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Optimized plasmid DNAs encoding the majority of SIVmac239
proteins and delivered by electroporation (EP) elicited strong
immune responses in rhesus macaques. Vaccination decreased
viremia in both the acute and chronic phases of infection after
challenge with pathogenic SIVmac251. Two groups of macaques
were vaccinated with DNA plasmids producing different antigen
forms, ‘‘native’’ and ‘‘modified,’’ inducing distinct immune re-
sponses. Both groups showed significantly lower viremia during
the acute phase of infection, whereas the group immunized with
the native antigens showed better protection during the chronic
phase (1.7 log decrease in virus load, P � 0.009). Both groups
developed strong cellular and humoral responses against the DNA
vaccine antigens, which included Gag, Pol, Env, Nef, and Tat.
Vaccination induced both central memory and effector memory T
cells that were maintained at the day of challenge, suggesting the
potential for rapid mobilization upon virus challenge. The group
receiving the native antigens developed higher and more durable
anti-Env antibodies, including neutralizing antibodies at the day of
challenge. These results demonstrate that DNA vaccination in the
absence of any heterologous boost can provide protection from
high viremia comparable to any other vaccine modalities tested in
this macaque model.

AIDS � DNA vaccine � macaque animal model � prophylactic vaccination

Genetic vaccination is a rapidly evolving technology with
mostly unrealized potential. Some veterinary vaccines have

recently emerged, and several human candidate DNA vaccines
are in clinical trials (1). Low immunogenicity, due in part to poor
delivery methods and to low DNA expression is a major obstacle
for human DNA vaccination. Yet, genetic immunization con-
tinues to be attractive due to the potential power and flexibility
of this approach, as shown in animal models. Here, we use the
Indian rhesus macaque model to study protection by DNA
vaccines against challenge with highly pathogenic simian immu-
nodeficiency virus (SIVmac251). This model is considered a
faithful representation of HIV infection of humans, recapitu-
lating many aspects of pathogenesis and disease progression.
DNA vaccination of macaques against SIV has shown promising
results when optimized DNA expression vectors encoding mul-
tiple antigens were used (2). Very few macaque studies using
DNA-only vaccination followed by challenge with high dose
pathogenic SIVmac251 or SIVmac239 (2, 3) or other challenges
(4, 5) have been performed, since it has been assumed that DNA
alone is a weak immunogen in nonhuman primates. Studies using
DNA as a prime and heterologous boosts with viruses or protein
and SIVmac challenge have reported promising results in terms
of durable protection from high viremia, including DNA/
rNYVAC (6), DNA/recombinant adenovirus (Ad) (7–9), and
DNA/recombinant HSV (10). Other studies have reported either

no decrease in viremia or modest and transient decrease during
primary infection only, which, in some cases, could still benefit
the animals (11). Promising strategies not involving DNA in-
clude nonreplicating recombinant adenovirus rAd26/rAd5 (12),
replicating recombinant adenovirus plus protein boost (13), or
recombinant rhCMV (14). Despite improvements of DNA vac-
cines, human trials have indicated that the magnitude of immune
responses after DNA vaccination remains low (1, 15–18) com-
pared to levels reported in macaques. The ability to increase the
magnitude and quality of the immune responses and to achieve
protection in a strict macaque SIV challenge model may provide
critical information to improve DNA vaccination efficacy in
humans.

Recent studies by several groups including ours, have dem-
onstrated that DNA in vivo electroporation (EP) enhances
uptake and immunogenicity of SIV DNA vaccines (19–24).
Here, we explored the prophylactic potential of DNA-only
vaccination against SIVmac251, using optimized DNA expres-
sion vectors encoding the majority of SIV proteins delivered
intramuscularly (IM) by the more efficient DNA EP method
followed by high dose SIVmac251 intrarectal challenge. We
show that DNA-only vaccination induces high immune responses
and provides protection after challenge with SIVmac251 by
lowering the levels of both acute and chronic viral loads. This
level of protection is similar to other successful vaccine modal-
ities applied to this model and highlight the potential of DNA-
only based vaccines.

