It was also
established that POI induces a WHV-specific T cell response
but not an antiviral antibody response and, importantly, that
the animals are not protected from reinfection and hepatitis
when challenged with liver-pathogenic doses of WHV (i.e.,
>10° virions) (11, 12, 15).
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Although the existence of POI in humans has not yet been
thoroughly investigated, the detection of HBV DNA in the blood
and/or liver samples from individuals without serological markers
of infection, i.e., HBV surface antigen (HBsAg) and/or antibodies
to HBV core antigen (anti-HBc), particularly those displaying an
HBV-specific T lymphocyte response (16), strongly argues that
this type of infection naturally occurs. The prevalence of serum/
plasma HBV DNA-reactive and HBsAg- and anti-HBc-negative
infection was reported between 0.07% and 7.6% of tested subjects
from different areas of endemicity (2, 17-20).

“Classical” occult HBV infection is defined by the presence of
HBV DNA in serum, lymphoid cells, and/or liver tissue in the
absence of serum HBsAg (14, 21, 22). Resolution of acute hepatitis
(AH) is commonly followed by occult HBV infection in which
traces of virus persist for decades, if not for life. This essentially
silent form of HBV infection is accompanied by the detection of
anti-HBc and frequently antibodies to HBsAg (anti-HBs) and by a
vigorous HBV-specific T cell response (19, 23-25). Studies of
woodchucks followed for life after a self-limited episode of AH
delineated virological and immunological characteristics and
pathological outcomes of this form of occult infection, subse-
quently called secondary occult infection (SOI) (9, 13, 14).
Among others, it was established that WHYV replication in SOI
continuing after resolution of symptomatic AH progresses
throughout life in both the liver and the immune system, the as-
sembled virions are infectious and liver pathogenic when admin-
istered i.v. at doses greater than 1,000 virions, and resolution of
hepatitis is rarely complete but normally followed by intermittent
minimal to moderate inflammation with periods of nearly normal
or normal liver morphology (13). However, HCC develops in ap-
proximately 20% of animals with SOI (13, 26). Notably, immu-
nosuppression during SOI can reactivate infection leading to the
reappearance of serum WHsAg (27), as is seen in patients with
occult HBV infection (28-30). As in POI, the load of circulating
WHYV is rarely greater than 200 vge/ml, but in contrast to POI, the
animals are protected from challenge with liver-pathogenic doses
of virus, i.e., >10 virions (10).

Both innate and adaptive immunological responses initiated
by hepadnaviral infection are mediators and modulators of asso-
ciated liver disease. The qualitative attributes of virus-specific T
cell responses appear to orchestrate the outcome of hepadnaviral
hepatitis. Thus, HBV-infected patients who develop strong and
polyclonal virus-specific and T helper type 1 (Th1) responses dur-
ing AH tend to resolve hepatitis. This coincides with the Th1 cy-
tokine profile, which includes augmented expression of gamma
interferon (IFN-v), tumor necrosis factor alpha (TNF-a), and
interleukin-2 (IL-2) (31-34). In contrast, patients with a weak and
narrowly restricted T cell response tend to develop chronic hepa-
titis. This is accompanied by expression of type 2 cytokines, such
asIL-4 and IL-10 (33, 35, 36). Other studies, including those from
this laboratory, delineated the kinetics of antiviral T cell and cyto-
kine responses in POI (11, 16, 37, 38).

The previous studies characterizing molecular and immuno-
logical attributes of POI have prompted questions regarding a
potential cumulative pathogenic effect of the exposure to multiple
small doses of hepadnavirus and the properties of an immune
response induced by such exposure. Applying the woodchuck
model of HBV infection, we addressed this potentially clinically
relevant issue by repeated injections of virus-naive animals with
amounts of WHYV known to cause POI.
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FIG 1 Schematic representation of the experimental protocol applied to infect
and challenge woodchucks with multiple small, liver-nonpathogenic doses of
WHYV. Four WHV-naive animals were i.v. injected at weekly intervals with 6
doses of 1.1 X 10 virions each of WHV/tm3 inoculum (round 1). Thirty
weeks after the first virus injection (infection phase), the animals were chal-
lenged with another 6 weekly doses of 1.1 X 107 virions each of the same
inoculum (round 2). Thirteen weeks following the completion of round 2
(challenge phase), the animals were rechallenged with 1.1 X 10° virions of
WHV/tm3 inoculum or injected with 0.5 ml of sterile PBS and followed for up
to 75 weeks after the first virus injection (rechallenge phase).

MATERIALS AND METHODS

Animals. WHV-naive, adult woodchucks (Marmota monax) were housed
in the Woodchuck Hepatitis Research Facility at Memorial University, St.
John’s, Newfoundland, Canada. Their WHV-naive status was verified by
the absence of WHV DNA, as analyzed by highly sensitive WHV-specific
nested PCR-nucleic acid hybridization (PCR/NAH) assays (sensitivity,
<10 vge/ml or <10 vge/pug of total DNA) in randomly selected liver,
peripheral blood mononuclear cell (PBMC), and serum samples, and by
repeated serum negativity for WHsAg and anti-WHc antibodies as re-
ported previously (10, 13, 15, 39). Experimental protocols were approved
by the Institutional President’s Committee on Animal Bioethics and Care.

Inoculation, challenge, and rechallenge with WHYV. It was previously
established that i.v. injection of a single WHV dose containing less than
1,000 DNase digestion-protected virions invariably induce POI in WHV-
naive, healthy woodchucks (11, 12, 37, 40). This was consistently observed
after administration of low doses of different WHV inocula, i.e., WHV/
tm3 (GenBank accession number AY334075) (12, 40), WHV/tm4
(GenBank accession number GU734791) (38), and WHV/tm5 (Mul-
rooney-Cousins and Michalak, unpublished). In the current study, four
woodchucks (3 males and 1 female) were i.v. injected with 1.1 X 10?
DNase digestion-protected vge (virions) of WHV/tm3 inoculum at
weekly intervals for 6 weeks (round 1 of injections) (Fig. 1). After 30 weeks
postinjection (w.p.i.) with the first dose of WHV, the same animals were
challenged with the same weekly dose of WHV/tm3 for 6 weeks (round 2
of injections) (Fig. 1). This experimental group was designated L6L6 (1 =
4). At49 w.p.i., two of the animals (1/M and 2/F) were i.v. injected with 0.5
ml of sterile phosphate-buffered saline (PBS), pH 7.4 (control subgroup
6L6LN), while the remaining two (3/M and 4/M) were rechallenged with
a liver-pathogenic WHV/tm3 dose of 1.1 X 10° virions known to consis-
tently initiate serologically detectable WHYV infection and hepatitis (sub-
group 6L6LM) (see Fig. 2A). Moreover, two healthy woodchucks (5/F and
6/M) were i.v. infected with 1.1 X 10° WHV/tim3 virions. Subsequently,
5/F was injected with 0.5 ml of PBS (subgroup MN), while 6/M was in-
jected with the same 1.1 X 10° virions of WHV/tm3 (subgroup MM) at 30
w.p.i. (Fig. 2B) In addition, the data available from 8 other woodchucks
infected with a single low dose of WHV/tm3 (i.e., 50 virions) and then
challenged with a high dose of WHV/tm3 (1.1 X 10'° virions; n = 4) or a
low dose of WHV/tm3 (50 virions; n = 3) or injected with PBS (n = 1)
served as a comparison.

