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Abstract
Naïve Indian rhesus macaques were immunized with a mixture of optimized plasmid DNAs
expressing several SIV antigens using in vivo electroporation via the intramuscular route. The
animals were monitored for the development of SIV-specific systemic (blood) and mucosal
(bronchoalveolar lavage) cellular and humoral immune responses. The immune responses were of
great magnitude, broad (Gag, Pol, Nef, Tat, Vif), long-lasting (up to 90 weeks post 3rd
vaccination) and were boosted with each subsequent immunization, even after an extended 90
week rest period. The SIV-specific cellular immune responses were consistently more abundant in
BAL than in blood, and were characterized as predominantly effector memory CD4+ and CD8+ T
cells in BAL and as both central and effector memory T cells in blood. SIV-specific T cells
containing Granzyme B were readily detected in both blood and BAL, suggesting the presence of
effector cells with cytolytic potential. DNA vaccination also elicited long-lasting systemic and
mucosal humoral immune responses, including the induction of Gag-specific IgA. The
combination of optimized DNA vectors and improved intramuscular delivery by in vivo
electroporation has the potential to elicit both cellular and humoral responses and dissemination to
the periphery, and thus to improve DNA immunization efficacy.
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1. Introduction
HIV-1 infection occurs mostly through sexual contact. Innate and adaptive immune
responses at the site of viral entry provide an early and important barrier against
disseminating HIV infection (for reviews see [1–4]). Therefore, vaccination strategies able
to induce potent systemic as well as mucosal immune responses are likely to be the most
successful in preventing HIV-1 infection and progression to AIDS. Different mucosal
vaccination methods have been examined to test the hypothesis that mucosal delivery of the
antigen is important for the generation of mucosal immunity (for reviews see [5–7] and
references therein). Several groups have explored vaccination modalities in macaques able
to induce mucosal immunity. These include DNA immunization via intradermal and
mucosal delivery, DNA-prime combined with recombinant virus or bacterial vector boost,
use of recombinant viruses, virus particles, or peptides [8–29]. Vaccination with DNA alone
via the intramuscular route in the absence of systemic or mucosal recombinant virus or
protein boost did not result in detectable mucosal immune responses [30–33].

The use of DNA alone as vaccination method is a promising immunization strategy that has
advantages (production, stability, repeated use) over other vaccination modalities. DNA
vaccination was reported to induce systemic and mucosal immune responses when co-
administered intradermally and intrarectally in rhesus macaques [16,20,22]. Upon
intramuscular (IM) DNA administration in chimpanzees [14], the induction of HIV-1 Gag-
specific IgA was reported in breast milk but not in mucosa. Intramuscular DNA vaccination
by needle and syringe in the absence of a heterologous boost has resulted in relatively low
levels of systemic immune responses in primates and especially humans [4,34–40]. Despite
the low immune responses, protection resulting in reduced viremia has been reported in
DNA vaccinated macaques challenged with SIV or SHIV [40–46]. Substantial improvement
in gene expression and immunogenicity of DNA vaccines has been achieved by in vivo
electroporation [47–57], especially in macaques [53–58]. Upon high dose challenge with
pathogenic SIVmac251, we found improved control of viremia both in the acute and chronic
phase in animals vaccinated using in vivo electroporation as DNA delivery method
compared to the previously used needle/syringe DNA delivery [40,58].

The purpose of the present work was to examine the ability of intramuscular vaccination,
using the in vivo electroporation as DNA delivery method, to induce cellular and humoral
immune responses and, importantly, to monitor their dissemination to mucosal sites. The
animals described in this study were immunized in order to generate SIV-specific T-cell
clones for adoptive transfer studies [59], and thus, were not available for virus challenge. In
addition to the induction of abundant and broad SIV-specific immune responses, we report a
significantly higher frequency of responses in bronchoalveolar lavage (BAL) compared to
blood, that these responses were long-lasting (~2 years) and could be further boosted after
an extended rest period of 90 weeks. Thus, IM DNA delivery is able to induce both systemic
and mucosal SIV-specific immune responses.
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2. Materials and Methods
2.1 DNA vectors

RNA optimized (referred to also as “codon optimized”) [60–63] SIVmac239 genes were
inserted into pCMV.kan [40]. pCMVgagDX (1S) expresses the native myristoylated p57gag;
MCP-p39gag (21S) expresses a secreted p39gag protein generated by N-terminal fusion with
IP10-MCP3 [40,55,64]. SIV pol (103S) and the Nef-Tat-Vif fusion protein (147S) were
expressed in pCMVLAMP.kan as fusion proteins with the lysosomal associated membrane
protein 1 (LAMP-1) [65] (V. Kulkarni et al., in preparation). Rhesus macaque IL-12 plasmid
(AG3-WLVrmIL12) was co-injected as molecular adjuvant. This plasmid is similar to the
previously reported IL-12 plasmid [66], but expresses RNA optimized IL-12 p35 and p40
subunits, which result in higher levels of secreted cytokine (R. Jalah et al, in preparation).