Results
We compared the efficacy of two polyvalent SIV DNA-only
vaccines in Indian rhesus macaques. Two groups of macaques
(n � 8) were vaccinated with DNA vectors producing the
majority of SIVmac239 proteins. One group (Native) received
DNA vectors expressing the ‘‘native’’ forms of SIV antigens Gag,
Pol, Env, and the Nef-Tat-Vif (NTV) fusion protein, whereas the
antigens delivered to the other group (Modified) were altered to
change the trafficking of the proteins as described in Materials
and Methods. The animals received four DNA immunizations by
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EP with a mixture of SIV plasmids together with a plasmid
producing IL-12 as molecular adjuvant (Fig. 1A). Vaccinations
EP1, EP2, and EP3 (weeks 0, 11, and 19) were performed with
a low DNA dose (100 �g DNA/antigen), whereas EP4 (week 32)
used a higher DNA dose (400 �g DNA/antigen).

The vaccinated animals and a group of 11 naive controls were
challenged 14 weeks after the last vaccination by the intrarectal
route using highly pathogenic SIVmac251 (Fig. 1B). Although all
animals became infected, we found significant differences
among the three groups. Vaccinated animals had substantially
lower peak viremia compared to the controls. The median peak
log viral loads of the vaccinees (Fig. 1C) were 6.9 log (Native)
and 7.4 log (Modified), and both were lower than the controls
(7.9 log). Thus, DNA vaccination resulted in a significant lower
peak viremia of 1 log (P � 0.0002 control vs. the Native group)
and 0.5 log (P � 0.012 control vs. the Modified group). The
difference between the two vaccinated groups in the acute phase
also reached statistical significance (P � 0.0499, two-tailed
Wilcoxon rank sum test), suggesting that the combination of
vectors expressing the native antigens was superior to the ones
expressing the modified antigens, which also showed lower Env
responses (see below, Figs. 2 and 3). Eleven macaques with three
major histocompatibility complex (MHC) haplotypes (Mamu-
A*01, B*08, and B*17) reported to affect viremia by some SIV
stocks (25–28) were distributed over the three groups, as detailed
in Table S1. To account for any possible effect on the intergroup
comparisons, we adjusted the comparisons between the three
groups using the presence of any protective haplotype as a
stratification factor. The results were similar to the unadjusted
tests above: P � 0.0001 for control vs. Native, P � 0.0059 for
control vs. Modified, and P � 0.070 for Native vs. Modified

(exact stratified Wilcoxon rank sum test), in agreement with the
observation that the challenge stock used is not associated with
MHC-linked spontaneous control of viremia [herein and (29)].

Following peak viremia, several vaccinated animals rapidly
decreased plasma virus load, and five animals (three in the
Native and two in the Modified group) suppressed viremia below
the threshold of the assay (50 copies/mL plasma, Fig. 1C, nadir).
A total of 10 vaccinated animals and only one control showed
dramatic decrease in viremia (�1,000 copies/mL plasma) early
after the peak. These decreases in viremia were not sustained for
most of the animals, although #33441 and #33970 in the Native
group and #33656, #33942, #33960 in the Modified group
continued to have undetectable to �1,000 copies of virus/mL
plasma in most measurements during the chronic phase.