Sample collection and PBMC isolation. Blood samples were collected
on sodium-EDTA or without the addition of anticoagulant prior to infec-
tion weekly up to 10 weeks after the last injection with virus, biweekly up
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FIG 2 Profiles of serological markers of WHV infection and WHV DNA
detection in serum and liver tissue samples and the results on liver histology in
woodchucks repeatedly injected and challenged with small, liver-nonpatho-
genic doses of WHYV and in control woodchucks infected with a liver-patho-
genic dose of the same virus. (A) Four initially healthy, WHV-naive animals
were i.v. injected with two rounds of 6 weekly doses of 1.1 X 10” virions each
and then injected with PBS or challenged with a liver-pathogenic virus dose of
1.1 X 10° virions of WHV/tm3 inoculum. (B) Two initially healthy, control
woodchucks were injected with 1.1 X 10° virions of WHV/tm3 inoculum and
subsequently injected with PBS or challenged with the same virus dose. For
each animal, the time points of WHV or PBS injections are indicated by ver-
tical solid lines. The serum and PBMC samples were collected at the time
points marked by the short vertical lines at the bottom of panels A and B. The
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to 20 weeks, and then approximately monthly until autopsy. Sera were
separated from untreated blood and stored at —20°C. PBMC obtained at
the time points indicated in Fig. 2 were isolated from EDTA-treated sam-
ples on Ficoll-Paque Plus (Amersham Pharmacia Biotech, AB, Uppsala,
Sweden) as reported (41). PBMC viability assessed by the trypan blue dye
exclusion method normally exceeded 95%.

Serological and molecular markers of WHYV infection. Serial serum
samples were examined for WHsAg, anti-WHc, and antibodies to WHsAg
(anti-WHs) using specific enzyme-linked immunosorbent assays re-
ported previously (10, 12, 13). WHV DNA in serum and liver samples was
evaluated by nested PCR/NAH assays with WHV core (C), surface (S),
and X gene-specific primers (sensitivity, <10 vge/ml or <10 vge/pg of
total DNA) (13, 15). Routinely, DNA extracted from 100 wl of serum or
one pg of total DNA was used for the first round of PCR amplification. If
WHYV DNA was not detectable after nested PCR/NAH, DNA isolated
from 200 pl of serum or up to 4 ng of total DNA from livers was used for
direct PCR. To confirm the status of WHYV replication in circulating and
organ lymphoid cells and in hepatic tissue, the expression of viral mRNA
was evaluated in selected samples by reverse transcription (RT)-PCR/
NAH (sensitivity, <10 vge/ml) as described previously (42). Briefly, total
RNA was extracted with TRIzol reagent (Invitrogen Life Technologies,
Burlington, Ontario, Canada), treated with DNase (an RNase-free DNase
digestion kit; Sigma-Aldrich, Oakville, Ontario, Canada), and reversely
transcribed to cDNA (10, 42). The resulting cDNA was amplified by PCR
with WHYV X gene-specific primers. Each test RNA sample treated under
the same conditions in the absence of reverse transcriptase served as a
DNA contamination control. RNAs extracted from PBMCs and livers of
woodchucks prior to infection with WHYV and from liver of an animal
with serum WHsAg-positive chronic hepatitis were used as negative and
positive controls, respectively. For NAH, blots were exposed to radiola-
beled, complete recombinant WHV DNA as a probe (13, 15). In addition,
the presence of WHV covalently closed circular DNA (cccDNA) was as-
sessed in selected lymphoid cell and liver tissue samples by nested PCR/
NAH (sensitivity, ~100 copies/ml) using conditions and controls as re-
ported in detail previously (10, 12). As a biochemical measure of liver
injury, serum levels of sorbitol dehydrogenase (SDH) were determined by
an appropriate spectrophotometric assay (11).

Liver tissue samples and histopathology. Up to six liver biopsy sam-
ples were collected from each animal by surgical laparotomy or at autopsy
at the time point indicated in Fig. 2. At autopsy, multiple tissue fragments
from all lobes of the liver were preserved for analysis. A part of each sample
was predestined for nuclei acid extraction and the remaining portion rou-
tinely processed to paraffin and stained as described previously (43). He-
patic tissue lesions were graded on the numerical scale of 0 to 3 in 0.25
increments to report the degree of hepatitis (13, 39, 44).

WHY antigens and T cell mitogen. Recombinant WHYV core protein
(rWHoc), e protein (rWHe), and X protein (rWHx), used to measure WHV-
specific T cell proliferative responses, were produced in pET41b(+) Esche-

appearance and duration of the positivity of WHsAg, anti-WHc, and WHV
DNA in the serum samples are presented by horizontal bars. The approximate
levels of serum WHsAg are depicted as follows: white bars, <3.5 ng/ml; off-
white bars, 3.5 to10 ng/ml; light-gray bars, 10 to 200 ng/ml; dark-gray bars, 200
to 500 ng/ml; and black bars, >500 ng/ml. For anti-WHc, the white and black
bars reflect the absence and presence of the antibodies, respectively. Anti-WHs
were intermittently identified in 3/M, 5/F, and 6/M after the clearance of serum
WHsAg (data not shown). The estimated levels of serum WHV DNA are
shown as follows: white bars, not detected; off-white bars, <10 vge/ml; light-
gray bars, 10 to 10° vge/ml; medium-gray bars, 10* to 2 X 10 vge/ml, dark-
gray bars, 2 X 10% to 10° vge/ml; densely hatched bars, 10° to 10* vge/ml;
sparsely hatched bars, 10* to 10° vge/ml; checkered bars, 10° to 10° vge/ml; and
black bars, >10° vge/ml. The liver biopsy samples were collected at the time
points indicated by the solid black arrowheads, and estimated loads of WHV
DNA detected are presented in vge/pg of total liver DNA. Liver morphological
alterations graded on a scale from 0 to 3 are presented for each liver biopsy
sample.
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richia coli expression system (Novagen, Darmstadt, Germany) and purified
using histidine-tagged affinity chromatography (Qiagen, Mississauga, Can-
ada) as described in detail previously (37, 45). These antigens were examined
for the presence of potential bacterial contaminants nonspecifically inducing
T cell proliferation in vitro and were found free of such impurities as reported
(37, 45). In addition, WHsAg was purified from pooled serum of a wood-
chuck with chronic WHYV infection (12, 37), and a synthetic peptide encom-
passing the WHV T cell immunodominant epitope located between amino
acids 97 and 110 of WHYV core protein (WHc,, ,,,) (7, 46) was synthesized
(Synprep Corporation, Dublin, CA). To assess WHV-specific T cell prolifer-
ation, the above-mentioned recombinant WHYV antigens and WHsAg were
used at concentrations of 1 and 2 pg/ml, while the WHe,, _,,, peptide was
used at concentrations of 5 and 10 pg/ml. Furthermore, the generalized (non-
specific) proliferative capacity of lymphocytes was measured in response to
stimulation with concanavalin-A (ConA; Pharmacia Fine Chemicals, Upp-
sala, Sweden). For this purpose, five serial 2-fold concentrations of ConA
ranging from 1.2 to 20 pg/ml were used as reported (11, 37). We have previ-
ously established that the carboxyfluorescein diacetate succinimidyl ester
(CFSE)-based assay is significantly more sensitive in detecting the WHV-
specific immune response due to its ability to visualize even the minute fre-
quency of activated T cells than the previously used adenine incorporation
assay (37). On the other hand, the adenine incorporation assay is more con-
venient than the CFSE-based assay for its analysis of a strong T cell activation
usually occurring after stimulation with mitogens, such as ConA. Consider-
ing the above, CFSE-based and adenine incorporation assays were used to
quantify WHV-specific and mitogen-induced T cell activation, respectively,
as in our previous studies (11, 37, 38).

