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Abstract

The prevention and control of new and existing hepatitis B virus (HBV) infections
remains an important global health concern. Despite current global immunization
efforts, new HBV infection continues to occur. It is estimated that about 350
million people worldwide are currently afflicted by viral persistence. This body of
work explores the possibility of developing improved prophylactic and possibly
therapeutic vaccines against HBV using DNA technology. [t has become well
established that the effective control of HBV infection requires the development
of strong humoral and cell mediated immunity (CMI) including the production of
the pro-inflammatory cytokines interferon (IFN) y and tumor necrosis factor (TNF)
o that are associated with a CMI response. In the absence of these responses
infection is not resolved and persistence ensues. The ability of DNA (either in
the form of a DNA vaccine or as immunostimulatory DNA sequences in
combination with protein antigens) to stimulate both humoral and cellular immune
responses that include the production of IFNy and TNFo, makes them attractive
candidates for development of novel prophylactic and therapeutic agents in the
struggle against HBV infection. This work demonstrates that immunization
strategies that include DNA technology were capable of controlling HBV gene
expression in a hepatitis B surface antigen transgenic mouse model as well as
provide protection against infectious HBV challenge in chimpanzees. The quality
of the immune responses induced in the chimpanzees suggests that the
therapeutic potential of these immunization strategies observed in the mouse

model may also extend to higher primates.
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1. Introduction

1.1. History of hepatitis B

The clinical outcomes of viral hepatitis, most notably jaundice, have been
documented throughout history and date back as early as the fifth century BC
when Hippocrates described the occurrence of epidemic jaundice (1). However,
it wasn't until 1883 that Lurman in Germany first documented, during a smallpox
immunization campaign with a vaccine prepared from human lymph, that a form
of hepatitis could be transmitted following the direct inoculation of human blood

products (1).

During World War |l, epidemics of hepatitis were of particular significance in
military personnel who were recipients of a yellow fever vaccine that had been
stabilized with pooled human serum (1, 2). Further documentation of hepatitis
transmission following therapy with blood products, coupled with the identification
of hepatitis outbreaks associated with high risk groups and unrelated to blood
exposure, was the impetus for controlled studies on hepatitis transmission (1).
Human volunteer studies throughout the 1930s and 1940s implicated a viral
association with hepatitis with two possible etiological agents that had two

different modes of transmission (1).

MacCallum and Bauer introduced the term “hepatitis B” in 1947 to distinguish what
was known at the time as “homologous serum” hepatitis from “infectious
hepatitis”, which they designated as hepatitis A (1, 2). It was understood that the

epidemiology of these two diseases was very different. Hepatitis A, which



appeared to occur primarily in children, was transmitted by the fecal-oral route
and had an incubation time of 2-6 weeks whereas hepatitis B that appeared to
occur primarily in adults, was transmitted by exposure to blood products and had

a longer incubation time of 2 to 6 months.

Saul Krugman and his colleagues later confirmed the existence of two separate
etiological agents for hepatitis in their work at the Willobrook Institute in the
1960s and 70s (3-5). Initially designated as MS-1 and MS-2, after the patient
they were isolated from, these agents resembled the hepatitis A and B
designations, respectively, previously established by MacCallum and Bauer.
Krugman and his colleagues also demonstrated the existence of homologous

immunity generated in response to each of these agents (1).

Also in the early 1960s, but unrelated to Krugman's studies, Baruch Blumberg
made his own serendipitous but none the less landmark discovery. While
studying the genetic polymorphism of serum proteins at the National Institute of
Health (NIH), he discovered a novel protein found in the serum of an Australian
aborigine (6). Identified as the Australian antigen, it was the first of the hepatitis
B virus (HBV) proteins to be described and was subsequently linked to acute
hepatitis B (1). Discovery of the Australian antigen in turn led to the development

of the first HBV-specific diagnostic tools (7, 8).

The first visualization of virus like particles associated with individuals that were
positive for the Australian antigen came in 1970 when David Dane and his
colleagues, using electron microscopy, first identified the 42 nm particles that

came to be known as “Dane particles” (9). The 42 nm particles proved to be



hepatitis B virions and the “Australian antigen” came to be known as the hepatitis

B surface antigen (HBsAg), to underline its position on the viral envelope (1, 2).

Krugman and his colleagues subsequently described that viral infectivity could be
destroyed by heating and that heat inactivated virus retained some antigenicity
that was capable of inducing partial protection when given to volunteers who
were subsequently challenged with his HBV strain MS-2 (10, 11). Krugman also
demonstrated that hepatitis B immune globulin was also capabie of preventing or

modifying the course of HBV infection (12).

Finally in 1981, following the extensive characterization of the HBsAg and a
clinical trial directed by Wolf Szmuness and Cladd Stevens (13), the first HBV
vaccine, which was composed of HBsAg derived from the plasma of chronically
infected humans, was licensed. However, based on perceived safety concerns
related to the use of human blood products, the plasma-derived vaccine was

replaced by the first yeast derived recombinant HBsAg vaccine in 1986.

1.2. Epidemiology of Hepatitis B

Although monumental advances have been made in HBV research and these
have led to the development of effective prophylactic vaccines, infection by HBV
remains an important global concemn. More than 2 billion people worldwide have
been infected by HBV, with 350 million developing a persistent/chronic infection
(14). Chronic HBV infection is associated with an increased risk of developing
liver cirrhosis and hepatocellular carcinoma (HCC), with the risk of HCC

increasing 100 fold (15).



The global distribution of chronic HBV infection varies. Approximately 45% of the
world’s population lives in highly endemic areas (prevalence of 28%), 43% of the
population lives in areas of intermediate endemicity (prevalence of 2-7%) and

12% live in low endemic areas (prevalence of <2%) (14).

HBV transmission occurs primarily by percutaneous and mucous membrane
exposure to contaminated blood or body fluids (14, 16) and the major modes of
transmission include, intravenous (IV) injection drug use, sexual or household
contact with infected persons, perinatal transmission from mother to infant and
nosocomial exposure (16). The importance of a given mode of transmission is
tightly related to the level of endemicity in a given area (14, 16). In highly
endemic areas HBV is primarily transmitted perinatally or soon after birth in early
childhood. Whereas in low endemic areas, transmission is generally restricted to
adults and occurs primarily by sexual contact or other high risk behaviors such as

IV drug use.

1.3. Hepatitis B Virology
HBV is a non-cytopathic enveloped DNA virus that belongs to the family of

closely related viruses called hepadnaviridae (17, 18). These viruses, which also
include woodchuck hepatitis virus, ground squirrel hepatitis, and duck hepatitis B
virus, share key features that distinguish them from other DNA viruses. These
include: enveloped virions that contain a relaxed circular partially double
stranded DNA genome approx. 3kb in size, virion-associated viral polymerase
responsible for genomic DNA synthesis during late replication steps, excessive

production of viral membrane proteins resulting in the release of sub-viral

4



particles, narrow host range, and development of persistent infections with

pronounced hepatotropism (17).

As mentioned earlier, the infectious hepatitis B virion consists of a 42 nm viral
particle first described by Dane et al. in 1970 (9) and subsequently named the
Dane particle. As with all hepadnaviruses, the Dane particle consists of an
enveloped nucleocapsid containing the partially double stranded circular DNA
genome associated with a viral polymerase (17, 18). The viral envelope consists
of host derived plasma membrane in which is anchored, to differing degrees, the
three viral envelope or surface (S) proteins; the large, middle and major
(sometimes called small), which are collectively referred to as HBsAg. As the
name suggests the major S protein makes up the majority of HBsAg present in

the viral envelope, followed by the middle, then large S proteins.

The HBV genome consists of a full-length 3.2 kb negative sense and an
incomplete positive sense DNA molecule that encodes four overlapping
transcripts of 3.5, 2.4, 2.1, and 0.7 kb in length (17, 18). Four independent
promoters and two enhancers regulate viral gene transcription and all viral
transcripts terminate at a single common polyadenylation signal (17, 18). The
transcriptional enhancers demonstrate a strong influence over HBV gene
expression and appear to play an important role in the apparent hepatotropism of

the virus (19).

The 3.5 kb viral transcript contains two open reading frames (ORFs), the

nucleocapsid or core ORF and the polymerase ORF, and also serves as the



genomic template during viral replication, which is regulated by the core

polymerase promoter.

The nucleocapsid or core ORF codes for the HBV core protein (HBcAg), which
self assembles into the HBV nucleocapsid particles that encapsidate the viral
genome. Due to the heterogeneous use of alternate transcriptional start sites at
the 5’ end of the 3.5 kb transcript, a modified form of the HBCAg is also produced
that contains an additional amino acid sequence at its amino terminus known as
the pre-core. This protein is targeted, by virtue of a signal sequence within the
pre-core region, to a secretory pathway that generates 3’ and §’ truncations and
produces the circulating protein referred to as the HBV e antigen (HBeAg).
Although the function of HBeAg remains unclear, its presence serves as a
marker for active viral replication and almost always co-exists with circulating
HBV DNA. It has been postulated that circulating HBeAg may play a role in the
development of viral persistence through modulation of immune responses

directed towards HBV (20).

The polymerase ORF encodes the viral polymerase, which is necessary during
the final steps of viral replication when the pre-genomic 3.5 kb viral mRNA is
reverse transcribed into the partially double stranded DNA genome that is

encapsidated into the self-assembled HBV nucleocapsids.

The 2.4 and 2.1 kb transcripts contain the ORFs that encode the large (S1.S2.S)
and the middle (S2.S)/small (S) envelope proteins respectively. As with the 3.5

kb transcript, the heterogeneous use of alternate transiational start sites



accounts for the differential production of two proteins from the single 2.1 kb

transcript.

Finally the 0.7 kb viral transcript contains an ORF that encodes the HBV X
protein. As with HBeAg, the exact function of the X protein remains unclear,
although it has been linked to DNA binding independent transcriptional
transactivation, signal transduction as well as influencing the development of

HCC.

HBV replication, like all hepadnaviruses, is unique among DNA viruses in that it
does not proceed via the semi-conservative replication of DNA molecules.
Rather, genomic replication is achieved by the reverse transcription of the 3.5 kb
RNA intermediate, which serves as a genomic template, by the viral polymerase

(21).

The first stage of viral replication is attachment and entry into the host cell, and it
is clear that the viral envelope proteins of HBV are involved since antibodies to
these proteins can block this process (22, 23). However, it remains unclear what
the cellular targets of viral attachment are, and exactly how each protein
contributes to this process. The nucleocapsid then moves to the nuclear
membrane where the genomic DNA is delivered in to the nucleus by an as yet
unidentified mechanism that is thought to be nucleocapsid independent (24).
Once inside the nucleus, the relaxed partially double stranded DNA genome is
repaired by the host DNA repair machinery (25) and converted to a covalently
closed circular or cccDNA molecule. It is this form of the HBV genome that

serves as the transcriptional template for the different viral mMRNAs.



As viral transcripts are generated, viral proteins begin to be translated by the
host’s transcriptional machinery (17). Core proteins begin to self-assemble into
nucleocapsid particles ready to receive their genomic cargo, and the envelope
proteins are inserted into the membranes of the endoplasmic reticulum in
preparation for viral budding (17). Surplus envelope protein is generated during
replication such that 20 nm non-infectious sub viral particles consisting of only
plasma membrane and HBsAg and devoid of genetic material are constitutively
released by the host cell and readily detectable in the circulation (17). As
replication proceeds, the newly translated viral polymerase associates, in a
sequence-specific fashion, to the 3.5 kb pre-genomic (pg) RNA transcript (26,
27). Together they form a ribonucleoprotein (RNP) complex that is targeted for
encapsidation by host derived chaperone proteins (28, 29). Once encapsidated,
the viral polymerase, which has been activated by its interaction with the pgRNA
(30), initiates a complex reverse transcription process that generates the partially

double stranded HBV genome (31-34).

The next step in viral replication is the acquisition of the viral envelope via
budding into the endoplasmic reticulum (ER) (17). This process is tightly
regulated by genomic DNA maturation since nucleocapsids without DNA are
never released from the cell (35, 36). Viral budding is mediated in part by the
interaction of competent nucleocapsids with S1.S2.S proteins inserted in the ER
membrane (18) and may be influenced by conformational changes that occur in

the nucleocapsid proteins during DNA maturation (37-39). After budding into the



ER, the newly formed infectious virions or Dane particles are released from the

cell through the Golgi apparatus (40).

1.4. Kinetics of HBV infection

HBYV infection proceeds in four distinct stages (41). The initial or early replicative
stage (2-4 weeks) is characterized by immune tolerance with high levels of
circulating HBsAg, HBeAg and HBV DNA and normal liver function. The only
detectable immune responses at this stage are antibodies to HBcAg (anti-HBc),
but these fail to clear infection. The second or /ate replicative stage (3-4 weeks)
is characterized by active hepatitis where virally infected hepatocytes are
eliminated by HBV-specific inmune responses, and this results in elevated liver
enzymes. The third or early integrative stage is characterized by viral clearance,
the appearance of anti-HBe antibodies, the loss of circulating HBeAg and HBV
DNA and the normalization of liver function. The final or /ate integrative stage is
characterized by complete immunity as indicated by the disappearance of
circulating HBsAg and concomitant development of anti-HBsAg (anti-HBs)

antibodies, which provide long-term protection against subsequent infection.

The vast majority of adults who become infected with HBV are able to clear the
virus. This is usually in the absence of any severe clinical manifestations, except
for rare cases (1-2%) when an excessive immune response to HBV infection in
adults may lead to the development of fulminate hepatitis that may be severe
enough to result in death (41, 42). Unfortunately in five to ten percent of aduit
and 90-95% of neonatal transmissions, the virus is not cleared, resulting in

persistent infection and the possible development of chronic hepatitis and liver



disease. Persons infected early in life generally remain in the early replicative
stage, where immune tolerance prevails, and since active hepatitis is absent,
they are classified as asymptomatic or “healthy” chronic carriers. Persistent
infections that arise later in life generally remain in the /ate replicative stage,
where active hepatitis prevails, and this results in the development of chronic
active hepatitis with a significantly increased risk of developing liver cirrhosis and
HCC (42). This is an important health concern in endemic regions of the world
where the majority of HBV infection is acquired neonatally, and leads to the
development of large populations of persistently infected individuals, which in
turn constitute enormous reservoirs of infectious virus. Many of these individuals
go on to develop and succumb to the secondary sequelae associated with
chronic liver disease, placing a heavy burden on health care systems. Currently,
it is estimated that more than 350 million people worldwide are persistently

infected with HBV (41), for whom there is no truly effective therapy.

1.5. Immunology of HBV Infection

HBV is described as a non-cytopathic virus (17) and, although it remains
controversial as to it's influence following long-term infection (43), it is now widely
accepted that liver pathology associated with HBV infection is mediated primarily
by the immune system following immune activation (42, 44, 45). In fact the
outcome of HBV infection appears to depend heavily on the strength and quality
of the HBV-specific immune response (42). Observations in humans have
revealed that acute disease is associated with a strong and antigenically diverse

immune response characterized by good cytotoxic T lymphocyte (CTL) activity.
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In contrast, chronic disease is associated with weak and antigenically restricted
immune response characterized by poor CTL activity (42, 46, 47). Unfortunately,
effective animal models and in vitro systems for the study of HBV have been
lacking due to the restricted host range of HBV to humans and great apes and

the inability to infect cells in culture.

These barriers have been partially overcome through the creation of different
HBYV transgenic mouse models (48, 49). These models, some of which actually
support complete viral replication and produce infectious virus, have yielded
tremendous information with respect to HBV replication. With respect to
immunopathology, the transgenic mouse models led to the direct observation for
the first time that liver pathology associated with HBV infection was likely
mediated in part by an HBV-specific cellular immune response. When major
histocompatability complex (MHC) class | restricted CD8+ T cells, specific for
HBsAg, were adoptively transferred into animals that were transgenic for HBsAg,
the mice developed liver pathology reminiscent of acute viral hepatitis in humans
(50). It appeared that, as with many other intracellular pathogens, direct CTL
mediated killing of infected hepatocytes was a plausible mechanism by which
HBV was eliminated from the body (51). However, based on the finite cytolytic
potential of individual CD8+ T cells, it seems unlikely that a limited number of
HBV-specific CD8+ T cells (approximately 0.03 for every hepatocyte) could be
solely responsible for the pathology observed (48). Further investigation

revealed that HBV-specific T cells initiated pathological changes, but subsequent
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influxes of non-antigen-specific inflammatory cells were responsible for the

majority of pathology observed (51, 52).

This, however, still did not complete the picture. The maijority of adult infections
with HBV are generally resolved with relatively mild clinical symptoms and little or
no associated liver pathology (42). Furthermore, in the case of chronic infection,
many carriers resolve their infection, either spontaneously or following interferon
alpha (IFNo) therapy, with relatively mild self-limited exacerbation of their
hepatitis (46). This is particularly significant given that the majority, if not all,
hepatocytes are infected during chronic disease, therefore resolution of infection
in such individuals, with limited associated pathology, suggests that the control of

HBYV infection is not solely mediated by destructive mechanisms.

New evidence from the transgenic mouse models suggested that HBV infection
might also be controlled by non-cytopathic mechanisms. Working with the
knowledge that hepatocyte gene expression was influenced by inflammatory
cytokines, investigators hypothesized that these same cytokines may aiso have
an influence on HBV gene expression in infected hepatocytes. Using mice that
were transgenic for the 2.1 kb HBV mRNA species under the control of either
HBYV or cellular promoters, it was demonstrated for the first time in vivo that HBV
gene expression was sensitive to inflammatory cytokines (53). Following
intraperitoneal (IP) injection of a single sub-lethal dose of lipopolysaccharide
(LPS), a selective 50-80% reduction in the 2.1 kb HBV mRNA content in the
hepatocytes was observed. In an effort to identify the inflammatory cytokines

responsible for the observed effect, recombinant forms of inflammatory cytokines
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known to be induced by LPS were ailso evaluated. Similar effects on HBV mRNA

content could be achieved with a single non-toxic dose of tumor necrosis factor

alpha (TNFa) or high doses of IFN«a or interleukin (IL) 6 (53).

Subsequent studies using recombinant IL-2 as a stimulator of cytokine
production, supported a role for a TNFa dependent mechanism, but also
identified a second apparently TNFa independent mechanism for the negative
regulation of HBV gene expression. The TNFa independent mechanism was
induced following the delivery of multiple doses of recombinant IFNa and IFNB
and was not blocked by prior administration of anti-TNFa antibodies, as was the
case with IL-2 (54, 55). These studies also suggested for the first time that the
negative regulatory effects induced by these cytokines were mediated by
posttranscriptional mechanisms since the rate of transcription controlled by the

HBV promoter, as assessed by nuclear run on assay, did not change (54).

The link between the negative regulation of HBV gene expression and an HBV-
specific cellular immune response came when investigators demonstrated that
the observed reduction in HBV gene expression induced by inflammatory
cytokines could be achieved by adoptively transferring HBV-specific CD8+ T cells
into the HBV transgenic mice (56-58). These studies revealed that in addition to
the induction of an acute hepatitis-like phenomenon, there was a substantial
negative regulation of HBV gene expression (>95% reduction in HBV mRNA
content) throughout the livers of the transgenic mice as assessed by Northern
blot analysis (56). It was observed that the negative regulatory affect asserted by

HBV-specific CD8+ T cells was mediated by posttranscriptional destabilization of
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both nuclear as well as cytoplasmic HBV mRNA, as assessed by nuclear run on
assays (57). Further evaluation of the posttranscriptional mechanisms of HBV
control supports the existence of two independent pathways of viral inactivation
(58). The first involves the elimination of HBV nucleocapsid particles containing

replicating genomes, and the second involves the destabilization of viral mMRNA.

