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An important limitation of DNA immunization in nonhuman primates is the difficulty in generating high
levels of antigen-specific antibody responses; strategies to enhance the level of immune responses to DNA
immunization may be important in the further development of this vaccine strategy for humans. We ap-
proached this issue by testing the ability of molecular adjuvants to enhance the levels of immune responses
generated by multicomponent DNA vaccines in rhesus macaques. Rhesus macaques were coimmunized intra-
muscularly with expression plasmids bearing genes encoding Thl (interleukin 2 [IL-2] and gamma interfer-
on)- or Th2 (IL-4)-type cytokines and DNA vaccine constructs encoding human immunodeficiency virus Env
and Rev and simian immunodeficiency virus Gag and Pol proteins. We observed that the cytokine gene
adjuvants (especially IL-2 and IL-4) significantly enhanced antigen-specific humoral immune responses in the
rhesus macaque model. These results support the assumption that antigen-specific responses can be engi-
neered to a higher and presumably more desirable level in rhesus macaques by genetic adjuvants.

Numerous vaccines that stimulate the production of protec-
tive antibodies have proven successful for combating diseases
such as hepatitis A and B, measles, and poliomyelitis. As a
novel and important vaccination technique, nucleic acid or
DNA immunization delivers DNA constructs encoding specific
immunogens directly into the host (10-12, 14, 15). These ex-
pression cassettes transfect host cells, which become the in vivo
protein source for the production of antigen. This antigen then
is the focus of the resulting humoral and cellular immune
responses. Nucleic acid immunization is being explored as an
immunization strategy against a variety of infectious diseases
(10-12, 14, 15).

To support the ultimate use of this vaccine technology in
humans, it may be important to translate the results originally
observed in small-animal systems to similar levels in primate
model systems (4). The nonhuman primates represent an im-
portant and relevant model for vaccine evaluation (2, 7). These
animals are the closest species to humans, and there are nu-
merous challenge models for various infectious agents.

On the other hand, it has been reported that primates may
have a limited ability to produce DNA vaccine-encoded pro-
teins through direct genetic inoculation into muscle (3). An
exact mechanism for producing such proteins is unclear, and a
major challenge of investigating DNA immunization in non-
human primates is the difficulty in eliciting potent immune
responses. For instance, DNA immunizations alone in pri-
mates were not sufficient to generate high levels of antigen-
specific antibody responses (6). Intramuscular immunization of
a human immunodeficiency virus type 1 (HIV-1) gp120 DNA
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vaccine construct using a large dose (2 mg of DNA given eight
times at 4-week intervals) in rhesus macaques elicited only a
low level of antigen-specific binding and no detectable neutral-
izing antibodies (6). These observations of reduced humoral
immunogenicity of DNA vaccines in nonhuman primates sug-
gest the need for higher doses in humans. Thus, strategies to
enhance the level of immune responses to DNA immunization
may be important in the further development of this vaccine
strategy for humans.

Several groups, including ours, have been investigating the
use of molecular adjuvants as a method of enhancing and
modulating immune responses induced by DNA immunogens.
Codelivery of these molecular adjuvants consisting of an ex-
pression plasmid bearing genes coding for immunologically
relevant molecules, including costimulatory molecules, cyto-
kines, and chemokines, with DNA vaccine constructs led to
modulation of the magnitude and direction (humoral or cellu-
lar) of the immune responses induced in mice (1a, 2a, 5, 9, 16).
It has been reported recently that the modulation of immune
responses through this approach may modulate disease pro-
gression in several mouse challenge models (9, 16). These
results support the idea that disease can be modulated by the
use of cytokine adjuvants, at least in mice; however, the effects
of this strategy in nonhuman primates have not been exten-
sively reported.

In this study, we examined the use of cytokine cDNAs to
enhance the level of humoral immune responses generated by
DNA vaccines in rhesus macaques. We coimmunized rhesus
macaques with expression plasmids bearing genes encoding
either Thl (interleukin 2 [IL-2] and gamma interferon [IFN-
v])- or Th2 (IL-4)-type cytokines and DNA vaccine constructs
encoding HIV-1 MN Env and Rev (pCEnv) and simian immu-
nodeficiency virus (SIV) mac239 Gag and Pol (pCSGag/pol)
proteins. We observed that antigen-specific humoral immune
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FIG. 1. Modulation of antibody responses in rhesus macaques. Five groups of two rhesus macaques were immunized with 200 pg of each DNA vaccine construct
at weeks 0, 6, and 12 and boosted with 500 g of each DNA at week 28. Serum samples were collected from the immunized macaques at weeks 0, 18, and 36. Binding
reactivities to recombinant HIV-1 gp120 envelope and SIV p27 Gag proteins (ImmunoDiagnostics, Inc., Bedford, Mass.) were determined by enzyme-linked
immunosorbent assay as previously described (1). Specific binding (absorbance at 450 nm) was calculated by subtracting A5, values from serum samples bound to
bovine serum albumin (control) from A,s, values from serum samples bound to gp120, that is, the 4,505 of experimental wells minus the 44505 of control wells. The
endpoint antibody titers for immunized rhesus macaques were determined as previously described (1).

responses could be modulated positively in the macaque mod-
els using this approach.

