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Abstract

The immunologic and virologic outcome of therapeutic DNA-vaccines administered during antiretroviral ther-
apy (ART) using electroporation with or without (interleukin) IL-2 treatment was evaluated in the SIV-
mac239/macaque model. Rhesus macaques inoculated with pathogenic SIVmac239 were treated with ART [(R(-
9-(2-phosphonomethoxypropyl) adenine) (PMPA), FTC, Zerit®] from weeks 13 to 41 postinfection (wpi). Group
1 (n � 7) received ART only, groups 2 and 3 (each n � 6) additionally received SIVmac239-derived gp140Env,
GagPol, and TatRevNef plasmids by in vivo electroporation at 22, 26, 30, and 34 wpi, and group 3 also IL-2 for
14 days after each vaccination. Endpoints evaluated were viral load, Gag181–189-specific CD8� T-cell responses
in MamuA01� animals, lymphoproliferative responses, and CD4 T-cell counts. Viremia in all animals dropped
below 200 RNA copies/ml during ART. Frequencies of Gag181–189-specific CD8� T cells prior to ART were de-
tectable in all three groups (1.27–3.01%) and increased significantly (p � 0.01) postvaccination with maximum
responses after the fourth immunization (0.2% versus 3.49–7.15%). Gag181–189-specific CD8� T-cell frequencies
increased post-ART cessation in all groups and remained at significantly higher levels (p � 0.001) until the end
of the study (75 wpi) in both groups of vaccinated animals. Lymphoproliferative responses were detected against
Gag in a limited number of animals after vaccination and post-ART. However, plasma RNA viral loads re-
bounded after ART termination to similar levels in all three groups, but remained below 105 copies/ml until
the end of the study, which could be a late effect of the triple drug therapy.
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Introduction

CURRENTLY, the only licensed treatment for HIV-1-infected
patients is highly active antiretroviral therapy (HAART).

However, these drugs are costly and need to be taken ac-
cording to strict dosing schedules. Furthermore, HAART can
cause serious side effects, which are difficult to manage in
the light of the lifelong dependency on these drugs.1 Virus
reservoirs inaccessible to HAART remain in certain host tis-
sues and thus are a source of viral rebound if therapy is dis-
continued or inadequate.2,3 Consequently, in the event of
HAART cessation, most patients experience a rebound of
plasma viremia to high levels with the concomitant emer-
gence of drug-resistant strains that evolved in the viral reser-

voir during the treatment period.4 In addition, HAART treat-
ment alone does not reconstitute anti-HIV-1 immune re-
sponses, particularly in chronically infected patients.5,6

Therapeutic vaccination in nonhuman primate models has
been shown to boost antiviral immune responses during
HAART, resulting in reduced viral levels for up to 3–6
months.7,8 Patients are most likely to be diagnosed with HIV
infection in the chronic phase, when a substantial loss of
memory CD4� T cells, including HIV-1-specific memory
CD4� T cells, has already occurred. Consequently, these pa-
tients are unable to mount a potent anti-HIV-1 response9 and,
in general, do not recover this response during HAART.10

Therefore, immune restoration by therapeutic vaccination
could be a very important tool for the improved control of
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HIV replication in combination with HAART or as stand-
alone therapy for those patients who cannot tolerate these
drugs.

In the present study, the effect of DNA vaccination with
or without interleukin (IL)-2 protein treatment on virologic
and immunologic surrogate markers was evaluated in chron-
ically infected rhesus macaques under ART. We have previ-
ously shown that the potency of HIV-1 DNA vaccines can
be remarkably enhanced by the use of electroporation.11 The
objective of this study was to determine whether DNA vac-
cination enhanced by electroporation could induce strong
immune responses in rhesus macaques under ART and
whether these immune responses have the potential to re-
duce the rebound in viremia after ART cessation. The sec-
ond goal was to evaluate the immune-enhancing effect of 
IL-2 administration concomitant to therapeutic DNA vacci-
nation, as IL-2 was previously shown to increase the fre-
quency of CD25� (IL-2R) T cells, thus boosting antigen-spe-
cific cellular immune responses when given in combination
with a prophylactic HIV-1 Gag DNA vaccine.12

Materials and Methods

Plasmid DNA cassettes

A panel of codon-optimized expression cassettes based on
the amino acid sequences of SIVmac239 (Genbank # M33262)
Gag, Pol, Tat, Rev, Nef, and Env antigens was designed (Fig.
1). All gene cassettes were cloned into the eukaryotic ex-
pression vector pCMVKm2 that contained the cytomegalo-
virus immediate early enhancer/promoter and bGH termi-
nator (Chiron Corporation, Emeryville, CA)13 To further
enhance the translation efficiency of all expression cassettes,
an optimal “Kozak” consensus sequence (GCCACCAUGG)
prior to the start codon sequence (AUG) was inserted for op-
timal recognition of the translational start site by the ribo-
some.14

The simian immunodeficiency virus (SIV) gagCpolIna
polyprotein expression cassette was designed using a simi-

lar strategy as previously described for HIV-1.15 Briefly, the
entire integrase coding sequence in pol was deleted to pre-
vent integration of viral genome into cellular DNA, and the
catalytic triad and primer grip regions of the reverse tran-
scriptase (RT) coding sequences were deleted to inactivate
RT enzymatic activity.16,17 In addition, the frameshift region
was removed by insertion of an extra (T) nucleotide at the
p1 “slippery sequence” (TTTTTTA) in order to express gag
and pol genes in frame. The pol region included p1p6Pol-cod-
ing sequences up to RNAse H for gagpol. To include p1p6Gag,
the p2p7p1p6 fragment was added to get gag-complete plus
pol. Protease was inactivated (Ina) by the introduction of a
specific point mutation,18 resulting in the gagCpolIna cas-
sette (Fig. 1).

