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ABSTRACT

We previously reported a proof-of-concept study for curing chronic hepatitis B virus (HBV) infection using a foreign-antigen
recombinant HBV (rHBV) as a gene therapy vector. Targeted elimination of wild-type HBV (wtHBV)-infected cells could be
achieved by functionally activating an in situ T-cell response against the foreign antigen. However, as chronic HBV infection
spreads to all hepatocytes, specific targeting of virus-infected cells is thought to be less critical. It is also feared that rHBV may
not induce active immunization in a setting resembling natural infection. For this immunotherapeutic approach to be practi-
cally viable, in the present study, we used a recombinant adenovirus (rAd) vector for rHBV delivery. The rAd vector allowed effi-
cient transduction of wtHBV-producing HepG2 cells, with transferred rHBV undergoing dominant viral replication. Progeny
rHBYV virions proved to be infectious, as demonstrated in primary tupaia hepatocytes. These results greatly expanded the antivi-
ral capacity of the replication-defective rAd/rHBV in wtHBV-infected liver tissue. With prior priming in the periphery, trans-
duction with rAd/rHBV attracted a substantial influx of the foreign-antigen-specific T-effector cells into the liver. Despite the
fully activated T-cell response, active expression of rHBV was observed for a prolonged time, which is essential for rHBV to
achieve sustained expansion. In a mouse model of HBV persistence established by infection with a recombinant adeno-associ-
ated virus carrying the wtHBV genome, rAd/rHBV-based immunotherapy elicited a foreign-antigen-specific T-cell response that
triggered effective viral clearance and subsequent seroconversion to HBV. It therefore represents an efficient strategy to over-
come immune tolerance, thereby eliminating chronic HBV infection.

IMPORTANCE

Adenovirus-delivered rHBV activated a foreign-antigen-specific T-cell response that abrogated HBV persistence in a mouse
model. Our study provides further evidence of the potential of foreign-antigen-based immunotherapy for the treatment of

chronic HBV infection.

or effective immunotherapy against chronic hepatitis B virus

(HBV) infection, antiviral immunity has to be reset in favor of
a fully activated T-cell response. We previously described a novel
strategy based on a T-cell response against a foreign antigen that
specifically targets HBV-infected cells (1). In brief, the coding se-
quence for a cluster of immunodominant foreign epitopes was
inserted into the HBV core gene to create a recombinant virus
(rHBV). Disruption of the core gene rendered rHBV replication
deficient except in cells already infected with wild-type HBV
(WtHBV). Thus, targeted viral elimination was achieved through
functional activation of an in situ T-cell response to a foreign
antigen.

However, the rHBV vector-based immunotherapy ap-
proach has several challenges. (i) It is unclear whether rHBV
can superinfect wtHBV-infected hepatocytes with high effi-
ciency. (ii) All hepatocytes are infected with wtHBV during
chronic disease (2-7), and therefore, targeted elimination of
virus-infected cells appears less critical. (iii) Despite high im-
munogenicity of the viral antigens, HBV is believed to establish
a stealthy infection without alerting the innate immune system
(8). Virus-specific T-cell activation is reported to be signifi-
cantly delayed even if self-limited acute hepatitis progresses (2,
3, 5). It is therefore important to establish whether the rHBV
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vector facilitates active immunization, albeit with high expres-
sion of the foreign polyepitope. In this regard, surrogate deliv-
ery of rHBV DNA via hydrodynamic injection, as used in our
previous study (1), could not be applied in humans, although it
triggered a potent T-cell response in the murine liver (9). (iv)
For sustained expansion, rHBV vector has to survive the func-
tionally activated T-cell response, rather than be largely sup-
pressed in the liver, as suggested in our previous study (1).

To overcome these issues, in the present study, we used a re-
combinant adenovirus (rAd) vector to transduce the rHBV ge-
nome. The rAd vector is among the most widely studied gene
transfer vehicles because of its high transduction efficiency in vitro
and in vivo. Moreover, rAd vectors are predominantly sequestered
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FIG 1 Schematic illustration of rAd/rHBV-based immunotherapy strategy. (A) rHBV contains a sequence of a foreign polyepitope that is fused to the HBV core gene
(rHBc). The polyepitope comprises a B-cell epitope (FLAG), two HLA-A2-restricted T-cell epitopes (influenza virus matrix, aa 58 to 66 [Flu M 58-66], and EBV BMLF-1,
aa 259 to 267 [B 259-267]), and a CD4™" T-cell epitope (PADRE). HLA-A2-restricted HBc aa 18 to 27 is preserved at the N-terminal domain of rHBc. The start codon
for an overlapping viral pol gene is also indicated. The expression of the pol gene is thought to be more efficient due to its reduced distance from the 5’ end of the
pregenomic RNA. (B) During chronic HBV infection, most hepatocytes in the liver are infected. Administration of low-dose rAd/rHBV may result in a spread of rHBV,
eliciting a potent intrahepatic T-cell response. (i) rHBV delivered to the liver through rAd transduction. (ii) Core-rescued rHBV displays dominant replication over
wtHBV, with progeny virions invading neighboring cells. (iii) Following rHBV replication, foreign epitopes (red) are presented on liver cells as targets for specific
T-effector cells. (iv) Neighboring cells during the bystander effect of in situ-activated T-cell response. Rather than direct destruction of cells, cytokine-mediated

noncytolytic response plays a principal role in virus elimination. (v) rHBV stops replication after the natural HBV infection is cleared.