The difference in virus loads between vaccinees and controls
persisted during the chronic phase (Fig. 1B). In the early phase
of chronic infection (weeks 8–20), both the Native and Modified
groups continued to show a statistically significant difference
compared to the control (P � 0.0036 and 0.02, respectively,
Wilcoxon rank sum test). Considering the entire chronic period
(weeks 8–32, Fig. 1C), the median virus loads of the Native group
was 3.7 log compared to 4.2 log for the Modified group and 5.4
log for the controls. Therefore, the Native group showed a 1.7 log
difference in chronic viremia compared to the control (P �
0.0091; Wilcoxon rank sum test). This difference was not sus-
tained for the Modified group, which continued to show a
difference of 1.2 log compared to the control, but did not reach
significance (P � 0.075). There was no statistical difference
between the two vaccine groups for the entire chronic phase. The
subset of macaques with reportedly protective MHC haplotypes
did not have significantly lower levels of chronic infection (P �
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Fig. 1. DNA vaccination and challenge. (A) Study
design. Indian rhesus macaques were vaccinated with
DNA at the indicated time points via IM route using EP,
followed by intrarectal challenge with SIVmac251. (B)
Sequential viral load determinations for individual an-
imals in the two vaccinated groups and the control
group are shown (log of SIV RNA copies/mL plasma).
The bottom left panel shows the median log virus loads
for the three groups. Asterisks indicate significant dif-
ferences as shown in panel C. The bottom right panel
shows the mean log virus load (using log-transformed
values) with standard error bars for the three groups.
Even though several means and standard error of the
means (SEMs) are biased by assigning the threshold of
detection of the assay to viral loads below it, this
analysis resulted in signficant differences in peak, na-
dir, and chronic phase. (C) The log VL at peak, nadir,
and chronic phase for each animal and the median for
each group are shown.
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0.26 for weeks 8–20, P � 0.27 for weeks 8–32, exact stratified
Wilcoxon rank sum test). Nevertheless, we stratified the animals
for the protective haplotypes and obtained results similar to
those of the unstratified tests (for weeks 8–20, Native vs.
controls, P � 0.0053, Modified vs. controls, P � 0.012; for weeks
8–32, P � 0.012 and P � 0.053, respectively). Thus, DNA-only
vaccination achieved a significant reduction in both peak (1 log)
and chronic (1.7 log) viremia. The changes in virus loads were
also compared using mean values (Fig. 1B, right panel), which
resulted in similar conclusions. By unbalanced analysis of vari-
ance (ANOVA), the comparison of the nadirs of the Native and
Control groups had a significance level of P � 0.0042, and the

comparison of the chronic viral loads of the same two groups had
P � 0.0058. The difference in the untransformed peaks between
the Native and control groups was highly significant (P �
0.0001), the difference between the Modified and control groups
was significant (P � 0.0029), and the difference between the
Native and Modified groups was not significant (P � 0.078).
Thus, the analysis using median or mean values show significant
differences in peak, nadir, and chronic phase between the
vaccinee and the control group. These results demonstrate that
optimized DNA vectors and more efficient DNA delivery were
able to contain viremia for a long period after challenge. The
Native group showed the best protection from high viremia
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Fig. 2. Development of SIV-specific cellular
immune responses in immunized animals. (A)
The mean and SEM of SIV-specific IFN-� T cell
responses to Env, Gag, Nef, Pol, and Tat, as
well as the sum of all responses (SIV total) over
the period of immunization are shown for the
two groups of animals vaccinated with DNAs
expressing the native (green) or modified
(red) SIV antigens. Note the lower scale in
vertical axis for the nef, pol, and tat panels. (B)
The mean of Gag- and Env-specific Central
(CM) and Effector (EM) memory responses af-
ter EP4 are shown for the two groups of ani-
mals. Note the lower scale in vertical axis of
the two middle panels.
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Fig. 3. Development of SIV-specific humoral immune
responses in immunized animals. (A) Mean and SEM of
reciprocal endpoint titers to Env, Gag, and Nef are
plotted over the vaccination period for the two groups
of animals vaccinated with DNAs expressing the native
antigens (green) or the modified antigens (red). (B)
Mean and SEM of reciprocal endpoint titers after chal-
lenge for Env, Gag, and Nef for the vaccine and control
groups. (C) Log of the SIVmac251-TCLA neutralizing
antibody titers for all animals in the two vaccine groups
and the control group, as well as the mean log neutral-
ization titer per group before and after challenge.
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during the acute and chronic phase. These results further suggest
that the DNA vaccine delivered by EP was able to achieve
protection similar to other methods of vaccination tested in this
macaque model.