The nucleotide sequences coding for tat, rev, and nef were
assembled in frame to express a single unprocessed polypro-
tein. All genes were rendered nonfunctional for safety rea-
sons. The mutations introduced in Tat (C50G and C66S) were
based on mutations in the cysteine-rich region of the shorter
HIV-1 Tat sequence (C22G and C37S).19 For the inactivation
of the Rev function, the previously described HIV-1 revM10
mutant was prepared for the SIV rev analogue.20 The SIV-
mac239 premature stop codon within nef was removed
(Stop93E; TAA l GAG) to express the full-length protein.
To abolish CD4 and MHC downregulation, two other mu-
tations were introduced in nef (D155L and Y223F).21

The SIVmac239 Envelope protein was expressed as se-
creted gp140 without the transmembrane region and cyto-
plasmic tail using tissue plasminogen activator as the signal
leader sequence.

Mouse studies and cytokine flow cytometry

Three groups of 6- to 8-week-old female BALB/c mice (n �
5) were vaccinated at weeks 0 and 4 bilaterally in the tibialis
anterior muscles with 45 �g of gagCpolIna, tatrevnef, or
gp140env plasmid DNA in isotonic saline. Spleens were har-
vested 2 weeks after the last vaccination, and isolated sple-
nocytes were subsequently stimulated in duplicate samples
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FIG. 1. Diagram of expression cassettes used in animal studies. All genes were based on the amino acid sequences of SIV-
mac239 Gag, Pol, Tat, Rev, Nef, and Env and codon optimized for increased expression in primate cells. The cassettes were
cloned into the eukaryotic expression vector pCMVKm2 that contained the cytomegalovirus immediate early enhancer/pro-
moter. The gagCpolIna and tatrevnef genes were rendered nonfunctional by selected mutations as detailed in the Materi-
als and Methods section.



with SIVmac239 Gag protein (2 �g/well) or SIVmac239-
based Gag, Pol, Env, or TatRevNef overlapping peptide
pools (0.25 �g each peptide/well; obtained from the NIH
AIDS Research and Reference Reagent Program). Unstimu-
lated cells and spleen cells from naïve mice were used as
background or negative controls, respectively. After 5 h of
stimulation, cells were washed and incubated with anti-
CD16/32 (Pharmingen, San Diego, CA), fixed in 1% (w/v)
paraformaldehyde, and stored overnight at 4°C. On the fol-
lowing day, cells were stained with fluorescein isothio-
cyanate (FITC) conjugated anti-CD8 monoclonal antibody
(mAb) or with Cy5.5-conjugated anti-CD4 mAb (Pharmin-
gen), washed with phosphate-buffered saline (PBS), treated
with 0.5% (w/v) saponin (Sigma, St. Louis, MO), and then
incubated with phycoerythrin-conjugated mouse interferon-
� (IFN-�) mAb (Pharmingen) in the presence of 0.1% (w/v)
saponin. Analysis of IFN-�-secreting CD4� and CD8� T cells
was performed with a FACSCalibur flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, CA). The
background values (unstimulated sample) were then sub-
tracted from each stimulated sample to generate the final val-
ues for % IFN-�-secreting CD4� or CD8� T cells.

Rhesus macaques and treatment/vaccination schedule

Thirty Indian rhesus macaques (Macaca mulatta) were in-
cluded at the beginning of the study. Housing and handling
was performed in accordance with the standards of the As-
sociation for Assessment and Accreditation of Laboratory
Animal Care, the Animal Welfare Act as amended, and the
Public Health Service Policy. All animals were tested
seronegative for SIV, simian retrovirus, simian T-cell lym-
photropic virus type 1, and herpesvirus B before the study.
The MamuA01 MHC allele status was determined by dis-
criminatory polymerase chain reaction (PCR).22 All animals
were inoculated intravenously with 1,000 MID50 (50% mon-
key infectious doses) of pathogenic SIVmac239.

Antiretroviral treatment consisted of 30 mg/kg once daily
in the first month, then 20 mg/kg once daily R(-9-(2-phos-
phonomethoxypropyl) adenine) (PMPA) subcutaneously; 
50 mg/kg once daily FTC (emtricitabine) subcutaneously,
and 1.2 mg/kg twice daily Zerit® (2�-3�-didehydro-2�-3�-
dideoxythymidine) orally. IL-2 (Proleukin®, Chiron) was ad-
ministered at 50,000 IU/kg twice a day subcutaneously,
which was within the nontoxic dose range estimated else-
where.23

Vaccinations were performed by injection of 0.5 ml DNA
in saline bilaterally into the quadriceps and deltoid muscles
(2 mg each of gagCpolIna, tatrevnef, and gp140Env plasmids
combined to 6 mg total DNA/2 ml saline). Immediately af-
ter each DNA injection, a four-needle array electrode (elec-
trode gap 0.86 cm) was inserted at the exact site of injection
and a total of two pulses of 206 V/60 ms each (4 Hz) were
applied with a MedPulser DNA Delivery system (Gen-
etronics, Inc., a subsidiary of Inovio Biomedical Corp., San
Diego, CA).24,25

