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ABSTRACT Therapeutic vaccines may be an important component of a treatment
regimen for curing chronic hepatitis B virus (HBV) infection. We previously demon-
strated that recombinant wild-type vesicular stomatitis virus (VSV) expressing the
HBV middle surface glycoprotein (MHBs) elicits functional immune responses in
mouse models of HBV replication. However, VSV has some undesirable pathogenic
properties, and the use of this platform in humans requires further viral attenuation.
We therefore generated a highly attenuated VSV that expresses MHBs and contains
two attenuating mutations. This vector was evaluated for immunogenicity, patho-
genesis, and anti-HBV function in mice. Compared to wild-type VSV, the highly at-
tenuated virus displayed markedly reduced pathogenesis but induced similar MHBs-
specific CD8F T cell and antibody responses. The CD8* T cell responses elicited by
this vector in naive mice prevented HBV replication in animals that were later chal-
lenged by hydrodynamic injection or transduction with adeno-associated virus en-
coding the HBV genome (AAV-HBV). In mice in which persistent HBV replication was
first established by AAV-HBV transduction, subsequent immunization with the atten-
uated VSV induced MHBs-specific CD8" T cell responses that corresponded with re-
ductions in serum and liver HBV antigens and nucleic acids. HBV control was associ-
ated with an increase in the frequency of intrahepatic HBV-specific CD8* T cells and
a transient elevation in serum alanine aminotransferase activity. The ability of VSV to
induce a robust multispecific T cell response that controls HBV replication combined
with the improved safety profile of the highly attenuated vector suggests that this
platform offers a new approach for HBV therapeutic vaccination.

IMPORTANCE A curative treatment for chronic hepatitis B must eliminate the virus
from the liver, but current antiviral therapies typically fail to do so. Immune-
mediated resolution of infection occurs in a small fraction of chronic HBV patients,
which suggests the potential efficacy of therapeutic strategies that boost the pa-
tient's own immune response to the virus. We modified a safe form of VSV to ex-
press an immunogenic HBV protein and evaluated the efficacy of this vector in the
prevention and treatment of HBV infection in mouse models. Our results show
that this vector elicits HBV-specific immune responses that prevent the establish-
ment of HBV infection and reduce viral proteins in the serum and viral DNA/RNA
in the liver of mice with persistent HBV replication. These findings suggest that
highly attenuated and safe virus-based vaccine platforms have the potential to
be utilized for the development of an effective therapeutic vaccine against
chronic HBV infection.
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espite the availability of an effective preventative vaccine, chronic hepatitis B virus

(HBV) infection affects over 250 million people worldwide and causes a significant
number of deaths each year due to complications such as liver cirrhosis and hepato-
cellular carcinoma (1). Current nucleos(t)ide-based antiviral therapies are effective at
reducing viremia but are not able to eliminate the HBV covalently closed circular DNA
minichromosome that persists in the nuclei of infected hepatocytes and serves as a
template for new virion production (2). Lifelong antiviral treatment is also costly and is
associated with possible adverse side effects and the risk of developing viral resistance.

Acute HBV infection during adulthood typically generates a relatively strong and
multispecific T cell response that leads to effective virus control. On the contrary, HBV
infection in early childhood leads to lifelong persistence of the infection, and the
majority of antigen (Ag)-specific T cells in these patients display impaired functions or
exhausted phenotypes or are deleted (3). Spontaneous chronic HBV resolution in some
patients (4) and viral clearance after acute HBV infection suggest that immune-based
strategies that aim to augment adaptive immunity might be an effective approach for
the treatment of chronic hepatitis B (5). A successful therapeutic strategy must be able
to generate potent and durable T cell-mediated immunity to control HBV replication
and to eliminate HBV-infected hepatocytes. While the current HBV vaccine induces
protective antibodies (Abs) that prevent infection, it does not elicit the virus-specific
CD8™ T cells needed to control an established infection. A number of protein-, DNA-,
and virus-based vaccine regimens have shown promising efficacy in preclinical mouse
and woodchuck models of persistent hepadnavirus infection (reviewed in reference 6).
Although recombinant protein- and DNA-based vaccines have failed to generate an
effective therapeutic response in humans (7), alternative immunotherapeutic strategies,
such as blocking T cell-inhibitory signals, engineering HBV-specific T cells, or employing
more highly immunogenic vaccine platforms, have been proposed (8). Replicating
virus-based vectors that stimulate the immune system through their adjuvant effects
and induce strong CD8* T cell responses might be a beneficial tool for the develop-
ment of a therapeutic vaccine against chronic HBV infection.

Due to favorable features, including its low seroprevalence, simplicity, and robust
foreign antigen expression, recombinant vesicular stomatitis virus (VSV) has been used
for the development of vaccines against a variety of human pathogens, and these
vaccines have shown potential efficacy in nonhuman primates (9) and humans (10).
Previously, we analyzed the immunogenicity and function of recombinant wild-type
VSV expressing the HBV middle surface glycoprotein (MHBs). We found that the CD8*
T cell responses elicited by VSV-MHBs were superior to those generated by a single
dose of other vaccine platforms, including recombinant protein and vaccinia virus; were
protective in a mouse model of acute HBV replication; and could be induced in tolerant
HBV transgenic (HBV®9) mice (11, 12).

