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Abstract

Background: Clade C is the predominant HIV-1 strain infecting people in sub-Saharan Africa, 

India, and China and there is a critical need for a vaccine targeted to these areas. In this study we 

tested a DNA based vaccine that encodes the SIVgag, SIVpol and HIV-1 envelope clade C.

Methods: Rhesus macaques were immunized by electroporation with the DNA plasmid encoding 

optimized SIVgag, SIVpol and an HIV-1 env clade C with or without the adjuvant RANTES. 

Animals were monitored for immune responses and challenged following the final immunization 

with 25 animal infectious doses (AID) of SHIV-1157ipd3N4.

Results: We found that the vaccine induced high levels of antigen specific IFN-γ producing 

effector cells and the capacity for CD4+ and CD8+ to proliferate upon antigen stimulation. 

Importantly, we found that the vaccine induced antibody titers as high as 1/4000. These antibodies 

were capable of neutralizing tier 1 HIV-1 viruses. Finally, when macaques were challenged with 

SHIV, viral loads were controlled in vaccinated groups.

Conclusion: We conclude that immunization with a simian/human immunodeficiency virus 

DNA-based vaccine delivered by electroporation can induce cellular and humoral immune 

responses that are able to control viral replication.
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Introduction

There is evidence that the cellular immune response and antibodies will both be important 

in stunting HIV-1 replication. It is likely that it will be necessary to develop region specific 

vaccines or vaccines that incorporate multiple clade envelopes. In particular, clade C is 

the predominant HIV-1 strain infecting people in sub-Saharan Africa, India, and China 

and there is a critical need for a vaccine targeted to these areas. Vaccine studies utilizing 

DNA vaccines, have induced both cellular and humoral antigen specific responses (1). And 

recently plasmid DNA vaccines have elicited detectable immune response in humans (2). 

Yet, substantial research has continued to focus on increased immunogenicity through the 

development of adjuvants (3,4) and improving vaccine delivery with electroporation (5,6).

In this manuscript we test a DNA based vaccine that encodes SIVgag, SIVpol and HIV-1 

env clade C. We incoporated several methods to maximize the DNA vaccine immunize 

response, electroporation and use of an adjuvant, RANTES. As an effective delivery method, 

electroporation has been reported to enhance the antigen-specific IFN-γ production in 

rhesus macaques following immunization with plasmid DNA (7, 8). Further, RANTES is 

a member of the CC-chemokine family and has been found to enhance cellular immune 

responses resulting in a more pronounced immune-modulating effect against an HIV-1-

related virus in rodent and monkey models (9–12). Hadida et al have previously shown that 

RANTES enhances the HIV-specific cytotoxicity of CD8 T cells (13).

We found that our DNA vaccine regimens induced both an effective cellular and humoral 

immune response against vaccine antigens. We observed antigen-specific interferon gamma 

(IFN-γ) production, proliferation of lymphocytes, as well as induction of vaccine specific 

memory cells. Importantly, the binding antibodies were of high titer and the neutralizing 

antibodies demonstrated the ability to neutralize multiple clades.

Materials and Methods

Animals

Chinese rhesus macaques were housed at BIOQUAL, Inc. (Rockville, MD), in accordance 

with the standards of the American Association for Accreditation of Laboratory Animal 

Care. Animals were allowed to acclimate for at least 30 days in quarantine prior to any 

experimentation.

Immunization

Groups of five rhesus macaques were immunized four times with 0.5mg of SIVgag, SIVpol 

and HIVenv (DNA group) or 0.5mg of SIVgag, SIVpol and HIVenv co-injected with 

0.5mg of RANTES (DNA+RANTES group) by electroporation. The macaques were then 

rested 13 weeks before performing the second set of immunizations. The second series of 
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immunizations included an increase in dose to 1.5mg of SIVgag, SIVpol and HIVenv and 

0.5mg RANTES. Five macaques were immunized with saline as a negative control.