by the liver after intravenous administration due to the architec-
ture and vascular system of the organ (10). Also, rAd typically
induces potent CD8* T-cell responses specific to HBV transgenes
(9, 11). Of particular significance, rAd vectors persist in vivo even
after boosting the immune response (12-14), thus allowing the
cargo gene (i.e., rtHBV) to fulfill its function.

Liver transduction efficiency, rather than specificity for indi-
vidual wtHBV-infected cells, is primarily emphasized in rAd/
rHBV-based immunotherapy. In particular, the strategy exploits
preexisting wtHBYV in the host liver to expand the antiviral capac-
ity of the replication-defective rAd vector. Ideally, administration
of a small dose of rAd/rHBV would lead to the spread of rHBV in
the liver, which would provoke a strong foreign-antigenic T-cell
response that clears wtHBV via cytolytic or noncytolytic mecha-
nisms (Fig. 1). In the present study, rAd/rHBV-based immuno-
therapy was validated in a mouse model of HBV persistence via
infection with a recombinant adeno-associated virus type 8
(rAAVS) carrying the wtHBV genome (rAAV8-HBV) (15). This
proved to be a valuable approach to overcome immune tolerance,
thereby eliminating chronic HBV infection.

MATERIALS AND METHODS

DNA constructs. The plasmid carrying rHBV, named prHBV1.3s, was
constructed as previously described (1), except that an HLA-A2-restricted
epitope from the HIV gag protein was removed from the polyepitope
sequence due to its hyporesponsiveness (1) (Fig. 1A). prHBV1.3s-C car-
ried an additional expression cassette of the HBV core protein, driven by
the simian virus 40 (SV40) early promoter, downstream from the rHBV
genome. The construct pCMV-rHBc contains the foreign-antigenic rHBc
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under cytomegalovirus (CMV) promoter control, as previously described
(1). pIC-polyepitope was constructed on the basis of the pCI-neo vector
(Promega) with the expression cassette under CMV promoter control.
The fusion gene encoded a mouse /i invariant-chain (82-amino-acid [aa]-
encoding) gene (16) which was fused to a sequence of 55-aa foreign poly-
epitope at the 3’ terminus.

Viral vectors. rAd/rHBV1.3 and rAd/rHBV1.1 were constructed com-
mercially (E1-deleted human rAd vector of serotype 5; Shanghai SBO
Medical Biotechnology Co., Ltd.) by recombining rAd with the shuttle
vectors pAVsil-ACMV-rHBV1.3s and pAVsil-rHBV1.1s, respectively, in
cotransfected HEK293 cells. rAd/GFP carries a CMV promoter-driven
green fluorescent protein (GFP) gene for control experiments. The
rAAV8-HBV (containing 1.3 copies of the HBV genome, ayw3 subtype)
vector was obtained from the Beijing FivePlus Molecular Medicine Insti-
tute (1.0 X 10'? genome equivalents [GEs]/ml).

Cells. Hepatic cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum. HepG2-
4HS5 cells stably producing rHBV virions were derived from prHBV1.3s-
C-transfected HepG2 cells through G418 selection. Huh-7 cells constitu-
tively expressing the HBV core antigen were generated by lentiviral vector
transduction. Primary tupaia hepatocytes (PTHs) were isolated by a two-
step perfusion protocol (17, 18). For viral infection, 1 X 10° freshly iso-
lated PTHs were seeded in collagen-coated 6-well plates (BD Biosciences,
USA); 1 day after seeding, the PTHs were inoculated with wtHBV isolated
from the infectious sera of HBV-infected patients or rHBV virions con-
centrated from culture supernatants by polyethylene glycol 8000. The
cultures were maintained for 10 to 12 days, with the medium replaced
daily.

Mice. HLA-A2 transgenic mice [C57BL/6-Tg (HLA-A2.1)1Enge/];
Jackson Laboratory] were purchased from the Model Animal Research
Center of Nanjing University. DNA immunization was achieved by inject-

jviasm.org 3005


http://jvi.asm.org

Wang et al.

ing 100 p.g of plasmid DNA as described previously (16). For rAd/rHBV
administration, 1 X 10° PFU of the vectors was intravenously adminis-
tered (9, 19). To induce persistent HBV infection, 4- to 5-week-old male
mice (HLA-A2) were infused with 7 X 10'® GEs of rAAV8-HBV vectors
via the tail vein. All animal studies were approved by the Animal Ethics
Committee of the Institut Pasteur of Shanghai (no. A2012008).