The development of cellular and humoral immune responses
upon DNA EP was followed over time, and the results of the two
different DNA vaccines were compared. After the first EP
(EP1), SIV-specific IFN-� T cell responses (primarily to Gag and
Env) were detected in all vaccinated macaques, and subsequent
vaccinations (EP2, EP3) led to further increases (Fig. 2 A, mean
values, and Fig. S1A, individual animals) with peak responses at
2 or 4 weeks post each vaccination. Low levels of Nef-, Pol-, and
Tat-specific T cell responses were also detected in both groups.
A great increase in immune responses was found upon EP4
(higher DNA dose), and these high levels were sustained for up
to 14 weeks, indicating that the low dose DNA vaccine used
during EP1-EP3 was suboptimal. Peak values after EP4 were
�1.2% (range 0.3%–5.5%) of SIV-specific IFN-�� T cells in the
blood (Fig. S1A). SIV-specific cells producing TNF� upon
peptide stimulation were also generated (Fig. S2A). The range of
peak TNF� responses after EP4 were 0.1% to 1.4% of blood T
cells. Comparison of the two vaccines showed that the native and
the modified antigens induced distinct cellular immune re-
sponses (Fig. 2 and Fig. S1A). The Native group showed a
predominant response to Env, whereas the Modified group
showed a predominant response to Gag. The native Env induced
higher responses over the complete vaccination period from
EP1week2 to EP4week14 (P � 0.011, repeated measures
ANOVA). In addition to IFN-�, the TNF� responses to native
Env were also significantly higher after EP4 (EP4wk2–EP4wk14,
P � 0.046 Wei-Johnson test) (Fig. S2A). The modified Gag
antigen induced significantly higher IFN-� responses throughout
the vaccination period (P � 0.020, nonparametric Wei-Johnson
test). Animals in the two groups also developed distinct re-
sponses to Pol and Nef. After EP4, higher Pol and Nef responses
were found in the Modified group, which were significantly
different from the Native group at the day of challenge (DOC)
(Pol, P � 0.01; Nef, P � 0.018, Wilcoxon rank sum test, Fig. 2 A,
and Fig. S1A) indicating that, like Gag, the modified forms of Pol
and Nef are more immunogenic. In addition to single-positive
antigen-specific T cells, DNA vaccination also induced dual-
positive (IFN-�� TNF��) Gag- and Env-specific responses (Fig.
S2B). SIV-specific cells producing IL-2 were not found, and this
may be related to IL-12 DNA co-administration (30). Pheno-
typic analysis of the IFN-� producing cells (Fig. 2B) revealed that
Env (either native or modified) induced primarily a CD8� T cell
response, whereas Gag induced primarily a CD4� T cell re-
sponse. The use of the modified antigens decreased the differ-
ence between CD4� and CD8� responses, since the modified
Gag resulted in more CD8� and the modified Env in propor-
tionally more CD4� responses. Further analysis of the nature of
the cellular immune responses after EP4 (EP4wk2 to DOC)
showed that the modified Gag induced higher number of cells
with central memory (CM) markers (P � 0.0008, Wei-Johnson)
as well as higher effector memory (EM) responses (P � 0.0084,
Fig. 2B and Fig. S1B). The responses to native Env revealed
higher numbers in both CM and EM subsets than the modified
Env (Fig. 2B). The increased CM cells were due to both CD4�

and CD8� fractions, whereas the EM increase represented
primarily CD8� cells and to a lesser extend CD4� cells (Fig. 2B).
Evaluation of the functionality of the IFN-�� cells (Fig. S3)
showed that the majority of Env- and Gag-specific CD4� or
CD8� T cells are also producing Granzyme B, thus DNA-only
vaccination induced functional cytotoxic effector T cells.

Analysis of the plasma antibody responses showed induction
of Env, Gag, and Nef binding antibodies (Ab) (Fig. 3A, mean
titers, and Fig. S4, individual animals). In general, the peak
responses were achieved after EP4, reaching reciprocal titers of

103 to 105. The responses induced by the native Env and the
modified Gag were statistically higher than the corresponding
responses in the opposite groups throughout the vaccination
period. At the DOC, the titers of the two groups remained
significantly different (P � 0.0016 for Env and P � 0.0034 for the
Gag exact Wilcoxon rank sum test). The modified Nef induced
slightly higher Ab titers at DOC, but this did not reach signifi-
cance (P � 0.078).

We also measured neutralizing antibody (Nab) against a highly
neutralization-sensitive lab-adapted stock of SIVmac251 and
against SIVmac239 at two time points during vaccination period
(EP4wk2 and DOC) (Fig. 3C). Interestingly, Nab to SIVmac251
induced by the native Env at EP4 week 2 were significantly higher
(P � 0.0006 by the exact Wilcoxon rank sum test) and persisted
up to the DOC. In contrast, none of the animals in the Modified
group had Nab at the DOC. No Nab to SIVmac239 were found.
Thus, vaccination with DNA expressing the native Env led to the
development of higher antibody titers and more durable Nab
responses against SIVmac251 (Fig. 3).