Evaluating the role of different inflammatory cytokines, investigators found that
only pretreatment with anti-IFNy or anti-TNFa was able to block the negative
regulation of HBV gene expression (56) (58). Interestingly, antibody blocking of
IFNy or TNFa had no effect on the severity of the disease observed in these
animal models (56). Conversely, HBV-specific CD8+ T cells from perforin and
Fas ligand deficient mice had no effect on the negative regulation of HBV gene
expression in transgenic mice (56). Furthermore, infection of HBV transgenic
mice with non-HBV related murine viruses such as lymphocyte choriomeningitis
virus, adenovirus, or cytomegalovirus, which all cause inflammatory responses in

the liver, negatively regulated HBV transgene expression (59, 60).

Collectively, these observations suggested that the suppression of HBV
replication occurs by two separate but closely associated mechanisms: (i) the
recognition and killing of hepatocytes, but with very limited necroinflammatory

effects, and (ii) the cytokine-mediated non-cytopathic control of HBV replication.

It follows then that, in addition to active elimination of infected cells by CTLs, a
non-cytopathic control of viral gene expression may play an important role in the

control of HBV infection in humans.
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This theory was supported by a landmark study that revealed a bi-phasic immune
response during a self-limiting acute HBV infection in chimpanzees (61).
Following the kinetics of HBV replication and immune activation during acute
HBYV infection, investigators observed that virologic markers such as serum HBV
DNA and intracellular replicative DNA intermediates appeared early and began to
decrease by 10-12 weeks post infection. In contrast, an intra-hepatic T cell influx
was barely detectable at 12-14 weeks, but was strongly detectable at 16-18
weeks post infection. A transient rise in serum alanine aminotransferase (sALT)
levels and number of apoptotic cells was detectable, but only after the majority of
virologic markers had been reduced to almost undetectable levels. Thus, these
findings supported the theory that control of HBV infection occurs primarily by
non-cytopathic mechanisms followed by limited cytopathic mechanisms that

occurred at the peak of T cell influx.

The identification of IFN-y and TNF-a as key cytokines involved in the non-
cytopathic control of HBV infection suggests that this mechanism is related to the
development of a T helper 1 (Th1) type immune response, which is likely
regulated by antigen presenting cell (APC) production of IL-12. In fact,
investigators have demonstrated that, in addition to CD8+ T cells, the non-
cytopathic control of HBV replication can be achieved by adoptive transfer of
HBV-specific CD4+ Th1 like T cells (62) or by the delivery of recombinant IL-12

alone (63).

The presence and strength of a Th1 type immune response to HBV is very

important in determining the outcome of infection. In the case of the minority
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(~5%) of otherwise healthy HBV vaccine recipients that do not respond to the
current protein vaccine therapy, there appears to be a deficiency in their ability to
generate HBV-specific CD4+ T cell responses (64-66). This could be indicative
of what is occurring during chronic disease. Chronic carriers who eventually
resolve HBV infection, either spontaneously or following immunotherapy,
demonstrate an enhanced CTL response towards the virus as assessed by in
vitro stimulation of HBV-specific CTLs (46). In fact, the level of CTL
responsiveness in these individuals resembles the level of CTL responsiveness
observed during acute infection (46). These observations support the
hypothesis that chronic disease results from a failure to mount sufficient CD4+
and CD8+ T cell responses towards HBV. Appropriate stimulation of the immune

system may be all that is required to promote an effective response.

1.6. Prophylaxis and therapy of HBV infection

As mentioned above, an effective prophylactic vaccine against HBV has been
available since 1981. Initially made up of HBsAg purified from the plasma of
chronically infected individuals, the vaccines are now comprised of recombinant
HBsAg combined with aluminum hydroxide (alum), which acts as an adjuvant
(67, 68). The vaccines are generally given as a series of 3 or 4 injections at 0, 1
and 6 months or 0, 1, 2, and 12 months to ensure the highest level of sero-
protection among recipients. Sero-protection has been defined as anti-HBs
antibody levels of >10 miU/mL (69-72). These vaccines have proven to be
effective at inducing protective immunity in 95% of healthy individuals. These

vaccines were initially used widely only in perceived at-risk populations but
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epidemiological data revealed no effect on the rate of appearance of new
infections worldwide (14). Thus, based on preliminary data with population-wide
vaccination programs supporting the reduction of neonatal transmission rates
and the occurrence of HCC in adults, the World Health Organization (since 1991)
now supports the adoption of HBV vaccines into the national vaccination
programs of all countries around the world (14). However, despite these efforts,
there still remains a large portion of the world’s population that is chronically
infected with HBV, and unfortunately, for these individuals, there still is no truly

effective therapy to combat their infection (73-75).

IFNa has been the most widely used therapy to date, however it is only effective
in about 35% of cases and is generally restricted to a subset of patients who
present with favorable pre-therapy indicators that include, positive serum HBeAg,
elevated sALT levels, and low HBV DNA levels (73-75). These indicators reveal
the requirement of a degree of active hepatitis as a favorable pre-treatment
presentation. IFN’s are thought to function on two levels, both as an anti-viral as
well as an immunomodulator for the amplification of existing immune responses
(76). The currently recommended course of IFN therapy consists of either 5
million U daily or 10 million U three times a week given subcutaneously for 16
weeks, and is generally associated with a number of significant side effects such
as, flu-like symptoms, mild bone marrow suppression, thyroid abnormalities and

psychological depression (75).

A second category of therapeutic agents, the nucleoside and nucleotide

analogues, have also been extensively studied (73-75). These compounds
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compete with natural nucleosides and nucleotides during DNA synthesis. Their
primary mode of action, based on their structure, is to destabilize DNA synthesis
by interfering with the enzymatic function of the viral polymerase. Unfortunately,
the first generation analogues that were investigated proved to be of little benefit
and were associated with serious side effects (75). The second-generation
analogues, however, appear to hold more promise, displaying more dramatic

effects on HBV replication and better patient tolerance.

Lamivudine is the first of this new generation of analogues to be approved for the
therapy of chronic HBV. Others in pre-clinical and clinical investigation include
Famciclovir, Adefovir and Adefovir Dipivoxil, Ganciclovir, Labucavir, Entecavir,
and Emtricitabine. Lamivudine, given at 100-300 mg daily, is well tolerated,
dramatically reduces viral DNA in the serum to undetectable levels, and
produced positive histological responses in a significant number of patients (52-
56%) compared to placebo control (23-25%) (77). Finally, unlike with IFNc.,
successful treatment with Lamivudine is independent of pre-treatment variables
(78, 79). The unfortunate drawback with Lamivudine, as well as other nucleoside
analogues, is that relatively few individuals are actually cured of infection (73-75).
Once therapy is stopped, viral DNA in the serum almost always quickly returns to
pretreatment levels (77, 78, 80, 81), and although long term Lamivudine therapy
is well tolerated it is also associated with the development of drug resistance

(75).

A third, but less extensively studied category of chronic HBV therapy is

therapeutic vaccines. The promise of therapeutic vaccines relies heavily on the

18



tight association between a strong anti-HBV immune response and control of
HBV infection. Therapeutic vaccines attempt to stimulate the immune system in
an effort to jump start an HBV-specific immune response that will go on to control
viral infection. The most promising agent to be evaluated to date is Theradigm-
HBV™ (73). Itisa lipopeptide-based T cell vaccine that combines a CTL epitope
isolated from HBcAg with a helper T epitope, initially from the influenza
nucleoprotein and eventually from tetanus toxoid, and two palmitic acid
molecules. In phase | clinical trial, Theradigm-HBV was well tolerated and did
demonstrate the potential to induce an HBV-specific CTL response in healthy
individuals (82). Unfortunately, further clinical study in chronically infected
patients failed to induce measurable differences in CTL activity and revealed only

minor effects on infection status (83).

1.7. CpG DNA

The identification of immunostimulatory DNA sequences present in bacterial DNA
followed observations that bacterial DNA was capable of stimulating strong
immune activation of vertebrate immune cells (84). These sequences have been
defined as CpG motifs in which CpG dinucleotides are present within a particular
base context (85). In prokaryotic organisms, CpG dinucleotides are present at
the expected frequency of one in every sixteen pairs of bases along each single
strand of DNA, whereas in vertebrate DNA, CpG dinucleotides, and as such CpG
motifs, are suppressed to one third or one quarter of the expected frequency
(86). In addition, within mammalian DNA the cytosine residues are highly

methylated (86), which eliminates any immunostimulatory properties (85, 87).
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These differences likely reflect an evolutionary divergence that has resulted in
one of the many mechanisms by which vertebrates can recognize and respond to

invading bacteria.

Both bacterial DNA and synthetic oligodeoxynucleotides (ODNs) synthesized
using a nuclease resistant phosphorothioate backbone and containing CpG
motifs, have been shown to induce or enhance the stimulation of a variety of
immune cells. This stimulation includes: (i) the direct activation of murine and
human B cells resulting in immunoglobulin production, IL-6 and IL-10 secretion,
MHC class Il and B-7 upregulation, and resistance to apoptosis (85, 88-91); (ii)
the direct activation of macrophages and dendritic cells resulting in CD4
independent maturation and subsequent release of chemokines and pro-
inflammatory cytokines including IL-12, upregulation of MHC class Il, B-7s
expression and CD40 expression (92-95); (iii) the activation of natural killer (NK)
cells resulting in the rapid induction of IFNy production and lytic capabilities (96-
98). Although these affects appear to be largely mediated indirectly by the CpG
DNA induced activation of APCs and subsequent production of IL-12, some
observations have revealed that CpG DNA is capable of enhancing IFNy
production in response to IL-12 alone (99); and (iv) indirect influence on the
activation of CD4+ and CD8+ T cells by the CpG DNA mediated activation of
APCs and subsequent production of cytokines such as type | IFNs and IL-12,
which lead to the development of a pro-Th1 immune environment (100-104).
However, as with the NK cells, it appears that CpG can also have some direct

ability to co-stimulate primary T cell activation (105).
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The exact mechanism by which CpG DNA directly stimulates different cell
populations still remains unclear. Results from early investigations supported a
requirement for internalization of the CpG DNA (85). CpG DNA mediated
stimulation could be blocked by inhibitors of endosomal acidification, suggesting
that internalization involved the uptake of CpG DNA into endosomes, which
subsequently underwent an acidification and maturation cycle (106, 107).
However a CpG-specific receptor remained elusive. In the absence of an
identifiable surface receptor it was thought that the CpG DNA might be
translocated from the endosomes to the cytoplasm where it interacted with a
putative CpG DNA-specific binding protein, which in turn mediated the

intracellular signal cascade (108).

One of the earliest measurable events following stimulation with CpG DNA is the
generation of reactive oxygen species (ROS) that is closely associated with
endosomal acidification (109). It is thought that ROSs may have an important
role in the regulation of the redox balance in leukocytes. This in tumn influences
the binding of transcription factors, such as AP-1, NF-kB, p53 and SP-1, during

cellular activation (110-112).

How the signal-transduction cascade progressed from this point to the initiation
of gene transcription was not known. At the transcriptional end of the cascade
the two major transcription factors induced by CpG DNA are NF-xB and AP-1
(113). NF-xB is a key cellular transcription factor that is closely associated with
the activation of immune cells of both the innate and acquired arms of the

immune system (114). The activation of the NF-xB is dependent on the
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phosphorylation, ubiquitination and subsequent degradation of the negative
regulator of NF-xB, IkB. The signal transduction cascade induced by CpG DNA
includes the activation of NF-xkB (92), via the documented degradation of IxB
(115). The CpG induced degradation of IkB following phosphorylation supports
the upstream activation of intracellular kinases. One such kinase that has been
proposed to mediate this process is DNA dependent protein kinase (DNA-PK)
(116). Animals lacking the catalytic subunit of this enzyme fail to respond to CpG
DNA (116). Therefore, it has been suggested that DNA-PK is involved in an
upstream event that leads to the activation of IkB kinase (IKK) and subsequent

degradation of IxB (116).

The second major group of signal transduction pathways that has been identified
as being influenced by CpG DNA is the mitogen-activated protein kinase (MAPK)
pathways (113). The MAPKs are a group of serine and threonine-specific
kinases that play an important role in mediating responses to extracellular signals
(117). The three best known pathways in this group, identified by the last kinase
present in their respective cascades, are the extracellular-signal-reguiated
(ERK)/MAPK pathway, the c-Jun N-terminal kinase (JNK)/stress-activated
protein kinase (SAPK) pathway and the p38 pathway (117, 118). Each of these
pathways has been reported to respond to CpG DNA and collectively lead to the

generation and activation of the transcription factor AP-1 (113).

What has remained elusive, until recently, are the initiation events that lead to
CpG DNA induced signal transduction cascades. Investigators have surmised

that cellular activation by CpG DNA is similar to cellular activation following the
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recognition of pathogen-associated molecular patterns (PAMP) present in other
bacterial products such as LPS and bacterial lipoproteins. Using mice deficient
in either the myeloid differentiation marker 88 (MyD88) or the tumor necrosis
factor receptor-associated factor (TRAF) 6, investigators demonstrated that CpG
DNA mediated activation was occurring via the Toll-like receptor (TLR)/IL-1
receptor (IL-1R) signaling pathway, much like with peptidoglycans and LPS-
specific activation mediated by TLR-2 and TLR-4 respectively (119-121). The
mammalian TLRs, so named for their striking homology to the toll receptors
found in Drosophila (122), belong to the larger family of pattern recognition
receptors (PRR) that play an important role in innate immune activation following
the recognition of PAMPs (122). Both MyD88 and TRAF6 have been identified
as adapter molecules in the TLR/IL-1R pathways (122) and the deficiency of
MyD88 has a negative effect on LPS mediated activation (123). Based on the
documented similarities in signal transduction between CpG DNA and other
bacterial products containing PAMPs, it was predicted that CpG DNA-specific celi
activation might be mediated in a similar fashion. However, knockout mice
deficient in either TLR-2 or TLR-4 displayed normal responsiveness to CpG
DNA-specific activation (119, 120). More recently it has been reported that TLR-
9 deficient mice are completely unresponsive to CpG DNA, suggesting that TLR-
9 may be the elusive CpG DNA-specific receptor, responsible for the upstream

activation of the TLR/IL-1R signal transduction pathway (124).

Of particular interest from an immune modulation standpoint, is this ability of CpG

DNA to promote Th1 biased immune activation. This is characterized by the
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rapid production IFNy and the biased production in some mice of the antibody
isotype IgG2a (125), which is related to the induction of IL-12 production by
antigen presenting cells (125, 126). It has been well established that IL-12 is a
strong inducer of IFNy production and is required for sustaining a Th1 biased

immune response (127).

The immune stimulatory effects of synthetically derived ODNs containing CpG
motifs makes them attractive candidates as immunological adjuvants, for the
induction of humoral and cellular immune responses. In fact, many studies have
already demonstrated that CpG ODNs are superior to other well-known
adjuvants at inducing Th1 biased immune responses, including the gold
standard, Complete Freunds’ Adjuvant (CFA) (125, 128-134). Interestingly, the
immunostimulatory properties traditionally associated with CFA, which results in
a Th1 biased response, have since been attributed to the presence of CpG-

containing mycobacterial DNA (125).

As with all agents with promise for human use, the potential for adverse effects is
always a consideration. In the case of CpG DNA, the induction of inflammatory
cytokines raises concerns over the risk of aberrant immune activation and the
potential for the induction of septic shock (135, 136). However, neither has been

reported at the dose levels used to achieve a desired immune stimulatory effect.

1.8. DNA Immunization

The use of plasmid DNA encoding antigenic proteins, known as DNA vaccines,

for the induction of adaptive immune responses is a promising alternative to
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traditional live attenuated, whole killed and subunit antigen-based vaccine
strategies. Since their inception in the early 1990's (137-143), DNA vaccines
have been evaluated in a variety of animal models and against numerous
infectious agents and disease states (144-146), as well as in human clinical trials

(147-152).

The exact mechanisms of action of DNA vaccines remain unclear (153).
However, immunization with plasmid DNA is based on intracellular synthesis of
the desired antigen(s) by the vaccine recipient. This leads to the development of
antigen-specific immune responses. Following DNA-based immunization,
immune activation can be detected for both CD4+ and CD8+ T lymphocytes via
presentation of peptides in the context of the class Il and class | MHC
respectively, as well as for B cells via protein cross linking of antigen-specific

surface immunoglobulin receptors.

After intra-muscular (IM) injection of a DNA vaccine, both myocytes and
professional APCs may be transfected by the plasmid (137, 154). However, it is
not clear the exact roles that each plays in the induction of immune responses. It
has been shown that only APC such as dendritic cells can prime T-cell
responses (154-158), and although studies on grafting stably transfected
myoblasts showed that there is not an absolute requirement for direct
transfection of APC (159, 160), it is not clear whether this would still be the case
in the context of direct delivery of plasmid DNA. Furthermore, if not essential, it is

not known what role direct transfection of APC might play.
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Many investigators have demonstrated that IM delivery of plasmid DNA into mice
induces strong and long-lasting immune responses comprising both antigen-
specific antibodies and CTL (142,161-163). The finding that a single
administration resulted in life-long immunity in mice (164) was initially thought to
be due to the prolonged expression of antigen, as had been observed previously
with certain reporter genes (165, 166). However, in the presence of a developing
immune response, characterized by the generation of a strong MHC class |
restricted CTL (161), it would seem likely that transfected myocytes and other
cells would become potential targets for CTL mediated lysis. Indeed this seems
to be the case when expression of a luciferase reporter gene is used as a marker
of transfected myocyte integrity (167). Luciferase does not appear to be
sufficiently immunogenic in the mouse to bring about rapid or complete
destruction of transfected myocytes, hence strong expression can be detected
for many months (165, 167). However, mice injected with a luciferase-encoding
plasmid, together with an antigen-encoding plasmid expressing HBsAg or B-
galactosidase (B-gal) lost the vast majority of luciferase-expressing myocytes,
which presumably were co-transfected with antigen-expressing plasmids, within
20 days. This myocyte destruction was immune mediated since luciferase
expression was lost in co-injected muscles of immune competent but not severe
combined immunodeficient (SCID) mice (167). The myocyte destruction was not
dependent on secretion of the synthesized antigen as demonstrated by the
response towards f-gal, and was accompanied by an influx of CD8+ and CD4+ T

cells, as assessed by immunohistochemical staining. Therefore, although the
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period of antigen expression following DNA vaccination appears to be relatively
short (approximately 2 weeks) it is nonetheless sufficient to induce long-lasting

immune responses in mice without further boosting.

The potential advantages of DNA immunization over more traditional vaccine
strategies are many (168). DNA vaccines generate both humoral and cellular
immune responses, overcoming the barriers of protein sub-unit vaccines and
more closely approaching natural immune responses to infection. However,
unlike natural infection or live attenuated vaccines, there is no risk of associated
pathology since genes associated with virulence can be omitted from the
constructs. Similarly, unlike whole killed vaccines there are no concerns of
toxicity related to pathogen inactivation. The chief safety concerns associated
with DNA vaccination are the potential for the development of anti-DNA
antibodies and the potential for plasmid integration that leads to an oncogenic
event (168). However, neither has been reported. From a manufacturing
standpoint, DNA vaccines represent a relatively low cost alternative, requiring
simple storage, as compared to the more complicated process of generating and

storing recombinant protein based vaccines.

As with the CpG DNA, of particular interest is the ability of DNA vaccines to
induce an immune response that includes the development of cell mediated
immunity (CMI). The presence of CTL activity as part of the generated immune
response is indicative of a Th1 influence and is due, in part, to the presence of
CpG motifs within the bacterial DNA plasmids (128, 169, 170). In fact, it has

been demonstrated in mice that DNA vaccination plasmids can be optimized for
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CpG DNA content, rendering them more efficient at inducing immune responses
(171). The CMI promoting quality of DNA vaccines makes them an attractive
candidate for use as prophylactic and therapeutic agents in situations where

antigen-specific CMI responses are key to vaccine efficacy.

1.9. Rationale

HBYV is a non-cytopathic enveloped DNA virus that can induce the development
of necro-inflammatory liver disease. The severity of this disease and the ability
of infected individuals to control viral infection are closely associated with the
strength and quality of the HBV-specific immune response. The key factor in this
immune response is the development of strong CMI. The difference between
people who control infection and those who do not is clearly correlated with the

strength of their HBV-specific CMI response.