Plasma viral load determination

Plasma viral load was determined by real time RT-PCR on
an ABI 7700 sequence detector (Applied Biosystems, Foster
City, CA). Briefly, viral RNA was isolated from plasma us-
ing RNA-STAT 60 reagent (Tel-test, Friendswood, TX) fol-

lowing the manufacturer’s instructions. The isolated RNA
samples were reverse transcribed and amplified by RT-PCR
as previously described26 with the following modifications:
The RNA samples were added to a mix of One-Step RT-PCR
Master Mix (Applied Biosystems) with primers and probe
designed to amplify a conserved region of the SIVmac239
gag gene: (1) forward primer, SIV-F 5� AGTATGGGCAGC-
AAATGAAT 3�; (2) reverse primer, SIV-R 5� TTCTCTT-
CTGCGTGAATGC 3�; and (3) the probe, SIV-P 6FAM-
AGATTTGGATTAGCAGAAAGCCTGTTGGA-TAMRA.
The reaction samples were reverse-transcribed at 48°C for 30
min, held at 95°C for 10 min, and then a cDNA-PCR reac-
tion was run for 40 cycles at 95°C for 15 s and 60°C for 1
min. The signal was compared with a standard curve of
known concentrations to determine the viral copies present
in each sample; all samples were performed in triplicate
along with the standard RNA templates.

MHC class I tetramer staining

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole ethylenediamine-tetraacetic acid (EDTA)
blood using Histopaque cell separation solution (Sigma-
Aldrich, St. Louis, MO) and analyzed by four-color flow cy-
tometry for SIV-specific CD8� T cells. Two million PBMCs
were stained for 30 min at room temperature with anti-CD3-
FITC and anti-CD8-PerCP monoclonal antibody conjugates
(BD BioSciences, San Jose, CA) and phycoerythrin-conju-
gated MamuA01 Gag181-189 (p11C peptide) tetramer (iTAg
MHC Tetramer; Beckman Coulter, Miami, FL). Samples were
washed twice with PBS and fixed in 2% paraformaldehyde
in PBS. At least 100,000 cells in the lymphocyte gate were
collected on a FACSCalibur flow cytometer and analyzed us-
ing the Cell Quest software package (BD Biosciences). The
corresponding antibody isotype control conjugates for the
CD3 and CD8 antibodies were used to determine any back-
ground staining.

Lymphoproliferation assay

The lymphoproliferation assay was performed using SIV
Gag and Env peptide pools provided by the NIH AIDS Re-
search and Reference Reagent Program (Bethesda, MD). The
peptides were 15-mers with 11 amino acid overlap, spanning
the full Gag and Env sequences of SIVmac239. The Gag pep-
tides pool consisted of 125 peptides and the Env peptides pool
consisted of 218 peptides. Unstimulated cells were used as neg-
ative controls and Concanavalin A (Con A)- or phytohemag-
glutinin (PHA)-stimulated cells were used as positive controls.
Briefly, PBMCs were isolated from EDTA blood by Histopaque
separation (Sigma-Aldrich). Two hundred thousand (2 � 105)
PBMCs/well in 100 �l were seeded in triplicate in a 96-well
round-bottom plate and cultured at 37°C with 5% CO2 for 4
days with either 100 �l of phytohemagglutinin (PHA) (20
mg/ml), Con A (20 mg/ml), SIV Gag or Env pool (2 �g/ml
per peptide), or complete RPMI alone. [3H]-Thymidine (1 �Ci;
PerkinElmer, Wellesley, MA) was added to each well and in-
cubated overnight at 37°C. Cells were harvested with an In-
otech Cell Harvester System. Radioactivity incorporated by the
cells and plotted onto the glass fiber filters was measured us-
ing a 1450 Microbeta Jet counter (Gaithersburg, MD). Results
were expressed as stimulation indices (SI) calculated by di-
viding the mean counts per minute (c.p.m.) of cells exposed to
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the Gag or Env peptides, PHA, or ConA by the mean c.p.m.
of cells incubated with medium alone. An SI greater than 5
was considered positive.

Lymphocyte immunophenotyping

The CD4 lymphocyte subset was determined by flow cy-
tometry. Whole blood collected in EDTA (110 �l) was incu-
bated for 15 min at room temperature with a mixture of ap-
propriate antibody conjugates. The monoclonal antibody
conjugates used were anti-CD2-FITC, anti-CD20-PE, anti-
CD3-FITC, and anti-CD4-PE (BD Biosciences). The corre-
sponding mouse isotype control conjugates were also used
to determine any background staining and to set up the gat-
ing. Cells were then incubated for 10 min at 37°C with 2 ml
of erythrocytes lysing buffer (BD Biosciences). Cells were
washed twice with PBS resuspended in 2% paraformalde-
hyde in PBS. Ten thousand (10,000) events were collected on
a FACSCalibur flow cytometer in the lymphocyte gate, and
data were analyzed using Cell Quest software (BD Bio-
sciences). The absolute number of cells per milliliter of blood
was calculated for each lymphocyte subset, CD3� CD4� T
lymphocytes, and CD2� CD20� B lymphocytes, by multi-
plying the percentage of each lymphocyte population ob-
tained from the FACS analysis to the absolute number of to-
tal lymphocytes obtained from cell blood counts using the
VetScan HMT Hematology Analyzer (Abaxis Inc., Union
City, CA).