CFSE-based T cell proliferation assay. The WHV-specific T cell pro-
liferative response after stimulation with WHYV antigens or the WHc,,_,,,
peptide was assessed by the CFSE-based flow cytometric assay as described
previously (41). Briefly, freshly isolated PBMCs were labeled with 5- and
6-CFSE (Molecular Probes, Eugene, OR) at a final concentration of 1 uM
and cultured at a density of 3 X 10 cells/well in 48-well tissue culture plates
in triplicate with tested concentrations of WHYV antigens or WHc,,_,, 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 (PBS-EDTA). The data were
acquired with a FACSCalibur flow cytometer (Becton, Dickinson, Franklin
Lakes, NJ). The halving of CFSE fluorescence was deconvoluted using
CellQuest Pro software (Becton, Dickinson) (41). The cell division index
(CDI) was defined by dividing the percentage of cells with halved CFSE fluo-
rescence after stimulation with a WHYV antigen by the percentage of cells with
halved CFSE fluorescence cultured in medium only. CDI values of =3.1 for
rWHc, rtWHe, and rtWHx and =2.1 for WHsAg and the WHc,, ,,, peptide
were considered a measure of the WHV-specific T cell proliferative response
(11). However, for clarity of the presentation, only the cutoff value of =3.1
was marked in the graphs, showing the WHV-specific T cell response.

Adenine incorporation T lymphocyte proliferation assay. The gen-
eralized proliferative capacity of woodchuck lymphocytes in response to
nonspecific (mitogen) stimulation was evaluated using ConA and 3[H]-
adenine incorporation assay as described previously (41). Briefly, freshly
isolated woodchuck PBMCs were cultured at a density of 1 X 10° cells/
well in a 96-well tissue culture plate in the presence of different concen-
trations of ConA, as indicated above, or medium alone in triplicate. After
5 days in culture, cells were pulsed with 0.1 wCi of [*H]adenine (Amer-
sham Pharmacia Biotech, Uppsala, Sweden) for 12 to 18 h and harvested,
and counts per minute (cpm) were measured in each test and in the
control wells. The mean cpm values were calculated by averaging the cpm
values from the respective triplicate wells. The stimulation index (SI) was
calculated by dividing the mean cpm obtained after a mitogenic stimula-
tion by the mean cpm observed without any stimulation (medium only)
(37).

Real-time RT-PCR analysis. Sequential PBMC and liver biopsy sam-
ples collected prior to inoculation with WHYV and after infection (see Fig.
2) were evaluated for the expression of selected cytokine genes and CD3,
as a T cell marker, via real-time reverse transcription (RT)-PCR using a
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LightCycler (Roche Diagnostics, Mannheim, Germany) (37, 42). In the
case of PBMCs, 5 X 10° to 1 X 10° of freshly isolated, unstimulated cells
were suspended in TRIzol (Invitrogen) and stored at —20°C. Liver tissue
samples were stored at —80°C until RNA isolation using TRIzol reagent.
After the collection of all experimental samples, RNA was simultaneously
extracted and reversely transcribed to cDNA as reported (37, 42). The
expression of woodchuck IFN-a, IFN-y, TNF-q, IL-2, IL-4, IL-10, and
IL-12 was quantified using the equivalent of 50 ng of total RNA and the
woodchuck gene-specific primers as reported (37, 42). Transcription of
the genes was normalized against expression of woodchuck B-actin. To
define the fold increase or decrease, the expression levels detected after
inoculation, challenge, or rechallenge with WHV were compared with
those found for the same animal prior to infection as reported (37).

Statistical analysis. Statistical analysis was done using GraphPad
Prism software (GraphPad Software Inc., La Jolla, CA). The two-tailed,
unpaired Student ¢ test, with a 95% confidence interval, was used to com-
pare the means of the groups. P values of =0.05 were considered to be
statistically significant. The differences marked with one asterisk were
significant at a P value of <0.05, with two asterisks were significant at a P
value of <0.005, and with three asterisks were significant at a P value
of <0.0001.