Can a weak or non-response to HBV be overcome to eliminate chronic

infection?

Observations in chronically infected individuals suggest that this is possible. The

key factor being the augmentation of an HBV-specific CMI response.
Can this be achieved with immune modulating therapies?

To a limited extent it has been. There has been some success with the use of
IFN therapy in a subgroup of chronically infected individuals. The scientific basis
for this therapy is the augmentation of weak ongoing HBV-specific immune

responses.
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Can the CMI promoting properties of CpG ODNs and/or DNA vaccination be

exploited to overcome week or non-responsiveness to HBV?

Preliminary evidence in an HBsAg transgenic mouse system similar to those
described above, demonstrated that tolerance to HBsAg could be overcome by
DNA vaccination (172). The breaking of tolerance involved the development of
anti-HBs antibodies and, as with the transgenic systems described herein, the
downregulation of HBsAg transgene expression. Subsequently it was confirmed

that the effect was dependent on the T cell production of IFNy (173).

More recently, the combination of CpG DNA in the form of ODNs wirh a current
HBV vaccine demonstrated the capability of overcoming the hyporesponsiveness
to this vaccine in orangutans (174). One of the characteristics of the current HBV
vaccines is the existence of a subgroup of individuals that do not respond to
vaccination. It has been suggested that this lack of response is also associated

with a deficiency in HBsAg-specific CD4+ Th cell responses.

Therefore, evidence exists for the potential of CpG DNA and DNA vaccines in
generating the quality of immune response that would have positive influence on
the inadequate or non-responsiveness to HBV in individuals who remain

chronically infected.
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1.10. Hypothesis
Immunization with CpG ODN in combination with HBsAg, or with an HBsAg-

expressing DNA vaccine, can induce HBsAg-specific cellular and humoral

immune responses that are capable of overcoming non-responsiveness to HBV.

1.11. Specific Objectives

i. To evaluate and compare the influence of CpoG ODN and DNA vaccination
on HBYV-specific immune activation in HBsAg transgenic mice and

congenic C57BL/6 control mice.

ii. To evaluate the relationship between immune activation and the longevity

of antigen expression following DNA vaccination.

iii. To evaluate the influence of CpG ODN and DNA vaccination on HBV-

specific immune activation in chimpanzees.
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2. Materials and Methods

2.1. Vaccine Reagents
Antigens

The protein antigen used for vaccination in the mouse studies consisted of
recombinant HBV S2.S protein ayw subtype, produced in CHO cells (PMC, Val
de Reuil, France and (175)). A 2 ug dose of recombinant S2.S,y. protein was

delivered in combination with a 100 ug dose of ODN.

The protein based vaccine used in the chimpanzee studies was Engerix B®
(SmithKline Beecham, Rixensart, Belgium), a commercially available HBV
vaccine consisting of 20 ug/mL of yeast derived recombinant HBV S,q protein
adsorbed to aluminum ions (AI**) provided by aluminum hydroxide (alum; 25 mg
antigen/mg of AI**). A pediatric dose (10 ug of Saq) of Engerix B was delivered

either alone or in combination with a 1 mg dose of CpG ODN

DNA vectors

The DNA vaccines used in the mouse studies consisted of: (i) pCMV-S2.S
plasmid (176) which express the S2.S (ayw) region of the HBV envelope gene
under the control of the cytomegalovirus (CMV) immediate early gene promoter;
(i) An Syyluciferase colinear-expression vector (pPCMV-S/CMV-luc) coding for
both the HBV S, protein and luciferase, each under the control of its own CMV
promoter that was generated by combining a 3.4 kb Smal-BamHI| fragment

containing the luciferase reporter gene, under control of the immediate early
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promoter of CMV that was isolated from the previously described pCMV-luc
vector (177), gel purified, the 5' overhang filled in by DNA polymerase | large
fragment, and cloned into the Stul site of the previously described pMAS-S
vector (171), which contains the coding sequence for the HBV S, protein; and
(i) A pCMV-(-S)/CMV-luc control vector generated by first inserting 692 bp
EcoRV-Pstl fragment containing the HBV S,, protein coding region that was
isolated from the previously described pMAS-S vector (171) into a Pstl-Smal
digested pMAS vector that did not contain the HBV S,, protein coding region,
which resulted in the insertion of the HBV S,, protein coding region into the
PMAS vector in the reverse (non-expressing) orientation and the creation of a
PMAS-(-S) control vector. Subsequently, the 3.4 kb Smal-BamHI CMV-luc
fragment was cloned into pMAS-(-S) as described above generating the pCMV-(-
S)/CMV-luc control plasmid.

The DNA vaccine used in the chimpanzee study, pCG-S, consisted of an HBV
Saa expressing DNA vector to which had been added 16 copies of the primate-
specific CpG ODN 2006, which is a 24-mer with 3 CpG motifs, for a total of 64
additional CpG motifs (171).

All plasmid DNA was purified on Qiagen anion-exchange chromatography
columns (Qiagen Inc., Valencia, CA, USA) as per the manufacturer's instructions

and redissolved in 0.15 M saline for injection. The DNA was stored at -20°C until

required.
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ODN

The CpG ODNs used in the mouse studies consisted of. () CPG ODN
(sequence1826: 5° TCCATGACGTTCCTGACGTT 3’) (Coley Pharmaceutical
Group, Inc,, Wellesley, MA) and (i) non-CpG ODN (sequence 1982: §'
TCCAGGACTTCTCTCAGGTT 3') (Coley Pharmaceutical Group Inc.). A 100 ug
dose of ODN was delivered in combination with a 2 ug dose of recombinant

82. Sayw.

The CpG ODN used in the chimpanzee study was the primate-specific CpG ODN
2006 (5'-TCGTCGTTTTGTCGTTTTGTCGTT-3') (Coley Pharmaceutical Group
Inc.). A 1 mg dose of ODN 2006 was delivered in combination with a pediatric

dose of Engerix B (see above).

All ODNs were synthesised with a nuclease-resistant phosphorothioate
backbone and suspended to 10 mg/ml in sterile endotoxin-free PBS (Sigma) and

stored at 4°C until needed.
2.2. Mouse Studies

Animals

Immune competent mice were 6-12 week old female BALB/c or C57BL/6 mice
(Charles River Laboratories, Wilmington, MA). Immune compromised mice were
bred in the transgenic facility of the Loeb Health Research Institute, Ottawa. Both
male and female mice were used at 6-12 weeks of age and the breeding pairs

were originally obtained from: SCID C.B-17 SCID mice (Charles River), MHC
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class | (C1D) and class |l (C2D) deficient mice (Taconic, Germantown, NY) and
previously described perforin knock-out (Pfn K/O) mice (178) (Sandoz Ltd.
Zurich). The studies performed with these animals were presented to and
accepted by the animal care of the LOEB Health Research Institute under the

guidelines of the Canadian Council on Animal Care (CCAC).

Experimental groups

Influence of CpG ODN exposure on naive splenocytes in-vitro

Naive C57BL/6 mice (n=5) were sacrificed by cervical dislocation and their
spleens harvested under sterile conditions. Single cell splenocyte cultures were
established by the dissociation of spleens through metal screens. Splenocyte
cultures were used to evaluate the effect of CpG ODN exposure on splenocyte
activation as measured by cellular proliferation and cytokine production.

In-vivo immune response generated towards HBsAq following immunisation with
pCMV-S2.S or recombinant S2.S,,., combined with CoG ODN

C57BL/6 mice (n=10 per group) were immunised with either the pCMV-S2.S
DNA vaccine or a protein based vaccine consisting of recombinant S2.Sayw
combined with either a CpG ODN or non-CpG ODN. The DNA vaccine was
delivered as a single dose of 100 ug by bilateral IM injections into regenerating
TA muscles as previously described (179). The DNA was dissolved in a total

volume of 100 I that was divided equally between the two injection sites.

The protein-based vaccine was delivered as a single dose, or three monthly

doses, of 2 g of recombinant S2.S,y combined with a 100»g dose of ODN. The
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vaccine was administered by IM injection into non-regenerating TA muscles in a
total volume of 100 ul, divided equally between the two legs, as previously

described (131).

Blood was collected at 4 week intervals by retro-orbital bleed and assessed for
anti-HBs antibody titers by endpoint dilution enzyme-linked immunosorbant
assay (ELISA). Four weeks after the final vaccination, the animals were
sacrificed by cervical dislocation, and their spleens harvested under sterile
conditions. Single cell splenocyte cultures were established by the dissociation
of spleens through metal screens and used to evaluate HBsAg protein-specific,

cellular immune responses as assessed by CTL activity and cytokine production.

Influence of immune activation on antigen expression following DNA vaccination

Immuno-competent (BALB/c and C57BL/6) and immuno-compromised (SCID,
C1D, C2D, and Pfn K/O) mice were injected IM bilaterally with a 50 ug dose of
the pCMV-S/CMV-luc vector in the tibialis anterior (TA) muscle, as described
previously (180). As a control for Syy expression, separate groups of immuno-
competent mice were injected bilaterally with a 50 ug dose of the control pCMV-(-
S)/CMV-luc vector. Each experimental group consisted of 25 animals, of a
particular strain, that were separated into subgroups of 5 animals. At 5 different
time points following DNA injection (3, 7, 14, 21, 42 days) one subgroup of
animals was sacrificed by cervical dislocation and their TA muscles harvested.
The muscles were used to evaluate the influence of different immune effector
mechanisms on antigen expression following DNA vaccination using an indirect

assay for myocyte integrity, which was based on the sustained expression of
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luciferase by intact myocytes following transfection with a mammalian expression

vector encoding the luciferase gene.

Experimental procedures

In_vitro splenocyte stimuilation assay

Spleens from naive C57BL/6 mice were recovered under sterile condition.
Single cell suspensions were prepared in RPMI media (RPMI 1640 (Life
Technologies, Gaithersburg, MD) supplemented with L-glutamine (2mM),
penicillin (100 U/mL), streptomycin (100ug/mL) and 2% (V/V) heat inactivated
normal mouse serum (NMS) (Cedarlane, Hornby, Canada), and 0.02 mM B-2
mercaptoethanol (B2ME) (Sigma, St. Louis, MO)). The splenocytes were plated,
1x10%/mL for the proliferation assay and 5x10%/mL for the cytokine assays, at 100
ul/well in triplicate in 96-well round-bottom polystyrene plates (Becton Dickinson
Labware, Franklin Lakes, NJ). The CpG ODN and the non-CpG ODN were
suspended in RPMI media and plated at 100 uL/well to final concentrations of 10,
5, 2, 0.2 ug/mL for the proliferative assays, and 10, 3, 1, 0.3 ug/mL for the
cytokine evaluation. For comparison, genomic E. coli DNA (Sigma), as a source
of bacterial DNA, was suspended in complete RPMI 1640 and plated at 100
ul/well to final concentrations of 10 and 30 ug/mL. The lympho-proliferative
assay was incubated for 96 hrs at 37°C and 5% CO. then pulsed overnight with
tritiated thymidine (Amersham Pharmmacia Biotech, Uppsala, Sweden) at 1
uCi/well. The cultures were harvested onto glass filters using an automated cell

harvester (Skatron, Newmarket, Suffolk, UK) and the filters were allowed to dry
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overnight. Thymidine incorporation was assessed by liquid scintillation counting
using an automated beta counter (Beckman Coulter, Fullerton, CA). Proliferation
was expressed as a stimulation index (Sl), which was calculated as average
counts per minute (cpm) of ODN driven proliferation over the average cpm of

media background.

For cytokine evaluation, 4 additional plates were setup in parallel, and identical to
the proliferation assay, and culture supernatants were harvested and stored at —
80°C following 6, 24, 48, and 72 hrs of incubation at 37°C and 5% CO,. Levels
of TNFq, IL-6, IL-12, and IFNy were determined using the murine OPTEIA ELISA

sets (Pharmingen, Mississauga, Canada).

Assay for anti-HBs titers

Anti-HBs titers were determined in plasma recovered from mice, at various times
after immunization, by ELISA (131). In brief, 96 well plates (Becton Dickinson)
coated with plasma derived HBsAg, (0.1 ug/well) (International Enzyme,
Fallbrook, CA ) were used to capture mouse plasma anti-HBs, which were then
detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG,
IgG1, IgG2a, IgG2b, or IgG3 (1/4000 in PBS/0.05% Tween 20/10% FBS,
Southern Biotechnology Associates, Inc., Birmingham, AL), followed by o-
phenylenediamine dihydrochloride solution (Sigma). Anti-HBs titers were defined
as the highest plasma dilution that resulted in an absorbance (OD 450) two times

greater that of non-immune plasma. Titers were expressed as the geometric
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mean + SD of values from individual animais in a treatment group, which were

themselves the average of at least duplicate assays.

Assay for HBsAg-specific CTL activity

Single cell suspensions were prepared from spleens recovered from mice (n=5) 4
weeks following their final immunization. The responder spleen cells (3x107)
were cocultured in a T-25 tissue culture flask (Becton Dickinson) with 1x10°
irradiated syngeneic transfected cells that expressed the small envelope protein
(RBLS5/S) (172), in 10 ml of RPMI 1640 (Life Technologies, Gaithersburg, MD)
supplemented with 10% fetal bovine serum (FBS), L-glutamine (2mM), penicillin
(100 U/mL)/streptomycin (100ug/mL) (Life Technologies) and 0.02mM B2ME.
After 6 days in culture, the cytolytic activity was determined by standard 4h 5'Cr
release assay using U-bottomed 96-well polystyrene plates (Becton Dickinson)
containing 5x10° RBL5/S target cells/well. The target cells (10°) were labeled
with 200 uCi of Na,®'CrO (Amersham Pharmacia) for 1.5 to 2 h at 37°C and 5%
CO. then washed three times. To control for non-S-specific lysis, cytolytic
activity was also determined using syngeneic non-transfected cells (RBLS) (172).
The effector cells were plated at E:T ratios of 100:1, 50:1, 25:1 and 6.25:1.
Assay supernatants were harvested and counted using an automated gamma
counter (Beckman Coulter). The percent-specific cytotoxicity was determined by
the formula [experimental release — spontaneous release)/(maximum release —
spontaneous release)] x 100. Maximum release was determined by complete
cellular lysis using 2N HCI (Fisher Scientific, Nepean, ON). Spontaneous release

was < 30% of maximum release uniess otherwise indicated.
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Assay for HBsAg-specific cytokine production

Single cell suspensions were prepared from spleens recovered from mice (n=5) 4
weeks following their final immunization. Spleen cells (5x108mL) were
suspended in RPMI 1640, supplemented with 2% (v/v) heat inactivated NMS, L-
glutamine (2mM), penicilin (100 U/mL)/streptomycin (100ug/mL) (Life
Technologies, Gaithersburg, MD), 0.02mM B2ME and plated in quadruplicate in
96 well plates at 100 uL (5x10°cells)/well. The spleen cells were stimulated with
media (negative control), plasma derived HBsAg,, (International Enzyme), at final
concentrations of 3, 1, 0.3, and 0.1 ug/mL, and concanavalin A (Con A) (Sigma-
Aldrich) at a final concentration of 10 ug/mL. Cultures were maintained at 37°C
in 5% CO,, and culture supernatants were harvested and stored at —80°C
following 6, 24, 48 or 72 hrs of incubation. Levels of TNFq, IL-4, IL-5, and IFNy
were determined using the murine OPTEIA ELISA sets (Pharmingen,

Mississauga, Canada).

Indirect assay of muscle fiber destruction

Following bilateral IM injection with either the pCMV-S/CMV-luc vector or the
control pCMV-(-S)/CMV-luc in the TA muscles, groups of animals (n=5 per
strain) were sacrificed by cervical dislocation (under anesthesia) at 3, 7, 14, 21
and 42 days post injection with plasmid DNA. The TA muscles were removed
and luciferase activity was measured using the Promega luciferase assay system
(Promega, Madison, WI, USA) as previously described (177). Results were

expressed as group means + SD of relative light units (RLU)/s/mg protein, with
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protein contents being determined by the BioRad microassay procedure (BioRad,

Mississauga, ON, Canada) (181).

Statistical analysis

The statistical significance of differences between group means, for antibody
titers and IFNy levels, of mice receiving different vaccine strategies was
determined by one-factor analysis of variance followed by the Bonferroni test for
multiple comparisons to evaluate differences between specific data sets within

the particular analysis group. Statistical significance was defined as p<0.05.

The statistical significance of differences between group mean luciferase activity
in muscles taken from a given mouse strain injected with a given vector at
various times after DNA injection was determined by one-factor analysis of
variance followed by the Dunnett’'s multiple comparison test. Differences of
values at other time points relative to the 3-day activity were considered

significant with a p<0.05.
2.3. Chimpanzee studies

Animals

Nine juvenile chimpanzees (Pan Troglodytes) weighing 24-33 kg, were used in
this study. The animals were located at Bioqual (Rockville, MD), where they
were housed individually in glass biocontainment suites and maintained
according to American Association for Accreditation of Laboratory Animal Care

guidelines. The studies performed with these animals were also presented to
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and accepted by the animal care committees of the National Institutes of Heaith
(Bethesda, MD) and of the LOEB Health Research Institute, which operates

under the guidelines of the CCAC.

Experimental groups

Immunization protocol

Eight animals were vaccinated against HBV by IM injection to the right quadricep
muscle at O or 4 weeks with either: (i) pediatric dose of Engerix B alone (n=2)
delivered by hypodermic syringe with a 23 gauge needle; (ii) pediatric dose of
Engerix B combined with a 1 mg dose of CpG ODN (n=2) delivered by
hypodermic syringe with a 23 gauge needle; (iii) a 2 mg dose of pCG-S (n=2)
delivered bilaterally using the Biojecter needle less injection system (Bioject,
Portland, ORY); or (iv) a 2 mg dose of pCG-S at week 0 followed by a pediatric
dose of Engerix B combined with a 1 mg dose of CpG ODN at week 4 (n=2). As
a positive control for productive infection following challenge at 8 weeks, a ninth

animal received an injection of normal saline (Sigma) at 0 and 4 weeks.

Throughout the immunization protocol the animals were evaluated for the
induction of HBsAg-specific immune responses as assessed by antibody
production, antigen-specific T cell proliferation, cytokine production, antigen-

specific CTL activity.
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HBV challenge protocols

At 8 weeks after prime each animal was challenged with 103 chimp infectious
dose 50 (CID s0) of HBV strain MS-2 (National institute of Heaith, Bethesda, MD)
IV as a single bolus. Following challenge, the animals were evaluated for the
development of a productive HBV infection, through detection of both HBsAg and

HBeAg in the circulation.

Experimental procedures

Blood collection

The animals were bled prior to and on a weekly basis following vaccination.
Venous blood was collected into heparinized vacutainers (Becton Dickenson) by
venous puncture. Prior to lymphocyte isolation, the whole blood was allowed to

separate for the collection of plasma.

Isolation of peripheral blood mononuclear cell (PBMC)

PBMCs from each animal were separated from whole biood by density gradient
centrifugation on Ficoll-Paque Plus (Amersham Pharmacia Biotech, Uppsala,
Sweden). The PBMCs were washed twice with PBS (Life Technologies) and
used for culture directly or cryogenically preserved in media containing 50% heat
inactivated FBS (Life Technologies), 40% RPMI 1640 (Life Technologies)
supplemented with L-glutamine (2mM), penicillin (100 U/mL), streptomycin (100
ug/mL), and 10% (v/v) FBS (complete RPMI), and 10% di-methyl sulfoxide

(Fisher Scientific).
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Generation of Epstein Barr virus (EBV)-transformed cell lines

EBV transformed B cell lines were established from PBMCs recovered from each
chimpanzee prior to immunization. PBMCs were cultured in supernatant
collected from the EBV-producing marmoset cell line B95-8 (ATCC# CRL-1612),
in complete RPMI supplemented with cyclosporin A (1 ug/mL) (Sigma-Aldrich).

The cells were maintained in complete RPMI 1640.