DNA and RNA hybridization. rHBV/HBV-associated viral DNA was
extracted from HepG2.2.15 or Huh-7 cells after transient transfection, as
previously described (1). To detect secreted rHBV virions, the culture
supernatants were harvested and ultracentrifuged on a 20% sucrose cush-
ion at 25,000 rpm for 16 h. The pellets were resuspended in 10 mM Tris-
HCl buffer (pH 7.5) containing 5.5 mM MgCl,. The samples were treated
with RNase A and micrococcal nuclease for 1 h at 37°C. Viral DNA was
ethanol precipitated after protease K (Merck) digestion in the presence of
1% SDS for 2 h at 55°C. RNA was extracted with TRIzol reagent (Invitro-
gen). Aliquots of total RNA (20 pg) were subjected to electrophoresis on
a 1.0% formaldehyde agarose gel and blotted onto a nylon membrane.
Hybridization was performed using a **P-labeled probe of the full-length
HBV genome (20). To discriminate rHBV from wtHBV DNA intermedi-
ates, the DNA encoding the polyepitope and the core gene fragment (nu-
cleotides [nt] 1982 to 2308; genotype D [ayw3]; GenBank accession no.
V01460) were used as probes, respectively. In experiments involving the
reprobing of a single membrane, a digoxigenin-labeled HBV probe, pre-
pared using the DIG High Prime DNA Labeling and Detection Starter Kit
II (Roche, Germany), was used for the first round of hybridization.

ELISPOT and flow cytometry analysis. The procedures of enzyme-
linked immunosorbent spot assay (ELISPOT) and flow cytometry analysis
were described previously (1).

Quantitative real-time PCR analysis. The media of rAd/rHBV1.3-in-
fected HepG2.2.15 cell cultures were replaced daily. Viral DNA was extracted
using a QIAamp blood DNA minikit (Qiagen). The virus titers were quanti-
fied using a SYBR green Real-Time PCR Master Mix kit (Toyobo, Osaka,
Japan). Two pairs of primers were used for the specific amplification of rtHBV
alone (Forward, 5'-GACGACAAGACCAAGGGCA-3'; Reverse, 5'-GAAGT
GTTGATAGGATAGGGGC-3") or with wtHBV and rHBYV in total (For-
ward, 5'-GAGCCCCTATCCTATCAACACT-3'; Reverse, 5'-CACCTTATG
AGTCCAAGGAATAC-3"). For absolute quantification, prHBV1.3s DNA
was used to generate a standard curve.

HBsAg detection. HBsAg was quantified using an architect platform
(Abbott). An enzyme-linked immunosorbent assay (ELISA) kit (Shang-
hai Kehua Bio-Engineering Co., Ltd.) was used to detect HBsAg in the
supernatants of rHBV-infected PTH cultures.

Statistics. The data are expressed as means = standard errors of the
mean (SEM). Statistical analysis was performed with Student’s ¢ test or
two-way analysis of variance (ANOVA) with Tukey’s multiple-compari-
son test using GraphPad Prism 6.0.

RESULTS

rHBV replication is dependent on HBV core protein provided in
trans. Cytokine-mediated viral clearance occurs at many steps of
HBV replication (21-25) and plays a major role in achieving high-
efficiency immunotherapy (26-28). These steps are thought to be
consistent with those of the core-rescued rHBV. We rescued
rHBV replication with a core gene coexpression construct
(prHBV1.3s-C). In transiently transfected Huh-7 cells, the expres-
sion of core antigen was detected mainly in the cytoplasm (29)
(Fig. 2A), which was accompanied by viral replication and release
of progeny virions (Fig. 2B and C). Transfection with rHBV
(prHBV1.3s) alone failed to initiate the replicative cycle, despite
the production of abundant viral RNA transcripts (Fig. 2D). Elec-
tron microscopy revealed intracellular recombinant virions as
typical spherical particles in prHBV1.3s-C-transfected HepG2
cells and as 42-nm Dane particles in the culture medium (Fig. 2E,
inset). Secreted rHBV virions, which were purified by CsCl density
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gradient centrifugation, exhibited characteristics similar to those
of wtHBYV, as revealed by dot blot hybridization (Fig. 2F) (30).
These data indicated that core-rescued rHBV was virologically
similar to wtHBV, through which the foreign antigen-activated
immune clearance could eventually act on wtHBV.