RESULTS

Repeated exposure to small doses of WHV does not culminate in
serologically detectable infection. As outlined in Fig. 1, wood-
chucks were first injected weekly with 110 virions of WHYV for 6
weeks (round 1), observed for 30 w.p.i. (infection phase), chal-
lenged with another six 110-virion doses of the same inoculum
(round 2), and followed for several weeks thereafter (challenge
phase). Subsequently, the animals were rechallenged with a liver-
pathogenic dose of WHYV (subgroup 6L6LM) or injected with PBS
(subgroup 6L6LN). As shown in Fig. 2A, these repeated exposures
to a very low WHV amount established a molecularly evident
infection, as was evidenced by the detection of WHV DNA in
serum beginning from one w.p.i. The serum WHYV DNA load did
not increase despite weekly injections and remained at a level not
exceeding 2 X 10” vge/ml during follow-up or until challenge with
1.1 X 10° virions (Fig. 2A). In parallel, WHV DNA was detectable
in serial PBMC (data not shown) but not in liver biopsy samples
(Fig. 2A), while WHV cccDNA and mRNA indicative of virus
active replication were detected in PBMCs and lymphatic organs
but not, as expected, in liver tissue fragments collected at autopsy,
as illustrated in Fig. 3 for 1/M and 2/F, followed for 75 w.p.i. after
the first exposure to virus. All animals remained serum WHsAg
negative and anti-WHc and anti-WHs nonreactive during the en-
tire observation period or until challenge with a liver-pathogenic
virus dose (Fig. 2A). These findings were consistent with those
previously reported for POI experimentally induced by a single
low dose of WHV (11) and in offspring born to mothers conva-
lescent from WHYV hepatitis (15). In contrast, after rechallenge
with 1.1 X 10° virions (subgroup 6L6LM), animal 3/M became
transiently serum WHsAg positive and permanently anti-WHc
reactive from 15 weeks after rechallenge onwards (Fig. 2A).
After a decrease of serum WHsAg to an undetectable level, the
animal became intermittently reactive for anti-WHs until the
end of follow-up (data not shown). Another animal, 4/M, re-
mained WHsAg negative but developed anti-WHc (Fig. 2A).
The serum WHV DNA level transiently increased in both
woodchucks after rechallenge but decreased to about 1 X 107
vge/ml and persisted at this level to the end of follow-up (Fig.
2A). As anticipated, the injection of 1/M and 2/F with PBS
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FIG 3 Detection of WHV RNA and cccDNA in lymphoid cells and tissues (P,
PBMG; S, spleen) in the absence of liver (L) engagement in the 1/M and 2/F
woodchucks injected with two rounds of multiple low doses of WHV and
followed for up to 75 weeks after the first virus injection prior to autopsy. (A)
Identification of WHV RNA. DNase-treated total RNA was reversely tran-
scribed (RT™) or not reversely transcribed (RT ™) prior to PCR amplification
with WHYV X gene-specific primers. Positive 192-bp amplicons obtained after
nested PCR were identified by NAH. (B) Identification of WHV cccDNA.
Total DNA was digested with a single-strand-specific nuclease and amplified
by nested PCR with primers spanning the nick region of the WHV genome.
NAH was used to confirm the specificity of the 674-bp amplicons and validate
controls. Contamination controls shown in panels A and B consisted of water
added to direct (DW) and nested (NW) amplification reactions instead of test
c¢DNA or DNA, respectively. Mock (M) samples were extracted and amplified
in parallel with test samples. RNA and DNA from PBMC and liver samples
collected from the woodchucks prior to first exposure to WHV were used as
negative controls, while RNA and DNA from the liver of a serum WHsAg-
positive animal with chronic infection were included as a positive control.

(subgroup 6L6LN) at 50 w.p.i. did not alter the profile of sero-
logical and molecular profiles of WHYV infection (Fig. 2A).

Animals 5/F and 6/M inoculated with a liver-pathogenic dose of
1.1 X 10° virions developed classical, transiently serum WHsAg-pos-
itive infection, coinciding with a transient increase in the serum SDH
level, and anti-WHc (Fig. 2B). After the decrease in WHsAg to an
undetectable level, anti-WHs were periodically detected in both ani-
mals during a 75-w.p.i. observation period (data not shown). Serum
WHYV DNA was detectable from 1 w.p.i. and persisted to the end of
follow-up. Challenge of 5/M with 1.1 X 10° virions of WHV/tm3
(subgroup MM) or injection of 6/F with PBS (subgroup MN) at 30
w.p.i. did not alter serological indicators of WHYV infection or the
serum WHV DNA load (Fig. 2B).

Repeated small doses of WHYV fail to induce hepatitis. Essen-
tially, all liver biopsy samples collected after the first and second
rounds of injections with low WHV doses were WHV DNA neg-
ative even when up to 4 pg of total liver DNA was used for a direct
round of PCR and despite employment of highly sensitive detec-
tion assays (Fig. 2A). A liver tissue sample collected at 27 w.p.i.
from 2/F that contained 10 to 1 X 10 vge/ug total DNA was the
exception. In contrast, liver biopsy samples from 3/M and 4/M
(subgroup 6L6LM) acquired after rechallenge with 1.1 X 10° vi-
rions were WHV DNA reactive and contained between 1 X 10°
and 1 X 10’ vge/pg DNA (Fig. 2A). In 5/M and 6/F controls, the
hepatic load of WHV DNA ranged between 1 X 10% and 1 X 10°
vge/ig DNA and decreased to an estimated 1 X 107 vge/pg DNA
at the end of follow-up despite the fact that 5/M was challenged
with another 1.1 X 10°vge dose of WHV/tm3 at 30 w.p.i.
(Fig. 2B).
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The histological examination of liver biopsy samples from an-
imals injected with weekly low doses of WHYV showed an entirely
normal morphology (Fig. 2A). This finding was consistent with
observations previously reported for either naturally acquired
POI (15) or POI experimentally induced with a single small dose
of WHV (11, 12). An unexplained moderate to minimal liver in-
flammation in 4/M that was diagnosed prior to initiation of the
infection experiment and protracted throughout the investigation
period was the exception (Fig. 2A); however, the serum SDH level
in this animal was consistently normal (data not shown). The
woodchuck 3/M, which after two rounds of injections with low
WHYV doses was rechallenged with a liver-pathogenic dose of
1.1 X 10° virions (Fig. 2A), as well as the woodchucks 5/F and 6/M,
which were also inoculated with 1.1 X 10° vge of WHYV, displayed
moderate to minimal liver inflammation (Fig. 2B). Elevated SDH
levels were transiently detected at the time of serum WHsAg pos-
itivity in 3/M and 5/F (data not shown).

Repeated exposure to small WHYV doses induces a virus-spe-
cific T cell response but not an antibody response. We have pre-
viously reported that the injection of virus-naive woodchucks to a
single low (50 vge), medium (~1 X 10° vge), or high (>1 X 10'°
vge) dose of WHYV induces a WHV-specific T cell response of
essentially comparable kinetics and magnitude (11, 37); however,
only liver-pathogenic doses of WHV equal to or greater than 1 X
10° virions caused infection accompanied by hepatitis and the
appearance of virus-specific antibodies (11, 37). Hence, it was of
interest to determine whether multiple exposures to small
amounts of WHV induce a T cell immune response with the ki-
netics comparable to that induced by injection with a single dose
of virus and alter T cell reactivity following challenge with WHV.
For this purpose, serial PBMC samples collected throughout the
experiment were stimulated with different WHV antigens and
analyzed in the CFSE-based T cell proliferative assay. As shown in
Fig. 4A and also in Fig. S1A in the supplemental material, all
woodchucks in the 6L6L group mounted a WHV-specific T cell
response, which was clearly apparent from 7 to 8 w.p.i. This
WHYV-specific T cell reactivity fluctuated during the 30-w.p.i. fol-
low-up, occasionally falling to undetectable levels. Similar to the
first round, a WHV-specific T cell response reappeared in 6 to 7
weeks after administering the first dose of the second round of
injections and intermittently persisted during the whole observa-
tion period up to 75 w.p.i. (subgroup 6L6LN; 1/M and 2/F) or
until rechallenge with a liver-pathogenic dose of WHYV (subgroup
6L6LM; 3/M and 4/M) (Fig. 4A; see also Fig. S1A). As already
indicated, the animals did not develop an anti-WHc or anti-WHs
antibody response despite the presence of evident virus-specific T
cell reactivity.

Woodchucks 3/M and 4/M, which were rechallenged with
1.1 X 10° vge, showed a strong and multispecific WHV-specific T
cell response from 6 to 8 weeks after rechallenge. The response was
delayed, as observed after round 1 and round 2 of WHYV injections
and reported previously (11). Of note is that the profile of the
WHV-specific T cell response in 4/M, which demonstrated histo-
logical evidence of preexisting, WHV-unrelated liver inflamma-
tion, was similar to that in 3/M.

