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INTRODUCTION

A safe and effective vaccine remains the best hope for controlling the human
immunodeficiency virus type 1 (HIV-1) pandemic. The rational design of HIV-1 vaccines would
be facilitated by knowledge of the immune correlates of protective immunity. Evidence supports
arole for both HIV-1-specific antibody and T-cell responses, including cytotoxic T lymphocytes
(CTL) in preventing or limiting HIV infection and progression to AIDS (1-5). DNA
immunization is a relatively new approach that has proven to be a simple and effective means to
generate humoral, cell-mediated, and protective immune responses against a variety of pathogens
(6). Direct in vivo transfer of plasmid DNA results in expression of foreign antigens within the
host’s cells. In this aspect, DNA immunization mimics the expression and presentation of
antigens after viral infection, providing the advantages of live attenuated or live recombinant
viral vaccines without the safety concerns associated with infectious agents.

The purpose of our research was to test a novel DNA-based vaccine strategy for the ability to
induce humoral and cellular immune responses against the AIDS virus in animal models, and to
generate preclinical data necessary for future human clinical trials. Our strategy employed a
particle delivery device ("gene gun") to deliver DNA directly into the cells of the epidermis.
This needle-free strategy provides potentially valuable characteristics for military applications,
including the potential for large-scale, low cost vaccination and an increased safety profile by
avoiding risks associated with blood contamination from needles. To test the feasibility of this
strategy for human vaccination against AIDS, our research efforts under this grant focused on 4
specific aims: Optimization of particle-mediated DNA delivery parameters to the skin (specific
aim 1); induction of protective immunity against influenza in pigs as a model for vaccination of
humans (specific aim 2); evaluation of candidate DNA vaccines for AIDS in the Rhesus monkey
SIV model (specific aim 3); and identification of novel strategies to manipulate or augment
immune responses induced by DNA immunization (specific aim 4). In this final report, we
summarize data generated during the first four years of the funding period from September 30,
1994 to September 30, 1998 and document the details of our most recent findings obtained
during the last year (October 1, 1998 — December 30, 1999).




RESULTS

Central to the evaluation of this new vaccine strategy was the use of animal models. Our work
focused on using mice, monkeys, and pigs to achieve the specific aims of our proposal.

Specific Aim 1: Optimization of particle-mediate delivery parameters to the skin

To optimize particle-mediated DNA delivery parameters to the skin, we have employed the pig
animals model as the most relevant and predictive model to humans. Swine epidermis is
morphologically similar to human epidermis (24). In addition swine are similar in size to humans
and represent, like humans, an outbred population. Therefore, the pig was chosen as the most
relevant animal model for optimizing the gene gun technology for human DNA vaccination.
DNA vaccine delivery conditions that function well in swine epidermis may prove to be
acceptable for clinical investigations of this technology.

Induction of maximum immune responses using the minimum number of treatment sites in pigs
Particle-mediated DNA immunization results in effective induction of immune responses in mice
following delivery of less than 16 nanograms of DNA into a single target site (9, 25). During the
first two funding periods, our efforts focused on inducing maximum immune responses in pigs
using a one- or two-site treatment to demonstrate practicality for use of the device in the clinical
setting. Using a DNA expression vector encoding hepatitis B surface antigen, we demonstrated
that very strong antibody responses could be elicited in pigs using as little as 0.5 ug of DNA per
dose. In a dose titration study, a two-site treatment was equally effective in the induction of
maximal responses as six- or twelve-site treatments (Annual Progress Report, 1994-95).

Role of local inflammation in the induction of immune responses by particle-mediated DNA
immunzation

Particle-mediated DNA delivery to the skin results in a mild, localized inflammatory response
characterized by transient erythema at the target site. Preliminary data in pigs during the first
funding year indicated a need to induce erythema (redness) at the target site to induce optimal
immune responses. The relationship between the localized inflammatory response that
accompanies particle-mediated delivery to the skin and the subsequent immune response was
investigated in detail during the second and third funding years in both the pig and monkey
models. Studies in the pig demonstrated that optimum immune responses were induced in pigs
when higher doses of gold were used, corresponding to an increase in the inflammatory response
but decreased antigen production (Annual Progress Report 1996-97). In monkeys, we
deliberately manipulated parameters of DNA/gold delivery to induce a broad range of erythema.
The results in the monkey model confirm that in the pig and demonstrate that increasing the local
inflammatory responses at the skin target site has a beneficial impact on the induction of immune
responses following particle-mediated DNA delivery (Annual Progress Report 1997-98). We
propose that the transient erythema contributes to recruitment of antigen presenting cells to the
affected site, resulting in enhanced antigen processing and presentation.




Specific Aim 2: Induction of protective immunity against influenza in pigs as a model for
vaccination of humans

Induction of protective immunity to influenza A by particle-mediated DNA immunization
Influenza A was chosen as a model to further develop particle-mediated DNA immunization
because infection with influenza A is similar in swine and humans such that vaccination
procedures that provide protection in swine against influenza infection are likely to be applicable
to humans as well. The similarity of swine in both skin morphology and size also supports the
use of the swine flu challenge as a model for vaccine protection in humans. Research in this
mode during the first funding year demonstrated that administration of DNA encoding the
hemagglutinin (HA) of an HINT1 influenza virus to the skin or tongue of pigs induced protective
responses in pigs following only two administrations of microgram quantities of DNA.
Significantly, the protection levels seen in pigs for influenza were similar to those elicited using
a commercially available inactivated swine flu vaccine (26).

Induction of protective levels of antibody to hepatitis B surface antigen (HBsAg) in pigs by
particle-mediated DNA immunization.