Assay for anti-HBs antibody titers and Ig isotypes

Anti-HBs levels in plasma recovered from each animal were assessed using the
Monolisa 3.0 anti-HBs ELISA kit (Sanofi Diagnostics Pasteur, Montreal
CANADA). Anti-HBs levels were expressed in miU/mL by comparison with
human derived standards defined by the World Health Organization (Monolisa
Anti-HBs Standards, Sanofi Diagnostics Pasteur). Seroprotection was defined as

210 miU/mL.

The relative levels of different anti-HBs antibody isotypes were determined by
endpoint dilution ELISA (182). In brief, 96 well plates (Corning) coated (1 ug/mL)
with plasma derived HBsAga.q (International Enzyme) were used to capture anti-
HBs from chimp plasma. The anti-HBs antibodies were detected with HRP-
conjugated mouse anti-human IgG, IgG1, 1gG2, IgG3, or IgG4 (1/2000 in
PBS/0.05% Tween 20,10% FBS; Southern Biotechnology Associates, Inc.),
followed by o-phenylenediamine dihydrochloride solution (Sigma). Anti-HBs
titers were defined as the highest plasma dilution that resulted in an absorbance

(OD 450) two times greater that of non-immune plasma.
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Assays for HBsAg-specific T cell proliferation and cytokine production

HBsAg-specific T cell proliferation was assessed using a standard *H-thymidine
incorporation assay. PBMCs were suspended in RPMI 1640, supplemented with
10% (v/v) heat inactivated human AB serum (1x10°cells/mL) and plated in
quadruplicate in 96 well plates at 100 uL (1x10°cells)/well. The stimulants for the
assay were: media (negative control), plasma purified HBsAg.g (International
Enzyme) at final concentrations of 5 25, and 1.25 ug/mL, and
phytohemagglutinin (PHA) (Sigma) at a final concentration of 10 ug/mL. Cultures
were maintained for 6 days at 37°C in 5% CO; then pulsed with 3H-thymidine
(Amersham Pharmacia) at 1 uCi/well and incubated for 18 hrs. The cultures
were harvested onto glass filters using an automated cell harvester (Skatron,
Newmarket, Suffolk, UK). The filters were allowed to dry overnight and thymidine
incorporation assessed by liquid scintillation counting using an automated beta
counter (Beckman Coulter). T cell proliferation was expressed as an Sl, which
was calculated as average cpm of antigen driven proliferation/average cpm of

media background.

In parallel to the proliferation assay, PBMCs (2x10%cells/mL) from each animal
were cultured in sextuplets as described above in each of four 96 well plates for
the evaluation of HBsAg-specific cytokine production. Culture supematants were
harvested following 6, 24, 28, or 72 hrs of incubation and stored at —80°C.
Cytokine levels were assessed using Pharmingin’'s OPptEIA ELISA sets

(Pharmingen) for human TNFa, IL-4, IL-5, and IFNy.



Preparation of stimulator and target cell lines for vaccinia based CTL assay

The HBsAg expressing cells used as stimulators and targets for the vaccinia
virus based CTL assay were generated by infecting autologous EBV transformed
B cells from each animal with recombinant vaccinia virus coding for the HBV S
protein (rVV-S) at a multiplicity of infection (MOI) of 10. Infections were
performed in a volume of 1.5 to 2 mL of RPMI supplemented with 2.5% FBS for 2
hrs at 37°C and 5% CO.. Cuiltures were brought to 10 mL with complete RPMI

and incubated over-night at 37°C in 5% CO..

Vaccinia virus based assay for HBsAg-specific CTL activity

Freshly isolated PBMCs were suspended in complete RPMI supplemented with
recombinant human IL-2 (20 U/mL) (Roche Diagnostics, Laval, Que.) and plated
in 24-well polystyrene plates (Becton Dickinson Labware, Franklin Lakes, NJ) at
4x10° cells per well. HBV S expressing autologous EBV transformed B cells,
irradiated at 5000 rads, treated with psoralen (Sigma) (10 ug/mL) and UV light for
10-15 minutes, were added to the PBMC cultures at 4x10° cells per well in
complete RPMI supplemented with recombinant human IL-2 (20 U/mL). The co-
cultures were incubated for 7 to 8 days at 37°C in 5% CO. and fed at 3 day
intervals with complete RPMI supplemented with recombinant human IL-2 (20
U/mL). On Day 7 or 8, cytolytic activity was determined using a standard 4h 5'Cr
release assay using U-bottomed 96-well polystyrene plates (Becton Dickinson)
containing 5000-target cells/well. As a control for non-S-specific lysis,
autologous EBV transformed B cells were infected with wildtype vaccinia virus

only (VV-WT). Target cells were labeled with 200 uCi of Na2*'CrO (Amersham
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Pharmacia) for 1.5 to 2 h at 37°C in 5% CO. then washed three times. The
effector cells, depending on cell number, were plated at E:T ratios of 100:1, 50:1,
25:1 and 6.25:1, or 50:1, 25:1, 12.5:1, and 6.25:1. Assay supernatants were
harvested and counted using an automated gamma counter (Beckman Coulter).
The percent-specific cytotoxicity was determined by the formula [experimental
release — spontaneous release)/(maximum release — spontaneous release)] x
100. Maximum release was determined with 2N HCI (Fisher Scientific,).
Spontaneous release was < 30% of maximum release unless otherwise

indicated.

Peptide based assay for HBsAg-specific CTL activity

As an alternative to using recombinant vaccinia virus, CTL activity was also
assessed using synthetic HBV peptides. A panel of 20 synthetic 20 amino acid
long overlapping peptides (provided courtesy of SmithKline Beecham) that span
the HBV S protein were separated into two pools of 10 peptides each (Pool 1 and
Pool 2). Each pool was suspended to a final concentration of 10 ug/mL/peptide
in RPMI for a total peptide concentration of 100 ug /mL. Cryogenically preserved
PBMCs were rapidly thawed, washed once, and plated at 4 to 5x10°
cells/mL/well in 24-well polystyrene plates in complete RPMI supplemented with
recombinant human IL-2 (20 U/mL), and pooled synthetic HBV S peptides at 5
ug/mL. The cultures were incubated for 14 days at 37°C in 5% CO,, fed at 3 day
intervals with complete RPMI supplemented with recombinant human IL-2 (20
U/mL), and on day 7 the cultures were re-stimulated with synthetic HBV peptide

at 5 yg/mL. On day 14 the cytolytic activity was determined using a standard 4h
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51Cr release assay as described above. The targets for this assay were
generated by incubating 1x10° autologous EBV transformed B cells in 100 pL of
peptide pool for 1 hr at 37°C and 5% CO.. The cells were suspended at 2x10°
cells/mL and incubated overnight at 37°C in 5% CO. As a control for non-
specific lysis, non-peptide pulsed EBV transformed B cells were also used as

targets. The percent-specific cytotoxicity was determined as above.

Assay for circulating HBSAqQ

The presence or absence of circulating HBsAg in plasma recovered from each
animal was assessed using the AUSZYME MONOCLONAL enzyme-linked
immunoassay (EIA) kit (ABBOTT Laboratories, Abbott Park. IL) as per the

manufacturers directions.

Assay for circulating HBeAg
The presence or absence of circulating HBeAg in plasma recovered from each
animal was assessed using the ABBOTT HBe (rDNA) EIA kit (ABBOTT

Laboratories) as per the manufacturer's directions.
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3. Results

3.1. Influence of CpG ODN on immune activation in C57BL/6 mice.

The influence of CpG ODN on innate immunity and of S2.S + CpG ODN on
antigen-specific immune responses in C57BL/6 mice were compared to those
induced with an S2.S-expressing DNA vaccine. This work was done to
determine the potential for non-cytopathic control of transgene expression in
HBsAg-transgenic (Tg) mice that are congenic to C57BL/6 mice, using the same
vaccines. Such Tg mice are a model for HBV chronic carriers who do not have
active hepatitis, such as frequently happens after neonatal infection. It had
previously been shown that an HBV-specific DNA vaccine could bring about non-
cytopathic control of HBV gene expression in these Tg mice (172). The DNA
vaccine served as a positive control in the present study, which was carried out
as part of a collaborative project to see if S2.S + CpG ODN could have similar
effects on the Tg mice. The evaluation of transgene expression was carried out
by our collaborators at the Pasteur Institute (Paris) while the evaluation of

antigen-specific immune responses was carried out by myself in Ottawa.

CpG ODN effectively induces a non-antigen-specific proliferation and
cytokine production by naive C57BL/6 splenocytes in vitro.

To evaluate the non-specific effects of CpG ODN on immune cells derived from
non-immunized C57BL/6 mice, pooled splenocytes from 5 mice were cuitured in
vitro either alone, or with CpG ODN, non-CpG ODN or E. coli DNA (as a natural

source of CpG motifs).
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The data clearly demonstrated that CpG ODN (28,465 CPMs) was superior to
media (80 CMPs), the non-CpG ODN (203 CPMs), or E. coli DNA (90 CPMs) at

inducing a non-specific splenocyte proliferative response (Fig. 1.).

With respect to the induction of cytokine production, the CpG ODN was also
superior to the non-CpG ODN and E coli DNA for TNF-a and IL-6 and to the non-
CpG ODN for IL-12 and IFN-y (Fig. 2). Comparable amounts of IFN-y and IL-12
were produced by splenocytes after stimulation with either CpG ODN or E. coli

DNA.

S2.S + CpG ODN effectively induced a strong anti-HBsAg humoral
response but no detectable HBsAg-specific CTL response in normal
C57BL/6 mice.

To evaluate and compare the effect of protein + CpG ODN and DNA vaccines on
the generation of antigen-specific humoral and cellular responses, C57BL/6 mice
were immunised IM three times at monthly intervals with recombinant S$2.S
combined with CpG or non-CpG ODN, or once with pPCMV-S2.S plasmid DNA.
Anti-HBs titers were determined by endpoint ELISA using plasma recovered from
mice 4 weeks after their final immunization. The combination of S2.S with CpG
ODN induced a significantly higher anti-HBs titer (mean+SEM; 739,663 =
147,746) than the non-CpG ODN (214,208 + 33,348) or pCMVS2.S (4,828 +
890) (p<0.001) (Fig.3). There was no significant difference between the anti-HBs
titers generated by pCMVS2.S (4,828 + 890) and the S2.S with the non-CpG

ODN (214,208 + 33,348) (p>0.5).
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Figure 1. Cellular proliferation following in vitro stimulation of naive
C57BL/6 splenocytes with CpG ODN. Splenocytes from 5 naive mice were
pooled and cultured in media alone with CpG or Non-CpG ODN at 5 ug/mL or
E.coi DNA at 30 ug/mL, and proliferation was assessed by thymidine
incorporation following 96 hrs. The data are representative of duplicate
experiments.
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Figure 2, Cytokine production following in vitro stimulation of naive
C57BL/6 splenocytes with CpG ODN. The production of TNFa, IL-12, IL-6,

and IFNy, by pooled splenocytes from 5§ naive mice cultured with CpG or Non-
CpG ODN at 3 ug/mL or E.cof DNA at 30 ug/mL was measured in culture
supernatants by commercial ELISA. The data are representative of duplicate
experiments.
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Figure 3. Anti-HBsAg humoral response in C57BL/6 mice following
immunization. Mice were immunized IM once with 100 ug of pPCMVS2.S, or
three times at 0, 4, and 8 weeks with 2 ug of recombinant S2.S in the presence
of 100 ug of CpG ODN or non-CpG ODN. Anti-HBs antibody titers were
determined from plasma recovered from mice at 4 weeks after their final
immunization, by ELISA. Titers are expressed as the geometric mean + SEM
with *=p<0.001 when compared to pCMVS2.S and S2.S+non-CpG ODN
(PCMVS2.S n=7, S2.S+ ODN n=10, S2.S+ non-CpG ODN n=10)
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With respect to antibody isotypes, IgG2a levels were not determined due to the
absence of this gene in C57BL/6 mice (183-185). There was a higher level of
IgG2b compared to IgG1 in mice that received CpG ODN (data not shown),
however this has not been confirmed to be indicative of a Th1 biased response in

C57BL/6 mice.

With respect to cellular immune responses, the combination of S2.S with CpG
ODN did not induce a detectable HBsAg-specific CTL response in C57BL/6 mice
after a single (Fig 4A) or triple (Fig 4B) immunization in contrast to a single (Fig
4A) pCMVS2.S immunization, which did induce a detectable HBsAg-specific CTL

response.

Immunization with pCMVS2.S leads to more HBsAg-specific IFNy
production than immunization with S2.S + CpG ODN in C57BL/6 mice.

Based on the importance of IFNy in the generation of CMI (186) and in the non-
cytopathic control of HBV gene expression (56, 58, 173) and to evaluate the
cytokine secretion profile of HBsAg specific T cells, the amount of HBsAg-
specific TNFa, IL-4, IL-5, and IFNy production by splenocytes in vitro was
determined following each vaccination strategy (Fig. 5). A single immunization of
C57BL/6 mice with pCMVS2.S led to a significantly higher level (meantSD; 273
1300 pg/mL) of HBsAg-specific IFNy production than a single immunization with
S2.S + CpG (97 152 pg/mL)(p<0.01). No detectable TNFa, IL-4, or IL-5 was

observed for any of the vaccine strategies.

56



Figure 4. HBsAg-specific CTL response in C57BL/6 mice following
immunization. Mice were immunized IM once with 100 ug of pPCMVS2.S (A), or
once (A) or three (B) times at 0, 4, 8 weeks with 2 ug of recombinant S2.S in the
presence of 100 ug of CpG ODN or non-CpG ODN. Spleens were harvested 4
weeks following the final immunization, restimulated in vitro for 6 days with
transfected H-2b restricted stimulators expressing HBsAg. A standard chromium
release assay was performed on Day 6 using transfected H-2b restricted targets
expressing HBsAg. The data is represented as mean-specific lysis + SD with
n=5.
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Figure 5. In vitro HBsAg-specific induction of IFNy production by C57BL/6
splenocytes following immunization. Mice were immunized IM once with 100
ug of pCMVS2.S or 2 ug of recombinant S2.S in the presence of 100 ug of CpG
ODN or non-CpG ODN. Splenocyte were cultured at 4 weeks post injection
either alone, with HBsAg at 3 ug/mL or Con A at 10 ug/mL for 72 hrs. IFNy
production was evaluated in the supernatants using a commercial ELISA. The
data is represented as means + SD of responding animals. (#/#) represents the
number of responders of total number of animals in group as determined by a cut
off of 40 pg/mL. *=p<0.01 when compared to media control. **=p<0.01 when
compared to S2S +CpG ODN following restimulation with HBsAg at 3 ug/mL.

n pCMVS2.S B S2.5+CpG ODN 0 S2.S+non-CpG ODN




IFNy (pg/mL)

10,000 —

e

8

10

B Y —

HBsAg 3ug/mL

ConA

60



3.2. Relation between immune activation and the longevity of antigen
expression following DNA vaccination.

To better understand why DNA vaccination resulted in a stronger production of
IFNy than S2.S+CpG in the mice, the relation between immune activation and the
longevity of antigen expression following IM delivery of a DNA vaccine was

evaluated.

DNA vaccination induced an antigen-specific and immune mediated
destruction of transfected myocytes following intramuscular injection.

To determine the role of antigen on the destruction of muscle cells following DNA
immunization, 50ug of the pCMV-S/CMV-luc vector coding for both HBV S and
luciferase was delivered to the TA muscles of normal BALB/c (H-2% and
C57BL/6 mice (H-2°). Luciferase expression was assessed at different time
points following injection and relative to the basel level found at 3 days, and
found to be significantly decreased by 14 days in the BALB/c mice (Fig 6 A) and
by 21 days in C57BL/6 mice (Fig 6 B). Levels continued to decline such that by
42 days, activity in both strains was only 0.1 % and 1% respectively of day 3
basal levels. In contrast, when 50ug of the pCMV-(-S)/CMV-luc control vector,
which does not express the HBV S protein, was delivered to the TA muscles of
normal BALB/c and C57BL/6 mice, a significant decrease in luciferase
expression was only observed at 42 days, with the level of activity being 22%
and 2% respectively of that detected at 3 days (Fig 6 A and 6 B).

To evaluate the role of antigen-specific immune responses in mediating the

destruction of muscle cells following DNA immunization, 50ug of the S/luciferase
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Figure 6. Myocyte destruction was associated with the expression of
HBsAg. 50ug of the HBsAg/luciferase co-linear expression vector or control
vector were delivered IM to the TA muscle of normal BALB/c (A) and C57BL/6
(B) mice. The TA muscles (n=10) were removed at different time points post
injection and the level of luciferase expression assessed by commercial assay.
The data is represented as means + SD with **=p<0.05 and *=p<0.01 when
compared to the day 3 values.
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colinear-expression vector was delivered to the TA muscles of C.B-17 SCID mice
(H-2%. C.B-17 SCID mice fail to mount a functional adaptive immune response
to specific antigen by virtue of a complete lack of B- and T-cells. Unlike the
normal immune competent mice (Fig 6 A and B), there was no significant
decrease in luciferase expression over 42 days in the injected muscles of the
SCID mice (Fig 7).

Myocyte destruction was not solely due to MHC I restricted perforin
mediated lysis.

Pfn K/O (H-2°) mice, as the name suggests, lack the gene for perforin and
therefore are deficient in their ability to induce perforin-mediated lysis by antigen-
specific CD8+ T-cells. When 50ug of the HBs/luciferase colinear-expression
vector was delivered to the TA muscles of these animals, a decrease to about
2% (relative to the 3-day level) of luciferase expression was observed by 14 days
(Fig 7).

To eliminate CD8+ T cells completely from the immune equation, 50ug of the
HBV S expressing co-expression vector was delivered to C1D mice (also based
on H-2°), which lack any functional p2-microglobulin resulting in the absence of
functional MHC class | molecules. These animals lack mature CD8+ T cells
(187), and should therefore display a severe deficiency in any CD8+ T cell
mediated processes, whether mediated by perforin or not. In these animals the
expression of luciferase was reduced over time (Fig 7), similar to that seen in the

in the normal C57BL/6 H-2° control mice (Fig. 6B), however the decrease



Figure 7. Myocyte destruction was immune mediated but not solely due to
an MHC | restricted, perforin mediated lysis. 50ug of the HBsAg/luciferase co-
linear expression vector was delivered IM to the TA muscle of mice with different
immunocomprimised backgrounds: SCID mice (H-2d), MHC class H deficient
mice (C2D) (H-2b), perforin Knockout mice (Pfn K/O) (H-2b), and MHC class |
deficient mice (C1D) (H-2b). TA muscles (n=10) were removed at different time
points post injection. The data is represented as means + SD with *=p<0.01
when compared to the day 3 values.
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occurred somewhat later and to a lesser degree than that seen in the Pfn K/O
mice (Fig 7).

Myocyte destruction was dependent on MHC Il restricted CD4+ T cell
activation.

To evaluate the influence of CD4+/MHC Il restriction on the destruction of muscle
cells following DNA immunization, 50ug of the HBV S expressing co-expression
vector was delivered to TA muscles of C2D mice (also based on H-2°). C2D
mice are knockout mice that do not express any functional MHC class Il
molecules and do not have any mature CD4+ T cells (188), which are required
for induction of both humoral and cell-mediated adaptive immune responses. In
the absence of these immunological parameters, no significant decrease in
luciferase expression was observed at any time point, as had been the case in

SCID mice (Fig 7).
Myocyte destruction was associated with anti-HB antibody production.

In addition to evaluating the level of luciferase expression as a marker for muscle
destruction, the production of anti-HBs antibodies was also explored. In all cases
where there was a significant decrease in luciferase expression (associated with
the expression of the HBV S protein), there was also a detectable anti-HBs

antibody response (Fig 8).
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Figure 8. The destruction of myocytes was associated with anti-HBs
antibody production. At 42 days post injection, plasma was collected from all
groups of mice (n=5) and their titre of anti-HBs IgG evaluated by ELISA. Anti-
HBs antibodies were undetectable in the BALB/c control, C57BL/6 control, SCID,

and C2D mouse groups. The Data are represented as the mean+SEM.
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3.3. HBV chimpanzee studies.