Control animals 5/F and 6/M, inoculated with a single dose of
1 X 10° virions, showed a virus-specific T cell response from 6 to
8 w.p.i., which was protracted until 18 w.p.i. and subsequently
decreased, but remained intermittently detectable until the end of
follow-up. 6/M, challenged with the same dose of WHV/tm3
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FIG 4 Kinetics of WHV-specific T cell proliferative response in woodchucks exposed to two rounds of multiple low doses of WHV and in control animals
infected with a liver-pathogenic dose of the same virus. Serial PBMC samples were stimulated in vitro with four different WHYV antigens or the WHc,,_,,, peptide
and analyzed for resultant proliferation using a CFSE-based proliferation assay to define the cell division index (CDI). The dashed horizontal line represents the
cutoff value for the positive WHV-specific T response, the solid gray shaded area and the groups of 6 arrows under each panel show the time points at which
animals were repeatedly injected with 1.1 X 10 virions, and a singular arrow shows the time point at which 1.1 X 10° virions or PBS was administered. (A)
Profiles of WHV-specific T cell responses in individual animals injected with two rounds of 6 weekly 1.1 X 10*-virion doses of WHV and then challenged or not
challenged with a liver-pathogenic WHYV dose of 1.1 X 10° virions. (B) Profiles of WHV-specific T cell proliferative responses in two woodchucks injected with
a single liver-pathogenic dose of 1.1 X 10° virions and challenged with the same virus dose or injected with PBS. The results are presented as CDIs where the
highest CDI value given by stimulation with any of the WHV antigens tested or the WHc,,_, ;, peptide at a given time point was considered a measure of the
WHYV-specific T cell response. The subgroup designations are explained in Materials and Methods.

given at 30 w.p.i., displayed, as expected, an increase in a WHV-  reactive and, as indicated previously, periodically displayed de-
specific T cell response, which peaked between 4 and 6 weeks tectable anti-WHs until the end of follow-up. Taken together, the
postchallenge (Fig. 4B; see also Fig. S1B in the supplemental ma-  data showed that the kinetics and magnitude of a virus-specific T
terial). Both animals developed anti-WHc and remained antibody  cell proliferative response following repeated exposure to small
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amounts of WHYV was in fact closely comparable to that previ-
ously seen in the animals infected with a single low, medium, or
high dose of WHV (11, 37). Therefore, the results implied that,
irrespective of the quantity and number of exposures to infectious
virus, a stereotypic specific T cell response develops that appears
late, between 6 to 8 weeks postexposure, and persists intermit-
tently for a long time after exposure.

The first virus dose in a series of multiple small-dose injec-
tions of WHYV augments a nonspecific lymphocyte proliferative
response. In previous studies, the generalized (mitogen-induced)
lymphocyte proliferative response was found to be significantly
augmented immediately following primary exposure to WHYV in-
dependently of virus dose, and this event is associated with the
activation-induced death in lymphocytes (37, 38). In the current
study, freshly isolated serial PBMC:s collected during the infection,
challenge, and rechallenge phases (Fig. 1) were mitogen stimu-
lated and their proliferation was measured using an adenine in-
corporation assay. As shown in Fig. 5A, immediately after the first
of six injections with WHYV in round 1, lymphocytes from all four
woodchucks mounted a significantly greater (P > 0.001) response
to ConA than during the preinfection period. This heightened
reactivity was not enhanced further by administration of subse-
quent 1.1 X 10%-virus doses (Fig. 5A; see also Fig. S2A in the
supplemental material). This generalized T cell response was evi-
dent in all 4 animals between 1 and 3 w.p.i. and then subsided,
although not uniformly, between 4 and 6 w.p.i. Similarly, as it was
previously found (11, 37), a decrease in the nonspecific T cell
response preceded the appearance of WHV-specific T cell reactiv-
ity (Fig. 5A; see also Fig. S2A). A similar profile of a mitogen-
induced T cell response was observed after the first of six injections
given in round 2 (Fig. 5A; see also Fig. S2A).

When 3/M and 4/M were rechallenged with 1.1 X 10° virions
of WHYV, they displayed comparable, although not identical, pro-
files of generalized T cell reactivity. Thus, 3/M showed a height-
ened proliferative capacity between 2 and 4 weeks after rechal-
lenge, which subsided prior to the increase in a WHV-specific T
cell response. 4/M displayed augmented ConA-induced T cell
proliferation at 1 week after rechallenge. This reactivity subse-
quently decreased and then again temporarily increased, and each
time the fall was followed by an increase in the WHV-specific T
cell response. This profile of augmented nonspecific T cell prolif-
eration was not seen after injection with PBS (subgroup 6L6LN)
(Fig. 5A; see also Fig. S2A in the supplemental material), as ob-
served previously (11). Overall, an elevated generalized lympho-
cyte proliferative response coincided with decreased or absent
WHV-specific T cell reactivity. Collectively, the data showed that
the first of multiple exposures to small quantities of hepadnavirus
significantly increased the virus-nonspecific T cell response and
that a decrease preceded the appearance or reappearance of virus-
specific T lymphocyte reactivity.

Peripheral lymphoid cells display aberrant cytokine gene ex-
pression following multiple exposure to WHV. Considering our
findings that both high and low doses of hepadnavirus modify the
expression of cytokines in circulating immune cells (11, 37), we
evaluated whether multiple exposure to small amounts of WHV
can similarly affect expression of the previously examined cyto-
kine genes in peripheral lymphoid cells. To assess that possibility,
freshly isolated PBMCs not subjected to any ex vivo stimulation
with either WHYV antigens or ConA were analyzed by real-time
RT-PCR. Taking into consideration the opposing profiles of mi-
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togen-induced and WHV-specific T cell responses, different
phases of the infection experiment (Fig. 1), and our previous ob-
servations (11, 37), the investigation period was divided into the
following four phases: (i) virus naive (before the first WHV injec-
tion), (ii) heightened mitogen-induced T cell reactivity (between
1 and 3 weeks after injection with the first dose in round 1 or
round 2 or after rechallenge with 1.1 X 10° virions), (iii) lowered
mitogen-induced and absent WHV-specific T cell reactivity (4 to 6
weeks, as defined above), and (iv) the appearance and heightened
levels of the WHV-specific T cell response (7 to 15 weeks, as de-
fined above). As shown in Fig. 6 (the first from the left vertical
panel), phase B, after the first injection in round 1, coincided with
elevated expression of IFN-a and IFN-v, along with IL-2, IL-4,
and IL-12, and unaltered transcription of TNF-a and IL-10 com-
pared to the expression levels found for these genes in phase A.
These elevated levels decreased during phase C for IFN-a, IFN-v,
IL-2, and IL-12 to levels not significantly different from those
prior to infection. Finally, phase D was accompanied by signifi-
cantly greater expression of IFN-«, IFN-vy, TNF-q, IL-2, and IL-
12, but not IL-4 and IL-10, than the levels observed during phases
A and C. The synchronous elevated expression of the cytokines
during phase D coincided with the appearance and augmented
levels of the WHV-specific T cell response.