The presence of a surrogate marker for vaccine protection against HBV infection in humans
(10mIU/ml) led to experiments to evaluate the potential for particle-mediated DNA
immunization to induce protective immunity in pigs to another disease model. Strong antibody
responses exceeding 10,000 mIU/ml were induced in pigs following only two immunizations
with as little as 500 ng of DNA. These responses were comparable to levels of antibody induced
in a parallel set of pigs immunized with a commercial hepatitis B protein vaccine (Annual
Progress Reports 1995-96 and 1996-97, 27).

The induction of protective immune responses in the swine model is consistent with the
feasibility of using particle-mediated DNA vaccine technology to elicit vigorous and protective
responses in animals that are similar to humans in both size and skin morphology.

Specific Aim 3: Evaluation of candidate DNA vaccines for AIDS in the Rhesus monkey SIV
model

Induction of HIV-1-specific immune responses in rhesus macaques by particle-mediated DNA
immunization and challenge with SHIV

Our efforts have focused on using the rhesus macaque model to evaluate candidate DNA
vaccines for AIDS because it allows investigation of vaccine protection against both infection
and disease. During the first funding year, we investigated the feasibility of eliciting HIV-1-
specific immune responses in rhesus macaques by particle-mediated DNA immunization. HIV
antibody responses induced by the DNA vaccines encoding HIV gp120 or gag-pol-env were
generally weak and required several immunizations to appear (Annual Progress Report 1994-95).
However, the DNA immunizations were highly effective in priming for vigorous antibody
responses when followed by boosting with recombinant subunit protein vaccines (Annual
Progress Report 1995-96, 14, 20). The DNA prime-protein boost regimen did not protect the
monkeys from challenge with pathogenic, heterologous SHIVgg33 (Annual Progress Report 1996-




97). However, other groups subsequently demonstrated that a similar regimen could protect from
infection when monkeys were challenged with nonpathogenic, homologous SHIVyxg:. ().

Induction of SIV-specific immune responses in rhesus macaques by particle-mediated DNA
immunzation

During the first funding year, we also initiated studies to investigate the potential for particle-
mediated DNA immunization to elicit SIV-specific immune responses in rhesus monkeys. The
results in this study were similar to the HIV study in that SIV-specific antibody responses were
weak and required a number of immunizations to develop. To improve the induction of antibody
responses by SIV DNA immunization, we tested a new set of expression vectors in a second
study. These vectors encoded SIV gp120 or gp160, the CMV promoter, and associated intron A
sequences that were previously shown to augment expression (21). The SIV expression vectors
used in the first study did not contain intervening sequences. Monkeys in the second study were
immunized with a co-delivery of the two env vectors. SIV env-specific IgG antibodies were
induced more quickly and with fewer immunizations than was observed in the previous study.
Significantly, antibody responses induced in these animals were capable of neutralizing
homologous SIV after 3 to 4 immunizations. In addition, neutralizing activities against a
heterologous SIV were also detected after the 5" or 6™ DNA immunization, demonstrating a
broadening of the immune response with additional doses (Annual Progress Report 1994-95, 20).
These results demonstrate the importance of using an appropriate vector design for inducing

~ immune responses by DNA immunization and demonstrate that DNA immunization can induce
neutralizing antibody responses to the AIDS virus in monkeys.

Partial Protection to heterologous, pathogenic SIV challenge in rhesus macaques immunized
with SIV DNA

In the second funding year, we demonstrated that weak SIV-specific antibody responses induced
in monkeys by DNA immunization could be substantially augmented by combining DNA
vaccines with live recombinant vaccinia vaccines in a prime-boost regimen. In contrast,
numerous booster immunizations (>6) with DNA resulted in suppression of antibody responses
(Annual Progress Report 1995-96, 14, 15). A pathogenic, heterologous SIV challenge of
monkeys immunized with multiple consecutive administrations of DNA alone or a combination
of DNA and recombinant vaccinia vaccines resulted in significant suppression of viral burden
(100-500-fold). Interestingly, the most significant virus load reduction and the only evidence for
attenuation of CD4+ T cell decline and progression to disease was observed in the animals that
were immunized with multiple administrations of DNA alone and had the lowest prechallenge
antibody responses (Annual Progress Report 1995-96, 15). In the third funding year, we
evaluated the possible mechanisms for this partial protection. Studies with live attenuated SIV
vaccines have demonstrated that the induction of protective responses correlates with a
maturation of the humoral immune responses (2). Analysis of antibody avidity and conformation,
however, indicated that at the time of challenge, the humoral immune responses in the DNA-
vaccinated were not "mature” (15, Annual Progress Report 1996-97). In addition, neutralizing
antibody responses at the time of challenge had declined to low or undetectable levels, consistent
with the dramatic decline in ELISA titers. These results indicate that the antibody responses in
these animals at the time of challenge may not have been protective.




DNA vaccine induction of antibody responses does not protect rhesus macaques against a
heterologous challenge with STV

Encouraged by the partial protection in these monkeys despite low pre-challenge antibody titers,
we sought to determine if protection might be improved if the animals were challenged before
the antibody titers declined. In addition, we previously observed that increasing the interval
between consecutive DNA immunizations enhanced the antibody responses. In this trial, 4
monkeys were immunized 3 times, spaced 12-16 weeks apart and following the 3™ immunization
developed antibody titers approximately 10-fold higher than peak titers that were measured in
the monkeys described above following 6 doses of DNA. The vaccinated monkeys were
challenged along with 4 controls monkeys 4 weeks following the final immunization. However,
there was no significant difference in virus loads between the vaccinated and control animals
(Annual Progress Report 1996-97). Taken together, these results suggested that antibody
responses did not play a significant role in the SIV virus load reduction observed following
multiple DNA immunizations in rhesus macaques.