rHBV virions generated by transcomplementation can infect
tupaia hepatocytes. The spread of core-rescued rHBV to neigh-
boring cells would increase the antiviral potential, especially con-
sidering that all hepatocytes are infected during chronic disease.
This issue was addressed in PTHs, one of the few currently avail-
able in vitro models of HBV infection. Cells were inoculated with
rHBV with and without wtHBV coinfection. Newly synthesized
HBsAg was detected in culture supernatants 8 to 10 days later (Fig.
3A) (18). In line with this finding, immunofluorescent staining on
day 10 postinfection revealed the foreign-antigenic rHBc, as well
as HBsAg, in the cytoplasm. The replication-defective rHBV did
not need the aid of wtHBYV to infect hepatocytes (Fig. 3B, middle).
De novo rHBV expression was also detected in PTHs during coin-
fection with wtHBV, although the immunostaining did not iden-
tify the two viruses in a single cell (Fig. 3B, bottom). Collectively,
these data indicated that the replication-defective rHBV virions
were infectious in PTHs.

rAd vector enables efficient rHBV transduction in vitro. The
rAd constructs contained either the 1.3-copy overlength rHBV
genome (rAd/rHBV1.3) or a 1.1-copy genome driven by the CMV
promoter (rAd/rHBV1.1) (Fig. 4A). In our study, immunological
analysis used rAd/rHBV1.1 because it abundantly expressed the
antigenic rHBc (Fig. 4B), while rAd/rHBV1.3 encoding rHBV un-
der the control of its endogenous promoter was used for virolog-
ical assessments. In cells expressing HBV core antigen, rAd/
rHBV1.3 transduction led to intracellular replication of rHBV
(Fig. 4C), with progeny virions detected in the culture medium
(data not shown).

The rAd vectors allowed efficient transduction of HepG2.2.15
cells, which produce a high yield of wtHBV. When rAd/rHBV1.3
was inoculated at a multiplicity of infection (MOI) of 40, more
than 90% of cells were transduced. Both rHBV and wtHBV dis-
played robust viral replication, which, however, fluctuated over
time (Fig. 4D), probably reflecting limited core protein produc-
tion by HepG2.2.15 cells during rHBV coinfection. Dose-depen-
dent accumulation of rHBV virions in culture medium was ob-
served. At an MOI of 10 to 20, when only 60 to 80% of cells were
transduced, the rHBV/wtHBYV ratio remained steady throughout
the experiment. Albeit with apparent saturation, the rHBV pro-
duction was largely increased by rAd/rHBV1.3 transduction at an
MOI of 40, with 5-fold more than wtHBV virions on day 7 (Fig. 4E
and F). Considering multiple integrations of the wtHBV transgene
(four 5'-3' tandem copies of the viral genome) (20), as well as the
established episomal covalently closed circular DNA (cccDNA)
pool in HepG2.2.15 cells, these data suggested that rHBV replica-
tion was dominant over that of wtHBV.

Intravenous delivery of rAd/rHBYV alone leads to a compro-
mised immune response. rAd/rHBV1.1 was administered intra-
venously to HLA-A2 transgenic mice (Fig. 5A). A high level of
HBsAg antigenemia was observed at day 3 after infection and
quickly declined thereafter. Serum alanine transaminase (SALT)
activity peaked 6 days after infection and remained mildly elevated
over 31 days (177.0 = 36.0 U/liter; day 31). Both the frequency of
CD8™" T cells and the absolute number of lymphocytes were sig-
nificantly increased in the liver, as determined at day 10 (19, 31)
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FIG 2 rHBV is intrinsically similar to wtHBV. (A) HBsAg (green) and HBcAg (red) expression revealed by immunofluorescence staining of Huh-7 cells
transfected with prHBV1.3s-C. DAPI, 4’,6-diamidino-2-phenylindole. (B) Intracellular viral replication detected by Southern blotting of Huh-7 cells transfected
with prHBV1.3s, prHBV1.3s-C, or pwtHBV1.3. wtHBV DNA extracted from HepG2.2.15 cells served as a control. The positions of relaxed circular (RC) and
double-stranded linear (DSL) forms are indicated. (C) Extracellular rHBV virions assayed as described for panel B. (D) Viral transcription by Northern blotting.
(E) Transmission electron microscopy (TEM) for rHBV particles in HepG2-4HS5 cells stably expressing prHBV1.3s-C. (Inset) Secreted rHBV virions. (F) rHBV
virions identified by HBV DNA-specific dot blotting after CsCl density gradient centrifugation. FC, nonenveloped nucleocapsids. M, 1-kb DNA ladder (NEB).

following rAd infection (Fig. 5B). After ex vivo stimulation with
the foreign polyepitope-derived peptides, however, few gamma
interferon-positive (IFN-y™) T-effector cells were detected, and
they did not produce tumor necrosis factor alpha (TNF-a) (Fig.
5C). Similarly, no IFN-y ™ T-effector cells were found in the spleen
despite substantial antigenemia. The T-cell response was also
measured at days 14 to 16, which showed similar results (data not
shown). These data were consistent with previous findings that
direct administration of rAd vectors via the intravenous route
might compromise the immune response (9, 32).