Due to safety concerns regarding the use of wild-type VSV in humans, a highly
attenuated virus with significantly reduced neurovirulence in mice (13) was further
modified to express foreign antigens from the first genome position by Cooper et al.
(14). This vector (N4CT1) contains the nucleocapsid (N) gene translocated from the first
genome position to the fourth (N4) and a glycoprotein (G) cytoplasmic tail truncation
to a single amino acid (CT1). Modified N4CT1 vectors expressing different viral proteins
have been validated as safe and immunogenic in nonhuman primates (15-17), and the
platform was also recently shown to be immunogenic and well tolerated in a human
HIV vaccine clinical trial (18, 19).

These studies therefore led us to utilize the N4CT1 platform for MHBs expression and
to investigate the preventative and therapeutic potential of this vector in a recently
described mouse model of persistent HBV replication based on adeno-associated virus
(AAV)-mediated transduction of HBV genomes into the liver (20). Here, we found that
N4CT1-MHBs generates immune responses that both prevent and control persistent
HBV infection in mice. The safety profile, immunogenicity, and the ability of N4CT1-
MHBs to control virus replication and overcome immune dysfunction in a mouse model
of persistent HBV infection suggest that highly attenuated VSV-based vaccine platforms
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FIG 1 Compared to VSV-MHBs, N4CT1-MHBs displays a low replication rate and reduced cytopathic effects in vitro. (A) VSV
vectors used for immunizations. (B) BHK cells were infected with the indicated viruses or not infected, and cell lysates were
collected at 12 h postinfection and assayed for MHBs or VSV protein (M, N, and G) expression by Western blotting. (C) BHK
cells in triplicate wells were infected with the indicated viruses, and the titers in medium were determined to compare the
replication of both viruses. Error bars denote standard errors of the means (SEM). (D) Plaque size comparison in infected
BHK cells.

may offer a new strategy for the development of an HBV vaccine with both preventa-
tive and therapeutic potential.

RESULTS

N4CT1-MHBs displays a low replication rate and reduced cytopathic effects in
vitro compared to VSV-MHBs. For comparison to N4CT1-MHBs, we used nonattenu-
ated VSV expressing MHBs from the fifth genome position (VSV-MHBs) as a positive
control (11) and N4CT1 expressing green fluorescent protein (GFP) (N4CT1-GFP) as a
negative control (Fig. 1A). MHBs expression in infected BHK cells was confirmed by
Western blot analysis (Fig. 1B). The higher MHBs expression level in N4CT1-MHBs-
infected cells than in VSV-MHBs-infected cells is likely due to the difference in the MHBs
position in the VSV genomes (Fig. 1A), as first-genome-position vectors have higher
foreign protein expression levels than fifth-position vectors (16, 17). The low VSV
nucleocapsid protein (N) and glycoprotein (G) expression levels relative to matrix (M) in
cells infected with N4CT1-MHBs are consistent with the presence of the attenuating
mutations (Fig. 1B). As expected, compared to VSV-MHBs, N4CT1-MHBs showed a
significantly low replication rate in BHK cells (Fig. 1C) and generated small plaques (Fig.
1D), thus confirming the generation of attenuated virus.

N4CT1-MHBs immunization of naive mice generates immune responses similar
to those immunized with VSV-MHBs. Pathological effects and immunogenicity of
N4CT1-MHBs were next evaluated in mice. Intranasal (i.n.) NACT1-MHBs administra-
tion showed markedly reduced pathogenesis compared to VSV-MHBs, as measured by
weight loss (Fig. 2A). In addition to maintaining normal weight, the N4CT1-MHBs-
infected mice also did not show any other overt signs of distress. The ability of
N4CT1-MHBs to elicit Ag-specific CD8* T cell responses was investigated by intramus-
cular (i.m.) immunization of naive CB6F1 mice with N4CT1-MHBs or VSV-MHBs. CD8+ T
cell response analysis on day 7 postimmunization showed that similar to VSV-MHBs,
immunization with N4CT1-MHBs elicited Ag-specific CD8* T cells against all four MHBs
epitopes (Fig. 2B). The ability of N4CT1-MHBs to induce Ag-specific Ab responses was
evaluated by an enzyme-linked immunosorbent assay (ELISA) using serum samples
collected on week 8 postimmunization. HBs-specific antibody was detected in the
majority of the mice that received either VSV-MHBs or N4CT1-MHBs (Fig. 2C). To further
evaluate N4CT1-MHBs immunogenicity in a highly diverse genetic background, we
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FIG 2 Despite differences in pathogenicity, N4ACT1-MHBs and VSV-MHBs generate similar immune responses in naive mice.
(A) Daily weight changes of CB6F1 mice infected intranasally with either N4CT1-MHBs or VSV-MHBs (1 X 10¢ PFU). (B)
Ag-specific CD8* T cells measured by an IFN-y ELISPOT assay in the spleens of CB6F1 mice immunized with the vectors
(1 X 108 PFU, i.m.) or PBS on day 7 postimmunization (n = 5 mice/group). (C) Anti-HBs antibody measured by an ELISA in
CB6F1 mouse serum on week 8 postimmunization (n = 5 to 6 mice/group). (D) Ag-specific CD8* T cells measured by an
IFN-vy ELISPOT assay in the spleens of DO mice at 2 weeks postimmunization (n = 6 to 8 mice/group). Error bars denote
SEM.

used Diversity Outbred (DO) mice that mimic the genetic diversity of the human
population (21). Induction of Ag-specific T cells in the spleen of DO mice immunized
with N4CT1-MHBs was confirmed at 2 weeks postimmunization (Fig. 2D). Thus, despite
the lower replicative capacity in vitro and diminished pathogenesis in vivo, the atten-
uated N4CT1-MHBs vector generates cellular and humoral immune responses similar to
those of a nonattenuated VSV-based vector.