Statistical analysis

Prior to vaccination, 19 animals were selected based on
optimal viral control under ART, randomized using a ran-
dom number generator algorithm,27 and assigned to groups
1, 2, and 3 (Table 1). Due to the high magnitude of the re-
sponse variable “Viral Load,” the log transformation has
been used. An analysis of variance (ANOVA) model was ap-

plied to the response variables “Viral Load,” and percentage
of “Tetramer Responses” with three factors (“Time,”
“Group,” and “Animal”) and factor “Animal” was nested in
factor “Group.” A one-way ANOVA model was applied to
tetramer responses at 13 weeks postinfection (wpi). Due to
the high magnitude of the response variable “CD4 counts,”
the log transformation has been used. An ANOVA model
was applied to log “CD4 counts” with three factors (“Time,”
“Group,” and “Animal”), and factor “Animal” was nested
in factor “Group.” An ANOVA model was applied to log
“CD4 counts” with four factors: “Time Group” (15–22 weeks
and 24–36 weeks), “Time,” “Group,” and “Animal.” Factor
“Animal” is nested in factor “Group,” and factor “Time” is
nested in factor “Time Group.” The ANOVA results are sum-
marized in Table 2. For the evaluation of the variables “Vi-
ral Load” and “CD4 counts” between two groups, t-test was
performed using log-transformed values. These p values are
indicated in the results section. All reported p values are two-
sided. A probability value of p � 0.05 was considered statis-
tically significant.

Results

Immunogenicity of DNA vaccines in mice

Prior to evaluation of the DNA vaccines in nonhuman pri-
mates, all constructs were tested in BALB/c mice. Spleno-
cytes of vaccinated mice were harvested 2 weeks after the
last vaccination and stimulated with SIVmac239 Gag protein
or SIVmac239 Gag, Tat, Rev, Nef, Env, and Pol peptide pools.
As shown in Figure 2, CD4� T-cell responses were detected
against the Gag, TatRevNef polyprotein, and Env antigens.
The frequency of specific IFN-�-secreting CD4� T cells was
between 0.3% (Gag protein) and 0.8% (Env pool). CD4 T-cell
responses to Gag showed a small increase if stimulation was
performed with the Gag peptide pool (0.4%) instead of Gag
protein. H-2Dd-restricted CD8� T-cell responses were only
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TABLE 1. OVERVIEW OF TREATMENT GROUPS, MAMUA01 STATUS, PEAK

VIREMIA, AND RNA VIRAL LOAD AT RANDOMIZATION (22 WPI)

Animal MamuA01 Peak viremia Viral load at
Group Treatment number status prior ART (2–4 wpi) randomization (22 wpi)

1 ART only #3447 � 4.6 � 106 543
#3451 � 6.2 � 106 �200
#3452 � 4.1 � 106 �200
#3453 � 6.7 � 106 260
#3511 � 1.2 � 107 �200
#3515 � 1.7 � 107 �200
#3684 � 1.5 � 107 620

2 ART � DNA #3444 � 3.0 � 106 333
#3522 � 1.7 � 107 �200
#3524 � 1.3 � 107 �200
#3526 � 1.7 � 107 393
#3527 � 2.1 � 107 �200
#3530 � 3.1 � 107 340

3 ART � DNA � IL-2 #3449 � 2.7 � 107 383
#3512 � 2.5 � 106 �200
#3514 � 6.1 � 106 �200
#3516 � 4.1 � 107 �200
#3518 � 6.5 � 106 277
#3525 � 3.8 � 107 �200



detectable against Env (0.8% specific IFN-�-secreting T cells).
Responses to Pol were not detectable, likely due to MHC-re-
striction in the inbred BALB/c strain. However, expression
of the GagPol polyprotein (beside TatRevNef, and Env) was
confirmed by Western blot (data not shown).

Infection and selection of rhesus macaques

Initially, 30 naïve rhesus macaques were inoculated with
SIVmac239 (1,000 MID50 intravenously). All animals became
infected and viral loads within the acute phase (4 weeks) of
infection ranged from 2.53 � 106 to 4.07 � 107 RNA copies/
ml (Table 1). Two animals were rapid progressors and had
to be euthanized due to the development of AIDS-like symp-
toms 8 and 13 wpi, respectively. Another two animals were
euthanized 4 and 5 weeks after start of ART treatment, re-

spectively, due to opportunistic infections, and one animal
died from cardiac arrest during anesthesia. At week 22, an-
other six animals were excluded from the study due to in-
complete virus control under ART. The remaining 19 ani-
mals, including nine MamuA01� animals, were randomly
distributed into three groups according to their MamuA01
status and viral load (Table 1).

Viral control and immune responses under ART before
and after vaccination

ART (PMPA, FTC, and Zerit®) was administered in the
chronic phase of infection (13 wpi) and was continued until
41 wpi (Fig. 3). Viral load was very efficiently controlled by
ART, dropping below the assay detection limit (�200
copies/ml) in most of the animals by 20 wpi (Fig. 4). The
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TABLE 2. SIGNIFICANCY OF DIFFERENCES IN VIRAL LOAD, TETRAMER RESPONSES, 
AND CD4 T CELL COUNTS BETWEEN GROUPS 1, 2, AND 3

Significancya of difference in parameters between

Parameter evaluated Time period (wpi) Grp. 1 and 2b Grp. 1 and 3 Grp. 2 and 3

Viral loadc 43–50 P � 0.2686 P � 0.2320 P � 0.0277
60–75 P � 0.0550 P � 0.0001 P � 0.0019

Tetramerd 13 P � 0.5785 P � 0.8371 P � 0.7223
24–41 P � 0.0038 P � 0.0001 P � 0.0433f