Similar evaluations were performed after challenge with round
2 of low-dose virus injections. As presented in Fig. 6 (the middle
vertical panel), phase B again was characterized by high expression
of IFN-«, IFN-v, IL-2, and IL-12, but not TNF-q, all of which
subsequently decreased during phase C to preinfection levels.
Similar to the first round of multiple injections, in the second
round, phase D was accompanied by elevated levels of IFN-q,
IFN-v, and TNF-a, as well as IL-2 and IL-12, compared to the
expression levels detected in phase C.

Finally, when the animals, after two rounds of multiple low-
dose injections, were rechallenged with a liver-pathogenic dose of
1 X 10° virions (Fig. 6), they displayed the pattern of cytokine
expression that was essentially identical to that initiated following
the primary exposure to a WHYV dose capable of producing sero-
logically evident infection and hepatitis as reported (11, 37) and
also observed in woodchucks 5/F and 6/M in the current study
(data not shown). Thus, the significantly increased levels of
IFN-a, IL-2, and IL-12, but not other cytokines tested, were evi-
dent during phase B compared to the levels found before rechal-
lenge. The elevated levels of IFN-q, IL-2, and IL-12 decreased
during phase C compared to phase B and then rose along with the
expression of IFN-y, TNF-a, IL-4, and IL-10 during phase D com-
pared to the levels detected in phase A. Collectively, the data
showed that the POI established by repeated exposure to small
amounts of WHYV or exposure of such POI bearing animals to a
medium, liver-pathogenic dose of WHV was accompanied by an
aberrant cytokine expression in PBMCs which has already been
recognized as a characteristic of WHYV infection (11, 37).

Hepatic expression of IFN-« is augmented alone after multi-
ple exposures to low doses of WHV. The liver samples collected
during infection, challenge, and rechallenge phases were analyzed
for the expression of IFN-a, IFN-vy, TNF-q, IL-4, and CD3 and
compared to the levels found in liver biopsy samples collected
prior to round 1 of WHYV injections. As shown in Fig. 7, the he-
patic expression of IFN-a was significantly greater in liver biopsy
samples acquired at 6 w.p.i. and subsided in those obtained at 27
w.p.i. compared to the levels identified in virus-naive animals.
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FIG 5 Comparative kinetics of mitogen-induced (generalized) and WHV-specific T cell responses in woodchucks injected with multiple liver-nonpathogenic doses of
WHYV and in control animals infected with a liver-pathogenic dose of WHV. PBMCs were stimulated with five serial concentrations of ConA ranging from 1.2 to 20
pg/ml, and the resultant proliferation was measured by an adenine incorporation proliferation assay to determine the stimulation index (SI). The SI values obtained for
all five concentrations of ConA were averaged to define the mean mitogenic stimulation index (MMSI), which are presented by the solid black lines. The dashed
horizontal line represents the cutoff value for the positive WHV-specific T response, and a shaded area under a solid gray line outlines the profile of this response in each
animal (the data imported from Fig. 4). The CDI values for WHV-specific T cell response and MMSI values after mitogenic stimulation are shown on the left and right
yaxes, respectively. (A) Comparative profiles of alymphocyte proliferative response induced by ConA and WHYV antigens in individual animals injected with two rounds
of 6 weekly doses of 1.1 X 10 virions and then challenged or not challenged with a liver-pathogenic dose of 1.1 X 10° virions. (B) Profiles of ConA-induced and
WHYV-specific T cell proliferative responses in two woodchucks injected with a single liver-pathogenic dose of 1.1 X 10° virions and challenged with the same virus dose
or injected with PBS. Other markings and the subgroup designations are explained in the legend to Fig. 1.

However, the same liver samples did not display any meaningful  higher expression of IFN-a in the context of normal liver histol-
changes in transcription of IFN-v, TNF-q, IL-4, or CD3. Interest-  ogy but unchanged levels of IFN-y, TNF-a, IL-4, and CD3 (Fig. 2
ingly, liver samples collected at 6 weeks after the first of 6 injec- and 7). As anticipated, hepatic expression of the cytokines tested
tions in round 2 (or 36 w.p.i.) also demonstrated a significantly and CD3 were the same in liver biopsy samples obtained at 6 and
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FIG 6 Quantitative analysis of cytokine gene expression in circulating lym-
phoid cells in woodchucks injected with two rounds of multiple liver-non-
pathogenic doses of WHYV and then with a single liver-pathogenic dose of the
same virus. The expression of IFN-a, IFN-y, TNF-a, IL-2, IL-4, IL-10, and
IL-12 was analyzed in freshly isolated, nonstimulated PBMCs collected from
woodchucks injected with 6 doses of 1.1 X 10? virions each (n = 4), challenged
with another six 1.1 X 10%-virion doses (n = 4), and rechallenged with 1.1 X
10° virions (n = 2) of the same WHYV inoculum. After each primary or subse-
quent exposure to WHYV, the timeline 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 and reported previ-
ously (11, 37). The number () under each bar shows the number of PBMC
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28 weeks after injection with PBS (Fig. 7). However, the expres-
sion of TNF-a, IFN-vy, and CD3 was significantly enhanced in
samples collected at 6 and 28 weeks after rechallenge with the
liver-pathogenic 1.1 X 10°-virion dose (Fig. 7). In summary, the
results suggest that POI established due to multiple injections with
low doses of hepadnavirus triggered the hepatic expression of
IFN-a, but not that of IFN-y or TNF-q, in the absence of detect-
able WHV DNA in the liver and histological and molecular (i.e.,
CD3 expression) evidence of inflammation.

DISCUSSION

The pathogenic consequences of repeated exposure to small
amounts of infectious hepadnavirus were poorly recognized. The
overall objective of this study was to determine virological and
immunological characteristics, as well as potential pathological
outcomes of multiple i.v. injections with liver-nonpathogenic
doses of WHYV, in the woodchuck model of HBV infection. Over-
all, the results revealed that such repeated exposure does not cul-
minate in serologically identifiable infection or cause histologi-
cally evident hepatitis; however, a molecularly evident infection
detectable by nucleic acid amplification assays of enhanced sensi-
tivity was established. Furthermore, the profiles of the induced
immune responses were essentially identical to those initiated by a
singular low dose of WHV causing POI (11, 37). These responses
were characterized by (i) a delayed appearance of virus-specific T
cell reactivity against multiple epitopes of structural and non-
structural proteins of WHYV, (ii) a heightened capacity of T cells to
proliferate in response to mitogenic stimuli appearing immedi-
ately after exposure to WHYV, (iii) an impaired early innate im-
mune response, as revealed by analysis of the cytokine expression
in sequential PBMC samples, (iv) the lack of induction of virus-
specific antibodies, and (v) the inability to generate protection
against infection caused by liver-pathogenic doses of WHV.