Immunization with N4CT1-MHBs protects mice against hydrodynamic chal-
lenge with HBV. To determine whether the T cell responses induced by N4CT1-MHBs
immunization in naive mice could control HBV replication, CB6F1 mice were immunized
with either N4CT1-MHBs or VSV-MHBs and challenged 6 weeks later by hydrodynamic
injection of a plasmid encoding a 1.3-mer copy of the HBV genome (22). Similar to
immunization with VSV-MHBs, N4CT1-MHBs immunization prevented HBV replication,
as shown by rapid HBeAg clearance from the serum (Fig. 3A) and viral nucleic acid
reduction in the liver (Fig. 3B). In contrast to the control group that displayed peak
serum HBsAg levels of 820 = 80 ng/ml at day 4 postchallenge, no HBsAg was detected
in the blood of VSV-MHBs- or N4CT1-MHBs-infected mice, consistent with the ability of
the vectors to induce anti-HBs antibody in naive animals. Increased liver CD8 expression
in both immunized groups suggested the recruitment of Ag-specific CD8* T cells into
the liver (Fig. 3C). Induction of HBV-specific CD8* T cells in the spleen was confirmed
by a gamma interferon (IFN-y) enzyme-linked immunosorbent spot (ELISPOT) assay on
day 7 postchallenge (Fig. 3D). Thus, N4CT1-MHBs immunization of naive animals
induces HBV-specific CD8* T cells that can control virus replication upon subsequent
challenge with HBV.
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FIG 3 Immunization with N4CT1-MHBs protects mice against HBV hydrodynamic challenge. CB6F1 mice were
immunized intramuscularly with 1 X 106 PFU of VSV-MHBs or N4CT1-MHBs and challenged 6 weeks later by
hydrodynamic injection (HDI) of the pHBV1.3 plasmid. (A) HBeAg levels measured by an ELISA relative to those in
the unimmunized group at day 1 (mean concentration, 307 = 179 ng/ml) in sera collected on the indicated days
postchallenge. (B) Hepatic HBV DNA and RNA on day 7 postchallenge quantified by qPCR and RT-qPCR, respec-
tively, shown as changes in threshold cycle values. (C) Relative liver CD4 and CD8 mRNA quantified by RT-qPCR.
(D) HBV-specific CD8* T cell response in the spleen on day 7 postchallenge measured by an IFN-y ELISPOT assay
(n = 2 to 4 mice/group). Error bars denote SEM.

Immunization with N4CT1-MHBs elicits Ag-specific immune responses that
prevent acute HBV replication in mice. A mouse model of persistent HBV replication
by hepatic transduction of the HBV genome with adeno-associated virus serotype 8
(AAV8) was recently described (20, 23). We utilized the AAV-HBV transduction model to
further evaluate the preventative and therapeutic efficacy of N4ACT1-MHBs in mice. To
test the preventative effects of N4ACT1-MHBs, CB6F1 mice were immunized with either
N4CT1-MHBs, VSV-MHBs, N4CT1-GFP, or phosphate-buffered saline (PBS) and 6 weeks
later were challenged intravenously (i.v.) with 1 X 10'" genome copies of AAV-HBV.
HBV replication was monitored by detection of viral Ags in the serum and nucleic acids
in the liver. Immunization with N4CT1-MHBs or VSV-MHBs reduced serum HBsAg
starting from week 1 postchallenge, which continued up to week 4 postchallenge (Fig.
4A). HBsAg clearance after challenge in the immunized groups is likely due to anti-HBs
antibody induced by the immunizations. In both immunized groups, anti-HBs antibody
was detected by an ELISA in sera prior to challenge and continued to increase by week
4 postchallenge (Fig. 4B). As expected, no serum anti-HBs Ab was detected in the
negative-control groups prior to challenge; however, starting from week 3 postchal-
lenge, a reduced serum HBsAg level in some negative-control mice was observed that
was associated with detectable serum anti-HBs Ab at week 4, which was significantly
lower than that in the immunized groups (Fig. 4A and B). Anti-HBs Ab development in
negative-control groups might be due to the BALB/c major histocompatibility complex
(MHC) proteins in CB6F1 mice, as it has been reported that hydrodynamic injection of
an AAV-HBV plasmid resulted in the development of anti-HBs in 100% of male BALB/c
mice by week 2 postinjection (24). Since HBV virions are not able to reinfect mouse
hepatocytes, the presence of anti-HBs in the serum might prevent HBsAg detection by
an ELISA but not have any effect on the amount of virus in the liver. Therefore, serum
HBeAg, for which we did not detect either preexisting or vaccine-induced antibody, was
also measured by an ELISA. While no significant difference was observed in serum
HBeAg levels in both immunized and negative-control groups on week 1 postchal-
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FIG 4 Immunization with N4CT1-MHBs elicits Ag-specific immune responses that prevent persistent HBV replica-
tion in mice. CB6F1 mice were immunized with the indicated vectors (1 X 10° PFU, i.m.) and challenged i.v. with
1 X 10" genome copies of AAV-HBV at week 6 postimmunization. (A) Serum HBsAg levels measured by ELISAs
relative to those in the week 3 postchallenge PBS group (mean concentration, 48 = 23 ng/ml). (B) Anti-HBs
quantification by an ELISA in serum prior to challenge (pre) and at week 3 (W3) and week 4 postchallenge. (C)
Serum HBeAg levels measured by an ELISA relative to those in the week 3 postchallenge PBS group (mean
concentration, 79 = 7 ng/ml). (D and E) Hepatic HBV RNA and genomic DNA (gDNA) levels on week 4 postchallenge
measured by RT-qPCR and qPCR, respectively. C;, threshold cycle. (F) MHBs-specific CD8* T cell detection by an
IFN-y ELISPOT assay in the spleen on week 4 postchallenge (n = 5 to 6 mice/group). Error bars denote SEM.

