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Recombinant vesicular stomatitis virus (VSV) is a promising therapeutic vaccine platform. Using a transgenic mouse model of
chronic hepatitis B virus (HBV) infection, we evaluated the therapeutic potential of a VSV vector expressing the HBV middle
surface envelope glycoprotein (MS). VSV-MS immunization generated HBV-specific CD8 T cell and antibody responses in trans-
genic mice that express low HBV antigen levels. These findings support the further development of VSV as a therapeutic vaccine
vector for chronic HBV.

Despite the successful implementation of universal vaccination
policies, approximately 2 billion people have been infected

with hepatitis B virus (HBV), resulting in the establishment of
chronic infection in more than 240 million individuals worldwide
(1). Current therapeutic options for chronic HBV infection in-
clude nucleot(s)ide analogues and alpha interferon (IFN-�), but
each has a number of disadvantages. IFN-� treatment is effective
only in a proportion of patients and is associated with significant
side effects (2), while long-term treatment with nucleot(s)ide an-
alogues rarely cures the virus and is limited by drug-resistant mu-
tants (3). If left untreated, chronic HBV infection can result in
liver cirrhosis and hepatocellular carcinoma (4). Due to the limi-
tations of current treatment options and the risk of severe liver
disease associated with chronic infection, there remains a need to
develop new therapies for HBV. Host immune dysfunction, char-
acterized by weak and ineffective T cell responses to the virus, is a
key feature of chronic HBV (5). Immunomodulatory therapies
such as therapeutic vaccination that are aimed at generating HBV-
specific T cells with effector functions capable of eliminating the
virus may provide highly efficacious treatment options for
chronic HBV patients.

Vesicular stomatitis virus (VSV)-based vaccine vectors gener-
ate potent HBV-specific cellular and humoral immune responses
following a single dose in antigen-naïve mice (6). Additionally, in
certain regimens, VSV-based vaccines generate more robust and
polyfunctional CD8 T cells than DNA vaccines and other potential
viral vaccine platforms (6), a finding which may be attributed to
the cytopathic effects associated with VSV infection (7). The abil-
ity of VSV to generate potent CD8 T cell responses may make it
better suited as a therapeutic strategy for chronic HBV infection
than other immunization methods, as recovery from acute HBV
infection is associated with strong, multispecific T cell responses
to HBV antigens (8). Furthermore, immunization with VSV has
been demonstrated to be effective as a therapeutic strategy for
cervical carcinoma and other papillomavirus-associated cancers
in animal models, an effect that was shown to be CD8 T cell de-
pendent (9, 10). Therefore, we sought to determine the potential
of recombinant VSV expressing the HBV middle envelope surface
glycoprotein (VSV-MS) as a therapeutic vaccine for chronic HBV
infection.

We utilized 1.3.32 HBV transgenic (Tg) mice to examine if
VSV-MS immunization can generate functional immune re-
sponses in the context of HBV replication. HBV 1.3 transgenic
mice encode the full HBV genome and mimic chronic HBV infec-
tion in humans, as they are immunologically tolerant to the viral
antigens (11). Therapeutic immunization for chronic HBV in hu-
mans would likely require concurrent administration of antiviral
drugs to lower viral antigen levels, thus limiting immunopathol-
ogy and restoring the effector functions of T cells that have be-
come exhausted in the presence of large amounts of viral antigen.
To model the reduction in antigenemia that would accompany
antiviral therapy, HBV 1.3 transgenic mice expressing either low
or high HBV e antigen levels (HBeAglow or HBeAghigh, respec-
tively) were immunized. Mice designated HBeAghigh expressed
HBeAg levels equivalent to an optical density at 450 nm (OD450)
of �0.2, as measured by an enzyme-linked immunosorbent assay
(ELISA) using a 1:50 dilution of serum, while mice assigned to the
HBeAglow group measured levels equivalent to an OD450 of �0.1
(Fig. 1A and C). To obtain better separation of antigen expression
levels between the two experimental groups, animals with serum
HBeAg ELISA OD450 values between 0.1 and 0.2 were not used.

We first tested VSV-MS using a prime-boost immunization
protocol, as this had the potential to generate the greatest number
of HBV-specific T cells. Female 8- to 12-week-old HBV.CB6F1bxd

mice were primed by intramuscular injection with a plasmid
(pCMV-S2S) expressing the middle envelope protein of HBV
(ayw subtype) (12). Three weeks later, mice were boosted with
VSV-MS or empty recombinant wild-type VSV (rWT VSV) deliv-
ered intranasally. To compare the HBV-specific CD8 T cell re-
sponses following immunization, IFN-� enzyme-linked immu-
nosorbent spot (ELISPOT) assays were conducted. At 7 days
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postboost, splenocytes were isolated from immunized mice and
the CD8 T cell response was analyzed following an overnight stim-
ulation with a VSV N protein peptide (RGYVYQGL), two pep-
tides corresponding to known HBV surface antigen (HBs)-spe-
cific, H-2d-restricted epitopes (HBs 191-202 [IPQSLDSWWTSL]
and HBs 364-372 [WGPSLYSIL]), or two peptides corresponding
to known HBs-specific, H-2b-restricted epitopes (HBs 353-360
[VWLSVIWM] and HBs 371-378 [ILSPFLPL]) (13–16). While
HBs-specific responses were readily detected in HBeAglow trans-
genic mice following pCMV-S2S and VSV-MS immunization,
HBs-specific responses were at or below the limit of detection in
HBeAghigh transgenic mice (Fig. 1B).