DNA Plasmids

The SIVgag and SIVpol genes are expressed as 70-kDa and 110-kDa protein of SIVmac, 

respectively. These genes have been optimized for high-level expression as described 

(14). Consensus HIV-1 clade C Envelope was designed based on the sequences retrieved 

from HIV databases (http://www.hiv.lanl.gov). To enhance protein expression, viral RNA 

structures were disrupted by using codons typically found in human cells. The synthesized 

Env C gene was cloned into the expression vector pVAX (Invitrogen).

The human RANTES gene, having 384bp, was designed with a Kozak sequence, an 

IgE leader sequence and two stop codons. The gene was synthesized by Geneart, Inc. 

(Germany). The fragment was cloned into the pVAX1 vector.

Peptides

The following reagents were obtained through the AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID, NIH: SIV mac239 Gag peptides (#6204), HIV Env 

peptides (#9499), and SIV mac239 Pol peptides (#6443).

Enzyme Linked Immunospot Assay (ELISpot) assay for IFN-γ

ELISpot assays using IFN-g reagents (MabTech, Sweden) and nitrocellulose plates 

(Millipore, Billerica, MA) were performed according to the manufacturer’s instructions. 

A positive response was defined as greater than 50 spot forming cells (SFC) per million 

PBMCs. Each sample was performed in triplicate with peptides.

T cell proliferation and memory T cell subset assay

PBMCs were incubated with carboxyfluorescein succinimidyl ester (CFSE) (5 μmol/l) for 8 

min at 37°C. Cells were then washed and incubated with antigens at a concentration of 5 

μg/ml for 5 days at 37°C in 96-well plates. Cultures without peptides were used to determine 

the background proliferative responses. PBMCs were immunostained with the following 

mAbs: anti-CD3 APC-Cy7, anti-CD4 PerCP-Cy5.5, anti-CD8 APC and anti-CD95 PE-Cy5 

(BD-Pharmingen, San Diego, CA), and anti-CD28 ECD (Beckman Coulter, Fullerton, CA). 

Central and effector memory T cells were defined as CD28+ CD95+ and CD28¯CD95+ 

respectively (14). Stained cells were washed in PBS and fixed (Cell-Fix), acquired on an 

LSRI instrument using CellQuest software (BD Biosciences) and analyzed with FlowJo 

software (Tree Star, Ashland, OR).

Intracellular Cytokine Staining

PBMCs were incubated with peptides for 5 hours at 37°C. An unstimulated and positive 

control (Staphylococcus enterotoxin B (SEB), 1 μg/mL; Sigma-Aldrich) was included in 

each assay. Following incubation, the cells were washed and stained with surface antibodies: 

CD4 (PerCP Cy5.5), CD3 (APC Cy7), and CD8 (APC) (BD Biosciences, San Jose, CA). 

Cells were then washed and fixed using the Cytofix/Cytoperm kit (BD PharMingen, San 

Diego, CA) according to their instructions. Following fixation, the cells were stained with 
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antibodies against intracellular markers IL-2 (PE), IFN-γ (Alexa Fluor 700) and TNF-α (PE 

Cy7) (BD Biosciences, San Jose, CA). Cells were washed and fixed with PBS containing 

1% paraformaldehyde. Stained and fixed cells were acquired on an LSRI instrument 

using CellQuest software (BD Biosciences) and analyzed with FlowJo software (Tree Star, 

Ashland, OR).

Binding Antibodies

A direct ELISA was used to measure serum titers of anti-HIV-1 Env antibodies. Ninety-six-

well ELISA plates were coated overnight at 4°C with 100 μl of 1 μg/ml recombinant human 

gp120 protein, HIV-1 CN54 (AIDS Research and Reference Reagent Program, Division 

of AIDS, NIAID, NIH), in PBS. The remainder of the ELISA was conducted at room 

temperature. Sera were serially diluted in 2% BSA/0.05% Tween-20, and added to ELISA 

wells. Following a 1-h incubation, the plate was washed three times and then incubated with 

a 1/5000 dilution of a peroxidase-conjugated affinity-purified rabbit anti-mouse secondary 

Ab (Jackson Laboratories) in 2% BSA/0.05% Tween-20 for 1 h. The plate was washed three 

times, developed with TMB (KPL, Gaithersburg, MD), stopped with 1% HCl, and analyzed 

at 450 nm with a Dynatech MR5000 ELISA plate reader.