Antibody analysis after challenge showed strong and rapid
anamnestic responses to Gag, Env, and Nef (Fig. 3B, mean
values, and Fig. S5, individual animals). Upon challenge, the Env
antibody titers increased at a faster rate enabling an earlier
plateau for the Native group. Conversely, the Gag responses
increased faster and reached higher levels in the Modified group.
SIV Nef binding antibodies were also higher in animals immu-
nized with modified Nef. Nab were monitored at weeks 2 and 8
post-challenge (PC) (Fig. 3C). All vaccinees showed anamnestic
responses, whereas no difference between the vaccine groups
was noted. The vaccinated animals reached a plateau at week 2
PC, whereas the control group reached comparable levels of Nab
by week 8.

There were significant differences in cellular immune re-
sponses between the vaccinated animals and controls during the
first period after challenge (0–8 weeks, Fig. S1A, lower panel).
Cellular immune responses in the control animals were detected
PC at week 2 (five of eight animals) and week 8 (all eight
animals). The frequency of IFN-� producing SIV-specific T cells
in controls was lower than in the vaccinated macaques. The
median values of total IFN-� cells (sum of six antigens) at week
8 PC were 10,981 in the Modified group, 3,853 in the Native
group, and 659 in the control group. The differences have
significance levels P � 0.028 for Modified vs. Native, P � 0.0002
for Modified vs. control, and P � 0.0030 for Native vs. control.
The cellular immune responses detected after challenge were not
uniformly induced in the vaccinated animals. SIV-specific IFN-�
cells increased in the majority of vaccinated animals during the
0–8 week period PC. In several animals, the responses remained
at the same levels or decreased, and these animals tended not to
benefit from vaccination. TNF� responses were also induced
upon challenge, but remained lower than the prechallenge levels
in 15 of 16 animals (Fig. S2A). An interesting observation was
that the IFN-� and TNF� responses to antigens other than Gag
and Env increased dramatically in several animals.

Protection against SIV most likely depends on several factors,
therefore, identification of immunological correlates is compli-
cated by the distinct contribution of different responses to virus
containment. As an example, one of the best protected animals,
#33441, had an increase in SIV-specific IFN-�� T cells PC, but
had the lowest Ab titers and no increase in Nab (Fig. 3C, and
Figs. S1A and S5). A striking difference between the two vaccine
groups is on the level of humoral immune responses at the DOC.
We also compared the breadth of immune responses PC by
measuring the number of peptide pools recognized by T cells of
individual animals to produce IFN-�. There was a strong neg-
ative association of the number of positive peptide pools with
peak viral load (P � 0.0035, DOC to week 8 PC, Jonckheere-
Terpstra test for trend in ordered categories corrected for
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multiple comparisons), indicating that the breadth of T cell
response may also contribute to the protection. Interestingly,
protection from high viremia correlated with the preservation of
central memory CD4� cells during the early phase of infection.
For example, the levels of CD4� CM cells at week 8 PC in 16
vaccinated animals showed a negative correlation with median
VL (weeks 8–32, Spearman correlation coefficient 0.52,
P � 0.039).

Discussion
Our study demonstrates that DNA vaccination as prime and
boost strategy provides powerful protection against a high dose
challenge with pathogenic SIVmac251. In this report, we used
two sets of SIV expression plasmids delivered by in vivo EP to
induce potent immune responses able to greatly reduce both
acute (1 log) and chronic (1.7 log) viremia upon rectal high dose
SIVmac 251 challenge. This vaccination strategy expands our
previous DNA-only vaccine study, where immunization via the
intramuscular route was able to decrease viremia by 1 log both
in the acute and the chronic phase (P � 0.01) (2), and demon-
strates that high levels of both cellular (range of 0.3% to 5.5%
of peripheral T cells at peak) and humoral immune responses
(103 to 105 Ab titers for different proteins) can be achieved by
IM DNA EP, even with the low DNA doses used here (100 �g
DNA plasmid/antigen and 400 �g in the last vaccination).