In an effort to move from rodent models towards human use, the influence of an
HBV DNA vaccine and/or the combination of CpG ODN with a currently available

HBYV vaccine on immune activation in chimpanzees was evaluated.

Anti-HBs antibody production generated following the different vaccination
strategies in chimpanzees.

Groups of two animals received injections at O and 4 weeks of one of (i) Engerix
B, (ii) Engerix B + CpG ODN, or (iii) an HBsAg expressing DNA vaccine. The
combination of a DNA vaccine at O weeks and Engerix B + CpG ODN at 4 weeks
was also investigated. Anti-HBs levels were evaluated from plasma on a bi-
weekly basis by ELISA and expressed in miU/mL (Table 1). The minimum anti-
HBs level required for protection from natural infection is 10 miU/mL (69-72). The
CpG ODN/Engerix B vaccine combination resulted in a more effective induction
of immune activation achieving protective antibody levels of 94 and 127 miU/mL
only 2 weeks following the first vaccine dose. In contrast, Engerix B alone
achieved antibody levels of only 11 and 6 miU/mL at 4 weeks following the first
vaccine dose. The animals receiving two doses of the HBsSAg expressing DNA
vaccine did not develop any detectable anti-HBs antibodies prior to challenge.
The animals that received the DNA vaccine followed by the CpG ODN/Engerix B
combination did develop detectable anti-HBs antibodies prior to challenge but

only following the second vaccine dose. An attempt was also made to evaluate
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Table 1. Anti-HBs antibody levels, in miU/mL, generated by different
vaccination strategies. The animals received injections at 0 and 4 week with
one of: Engerix B, Engerix B + CpG ODN, HBsAg expressing DNA vaccine, or
the combination of the DNA vaccine at 0 weeks and Engerix B + CpG ODN at 4
weeks. Anti-HBs levels were determined from plasma collected bi-weekly using
the Monolisa anti HBS 3.0 commercial ELISA kit (Sanofi Pasteur).



Weeks

Vaccines Animals 0 2 4 6 8
- EngerixB +CpG-. | /5960 - 0 94 135] 16,800| 8,243
__ Prime- 'and'boos" k1581 4 0 127 125| 9,640] 1,322
o EngemB 0 0 11| 4,706 809
‘Prime-and: boos_,,_ 0 0 6] 3,712 796
'DNA vaccine - 0 o o 0 o
Prime-and: boost 0 0 0 0 0
DNA vaccine.prime.. | 1578 - 0 0 0 569 194
[Engerix B + CpG: boost - 157 0 0 0 154 51
Infection.control.- - |- 0 0 0 0 0
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differential antibody isotype production in response to the different vaccination
strategies in an effort to identify possible propensities for differential Th cell
development. The only Ig isotype detectable in the animals that developed an

anti-HBs antibody response prior to challenge was IgG1 (data not shown).

The outcome of infectious HBV challenge following different vaccination
strategies in chimpanzees.

The animals were challenged IV at 8 weeks with infectious HBV and evaluated
on a weekly basis for the presence of productive infection, which was indicated
by the presence or absence of HBsAg and HBeAg in the plasma (Table 2). The
presence of both antigens in the plasma serves as a marker of productive
infection. As a positive control for infection, animal 5872 received only saline
throughout the vaccination protocol and became positive for both HBsAg and
HBeAg by 7 weeks post challenge. However, all animals that had developed
protective level of anti-HBs antibodies were protected from challenge.
Interestingly, one of the DNA vaccinated animals (No.1573) was also protected
from challenge even in the absence of any detectable pre-challenge anti-HBs

antibodies.

Therefore, the presence of anti-HBs antibodies in animal 1573 was evaluated
post challenge in an effort to explain the existence of protection in the absence of
detectable pre-challenge anti-HBs antibodies (Table 3). Animal 1573 developed
protective levels of antibodies following challenge sooner than the animals 1574

and 5872, both of which developed productive infections.
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Table 2. Evaluation of productive infection by HBV post challenge as
indicated by the presence of clrculating HBsAg/HBeAg. Animals were
challenged IV at 8 weeks with 103° CIDsy of HBV strMS-2. The presence of
HBsAg and HBeAg as indicators of productive HBV infection was assessed, on
weekly plasma samples, by commercial ELISA (ABBOTT)



Weeks post challenge

Vaccines

" prime.and:boost.

6 7-11 12-14
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19 -24
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/-
/-
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Table 3. Anti-HBs antibody levels, in miU/mL, following challenge at 8
weeks. Post-challenge anti-HBs levels were assessed on bi-weekly plasma
samples using the Monolisa 3.0 anti HBS commercial ELISA kit (Sanofi Pasteur).



Weeks Post Challenge

Vaccines Animals| 2 4 6 8 [10]| 12| 14| 16
DNA-vaccine | 1573 - Of 23| 77| 39| 24] 15| 17| 15
Prime and boost| -1574." 0 0 0 0] 45| O Of O
Infection control| 5872 0 0 0 0 O] 74] 14| O




HBsAg-specific T cell responsiveness generated following the different
vaccination strategies in chimpanzees.

HBsAg-specific induction of T cell proliferation was evaluated on a bi-weekly
basis by a standard in vitro T cell proliferation assay (Table 4). All vaccination
strategies resulted in the development of HBsAg-specific T cell proliferation by
either 4 or 6 weeks of the vaccination schedule. Of note was the detection of
HBsAg-specific T cell proliferation in animals 1573 and 1574, both of which
received only the DNA vaccine and did not develop any detectable pre-challenge

anti-HBs antibodies.

Parallel to the evaluation of HBsAg-specific T cell proliferation was the
assessment of HBsAg-specific cytokine production. Using a standard in vitro T
cell proliferation assay, culture supematants were collected following different
periods of stimulation (6, 24, 48, 72hrs) with HBsAg and assessed for the
presence of TNFa, IL-4, IL-5, and IFNy by commercial ELISA. Selecting 2
weeks post the second vaccination as the best opportunity to evaluate antigen-
specific T cell reactivation in vitro, both TNFa and IFNy were detectable across
all vaccine strategies (Table 5). However, closer examination revealed that, in
some cases, animals that received some form of DNA (either DNA vaccine or
CpG ODN) displayed greater and sustained increases in the production of these
two cytokines when re-stimulated with varying concentrations of HBsAg. In
contrast, neither IL-4 nor IL-5 was detectable following any of the vaccination

strategies (data not shown).
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Table 4. HBsAg-specific T cell proliferation generated by different
vaccination strategies. PBMCs were isolated bi-weekly and stimulated for 6
days with HBsAg (5, 2.5, and 1.25 ug/mL) or PHA (10 ug/mL), then pulsed with
3H-thymidine at 1 yCi/well for 18 hours. T-cell proliferation was expressed as a
stimulation index. A sample was considered positive when the stimulation index
of the three HBsAg concentrations tested was greater than 4.



Animal 5960 CpG + Engerix B

Animal 1581 CpG + Engerix B

HBsAg Protein (ug/mL) IPHA (ug/mL)| HBsAg Protein (ug/mL) |PHA (ug/mL)
125 | 25 10 125 | 25 5 10
114 3.6 2.8 2.6 67.9
5.8 25 29 16.2
3.6 5.1 3.5 72
A D S
2.7 3.6 24 59.8
- erix B Animal 1580 Engerix B
.-| HBsAg Protein (ug/mL) jPHA (ug/mL)] HBsAg Protein (ug/mL) |PHA (ug/mL)
1.25 10 1.25 2.5 5 10

8.3

18 0.7 245

B N e s IR
N R RSt O ey p

3 | 18

2.1

PR S T F i e R 1.7 | 35

Animal 1573 DNA vaccine Animal 1574 DNA vaccine
HBsAg Protein (ug/mL) |PHA (ug/mL)] HBsAg Protein (ug/mL) |PHA (ug/mL)
125 | 25 10 1.25 25 5 10

10.2

0.7 3.2

13

1 3.2

1.3 .
Animal 1579 DNA prime/CpG +
Engerix B boost Engerix B boost
HBsAg Protein (ug/mL) |PHA (ug/mL)] HBsAg Protein (ug/mL) |PHA (ug/mL)
125 | 25 5 10 126 | 25 | 5 10
0.9 11 0.5 18.1 3.5 1.3 24 39.7
1.6 14 1.3 4.1 1.5 1.7 1.6
1.3 15 1 118 34
23 1.2 2.2 9.5 d 7
0.9 0.7 1.1 20.8
Animal 5872 infection control
HBsAg Protein (ug/mL) |PHA (ug/mL)
1.25 2.5 5 10
0.9 1 0.8 48
0.9 0.9 0.7 0.9
0.9 1.5 11 26
1.7 15 2 23
1.5 2.1 2.6 3
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Table 5. HBsAg-specific induction of TNFa and IFNy (pg/mL) production at 2
weeks post boost. PBMCs were stimulated with HBsAg(1.25, 2.5, 5 ug/mL) or
PHA (10 ug/mL). Supernatants were collected and assessed for TNFa (A) at

6hrs and IFNy (B) at 48hrs-post stimulation by OPTEIA™ human cytokine ELISA
sets (Pharmingen).



HBsAg
Animals| Media |Sug/mL|2.5ug/mL{1.25ug/mL| PHA

5860 696| >2000 1,884 1,785 1,889

8T 97 757 802 721 821

55 263 850 820 644 845

580 432 990 1,033 1,194] 1,591

245 1,414 1,206 1,449 1,727

rire :and: 732| 1,666 1,648 1,271] >2000
DNA vaccine: prime ]  607] 963 967 1,103 1,721
Engerix B+ CpG| boo 7955 165 832 708 830{ 1,220
Infection control. - ,_;;r5872:: 1,177| >2000 1,900 1,633| >2000

HBsAg

Vaccines Animals Media |Sug/mL|2.5ug/mL|1.25ug/mL| PHA
Engerix B+ CpG. .| 5 34| 1,147 1,084 816| >1200
Prime-and- boost <10 497 463 115 >1200
Engerix B- <10 267 262 278 >1200
___Prime:and boost. <10| 1,205 294 585| >1200
-~ DNA.vaccine:.. <10| 2,313 1,940 1,590] >1200
Prime:and: b <10] 207 154 80| >1200]
<10 837 425 160| >1200

<10 182 125 98| >1200

78 646 499 302| >1200
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HBsAg-specitic CTL activity generated following the different vaccination
strategies in chimpanzees.

In an effort to further evaluate the potential for the development of CMI, the
animals were assessed for the existence of HBsAg-specific CTL activity,
following the different vaccine strategies using an in vitro antigen-specific re-
stimulation protocol and subsequent chromium release assay. Initially a vaccinia
virus based system of re-stimulation and target generation failed to detect any
HBsAg-specific CTL activity prior or subsequent to challenge (Table 6).
However, due to concems that high background lysis associated with the
vaccinia virus based system may mask any detectable HBsAg-specific CTL
activity, an alternate HBsAg peptide based system was employed. In contrast to
the vaccinia virus based assay, the peptide-based assay involved the simple
addition of overlapping peptides, generated from the HBV S protein, to cultures
of target cells. Using this system, HBsAg-specific CTL activity was re-evaluated
at 2 weeks post second immunization on cryogenically preserved cells (Table 7).
This time point was chosen as the most likely time point for the detection of
HBsAg-specific CTL activity following vaccination. Of the eight animals that were
vaccinated, only 6 were re-evaluated for HBsAg-specific CTL activity due to a
limited supply of cells for the remaining two. Of the six animals re-evaluated,
animal 1581 and 1579, both of which received some form of DNA, displayed
clear HBsAg-specific CTL activity. Interestingly, the specificity of the CTL activity
differed between the two animals for a given pool of peptides generated from the
HBV S protein. Of note was the lack of CTL activity associated with animal 1573

which failed to develop any detectable anti-HBs antibodies but displayed a
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Table 6. Representative HBsAg-specific CTL activity at 2 weeks post boost
using a vaccinia virus based stimulation and target system. PBMCs were
isolated co-cultured with HBV S-expressing autologous EBV transformed B cells
for 7 to 8 days and fed at 3-day intervals with fresh media suppiemented with IL-
2.0n day 7 or 8, cytolytic activity was determined by standard 4-hour *'Cr
release assay using HBV S-expressing autologous EBV transformed B cells as
targets. A positive CTL was defined as specific lysis of 10 or greater.
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Table 7. HBsAg-specific CTL activity at 2 weeks post boost using an HBV S
peptide based system. Altering the CTL assay to incorporate a peptide based
system of stimulation, cryogenically stored PBMCs were rapidly thawed, and
cultured with pooled synthetic HBV S peptides for 14 days. Cultures were fed at
3-day intervals with fresh media supplemented with IL-2, and on day 7 the
cultures were restimulated with the synthetic peptides. On day 14 the cytolytic
activity was determined with a standard 4-hour °'Cr release assay using
autologous EBV transformed B cells, pulsed with synthetic HBV S peptides, as
targets. A positive CTL is defined by a specific lysis of 10 or greater. The
absence of animals 5855 and 1574 reflects a limitation in the cell number
available for retest.



Animal 1581
Engerix B + CpG

12
26
% specific Lysis




strong HBsAg-specific T cell proliferative response and cytokine production and

was protected from challenge.
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4. Discussion

4.1. The need for an effective HBV therapeutic vaccine

Effective control of HBV infection has been linked to the development of a strong
antigenically diverse immune response characterized by good CMI (42). In the
absence of this response, resolution does not occur and a persistent viral
infection ensues. The consequence of persistent infection is the eventual
development of chronic hepatitis, which leads to the development of secondary
liver sequelae such as liver cirrhosis and HCC (41). Currently, it is estimated that
more than 350 million people worldwide are persistently infected with HBV (41).
This represents large populations of persistently infected individuals and
constitutes enormous reservoirs of infectious virus. The development of
secondary sequelae in these populations, associated with chronic liver disease,

places a heavy burden on health care systems throughout the worid.

Prophylactic vaccines against HBV do exist but are only recently being widely
used in highly endemic countries (14). These vaccines overall are extremely
effective for prophylaxis, however they do fail to protect 5-15% of healthy vaccine
recipients (69-72), but more relevant to the topic of this thesis, they have
demonstrated extremely limited potential for therapeutic use (189). The draw-
back of alum-adjuvanted protein vaccines, in particular for therapeutic
applications, is that they fail to effectively induce a CMI response (131, 161), and
it is clear that an HBV-specific CMI response is what is lacking in chronically

infected individuals (46).
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This body of work attempted to evaluate the potential of using novel approaches
to immunize against HBV that might prove to be better for prophylactic
vaccination, but more importantly may be effective as therapeutic regimes for
chronic HBV infection. Specifically, two types of novel HBV vaccines that induce
Th1-type immunity were evaluated, (i) recombinant HBsAg with CpG ODN as an
adjuvant and (ii) HBsAg-expressing DNA vaccines. The quality of the immune
responses that are induced by these vaccine strategies, including the
development of CMI, supports their potential to overcome hypo or non-
responsiveness to HBsAg in healthy vaccine recipients and to various HBV

proteins in chronically infected patients.

4.2. Influence of CpG ODN on immune activation in HBsAg-transgenic
mice.

Initial experiments were performed in an HBsAg transgenic mouse model in an
effort to extend previous observations made with the DNA vaccine to CpG ODN.
These experiments revealed that, like the DNA vaccine, immunization of the
HBsAg Tg mice with CpG ODN and recombinant S2.S was capable of mediating
the non-cytopathic control of HBsAg transgene expression. This was visualized
by a loss of circulating HBsAg, the generation of anti-HBs antibodies, and a
reduction of transgene mRNA content (190). Pathology has been previously
shown to be absent during this process (172). The control of transgene
expression was not observed when animals received recombinant S2.S in

combination with the non-CpG ODN (190).
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Of interest was the observed difference in the kinetics of transgene regulation in
response to a single administration of the DNA vaccine versus three monthly
administrations of the S2.S + CpG ODN combination. In an effort to understand
this observed difference, innate and HBsAg-specific immune responses were

evaluated in the transgenic as well as congenic normal control C57BL/6 mice.

Influence of CpG ODN on innate immune activation of C57BL/6 splenocytes
in vitro.

When spleen cells were taken from naive C57BL/6 mice and stimulated in vitro,
CpG ODN was superior to media, control non-CpG ODN or E. coli DNA at
inducing splenocyte proliferation. The E. coli DNA was to serve as a positive
control for CpG DNA mediated stimulation, but failed to give a stimulation index
greater than media alone (87). The absence of measurable stimulation in
association with E. coli DNA may have been related to its phosphodiester
backbone. Native DNA backbone is much more sensitive to nucleases than the
synthetic phosphorothioate backbone used in the synthesis of the ODNSs.
Therefore, degradation of the E. coli DNA, in culture, may have led to a pool of
available nucleotides that competed with the radiolabeled thymidine used as the
indicator of cellular proliferation. However, visual observation of the cultures did
not reveal a detectable outgrowth of cells, as was the case with the CpG ODN.
This suggests that, even in light of the possible limitations of the thymidine
incorporation assay with respect to the E.coli DNA, the CpG ODN was superior
to E.coli DNA with respect to the induction of cellular proliferation. This is not

unexpected given the high concentration of CpG motifs present in the CpG ODN
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relative to native E. coli DNA in combination with the nuclease resistant

backbone.

CpG ODN was also superior to the non-CpG ODN at inducing the production of
TNFa, IL-12, IL-6, and IFNy. Interestingly, despite an apparent lack of
proliferation, E.coli DNA was as effective as the CpG ODN at inducing the
production of IL-12 and IFNy, though less effective at stimulating TNFa, and IL-6
production. These observations support the hypothesis that CpG motifs, either
contained in CpG ODN or E. coli DNA can mediate a non-antigen-specific

stimulation of C57BL/6 splenocytes.

Although the observed ability of CpG DNA to stimulate murine splenocytes is
consistent with the literature (87), the absence of proliferation and IL-6 production
noted with E.coli DNA may be associated with the propensity of C57BL/6 mice
towards a Th1 bias. This may influence their ability to produce IL-6 and in tumn
influence splenocyte proliferation, since the majority of cells that actually
proliferate following in vitro stimulation of mouse splenocytes with CpG ODN are
B cells (85). Therefore it is possible that, unlike the CpG ODN, the E. coli DNA
was simply less efficient at overcoming this Th1 influence for reasons likely

related to differences in molecular characteristics between E. coli DNA and CpG

ODN.
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Influence of CpG ODN on the generation of an HBsAg-specific humoral
immune response in C57BL/6 mice.

To evaluate the influence of CpG ODN on antigen-specific immune responses in
the C57BL/6 mice, CpG ODN or non-CpG ODN was combined with recombinant
S2.S and delivered in three monthly immunizations. For the purpose of
comparison to the observations made in the transgenic animals, a third group of
C57BL/6 mice received a single immunization with an S2.S encoding DNA
plasmid. When evaluating the HBsAg-specific humoral immune response
associated with each vaccination strategy, it was observed that animals
immunized with the combination of CpG ODN and S2.S developed significantly
higher total IgG antibody titers than did animals immunized with S2.S + non-CpG
ODN or the DNA vaccine. Interestingly, the level of total igG antibody titers
generated in the animals that received the non-CpG ODN with S2.S was not
significantly higher than the levels from the animals that received the DNA
vaccine. The Th bias could not be assessed by comparison of antigen-specific
antibody isotype levels because of the lack of the IgG2a gene in the C57BL/6
mouse (183-185). Although differences in total IgG levels between the different
vaccine strategies was not unexpected, considering the animals that received the
$2.S + ODN combinations were immunized three times versus the single
immunization with the DNA vaccine, these data do allow for some interesting
speculation. The combination of S2.S and non-CpG ODN demonstrated the
ability to generate relatively good antibody production, when you consider that
antigen alone generally fails to generate titers greater then 100 (190), suggesting

the possible presence of adjuvant properties other than CpG motifs. In fact this
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has been documented in the literature, and attributed largely to the relatively
weak adjuvant properties of the phosphorothioate backbone, as well as other
immunostimulatory motifs such as poly-G’s (191). However, the ability to induce
HBsAg-specific antibodies was not alone able to control transgene expression.
Although all the vaccine strategies were capable of inducing antibody production
in the C57BL/6 mice, only the DNA vaccine and the S2.S + CpG ODN
combination were capable of efficiently breaking immune tolerance in the

transgenic animails and controlling transgene expression (190).