A prime-boost strategy retargeted the functional T-cell re-
sponse to the liver. A prime-boost protocol for rAd/rHBV-based
active immunization was used to retarget a functional T-cell re-
sponse to the mouse liver (Fig. 5D). First, a foreign-antigen-spe-
cific T-cell response was activated by intramuscular vaccination
with pCMV-rHBc. When the peripheral response peaked at day
14, mice were infused intravenously with rAd/rHBV1.1, which
was sequestered in the liver, thereby boosting a functional in situ
T-cell response.

Following the immunization protocol, a vigorous T-cell re-
sponse was mounted in mice, with a large percentage of CD8" T
cells accumulating in the liver (52.7% * 1.1%) and fewer in the
spleen (16.4% = 0.9%; P < 0.0001) (Fig. 5E, left, 7 days after
infection). Strikingly, the total number of infiltrating lymphocytes
amounted to 65.3 % 6.8 million per mouse liver, compared to an
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average 1 to 2 million in PBS-treated mice (P < 0.01).The foreign-
antigenic influenza virus M58-66 (Fig. 1A) was the most immu-
nodominant epitope (1). The peptide stimulation resulted in
substantial IFN-y and modest TNF-a production (33) in the liv-
er-infiltrating CD8 " T cells (Fig. 5E, middle, and Fig. 5F). Most
influenza virus-specific IFN-y ™ T cells expressed surface CD107a,
which was a surrogate marker for functional cytolytic activity (Fig.
5E, right). The CD8™ T cells specific to HBc18-27 and Epstein-
Barr virus (EBV) B259-267 (two other HLA-A2-restricted
epitopes from rHBc [Fig. 1A]) were only slightly activated, possi-
bly reflecting competition among HLA-A2-restricted epitopes.
Collectively, the foreign-antigen-specific CD8* T cells (i.e., influ-
enza virus M58-66) represented a dominant and mostly func-
tional population in the liver-infiltrating lymphocytes following
rAd/rHBV-based active immunization.

Sustained rHBV gene expression despite fully activated in-
trahepatic T-cell response. Histological staining revealed a rap-
idly developing and localized immune response in mouse liver
following a rAd/rHBV-based active immunization protocol.
Infiltrating lymphocytes were widely distributed or aggregated
into inflammatory foci, mostly in the central vein or portal area
(Fig. 6A), reminiscent of acute hepatitis. Large areas of necrosis
were not observed in liver sections, consistent with the signif-
icant but not massive increase in sALT levels (584 = 39.0 U/
liter).
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FIG 3 rHBV is infectious in PTHs. PTHs were cultured with concentrated
preparations of rHBV virions isolated from prHBV1.3s-C-transfected HepG2-
4H5 cells in the presence or absence of wtHBV from the infectious sera of
HBV-infected patients. (A) Secreted HBsAg was measured at the indicated
time points by ELISA. Relative titers of HBsAg were calculated as signal/noise
(S/N) ratios, where the sample absorbance (signal) was divided by the average
negative-control absorbance (noise). HBsAg recurrence was defined as double
the baseline ratio for the same curve. PBS-treated (Mock) PTHs were used as a
control. (B) Immunostaining of HBsAg (a-HBs) and foreign-antigenic rHBc
(a-Flag) in PTHs 10 days after inoculation with wtHBV (top), rHBV (middle),
or mixed wtHBV and rHBV at a 2:1 ratio (bottom).

Interestingly, active rHBV expression was observed despite the
fully activated T-cell response. In frozen liver sections taken 5 days
after rAd infection (with prior pPCMV-rHBc priming), HBsAg
staining was distributed throughout the liver lobules and was also
present in inflammatory foci (Fig. 6B), indicating a noncytolytic
immune response is involved. Foreign antigen was also detected
(data not shown), although it was not completely colocalized with
HBsAg-positive cells, possibly due to CMV promoter-induced ex-
pression in nonparenchymal cells. Consistent with the findings in
liver samples, significant HBsAg antigenemia was observed and
remained detectable for at least 10 days after rAd/rHBV1.1 infec-
tion. The mice displayed a small reduction in the HBsAg kinetics,
compared to that of mice receiving rAd/rHBV1.1 infection alone
(Fig. 6C, left). In contrast, when rHBV was delivered through
hydrodynamic injection (with prior pPCMV-rHBc priming), the
HBsAg expression was scarcely detected in serum (Fig. 6C, right)
or in the liver (data not shown). This result indicated that the rAd
vector persisted in vivo with active transcription, even after the
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immune response was boosted (12—14), which allowed the rHBV
cargo gene to undergo sustained expansion in chronically
wtHBV-infected liver tissue.