Studies by other investigators using the same animal model
(Indian rhesus macaque challenged with SIVmac251 or SIV-
mac239) and IM DNA delivery, either reported no significant
protection or only transient protection during the acute phase (3,
31). In fact, very few studies report the use of DNA-only
vaccination and challenge with a high dose pathogenic SIV-
mac251/239, whereas the majority of reported data in macaques
used in addition other vaccine modalities as boost. Some of these
prime/boost studies reported no decrease in viremia, or decrease
during the acute phase only (25, 32, 33), and few studies reported
decrease in the chronic phase (7–10, 34). Here, we demonstrate
that the DNA vaccine delivered by EP was able to achieve
protection similar to other robust vaccination methods tested in
this macaque model, including DNA prime/recombinant virus
boost, rAd combinations, and replicating Ad with protein boost
(6–13, 34). DNA vaccination showed clear evidence of protec-
tion in the majority of vaccinated animals (10 of 16, including six
of eight in the Native and four of eight in the Modified group).

An additional objective of this challenge study was to compare
immunogenicity of modified and native antigens included in the
corresponding groups. We previously reported increased immu-
nogenicity using mixtures of native and modified (fusion to
MCP-3 and catenin) antigens in rhesus macaques (2). DNA
vaccination studies in mice and macaques showed increased
humoral and cellular immune responses by MCP3-Gag com-
pared to the native Gag (2). LAMP-gag fusion produced strong
cellular and humoral immunity in macaques (35, 36). Direct
comparison in macaques using plasmids producing the native
HIV-1 Gag versus LAMP-Gag showed similar levels of T cell
responses but with significantly different phenotypes (induction
of mainly CD4� CM T cell responses by native Gag; induction
of both CM and EM CD4� and CD8� T cell responses by the
LAMP/gag chimera) (36). Thus, antigen modification can sig-
nificantly alter immune responses.

Head-to-head comparisons in this study showed that the
native Env and the modified Gag, Pol, and Nef-Tat-Vif fusion
gave the highest immune responses. As a group, the animals
vaccinated with the Native antigen vectors showed the best
protection. A major difference between the two groups was the
level of cellular and humoral Env responses, which were signif-
icantly higher in the Native group at the DOC, including Nab
against a neutralization-sensitive stock of lab-adapted SIV-
mac251. Because the antibodies failed to neutralize a virus stock

(SIVmac239) that more closely resembles the neutralization-
sensitivity of the challenge virus, the contribution of Nabs in the
protection described here remains uncertain. Although virus-
specific T cell responses may have been more important than
Nabs, we cannot rule-out other antibody mediated antiviral
effector functions, such as ADCC and ADCVI (37). Since Gag
is also an important target providing protection (12), it is critical
to continue the evaluation of the modified Gag vectors, which
showed dramatic increase in both cellular and humoral immune
responses. Although fewer vaccinated animals in the Modified
group (four of eight) benefited strongly compared to the Native
group (six of eight), the four responders were solidly protected
from high viremia during the chronic phase, which may be a
reflection of the strong and broad cellular immune responses in
this group. Requirements for protection are probably different
during the acute and chronic phases of infection. Our results
suggest that the higher Env antibody titers in the Native group
may have provided an early advantage, but the strong cellular
responses are also important for chronic virus containment. On
the basis of this analysis, a vaccine containing the native Env and
modified Gag, Pol, and Nef vectors may induce maximal desired
immune responses. In conclusion, although no clear correlates of
protection have emerged, our results show that DNA-only
vaccination is an important vaccine modality able to provide
protection in a strict macaque model and should be a high
priority for further studies. DNA EP is feasible in humans and
several protocols are presently being approved for clinical trials.
Our results suggest methods to improve DNA vaccination by
improving both the expression and delivery of optimized DNA
vectors.

Materials and Methods
DNA Vectors. Several plasmids encoding SIV antigens included in the vaccine
mixes have been described, and include modified antigens fused to: MCP-3
chemokine, promoting secretion and attraction of antigen presenting cells; a
catenin (CATE)-derived peptide for increased proteasomal degradation; and
the lysosomal associated protein, LAMP1 for targeting the MHC II compart-
ment. Plasmids encoding the native myristoylated p57gag (pCMVgagDX, 1S), a
secreted p39gag MCP3-p39gag fusion (21S), or a rapidly degraded fusion of
Gag to a catenin peptide (2S) (2, 38, 39); the Env expression plasmids producing
the native protein (99S) or the MCP3-env (73S) fusion (2, 39) have been
described. Optimized plasmids expressing a mutated, inactive Pol (88S) and a
Nef-Tat-Vif (84S) fusion protein or fusions of these two antigens to LAMP,
generating LAMP-Pol (103S) and LAMP-NTV (143S) (2) were selected after
testing for immunogenicity in mice. The vaccine mixtures also contained the
rhesus IL-12 plasmid (AG3) as a molecular adjuvant (40).