It was previously shown that a very low (50 virions) (11), me-
dium (~10° virions) (11), or massive (>10"° virions) (11, 37, 46,
47) dose of WHYV induces a virus-specific T cell response that
appears late (i.e., 6 to 8 w.p.i.), as in humans and chimpanzees
infected with HBV (31, 48, 49). This is in contrast to infections
with almost all other viruses in which this type of immune re-
sponse became detectable in about 2 w.p.i. (50-52), e.g., infections
with lymphocytic choriomeningitis virus (LCMV) (53, 54), influ-
enza virus (55), or cytomegalovirus (56, 57). Independently of the
dose of WHYV, the virus-specific T cell response peaked between 6
and 15 weeks after primary exposure and was intermittently de-
tectable at low levels to the end of the observation period or until
challenge with WHYV (11, 37). A similar delayed appearance of
WHYV-specific T cell reactivity was detected in the current study
(i.e., 7 to 8 w.p.1.), and the period of the augmented T cell prolif-

samples examined. The level of expression of each cytokine was normalized
against the level of B-actin and then compared with the level found 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 com-
paring 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 each 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 ata 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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FIG 7 Hepatic expression of selected cytokines and CD3 in woodchucks after
two rounds of repeated injections with liver-nonpathogenic doses of WHV
and subsequent challenge with a high, liver-pathogenic dose of WHYV or injec-
tion with PBS. The levels of IFN-«, IFN-vy, TNF-q, IL-4, and CD3 mRNA were
measured by real-time RT-PCR in liver tissue samples collected after the first
round (n = 4) and second round (n = 4) of injections with 1.1 X 107 virions
and then injected with PBS (1 = 2) or rechallenged with 1.1 X 10° virions (n =
2). The numbers (1) 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 the first injection of WHV in round 1 or
round 2 or in weeks after rechallenge. The mean expression level of particular
genes 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 significant at a P value of =0.05, values with two
asterisks were significant at a P value of =0.005, and values with three asterisks
were significant at a P value of =0.0001.
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erative response remained transient despite repeated injections
with virus. Challenge of the woodchucks with the second round of
small doses of WHYV (see Fig. 1) resulted again in the increase of a
delayed virus-specific T cell response (i.e., 6 to 7 weeks after in-
jecting the first dose in round 2), which was intermittently detect-
able during the 75-w.p.i. follow-up or until challenge with a liver-
pathogenic dose of virus. These results were closely comparable to
those reported for animals infected with a single small (50 virions),
medium (~10° virions), or large (> 10" virions) dose of WHV and
rechallenged with a single small, medium, or large quantity of the
same inoculum (11). Following rechallenge with 1.1 X 10° virions, a
serologically evident infection and hepatitis coinciding with the de-
tection of WHYV in liver tissue was established. This demonstrated
that the animals, after two rounds of multiple injections with small
amounts of WHYV, were not protected against a pathogenic effect
caused by a larger quantity of WHYV. These findings were identical to
those previously reported for animals exposed to three 50-virion
doses of WHYV given at approximately 6-month intervals and subse-
quently challenged with 1.1 X 10° virions of the same inoculum (11).

In regard to the above, for the successful activation of T cell
response, CD4™ T cells require two signals: antigen and costimu-
lation. Not surprisingly, the strength and duration of both signals
during initial stimulation affect the quantity and quality of the
resultant T cell response. Evidence obtained thus far suggests that
the dose of antigen determines the strength (magnitude) and
breadth (clonality) of the antigen-specific response (58, 59). T cell
responses induced following exposure to low doses of antigen are
impaired, i.e., they are rather oligoclonal and fail to provide pro-
tection against subsequent challenge (60, 61). Similarly, low or
suboptimal costimulation of antigen-presenting cells (APCs) in-
duces a tolerant phenotype in interacting T cells (62, 63). Thus, it
can be surmised that low doses of antigen can induce a T cell
response with impaired functional capacities. Our data concur
with that and indicate that T cell immune responses generated
following the exposure to small amounts of hepadnavirus have
functionally defective attributes.

In concordance with previous findings (11, 37), the data from
the present study showed that the postponement of the WHV-
specific T cell response was preceded by the heightened virus-
nonspecific proliferation of T cells in response to mitogenic stim-
ulus. In this regard, we have previously demonstrated that this
type of elevated proliferative capability was equally evident after
stimulation of lymphocytes with ConA, phytohemagglutinin
(PHA), or pokeweed mitogen (PWM) (11, 37), indicating that the
response was rather pan-T cell wide but not limited to the activa-
tion of a particular subtype of lymphocytes. Taken together, the
results imply that the exposure to hepadnavirus either directly
bestows upon the lymphocytes an ability to undergo increased cell
division or indirectly orchestrates the environment that sustains
the higher rates of lymphocyte proliferation in response to stim-
ulation. The implications of this heightened capability of lympho-
cytes to undergo a rapid expansion shortly after exposure to hep-
adnavirus are not yet fully understood. However, it was found that
this event preceded the augmented apoptotic death of the acti-
vated cells (37, 38). We postulated that such an aberrant activation
accompanied by activation-induced apoptotic death immediately
following infection with hepadnavirus may render lymphocytes
temporarily insensitive to virus-specific activation. In conse-
quence, this early inertness may contribute to the failure of the
prompt development of a virus-specific T cell response. It is of
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note that this immediate generalized T cell activation is indepen-
dent of the status of the virus-specific memory immune response,
since this event was equally evident after primary infection caused
by different doses of WHV, as well as following challenge of wood-
chucks convalescent from serologically evident self-limiting AH
and those with established POI.

As in POI induced by a single low dose of WHV (11), the
repeated injections with similar small amounts of virus in the
current study did not initiate any detectable virus-specific anti-
body response. Thus, even though the magnitude of the WHV-
specific T cell responses induced by the multiple injections was
comparable to that seen in serum WHsAg-positive infection co-
inciding with hepatitis and the detection of anti-WHc, the traits of
the B cell response appeared to be different. As indicated, this
discordance between anti-WHV T cell and antibody responses
was associated with the lack of protection against infection with a
liver-pathogenic dose of the same virus, suggesting that the anti-
bodies played an essential role in preventing symptomatic infec-
tion. This concurs with the observations made in asymptomatic
infections caused by other viruses, such as hepatitis C virus (HCV)
(64-66), human immunodeficiency virus (HIV) (67), or simian
immunodeficiency virus (SIV) (68), wherein virus-specific T cell
proliferative and cytotoxic T lymphocyte (CTL) reactivity occur in
the absence of serological or pathological evidence of infection
with the respective virus.