rAd/rHBV abrogated HBV persistence in rAAV8-HBV-in-
fected mice. We administered rAAV8-HBV to HLA-A2 trans-
genic mice as a model of HBV persistence. Following intravenous
inoculation of rAAV8-HBYV, the mice developed substantial
HBsAg antigenemia that plateaued within 3 to 9 weeks (Fig. 7A).
Although it declined from week 10, the circulating HBsAg per-
sisted at lower levels for the duration of the experiment (>20
weeks). The HBV DNA load in serum displayed similar kinetics. It
is noteworthy that DNA vaccination with pCMV-S2S, a plasmid
encoding the middle and small envelope proteins of HBV (34, 35),
did not affect HBV persistence (Fig. 7B), indicating a prominent
immune tolerance developed in the mouse liver (36).

rAd/rHBV-based active immunotherapy was then evaluated
in this rAAV8-HBV mouse model. With prior pCMV-rHBc
priming, infection with rAd/rHBVI1.1 (1 X 10° PFU) led to
rapid HBV clearance. A 90% reduction in HBsAg titers was
achieved in the mice within 2 weeks (Fig. 7B). Sustained viral
clearance was observed in a 16-week follow-up study of these
mice (Fig. 7C). In contrast, pPCMV-rHBc immunization alone
did not abrogate HBV persistence, while rAd infection alone
actually increased HBsAg antigenemia over several weeks (Fig.
7B). HBV clearance was also achieved in mice when a pIC-
polyepitope plasmid was used for periphery priming before
rAd infection (Fig. 7B and C). Unlike pCMV-rHBc, the pIC-
polyepitope encoded a foreign polyepitope fusion that was un-
related to HBV. These results demonstrated that the immune
response against foreign polyepitope was mainly responsible
for viral clearance. A decline in the serum HBV DNA load was
also observed in these mice (data not shown).

In conjunction with viral clearance, large increases in sALT
activity (1,273 = 377.5 Ulliter, 1 week after rAd infection) (Fig.
7D) were observed in the mice following rAd/rHBV-based active
immunization, suggesting a major cytolytic T lymphocyte (CTL)
response. Indeed, a T-cell response against the foreign polyepitope
(i.e., influenza virus M58-66) was significantly induced in both the
liver and spleen (Fig. 7E), but HBV antigen-specific T-cell reacti-
vation was rarely observed, as tested at 4 weeks after rAd infection
(data not shown). Nevertheless, anti-HBeAg was identified in all
mice at long-term follow-up (as shown in Fig. 7C) after rAd/
rHBV-based active immunization, with three out of eight mice
positive for anti-HBsAg at 13 weeks after rAd administration. The
seroconversion clearly indicated that rAd/rHBV-based active im-
munization could overcome immune tolerance and eliminate
chronic HBV infection in the mouse model.

DISCUSSION

In our strategy, we use preexisting wtHBV in the host liver to
expand the antiviral capacity of a replication-defective rAd vector.
Ideally, a small dose of rAd/rHBV would be administered for the
immunotherapy to achieve high efficiency. However, the T-cell
response induced by rAd vector is critically influenced by the viral
dose and route of immunization (32). Direct rAd/rHBV infusion,
even at 1 X 10° PFU, only marginally activated intrahepatic T-ef-
fector cells (Fig. 5C). This result was consistent with a recent re-
port that significant levels of circulating HBV antigens, but no
virus-specific CTLs, were seen in mice treated with low doses of
rAd vectors carrying wtHBV (9).
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To resolve this issue, we used a prime-boost vaccination regi-
men for active immunization. A characteristic of rAd-based vac-
cines is that they induce T-cell responses with a protracted con-
traction phase that is associated with the persistence of low levels
of transcriptionally active rAd vector at the site of inoculation and
in liver or lymphatic tissues, even after boosted immunization

March 2014 Volume 88 Number 5

(12-14). In our study, with prior DNA priming, intravenously
administered rAd/rHBV attracted a substantial influx of func-
tional T-effector cells to the liver. In the presence of this vigorous
T-cell response, active rHBV expression was still observed in the
liver and in circulation for at least 1 week (Fig. 6B and C). Similar
results have been reported for intravenous administration of rAd/
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FIG 6 Active rHBV expression in the presence of fully activated intrahepatic immune response. With prior pPCMV-rHBc priming in the periphery,
intravenous transduction of rAd/rHBV1.1 (1 X 10° PFU) triggered a vigorous immune response in the livers of HLA-A2 transgenic mice. (A) Hematox-
ylin-eosin staining of mouse liver sections on day 7 after rAd infection. Arrow, hepatocyte undergoing cytoplasmic condensation and regeneration. SALT
activity (mean value) and magnification are indicated. PV, portal vein; CV, central vein. (B) Immunofluorescence for HBsAg (green) in frozen liver
sections on day 5 after rAd infection. rHBV expression was distributed throughout the hepatic lobule (left) or within the inflammatory focus (right,
boxed). (C) Serum HBsAg kinetics in mice given rAd/rHBV1.1 with (n = 4) or without (n = 4) prior pPCMV-rHBc priming (left). rHBV delivered through
hydrodynamic injection (hyd.i.) of pPCMV-rHBV1.1s (10 pg), which encoded a 1.1-copy rHBV genome driven by a CMV promoter, was used as a control
assay (right). The error bars indicate SEM.