Kinetics of antibody and CTL induction in rhesus macaques following multiple STV DNA
immunizations

Since DNA immunization induces CTL responses, we speculated that CTL were, at least in part,
responsible for the partial protection in our first SIV challenge study. We therefore evaluated the
possibility the number of DNA doses influenced the induction of CTL in rhesus macaques.
Blood samples were collected for analysis of SIV-specific serum antibody and CTL. Following
the 3™ or 4™ immunization, the monkeys developed antigen-specific IgG titers of up to
1:100,000, but CTL responses were undetectable. However, following the 5" or 6" dose a
dramatic decline in antibody responses occurred in all animals, coincident with the first
emergence of CTL. Additional immunizations boosted CTL but antibody responses remained
suppressed, demonstrating a reciprocal induction of antibody versus CTL (Annual Progress
Report 1996-97). We previously observed similar kinetics of CTL and antibody induction to
HIVgp120 following DNA immunization of mice. The reciprocity between HIVgp120-specific
CTL and antibody responses in mice is reverse from what we observed in monkeys. That is,
CTL responses appear after only one or two immunizations but then decline with the emergence
of antibody responses after 3 or 4 DNA immunizations (7). In mice, Thl responses induced
early in the immunization regimen were later replaced by Th2 responses following additional
DNA doses, suggesting that the reciprocity may be mediated by cytokine cross-regulation. To
determine if a similar mechanism occurred in monkeys, we examined the Th cytokine production
profile in monkeys that were immunized with 7 doses of DNA expressing SIV gag-pol-env and
demonstrated increased CTL responses and declining antibody responses between the 5% and 7™
DNA dose (Annual Progress Report 1997-98). Fresh PBMC were stimulated in vitro for 72
hours with recombinant SIVp27 and the supernatants were assayed for the production of IL-4 or
IFN-y using commercial human cytokine detection kits known to cross-react with rhesus
cytokines. The results in Figure 1 show that there are high levels of IFN-y production, but no
detectable IL-4 production at the time of CTL induction and antibody decline in these animals.
These results suggest that the reciprocity between CTL and antibody responses in monkeys may
be due to CD4+ T cell-mediated cytokine cross-regulation. Moreover, these results demonstrate




that the type of immune response induced in rhesus monkeys by particle-based DNA
immunization can be modulated by the number of doses delivered.
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Improved protection against SIV infection by increasing the number of DNA immunizations and
interval between doses

The reciprocity between CTL and antibody responses observed following multiple DNA
immunizations provides a possible explanation for the different protective effects observed in our
two SIV challenge studies. The suppression of virus burden following 7 doses of DNA
compared to the lack of protection following 3 doses of DNA is likely related to the emergence
of CTL following 5 or more DNA doses. The appearance of CTL and protective effects
following multiple DNA immunizations suggests that increasing the number of DNA doses to
further drive the immune response toward a CTL response may improve DNA vaccine protection
against SIV infection. To test this hypothesis, 6 monkeys received 9 consecutive immunizations
with DNA encoding SIVmac2s1rr gag-pol-env. A longer resting period of 8-12 weeks was
employed because previous studies have shown that increasing the intervals between
immunizations enhances both antibody and CTL responses (8, 14). SIV-specific CTL responses
were tested after 1, 3, 5, 7, and 9 immunizations. Consistent with previous findings, CTL were
not detected until after the 5™ or 7" DNA dose (data not shown). Following the 9™ DNA dose,

significant CTL responses against one or more SIV antigens were detected in 4 of the 5 animals
tested (Figure 2).
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Serum antibody responses were also tested following each immunization. The results in Figure 3
demonstrate a pattern similar to previous studies demonstrating a decline in antibody titer
coincident with the first appearance of CTL between the 5™ and 7" DNA immunization.

100,000 [
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DNA immunizations in rhesus macaques.
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Three weeks following the 9™ DNA immunization, the vaccinated monkeys and 3 naive control
monkeys were challenged by IV injection of 10 AID of the heterologous SIVpei/Be70. Protection
was assessed by QC-PCR measurement of plasma viral RNA loads at various timepoints
following challenge. Figure 4 shows virus loads for each monkey and compares geometric mean
virus loads between the vaccinated and control groups.

Naive Controls (n=4)
1e+8

=)
~
fwo 8 S B | VO
D 1ers v o DNA vaccinated (n=6)
]
Eesi 8 % S v oo
-g_ 1e+s | V o
: 1e+3 O v Figure 4. Geometric mean virus loads in
Z o042 rhesus macaques following IV challenge
% ror1 3 with 10 AID of SIVDelta/B670. Virus loads
S 5 10 15 20 25 30 are expressed as RNA copy number,
Days post challenge were determined by QC-PCR at weeks 1,

2, and 4 weeks post-challenge.

The results show that the DNA vaccine reduced virus burden when compared to controls,
demonstrating significant but limited protection against the challenge. Significantly, 4 of the 6
vaccinated monkeys showed substantial virus load reductions of 100 to 10,000-fold when
compared to the controls. These results demonstrate a significant improvement over previous
challenge study where a virus load reduction following challenge with the same virus ranged
from 10- to 500-fold when compared to controls.
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Induction of mucosal immune responses in rhesus macaques by particle-mediated DNA
immunization and mucosal challenge with pathogenic SIV