Five groups of two rhesus macaques each were immunized
with specific DNA vaccine constructs. The first group was
immunized with constructs coding for HIV-1 MN Env and Rev
(pCEnv) and Rev-independent SIV Gag and Pol (pCSGag/
pol) antigens along with a control vector, pPCDNA3. The sec-
ond group was immunized with pCEnv plus pCSGag/pol plus
IL-2 constructs. The third and fourth groups were immunized
with pCEnv plus pCSGag/pol plus IL-4 and pCEnv plus pC-
SGag/pol plus IFN-vy, respectively. The last control group
was immunized with a control vector, pCDNA3. These ma-
caques were immunized with 200 pg of each DNA at weeks 0,
6, and 12 and boosted with 500 pg of each DNA at week 28.
These constructs were formulated and mixed prior to injection
into the quadriceps muscle (1).

Both pre- and postimmunization serum samples from the
immunized macaques were collected, and binding reactivities
to recombinant HIV-1 envelop and SIV Gag proteins were
determined by enzyme-linked immunosorbent assay. As shown
in Fig. 1, macaques immunized with pCEnv plus pCSGag/pol
plus pCDNA3 had minimal levels of anti-envelope or anti-Gag
antibody responses following immunization. On the other
hand, a significant enhancement of the levels of anti-envelope
or anti-Gag antibodies was observed in the animals immunized
with pCEnv plus pCSGag/pol plus IL-2. In fact, the magnitude
of antibody response enhancement with IL-2 codelivery in

macaques was even greater than that observed in mice: a 4-fold
increase in endpoint titer was seen in mice compared to an
over 100-fold increase in titer in macaques against envelope
and Gag proteins (Fig. 1) (5). Similarly, IL-4 coimmunization
also positively modulated the antigen-specific antibody re-
sponses. The group immunized with pCEnv plus pCSGag/pol
plus IL-4 developed a significant level of anti-envelope-specific
antibodies and a high antibody response against Gag. Ma-
caques immunized with pCEnv plus pCSGag/pol plus IFN-y
had a more moderate response against both envelop and Gag
proteins. These results demonstrate that antigen-specific anti-
body responses can be driven to a higher and presumably more
desirable level through the use of cytokine genetic adjuvants in
rhesus macaques.

We also examined the ability of the antibodies from immu-
nized macaques to neutralize homologous HIV-1 MN or het-
erologous HIV-1 IIIB (Table 1). Although IL-2 or IL-4 coim-
munization resulted in enhanced levels of serum antibody
responses, these animals showed only a minimal level at best of
neutralizing antibodies against the homologous HIV-1 MN
isolate. On the other hand, similar to what occurs with protein
vaccines, none of the serum antibodies were able to neutralize
HIV IIIB, a divergent virus. Although these neutralizing titers
were still low overall, they illustrate the potential of this ap-
proach. Higher dosages and frequencies of injections are ex-
pected to further enhance the observed levels of neutralizing
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TABLE 1. Ability of serum samples collected from immunized
macaques at week 36 to neutralize HIV-1¢

Neutralizing
antibody titer
Immunization group Monkey
Anti- Anti-
HIV-1 MN  HIV-1 IIIB
pCEnv + pCSGag/pol + pCDNA3 1
2
pCEnv + pCSGag/pol + IL-2 3
4 1:4
pCEnv + pCSGag/pol + IFN-y 5
6
pCEnv + pCSGag/pol + IL-4 7
8 1:64
Control 9
10

“ The ability of sera to neutralize viral infection in vitro was assessed according
to described methods (8, 13). All serum samples were heat inactivated at 56°C for
40 min prior to use. T-cell-line-adapted HIV-1 isolates IIIB and MN were
obtained from the National Institutes of Health AIDS Research and Reagent
Reference Program repository. Dilutions of experimental sera were aliquoted in
quadruplicate wells of a 96-well microtiter plate (25 pl per well). Culture media
without antibody and preimmune macaque sera served as controls for baseline
virus growth. An equal volume of virus stock (25 pl), containing 50 50% tissue
culture infective doses of HIV-1 MN or IIIB, was added to each well. After 30
min at 37°C, 3 X 10* MT-2 target cells (100 pl) were added and incubated
overnight at 37°C. Cells were then washed extensively to remove p24 antigen and
plasma anti-p24 antibody and transferred to a 96-well microtiter plate with
culture media. Inhibition of target cell infection was assessed by quantitative p24
measurement of cell supernatants during the early virus growth phase (days 4 to
6 for the viruses in this study) (Coulter [Hialeah, Fla.] enzyme immunoassay).
The serum dilution causing a 90% reduction in p24 antigen was calculated by
linear regression analysis.

antibodies. Combinations of envelopes might broaden the ob-
served responses.

These results indicate that the cytokine gene adjuvants can
positively enhance antibody responses in rhesus macaques by
intramuscular injections of DNA vaccines. This simple strategy
has important implications for vaccines and immunotherapy
approaches using the DNA platform. The use of molecular
adjuvants (especially IL-2 or IL-4) to enhance antibody re-
sponses might be important in disease models such as hepatitis
B, where the generation of antibodies is sufficient to provide
protective immunity.
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