wtHBV following HBsAg-specific DNA vaccination (19). Thus,
the rAd vector might allow sustained expansion of an rHBV cargo
gene despite a fully activated T-cell response.

rHBV replicates only in wtHBV-infected hepatocytes, which
was thought to confer distinct specificity for rHBV-based immu-
notherapy. However, since the chronic HBV infection spreads to
nearly all hepatocytes, targeted elimination of HBV-infected
cells might be less critical. In contrast, the simplistic notion of

HBV clearance through CTL-activated cell destruction has
been replaced with a new paradigm emphasizing cytokine-me-
diated HBV clearance (26, 28). Virus-specific CTLs do not
merely kill target cells; they also release antiviral cytokines that
can purge viruses noncytopathically from large numbers of
additional infected cells. The foreign-antigen-activated T-cell
response has been shown to restrict rHBV expression in a
mouse model with limited liver injury (1). This noncytolytic

FIG 5 rAd/rHBV-based active immunization in HLA-A2 transgenic mice. (A) Kinetics of serum HBsAg and sALT after intravenous rAd/rHBV1.1 administra-
tion (1 X 10° PFU) in HLA-A2 mice. (B) Proportions of CD8" T cells (left) and absolute numbers of liver-infiltrating lymphocytes (right) from mice mock
infected with PBS or from mice 10 days after injection of rAd/rHBV1.1. (C) Hepatic CD8" T cells from a representative mouse given rAd/rHBV1.1 as in panel
B, gated for intracellular IFN-y and TNF-« staining after stimulation with the peptide influenza virus M58-66, EBV B259-67, HBc18-27, or HBsAg183-191/
348-357. (D) Protocol used for rAd/rHBV-based active immunization. FACS, fluorescence-activated cell sorting. (E) At 7 days after rAd/rHBV-based active
immunization, CD8 " T cells from mouse liver and spleen were analyzed by intracellular IFN-y and TNF-a staining or CD107a surface staining after stimulation
with influenza virus (Flu) M58-66, EBV B259-67, HBc18-27, or HBsAg183-191/348-357. (F) Percentages of influenza virus-activated IFN-y-positive or IFN-y/
TNF-a-double-positive CD8™ T cells in mice immunized with pCMV-rHBc alone (1 = 4; tested on day 14), rAd/rHBV 1.1 infection alone (n = 4; tested on day
10), or rAd/rHBV1.1 infection with prior pPCMV-rHBc priming (# = 4; tested on day 7 after rAd infection). These time points corresponded to the peak T-cell
responses upon the different treatments and were based on previous studies for rAd/wtHBV-based immunization in mice (19, 31). **, P < 0.01; ***, P < 0.001.
i.m., intramuscular injection; i.v., intravenous injection. The error bars indicate SEM.
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FIG 7 rAd/rHBV-based active immunotherapy abolished persistent viral infection in the rAAV8-HBV mouse model. (A) HBsAg and viral DNA persistence in
mouse (HLA-A2 transgenic) sera after intravenous administration of 7 X 10'° GEs of rAAV8-HBV (1 = 4). (B) Serum HBsAg at the indicated time points in mice
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FIG 8 Ameliorated hepatic injury following rAd/rHBV-based active immunization at a reduced rAd dose in the rAAV8-HBV mouse model. With prior
pCMV-rHBc priming in the periphery (week —2), rAAV8-HBV mice were infected with rAd/rHBV1.1 (week 0) at 1 X 10° PFU (n = 8) or a reduced dose of
0.5 X 10° PFU (n = 7). (A) Relative concentrations of serum HBsAg at the indicated time points. The data are expressed as percentages of the HBsAg level when
rAd/rHBV was administered (week 0; arbitrarily defined as 100%). (B) sALT activities in mice at the indicated time points. ¥, P < 0.05. Statistical analysis was

performed by Student’s t test or two-way ANOVA with Tukey’s multiple-comparison test. The error bars indicate SEM.

mechanism for rHBV clearance would act on wtHBV because
of the intrinsic similarity between rHBV and wtHBV, whether
it occurs by epigenetic modulation or by preventing any step of
the viral replication.

