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Introduction  
Despite significant advances in therapy, the AIDS pandemic is 

responsible for devastating morbidity and mortality throughout the 
world (http://www.who.int/hiv/data/en/index.html), especially in 
regions with limited access to antiretroviral drugs. Vaccine strategies 
targeting the induction of neutralizing antibodies against HIV-1 have 
failed to provide protection [1,3]. Alternative approaches have focused 
on vaccines that stimulate cell-mediated immune responses (CMI) 
against conserved HIV-1 proteins in an attempt to attenuate infection 
[4,5]. Two vaccine concepts that have recently completed clinical 
efficacy studies also evaluated the induction of CMI responses. The 
STEP trial showed negative results [5], while the RV144, which also 
aimed at inducing protective antibodies, presented borderline efficacy 
[6]. 

Immunological analysis from the RV 144 study showed that 
the vaccine-induced immune response was essentially composed 
of CD4+ T cells and binding antibodies [6], suggesting that CD4+ T 
cells could play an important role in HIV vaccine-induced immunity. 

Furthermore, vaccination strategies that induced SIV-specific CD4+ - 
along with CD8+ - T cell responses were able to lower viral load after 
heterologous challenge [7,8]. 

Searching for new HIV vaccine concept, our group has designed 
a DNA vaccine (HIVBr18) encoding a previously described set of 
eighteen conserved and multiple HLA-DR-binding HIV-1 CD4+ 
T cell epitopes (HIVBr18). Peptides encoding such epitopes were 
recognized by PBMC from over 90% of HIV-1 infected individuals [9]. 
Immunization of different strains of mice, including BALB/c and mice 
transgenic to common HLA class II alleles, with the multiepitope DNA 
vaccine induced responses to 17 out of the 18 epitopes encoded by the 
vaccine [10,11]. Moreover, the induced CD4+ and CD8+ T cells were 
polyfunctional and long-lived with central and memory phenotype 
[11]. By virtue of inducing broad responses against conserved CD4+ T 
cell epitopes that could be recognized across widely diverse common 
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Abstract
T-cell based vaccines against SIV/HIV may reduce both transmission and disease progression by inducing

broad and functionally relevant T cell responses. Mounting evidence points toward a critical role for CD4+ T cells in 
the control of immunodeficiency and virus replication. We have previously shown that a DNA vaccine (HIVBr18), 
encoding 18 HIV CD4 epitopes capable of binding to multiple HLA class II molecules was able to elicit broad, 
polyfunctional, and long-lived CD4+ and CD8+ T cell responses in BALB/c and multiple HLA class II transgenic 
mice. By virtue of inducing broad responses against conserved CD4+ T cell epitopes that could be recognized 
across diverse common HLA class II alleles, this vaccine concept may cope with HIV-1 genetic variability and 
increase population coverage. Given the low immunogenicity of DNA vaccines in clinical trials, we tested the ability 
of a recombinant adenovirus serotype 5 encoding the 18 HIV epitopes (Ad5-HIVBr18) to increase specific cellular 
immune responses. We assessed the breadth and magnitude of HIV-specific proliferative and cytokine responses 
of CD4+ and CD8+ T cells induced by Ad5-HIVBr18 using different vaccination regimens/routes and compared to 
DNA immunization. Immunization with Ad5-HIVBr18 induced significantly higher specific CD4+ and CD8+ T cell 
proliferation, IFN-γ and TNF-α production than HIVBr18. The subcutaneous route of Ad5-HIVBr18 administration 
was associated with the highest responses. Ad5-HIVBr18 induced higher proliferative and cytokine responses than 
HIVBr18 up to 28 weeks post-immunization. Our results indicate that a vaccine based on an adenovirus vector 
encoding the HIVBr18 epitopes shows superior immunogenicity as compared to its DNA counterpart. These results 
support the possible testing of a vaccine encoding HIVBr18 in non-human primates and future clinical trials.
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HLA class II alleles, this vaccine concept may cope both with HIV 
genetic variability and increase population coverage.