In order to distinguish the contribution of VSV-MS to the T
cell response generated by the DNA prime-VSV boost regimen, a
second set of HBV transgenic mice was immunized with a single
intranasal inoculation of rWT VSV or VSV-MS. Consistent with
results obtained following a prime-boost, HBs-specific responses
were detected in HBeAglow transgenic mice immunized with
VSV-MS alone (no DNA prime) (Fig. 1D). These responses were
similar in magnitude to those generated by prime-boost and indi-
cate that VSV, but not DNA, can activate a T cell response in
low-expressing mice. Similar to intranasal infection, HBs-specific
responses were also observed following a single intramuscular im-

FIG 1 HBV-specific CD8 T cell responses are elicited following intranasal immunization with VSV-MS. (A) HBV 1.3 transgenic mice (n � 21) were screened for
HBeAg expression and separated into HBeAghigh (n � 16) or HBeAglow (n � 5) immunization groups. (B) Mice were primed with 50 �g pCMV-S2/S plasmid
DNA intramuscularly and 3 weeks later were intranasally infected with 1 � 106 PFU VSV-MS (n � 13) or rWT VSV (n � 8). Seven days postboost, splenocytes
were harvested and analyzed using an IFN-� ELISPOT assay. The number of cells responding to stimulation is presented as a quantification of the number of
spot-forming cells (SFC)/106 cells. (C) HBV 1.3 transgenic mice (n � 19) were again screened for HBeAg expression and separated into HBeAghigh (n � 14) or
HBeAglow (n � 5) immunization groups. (D) Mice were intranasally infected with 1 � 106 PFU VSV-MS (n � 12) or rWT VSV (n � 7). Seven days
postimmunization, splenocytes were harvested and analyzed as in panel B. The number of SFC/106 cells is significantly (by Student’s t test) higher following
stimulation with the indicated peptides (**, �0.001; *, �0.05) in the HBeAglow mice than in the HBeAghigh mice. All values presented are the averages of each
group, and error bars show the standard errors of the mean.

FIG 2 HBV-specific CD8 T cell responses are elicited following intramuscular
immunization with VSV-MS. Nontransgenic CB6F1 (n � 5) or HBV trans-
genic HBeAghigh (n � 4) or HBeAglow (n � 3) mice were intramuscularly
infected with 1 � 106 PFU of VSV-MS. Seven days postinfection, splenocytes
were harvested and analyzed using an IFN-� ELISPOT assay. The number of
cells responding to stimulation with the HBV MS 191, 353, 364, or 371 peptide
or a control VSV N protein peptide is presented as a quantification of the
number of SFC/106 cells. Values presented are the averages of each group, and
error bars show the standard errors of the mean.
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munization of HBeAglow, but not HBeAghigh, mice with VSV-MS
(Fig. 2).

The HBs-specific T cell response generated in immunized low-
expressing mice was consistently 5-fold lower in magnitude than
the responses we observed in nontransgenic mice (Fig. 2) (6). This
indicates that the low antigen expressers retained some degree of
immunotolerance to the HBV proteins despite only low levels of
antigen expression, although they are not fully tolerant like the
high-expressing mice. Furthermore, the responses observed in
HBeAglow mice appeared to be generated through de novo activa-
tion of HBs-specific T cells that have escaped negative selection
rather than through expansion of preexisting activated HBs-spe-
cific T cells, as we were unable to identify HBs-specific T cells in
these mice by major histocompatibility complex (MHC) class I
tetramer staining prior to immunization (data not shown).

To determine whether the HBs-specific CD8 T cells generated
by VSV-MS immunization in the HBeAglow mice maintain their
cytolytic function, we conducted an in vivo killing assay. Spleno-
cytes from CB6F1 mice were pulsed with 10 �M HBs 191-202
peptide or were left unpulsed and were then labeled with either a
low (0.5 �M) or high (5 �M) concentration of carboxyfluorescein

diacetate succinimidyl ester (CFSE), respectively. Ten million
CFSE-labeled cells (5 � 106 cells of each population) were injected
intravenously into VSV-MS-immunized CB6F1, HBeAghigh, and
HBeAglow mice. Four hours posttransfer, splenocytes were pre-
pared and analyzed by flow cytometry to determine the percent
specific lysis. Though there was no detectable in vivo killing activ-
ity in the immunized HBeAghigh transgenic mice, there was signif-
icant killing activity in the immunized HBeAglow mice (Fig. 3A).
Despite the fact that this activity was reduced compared to that of
HBV-naïve mice, a corresponding specific elevation in serum al-
anine aminotransferase (ALT) activity measured in HBeAglow

mice following VSV-MS immunization indicates that this activity
is sufficient to kill at least a fraction of HBV-expressing hepato-
cytes (Fig. 3B).