43–71 P � 0.0001 P � 0.0001 P � 0.7740
CD4 T cellse 15–22 P � 0.0001 P � 0.0359 P � 0.0001

24–36 P � 0.0001 P � 0.0001 P � 0.2198
47–71 P � 0.0001 P � 0.0001 P � 0.0001

aSignificancy of variables between groups were determined by ANOVA as described in the Methods section. A probability value of 
P � 0.05 was considered statistically significant.

bGrp. 1: ART only; Grp.2: ART � DNA; Grp.3: ART � DNA � IL-2.
cViral load as viral RNA copies/ml plasma.
dSIVmac239Gag181–189-specific CD8� T cell responses in MamuA01� vaccinated and unvaccinated control animals measured by

tetramer staining.
eNumber of CD4 T cells per �l whole blood.
fBorderline significance between Grp.2 and 3 24–41 wpi based on a single high responding animal.

FIG. 2. Quantitative analysis of % interferon-� (IFN-�)-secreting CD4 or CD8 T cells of BALB/c mice vaccinated with plas-
mid DNAs as indicated in the figure legend (gagCpolIna, tatrevnef, or gp140Env). Three groups of mice (n � 5) received
two immunizations with DNA at weeks 0 and 4 and spleens were harvested 2 weeks after the second immunization. Pooled
splenocytes were stimulated for 5 h with either SIVmac239 Gag protein or SIVmac239 peptide pools (Gag, TatRevNef (TRN),
and Env) and cells were then stained for either CD4 or CD8 and intracellular IFN-� on the next day as described in the Ma-
terials and Methods and analyzed by flow cytometry. Only detectable responses are shown in the graph (see text for de-
tails). Error bars represent the standard deviation from the mean of duplicate samples.



peak viral load at 2 wpi was comparable between Ma-
muA01� and MamuA01� animals (mean � SD: 6.77 � 0.52
versus 7.09 � 0.30 log10; p 	 0.05; t-test); however, the viral
set-point at 12 wpi was about sixfold lower in MamuA01�

macaques (mean � SD: 5.44 � 0.54 versus 6.25 � 0.66 log10;
p � 0.01; t-test). In addition, virus control under ART was
achieved earlier in MamuA01� animals (compare Figs. 4B
and 4C, 16–20 wpi). Comparable frequencies of SIVGag181–189-
specific CD8� T cells were detectable in all groups at the time
of ART initiation at 13 wpi as a result of exposure to viral
antigens during the infection phase (means 1.27–3.01%; Table

2 and Fig. 5). During ART, the levels of tetramer-positive
CD8� T cells in the control animals declined and remained
low (maximum 0.79%) from week 21 until ART was termi-
nated (41 wpi). Animals in groups 2 and 3 were vaccinated
with DNA by in vivo electroporation starting at 22 wpi every
4 weeks with the last vaccination at 34 wpi. Animals in group
3 received low-dose IL-2 protein therapy in addition to the
immunization twice daily for 14 days following each vacci-
nation. All vaccinated MamuA01� animals developed sig-
nificantly higher levels of SIVGag181–189-specific CD8� T cells
upon vaccination than the unvaccinated control animals dur-
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FIG. 3. Overview of study design. All rhesus macaques were infected intravenously with 1,000 MID50 of SIVmac239. An-
tiretroviral therapy (ART) was initiated at week 13 using a triple drug combination (PMPA R (-9-(2-phospho-
nomethoxypropyl) adenine); FTC (emtricitabine), and Zerit® (2�-3�-didehydro-2�-3�-dideoxythymidine). Animals in group
1 (n � 7) were treated only with ART during the time frame shown (A). Group 2 (n � 6) received simian immunodeficiency
virus (SIV) DNA vaccination by in vivo electroporation four times in 4-week intervals in addition to ART (B), and animals
of group 3 (n � 6) received SIV DNA vaccination by in vivo electroporation four times in 4-week intervals followed by in-
terleukin (IL)-2 administration from days 2–16 after vaccination in addition to ART (B). The gray shaded area represents
the time under ART; numbers represent weeks pre-/postinfection.
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FIG. 4. Mean of viral loads expressed as RNA copies/ml of plasma for treatment groups 1, 2, and 3 for all animals (A),
for MamuA01� (B), and MamuA01� (C) animals. The gray shaded box represents time under antiretroviral therapy.



FIG. 5. SIVmac239Gag181–189-specific CD8� T-cell responses in MamuA01� vaccinated and unvaccinated control animals
measured by tetramer staining. Peripheral blood mononuclear cells (PBMCs) were isolated and analyzed by four-color flow
cytometry for simian immunodeficiency virus (SIV)-specific CD8� T cells. PBMCs were stained with anti-CD3-fluorescein
isothiocyanate and anti-CD8-PerCP monoclonal antibody conjugates and phycoerythrin-conjugated MamuA01 Gag181–189
(p11C peptide) tetramer. T-cell responses were measured at time of infection and then from antiretroviral therapy (ART)
initiation (13 weeks postinfection) until week 71 postinfection. Time under ART is marked as gray shaded area; vaccina-
tions are indicated as arrows. Longitudinal values for individual animals are shown with their corresponding animal num-
ber depicted in each figure legend.