The mucosal surface is a primary route for HIV infection and recent studies have shown that the
gastrointestinal tract is a major target site for infection by immunodeficiency viruses and early
CD4+ T cell loss (22). Vaccine induction of mucosal immune responses may therefore be an
effective strategy for the development of an efficacious vaccine against HIV. During the last two
funding periods, we evaluated the potential for particle-mediated DNA immunization, either in
the skin or mucosal surfaces to induce SIV-specific mucosal immune responses and protection
from a SIV challenge. We previously reported (Annual Progress Report 1996-97) that 2
administrations of DNA encoding SIV mac251rr gag-pol-env to possible mucosal inductive sites
(tongue, buccal cavity, and rectal tissues) in monkeys resulted in the induction of low-levels of
antigen-specific CTL in the lamina propia. In addition, we observed that targeting DNA to the
skin (Annual Progress Report 1997-98) could also induce these mucosal responses.
Administration of DNA to either mucosal or skin tissues resulted in comparable levels of
peripheral immune responses. During the final funding year, we tested skin-immunized animals
for the induction of mucosal CTL and antibody responses following additional SIV DNA
immunizations either to the skin or mucosal tissues. Three weeks following the 5™ immunization
with SIV DNA, a section of the jejunum and accompanying lymph node were surgically
removed for the animal. Mononuclear cells were purified from the tissue and assayed for SIV-
specific CTL activity in a chromium release assay. The results in Table 1 demonstrate that DNA
administration to the skin or mucosa induced comparable but low levels of CTL in the lamina
propia. Saliva and rectal washes were also tested the induction of SIV-specific IgG or IgA
responses by ELISA. Positive responses were sporadic, but both IgG and IgA responses were
detected. Skin-immunized monkeys showed a higher rate of positive IgG/IgA responses in the
mucosal fluids than mucosally-immunized monkeys.

Table 1: Induction of mucosal immune responses following DNA delivery to the skin or mucosa

Monkey Immunization Gut-specific CTL (SIVenv), Rectal [gG/IgA Saliva IgG/IgA

site lytic units/10® PBMC (SIVgp120) (SIVgp120)
M7097  Mucosal 12.4* -/- -/+
M7297  Mucosal 14.6* -/- -/-
M8497  Mucosal 10.0* -/- -/-
M7797  Skin nd -/- -/-
M8097  Skin nd -1+ +/+
M12297 Skin nd -/- -/-
M11797 Skin 10.0** -/ - -1+
M7697  Skin nd +/- -/ -
M11897 Skin 3.5%* +/+ -/-
M12097 Skin 18.0** -/- -/-
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Murphey-Corb et. al recently demonstrated that STVenv-specific CTL correlates with protection
from a mucosal infection with SIV (23). To determine if vaccine induction of mucosal immune
responses could protect from a mucosal challenge, these animals were challenged along with 7
naive controls intrarectally with 100 AID of heterologous SIVpeita/ns70- Protection was assessed
by QC-PCR measurement of virus load and is the data are shown in Figures 5 and 6.
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Figure 5: Plasma viral RNA loads following intrarectal challenge with 100
AID of the heterologous SIVperaes7o it monkeys immunized by particle-
mediated delivery of SIV DNA to mucosal tissues (oral and rectal)
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Six of the seven control animals became infected and developed acute viremia (Figures 5 and 6).
All three mucosally-immunized monkeys (Figure 5) and three of seven skin-immunized
monkeys (Figure 6) also became infected and showed no reduction in virus load when compared
to the controls. Four of the seven skin-immunized showed evidence of infection following co-
culture of PBMC in vitro, but virus loads remained below the limits of detection of the assay at
all times. Although mucosal immunization induced CTL in the lamina propia, no protection was
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observed. The levels of CTL induced by this regimen were 3-4-fold weaker than levels
previously shown to correlate with mucosal protection from SIV infection (23), suggesting that a
minimum threshold level of CTL may be required to achieve protection from SIV at the mucosal
barrier. In addition, little or no mucosal antibodies were detected in these animals, which may
play a role in blocking SIV infection. A single control monkey did not become infected in this
study and a broad range of virus loads were seen among all the controls, indicating that
consistent intrarectal infections may have been impeded by natural host defenses at the mucosal
barrier. Based on this result, protection could not be clearly associated with the vaccination.
Nevertheless, 4 of the 7 skin-vaccinated monkeys as compared to only 1 of 7 monkeys in the
control group showed no detectable viremia following challenge. This result is consistent with
the possibility that DNA immunization to the skin may enhance the ability of the mucosal tissue
to resist infection.

Development of a method that induces high frequency CTL responses in nonhuman primates

The requirement for multiple DNA immunizations to induce CTL responses in rhesus monkeys
may be due to possibility that antibody / Th2 responses that arise early in the immunization
regimen may suppress CTL / Thl responses. To overcome this issue and induce CTL responses
earlier in the immunization regimen, we initiated studies in collaboration with David Watkins at
the University of Wisconsin-Madison in our fourth year of funding to evaluate the potential for
immunizing with expression vectors encoding specific CTL epitopes. Unlike whole antigens,
this approach allows focus of the cytotoxic cellular immune responses toward highly conserved
and important epitopes and excludes peptide domains that could induce suppressive antibody or
Th2 responses. During the last funding year, we demonstrated that inserting a single SIV gag-
specific CTL epitope into the immunodominant region of the hepatitis core antigen resulted in
the induction of CTL responses in monkeys after only one or two particle-mediated DNA
immunizations with the HBcAg/ SIV CTL epitope hybrid vector. Moreover, levels of CD8+ T
cell responses equivalent or greater than that detected in an SIV-infected monkey were also
achieved (Annual Progress Report 1997-98). Analysis of HBcAg responses demonstrated a
correlation between the frequency of SIV-specifci CTL and HBcAg-specific immune responses,
supporting the hypothesis that the HBcAg carrier contributes to enhancement of immune
responses toward the carried epitope. Significantly, these responses were substantially boosted
(MVA) vaccine encoding the same epitope. Very high frequencies (10-18%) of SIV-specific
CD8+ T cell responses were detected by tetramer staining of unrestimulated PBMC. These levels
are 10-20-fold greater than typically seen in monkeys naturally infected with SIV (1-2%).