TZM.bl neutralization assay

NAb responses against tier 1 and tier 2 HIV-1 Env pseudoviruses were measured by 

using luciferase-based virus neutralization assays with TZM.bl cells as previously described 

(15,16). These assays measure the reduction in luciferase reporter gene expression in TZM-

bl cells following a single round of virus infection. Briefly, a fixed dose of virus containing 

50,000 – 150,000 relative luminescence units (RLU) equivalents was incubated with serial 

3-fold dilutions of test sample in duplicate in a total volume of 150 μl for 1 hr at 37°C 

in 96-well flat-bottom culture plates. Freshly trypsinized TZM-bl cells (10,000 cells in 100 

μl of growth medium containing 37.5 μg/ml DEAE dextran) were added to each well. One 

set of control wells received cells plus virus (virus control) and another set received cells 

only (background control). After 48-hour incubation, 100 μl of cells was transferred to 

96-well black solid plates (Costar) for measurements of luminescence using the Britelite 

Luminescence Reporter Gene Assay System (PerkinElmer Life Sciences). Neutralization 

titers are expressed as the inhibitory dilution (ID50) at which RLU were reduced by 50% 

compared to virus control wells after subtraction of background RLUs. Titers were derived 

from a 5-parameter curve-fitting model. Test viruses that exhibit a tier 1 neutralization 

phenotype included MW965.26 (clade C), MN (clade B), SF162.LS (clade B), BaL.26 

(clade B), and W61D-TCLA.71 (clade B). Also assayed was R5 SHIV 1157ipd3N4 (Clade 

C) (17,18), which exhibits a tier 2 phenotype. All HIV-1 Env pseudoviruses were produced 

and titers were determined as previously described (15,16).

SHIV Challenge

Animals were challenged three months following the last immunization with 25 animal 

infectious doses (AID) of SHIV-1157ipd3N4 (18) by the intrarectal route. Viral stocks were 

provided by Advanced BioSciences Laboratories, Inc (ABL, Inc.) in Kensington, MD and 

titered by Bioqual Inc. (Rockville, MD).
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Viral load and CD4 number quantitation

Plasma viral load was determined by a quantitative NASBA assay provided by ABL Inc. as 

previously described (19). CD4 amounts were measured by Bioqual Inc. (Rockvile, MD).

Statistics

For comparisons of IFN-γ ELISpots, T cell proliferation, memory cells, intracellular 

cytokine staining, and viral loads two tailed Mann-Whitney tests were performed using 

Prism Graphpad Software. P values that were <0.05 were considered a significant difference.

Results

Induction of Cellular Immune Response

We assessed the ability of our vaccine to induce an antigen-specific cellular immune 

response in all macaques using an IFN-γ ELISpot assay. After one injection, macaques 

in DNA and DNA+RANTES groups induced an average of 488 and 518 spot-forming 

cells (SFC) per 106 PBMCs, respectively (Fig. 1B–D). Following the last injection, antigen-

specific IFN-γ secretion reached 4885 SFC/106 PBMCs and 5636 SFC/106 PBMCs in 

the DNA group and DNA with RANTES group, respectively. These numbers indicate we 

induced a robust cellular immune response in both vaccine groups. We also determined if the 

antigen specific cells were CD8 or CD4. And we determined if IL-2 and TNF-alpha could be 

secreting in an antigen specific manner. We, therefore, obtained blood two months following 

the last injection stimulated as noted above with peptides and stained for the production of 

IFN-γ IL-2, and TNF-a followed by surface staining for CD8 and CD4. The secretion of 