ing the vaccination period (24–41 wpi; mean � SD: group 1:
0.28 � 0.05%; group 2: 2.08 � 0.68%; group 3: 3.32 � 2.34%;
Table 2 and Fig. 5). A weak but significant difference in fre-
quency of SIVGag181–189-specific CD8� T cells was detected
in vaccinated animals with IL-2 treatment (group 3) com-
pared with the vaccinated animals without IL-2 treatment
(group 2) between 24 and 41 wpi (Table 2 and Fig. 5). How-
ever, the significant difference was caused by a single ani-
mal with a high response in group 3 (#3516), which had a
substantial influence on the mean response due to the small
group size (n � 3). Vaccinations had only limited impact on
lymphoproliferative responses, as these were detectable
(SI 	 5) only against Gag peptide pools in two vaccinated
animals (#3526, group 2 and #3525, group 3) during and af-
ter the vaccinations (32 to 39 wpi). Another three animals
(#3447, group 1; #3527, group 2; and #3516, group 3) had Gag
responses detectable only at a single time point during the
entire study (15, 28, and 41 wpi; Fig. 6). Measurements of
CD4 lymphoproliferative responses against Env peptide
pools remained undetectable in all animals at any time point
(SI � 5; data not shown).

Immune responses and viral rebound after ART cessation

Seven weeks after the final vaccination, ART was discon-
tinued (41 wpi). Virus rebounded in all groups from 43 to
50 wpi but to levels more than 2 logs lower than during the
pre-ART set-point at 12 wpi, which was a statistically sig-
nificant difference (mean � SD: 3.37 � 0.66 versus 5.89 �
0.73 log10 viral RNA copies/ml plasma; p � 0.0001; t-test;
Fig. 4). The virus load continued to increase until week 60,
when it reached a plateau until the termination of the study
at week 75 but still remained significantly lower than at set-
point prior to ART (60–75 wpi; mean � SD: all groups: 3.99 �
0.94 log10; p � 0.0001; t-test). The viral rebound upon ART
cessation resulted in significant lower viral loads in Ma-
muA01� animals from all groups versus MamuA01� ani-
mals in the evaluated time periods from 43–50 wpi (mean �
SD: 2.93 � 0.57 versus 3.75 � 0.47 log10; p � 0.001; t-test) and
60–75 wpi (mean � SD: 3.54 � 1.01 versus 4.45 � 0.59 log10;
p � 0.0001; t-test; Figs. 4B and 4C). However, viral load was
comparable between unvaccinated controls (group 1) and
DNA vaccinated animals (group 2) at 43–50 wpi (mean �
SD: 3.36 � 0.15 versus 3.27 � 0.15 log10) and 60–75 wpi
(3.85 � 0.27 versus 3.97 � 0.30 log10), and between group 1
and group 3 (DNA � IL-2) at 43–50 wpi (3.36 � 0.15 versus
3.46 � 0.13 log10). Significant, but small, differences in viral
RNA copies were detected between group 2 and group 3 at
43–50 wpi (3.27 � 0.15 versus 3.46 � 0.13 log10) and at 60–75
wpi (3.97 � 0.30 versus 4.16 � 0.17 log10), as well as between
group 1 and group 3 at 60–75 wpi (3.85 � 0.27 versus 4.16 �
0.17 log10; Table 2 and Fig. 4). Nevertheless, the differences
were very small between these groups with a maximum
twofold difference in viral load between two groups (0.31
log10 group 1 versus group 3 at 60–75 wpi). Two weeks post-
ART cessation (43 wpi) the level of SIVGag181–189-specific
CD8� T-cell responses in MamuA01� animals peaked in
group 3 (DNA � IL-2; mean � SD: 8.86 � 8.06%) whereas
the animals in group 2 (DNA only) reached that peak 2 weeks
later (mean � SD: 5.03 � 1.32%; Fig. 5). The control animals
(group 1) also demonstrated elevated SIVGag181–189-specific
CD8� T-cell frequencies as result to increased viral antigen

exposure post ART (peak 45 wpi; mean � SD: 1.79 � 0.45%).
However, these frequencies remained significantly lower in
comparison to the vaccinated animals throughout the end of
the study (43–71 wpi; mean � SD: group 1: 1.12 � 0.24%;
group 2: 5.02 � 1.17%; group 3: 5.13 � 1.58%; Table 2 and
Fig. 5). Lymphoproliferative responses against Gag post-
ART cessation were detectable in all groups (Fig. 6). In the
ART-only control group (group 1), two animals had a re-
sponse at one time point (#3447; 15 wpi and #3511; 49 wpi;
Fig. 6A). On the contrary, one animal in each of the vacci-
nated groups (#3526 and #3525) that responded during the
vaccination period had also repeatedly detectable responses
after ART cessation (Figs. 6B and 6C). One animal in group
2 (Fig. 6B; #3522) had repeated lymphoproliferative re-
sponses only after ART was discontinued (63, 65, and 71
wpi).