2.2 Immunization and electroporation
The Indian rhesus macaques (Macaca mulatta) were housed and handled in accordance with
the standards of the Association for the Assessment and Accreditation of Laboratory Animal
Care International. The DNA mixture contained a total of 2 mg of plasmid DNA (250 µg of
each of the two SIV gag plasmid, 500 µg each of the pol and nef-tat-vif plasmids, and 500
µg of the IL-12 plasmid) in 1 ml water. These DNAs were injected intramuscularly (0.5 ml
per injection) into the left and right thighs using the CELLECTRA® adaptive constant-
current electroporator (Inovio).

2.3 Analysis of antigen-specific cellular immunity
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll separation. BAL fluid
was collected after perfusion of 50 ml PBS into the lungs and cells were recovered by
centrifugation, followed by two rinses with PBS. Cells were incubated at 1.5×106 cells/ml in
complete RPMI-1640 in the presence or absence of pools of overlapping peptides (15-aa
peptides overlapping by 11 aa; Infinity Inc. Biotech Research and Resource, Aston, PA)
derived from SIV Gag, Pol, Nef, Tat, and Vif at a final concentration of 1 µg/ml for each
peptide. Cells were cultured for 12 hours with monensin (Golgi Stop, BD Pharmingen, San
Jose, CA) to inhibit cytokine secretion.

2.4 Flow cytometric analysis
Immunostaining and flow cytometric analysis was performed as described [55,58]. Briefly,
cell surface staining was first performed using the following antibody cocktail: CD3-
APCCy7, CD4-PerCPCy5.5, CD45RA-PE, CD28-Biotin (BD Pharmingen) and CD8-AF405
(Invitrogen, Carlsbad, CA). Cells were washed with wash buffer containing 0.2% human
AB serum (Atlanta Biologicals) in Dulbecco’s Phosphate-Buffered Saline without calcium
and magnesium (Mediatech Cellgro), stained with streptavidin APCCy5.5 (Invitrogen),
washed, fixed, and permeabilized with the BD Cytofix/Cytoperm kit (BD Pharmingen).
Intracellular cytokine staining was performed using IFN-γ-FITC, IL-2-APC and TNFα-
PECy7 antibodies (BD Pharmingen). To determine cytotoxic T cells, staining was
performed using the following labeled antibodies against cell surface molecules: CD3-
APCCy7, CD4-AmCyan, CD8-AF405, CD28-PerCPCy5.5, CD45RA-AF700, CD95-FITC
and CCR7-APC. After fixing and permeabilizing the cells, intracellular staining was
performed using anti-IFN-γ-PECy7 (BD Pharmingen) and anti-Granzyme B-PE (Invitrogen)
monoclonal antibodies. After intracellular staining, the cells were washed and samples were
acquired on a FacsAria or a LSRII (BD Pharmingen). Data analysis was performed using the
FlowJo platform (Tree Star Inc., Ashland, OR) and all antigen specific responses were
reported after subtracting values obtained from incubating samples with medium alone.
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2.5 Humoral responses
The end-point antibody titers against SIV Gag and Nef were determined by ELISA, using
duplicates of serially diluted plasma samples. The mean absorbance (A450) plus 3 standard
deviations (SD) obtained with non-immune rhesus macaque plasma were applied as cut-off
values [40]. SIVgag-specific IgG and IgA antibodies in plasma and BAL were measured by
an ELISA similar to that described previously [20,22,67]. Plates were coated overnight at
4°C with 200 ng Gag/well and the wells were then washed and blocked with 1% BSA in
deionized water for 2 hrs at 37°C. The samples (plasma diluted 1:5; undiluted BAL fluid)
were added to duplicate wells and incubated for 1 hr. The plates were washed with 1X wash
buffer (cat no. 50-63-00, KPL, Gaithersburg, MD) and incubated with horse radish
peroxidase-conjugated anti-monkey immunoglobulin IgA or IgG (Alpha Diagnostics
International, San Antonio, TX) diluted 1:10,000 in blocking solution for 1 hr, followed by
washing with wash buffer and development with TMB (3,3’, 5,5’-tetramethylbenzidine,
SIGMA) peroxidase substrate at room temperature until color developed. The reaction was
stopped using 2 M sulfuric acid and the absorbance was read at A450 nm. The background of
the assay was determined using samples from 4 naïve animals. The mean absorbance A450
values obtained for SIV-specific IgA or IgG from the vaccinated and naive animals were
plotted. Similarly, total IgG and IgA levels were determined as described [67] and compared
to standard curves of known antibody concentrations. The specific activity of the antibody
responses was calculated by dividing the amount of Gag-specific antibody (in ng/ml) by the
amount of total IgG or IgA (in µg/ml) in each sample.