IFN-γ, as assessed by flow cytometry, mirrored what we observed by ELISpot. Importantly, 

we observed that the predominant cells secreting IFN-γ were CD8 cells. A cumulative 

average of 1.24% and 1.2% of total CD8 cells were capable of secreting IFN-γ in the DNA 

+ RANTES and DNA groups, respectively. We also observed CD4 and CD8 cells capable 

of secreting IL-2 in animals that received DNA+RANTES (Fig. 2B). In contrast, we did 

not observed any TNF-a production. Altogether, antigen specific IFN-γ and IL-2 expression 

was observed. This data showed that macaques in the vaccine groups had a high number of 

antigen specific cells capable of secreting IFN-γ.

Proliferative capacity induced in the vaccine groups

We next investigated the ability of SHIV-specific CD4+ and CD8+ effector cells to 

proliferate in vitro to antigen stimulation. PBMCs isolated from macaques 4 weeks after the 

last vaccination were incubated with CFSE, washed, and stimulated for 5 days with growth 

media and either gag, env or pol peptides. Following stimulation proliferation was measured 

by flow cytometry. We observed a proliferative response of CD4+ cells (Fig. 3A) in the 

DNA and DNA+RANTES group (average of 3.24% and 4.38%, respectively). However, the 

proliferative capacity of CD8+ T cells was stronger than that of CD4+ T cells, reaching an 

average of 10.4% in the DNA group and 12.7% in the DNA with RANTES group (Fig. 3A). 

These results demonstrate that the proliferative capacity of T cells, especially CD8+ T cells, 

is significant in macaques belonging to the vaccine groups.
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Memory T cells produced by proliferating T cells found in the vaccine groups

We then compared the frequency of proliferating memory T cell subsets among the three 

groups of macaques 11 weeks after the last vaccination. Proliferating memory T cells were 

divided into two subsets by surface marker expression: central memory T cells (TCM) were 

defined as CD28+CD95+ and effector memory T cells (TEM) were defined as CD28−CD95+ 

(18). When we evaluated the frequency of TCMs and TEMs in proliferating CD4+ cells (Fig. 

2B), we detected a significantly higher percentage of TCMs in the DNA group and DNA 

+ RANTES group compared to the control groups (Fig. 2B, upper left panel). An average 

of 28.7% TCMs and 35.7% TCMs were detected in proliferating CD4+ T cells isolated from 

animals in the DNA and DNA + RANTES group, respectively. Among the three groups, 

there was no significant difference in the percentages of TEMs (Fig. 3B, right panel).

We also evaluated the frequency of TCMs and TEMs in proliferating CD8+ T cells. We found 

that a significantly higher percentage of TCMs in the DNA+RANTES group and DNA group 

(average 25.4% and 29.4%, respectively) compared to the control group (average 2.6%) 

(Fig. 3B, left panels). Looking at TEMs in proliferating CD8+ T cells, there was only a 

significant difference between the DNA+RANTES group and the control group (Fig. 2B, 

lower right panel). Taken together, the data shows that DNA immunization results in high 

proliferation of TCMs in both CD4+ and CD8+ T cells but only CD8+ T cells proliferated 

when looking at the TEM subset.

Binding and neutralizing antibody responses elicited by DNA Vaccine

We assessed both the binding and neutralizing antibody responses elicited by our vaccine. 

Binding antibody levels averaged 1:2080 for the DNA alone immunized group while the 

antibody titers for the DNA plus RANTES group averaged 1:4010. The antibody levels 

2 weeks post-challenge were both boosted to approximately 1:60,000 with no significant 

difference.

It is also important to determine if the antibodies are capable of neutralizing virus. Using a 

panel of tier 1 viruses with a broad range of neutralization sensitivities from clades B and C 

we assessed the NaB responses. We defined the criteria for positivity as 50% inhibitory dose 

(ID50) titers that were (i) >3-fold above preimmune background levels, (ii) >2-fold above 

levels of a concurrent murine leukemia virus (MuLV) control, and (iii) an absolute titer 

of >60. Macaques immunized with our vaccine developed robust, cross-clade neutralizing 

activity against neutralization-sensitive tier 1 clade B, and C viruses (MN, W61D-TCLA.71, 

and MW965.26), with ID50 titers against MW965.26 ranging from 92 to 152 (Table 1). In 

contrast, no neutralization against the autologous vaccine strains was detected, presumably 

reflecting their inherent neutralization-resistant phenotypes.