lenge, a significant HBeAg reduction was observed at weeks 3 and 4 postchallenge in
immunized groups compared to the negative controls (Fig. 4C).

The reduction in HBeAg is consistent with the possible presence of a cell-mediated
immune response that could prevent virus replication in the MHBs-immunized groups.
To examine this possibility, viral RNA and DNA in the liver at week 4 postchallenge were
measured by reverse transcription-quantitative PCR (RT-gPCR) and qPCR, respectively,
which demonstrated that immunization with either N4CT1-MHBs or VSV-MHBs pre-
vented the establishment of persistent HBV gene expression and DNA production in
the liver (Fig. 4D and E). Because HBV Ag recognition by CD8* T cells triggers the
release of antiviral cytokines such as IFN-y and tumor necrosis factor alpha (TNF-«) that
inhibit virus replication (25, 26), we performed an IFN-y ELISPOT assay using spleen cells
to detect the presence of functional HBV-specific CD8" T cells. IFN-y-producing MHBs-
specific CD8* T cells were found in the spleens of mice immunized with N4CT1-MHBs
or VSV-MHBs, while no Ag-specific CD8" T cells were found in mice immunized with
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FIG 5 Immunization with N4CT1-MHBs overcomes immune tolerance in HBVt9 mice. (A) Measurement of serum
HBeAg (left) and HBsAg (right) in HBV.CB6F1 mice by an ELISA. (B) HBV-specific CD8* T cells in the spleen at week
2 postimmunization. (C) Anti-HBs Ab levels in the serum before immunization (pre) and at week 2 postimmuni-
zation. The assay limit of detection is shown by a dotted line (n = 9 mice/group). Error bars denote SEM.

N4CT1-GFP or PBS (Fig. 4F). Therefore, a single immunization with N4CT1-MHBs gen-
erates effective antibody and CD8* T cell responses that protect mice against subse-
quent HBV challenge and prevent virus replication in the liver.

Immunization with N4ACT1-MHBs induces CD8+ T cell responses in HBV trans-
genic mice. We have shown previously that immunization of highly tolerant HBVt9
mice with VSV-MHBs induces HBV-specific CD8™ T cells in mice that naturally express
low levels of antigen (12). To evaluate the ability of N4ACT1-MHBs to overcome immune
tolerance in HBV'9 mice, HBeAg'® and HBeAgh' HBV.CB6F1 mice (Fig. 5A) were immu-
nized with N4CT1-MHBs. A significantly higher frequency of HBV-specific CD8* T cells
was observed in the spleens of HBeAg'c mice than in HBeAgh' mice at week 2
posttreatment (Fig. 5B). N4CT1-MHBs immunization also resulted in the generation of
anti-HBs antibody in a subset of the mice (Fig. 5C). Therefore, similar to nonattenuated
VSV, N4CT1-MHBs immunization is able to overcome immune tolerance in HBV'9 mice.