3. Results
3.1 SIV-specific cellular immune responses in blood

Eight naïve Indian rhesus macaques received 3 DNA vaccinations at weeks 0, 8, 16 as
outlined in Fig. 1A. The study was terminated at week 26 (10 weeks post EP3) for 3 animals
(AZ15, RHDBK1, RHDBN2). Two of the animals (86I and B-001) were monitored after
another 35 weeks (week 45 post EP3). Three of the animals (FB1, AZ09, C0102) were
available 90 weeks post EP3 for a 4th vaccination. The vaccine included a mixture of
optimized DNA plasmids producing several SIVmac239 proteins (Gag, Pol, Nef, Tat and
Vif) and also contained an optimized rhesus IL-12 expression plasmid as molecular
adjuvant, previously shown to augment immune responses [57,66,68,69]. The animals were
monitored for the development of SIV-specific cellular and humoral immune responses both
in blood and bronchoalveolar lavage (BAL). The analysis of BAL provides evaluation of
adaptive immune responses at mucosal effector sites, and serves as an easily accessible
extra-lymphoid mucosal compartment [70,71].

The frequency of antigen-specific IFN-γ secreting T cells in the blood of the 8 vaccinated
macaques was measured upon stimulation with peptide pools spanning five individual SIV
proteins (Gag, Pol, Nef, Vif and Tat) using polychromatic flow cytometry (Fig. 1B). SIV-
specific IFN-γ producing T cells were detected at a low frequency by week 2 post EP1 in
some animals (range <0.01 to 0.06% of the circulating T cells with a median of 0.01%).
These responses were increased in most animals by week 8 post EP1 (median of 0.03%).
The 2nd vaccination administered at week 8 (EP2) led to marked increases of the circulating
T cells in response to multiple antigens (EP2 week 2; range 0.02–0.95%, median of 0.22%).
The elevated responses persisted for the following 8 weeks. EP3 led to a further boosting of
the cellular immune responses (EP3 week 2, range 0.21–3.2%; median of 0.54%). All
animals maintained high levels of immune responses up to week 26 (10 weeks post EP3;
range 0.12–2.63%; median of 0.27%). Peak responses for most animals were found at 2
weeks post EP3 with a range of 0.21–3 % of the circulating T cells. Circulating SIV-specific
IFN-γ producing T cells were detected at significant frequencies (0.1–2.6%) up to week 10
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post EP3, demonstrating duration of the vaccine effect. In fact, animals monitored for up to
week 90 post EP3 had detectable SIV Gag-specific IFN-γ+ T cells in blood (see below, Fig.
2).

We noted an animal-to-animal variability in the overall extent of cellular immune responses
as well as differences in the ability to respond to individual antigens. Comparison of the
cellular responses against the different viral proteins revealed that Gag was the most
immunogenic antigen, and Tat elicited the weakest immunity. Strong responses to Vif were
found in 5 of the animals (monkeys 86I, AZ15, FB1, RHDBK1, RHDBN2). Responses to
Pol and Nef were found in all the animals, with responses to Pol being stronger. These data
demonstrate great induction of de novo systemic cellular immune responses to the different
antigens produced by the vaccine mixture and corroborate our recent finding [58], where we
reported high levels of systemic cellular immune responses upon DNA-only vaccination by
EP using different SIV DNA vaccine mixtures.