Control of viral replication after challenge in macaques which received vaccine.

All animals were challenged three months following the final immunization with 25 animal 

infectious doses (AID) of SHIV-1157ipd3N4 by the intrarectal route. The average viral 

load in the control group at week 2 after challenge or at the peak viral load was 5.2 logs 

(Fig. 5A). The peak viral loads of the DNA and DNA+RANTES groups were 4.6 logs 

and 4.3 logs, respectively. At week 3 post challenge, the viral load decreased in all of the 
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groups with values of 2.8 logs for the DNA + RANTES group and 2.9 logs for the DNA 

group. All of which were significantly lower than that of the control group (P<0.05) (Fig. 

5B). At week 6 after challenge, the group of animals that received DNA plus RANTES 

still exhibited a significantly lower viral load as compared to animals in the control group 

(P<0.05). Whereas the DNA group did not show a significant difference in the viral load 

level compared to that of the control group (p=0.1) (Fig. 5B). These results demonstrate 

that macaques co-immunized with the DNA vaccine along with RANTES induced a strong 

capacity to control viral replication.

CD4+ T-cell counts after challenge

There was not a significant difference between the time points or the groups. This data 

showed that CD4 T cell amounts in the three groups were stable after challenge (data not 

shown).

Discussion

In this study, we demonstrated that immunization of rhesus macaques with a SHIV DNA-

based vaccine encoding SIVgag, SIVpol and HIV-1 clade C envelope induced a cellular and 

antibody response. We demonstrated that macaques in the vaccine groups had high number 

of antigen specific IFN-γ producing cells (Figs. 1 and 2), and a high cellular proliferative 

responses following in vitro to SIVgag, HIVenv, and SIVpol (Fig. 3). The profile of these 

cells revealed more central memory in the two vaccine groups and more effector memory 

in DNA plus RANTES group. Furthermore, intracellular cytokine staining results showed 

that more IFN-γ and IL-2 were produced in animals receiving the DNA + RANTES vaccine 

than in the control group. Finally we observed high titer antibody responses. RANTES 

demonstrated a higher antibody titer pre-challenge. Fig. 4

RANTES, a cytokine that belongs to the chemokine family and a chemoattractant for CD4+/

CD45RO T cells, can be produced by various cell types including CD8+ and CD4+ T cells 

as well as monocytes/macrophages. This chemokine has been shown to suppress replication 

of macrophage-tropic strains of HIV in CD4+ T cells (20). Our results demonstrate that 

co-immunized RANTES plasmid with SHIV DNA vaccine improves SHIV-specific cellular 

and humoral immune responses in rhesus macaques.

Sin et al demonstrated that RANTES, as an adjuvant to a DNA vaccine, can enhance 

antigen-specific Th1-Type CD4 T-cell-mediated protective immunity against Herpes 

Simplex virus in vivo (36). Shimizu et al genetically engineered a live-attenuated SHIV 

to express the RANTES gene (SHIV-RANTES) and found that SHIV-RANTES provided 

some immunity in monkeys by remarkably increasing the antigen-specific CD4+ T-cell 

proliferative response and by inducing an antigen-specific IFN-γ ELISpot response. 