Influence of CpG ODN on the generation of an HBsAg-specific CTL
response in C57BL/6 mice.

When evaluating the HBsAg-specific CTL response associated with each
vaccination strategy, it was observed that C57BL/6 mice immunized with the
combination of CpG ODN and S2.S, either once or three times, did not generate
any detectable HBsAg-specific CTL activity. In contrast, C57BL/6 mice that were
immunized only once with the DNA vaccine generated a clear HBsAg-specific
CTL response. This differential induction of CTL has been observed in other
mouse strains (unpublished observations) and suggests a possible explanation
for the differential kinetics observed for the control of transgene expression

induced by the different vaccine strategies in the congenic Tg mice.

Therefore the data presented herein suggests that DNA vaccination was more
efficient at inducing the appropriate CMI response required for the control of

transgene expression. Therefore, the differential kinetics observed during the



regulation of transgene expression may have been associated with a difference

in the strength of the CMI response induced by the different vaccine strategies.

Infiluence of CpG ODN on the generation of HBsAg-specific IFNy secreting T
cells in C57BL/6 mice.

Given the importance of IFNy production in the development of CMI (186) and in
the non-cytopathic control of HBV gene expression (56, 58, 173), the in vitro
HBsAg-specific IFNy production was evaluated in association with each vaccine
strategy. Splenocytes from immunized C57BIL/6 mice were re-stimulated in vitro
with HBsAg. Significantly higher levels of IFNy were produced by splenocytes
taken from C57BL/6 mice that received a single dose of DNA vaccine as
compared to C57BL/6 mice that received a single doses of the S2.S + CpG ODN

combination.

The differential induction of HBsAg-specific INFy secreting cells was also
observed by ELISPOT assay. Splenocytes collected from C57BL/6 animals that
had been vaccinated either twice at monthly intervals with the HBsAg + CpG
ODN combination or once with the DNA vaccine, were evaluated for the
presence of HBsAg specific IFNy secreting T cells by ELISPOT analysis (190).
Similar to the responses evaluated using culture supernatants, these results
underline the enhanced ability of the DNA vaccine at generating HBsAg-specific

IFNy secreting T cells (180).

Subsequently, splenocytes from the immunized C57BL/6 mice were enriched for

CD8+ T cells via negative selection then adoptively transferred into the Tg
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animals (190). The CD8+ T cell enriched splenocytes, taken from animais
immunized twice with the S2.S + CpG ODN combination, were not as effective at
eliminating circulating HBsAg or suppressing transgene mRNA expression, as
those taken from animals that were immunized once with the DNA vaccine (190).
This therefore further supports the differential capacity of each vaccine strategy

to induce an effective HBsAg-specific CD8+ T cell response.

Collectively these observations suggest that the increased efficiency at which the
DNA vaccine is capable of inducing an HBsAg-specific CMI response accounts
for the differential regulation of transgene expression observed with the two

vaccine strategies.

Summary

This study has demonstrated that, like the DNA vaccine, the combination of S2.S
+ CpG ODN was capable of breaking immune tolerance and negatively
regulating transgene expression in an HBsAg transgenic mouse model,
highlighting its potential as a therapy for chronic hepatitis B. The study also
revealed that the Th1 quality and magnitude of the immune response was the
crucial variable for control of transgene expression in this HBsAg transgenic
mouse model, since the non-CpG ODN failed to break tolerance. Similar
observations have been reported in other transgenic mouse models and
following natural infections in humans (45, 46, 58). Therefore, this study

highlights a fundamental difference between these two vaccine strategies, the



capability of generating immune responses, in mice, of similar quality but of

different magnitudes, possibly related to different mechanisms of action.

4.3. Relation between immune activation and the longevity of antigen
expression following DNA vaccination.

To further explore the superiority of the DNA vaccine over the protein + CpG
ODN based vaccine at inducing antigen-specific CMI response, the relationship
between immune activation and the longevity of antigen expression following

DNA immunization was evaluated.

The loss of antigen expressing myocytes following DNA vaccine is immune
mediated

Our lab had previously observed that the loss of luciferase expression was
associated with an antigen-specific inmune-mediated destruction of transfected
myocytes (167), and this was confirmed in the present study, except using a
colinear expression vector rather than two different vectors to express the
antigen and luciferase. In contrast to the non-HBV S expressing control vector,
following delivery of the HBV S/luciferase co-linear expression vector to immune
competent BALB/c and C57BL/6 mice, there was a significant decrease in
luciferase expression over time, as previously observed (167). Furthermore,
when the HBV S/luciferase co-linear expression vector was delivered to SCID
mice, no significant decrease in luciferase expression was observed over time.
The significant decrease in luciferase expression at 42 days associated with the
control vector was likely due to the induction of weak, slowly developing,

luciferase-specific immune responses. Although this was not observed in the
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previous study (167), a luciferase-specific inmune response has been reported
by others (192). In addition, the observation that luciferase expression is stably
maintained in the SCID mice throughout the study period supports this
hypothesis.

The faster kinetics and greater magnitude of muscle destruction observed in
BALB/c as compared to the C57BL/6 mice, is likely related to differences in H2-
restricted recognition of T cell epitopes on the HBsAg and luciferase antigen
(193).

Influence of perforin independent immune responses on the longevity of
antigen expression following DNA vaccination.

Since a DNA vaccine works by virtue of intracellular synthesis of antigenic
proteins that are expressed in the context of MHC class |, the role of CD8+ T
cel’MHC | restricted and perforin-mediated destruction of myocytes was
assessed. When the HBV S/luciferase co-expression vector was delivered to Pfn
K/O mice (H-2°), which do not express functional perforin, a decrease in
luciferase expression was observed, and surprisingly this occurred sooner and
was stronger than that seen in the MHC matched parental C57BL/6 strain. It has
been traditionally accepted that CD8+ T cells mediate cellular destruction via a
perforin- and granzyme-dependent induction of apoptosis (194). However,
perforin independent mechanisms of cytotoxicity through CD95/CDS5L have
recently been described (194). In addition, indirect cytokine mediated effects
may play a role in this system through the inhibition of viral replication and the

induction of apoptosis (194). Recently it has been suggested that perforin may
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be more than just an effector molecule (195). It may play a regulatory role in the
generation of certain immune effector functions, such as antibody production
(195). This could explain the increase in kinetics and magnitude of myocyte
destruction as compared to the parent strain.

Regardless, these data suggest that destruction of antigen-expressing myocytes
following DNA vaccination occur, at least in part, by perforin-independent

mechanisms.

Influence of CD8+ T cell independent imnmune responses on the longevity
of antigen expression following DNA vaccination.

The role of CD8+ T cell-independent mechanisms in the immune mediated
destruction of myocytes was evaluated in C1D mice that lack functional MHC |
molecules and ultimately mature CD8+ T cells. A significant decrease in
luciferase expression was also observed in these mice. The kinetics of this
response was similar to that displayed by the MHC matched parental C57BL/6
strain but the magnitude was less. Myocyte destruction, in this environment,
may be due to antibody dependent mechanisms of cellular lysis. There was a
strong correlation between the development of an anti-HBs antibody response
and myocyte destruction. HBsAQg is expressed as a transmembrane protein
(196-198), which makes it accessible to circulating antibodies. Therefore two
well-documented mechanisms of antibody-dependent cellular cytotoxicity
(ADCC) could play an important role in HBsAg restricted cellular lysis, namely: (i)

complement mediated ADCC (199) and (ii) Fc receptor-mediated ADCC (200).
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Therefore, a CD8+ T celV/MHC I-restricted mechanism of cellular cytotoxicity

cannot solely explain antigen-specific immune-mediated destruction of myocytes.

Influence of CD4+ T cell/MHC Il restriction on the longevity of antigen
expression following DNA vaccination.

The contribution of CD4+ T cell/MHC Il restriction on myocyte destruction was
assessed in C2D mice that lack functional MHC Il molecules and mature CD4+ T
cells. The immune-mediated destruction of luciferase and HBsAg-expressing
myocytes was completely abrogated in the C2D mice, as was observed in the
SCID mice, underlining the crucial role of CD4+ T cells and/or MHC ll-restricted
professional antigen presentation in the development of a DNA vaccine-induced
immune response. In the absence of MHC Il and uitimately CD4+ T cells, the
induction phase of either humoral or cellular immune activation does not occur
(201, 202).

Potential of antigen expressing APCs as targets for inmune mediated
destruction.

Although bone marrow-derived APCs are absolutely crucial for function of DNA
vaccines, controversy remains as to the role, and possibly the necessity of direct
transfection by plasmid DNA. There is strong evidence in the literature to
support the theory that professional APCs present exogenous antigens in the
context of MHC class | (203-205). Thus eliminating the need for direct
transfection, as demonstrated by Ulmer et al.(159, 160). However, many groups
have reported that, following DNA vaccination, plasmid DNA travels to the

draining lymph nodes. This suggests that plasmid DNA is either carried by
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directly transfected APC from the site of injection, or by lymphatics which can
then lead to APC transfection in the nodes (206, 207). Therefore, following DNA
vaccination there could exist two populations of APC that may be involved in the
activation of the immune system. The first would be the APC that are directly
transfected with the DNA plasmid and which produce soluble antigen and
present antigen in the context of MHC | and Il. The second population would
consist of APC that are not directly transfected yet are capable of antigen uptake
either directly from the immediate environment or indirectly via Fc receptor-
mediated uptake of antigen-antibody complexes, and in turn presenting it in the
context of MHC | and Il (203, 208).

Regardless of the scenario, both populations would constitute potential targets
for MHC | restricted/CD8+ T cell-mediated lysis (209, 210). In addition, the
present results also suggest that the directly transfected APC population may be
susceptible to additional antibody-mediated mechanisms of cellular lysis based

on the intracellular production and surface membrane expression of antigen.

Influence of plasmid DNA on the CD4+ T cell independent maturation of
APCs.

Since the direct transfection of APC is likely to occur following DNA vaccination,
another important observation can be made. The development of antigen-
specific CTL can occur in the absence of CD4+ T cell help via a mechanism
involving the activation of APC by CD4+ independent factors such as viral
infection (201, 202). One factor that influences the efficacy of DNA vaccination is

the content of CpG motifs in the DNA plasmid backbone (211). When
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administered in the form of ODNSs, with antigen, CpG motifs have been shown to
activate APC directly (211) to mediate a CD4+ T cell independent induction of
CTL activity (104). However, in the present study, a CD4+ independent
mechanism of myocyte destruction was not observed in the C2D MHC I
knockout mice. Therefore, assuming that direct transfection of APC occurred,
this was unable to overcome the requirement for MHC Il restricted CD4+ T cell-
mediated activation of APC for the induction of CTL, as supported by the
literature (158). Although CpG ODN has been demonstrated to influence the
efficacy of DNA vaccination, the DNA vaccine used in this study was not
optimized for CpG content, and may contain motifs that have been identified to

have a negative impact on the activity of stimulatory CpG motifs (171).

Summary

This study confirms that antigen-expression from DNA vaccines is relatively
short-lived, and is capable of stimulating many different immune mechanisms all
of which could have a role in the destruction of transfected cells. This study aiso
suggests that unlike CpG ODNs, which are capable of inducing CD4+ T cell
independent APC maturation and CTL generation, the DNA vaccine in this study
relied on CD4+ T cell help in generating CMI responses. The ampilification of
these responses likely results from the antigen-specific clonal expansion that
occurs during the recognition and destruction of antigen expressing cells

transfected following IM injection.

102



4.4. Influence of different CpG DNA vaccine strategies on immune
activation in chimpanzees.

In an effort to move towards the evaluation of different CpG DNA vaccine
strategies for the prophylactic or therapeutic treatment of HBV infections in
humans, the influence of these strategies on immune activation in chimpanzees

was evaluated.

Identification of primate-specific CpG motifs.

Since the immunostimulatory properties of CpG DNA have demonstrated some
level of species-specificity with respect to different CpG ODNs (Krieg,
unpublished observations), it was crucial to these studies that motifs be identified
that were immunostimulatory to primates. Employing a series of in vitro based
assays a panel of different CpG-containing phosphorothioate ODNs was
evaluated for their ability to stimulate the activation of human NK and B cells
(212). A subgroup of promising ODNs was then re-evaluated for their ability to
induce the proliferation of PBMC preparations from humans, chimpanzees, and
Rhesus Macaques monkeys. The data revealed that ODN 2006, a 24-mer with
three CpG motifs, gave the best proliferative response for each test group (212).
Therefore, ODN 2006 was chosen for use in these studies to evaluate the
influence of different DNA based vaccine strategies on immune activation in

chimpanzees.
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Optimization of DNA vaccines for CpG content in an effort to overcome
limitations observed in humans and non-human primates.

In contrast to rodent systems and veterinary applications (213), there have been
relatively few DNA vaccines studies in humans and non-human primates, and
these studies have yielded much less promising resuits (145, 148, 150-152, 214-
216). The reasons for these difficulties are likely related to optimization of
vaccines and delivery systems for different species (145, 217-219). Despite
these hurdles, there have been some reports in which DNA vaccines have
induced protective immunity in non-human primates (182, 220-224) or showed

promise as a successful therapeutic agent for chronic HBV infection (225)

Since it has been demonstrated that the CpG content in a DNA vaccine can
influence the outcome of immune activation (226, 227), the DNA vaccine in this
study was optimized for CpG content using the primate-specific ODN 2006. The
goal was to evaluate the potential of CpG DNA to overcome some of the
limitations of the DNA vaccine in primate systems. The dose of the DNA vaccine
in this study was chosen based on previous experience with DNA vaccines in

chimpanzees (182).

Influence of different immunization strategies on the induction of an
HBsAg-specific humoral response in chimpanzees.

When the vaccines were delivered by IM injection, it was observed that the
addition of the ODN 2006, to the currently available HBV vaccine Engerix B,
greatly improved the efficacy of this vaccine. Engerix B alone did not induce a

strong anti-HBsAg humoral response until after the second vaccine dose. In
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contrast, Engerix B + CpG ODN was capable of inducing the generation of a log
fold greater than protective levels of anti-HBs antibodies as early as two weeks

following the first vaccine dose.

The primary role of an adjuvant is the reduction in the threshold of immune
activation, and these observations directly support, in chimpanzees, previous
observations in mice that CpG ODN is a potent adjuvant when used in
combination with alum (131). As previously mentioned, CpG ODNs reduce the
threshoid of immune activation through their influence on the maturation of B

cells and APCs (85, 228).

Such was not the case with the DNA vaccine, which did not generate any
detectable anti-HBs antibodies during the vaccination schedule and prior to
chalienge. When the DNA vaccine was combined with the Engerix B + CpG
ODN combination in a prime/boost strategy, anti-HBs antibodies only became
detectable following the second vaccine dose that consisted of Engerix B + CpG
ODN. Furthermore, the level of antibodies detected was not indicative of a prior-
priming event by the DNA vaccine. Collectively, these data suggest that the
optimization of the DNA vaccine for CpG content was not sufficient to overcome

the limitations of DNA vaccine efficacy in the chimpanzees.

Outcome of infectious HBV challenge following different vaccine strategies
in chimpanzees

The chimpanzees were challenged with infectious HBV 8 weeks post-prime, and

as would be expected, all animals that had generated protective levels of anti-
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HBs antibodies (=10 mIU/mL) were protected. Of particular interest, however,
was the absence of a detectable productive infection in animal 1573 that had
received the DNA vaccine only. This was intriguing for two reasons. The first
and most obvious reason is that the animal escaped infection without having
developed the minimum level of anti-HBs required for protection. One possible
explanation for this may be the failure of the viral challenge to establish infection,
however, this does not seem likely considering the dose of 10%° CIDs, of the
infectious virus and the fact that two other animals challenged at the same time
with the same inoculum did develop productive infections. The more likely
explanation for the observed results is the development of a sufficiently primed
immune system that was capable of responding to challenge prior to the
detection of a productive infection. This leads to the second reason why the data
are intriguing, namely that the immune system was sufficiently primed for
protection using only the DNA vaccine. This observation represents one of only a
few documented instances in which a DNA vaccine has yielded complete

protection following an infectious challenge in a non-human primate (220-222).

Following challenge the three animals that did not develop protective anti-HBs
levels prior to challenge were evaluated for the development of anti-HBs
antibodies. Animal 1573, which had received the DNA vaccine and was
protected from infection in the absence of detectable anti-HBs antibodies,
developed protective levels of anti-HBs antibodies much sooner than the two
animals that succumbed to productive infection, supporting a role for pre-existing

immunity in the protection of animal 1573 from challenge.

106



Influence of different immunization strategies on the induction of HBsAg-
specific T cell responses in chimpanzees.

Antigen-specific immune activation, potentially induced by the different vaccine
strategies, was aiso evaluated on the basis of antigen-specific T cell proliferation.
These data demonstrated that antigen-specific T cell proliferation was detectable
in at least one animal from each vaccination strategy, supporting the potential of
each vaccination strategy for the induction HBsAg-specific immunity. Of
particular interest was the strong T cell proliferation observed for animal 1573,
which further confirms that the DNA vaccine did induce efficient immune priming
in this animal. The second interesting observation was the measurable antigen-
specific T cell proliferative response in animal 1574 that had also been
vaccinated with the only the DNA vaccine. This suggested that animal 1574 may
also have been primed for an anti-HBsAg response by the DNA vaccine alone,
however this animal was not protected from challenge with infectious virus.
Furthermore, the post-challenge antibody development did not support the pre-
existence of immunity in animal 1574, suggesting that the level of immune
induction mediated by the DNA vaccine in this animal was not sufficient to
establish an effective memory response that could be boosted following
subsequent exposure (229, 230). Another possibility would be the induction of
low dose tolerance (231) following the second DNA vaccine dose based on the
presumed low level of antigen expression associated with DNA vaccines.
However the ability of the animal to eventually clear infection argues against this

hypothesis.
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Influence of different immunization strategies on the quality of induced
HBsAg-specific T cell responses in chimpanzees.

The literature suggests a clear dichotomy in mice with respect to the quality of
immune responses (i.e. Th2 vs. Th1) induced by alum-adjuvanted versus CpG
ODN adjuvanted and DNA vaccines (125, 217). Therefore, an attempt was
made to evaluate the quality of the immune responses induced by the different
vaccines strategies used in this study. One way this can be done in mice is to
evaluate the profile of antigen-specific antibody isotypes. It is well documented
that in mice the production of IgG2a is associated with an IFNy dependent class
switch (232). Investigators have used this observation as a surrogate marker of
Th1 like immune activation when ccmparing different methods of immune
induction (i.e. vaccines) (131). Unfortunately, such a distinction has not been
observed in humans. Nevertheless, based on the striking differences
documented between alum based vaccines and CpG DNA based vaccines in
mice, it was viewed as an excellent opportunity to determine whether identifiable
differences would extend to chimpanzees. In the absence of chimpanzee-
specific reagents, human reagents were employed to detect for the presence of
total IgG, as well as IgG1, IgG2, IgG3, and igG4. From the animals that had
developed anti-HBs antibodies prior to challenge, the only IgG isotype that was
strongly detectable was IgG1. Although disappointing, these observations were
consistent with the literature with respect to alum based HBV vaccines in humans
(233, 234), moreover, these observations reaffirmed the variable association
between antibody isotypes and Th bias of the immune response in higher

primates and humans.
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A more direct approach of assessing the quality of an immune activation with
respect to Th bias is the evaluation of T cell cytokine secretion profiles. It is
widely accepted that IFNy and TNFB production is indicative of Th1 biased
immune activation whereas IL-4 and IL-5 are indicative of Th2 biased immune
activation (235). More recently, TNFa has aiso been observed in association
with Th1 type responses (236, 237). In the present study, PBMCs were cultured
in the presence or absence of antigen in parallel to the T cell proliferation assays,
and collected supernatants were evaluated for the presence of TNFa, IFNy, IL-4
and IL-5. At 2 weeks post boost, which was considered the optimal time point for
the evaluation of cellular responses, all vaccine strategies displayed the
capability of producing both TNFa and IFNy, but failed to produce any detectable
IL-4 or IL5. Therefore, as with the IgG isotype data, the cytokine data did not
give any insight into the possible dichotomy of Th biased immune activation
induced by the different vaccine strategies. The lack of IL-4, and IL-5 secretion
by cells from individuals receiving alum based HBV vaccines has been reported
in the literature (238, 239). With respect to TNFa, there did not seem to be any
pattern to the production induced by the different vaccine strategies. This may
reflect an additive non-antigen-specific production of TNFa by bystander APCs
present in the culture, since APCs are the predominant source of biologically
active TNFa . It is well documented that APCs in culture do become activated in
a contact dependent fashion (240, 241), therefore this activation may have had
an effect on the state of the PBMCs in the cultures as well as the levels of TNFa

that were detected.
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The evaluation of IFNy, on the other hand, did reveal some noticeable
differences. The strongest and most sustained production of IFNy across three
different antigen concentrations was observed in two animals which received
some form of DNA in their vaccine, either CpG ODN or DNA plasmid, both of
which corresponded with a strong antigen-specific proliferative response.
Therefore in the absence of any definable dichotomy with respect to Th biased
immune responses, these observations demonstrate that vaccine strategies that
include some form of DNA yielded higher levels of detectable IFNy during recall

responses generated in vitro.