Impact of treatments on CD4 T-cell counts

The number of CD4� T cells in the peripheral blood de-
creased in all animals after the acute infection from their pre-
infection levels (weeks -2 and 0; mean � SD: group 1: 897 �
261/�l; group 2: 1,583 � 550/�l; group 3: 981 � 353/�l),
reaching their lowest level between 8 and 15 wpi (mean �
SD: group 1, 15 wpi: 380 � 188/�l; group 2, 8 wpi: 697 �
228/�l; group 3, 13 wpi: 427 � 149/�l; Fig. 7). The differ-
ence between the CD4 T-cell numbers for each group before
challenge and at the lowest levels between 8 and 15 wpi
reached statistical significance (groups 1 and 2: p � 0.01;
group 3: p � 0.05; t-test). The CD4 T-cell numbers recovered
significantly during ART and reached a plateau at 22 wpi
(mean � SD: group 1: 824 � 277/�l; p � 0.01; t-test) or 19
wpi (group 2: 1,449 � 442/�l; group 3: 1,353 � 553/�l; p �
0.01; t-test) either close to the baseline CD4 levels or above
(group 3). During the prevaccination period of 15 to 22 wpi,
differences in the CD4 levels under ART were detectable.
The CD4 counts of the DNA vaccinated animals (group 2)
were significantly greater than the CD4 levels of unvacci-
nated (group 1) or animals treated with DNA vaccine plus
IL-2 (group 3). In contrast, the difference in CD4 counts be-
tween group 1 and group 3 animals was only weakly sig-
nificant (mean � SD: group 1: 645 � 207/�l; group 2:
1,218 � 122/�l; group 3: 817 � 104/�l; Table 2 and Fig. 7).
The CD4 T-cell numbers increased to the highest levels since
preinfection from 24 wpi on and peaked at either 24 wpi
(group 3; mean � SD: 1,506 � 382/�l) or at 28 wpi (mean �
SD: group 1: 868 � 268/�l; group 2: 1,449 � 442/�l). In ad-
dition, the time period under ART and before vaccination
(15–22 wpi) was compared to the period under ART with
vaccination (24–36 wpi) within each group. A significant dif-
ference in CD4 T-cell numbers between these periods was
observed for group 3, which received IL-2 for 14 days after
each vaccination. Although the CD4 counts for group 2 an-
imals were comparable to group 3 animals during the vac-
cination period from 24–36 wpi, this group had already
higher CD4 counts before immunization compared with
groups 1 and 3 (Table 2 and Fig. 7).

The frequency of CD4 T cells started to drop slightly from
36 wpi until ART cessation at 41 wpi when the CD4 counts
decreased considerably until 45 wpi as a result of increased
virus replication (mean � SD: group 1: 336 � 245/�l; group
2: 501 � 152/�l; group 3: 400 � 177/�l). The CD4 T-cell
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FIG. 6. Lymphoproliferative responses in untreated (A: antiretroviral therapy [ART] only), DNA vaccinated (B:
ART�DNA), and DNA vaccinated and interleukin (IL)-2 treated (C: ART�DNA�IL-2) animals. Time under ART is marked
as gray shaded area; vaccinations are indicated as arrows. Longitudinal values for individual animals are shown with their
corresponding animal number depicted in each figure legend.



numbers subsequently continued to decline slowly until the
final measurement at 71 wpi (mean � SD: group 1: 263 �
197/�l; group 2: 366 � 227/�l; group 3: 234 � 144/�l). The
CD4 counts during that period from 47 to 71 wpi remained
comparable between all groups (Table 2 and Fig. 7).

Until study termination at week 75 postchallenge, all
animals remained healthy without signs of opportunistic
infections. The viral load and CD4 counts remained 
comparable between all groups despite significantly in-
creased SIVGag181–189-specific CD8 T-cell responses in both

THERAPEUTIC SIV DNA VACCINATION 1113

FIG. 7. Measurement of absolute numbers of CD4 T cells in peripheral blood monocytes (PBMCs). Mean values are shown
for all monkeys (A) and separately for MamuA01� (B) and MamuA01� animals (C). The time under antiretroviral therapy
is marked as gray shaded area, vaccinations are indicated as arrows.



vaccinated groups as compared with the unvaccinated
controls.

Discussion

The goal of this study was to obtain a significant reduc-
tion in viral load as a result of DNA vaccination after ART
discontinuation in rhesus macaques chronically infected
with SIVmac239. The triple-drug combination (PMPA, FTC,
Zerit®) resulted in a drastic decline of viral load (	10,000-
fold) to below 200 viral RNA copies/ml in most animals
(Table 1 and Fig. 4). However, vaccination appeared to have
no differential impact on viral loads after ART cessation,
despite significantly increased frequencies of Gag181–189-
specific CD8� T cells in vaccinated MamuA01� animals com-
pared with the controls (Table 2 and Figs. 4 and 5). Interest-
ingly, all animals including the unvaccinated controls dem-
onstrated a comparable viral rebound post-ART (Fig. 4) that
was significantly lower (p � 0.0001) during the 34-week pe-
riod after ART cessation (mean: 3.72 log10) than the viral load
at set point before ART (12 wpi; mean: 5.89 log10). Viral loads
for all animals remained on average below 104 RNA
copies/ml (mean � SD: 5.80 � 103 � 7.29 � 103) after ART
cessation (43 wpi) until week 50 and remained below 105

RNA copies/ml for most animals for another 6 months un-
til the end of the study at 75 wpi (mean � SD: 4.02 � 104 �
6.13 � 104). MamuA01� animals had a more efficient viral
control during 16–19 wpi under ART (Figs. 4B versus 4C)
and lower viral rebound than MamuA01� animals (43–50
wpi; 2.93 versus 3.75 log10; p � 0.001), which is in agreement
with previous findings for that MHC haplotype.28 In addi-
tion, none of the animals were MamuB17 positive, which is
also associated with improved virus control in SIVmac239-
infected rhesus macaques.29 Furthermore, neutralizing anti-
body responses were evaluated in all animals post-ART us-
ing SIVmac239CS23 pseudovirus in TZM-bl cells. The lower
limit of detection in the assay was a titer of �20. One ani-
mal in each group had high titers (	1,000) and two animals
each in group 2 (ART � DNA) and 3 (ART � DNA � IL-2)
had low titers (	40) at several time points. Therefore, potent
virus neutralization was not evident, except in three animals,
which were equally distributed among the three groups.