During this funding period, we initiated a second study to confirm these results. Three rhesus
macaques were primed with 5 doses of DNA encoding the HBcAg/SIV CTL epitope (C>M)
hybrid sequences and boosted with MV A as previously described (Annual Progress Report 1997-
98). PBMC were isolated before and after the MV A boost. Fresh unrestimulated PBMC were
directly assayed for frequency of CD8+ T cell responses by tetramer staining and also stimulated
in vitro for 2 weeks for cytolytic assays. The results in Table 2 show the induction of high
frequency CTL by this method is effective and reproducible in this second set of monkeys.
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Table 2: % Tetramer-specific CD8+ T cells in fresh, unrestimulated PBMC

Monkey Post DNA Post DNA+MVA
96118 0.58 24
96123 0.54 7.5
94004 0.65 20.0

* Background = 0.04%. A positive result is > 0.1%

These monkeys will be challenged with homologous STVmac239 to evaluate the potential for
immune responses to a single CTL epitope to reduce virus load. We plan to continue to explore

this method in the context of the potential for developing a polyepitope-based DNA vaccine for
HIV.

Specific Aim 4: Modification or augmentation of immune responses induced by particle-
mediated DNA immunization.

Our research toward specific aim 4 extensively employed the murine model because of the ease
with which new concepts in particle-based DNA immunization can be tested in smaller animals.
Certain strategies that were successful in mice were subsequently tested in monkeys and pigs.

Manipulation of immune responses induced by particle-mediated DNA immunization:

Modulation of immune responses by varying the number of immunizations:

In the first funding year, we demonstrated that particle-mediated DNA administration of plasmid
expressing HIV-1 glycoprotein 120 (gp120) induced antigen-specific CTL and antibody
responses in mice (Annual Progress Report 1994-95, 7). A single immunization of DNA resulted
in the induction of MHC class I-restricted CD8+ CTL. CTL responses peaked following a
booster immunization but then declined with the first appearance of gp120-specific IgG
following additional booster immunizations. Examination of antigen-specific T helper cell
responses and antibody isotypes indicated a shift from predominantly Th1-like to Th2-like
responses with successive gp120 DNA immunizations. These results indicated that the
reciprocity between CTL and antibody responses in this study was mediated through changes in
the Thl and Th2 subsets of CD4+ T cells.

Modulation of immune responses by cytokine gene codelivery

The shift in the type of responses induced with increasing immunizations observed in this study
suggested the possibility of purposely manipulating the types of responses elicited, either by
varying the number of immunizations, or by codelivering certain immunomodulatory compounds
or cytokine expression vectors. In the second funding year (1995-96), we evaluated the
feasibility of manipulating immune responses induced by DNA immunization via cytokine gene
codelivery. Mice were immunized with DNA encoding HIVgp120 with or without DNA
encoding IL-2, IL-7 or IL-12. Following 2 or 3 immunizations, gp120-specific IFN-y and IL-4
production levels from splenocytes were measured in an in vitro antigen stimulation assay.
Cytokine codelivery resulted in dramatically enhanced IFN-y production and a corresponding
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suppression of IL-4 production. Enhancement of IFN-y production was similar for all 3 cytokine
genes tested. IL-7 and IL-12, but not IL-2 DNA codelivery resulted in complete suppression of
detectable IL-4 production (Annual Progress Report 1995-96, 8). These results demonstrate that
the quality of antigen-specific responses elicited via epidermal DNA immunization can be
modulated toward a Thl pattern via cytokine DNA codelivery.

Modulation of immune responses by engineering an immunogenic carrier moeity into the DNA
vaccine

The apparent reciprocity between HIVgp120-specific antibody and CTL responses is unique
when compared to similar responses induced by particle-mediated DNA immunization to other
antigens such as influenza NP (9) and hepatitis B surface antigen (10). In addition, the
HIVgp120-specific antibody responses were significantly lower when compared to antibody
responses induced following DNA immunization with influenza or hepatitis DNA (7, 8, 9, 10).
The reasons for these unique responses to HIVgp120 are not known but could be related to the
low level of gp120 antigen production following DNA immunization (unpublished observations)
or the possibility that gp120 is a relatively poor immunogen in mice. We therefore investigated
the potential of modulating the immune response to HIVgp120 to more closely mimic immune
responses against hepatitis antigens by inserting a DNA sequence encoding the major
immunodominant epitope of gp120 into the coding sequences for hepatitis B surface (HBsAg) or
core antigens (HBcAg). The rational behind this strategy was to overcome the problems of HIV-
1 gp120 production by expressing the major epitope at higher levels, and to enhance
immunogenicity of the gp120 sequences by fusion to highly immunogenic hepatitis particulate
antigens. The concept of using HBsAg or HBcAg to serve as a immunogenic carriers for HIV T
cell epitopes has been previously shown for protein-based immunizations (11, 12). We inserted a
15 amino acid gp120 B and T cell epitope into the C-terminus of HBsAg or immunodominant
region of HBcAg. In contrast to previous results demonstrating a reciprocal induction of gp120-
specific antibody and CTL, immunization with the HBsAg/HIVgp120 hybrid vector resulted in
simultaneous induction of both CTL and antibody responses. In addition, the types of Th cell
responses were balanced, exhibiting no clear bias towards a Th1 or Th2 phenotype (Annual
Progress Report 1994-95). Significantly, both HBsAg/HIVgp120 and HBcAg/HIVgp120 hybrid
vectors induced 25-100-fold higher gp120-specific IgG titers than seen previously with the
dedicated gp120 vector. These results demonstrate that the antigen influences the type of
response induced by DNA immunization. Moreover, HBsAg can be effectively used as a carrier
moiety for heterologous epitopes in DNA vaccines and influence the type and potency of the
responses elicited to the carried epitopes.

Augmentation of immune responses induced by particle-mediated DNA immunization:

Enhancement of immune responses by increasing the interval between consecutive
immunizations.