N4CT1-MHBs immunization of mice with persistent HBV replication results in
significant serum viral Ag reduction and MHBs-specific CD8* T cell induction. To
investigate the therapeutic effect of N4CT1-MHBs in the AAV mouse model of persis-
tent HBV replication, C57BL/6 mice were transduced with AAV-HBV and monitored
weekly for serum HBeAg and HBsAg levels. On week 8 posttransduction, three groups
of HBsAg-matched mice were treated with either N4ACT1-MHBs, N4CT1-GFP, or PBS. The
relative Ag levels in the serum were normalized between the three groups at week 8
after AAV-HBV transduction and compared at weeks 1 to 3 posttreatment (Fig. 6A and
B). A significant reduction in serum HBsAg and HBeAg was observed starting from week
2 posttreatment in mice infected with N4CT1-MHBs compared to the control groups
and continued up to week 3 posttreatment, when the mice were euthanized for
analysis of their immune responses. Because we failed to detect anti-HBs antibody in
the serum, this suggests that the reduction in antigenemia is due to T cell-mediated
mechanisms. Consistent with this hypothesis, NACT1-MHBs treatment elicited signifi-
cantly higher MHBs-specific CD8* T cell numbers in the spleen, as measured by an
IFN-y ELISPOT assay, while responses in both control groups were not significantly
higher than the background (Fig. 6C). Furthermore, the reduction in antigenemia was
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FIG 6 N4CT1-MHBs treatment of mice with persistent HBV replication results in significant HBV Ag
reduction and Ag-specific CD8* T cell induction. C57BL/6 mice received 1 X 10'" genome copies of
AAV-HBV i.v. and on week 8 posttransduction were treated with the indicated vectors (1 X 106 PFU, i.m.)
or PBS. (A and B) Serum HBV Ag levels at different time points measured by an ELISA relative to those on
week 8 after AAV-HBV transduction. The mean concentrations = SEM of serum HBsAg and HBeAg at the
time of treatment were 182 = 11 and 94 * 9 ng/ml, respectively. (C) IFN-y ELISPOT analysis of MHBs-
specific CD8* T cell responses in the spleen on week 3 posttreatment. (D) Serum HBsAg levels at different
time points measured by an ELISA relative to those at week 8. The mean concentration of HBsAg at the time
of treatment was 296 = 36 ng/ml (n = 5 to 9 mice/group). Error bars denote SEM.

durable and lasted at least 16 weeks posttreatment in an additional longer-term
experiment (Fig. 6D). These results indicate that a single treatment with N4CT1-MHBs
overcomes T cell dysfunction and induces cell-mediated immune responses in this
model.

N4CT1-MHBs treatment of mice with persistent HBV infection reduces hepatic
HBV replication forms. To better quantify the CD8* T cell induction kinetics and HBV
replication in the liver, mice with established persistent HBV replication were treated
with N4CT1-MHBs or N4CT1-GFP, and groups of animals were euthanized at 1, 3, or
5 weeks posttreatment to examine T cell responses in the spleen and HBV replication
forms in the liver. A single treatment with N4CT1-MHBs resulted in a marked serum
HBeAg and HBsAg decline starting at week 3 posttreatment and continuing through
week 5 posttreatment (Fig. 7A and B). MHBs-specific CD8* T cells expressing IFN-y were
detected by ELISPOT assays in the spleens of mice treated with N4CT1-MHBs starting
at week 1 posttreatment, and their numbers continued to increase through week 5 (Fig.
7C). N4CT1-MHBs-treated mice showed a significant but transient increase in serum
alanine aminotransferase (ALT) activity beginning at week 2 posttreatment and con-
tinuing to week 4 posttreatment before declining afterward (Fig. 7D). The increase in
serum ALT activity correlated with increased liver CD8 expression in mice treated with
N4CT1-MHBs, while no significant increase in CD4 expression was observed (Fig. 7E). A
significant reduction in HBV RNA and DNA in the liver of mice treated with N4CT1-MHBs
but not N4CT1-GFP was observed (Fig. 7F), which directly correlated with the reduction
of viral Ags in the serum and inversely correlated with the induction of MHBs-specific
T cells in the spleen, increased CD8 expression in the liver, and elevation of serum ALT
activity. To further confirm the correlation between HBV reduction and the induction of
an effective HBV-specific T cell response in the liver, two additional groups of mice with
established persistent HBV replication were treated with either N4CT1-MHBs or PBS,
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FIG 7 A single treatment by N4CT1-MHBs in mice with persistent HBV replication results in viral Ag clearance from
serum, reduced viral replication in the liver, transient ALT elevation, and increased Ag-specific CD8" T cell
frequency. C57BL/6 mice received 1 X 10"" genome copies of AAV-HBV i.v. and on week 8 posttransduction were
treated with the indicated vectors (1 X 10° PFU i.m.). (A and B) Serum viral Ag levels at different time points
measured by an ELISA relative to those on week 8 after AAV-HBV transduction. The concentrations = SEM of
serum HBsAg and HBeAg at the time of treatment were 166 = 17 and 106 = 7 ng/ml, respectively. (C) IFN-y
ELISPOT analysis of MHBs-specific CD8* T cells in the spleens of mice at different weeks posttreatment. (D)
Serum ALT activity before treatment and at the indicated weeks posttreatment. (E) Liver CD8 and CD4 mRNA
expression measured by RT-qPCR. (F) Relative hepatic HBV RNA (normalized to GAPDH) and HBV genomic DNA
(in 50 mg of liver tissue) quantified by RT-qPCR and gPCR, respectively. Background PCR amplification (limit
of detection) in nontransduced mouse livers is shown by a dotted line. Data shown in panels A, B, and D are
derived from two groups of mice that were euthanized on week 5 posttreatment, and data shown in panels
C and E to G are from two groups of mice euthanized at the indicated time points (n = 5 mice/group). Error
bars denote SEM.
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FIG 8 Increased frequency of HBV-specific CD8* T cells in the livers of mice treated with N4CT1-MHBs. AAV-HBV-transduced
C57BL/6 mice with persistent HBV replication were treated with N4CT1-MHBs (1 X 10° PFU i.m.) or PBS. IHL were isolated at
week 3 posttreatment, stimulated overnight in the presence or absence of HBV peptides, and stained for expression of CD8
and IFN-y. (A) Representative flow cytometry plots of IHL. SSC, side scatter. (B) Frequency of CD8* T cells among IHL. (C)
Frequency of HBV-specific CD8* IFN-y* cells among IHL after in vitro stimulation with HBV peptides.