We next determined whether immunization with VSV-MS
elicits an HBs-specific antibody (Ab) response in the transgenic
mice. HBV transgenic mice (both HBeAghigh and HBeAglow) were
immunized by intranasal administration of 1 � 106 PFU of rWT
VSV or VSV-MS, and the HBs-specific antibody response was
measured by quantitative ELISA 30 days later. In contrast to in-
fection with rWT VSV, immunization with VSV-MS elicited a
significant increase in HBs-specific antibody titers (Fig. 4). Unlike
the CD8 T cell response, however, the Ab response did not corre-
late with viral antigen expression levels (data not shown).

A previous study has shown that the HBs-specific T cell re-
sponse generated by an HBV MS plasmid DNA expression vector
is enhanced by administration of �CD25 monoclonal Ab to de-
plete suppressive regulatory T cells (Treg) (17). We also found that
administration of �CD25 antibody modestly increases (approxi-
mately 1.5-fold) the HBs-specific CD8 T cell response in VSV-MS
immunized normal mice (data not shown). Therefore, we exam-
ined whether administration of �CD25 to transgenic mice would
restore the HBs-specific T cell response in HBeAghigh animals. As
previously demonstrated for other viruses, such as adenovirus and
murine cytomegalovirus (18), infection of HBV Tg mice with VSV
results in an antigen-nonspecific downregulation of HBV DNA
and RNA expression in the liver, likely due to systemic activation

FIG 3 HBV-specific T cells generated in HBeAglow mice maintain cytolytic
function. (A) HBV 1.3 transgenic recipient mice (n � 10) were screened for
HBeAg expression and separated into HBeAghigh (n � 6) or HBeAglow (n � 4)
immunization groups. Recipient HBV transgenic or CB6F1 mice (n � 5) were
primed with pCMV-S2/S and boosted with VSV-MS 3 weeks later. Target
splenocytes harvested from CB6F1 mice were left untreated or pulsed with
HBV peptide (HBs epitope 191). HBV peptide-pulsed cells were labeled with a
low concentration of CFSE (0.5 �M), while untreated cells were labeled with a
high concentration of CFSE (5 �M). Target splenocytes were mixed, and 1 �
107 cells were transferred (via intravenous injection) into the recipient, immu-
nized mice 7 days postboost. Percent specific killing was calculated following
flow cytometric analysis of remaining target splenocytes harvested from recip-
ient mice 4 h posttransfer. (B) HBeAghigh (n � 16) or HBeAglow (n � 5) mice
were primed with pCMV-S2/S and 3 weeks later boosted with VSV-MS (n �
13) or rWT VSV (n � 5). Seven days postboost, mice were bled and serum
alanine aminotransferase (ALT) activity was measured using Infinity ALT re-
agent. All values presented are the averages of each group, and error bars show
the standard errors of the mean.

FIG 4 VSV-MS immunization generates HBs-specific antibodies in HBV
transgenic mice. Serum HBs-specific antibody titers in HBV transgenic mice
prior to (pre) or 30 days after (post) intranasal immunization with 1 � 106

PFU of rWT VSV (n � 9) or VSV-MS (n � 9). Preimmunization antibody
levels were not significantly different between the two groups (P � 0.05; Wil-
coxon rank sum test). Each line connects the pre- and postimmunization
values for a single animal. Statistical significance between pre- and postimmu-
nization antibody titers was determined using the Wilcoxon signed-rank test.
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of the IFN-�/� antiviral response (Fig. 5A). Consistent with this
mechanism, we also found increased IFN-stimulated gene expres-
sion in the liver following VSV infection (Fig. 5B) (2=,5=-OAS and
IFIT3 were analyzed as representative IFN-stimulated genes). Ad-

ministration of �CD25 antibody, however, did not improve the
HBs-specific T cell response in HBeAghigh mice (Fig. 5C).

These findings not only support the concept that VSV may be
an effective therapeutic vaccine vector for chronic HBV due to its
ability to generate robust CD8 T cell responses, they also indicate
that therapeutic immunization in the context of lowered viral rep-
lication may have the most potential for success. In addition to the
results presented here, a growing body of evidence using experi-
mental models also supports this notion. Antiviral treatment has
been used in conjunction with therapeutic vaccination in other
animal models of chronic hepatitis, including duck and wood-
chuck, resulting in sustained therapeutic effects (19–21). A len-
tivector expressing an HBs-immunoglobulin Fc fusion antigen
has also been demonstrated to induce HBV-specific immune re-
sponses in a transgenic mouse model expressing low levels of hep-
atitis B surface antigen (22). Despite some success in animal mod-
els, clinical trials combining antiviral therapy with recombinant
protein vaccination in chronic HBV patients have been ineffective
in viral clearance and control (23, 24). This highlights the com-
plexities of the host-viral interactions at play during chronic HBV
infection and underscores the need for new immunotherapeutic
strategies that can overcome these mechanisms of persistence.
Novel vaccination platforms, such as VSV, may prove effective in
this pursuit and provide an effective alternative strategy for the
treatment of chronic HBV.
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