The relatively weak antibody responses induced by HIV-1gp120 DNA immunization in mice led
to efforts to identify strategies to augment these responses. The insertion of HIV-specific
epitopes into HBcAg or HBsAg described above was highly effective in enhancing antibody
responses induced by DNA immunization, but this strategy was limited to only known T or B
cell epitopes. Extensive studies of protein-based vaccines for hepatitis have shown that
increasing the interval between immunizations enhances potency of the vaccine (13). Therefore,
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during the second funding year (1995-96), we investigated the possibility of augmenting immune
responses induced by DNA immunization by increasing the interval between immunizations. In
one study, increasing the resting period between HIVgp120 DNA immunizations in mice from
one to three months substantially enhanced the magnitude of gp120-specific IgG2a, IFN-y, and
IL-4 responses (Annual Progress Report 1995-96, 8). Similarly, a group of 4 rhesus monkeys
that received three immunizations of SIVgp120 DNA spaced 12-14 weeks apart developed 5 to
15-fold higher antibody titers than a second group of 4 monkeys that received 6 SIV DNA
immunizations spaced 4 to 6 weeks apart (Annual Progress Report 1995-96, 14). These results
demonstrate that immune responses induced by DNA immunization can be enhanced by
administering fewer immunizations over a longer period of time.

Enhancement of immune responses by combination vaccine regimens

As described previously, studies in both mice and monkeys have shown that particle-mediated
DNA immunization with HIV-1 or SIV expression vectors requires several booster
immunizations to achieve significant immune responses. During the second funding year (1995-
96), we investigated the possibility of enhancing immune responses in DNA-immunized
monkeys by employing consecutive immunization strategies involving priming with DNA and
boosting with either recombinant protein vaccines or recombinant vaccinia virus vaccines.

In one study, five rhesus macaques that receive 6 consecutive immunizations of DNA encoding
either HIV-1gag-pol-env or HIV-1 gp120 were boosted with rgp120 and rp24 adjuvanted in
MF59 (Chiron, Inc.). Antigen-specific antibody responses increased over 100-fold following a
single booster immunization with recombinant protein. Significantly, post-boost p24 antibody
responses in two animals primed with only gp120 DNA remained low, demonstrating the
importance of the primary DNA immunizations in achieving the vigorous antibody titers’
observed (Annual Progress Report 1995-96, 14, 20).

In a second study, 6 rhesus macaques had developed low to moderate SIVgp120-specific
antibody responses following 6 consecutive immunizations with DNA expressing SIVgp120.
Three of these animals were boosted with live recombinant vaccinia viruses encoding SIVgp160
and gp120. The remaining 3 monkeys were boosted with another dose of DNA. A group of
monkeys previously primed with the vaccinia virus vaccine were boosted with DNA and another
group of monkeys were primed and boosted with the vaccinia virus vaccine. In animals primed
and boosted with DNA, antibody titers declined. In contrast, monkeys primed with DNA and
boosted with vaccinia, developed 100-500-fold higher antibody responses with antigen-specific
IgG titers exceeding 1:2,000,000. Monkeys primed with vaccinia and boosted with DNA also
developed elevated antibody responses but statistically higher titers were observed in the group
that was primed with DNA first. Both combination vaccine groups developed higher titers than
animals primed and boosted with vaccinia, demonstrating a synergistic relationship between
DNA-based vaccines and recombinant virus-based vaccines or protein-based vaccines (15). The
results from these two studies demonstrate the utility of combining DNA immunization with
other vaccine modalities to enhance immune responses.
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Enhancement of immune responses by co-administration of DNA encoding I1.-6

IL-6 is important for end-stage differentiation of B cells and studies have demonstrated that IL-6
is critical for induction of mucosal IgA responses (16). IL-6 also stimulates proliferation of T
cells (17) and may enhance immunity by increasing IgG production and cellular immunity for
viral clearance. In the fourth funding year (1997-98), we co-delivered DNA encoding hepatitis B
surface antigen with DNA encoding IL-6 to determine if IL-6 could enhance peripheral or
mucosal immune responses induced by DNA immunization. IL-6 had no effect on the T helper
or antibody responses, but had a potent positive effect on CTL responses (Annual Progress
Report 1997-98). A previous report demonstrated enhanced mucosal and protective immunity in
mice immunized with a co-delivery of genes for influenza and IL-6 and challenged mucosally
with influenza (18). However, in our study, IL-6 had no significant effect on HBsAg-specific

mucosal immune responses, suggesting enhancement effects by IL-6 codelivery may be antigen-
specific.

Enhancement of immune responses by co-administration of DNA and adjuvant

A standard approach for enhancing immunogenicity of protein-based vaccines is to formulate
them with adjuvants, such as alum. During the final funding year (1998-99), we investigated the
possibility of enhancing immune responses by co-administration of adjuvants with DNA. A
number of adjuvants have been shown to augment both antibody and CTL responses. We
evaluated the potential for one of these adjuvants, Quil-A (Accurate, Westbury, NY, to augment
both CTL and antibody responses induced by particle-mediated DNA immunization.