Immunization and Challenge. Naive Indian rhesus macaques (Macaca mulatta)
were housed and handled at the California National Primate Center, Univer-
sity of California, Davis, in accordance with the standards of the Association
for the Assessment and Accreditation of Laboratory Animal Care Interna-
tional. Screening for 10 MHC class I alleles was performed by PCR (D. Watkins,
Wisconsin Regional Primate Center) (Table S1). Each group had animals with
the following ‘‘protective’’ haplotypes reported to affect viremia after chal-
lenge with certain SIVmac stocks (25–28): Control group (n � 11): Two Mamu-
A*01, one Mamu-B*17, and one Mamu-A*01/B*17; Native group (n � 8): Two
Mamu-A*01, one Mamu-B*08, and one Mamu-B*17; and Modified group (n �
8): Two Mamu-A*01 and one Mamu-B*17 animals. In vivo EP using the
CELLECTRA adaptive constant-current electroporator (VGX Pharmaceuticals)
was performed by injection of highly purified endotoxin-free DNA (Qiagen)
IM (0.5 mL/injection) into the left and right thighs followed by EP as described
(33). For EP1-EP3, a low DNA dose (100 �g plasmid/SIV antigen and 200 �g
IL-12 plasmid, total of 600 �g in 1 mL water) was used at weeks 0, 11, and 19.
At week 32, the animals received a fourth DNA dose (EP4) with a total of 2 mg
DNA (400 �g each SIV antigen and 400 �g IL-12 plasmid in 1 mL water). The gag
DNA for the Modified group contained an equimolar mixture of CATE-gag
and MCP3-gag. All animals were challenged intrarectally with a 1:50 dilution
of a pathogenic SIVmac251 virus stock used previously (2). The stock contains
5 � 103 TCID50/mL and 100 AID/mL by intrarectal titration. It was prepared by
R. Desrosiers (Harvard Medical School, Boston) and became available through
the National Institute of Allergy and Infectious Diseases (NIAID, contract
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N01-Al-60305). This stock has infected all naive animals at 1:10 and 1:50
dilutions in several studies. Analysis of the stock and of the transmitted viruses
by single genome amplification (SGA) revealed that infected macaques har-
bored many different transmitted viruses of varied sequence, demonstrating
that this is a high multiplicity stock.

Analysis of Antigen-Specific Immunity. All analyses were performed using
frozen cells. Viable cells were cultured at 1.5 � 106 PBMC/mL in complete RPMI
in the presence or absence of pools of overlapping peptides (15 aa peptides
overlapping by 11 aa) derived from SIVmac239 Gag, Env, Pol, Nef, Tat, and Vif.
Vif responses were only monitored PC. Cells were cultured for 12 h with
monensin (Golgi Stop; BD PharMingen) to inhibit cytokine secretion. Immu-
nostaining and flow cytometric analysis was performed as described (38). To
determine cytotoxic T cells, staining was performed using the following
labeled antibodies: CD3-APCCy7, CD4-PerCPCy5.5 and CD8-AF405, IFN-�-
PECy7 (BD PharMingen), and Granzyme B-PE (Abcam).

Binding antibodies against SIV Env, Gag, and Nef were measured by ELISA
using serial dilutions of the samples. The mean absorbance (A450) plus three

standard deviations of non-immune rhesus macaque plasma was subtracted
from the obtained values. Neutralizing antibodies against SIVmac251-TCLA
(H9 cell-grown) and SIVmac239CS.23 (293T pseudovirus) were measured in
M7-Luc cells and TZM-bl cells, respectively (41).

Viral Load Measurement. SIV RNA copy numbers were determined by a real-
time nucleic acid sequence-based isothermal amplification (NASBA) assay
using SIVmac251-specific primers (42) with a threshold of detection of 50
copies/mL.
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