Influence of different immunization strategies on the induction of HBsAg-
specific CTL responses in chimpanzees.

In addition to antibody isotypes and cytokine secretion profiles, antigen-specific
CTL activity is another marker for the evaluation of the quality of induced immune
responses. It is clear that antigen-specific CTL activity is generated within
immune responses that include a CMI/Th1 component (186), and in the case of
HBYV infection such a response is believed to be crucial for the efficient control of
viral replication (56) (58, 173). The presence of antigen-specific CTL activity
following immunization was evaluated for each vaccine strategy. Initial attempts
using a recombinant vaccinia virus vector system did not yield any detectable
antigen-specific CTL activity. However, the high level of non-specific background

associated with this assay may have masked any potential response.

To eliminate the influence of high background, a peptide-based assay for the

stimulation and expansion of CTL precursors was employed. When
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cryogenically stored PBMCs were evaluated, antigen-specific CTL activity was
generated in two animals that had received some form of DNA in their vaccine
regime. Further, the genetic diversity of these animals was highlighted by their
differential reactivity to particular pools of peptides used in the assay.
Unfortunately, due to a limitation in the number of cells available, two animals
could not be re-evaluated for the presence of antigen-specific CTL activity.
Therefore, aithough it cannot be concluded from this study that the alum
adjuvanted vaccine strategy failed to generate any detectable CTL activity, it was
clear that the DNA based vaccine strategies were capable of generating

detectable antigen-specific CTL activity.

Summary

This study supports the potential of HBsAg + CpG ODN and plasmid DNA based
vaccines as potentially better alternatives to existing prophylactic regimes for
HBV vaccination. In addition, the quality of the generated immune responses as
assessed by IFNy production and the generation of antigen-specific CTL
response supports the potential of these vaccine strategies as a therapy for
chronic HBV infection. Although it may be argued that the DNA vaccine
demonstrated only marginal efficacy with respect to measurable markers of
immune activation, there is no arguing the ability of the DNA vaccine to generate
protective immunity in one of the two chimpanzees. In the scope of DNA
vaccines, this is an important observation since it is in direct support of the basic

concepts of DNA vaccines. Further, these observations suggest that the limited
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success that has been achieved to date in higher primates and humans refiects

the hurdles of optimization rather than a weakness in the technology.

4.5. Conclusion

HBYV infection remains an important global concem. More than 2 billion people
worldwide have been infected by HBV with 350 million currently having persistent
or chronic infection (14). The significance of chronic infection is the increased
risk of developing liver cirrhosis and HCC (15). This is an important health
concemn in endemic regions of the world where the majority of HBV infection is
acquired neonatally and is generally associated with viral persistence. Large
populations of persistently infected individuals constitute enormous reservoirs of
infectious virus. Many of these individuals go on to develop and succumb to the
secondary sequelae, associated with chronic liver disease, placing a heavy
burden on health care systems. Although currently available prophylactic
vaccines are effective in most healthy individuals, they fall short in two respects.
These vaccines do not effectively immunize 5-15% of healthy individuals and
they do not appear to be highly effective, if at all, for the treatment of chronic

disease due in part to their inability to efficiently stimulate CMI.

This work evaluated the potential of protein + CpG ODN and DNA vaccines to be
used as prophylactic or therapeutic agents for the protection against or treatment
of HBV infection. The mouse studies demonstrated that protein + CpG ODN and
DNA vaccines were capable of overcoming tolerance to HBV in an HBV
transgenic mouse model. Although far removed from human disease, these

studies give an indication of the potential of these agents in altering the non-
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responsiveness of the immune system primarily through the induction of a strong

CMI response.

The superiority of the DNA vaccine to the protein + CpG ODN vaccine in the
mouse systems appears to be related to the ability of the DNA vaccine to induce
a stronger CMI response. The evaluation of the relation between immune
activation and antigen expression following DNA vaccination revealed that DNA
transfected cells that subsequently express antigen became legitimate targets for
immune mediated destruction by muitiple mechanisms. This suggests that, in
addition to a more efficient antigen presentation, the presence of antigen
expressing cell populations may allow for the additional expansion of activated
immune cell populations thereby generating a potentially larger pool of antigen-
specific T cells (Fig 9A). Although protein + CpG ODN can influence the
activation of CMI in part through the CD4+ T cell independent maturation of
APCs (104), it does not cause as efficient an expansion of T cell populations as
postulated for the DNA vaccine (Fig 9 B). This is likely due to the lower number
of potential antigen expressing target cells generated following immunization with

protein + CpG ODN.

Often the prelude to human clinical trials is the demonstration of some level of
efficacy in non-human primates. Since HBV’s limited tropism does extend to the
great apes, it makes them extremely valuable for the study of HBV vaccinology.
The use of chimpanzees in this study as an HBV infection model revealed that
both Engerix B (HBsAg + alum) + CpG ODN and the HBsAg-expressing DNA

vaccine were capable of influencing the immune system efficiently to provide
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Figure 9: Differences that may account for the differential induction of CMI
by the DNA vaccine and HBsAg + CpG ODN in mice. (A) DNA vaccination
leads to a population of transfected cells that express antigen, possibly on the
surface, as well as in the context of MHC. These cells become legitimate targets
for antigen-specific immune responses. Therefore, in addition to a more efficient
antigen presentation, the destruction of antigen expressing cell populations
allows for the expansion of activated T cell populations. (B) The HBsAg + CpG
ODN vaccine influences the activation of CMI, in part, through the CD 4+ T cell
independent maturation of APCs, which does not appear lead to an as efficient
expansion of T celi populations as postulated for the DNA vaccine.
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protection from infection with HBV. In addition, evaluation of the quality of the
immune responses generated by the Engerix B + CpG ODN and DNA vaccine
indicated the presence of an antigen-specific CMI response. Therefore this study
confirms that Engerix B + CpG ODN and DNA immunization can influence the
immune activation in chimpanzees to include antigen-specific CMI responses
and that these strategies do possess the potential for therapeutic application in
chronic HBV infection. Also these data represent one of the few demonstrations
in which antigen-specific CTLs were generated using a protein-based vaccine.
Unlike the mouse study, the chimpanzee study indicated that, in a large primate,
the Engerix B + CpG ODN combination was more efficient that the DNA vaccine
at generating an HBV-specific immune response. This was probably related to
the level of optimization for each vaccine strategy. The CpG ODN combination
vaccine was designed on top of a pre-existing HBV vaccine and the ODN
sequence had been optimized for use in primates by screening on primate cells.
Therefore, the inclusion of CpG ODN simply made it more efficient at inducing an
immune response. The DNA vaccine, however, still remains to be efficiently

optimized for delivery to higher primates.

4.6. Future work

The data presented in this work supports the merit of further investigation in to
the use of protein/alum/CpG ODN and DNA vaccine strategies for the prevention

and treatment of HBV infection.
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HBsAg transgenic mouse studies

It was clear that the DNA vaccine and the combination of protein + CpG ODN
were capable of negatively regulating HBsAg transgene expression in the Tg
mouse. However, it would be interesting to undertake a closer evaluation of the
characteristics of immune cells involved in this regulation. Although
IFNy production is crucial in mediating this effect, it is not completely clear what
are the relative contributions of different IFNy producing cells, such as CD4+ and

CD8+ T celis, NK T cells and NK celis.

Further, this study focused on the generation of HBsAg-specific immune
responses, however, prior to progression to humans it will also be important to
evaluate the potential for generating immune responses to other HBV proteins in
mice that are transgenic for these proteins. Although it is well established that
strong humoral responses to HBsAg are protective, it remains to be determined

which HBV antigens will be most important in a therapeutic setting.

Relation between antigen expression and immune activation following DNA
vaccination

The relation between immune activation and antigen expression following DNA
immunization revealed that antigen expression following transfection predisposes
for immmune mediated destruction by a number of mechanisms. A better
understanding of the early events following DNA immunization and the relative

contribution on transfected versus non-transfected APCs, as well as transfected
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non-APCs, to immune activation and expansion will help guide investigation into

the optimization of DNA vaccine delivery.

Humans and non-human primates

The Engerix B + CpG ODN vaccine combination has already entered phase |
clinical trial to evaluate the potential of CpG ODN as an effective vaccine
adjuvant in humans. Preliminary results indicate that observations made in the
chimpanzees, with respect to humoral responses, will extend to humans (Davis
et al. unpublished data). Ongoing evaluations will determine the ability of CpG

ODN adjuvanted vaccines to induce CMI in humans.

With respect to the DNA vaccine, future investigation should focus on the
optimization of vaccine delivery, such as vaccine dose and target sites. The goal
of these studies shouid center on the transfection efficiency of candidate
vaccination protocols. Recently, DNA vaccine doses as high as 10 mg were
given to adult chimpanzees to generate anti-hepatitis C immunity with promising
results (242). In comparison to the 2 mg given twice in this study and doses/kg
given in mouse studies, this suggests that there is a lot of room for the evaluation
of the influence of dose on the efficacy of DNA vaccines. Also, the
understanding that immune cell presence throughout the body varies in different
tissues supports evaluation of different delivery sites to ensure more efficient
transfection and immune activation. A better understanding of the early events

following DNA immunization in mice will help in this endeavor.
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Ultimately these strategies will have to be evaluated in clinical trials carried out
on HBV chronic carriers to determine their full potential as therapeutic agents.
These trials should be designed to evaluate these strategies alone and in
combination with antiviral therapies such as nucleoside analogs. Although
antiviral therapies on there own have not proven to be completely effective, they
may provide a beneficial effect with respect to decreasing viral and antigen

burden when combined with vaccine therapy.

Based on the current developmental phase that each vaccine strategy is in, it is
clear that the Engerix B + CpG ODN combination is the most promising of the
two in the short term. However it remains important to evaluate the full potential

of DNA vaccines since their success would revolutionize vaccinology.
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Heparais 3 views (HBV) caoses 2 common infeaious dis-
caw. ad twre are an cstgmated 350 million chrosic HBV
carticrs worldwide (291, Paticrus with chwonic hepatitis B are at
high risk of developing liver cirrhcsis. and this is associnal
with a higher rae of monality duc 10 the developmem of
Repaoceialar carcinoma or soncradsomatons amplications
of cierhiosis 1 3, 1),

Carrently. the aly dwrapy for chwonic hepatitis that has a
lasting benefidal effca is systemic wreamment with alpha imee
feromt (IFN-at. b a susiainad response is schieved ia only
onc-third of paticrus with chronic hepatitis B (21). Nuclecside
analogues such as lzmivadine provide a therapentic aliemative
leading to a rapid deercase in scrum FIBY DNA leveds and 10
histopathctogical improvement of liver discase. Homever. oy
sation of wreamem usually leads to a rapid relapse of disease,
and long-te mm tnament often roalis i the wloction of resis
am vieal variaas (271 These oulcomes enphasize the mead
for aovel therapawiic approactics Alilough the pathogenesis
o dwogic Ivvr dicase is not woefl anderstood. there is a con-
scasys tha liver damage is immune madiaid. Spedfic ama-
salicrapoutic ¥ RRegics have been propased as posbie alies
axives 1o the ase of IFN or amviral dnigs 1o cohasce of 10
troadea e dekcive T-afl responses in chronically infeaad
paticats. Amony these, spedific vaccine therapics wid citler
curently availabte reamnbinant ani-hepacisis 3 vacdaes (9.

° Cunelpouinn author, Mailing adiece: Unité de Rex b
et Expresion (‘éqaup:. INSERAL UL163. Imtitnt Pastcar, 28 rec du
Docteur Rosx, 75724 Paris Cédiex 15, Frasxe. Phome: 3371 4868 SS 49,
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40). a lipopepride-based T-cell vactise (53). or newly devel-
opd genetic vacanes (31, A3, 42) have been sudied rocently
with animal madels or in haman dinical trials (19, 40).

As an anknal madel for asymptomatic carmiers infeaad at
binh. we have ased micc that are transgenic (Tg) for hepatitis
B awface antigen (HBsAg3 (L. 16). In this model, we lene
previossdy shown thar HBsAg-specific T- and B-cell responses
induced after DNA-based immuonization are able (o mediate
amtigen dearance in the sera and down-regniation of wansgene
expression in the iver (33, 341 The Thi bias of he immnone
resporse indiced following imramuascular (lm.) injection of
DNA is mosly attribuied 10 immonostimulatory CpG motifs
present in the plastid (&), Thas. we ask whether svathatic
CpG-comaining  oligodeaxyonciootides (ODN} could  effi-
cicriy replace DNA adjevaticity for HBsAg imamnization in
this Tg mouse limeage.

Unmmcibylawd cviosine-guasine dimuclectides within the
oamext of cenain Ranking sequences (CpG stifs). as origi-
nally idcitied in baacrial DNA., have diverse stimulatory
elfecs an the innate and adapt ve immone systems. Several of
these ¢ flocts comribute to the strong Thi-type adjovam activiey
for amigen-specific rosporms. For cxample. CpG DNA trig-
gers most (>957% ) B celis 1o proliferate. mearcte llmmglob
alin (Ig) and cywokines, and be proteaed from apopeosis (4.
26, 57y, all of which contritane 10 a stronger humoral respoasc.
CpG DNA also direaly activaics monocvtes. macrophages
and dendsitic colls 10 secreie various Th1 cywokines (18, M4).
which in mm indoces T and NK odlls 10 secrete additional
ovickines (2. 4, 10, 28, 56 57). Overal. CpG induccs 2 sairong
Thidike patem of cviokine prodaction domisated by imer
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leikin-12 (11L-12) and [FN-y, with little wcretion of Th2 ovio-
kines (24). and these cniokines can prowide addiional T-celt
help for both humoral and cell-mediated immune responses.
CpG ODN hewe boen shown 1o be cliective Thil-type saccine
adjvanes in animals widh a variery of antigens. For example.
mice immnnized by Lm. injection of amigen with CpG ODN
kave strang cviosaxic T lymphiocyies (CTL) and p redominamty
1eG2a amibodies. alwo indicative of a Thi-type response (8, 12,
30,43, 55)_Since such Thi-vpe iswnone respomsss are thongh
10 be necossary for dearance of HBV infection (3, 17, 23, 39),
it & powsible thar CpG ODN with recombinant HIBsAg may be
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tion with FHilkA¢ combined with CpG ODN resolwxd in clear-
ane of the FHBeAg from the sera. indoction of spocific am e
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RESULTS

In vitro effect of ODN on cywmkine praduction by matve
CSTRLS splenccyten. The immunostimulatory effocts of CpG
ODN werc evaluated wiss spleen celis derived from nonim-
mone CSTBL/6 mice. Podled spieniocytes from fve manve mice
were cultunad in viero ciger alose or with CpG ODN, mon-
CpG ocoatrol ODN, or E. coli DNA. The CpG ODN dcarty
stowed a superior ability to induce a non-antigen-specific tnm-
phoproliferative response when companad (0 medium, te con-
trol ODN, or E. cobf DNA (da not shown). Wich respect 10
cyickine prodaction, the CpG ODN, bui not ihe control ODN,
induced significant Icvels of TNFa, [1-6, and IFN-y (Fig. 1).
Comparabie amounts of [FN-y asd 1L-12 ware induond from
splenocyices afier s nulation with CpG ODN and E. caoli DNA.
Presimably because of the optimind CpG motits and a -
clease-resistam phosphorothioaie backbone, the CpG ODN
was superior o both comeol ODN aad £. coli DNA at inducing
dewwaatte TNFaa and [L+6 pradodion.

Effect of ODN on bumeral remponse in CSTRL/6 mice im-
mmized with HRBsAg. Groops of six mioc were immmunized iLom.
once with pCMV.SLS DNA or three timos with HBsAg alone
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cames. Geoups of sis CSTBLM mice wore inmusizcd osce with pOMV-SCS (100 gy of theee tiomes

rosp A
monthly istenals with CpG ODN alose 1128 pgi, HBu\g Jbwe 12 py). cor HBsAg cowbrined with CpG or son-CpG comtrol ODN. Antibodics

specilic foe HBAg (A) or the pre S2 & in of HBY midic p
titers aec expresaed as a scrinl emd poist dietions,

or combined with CpG or noa-CpG comeol ODN, with other
amrols recciving CpG ODN alone. Amihadics specific for
HBsAg (Fig. 2A) or 1k pre-S2 domain of HBY middle proicin
Fig. 2By were deteciad by ELISA 3 weeks afier the last injoc-
tion. Both ODN combined with FHBsAg inducod a significant
praduction of anti-HBs and anti-pre-S2 antibodies in CSTRL/6
mice (Fig. 2). In comrast. H BsAg alene was not abk o induce
specific antibodics. As expocted. no am i-H Bs antibodics were
detcaad in mice roceving CpG ODN alone. [nierestingly. the
amibody titers were wmparatic (P < 0.165) in the sera of mice
receiving [ [kAg with cither CpG ODN or sa-CpG control
ODN. As previousy shown (37). a single injection of pCMV-
S2S DNA was suficiem o induce anti-HIds and anti-pre-S2
antibodics. Anti-HBs xnitody tiers induced afier igjection of
HBsAg combined with CpG and non-CpG ODN were 30- and
I16fad higher. respeaively, than those obxained afier DNA
immunizaion. Similagy. titers of ai-pre-S2 astibadics were
six- amd cighifold higher ia mioe receiving HBsAg with CpG
and nen-CpG ODN, raspociivel. Hiowever. it shoold be notad
that these antibodies were induced afier 1hree injections of
{[BsAg with ODN. whercas the DNA was given onlv once.