To identify an optimum method to co-administer DNA and adjuvant, we compared various
strategies to deliver the adjuvant and DNA to the same skin target site. In one application, 10 pg
QA was formulated with 1.0 ug DNA on gold beads (Gold). This results in direct intracellular
delivery of gold beads and the associated DN A/adjuvant. In other applications, 50 pg of QA was
dissolved in saline and injected intradermally (ID) or subcutaneously (SQ) at the target site or
dissolved in DMSO and applied topically (Topical) to the target site just before particle-mediated
delivery of 1.0 pg DNA. Influenza NP DNA was used in this study because particle-mediated
immunization of mice with this DNA results in induction of both antibody and CTL after only as
single immunization (9). Mice received a single immunization and splenocytes were collected
and pooled for each group 4 weeks post-immunization for analysis of CTL and T helper cell
responses. An ELISPOT assay that directly detects individual peptide-specific, [FN-y-secreting
CD8+ T cells without in vitro restimulation (19) was used to compare frequencies of CD8+ T
cell responses. Figure 1A shows that intracellular co-delivery of Quil-A with DNA on gold beads
(NP + QA gold) resulted in a substantial elevation of CD8+ T cell responses when compared to
DNA alone (NP only). Significantly, this method of adjuvant co-delivery was superior to the
extracellular delivery methods (NP+QA ID, SQ, or Topical) despite the use of 5-fold less
adjuvant. Analysis of cytolytic T cell responses in the chromium release assay following
stimulation with peptide for 6 days in vitro is consistent with these findings (Figure 1B).
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Figure 1: Enhancement of CD8+ T cell responses following co-administration of DNA and Quil-A. Panel A: NP
peptide-specific CD8+ effector T cell responses. Frequencies of peptide-specific CD8+ effector T cells were
determined by IFN-y ELISPOT weeks after a single immunization. Data are expressed in spot forming cells (SFC)
per 1 X 10° PBMC (N=4) and represent corrected values after background subtraction (PBMC cultured with non-
specific peptide). Panel B: influenza NP peptide-specific CTL cytolytic activity.

Based on these findings, subsequent experiments to determine if T helper cell responses and
antibody induced by DNA immunization could also be augmented by adjuvantation employed
co-administration of DNA and Quil-A on gold beads. Mice received a single immunization with
influenza NP DNA and Quil-A on gold beads as described above and serum and splenocytes
were collected to analyze for NP-specific antibody and Th cell responses. Serum antibody titers
were determined by ELISA are shown in Table 1. The results demonstrate that Quil-A
codelivery also promotes significant enhancement of antigen-specific IgG responses.

Table 1: Influenza NP-specific reciprocal endpoint IgG Titers
following co-administration of NP DNA and the adjuvant Quil-A

DNA only DNA + Quil-A
19200 38400
25600 102400
12800 51200
12800 76800
16846 62706

Frequencies of NP-specific Thl cells secreting IFN-y or Th2 cells secreting IL-5 were
determined by ELISPOT 4 weeks after immunization. Figure 3 demonstrates that intracellular
co-administration of DNA and Quil-A on gold beads also results in enhancement of both Th1
and Th2 T helper cell responses, suggesting that Quil-A enhancement of CTL and antibody
responses may be mediated by augmentation of T helper cell responses.
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Figure 3: Influenza NP-specific T helper cell responses.
‘* Frequencies of NP-specific Th1 cells secreting IFN-y or Th2
' cells secreting IL-5 were determined by ELISPOT 4 weeks
after a single immunization following in vitro restimulation
with viral lysate. Data are expressed in average spot
forming cells (SFC) per 1 X 10° PBMC (N=4) and represent
corrected values after background subtraction (PBMC
cultured in media or with non-specific recombinant protein)
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To determine if Quil-A can similarly enhance HIV-1-specific immune responses, mice were
primed and boosted with DNA expressing HIVgp120 codelivered with Quil-A on gold beads.
Splenocytes were collected and assayed for CTL in a chromium release assay following in vitro
stimulation with an HIVgp120-specific CTL peptide for 6 days. The results in Table 2
demonstrate that Quil-A enhances HIV-specific CTL induced by DNA immunization.

Table 2: Induction of CTL following co-delivery of Quil-A with DNA
expressing HIVgp120 (Ave % specific lysis, 50:1, N=4)

Grou No adjuvant + Quil-A
Control 3.2 3.5
HIVgp120 14.7 354
(prime+boost)

The mechanism for enhancement of immune responses following intracellular co-administration
of DNA and adjuvant on gold beads is not clear. However, it is possible that co-delivery of small
amounts of adjuvant within the microenvironment where the DNA is expressed may be an
advantage for recruitment of antigen presenting cells or T helper cells or antigen depot effects.
Studies are in progress to determine if the adjuvant remains in the cell or is exported.

Taken together, our work toward specific aim 4 demonstrates that immune responses induced by
particle-mediated DNA immunization can be modulated or enhanced by a variety of strategies.
These results support the possibility of tailoring the immune response induced by DNA
vaccination to favor and/or augment the types of responses that may be important for protection
against HIV and/or disease progression.
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KEY RESEARCH ACCOMPLISHMENTS

o Using pigs as a predictive model for particle-mediated DNA immunization in human skin,
we established well-tolerated DNA delivery parameters that resulted in the induction of
maximal and consistent immune responses using only 500 ng of DNA per dose.

e We induced protective levels of antibody to hepatitis B surface antigen and protective
immune responses to swine influenza in pigs, demonstrating the feasibility of using particle-

- mediated vaccine technology to elicit vigorous and protective immune responses in animals
similar to humans in both size and skin morphology.

e We demonstrated that particle-mediated DNA immunization induces HIV or SIV-specific
neutralizing antibody, CTL, type 1 T helper cells, and mucosal immune responses in rhesus
monkeys.

o We tested several candidate particle-mediated DNA vaccines for AIDS in the rhesus monkey
model and achieved up to a 10,000-fold reduction in virus load in vaccinated animals
challenged with a pathogenic, heterologous SIV.

e We observed that SIV-specific CTL responses, but not antibody, correlated with the
reduction of virus load following pathogenic, heterologous SIV challenge in DNA-
vaccinated monkeys.

e We developed a DNA vaccine-based strategy to induce very high frequency, SIV-specific
CD8+ T cell responses in monkeys, exceeding the levels of virus-specific CD8+ T cell
frequencies typically found in SIV infected monkeys by 10-20-fold.