Our previous studies demonstrated that the delayed anti-
WHYV T cell response in either symptomatic infection or POI is
associated with the preceding aberrant expression of cytokines
priming this response (11, 37). In the present study, the cytokine
expression profiles in intact (i.e., mitogen or WHYV antigen non-
stimulated) PBMCs collected after multiple small dose injections
showed that, after exposure to virus, the cells displayed transiently
elevated IFN-a and IFN-vy expression in the absence of TNF-a
upregulation for up to 6 w.p.i. (Fig. 6). Thus, similar to the kinetics
of the WHV-specific T cell response, the expression pattern of the
above-mentioned cytokines was similar to that previously identi-
fied after exposure to a single low, medium, or high dose of WHV
(11, 37). This profile of cytokine transcription was contrastingly
different from that seen in infections with other viral pathogens
where virus invasion promptly induces expression of both type I
interferons and TNF-a (69-71). From the functional point of
view, the expression of TNF-a triggered by virus drives the differ-
entiation of immature dendritic cells (DCs) from their precursors
(72, 73), while type I IFNs and TNF-a together activate natural
killer (NK) cells and APCs that subsequently aid in the initiation
of the effective virus-specific T cell response. On the contrary, the
absence of TNF-a expression induces improper maturation and
functional impairment of APCs. DCs display impaired antigen-
specific and allostimulatory capacities in the absence of TNF-a
(74,75), while APCs cultured in the presence of IFN-a and TNF-a
show a strong expression of CD80, CD83, and CD86 (76, 77),
similar to those generated after in vitro infection with herpes sim-
plex virus (HSV), suggesting the synergistic potential of these two
cytokines in activating APCs. Similar maturation of DCs after
LCMYV infection can be abolished by the administration of anti-
TNF-a antibodies in infected mice, suggesting the vital role of
TNF-a during the differentiation and maturation of DCs (77).
Overall, the prompt expression of TNF-a after infection is accom-
panied by proper activation of APCs and is subsequently followed
by an effective antigen-specific immune response. However, along
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with IFN-a and TNF-a, the initiation of effective antiviral immu-
nity also requires synchronous expression of other cytokines, such
as IL-12, IL-2, IL-4, and IL-10 (69). Taken together, our data, in
conjunction with those reported by others, suggest that the ab-
sence of TNF-a, coupled with nonsynchronous expression of
other cytokines early in hepadnaviral infection, including infec-
tion established after multiple exposures to low doses to WHYV,
could translate into inappropriate differentiation and activation
of DCs, which then fails to timely prime antiviral adaptive immu-
nity as evidenced by the delayed appearance of the WHV-specific
T cell response. The postponed appearance of a virus-specific re-
sponse is also a distinctive characteristic of HBV infection, which
may suggest a similar underlying mechanism.

The proliferative capacity of the lymphocytes in response to
either antigenic or mitogenic stimulus is profoundly influenced by
the cytokine microenvironment. To better understand the events
underlying the discordant profiles of proliferation following mul-
tiple exposures to hepadnavirus, we further analyzed the expres-
sion of selected cytokines in PBMCs collected during different
phases of infection, which were defined by the prevailing response
to either mitogenic or viral stimulus following the first and the
second rounds of injections with small amounts of WHYV (see Fig.
6). The quantitative analysis showed that this discordant prolifer-
ative response to WHYV or mitogen coexisted with distinct profiles
of cytokine expression, as we have previously uncovered for WHV
infection with a single liver-pathogenic or -nonpathogenic virus
dose (11, 37). In brief, the results showed that the higher prolifer-
ative capacity of lymphocytes in response to mitogen stimulation
immediately after infection (i.e., 1 to 3 w.p.i.; phase B) could be a
consequence of increased expression of progrowth cytokines,
such as IFN-a, IL-2, and IL-12. The subsequent reduced prolifer-
ative responsiveness to mitogen coincided with the reduced ex-
pression of these cytokines (i.e., 4 to 6 w.p.i.; phase C). Thus, the
absence of IL-2 and IFN-«a/IL-12, which are essential for sustain-
ing lymphocyte growth, could halt the enhanced proliferative re-
sponse of the cells, as was evidenced by lower rates of adenine
incorporation. Subsequently, the appearance of a WHV-specific T
cell response was associated with a rebound in the expression of
IFN-q, IL-2, and IL-12 and significantly heightened the transcrip-
tion of IFN-v, as well as TNF-a. Again, the expression profiles of
these cytokines closely resembled those described for the equiva-
lent phase of POI induced with a single liver-nonpathogenic dose
of WHYV (11). In regard to the cytokine response, the results ob-
tained in the current work showed for the first time that (i) the
primary exposure to a very small and otherwise liver-nonpatho-
genic dose of hepadnavirus promptly induces the cytokine re-
sponse and the subsequent exposure to similar amounts of infec-
tious virus is without apparent effect on the profile of cytokine
expression (as well as the patterns of T and B cell responses), (ii)
there was no noticeable difference between the cytokine expres-
sion profile induced by the first and the second rounds of injec-
tions with small, liver-nonpathogenic doses of WHYV, and (iii) the
cytokine expression profile induced by a large, liver-pathogenic
amount of virus given after repeated exposure to liver-nonpatho-
genic doses is essentially identical to that initiated by administra-
tion of a single liver-pathogenic quantity of virus.

In regard to the cytokine expression in the liver, a strongly
augmented expression of IFN-q, in the absence of increase in ex-
pression of IFN-vy, TNF-a, IL-4, or CD3, was detected after each
round of multiple injections with low doses of WHYV. This finding
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was surprising, considering the fact that, even after multiple injec-
tions of small amounts of virus, the initiated infection was re-
stricted to the lymphatic system and did not involve hepatic tissue,
as observed in our previous studies (11, 12, 37, 40). However, it is
of note that the significantly heightened expression of IFN-« alone
was also found during POI in woodchucks injected with a single
low dose of WHYV (11). We believe that this strong intrahepatic
IFN-a response initiated following either singular or multiple ex-
posures to very small amounts of WHYV could be sufficient in
protecting hepatocytes against the trace quantities of invading vi-
rus. In contrast, such augmented expression of IFN-a was not
detectable in the livers of initially healthy, WHV-naive animals or
woodchucks with POI challenged with a large, liver-pathogenic
amount of WHYV (11), supporting the notion that infection with a
liver-pathogenic dose of hepadnavirus initiates an impaired in-
nate response in the liver (42).

In conclusion, our study has shown that repeated exposure to
small amounts of otherwise pathogenic hepadnavirus establishes
molecularly evident but serologically undetectable infection
which initiation coincides with the appearance of a virus-specific
T cell response. The current findings imply that multiple contacts
with very small quantities of infectious HBV unlikely can culmi-
nate in serum HBsAg and anti-HBc-positive infection and hepa-
titis; however, the detection of virus-specific T cell reactivity
should be expected. This corresponds well with the situation en-
countered in patients with occult HBV infection progressing in
the absence of virus-specific antibodies and carrying virus-specific
CD8™ T cells (22-25). A recent discovery that HCC can be a long-
term pathological consequence of POI in the woodchuck model of
HBYV infection (Mulrooney-Cousins and Michalak, unpublished)
raises the possibility that this form of infection initiated by either
single or multiple exposures to trace amounts of HBV may lead to
a similar outcome in humans.
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