3.2 Detection of higher levels of SIV-specific responses in BAL compared to blood
To examine mucosal dissemination of the SIV-specific immunity following in vivo DNA
electroporation via the intramuscular route, lymphocytes isolated from BAL fluid at selected
time points (see Fig. 1A) were examined for the presence of SIV-specific cellular immune
responses. Responses to antigens other than Gag could not be addressed consistently in all
animals due to variable yields of T lymphocytes. High frequencies of long-lasting Gag-
specific IFN-γ T cells were detected in the BAL for all the animals at week 2 and 10 post
EP3 (Fig. 2A). Comparisons with the corresponding Gag-specific responses in the blood
revealed that the frequency of the T cell responses in BAL was greatly elevated (ranging
from 2–24× at weeks 2 and 10 post EP3). The animals were also analyzed for the presence
of Nef-, Pol-, Tat- and Vif-specific responses in BAL, (Fig. 2B and C). Fig. 2B shows the
data for 2 of the animals (C0102 and FB1) indicating that the responses to these antigens
were also elevated in BAL compared to blood and these increased responses in BAL to
multiple antigens persisted over long periods of time (Fig. 2C, data from week 10 post EP3;
AZ15, B00-1, FB1). Thus, DNA vaccination by EP resulted in the generation of broad
cellular immunity against all administered antigens, both systemically and in a mucosal
effector site.

The frequency of CD4+ and CD8+ T cell populations within the SIV Gag-specific response
was also monitored in blood and BAL (Fig. 2D). Analysis of blood from all 8 vaccinated
animals (Fig. 2D, upper panel) demonstrated the presence of both CD4+ and CD8+ Gag-
specific T cells at weeks 2 and 10 post EP3. Analysis of BAL (Fig. 2D, lower panel) showed
a greater proportion of CD8+ Gag-specific T cells compared to that in blood and
demonstrated that intramuscular DNA vaccination using electroporation could elicit mucosal
SIV-specific immunity consisting predominantly of CD8+ T cells.

To further characterize the cellular immune responses, the SIV-specific T cells were
examined for their ability to produce other cytokines in addition to IFN-γ. T lymphocytes,
isolated from BAL and blood, were analyzed by intracellular staining for their ability to
secrete IFN-γ, TNFα and IL-2 upon SIV peptide stimulation (Fig. 3). SIV-specific cells
producing IL-2 were not found, and this may be related to IL-12 DNA co-administration
[68]. The majority of the Gag-specific T cells were IFN-γ+, although low frequency of
TNFα+ single or dual cytokine (IFN-γ+ TNFα+) positive cells were found in both peripheral
blood and T cells recovered from BAL fluid.
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3.3 Induction of very long-lasting SIV-specific immune responses in blood and BAL that
can be boosted after an extended rest period

Some of the animals included in the study (see Fig. 1A) were monitored for a longer period
(Fig. 4). We found persistence of Gag-specific responses in BAL and blood in two
macaques, 86I and B00-1, analyzed 45 weeks post EP3 (Fig. 4A). In addition, the vaccine-
induced IFN-γ+ memory T cells were still detectable at ~2 years after the last immunization
(90 weeks post EP3) both in blood (all 3 macaques) and BAL (2 of 3 macaques, see Figure
4B, left panels). Responses to the other SIV antigens included in the vaccine were not
detected at this time (data not shown).

These animals were subjected to a 4th immunization 90 weeks after the 3rd (EP4, as outlined
in Fig. 1A). Analysis of blood and BAL samples obtained two weeks after EP4
demonstrated a boost in Gag-specific responses with higher frequencies of antigen-specific
cells in BAL than in blood, as noted for the previous immunizations (Fig. 4B, right panels).
Cell surface staining combining monoclonal antibodies against CD4, CD8, CD28, CD45RA,
CD95 and CCR7 demonstrated that the Gag-specific T cells in BAL were mostly EM T
cells, whereas in blood both CM and EM CD4+ and CD8+ SIV-specific T cells were
detected. We evaluated the phenotype and functionality of the vaccine-induced cell
populations at 4 weeks post EP4 (Fig. 4C). These Gag-specific IFN-γ+ T cells were
CD28+CD95+ and CD28−CD95+ in blood and mainly CD28+CD95+ in BAL (Fig. 4C;
upper panel). Further analysis showed that these cells lack CCR7, indicating an effector
memory phenotype (lower panel). This finding is consistent with enrichment for terminally
differentiated effector memory T cells in the lung, an extralymphoid effector site [70]. The
CCR7− memory T cell population was further analyzed for their ability to produce
Granzyme B. Figure 4C (bottom panel) shows that these cells produced Granzyme B,
demonstrating that they have cytolytic potential (animals FB1, AZ09, C0102; Fig. 4C).
Therefore, DNA-only vaccination may induce functional cytotoxic effector T cells both in
blood and BAL from a long-lasting pool of antigen-specific memory cells detectable for ~2
years post vaccination. The possibility that effector cells are maintained (Fig. 4B) and
readily boosted by DNA vaccination is interesting in view of the important role of effector
cells in the rapid containment of virus early after infection [72].