and on week 3 posttreatment, intrahepatic lymphocytes (IHL) were isolated and
stimulated with HBV peptides. Flow cytometry analysis (Fig. 8) showed that N4CT1-
MHBs treatment resulted in not only a significant increase in the frequency of hepatic
CD8™* T cells but also an increase in the frequency of HBV-specific CD8* IFN-y* T cells.
Therefore, N4CT1-MHBs immunization of mice with established HBV infection elicits
HBV-specific T cell responses that can control HBV replication in the liver.

DISCUSSION

Immune system dysfunction in chronic HBV patients has been attributed to exhaus-
tion and/or deletion of HBV-specific CD8* T cells (27). Acute HBV infection resolution
in adults and serum HBsAg clearance in chronic HBV patients following hematopoietic
stem cell transplantation (28), along with spontaneous infection resolution in some
patients (4), all suggest that chronic HBV cure might be attainable by strategies such as
therapeutic vaccination with the aim of boosting adaptive immune responses and
rejuvenating HBV-specific CD8* T cells. Although we focus here on the MHBs protein
as the antigen for immunization, effective control of HBV infection in humans will likely
require broad multispecific immune responses to several HBV antigens. Even though
there is no clear consensus as to which antigen might be most effective therapeutically,
preclinical studies in the woodchuck hepatitis virus model have demonstrated that
core-specific T cell responses may be particularly valuable (29-31).

Live attenuated, replicating viral platforms that generate long-lasting protective
cellular and humoral immune responses might offer a new tool for chronic HBV
treatment. A main concern regarding the use of replicating vaccine platforms is the
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balance between safety and efficacy, so the trade-off between vector attenuation and
immunogenicity is critical (32). In addition to eliciting mucosal and systemic immune
responses and efficiently inducing CD8* T cells, VSV has other advantages, including
ease of propagation, low preexisting immunity, broad tissue tropism, no risk of inte-
gration into the host genome, ease of genetic manipulation, high level of antigen
expression, and availability in different serotypes for boosting (9, 33).

In this study, we determined the immunogenicity and efficacy of a highly attenuated
VSV-based vector in controlling HBV replication and overcoming immune tolerance in
different immunocompetent mouse models of HBV replication. Our results demon-
strated that a single immunization with N4CT1-MHBs induces HBV-specific CD8* T cell
responses that protect mice against further challenge in acute HBV replication models.
In addition, infection of HBV transgenic mice with N4CT1-MHBs elicited functional
HBV-specific CD8™" T cells. Although HBV transgenic mice have been used as a chronic
HBV infection model to evaluate the efficacy of experimental vaccines (12, 34-37), the
presence of the integrated transgene in these mice does not allow the measurement
of HBV clearance. A recently developed AAV-HBV transduction model (20, 23) enables
persistent viral replication, the production of physiologically relevant levels of HBV
antigens, and the development of immune tolerance and has been used recently for
evaluating different therapeutic approaches (23, 38-42). HBV vaccines combined with
immunomodaulation such as depleting HBsAg (39, 40) or using adjuvants (20, 39, 41), as
well as a nonreplicating viral vector (38), have shown some efficacy in inducing
HBV-specific T cells in the AAV-HBV transduction model.

In line with previous studies using the model, N4CT1-MHBs treatment of AAV-HBV-
transduced mice resulted in a significant induction of Ag-specific IFN-y-expressing
CD8* T cells. We focused on the ability of N4ACT1-MHBs to elicit HBV-specific CD8* T
cells because of the well-known role of these cells in the effective resolution of HBV
infection. Although in this study we did not directly investigate Ag-specific CD8* T cell
cytolytic activity, the simultaneous transient increase in serum ALT activity and liver
CD8 expression along with the increased frequency of intrahepatic CD8* IFN-y* T cells
and elimination of viral nucleic acids following N4CT1-MHBs administration all suggest
ongoing cytolytic activity that is most likely related to Ag-specific CD8* T cells. Further
understanding the mechanism(s) involved in activating functional Ag-specific CD8* T
cells in mice with persistent HBV replication is worthy of additional study. In particular,
the roles of T cell tolerance, exhaustion, and the absence of initial priming in promoting
virus persistence in the AAV-HBV model have not been completely defined.