SIV Gag181–189-specific CD8� T-cell responses in vacci-
nated MamuA01� animals were significantly boosted dur-
ing ART as a result of in vivo DNA electroporation and re-
mained significantly higher than those of unvaccinated
animals throughout the remainder of the study (Table 2 and
Fig. 5). SIV Gag-specific lymphoproliferative responses were
detectable at multiple time points during and after vaccina-
tions in one animal of each vaccinated group (Fig. 6, #3526
and #3525), and one-time responses were detected by one or
two animals in each group (Fig. 6). A comparable pattern of
potent CD8 T-cell responses and less efficient lymphoprolif-
erative responses has recently been reported in a prophy-
lactic vaccine study using in vivo electroporation. The reason
for low lymphoproliferative responses was not the delivery
method per se, but rather a result of the gagpol fusion cas-
sette versus separate gag and pol cassettes as immunogens.11

If the separate administration of gag and pol DNAs in our
study could have altered the outcome in favor of better virus
control after ART was stopped remains to be evaluated. Nev-
ertheless, animals that received IL-2 in addition to vaccina-

tion had significantly increased CD4 counts but the viral re-
bound post-ART cessation was comparable to unvaccinated
controls and animals that received only the vaccine without
IL-2 (Table 2 and Fig. 7). Although the frequency of
Gag181–189 tetramer-positive CD8� T cells was only measured
in MamuA01� animals, the potency of in vivo electropora-
tion of DNA vaccines has been previously demonstrated in
genetically diverse macaques in numerous studies, resulting
in strong CD4� and CD8� T-cell responses30,31 to HIV-1 Gag,
Pol or Env antigens.11,25,32

Because all animals in our study demonstrated a compa-
rable slow viral load rebound independent of treatment
(DNA, IL-2, unvaccinated), the possibility exists that the par-
ticular drug regimen (PMPA, FTC, Zerit®) could have con-
tributed to that effect. The beneficial impact of PMPA on vi-
ral control has been reported in several in vivo studies, in
particular related to immune augmentation and improved
viral suppression.33–38 The highly efficient CD8� T cell–me-
diated suppression of SIV in combination with PMPA (Teno-
fovir) therapy despite a resistance mutation to PMPA (K65R)
has been reported,39 and SIV-infected rhesus macaques with
previously undetectable viremia under PMPA demonstrated
a very moderate viral rebound (maximum 103 RNA
copies/ml plasma) upon drug interruption. Based on these
studies, a preexisting antiviral response prior to PMPA treat-
ment is therefore a possible factor for the subsequent con-
trol of virus post-ART cessation. All MamuA01� animals in
our study had detectable CD8 T-cell responses throughout
the study until study termination, although these responses
were significantly lower for the unvaccinated control ani-
mals (Table 2 and Fig. 5). Nevertheless, a related outcome
has recently been described in a therapeutic vaccination
study using recombinant modified vaccinia virus ankara
with a beneficial effect of PMPA on viral load post-ART ces-
sation in acutely SIV-infected rhesus macaques.40 It remains
to be seen whether the solely T cell–based vaccine approach
applied in our study was inefficient in itself or if the benefit
of the triple-drug regimen on the twofold log virus reduc-
tion masked the potential contribution of CD8 T cells in the
vaccinated animals to control the virus post-ART cessation.
Both possibilities need to be taken into consideration espe-
cially since a reduction of viral load post-ART cessation of
about 1 log was seen in chronically infected, vaccinated an-
imals in a comparable study.41 The excellent viral control in
all animals in combination with detectable CD8 T-cell re-
sponses for all animals (MamuA01�) and potential syner-
gistic immune-augmentation effects of PMPA could have
contributed to the slow rebound post-ART. The CD4 T cells
continued to decline slowly during the off-ART period un-
til the latest evaluated time point at 71 wpi (Fig. 7), and all
animals remained healthy without detectable opportunistic
infections until study termination (75 wpi).

An up to 1,000-fold viral load reduction as a result of a
different therapeutic vaccination strategy has recently been
shown in rhesus macaques and humans using ex vivo pulsed
autologous dendritic cells.42–44 These promising results dem-
onstrated the potential and possibility to develop therapeu-
tic vaccination treatments for HIV-1-infected patients in the
future. However, pulsing ex vivo dendritic cells remains at
present more an experimental procedure and is not feasible
for large-scale administration of therapeutic vaccines. Deliv-
ery of vaccines using recombinant viruses, such as adenovi-
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rus, is currently more practical. However, recent preliminary
results from a phase II clinical trial (STEP) using a solely T
cell–based prophylactic vaccine approach using recombinant
adenovirus (Ad5) resulted in a potentially increased sus-
ceptibility of HIV-1 infections in vaccinated volunteers and
the viral load was not reduced in these infected individuals
(http://www.merck.com/newsroom/press_releases/re-
search_and_development/2007_1107.html).

In summary, the vaccination strategy of DNA in combi-
nation with electroporation and IL-2 elicited T-cell responses
and improved CD4 counts but did not have a beneficial ef-
fect on viral loads. Therefore, more research is needed to de-
fine the ideal components, induced immune responses (T cell
and/or B cell), and delivery technologies for effective future
vaccine candidates.
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