This updated rationale does not alter the specificity of rAd/
rHBV-based immunotherapy. The rAd vectors are predominantly
sequestered by the liver after intravenous administration, while
foreign-antigen polyepitope would be productively amplified
only in the livers of chronically HBV-infected patients. We found
that rHBV displayed significant dominance over wtHBV in viral
replication (Fig. 4). Thus, rAd-delivered rHBV likely persisted
continuously until wtHBV was cleared. Using the in vitro PTH
model, we also confirmed the infectivity of rHBV for hepatocytes
(Fig. 3). This infectivity is required for rHBV progeny to spread
the antiviral activity. In this respect, productive replication of
core-rescued rHBV remains essential for the accumulation of suf-
ficient antigen for active immunization.

A major obstacle to in vivo studies of chronic HBV infection
is the lack of suitable animal models. We used a recently devel-
oped mouse model of rAAV8-HBV persistence in which prom-
inent immune tolerance was established by a defect in the
HBV-specific functional T-cell response and a high number of
regulatory T cells in the liver (36). This tolerance was funda-
mentally different from that of HBV transgenic mice, which
produce HBV proteins as self-antigens in the liver from birth.
DNA vaccination with pCMV-S2S, which has been used in
clinical trials, did not abolish HBV persistence in this model
(Fig. 7B). It must be noted that the persistent infection may

reflect an attribute of the rAAV vector that differs from natural
HBV infection. Also, murine hepatocytes were not susceptible
to HBV or rHBYV infection, and no intracellular viral cycle was
established due to the absence of cccDNA. Nevertheless, HBV
tolerance was clearly developed in the mouse liver, validating
the rAd/rHBV-based active immunization.

The rAd/rHBV-based active immunization effectively elimi-
nated viral persistence in the rAAV-HBV mouse model. Once
immune tolerance was overcome, sALT activity was sharply in-
creased, probably due to a synergistic release of rAAV8-HBV-
niched CTLs that were previously hyporesponsive in the chroni-
cally infected liver. The massive influx of liver-infiltrating
lymphocytes, including non-HBV-specific effector T cells, sug-
gests that a bystander effect could also be important in this model
of viral clearance.

For immunotherapy to be safe, the hepatic inflammation must be
managed to avoid severe liver injury. An intrahepatic T-cell response
could be induced moderately by adjusting the rAd/rHBV dose and
timing of administration rather than administering the virus when
the peripherally primed T-cell response is fully activated. In our
study, an rAd vector dose of 1 X 10° PFU was routinely used for
inoculations, which appeared to target more than 90% of hepatocytes
in the mouse liver (9). Ameliorated hepatic injury (sALT; 228 = 32.9
Ulliter; week 1 after rAd infection) was observed in mice given a low
dose of rAd/rHBV (0.5 X 10° PFU, with prior pPCMV-rHBc prim-
ing), which, however, compromised the viral clearance (only 60 to
70% reduction in HBsAg titers within 2 weeks) in the mouse model
(Fig. 8). In this regard, an expansion of rHBV is expected to accumu-

rAd/rHBV1.1 (1 X 10° PFU) alone (n = 4), or given rAd/rHBV1.1 (1 X 10° PFU) with prior pPCMV-rHBc (n = 8) or pIC-polyepitope (n = 4) priming in the
periphery. The results are percentages of the HBsAg level when rAd/rHBV was administered (week 0; arbitrarily defined as 100%). (C) Follow-up of serum HBsAg
concentration in rAAV8-HBV mice that underwent rAd/rHBV-based active immunization (1 X 10° PFU of rAd/rHBV1.1) with prior DNA priming by either
pCMV-rHBc (n = 4) or pIC-polyepitope (n = 4). Arrows, times at which DNA priming and rAd/rHBV1.1 infection were performed. (D) sALT activities at the
indicated time points in groups of mice (as depicted in panel B) that were immunized with pCMV-S2S or pCMV-rHBc alone, infected with rAd/rHBV1.1 (1 X
10° PFU) alone, or received rAd/rHBV 1.1 with prior DNA priming by either pPCMV-rHBc or pIC-polyepitope. (E) Splenic and hepatic lymphocytes from mice
(n = 4) by ex vivo ELISPOT assay. Four weeks after rAd/rHBV1.1 injection (with prior pPCMV-rHBc priming), IFN-y-specific spots were developed after
stimulation with influenza virus M58-66. Two-way ANOVA with Tukey’s multiple-comparison test was used for statistical analysis. *, P < 0.05; **, P < 0.01; ***,
P < 0.001. The error bars indicate SEM.
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late sufficient antiviral response in chronically wtHBV-infected liver
tissue, although this study was limited by use of a murine model not
susceptible to HBV infection.

In summary, the foreign-antigen-activated immunization effi-
ciently transformed chronic liver tolerance to functional anti-
HBV immunity in an rAAV8-HBV mouse model. This provided
further evidence of the potential of rAd/rHBV-based immuno-
therapy for the treatment of chronic HBV infection.
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