It will also be important to understand the contribution of other immune cell types
to vaccine-induced CD8* T cell responses. For example, CD4™ T cells contribute to the
differentiation and maintenance of memory CD8* T cells (43) and their mobilization
into virus-infected tissues (44). More recently, aberrant differentiation and exhaustion of
CD8* T cells primed with viral vectors in the absence of CD4™ T cells have been
reported (45). Although we did not observe a significant increase in liver CD4 expres-
sion in mice treated with N4CT1-MHBs, it is possible that CD4™ T cells also play an
important role in the modulation of Ag-specific CD8* T cell activity in this model. These
could be either helper T cells that support CD8* T cell activation or regulatory T cells
that suppress immune responses in the liver and promote tolerance. Moreover, CD8™
T cell responses might also be influenced by NK cells, which modulate T cell responses
via direct or indirect mechanisms (46). For example, in patients with chronic HBV
infection, NK cells negatively regulate HBV-specific CD8* T cells in a TRAIL-R2-
dependent manner (47).

One limitation of our study relates to the level of antigen present in the AAV-HBV-
transduced mice at the time of N4CT1-MHBs immunization, which was lower than the
levels previously achieved in other studies using this model (23, 38, 42, 48). This could
be due to differences in the HBV genome insert (1.3-mer versus 1.2-mer) or the
infectious titer of the vectors. Although a previous study demonstrated the therapeutic
efficacy of a vaccine platform that was independent of pretreatment HBsAg levels (42),
it is likely that T cell dysfunction in the context of relatively low HBV antigen levels is
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easier to overcome through therapeutic immunization. This notion is also evident in our
studies using HBV transgenic mice, in which MHBs-specific T cell responses were more
readily detected in mice expressing low HBV antigen levels. Additional studies will be
needed to better understand how the association between antigenemia and T cell
dysfunction in the AAV-HBV model accurately reflects human chronic HBV infection and
how vaccine-induced immune effectors such as CD8* T cells and antibody contribute
to virus control. Despite observing a significant HBsAg reduction in serum, we were not
able to detect anti-HBs in serum of AAV-HBV-transduced mice after treatment with
N4CT1-MHBs, which might be due to the limitation of the detection assay. Alternatively,
it is possible that abundant HBsAg release in serum resulted in the occupation of all the
antibody complementarity-determining regions and prevented its detection by ELISAs.

In summary, the results of this study show that a single dose of highly attenuated
VSV can induce Ag-specific T cells, prevent the establishment of persistent HBV
replication, and control virus replication in mice with persistent HBV infection. These
results warrant more-detailed investigation of the functional mechanisms of highly
attenuated virus-based vaccine platforms in HBV-specific T cell activation in AAV-HBV-
transduced mice and other animal models of chronic HBV infection.

MATERIALS AND METHODS

Animals. Mice were maintained in the AAALAC-accredited Animal Resource Facility at Albany
Medical College (AMC) and were handled with procedures approved by the AMC Institutional Animal
Care and Use Committee. C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory or
Taconic Biosciences. C57BL/6 X BALB/c F1 (CB6F1) mice were bred in the AMC Animal Resource Facility
or purchased from The Jackson Laboratory. HBV transgenic (HBV'9) mice (strain 1.3.32) on the C57BL/6
background were originally produced in the laboratory of Francis V. Chisari at The Scripps Research
Institute (49). Strain 1.3.32 X BALB/c F1 mice (HBV.CB6F1) were bred in the AMC Animal Resource Facility.
Diversity Outbred (DO) mice were purchased from The Jackson Laboratory (stock number 009376). Male
mice at 8 to 10 weeks of age were used for all experiments.

Recombinant VSV vectors. VSV-MHBs construction was described previously (11). To generate the
N4CT1-MHBs virus, a 5,725-bp DNA sequence encoding the HBV MHBs protein (serotype ayw) flanked by
Xhol and Notl sites followed by the VSV P-M-N-G-L genes, as described previously (13, 14), was
synthesized by GenScript. A termination codon was included in the G open reading frame to remove the
carboxy-terminal 28 amino acids of the protein. An Xhol-Hpal fragment encoding the MHBs-P-M-N-G,-L
sequence was inserted into the pVSVIXN plasmid (50). Control N4CT1-GFP virus was generated by
replacing MHBs with the GFP coding sequence between the Xhol and Notl sites. Recombinant viruses
were generated as previously described (50). To confirm recombinant protein expression, the MHBs level
was measured in infected BHK-21 cell (American Type Culture Collection) lysates by Western blot analysis
using anti-preS2 antibody (Santa Cruz Biotechnology). VSV protein expression was confirmed by Western
blotting using anti-VSV polyclonal rabbit serum (51). For virus propagation, BHK-21 cells at 60 to 70%
confluence were infected at a multiplicity of infection (MOI) of 0.01, and medium was collected when
>90% cytopathic effect was observed. Cells and debris were removed by centrifugation (1,200 rpm at 4°C
for 10 min), and the supernatant was used for further virus concentration by ultracentrifugation
(25,000 rpm at 4°C for 2 h). The pellet containing the concentrated virus was resuspended in PBS,
aliquoted, and stored at —80°C. Virus titers were determined by routine methods. Viruses were diluted
in PBS prior to administration of 1 X 106 PFU to mice by either the intranasal (i.n.) or intramuscular (i.m.)
route.