e We identified several strategies to tailor the immune response induced by DNA vaccination
to favor and/or augment the types of responses that may be important for protection against
HIV and/or disease progression. Some of the most promising strategies include co-
administration of cytokine genes and adjuvants with vaccine DNA, modulation of the
immunization regimen (doses and dosing interval), development of novel DNA vaccine
vectors, and combining particle-mediated DNA vaccinations with other vaccine modalities,
such as recombinant subunit or viral vector vaccines in a prime-boost regimen..
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CONCLUSIONS

DNA immunization represents an attractive alternative to classic vaccination, providing
the advantages of live attenuated vaccines without the safety and stability concerns associated
with infectious agents. DNA can be administered into the muscle or skin by a needle and syringe.
Administration of vaccine DNA by needle or particle-mediated DNA immunization has been
shown to be highly effective in the induction of antibody, cell-mediated, and protective
immunity to a variety of antigens (6). These results suggested DNA vaccination might be
clinically useful for vaccination in humans. However, recent clinical trials employing
intramuscular inoculation of DNA pointed towards a need for a considerable improvement or in
DNA administration or scale up in the amount of DNA needed to achieve the level of success
initially predicted by animal models (28-30). Particle-mediated DNA immunization permits the
use of much smaller quantities of DNA than required for administration with a needle and
syringe because the DNA is delivered directly into the host's skin cells rather than extracellular
spaces. In addition particle-mediated DNA immunization targets the skin, an immunologically
active tissue populated by antigen presenting cells (APC) that routinely traffic from skin to
lymph nodes (31). Resident APC can be directly transfected by particle-mediated delivery of
DNA (32) or take up antigen expressed and secreted by other cells of the epidermis (33, 34).
Thus, particle-mediated DNA administration provides the combined advantages of an effective
in vivo DNA delivery system and the immune competence of the skin as a delivery site.
Comparisons of methods for DNA delivery into both mice and monkeys have demonstrated that
particle-mediated DNA transfer is significantly more efficient than intramuscular or intradermal
DNA inoculations in the induction of antibody responses, requiring 100-500-fold less DNA to
induce higher titers of antibody (35-38).

Our work efforts under this grant focused on testing particle-mediated DNA delivery as a novel
vaccine strategy for AIDS and readying the technology for future human clinical trials. In the
latter aspect, we extensively employed the swine model to achieve the goals of specific aim 1
because of its similarity in both size and skin morphology to humans. We investigated the
relationship between physical parameters of DNA/gold delivery, the mild and localized erythema
after delivery, and the resulting immune response. Data generated in the pig further refined
optimal DNA immunization parameters as a sound basis for future clinical studies. In addition,
studies in pigs led to successful fulfillment of our second specific aim, the induction of protective
immune responses in pigs as a model for human vaccination. Protective responses to swine
influenza and hepatitis B were induced in the pig following only 2 immunizations with as little as
500 ng of DNA. Significantly, the protection levels seen in pigs for were similar to those elicited
using commercially available swine flu or hepatitis B vaccines. These and other data encouraged
PowderJect Vaccines, Inc. to bring a hepatitis B DNA vaccine into clinical trials. These trials,
outside the scope of the research covered under this grant, demonstrated that particle-mediated
administration of DNA vaccines could induce protective humoral immunity in humans, the first
demonstration of its kind for a DNA vaccine. Moreover, particle-mediated DNA immunization
was highly effective in the in the induction of T cell responses, including cytotoxic T
lymphocytes, and effectively induced both cell-mediated and humoral immune responses in
100% of the vaccinees (39). Based on these results, PowderJect's gene delivery technology can
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be considered as a safe and effective tool for use in future human clinical studies of candidate
DNA vaccines for HIV and other diseases.

Our work in testing a particle-based DNA vaccine strategy for AIDS supports the potential for
development of such a vaccine. We demonstrated that particle-mediated vaccination of rhesus
macaques with SIV DNA resulted in the induction of antigen-specific neutralizing antibody
responses, CTL, mucosal immunity and reduced virus load up to 10,000-fold following a
intravenous challenge with pathogenic, heterologous SIV. The relationship between prognosis in
HIV-1 infection and plasma viremia has been well-established (40). A vaccine capable of
achieving significant virus load reduction and improving disease prognosis and reducing viral
shedding and transmission may be realistic goal.

Partial protection from the vigorous, heterologous challenges used in our studies was correlated
with the induction of CTL, but not antibody. Although no single measure of immunity has been
found to be predictive of in vivo control of HIV replication, evidence is mounting that cytotoxic
T lymphocytes play a significant role. HIV infected patients with strong CTL responses
demonstrate reduced acute viremia (40), and high levels of virus-specific CTL are associated
with long term survival (41). In contrast, patients with low or undetectable CTL poorly control
acute viremia and progress more rapidly to AIDS (42). These results strongly suggest that an
effective vaccine against HIV will need to induce cytotoxic T lymphoctye responses. Another
promising application of an HIV vaccine that induces CTL is in the treatment of chonic HIV
infection. An immunization strategy that induces or boosts HIV-specific CTL may be effective
during highly active anti-retroviral therapy (HAART). In particular, vaccine induction of CTL
could effectively target residual infected cells and reduce or eliminate virus load.

The best protection in our challenge studies was observed only after numerous DNA
vaccinations indicating a potential limitation for DNA vaccination against HIV. However, our
work in the evaluation of strategies to augment or manipulate immune responses induced by
DNA vaccines indicates it should be possible to achieve the desired protective response with
fewer immunizations. It should be noted that the relatively poor immunogenicity of HIV or SIV
proteins is likely an antigen-specific issue since particle-mediated DNA immunization has been
shown to be highly effective in the induction of potent and protective immune responses against
other antigens in mice, monkeys and pigs (9, 18, 25-27, 35).

Taken together, our results in each of the specific aims of this grant and the excellent safety and
efficacy outcome of our first clinical trial support particle-mediated DNA immunization for
further evaluation of this technology for future human clinical trials as a preventative and/or
therapeutic vaccine approach for AIDS.
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