3.4 Induction of long-lasting humoral responses in blood and BAL
Plasma and BAL fluids were examined for the presence of humoral responses to Gag and
Nef (Fig. 5). The vaccinated animals (7 of 8) showed anti-SIV-Gag antibodies (IgG) in the
plasma after the first DNA vaccination (week 8 post EP1; Fig 5A). These responses were
boosted by EP2 and EP3 in all 8 animals reaching peak titers ranging from 1:3,200–1:32,000
(median titer 1:12,800). The humoral responses against Gag persisted, although to a lower
level, with titers ranging from 1:800 to 3200 at week 10 post EP3. At this time point, the
analysis of the BAL fluid demonstrated the presence of Gag-specific IgG in all the
vaccinated animals (data not shown). Some of the animals were also analyzed at later time
points such as week 45 post EP3 (animals 86I and B00-1) and week 90 post EP3 (animals
FB1, AZ09, C0102). Figure 5A shows that these animals were persistently positive with no
significant changes in the Gag antibody titers. Following EP4, we found a rapid increase of
Gag responses to very high titers (~1:200,000) in all the vaccinated animals. We noted that
the antibody titers obtained after EP4, administered after the extended rest period of 90
weeks, were higher than those obtained during the preceding immunizations.

All animals developed systemic anti-SIV-Nef binding antibodies (Fig. 5B), which were 1–
1.5 logs lower than the Gag responses. The responses were detected after EP1 (2 of 8
animals) and were boosted in all animals upon the following vaccinations with peak titers
ranging from 1:200–1:800 (median 1:800) at 2 weeks post EP3. The humoral responses
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against Nef were also detected in all the animals at week 10 post EP3. The two animals
(B00-1, FB1), which showed Gag responses at week 45 post EP3, also maintained anti-Nef
antibody responses at this time point. Analysis of the Nef responses at week 90 post EP3
showed that 1 of the 3 animals was still positive. EP4 vaccination led to rapid increases in
anti-Nef responses (Fig. 5B), as observed for the Gag responses (Fig. 5A). Together, our
data demonstrate that DNA-only vaccination induces long-term persistent humoral
responses. The rapid and high induction of recall responses indicates the effective generation
of immunological memory.

3.5 Induction of Gag-specific IgA
We also measured Gag-specific IgA in plasma and BAL fluid (Fig. 6). Ten weeks following
EP3 (Fig. 6A), the eight vaccinated animals had detectable levels of Gag-specific IgA
compared to the background levels determined in 4 naïve macaques, both in plasma and
BAL (Fig. 6A). Upon resting three animals for 90 weeks after EP3, Gag-specific IgA was
found to be persistent in plasma but not in BAL (Fig. 6B), and these animals immediately
boosted the levels of Gag-specific IgA in both plasma and BAL after EP4 (Fig. 6B, 2 and 4
weeks after EP4). The same BAL samples from these monkeys also showed clearly
detectable Gag-specific IgG at all these time points (data not shown). These data show that
efficient DNA vaccination via the intramuscular route induces systemic SIV-specific
immune responses as well as dissemination to mucosal sites.

4. Discussion
In this study, we characterized the immune responses obtained after DNA vaccination via
the IM route using in vivo electroporation, in the absence of mucosal vaccine administration
or any heterologous boost. We [55] and others [57] have previously demonstrated that
electroporation increased immune responses in Rhesus macaques compared to IM injection.
The adjuvant effect of IL-12 DNA in combination with DNA vaccination has also been
shown [57,66,68,69]. Our goal here was to use DNA electroporation in the presence of
IL-12 DNA as an adjuvant to further characterize the quality, longevity and dissemination of
the immune response. The group of 8 macaques described in this manuscript was used
successfully for adoptive transfer experiments [59]. DNA vaccination led to a great number
of specific immune responses and facilitated the efficient isolation of MHC-restricted SIV
specific cell clones. The logistics of the adoptive transfer experiments also allowed the study
of immune responses in animals maintained for one and two years in the absence of any
other intervention.