Unfortunately, it failed to afford greater protection against a heterologous pathogenic SHIV 

(SHIV-C2/1) challenge compared to its control (21). Hadida et al have previously shown 

that RANTES enhances the HIV-specific cytotoxicity of CD8 T cells (13). As a result, we 

are the first to demonstrate that RANTES, as an adjuvant of a DNA vaccine, improved the 

protection against SHIV-infection in a macaque model.
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In addition, the developments of new delivery methods such as: electroporation (EP) (22,23), 

as well as the use of agents that improve antigen uptake or presentation, and optimization 

of the transgene sequences are overcoming historical drawbacks. Many studies have shown 

that the use of EP enhances plasmid uptake and immune responses by a factor of 5:1000 

in function of the specific model (24). Hence, we utilized electroporation to improve DNA 

vaccine delivery of a poly-optimized DNA vaccine. Our results demonstrate a 10-fold 

increase in the average number of IFN-γ producing cells compared to previous studies (data 

not shown). Importantly, in our previous studies that did not use electroporation, antibody 

responses were either very low or not observed pre-challenge. The RV144 study has brought 

a new focus to HIV-1 specific antibodies. It is believed that binding antibodies can stunt viral 

infection providing some impact on disease.

In conclusion, using both an adjuvant concurrently with electroporation delivery can 

enhance cellular and humoral immune responses. This ultimately has important implications 

for HIV-1 vaccine development.
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Figure 1. IFN-g -producing cells after immunizations.
Samples were taken two weeks after each immunization. PBMCs were isolated by a 

standard percoll separation technique and assessed for antigen specific IFN-g immune 

response in the control group (A), DNA group (B), and DNA + RANTES group (C). (D) 

Average level of IFN-g producing cells after immunizations 1–5 with control, SHIV DNA 

vaccine alone, and SHIV DNA vaccine + RANTES adjuvant. The data represent the number 

of cells able to secrete IFN-g after each immunization.
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Figure 2. Proliferative capacity of antigen specific T cells.
PBMCs from immunized macaques are stained with CFSE and stimulated with growth 

medium, concanavalin A (ConA), or SIV gag, SIV pol, or HIV Env peptides for 5 days. 

Following stimulation, cells were stained for phenotypic markers and analyzed by flow 

cytometry. A) Average proliferative capacity of CD4 and CD8 T cells B) Average for all 

primates is presented for CD4 or CD8 TCMs and TEMs. Data were acquired on an LSRI 

instrument analyzed with FlowJo software.
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Figure 3. Cytokine expression in CD4+ and CD8+ T cells found in blood of macaques 2 months 
following last immunization.
PBMCs from immunized macaques are stimulated with growth medium, ConA, SIV gag, 

HIV env or SIV pol peptides for 5 hours and then cells are stained for phenotypic markers 

and analyzed by flow cytometry. (A) Gating strategy of cytokine expression. (B) Average 

expression of cytokines IFN-γ, IL-2, and TNF-a in CD4+ /CD8+ T cells.
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Figure 4. Antibody Titers.
Sera were tested for antibodies capable of binding to HIV-1 envelope gp120, CN54, derived 

from a subject infected with clade C. Antibody titers are presented for (A) after the final 

immunization, prior to challenge and (B) post challenge.
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Figure 5. Viral Load following Challenge with SHIV-clade C.
The log of the viral load for the rhesus macaques after challenge with 25 animal infectious 

doses (AID) of SHIV-1157ipd3N4 is presented. Viral loads are presented as individual 

macaques for (A) control, (B) DNA, (C) DNA+RANTES as well as (D) an average for each 

experimental group.
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TABLE 1

Neutralization Titer ID50 in TNuZM-bl cells1

Group Bleed Wk MW965.26 SHIV-1157ip d3N4 MN SF162.LS Bal.26 W61D-TCLA.71

Control Pre-immune 20 21.6 20 20 20 20

2 wks post final boost 20 20 20 20 20 20

6 wks post challenge 47.2 24.6 34.4 20 20 25.4

DNA Pre-immune 20 25 20 20 20 20

2 wks post final boost 92.6 20.2 45.4 20 20 36.2

6 wks post challenge 8252.8 21.2 11127.6 879.6 87.2 642.6

DNA + RANTES Pre-immune 20 26.2 20 20 20 20

2 wks post final boost 152 21 90 23 20 36.8

6 wks post challenge 5359.2 26.8 7287.6 1242 163 2522.6
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