The CpG ODN winjeaad with the FIR&Ag in the CSTBLA
mice induced a prociexction of high levels of ami-FIBs and
ami-pre-S2-specific smibodics. This specific amtibody prodic-
lion was concomitant with a significant increase in the IgG2b
tiwr ig the CSTHL6 mice (data not shiown). [a this srain,
1¢G2a antibodics are ot detectable dae o a missing gene 122).
The adjenvan effect of control ODN was unaxpecied. since this
had sce teenscen before in BAL Ri'c mice (12). This oonld be
duc in part to the ODN dose, which was 10 times higher than
that usad in previous sudies with BALR'c mioe. In addition.
some adjuvam properties of the saclcase-resistant phosphoro-
thivare backbone had previcnsly been obsenved with mucosal
administracion (35,

(B) werc imvestigated by ELISA § wocks after the Last injection. Antibody

In vivo adjuvant effect of CpG ODN en the celluler immmtne
response in CSTRLS mice immunizd with HRsAg. CS7TBL/6
mice were immunized wice (1 month apan) with HBsAg (2
ugt wgether with e CpG ODN (12 pug). Splcen cells were
mken 2 woeks aker the second igjection. As a positive control,
CSTHL/G mice were immuonizal with pCMV-S1S (100 pg) as
alrcady describad (32) and sacrificed 4 woeks after the single
injection. Primad T splenocyies recovered from C57BL6 mice
were restimnlated in vitro with cither iradiated HBsAg-pulsd
RBLS cells (Fig. 2 Band D, axngenous aatigenic stinolation)
orimdiatod HRs-expressing RBLS;S mansfecied cells (Fig. A
amd C. endogenons amtigenic stimulagion). The targets were
amologons iamdecant octls cxpressing or not cxpressing e
HBV small ecrwelope prosein or cells pulsed with HBV peptide
(HBs 371-378) or with HBxAg. The rcsnlts show that ismus-
nization with HBsAg with CpG ODN (Fig. 3A and B) did not
induce HBsAg-specific CTL irrespecine of whether in vito
endoge ROis or exogencus restimulaion was used. In contrast,
DNAtused immnonization with HBsAg-cnooding  plasmid
pCMV-S2S (Fig. 3C and D) triggered the cmergence of
HBsAg-specific CTL afier in vitro restimulation with endog-
enouddy processed antigen (Fig. 30). Likewise. aftier stimula-
tion with exogenously processed antigen. the DNA vaccination
generated CTL specific for target oclls pulsod with HBxAg or
with the pepide HBs 371-378 (Fig. SD). bt not for peptides
preserwed by RBLS/S rassfecied cells. HBsAg-specific CT1.
were aot chserved in CSTHL/6 mice immunized with HBRAg
alane or in comol mice administered CpG ODN withowt
amigen (data not shown).

Effect of CpG; ODN on T-cell cysakine secretion in CS7TBL/6
mice immunized with HRsAg We performed an antil FN-y
ELISPOT amay to evaluate the frequency of HBsAg-specific T
cells in the spleens of CSTBRLG mice alter immuonization with
HHsAg plus CpG ODN, with an HBsAg-exprossing DNA vic-
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FI1G. 3. CTL respanses of CSTILG mice imsumized once with ;CMV S2.S (140 pg) or twice, | month apart. with HBaAg (2 pg) combined
with CpG ODN ( LY pg). Splun.ﬂev harvesed respectively, & anl 2 wecks postissnenication wore stisubited in vitro far 5 cdeys wih ieradised

i) or with

diatcd HBs.

RALSS = aells | stimubsion). The

HiAg pulsed RBLS oo d

tarzed oclbs ened -ue RRU celfs (@), RRLS'S trmmboctam mlls(.). lmu\- ptﬁsl RRLS c-llcs (&), or peptide 371-378-puled RBLS cell-(' .
Tl

Anse V(1otal Cr rekome ~ spontamects *'Cr

ific hvis was calculated as [ (exp

he
vcl=-=)| > 1m R:ulln reproscal the mean for four mice.

wr. or with [IBsAg or CpG ODN alone. The mumber of
cpiope-specific T cells prododng [FN-v was measured with
the 1Bs 371-37R K"-binding peptile (Fig. LA}y or the HBs
126-138 T helper pepuide (Fig. $4B) as suinmlatory peptides
The results show that, compand 0 the imewmization with
HBsAg alone. immwmization with HBxAg plus CpG ODN or
with pCMV-S2S DNA wix able 1o activate. respectively. 6 or
12times more HBwspedhic [FN-y-sccreting CD8 -~ Toalls (Fig
4A) In addition. stimolation with the T helper pepride HBs
126-13% inducal [FN-y production tw spicen oclls from mice
immunized with pCMV-S2.S DNA. HREsAg plus CpG ODN. or
HBsAg (Fig. {B). but the frequency of sach [FN—y-seareting
CD4° T wells was simificamly higher in mice imawnized with
HBsAg plas CpG ODN than in mice receiving HBsAg alon.
In DNA-immonized control mice. the nomber of INFey-socrer-
ing T culls was 10 times highor than that in mice immonizad
with [{BsAg alone.

DNA ar Cp(; ODN immunization of HBxAg-Tx mice in-
duced the chemmnce of circnbting HRs Ag and the concomitant
appearance of mti-tHBs and anti-pre-S2 antibodicx. We have
previously doscribed how a single ijection of pCMV-82S
DNA that encodes HBsAg. tat ot an irrelevamt DNA, ino
HBsAg-Ty miv indoced & persisient decrease in circulating
HBsAg pantides and a concomiam appearance of serum ami-
HBs antibadics, which were maintained over time 133). Figure
SA shoms that throe injections of HBsAg, combinad with im-
munwimnlatory CpG ODN wure safficiern to clear HRBsAg
from the scea of HBsAg-Ty miae to a similar degroe to clear-

ance with the DNA vactine. In contrast. three injecions of
CpG ODN atore. HBsAg alone. or HBsAg combined with
nan-CpG comrad ODN did not result in major changes i
HBsAg levels (g, 5A).

Specific antibodics were detectable at the time of HBsAg
decreasc in the sera of Tg mice. Ami-HBs (Fig. 5B) and ami-
pre-S2 (Fig. 5O) amibadics appeared in the sera of pOCMV-
S2S-immonized Ty mice by 4 and 8 wecks, respectively. afier
a single injection of DNA. and these contieed to incrase
over time. Using HBEsAg combinad with CpG ODN, three
injections were requined to obtain comparable asti-preS2 an-
tibady titers (Fig. SC) and anti-HBs titers tha were 50-fold
greater at the peak of the response than those induced by the
DNA vaccine (Fig. 5B). Aswith the DNA vaccine. injections of
HRsAg plus CpG ODN in tix: FHBsAg-Tg mice resolid inthw
clearance of scrum HBsAg and 1he appearance ol detectable
specific anibodics.

In comrast. compared 10 the CSTBRL6 non-Tg mice (Fig. 2),
injoctions of HBxAg combined with non-CpG control ODN
did not induce any detectable anti-pre-S2 antibodics and only
very low levels of anti-FIBs antibodies (a1 wo oot of nine
mice). which failed 10 trigger clearance of HEsAg.

Cembisution of CPG QDN with HEwAg was sble to regaise
the [IRV mRNA expresssion in the livers of HBsAg Tg mice.
Northera bic amalysis of mRNA from livers of Tg mice sacri-
ticed at the time of HRBsAg clearance (15 weeks alier immu-
nitaion) was performed. and HBY mRNA was quaificd with
a Phospherimager after correction for mRNA loading and
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varigiom i insfer ¢liciency as asseswd by 1885 rRNA o
pression. We ke previoush shows tha the immone response
induced after a single injection of pCMV-S2S DNA o
HBsAg-Tg micc reducad the lesel of HBYmRNA in 1he liver,
in some cases to andetccaable levels (33). In the presemnt study.
both the DNA vacciex and HBsAg plus CpG ODN reduced
the mean HBV mRNA level in the Ivess of miae to a similar
degnee P < 030y (Fig. 6). The mean HBV m RNA levels in thwe
tivers of mice reoviving [{BsAg plus non-CpG ODN or HBsAg
alone were not significonaly dilicremt (P < 0.00). Untremod
age- and sex-matched Tg mice displawed a mnge of HBV
mRNA levels Memical to that of mice receiving HBsAg alone
P < Q90). In comrax, the mean HBV mRNA levels in the
livers of mice roociving |HBxAg plus non-CpG ODN or HilsAg
alonie were significantly  higher than in mice treaiod with
HBsAg plus CpG ODN (P < 02 aad P < 0025, respectivel)
and appeared not to be naduced. These data showad that three
injuctivas of 1IRKAg combined with CpG ODN were as cfi-
ciern as a single injection of pCMV-S1S DNA a reducing
HBY mRNA in the livers of HBsAg-Tg mice and that the
effect was CpG dependem.

The CDR* T cells primed by HBxAg plus CpG ODN imnme-
nization induced the clesrance of HBsAg in the sern and the
control of HEV mRNA in the livers of HBsAR-TR mice. Ro-
cse CDR T colis detected alier immonizzamion with FRsAg
plas CpG ODN did not display any deteaable cmolvtic aciiviny
in vitro, we soughi (o determine whether hicy might nevenbic-
less be respoasible [or the comrol of HBV mRNA axpression
vbwerved i vaccinaled Tg mice. We ihus performed adoprive
transfer cxperiments. As a positive control. we ased CD4 -
depleted spicen cells from DNA-immuonized mice. which have

CpG VACCINATION IN HEPATITIS B-TRANSGENIC MICE 6487

boen shown previcusty 1o Jown-regulate wransgene expresion
0 the Ikess of HBsAg-Ty mice. Indeod. HBsSAg was com-
pltely clearced from the sera of afl five recipient mice by 50
dans following tramfer of pCMV-S2.S-primad CIX ~-deplaiad
T cells, whereas & was deared in only throe mice and redaced
in the other mo afier transfer of HBxAg plus CpG ODN-
primcd celis (Fig. 7A). No auii-HRs amibodics were detected
0 the sera of the recipicnt mice 50 daws afier adopm e transfer.
Northern blor analysis of RNA prepared fsom ke Ivers of the
recipiens Tg mice shows 1hee HBV mRNA was silll deady
detectable i the Evers of the two of five mice receiving HBsAg
plus CpG ODN-primed T celis tha fadled o dear HBsAg and
was Amost undetectble in the other thee mice. as well as e
five of fve mice roceing pCMV-S2.S-primed T cetts (Fig. 78).

These resnlrs show diat CDB* T ceils primed by HBsAg
adjonamed with CpG; ODN were able to down-regolate HBV
WMRNA in the livers of HBsAg-Tg mice in the abwence of
deweatatde in vitro qriolytic activiey. bt so a somewhkar lesaer
cxicin thar hose primed by the DNA vaccine.

DISCUSSION

[n this study. we have cvaluawd the adjiuvam effect of CpG
ODN oa the imwnone response 10 HEkAg in either maive or
HBsAg-Ty mice. With this mouse madel of HBV chronic cas
riers, we have previously shown thai vacoination with DNA
plasmid cnomling FHBkAg can break nonresponsivencss to this
antigen and resolied in the clearance of HBsAg from the sera
and the down-regnlation of HBV mRNA i the liver. However.
the offickney of the immone response obined aficr DNA-
busad enmonization has been described as being due in part 1o
the presence of nmusostimulaory CpG motils comtained in
the plasmid buckbone (48). These sequences age thoughi to be
respormibie orthe Thi response observed after gesetic snmu-
riznion. whercas pracin vacdses indoce mostly Th re-
spotses. Thuas, CpG ODN coukd represent an akemative way
of modolasing the nmuac respanse 1© classical rocombinam
anigens owanis a Thi profile.

The CpG and the comrot ODN ooinjecied with the HBsAg
n CS7BL/6 mice induced a strong humoral resporse withh high
production of anti-HBES and amwi-pre-S2-specitic antibodics.
Homever, in HBsAg-Ty mice. only the ODN comtaining con-
seasus CpG motifs were able 10 induce amibodics. which ¢li-
ciemly clear the transgene-eacoded HBsAg from mice sera.
Antihondy response in non-Ty CS7TRL/6 mice is dependentoa T
helper cells specific for epiuopes present in both S and pre.-S2
damams (38). In HBcAg-Tg mice. @ has been shown that T
helper colis suw e deletion or anergy in the prescrce of cir
culation antigen v vinne of low avidity, bot ikey are nover
theless capable of being actisated (5). Thus, in oor HBkAg-Tg
mice. activation of such T helper cells may require a strong
acaivation through CpG ODN 1o provide help for antibody
peoduction. Akemnatively. CpG DNA has been shown o di-
realy activate B cells 1o proliferate in a T-cell-indcpendem
mamner. and this effea is syergistic with B-cell acivation
through the antigen roceptor (25).

The CpG ODN but aot the conrol ODN hax a Thi-tiype
effect and allowmx [FN-y secrction from splenocytes stimul ated
ciier in viero or in vive afier immusization. In viro, after
stimulation wigh the CpG ODN. the CS7BL/6 spkenocyies pro-
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FIG. 5. Iswnmizion of HBuAg.-Tg mice. Geoups of Tg mice were injgxicd with PRS i 4 of DNA d. L3 mice [<]) or

imrntnired auce with pCMV.SCS (12 mice: @) o theee times at mosibly intervals with CpG ODN alone (5 mice: 1) or with cither HiAg alone
> mice: ¥ or cormbinod with CpG ¢ 12 miaz @) or the won-CpG comtrol (9 mice: &) ODN as i Fis. 2. Mice were bicd ot weekly intervals, and
the wra were ambvzed for [ TBh.\g cxpressed so ansmogranm per milliliter (A) amd for amti-§ B spocific (B) axl ansi-pro-S2. specific (C) anibodics

(eprowed as serial end pant dilutions). Fach poimt represents the axn

ducad Thi cvokings such as [1-12, INF-y. and TNF-« (Fig. 1),
This coshd Enor a Thi eavironment for the dovelopmem of
antigen-spocific T ool after anmunization. In addiion. IL-6.a
ovukine known w actaate B oclls. is producad tw CpG ODN-
activaied splenocyies. In vive. coinjection of CpG ODN with
HBsAg has a dear adjvant effect in inducing HExA g-specific
CD4° and CD8° T cells that secrete [FN-y (Fig. 4) as well as
13 celis. which produce aoti-HBs angibadies (Fig. 2).

Thus. in CSTRL.6 mice. the HBsAg plas CpG ODN immu-
aization mimicked the DNA vaccine with respect to humorat
resporse and 1w [FN-y production by T aefis. FHowever. these
results are dificreni from those reporied for BALB'c mice. in
which HBsAg plus CpG ODN induced a potern CTL respomse
as well 112). After a singe pCMV-S2S DNA injection. the
immunized CSTRL6 miov produced a strong HBV-speditic
CIL response. As shown by our madel of Lm. inmusizaion
with pCMV-S1S, wr tuve some cxperimental ovidence that
DNA vaccination results in the in vivo production of HBxAg
ranicles (130, [ las heen wemonsiraied thae HBsAg an be
provessed v an shemaive pathway for pepide prescotaion
tw MHC class [ molecules (46). This results in peprides dilfer-
cnt from tose derived from the classical emdogenons pathway
1471, Therefore, induction of CTL specilic for the peprick: HBs
371-378 that result only from the cxogenous padmay of deg-
radation indicares that e artigen praduced aker DNA-tasad
immunization las boen cndocyiosad or captored. procesed in
the aliemative pastmay. and presemted as peptides in associa-
tion with MIIC dass | molecules In contrast alter immoniza-

n titer for the grearp, md error bars reprosent the standurd ervor.

tion of CS7HL.6 mice with HiAg and CpG ODN, we did not
detect a cytotaxic response. To be sore that the lack of CTLL
response in the CSTBL/6 mice was not due to ichnical &ifi-
cultics, we stimulated splenocyias in vitro under the following
Jdilferert experimemal conditions: (i) with autelogous RBLS/S
transfeciam cells (463 cxpressing the small envelope prowein
iendogenous condition) (4351, (iiy with FiBsAg-polssd RBLS
cells (exogenous condition). and (i) with vnpuised RBLS colls
as a control. Nonc of these axperimental stratogies has heen
able to clicit in vitro a cytosaxic activiey of lyinphacyes primod
in vivo with FHBsAg plus CpG ODN. Thas the CDE* T celis
induccd tw HBsAg plos CpG ODN immuonization secrcted
[FN-. but did mot display cMotaxic activiey in vito (52). Nev-
criicless. bothh DNA vacciw and HBxAg plus CpG ODN
broke the sanrespossivencess o HBsAg in Tg mic by inducing
clearanoe of the transgence cxpression product and control
of HBV mRNA in the liver. Afier direct iswmntization of
HBsAg-Tg mice. the dearance of HRsAy is mediaed in pan
by die highrtiter ami-FBs amitody producion triggerod by
immunization. byt alxo by the regulation of ransgene expres-
skt a1 the MRNA level [a this Tg mome model, we lene
previously shown that amtibodies alane are not sufficiens 10
achicve 4 pessistemt dearasce of the antigen and that IFN-y
secretiog T oclls arc requined (33, 34). In addition. overcoming
tonresponsiveress to HBsAg in Tg mice immnonized with
1[BxAg plas CpG ODN secras 10 be madiated by CDS * Teelts.
as demonstrated by experineats involving adoptive tramfer of
CD4 “-depleted splenocyies imo Tg mice. In these adoptive
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CD8 *-depleted splesocyies ime Tg mice nesnlied in the dear
ance of HExAg from e sera as well. Mosoover. detection of
CTL specific for the HBs 371-378 Kbbinding peptide afier
peptide stimulation of splenocytes from the recipient Tg mice
aanfirms the role of CD8™ T cells in 1ke comrol of wransgene
cxpression (E. Malanchére-Bres. uspubliskod resmits).

[t should be noted that CpG ODN roquired more doses s
the DNA sxcxine and that the resporse was lass complete.
likely duc 10 a weaker T-cell respoase, as shown by a lower
frequency of [FN-o~ producing T cells. Even s0, CpG ODNare
powerfnl adjuvants for e indoction of T cells regolarting mns-
gene expression in HBsAg-Ty mice.

Recently conflicting resulis have been repontad (48) for an-
other model of HBsAg-Tg mice {7) in which different vaccina-
tion techniques achievad neither antigen clearance nor sup-
pression of trensgene cxpression in the liver. This may sfloct
a dillerence in the tolerance 10 HBsAg in these two ineages
tig.. peripheral vesos svonaml tokerance ). The possibiliey tiat
the control of HBV mRNA expremion oould te mlaed w
DNA mcthwlation patierss & unlikely. sinoe sodifications of
methMation have onlyboen reponed very early i lile (41) and
duning remor developmem (15). However, E36 HBsAg-Tg
mice sever devebped tumors, oven in advancad age. Interos-
agy. in the C57BL/6 geretic background. mioe with Righ (16
ngiml) or low (<100 ng'ml) levels of scrum HBsAg have sim-
lar kevels of DNA metlwiation, and medhation is alwo ko
pendem of age (49 C. Pourcel. personal commonication).

In conclasion. 1his study has shown the efficiency of CpG
ODN as an adjevant 10 HBsAg vaccination to trigger specfic
antibadics and Thi-biased immuge responscs.

Vaxination of chronicatly HBV-infecwod patients has ol-
ready buen perforracd with classical rovombinamt vaccise ad-
fvantod with alum. Despite indoaion of eficiers HBs-specific

~
™

HBV KNA 1185 RNA
{arbitrary waits|
"

2 3 4 1 3

3

HBaAg + CpG ODN

A L] [ 4 o =

pCMV.S2.S

etod splesccyien isokuted from the spieers

of oon-Te mice imwetmized with cither PCMVS2S @) ar 1iBs\g cosrdined with CpG ODN i), » in Fig. &, wore adoptively ransferred into
sublcthal b irradiated T mice. The Tg wice weee b, and the lovel of HBsAy (nasograms per mililiter) in the - r.- aalnledon a wockly

temsin ). HBY RN cortent (1) in

the livers of HilAg-Tyg recipicnt mice was quan tificd by Norkern bk ly

dsp afcr temder of pnn:d CDA" T ochs (nm mice immunized with pCMV.S2S (open tas) of with HilAg plis CpG ODN (bxck barl. Fxch
an f ;0 am HBYV RNUAISS RNA ratio in arbitrary usils.
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B and T helper responses in somue patienss. the long-tenm
clearance of FIBV DNA »as nor achieved in all patienss (9).

Succes(u! immunization and protective ¢ficicy in somer

ous animal models 114, 51) and indoction of ccllular immune
resporses i humams have boen demosstratcd with DNA vac-
cines (3. However, despite isduaion of CTL responses,
problems reganding induction of anibody respotses in humans
remain (o be resoived (28, $0). This coold be particolarly im-
pornam for hepatiis B, for which toth amibodics and celular
immunc responses have heen implicaled in disease resolwtion
(6). Thus. CpG ODN could represent an aliemaiive method
for madulating the immunc respomse by combining the advan-
ages of toth classical and DNA vaccines.
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