AAV-HBV. Adeno-associated virus (capsid serotype AAV8) expressing a 1.3-mer overlength HBV
genome (serotype ayw) was purchased from Vector Biolabs and SignaGen. Male C57BL/6 mice were
transduced i.v. with 1 X 10"" genome copies of AAV-HBV. Establishment of persistent HBV replication
was defined by the presence of similar serum viral antigen (Ag) levels on week 8 compared to those at
week 2 after delivery of AAV-HBV.

HBV antigen and antibody ELISA. HBsAg and HBeAg ELISA kits (International Immunodiagnostics)
were used to measure HBsAg and HBeAg in mouse sera. Quantification of HBsAg and HBeAg was
performed using known concentrations of HBsAg and HBeAg proteins (Fitzgerald Industries Interna-
tional) diluted in normal mouse serum. An HBs Ab quantitative ELISA kit (International Immunodiag-
nostics) was used to quantify anti-HBs antibody.

IFN-y ELISPOT assay. Mouse CD8* T cell epitopes in MHBs were described previously (11). Peptides
with >95% purity were provided by GenScript. In experiments with CB6F1 mice, four MHBs CD8* T cell
epitopes (positions 191 to 202 relative to the first amino acid of the large surface protein, IPQSLDSWW
TSL, L9; positions 353 to 360, VWLSVIWM, Kb; positions 364 to 372, WGPSLYSIL, D¢; and positions 371 to
378, ILSPFLPL, K®) were examined to analyze both H-2°- and H-29-specific responses. For experiments
with C57BL/6 mice, only the two H-2P-specific epitopes (positions 353 to 360 and 371 to 378) were used.
In some experiments, a pool of HBV surface glycoprotein genotype D peptides (15-mers with an
11-amino-acid overlap; GenScript) (HBs pool) was utilized. ELISPOT assays were performed according to
a previously described protocol (52).
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Serum alanine aminotransferase activity. Serum ALT activity was measured with a SpectraMax 190

microplate reader (Molecular Devices) using Infinity ALT liquid stable reagent (Thermo Scientific) and
Enzyme ER verifier kit standards (Verichem Laboratories).

HBV RNA expression and measurement of gene expression. Liver tissue was snap-frozen in liquid

nitrogen and stored at —80°C for homogenization and RNA and DNA purification. Total RNA was
prepared using the RNeasy Plus minikit (Qiagen). Equal amounts of total RNA from each sample were
used for cDNA preparation with a high-capacity cDNA reverse transcription kit (Applied Biosystems).
Quantitative RT-PCR was performed using TagMan Fast advanced master mix (Applied Biosystems) and
TagMan assay mix containing a probe and specific primers for each gene. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an endogenous control, qPCR was performed on a StepOnePlus
real-time PCR system (Applied Biosystems) using StepOne software v2.3, and gene expression was
quantified by the comparative AAC; method.

Liver DNA preparation and HBV detection. Capsid-associated HBV DNA was purified from mouse

livers according to a modified protocol described previously (53). Fifty milligrams of frozen liver tissue
was homogenized in 1 ml cell lysis buffer (50 mM Tris [pH 7.5], 0.5% NP-40, 1 mM EDTA, and 100 mM
NaCl) and incubated for 1 h at 4°C, after which 10 mM MgCl, and 200 ng DNase | were added. Following
a 3-h incubation at 37°C, 25 mM EDTA and 250 ul of 35% polyethylene glycol 8000 were added, and the
mixture was incubated on ice for 30 min, followed by a 30-min centrifugation at 13,000 rpm to
precipitate and concentrate viral capsids. The pellet was resuspended in lysis buffer (10 mM Tris, 100 mM
NaCl, 1 mM EDTA, and 1% SDS) with 250 ug proteinase K and incubated overnight at 37°C. Viral DNA was
purified by phenol-chloroform extraction followed by isopropanol precipitation. The precipitated DNA
was washed in 70% ethanol (EtOH), and the dried pellet was resuspended in Tris-EDTA. HBV genomes
were detected by quantitative PCR using the following probe and primers (54): HBV probe FAM
(6-carboxyfluorescein)-5'-CCT CTT CAT CCT GCT GCT ATG CCT CAT C-3'-MGBNFQ (minor groove binder
nonfluorescent quencher), forward primer 5’-GTG TCT GCG GCG TTT TAT CA-3’, and reverse primer
5'-GAC AAA CGG GCA ACA TAC CTT-3'. Liver samples from HBV transgenic mice and naive C57BL/6 mice
were used as positive and negative controls, respectively.

Flow cytometry staining of intrahepatic lymphocytes. Livers were perfused with PBS and disso-

ciated by passage through a nylon mesh strainer, and cells were resuspended in 40% isotonic Percoll in
serum-free medium and centrifuged at 600 X g for 20 min at room temperature. IHL were collected and,
after red blood cell lysis, were used for in vitro stimulation with HBV peptides overnight. Brefeldin A and
monensin were added 5 h prior to surface staining of the cells with anti-mouse CD8« (eBioscience) and
subsequent intracellular staining with anti-mouse IFN-vy (eBioscience). Samples were analyzed on an LSRII
flow cytometer (BD Biosciences).

Statistical analysis. All data were analyzed using GraphPad Prism software (version 7). Depending

on the type of experiment, either paired, unpaired, or multiple t tests were performed to determine
significance (P < 0.05).
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