In the present study, we report efficient dissemination and long-term maintenance of cellular
and humoral responses to an effector mucosal site, lung epithelium. Detection of immune
responses both systemically and in mucosa up to 90 weeks after three vaccinations was
particularly interesting as these results demonstrate the ability of intramuscular DNA
immunization to induce high frequencies of antigen-specific cellular immune responses that
were truly long-lasting. Furthermore, SIV-specific cellular responses, including IFN-γ+

TNFα+ dual positive T cells, were detected in BAL. Multifunctional antigen-specific T cells
having the ability to secrete more than one cytokine have been shown to correlate with long-
term non-progression in “elite controllers” infected with HIV [73]. Thus, the presence of the
vaccine-induced IFN-γ and TNFα positive cells in mucosal effector sites may play an
important role in the elimination or containment of the incoming virus. In BAL, anti-SIV
responses were predominantly CD8 EM T cells, whereas in blood both CM and EM CD4+

and CD8+ SIV-specific T cells were detected. We demonstrated the induction of SIV-
specific effector memory T cells with Granzyme B and the potential to kill infected cells
both in blood and BAL. The durable mobilization of antigen specific T cells to peripheral
effector mucosal sites, like the lung, suggests that these cells could have a sentinel function
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upon subsequent antigenic exposure. DNA vaccination was also able to induce, in addition
to systemic anti-SIV Gag and anti-Nef antibody responses, humoral responses in BAL
including Gag-specific IgA. The great induction of immune responses obtained immediately
after EP4 indicates that recall responses can be rapid and potent upon re-exposure to the
antigen, even after a long period (~2 years) post vaccination. These data show that in vivo
electroporation of DNA in the absence of a heterologous boost is a potent vaccination
method and is able to efficiently induce both systemic and mucosal immunity in rhesus
macaques. These findings provide evidence that intramuscular in vivo DNA electroporation
is able to overcome limitation of DNA intramuscular vaccination reported in previous
studies [30–33], which failed to detect mucosal immune responses. In a recent DNA-only
vaccination study in Indian rhesus macaques using intramuscular DNA delivery via EP, we
reported induction of potent immune responses and significant decrease of viremia during
the acute (1 log) and chronic (1.7 log) phases of infection after high dose SIVmac251
challenge [58]. Together, these studies show that the improved DNA delivery via EP is able
to induce more efficacious immune responses both systemic and mucosal.

Increased immune responses may provide a critical step in improving DNA vaccination
efficiency in humans. Human trials indicate that the magnitude of immune responses after
DNA vaccination remains low [4,34–39,51,74–77] compared to levels reported in
macaques. Therefore, the availability of more efficient DNA delivery methods, such as the
method described here, may increase the efficiency of DNA vaccination and provide a
critical advantage for future plasmid DNA vaccine studies in humans [78]. To our
knowledge, this is the first report showing an induction of durable mucosal immunity
against SIV antigens in non-human primates obtained by intramuscular vaccination with
plasmid DNAs, in the absence of mucosal vaccine administration or any recombinant viral
boost. These data support the concept of systemic priming leading to mucosal dissemination
of effector cells (reviewed in [79]) and show that this can be achieved in primates using an
efficient vaccination method, such as the DNA in vivo electroporation.
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Fig. 1.
DNA vaccination induces SIV-specific responses. (A) Outline of study. Indian rhesus
macaques were vaccinated using in vivo DNA electroporation three times (EP1, EP2, EP3)
at weeks 0, 8 and 16. Some of the animals were subjected to a 4th vaccination (EP4) at week
106. The animals were monitored for cellular and humoral immune responses in blood (open
arrows) and BAL (indicated by *). All animals were monitored up to week 26 post EP3.
Two animals were also evaluated at week 61 (45 weeks post EP3) and 3 animals were
evaluated at week 106 (90 weeks post EP3) at which point they received EP4. (B)
Frequency and distribution of SIV-specific IFN-γ+ T cells in blood. The antigen-specific
IFN-γ production for all 8 animals was obtained by measuring the frequency of IFN-γ+ T
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cells obtained upon incubation with the indicated peptide pools. ⋆, vif responses for animal
C0102 were not determined at week 16 due to limited sample availability. Note that
different scales were used for the different animals.
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Fig. 2.
Induction of cellular and mucosal immune responses. (A) The frequency of SIV Gag-
specific IFN-γ producing T cells in BAL (filled bars) and blood (open bars) at weeks 2 and
10 post EP3 is shown. The numbers indicate the fold increases in BAL compared to blood.
*, BAL sample not available for RHDBK1 at week 10 post EP3. #, animal 86I had very low
Gag responses at week 2 post EP3. (B) Cellular immune responses to other antigens.
Comparison of the frequency of SIV (nef, pol, vif and tat)-specific IFN-γ producing T cells
in BAL (filled bars) and blood (open bars) for animals C0102 and FB1 at week 2 post EP3.
*, no Vif responses were measured in BAL from animal FB1 due to insufficient cell
availability. **, Tat responses in blood for animal C0102 not detected. (C) Frequency of SIV
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(nef, pol, and vif)-specific IFN-γ producing T cells in BAL (filled bars) and blood (open
bars) at week 10 post EP3 for animals AZ15, B00-1, and FB1. (D) Frequency and
distribution of Gag-specific IFN-γ+ T cell subsets in blood and BAL at weeks 2 and 10 post
EP3. Gag-specific T cells CD4+ (white bars) and CD8+ (grey bars) are plotted. *, BAL not
available for RHDBK1. +, very low Gag responses for animal 86I at week 2 post EP3 in
BAL.
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Fig. 3.
SIV-specific responses in blood and BAL. T cells isolated from blood and BAL were
analyzed by polychromatic flow cytometry for the production of IFN-γ and TNFα only or
the combination thereof upon stimulation with the SIV Gag peptide pool. Note the different
scales for the plots. Data shown is for EP3week2.
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Fig. 4.
SIV-specific responses in blood and BAL are long lasting and can be boosted after a ~2
years rest period. (A) Detection of SIV Gag-specific T cells in blood and BAL in animals
86I (left) and B00-1 (right) at week 45 post EP3. The frequency of the SIV Gag-specific
IFN-γ+ T cells in blood (upper panel) and BAL (lower panel) are shown. (B) Frequency and
distribution of Gag-specific IFN-γ+ T cell subsets (CD4+ and CD8+ effector (EM) and
central memory (CM) cells) in blood and BAL of AZ09, C0102, and FB1 at 90 weeks post
EP3 (EP4) (left panel). Induction of cellular immune responses in blood and BAL upon EP4
were measured 2 weeks later (right panel). Note that different scales were used for the
analysis of blood and BAL. (C) The plots show overlays of the total T cell population (red
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contours) in blood and BAL with the Gag-specific cells as measured by IFN-γ production
upon peptide stimulation (black dots). The cells were analyzed for memory markers (CD28,
CD95, upper panel). The naïve population, defined by CD28+ CD95low / negative, does not
contain any IFN-γ+ cells and is absent in BAL. The functionality of the Gag-specific CCR7−
memory cell population (lower panel) was assessed by testing for their ability to produce
Granzyme B as shown for animals FB1, AZ09, C0102.
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Fig. 5.
DNA vaccination induced significant SIV-specific humoral responses. Anti-SIV-Gag (A)
and anti-SIV-Nef (B) antibody titers were measured in plasma and the end-point dilution
titers at indicated time points are shown for all animals. Animals 86I and B00-1 were
available for analysis up to week 45 post EP3. Animals FB1, AZ09, C0102 were available at
week 90 post EP3, at which time point they were subjected to a fourth DNA Electroporation
(EP4). End-point dilutions were obtained upon testing serial dilutions of the plasma samples
starting at EP1 week 1. Titers are reported as the reciprocal of the highest positive dilution.

Patel et al. Page 21

Vaccine. Author manuscript; available in PMC 2011 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Measurements of Gag-specific IgA in plasma and BAL by ELISA. (A) Analysis 10 weeks
following EP3 in plasma and BAL washes. The difference between vaccinees and controls is
significant (p=0.0041; t test). Mean absorbance values of SIV Gag-specific IgA are shown
for all 8 vaccinated animals and 4 naïve controls. (B) Analysis 90 weeks after EP3 (day of
EP4) as well as 2 and 4 weeks post EP4 for three vaccinated macaques compared to three
naïve controls.
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