A polyfunctional CD4+ T cell response is a hallmark of HIV-1 
patients who control viremia, and shows an inverse correlation with 
viral load [12,13]. It has been demonstrated that the efficacious smallpox 
and yellow fever vaccines induce durable, specific polyfunctional CD4+ 
or CD8+ T cells [14,16]. Furthermore, vaccine-induced polyfunctional 
(IFNγ+IL-2+TNFα+) CD4+ T cell populations were shown to provide 
protection against Leishmania major [17] and M. tuberculosis [18] 
challenge. 

Although DNA vaccines are highly immunogenic in small animal 
models, one of the most significant hurdles in developing such vaccines 
has been transferring the success of inducing protective immunity in 
those models [19] to larger animal models. Recombinant viral vectors 
have been used as an alternative to circumvent this problem. Indeed, 
vaccines based on adenovirus or cytomegalovirus vectors encoding SIV 
proteins were able to elicit broad, polyfunctional and durable CD4+ and 
CD8+ T cell responses and reduced viral load after challenge in non-
human primates [7,8]. Several clinical trials have shown that vaccines 
based on replication-defective adenovirus serotype 5 (Ad5) are safe and 
highly immunogenic [20,23], even though the Ad5-vectored trivalent 
HIV vaccine tested in the STEP trial showed no protection [24].

Here we sought to test whether an Ad5 vector encoding the 
HIVBr18 epitopes (Ad5-HIVBr18) could increase the immunogenicity 
detected with DNA immunization. We observed that homologous 
prime-boost immunization using Ad5-HIVBr18 increased IFN-γ/
TNF-α production as well as proliferation of CD4+ and CD8+ T cells 
against vaccine-encoded peptides when compared to DNA vaccine 
immunization alone.

Materials and Methods
Construction of a DNA vaccine and replication-defective 
recombinant adenovirus serotype 5 encoding multiple HIV-1 
epitopes

A DNA vaccine containing the codon optimized nucleotide 
sequence of the eighteen HIV-1 CD4+ epitopes described in Fonseca 
et al. [9]: p17 (73-89), p24 (33-45), p24 (131-150), p6 (32-46), pol 
(63-77), pol (136-150), pol (785-799), gp41(261-276), gp160 (19-31), 
gp160 (174-185), gp160 (188-201), gp160 (481-498), rev (11-27), vpr 
(58-72), vpr (65-82), vif (144-158), vpu (6-20) and nef (180-194) was 
constructed and produced as described in Ribeiro et al. and Rosa et al. 
[10,11]. The numbers in brackets are amino acid positions in reference 
HIV-1 strain HXB2. A replication-defective E1-deleted recombinant 
adenovirus serotype 5 (Ad5) encoding the HIVBr18 sequence (Ad5-
HIVBr18) was commercially generated (ViraQuest, Inc.). Briefly, the 
HIVBr18 insert was subcloned into pVQAd5CMVK-NpA shuttle 
plasmid (pVQAdCMV-HIVBr18). HEK293 cells were co- transfected 
with pVQAdCMV-HIVBr18 and the RAPAd backbone and harvested 
after 7 days.

The primary lysate was amplified and purified over two rounds 
of centrifugation on a CsCl gradient. The particles were isolated and 
dialyzed against A195 buffer and stored at -80oC. Construction of 
rAdlacZ, a recombinant adenovirus carrying the Escherichia coli 
galactosidase-coding sequence, described previously [25] was used as 
control and was kindly provided by Dr Maurício Rodrigues (Federal 
University of Sao Paulo- Brazil).

Mice and Immunizations

Six to eight weeks-old female BALB/c mice were used in this study. 

Mice were maintained and manipulated under specific pathogen-free 
conditions at the animal care facilities of the Institute of Tropical 
Medicine, University of Sao Paulo (IMT/FMUSP). Experiments were 
performed in accordance to the guidelines of the Internal Review Board 
of University of Sao Paulo School of Medicine (CAPPesq- HCFMUSP) 
and approved under protocol number 775-06. For DNA immunization, 
six mice per group were injected with 7μg of cardiotoxin (Sigma) five 
days before vaccination and then received 3 doses of 100µg of HIVBr18 
or empty vector pVAX1 intramuscularly (IM) at days 0, 15 and 30. 
Each quadriceps was injected with 50µL of DNA at a concentration of 
1µg/µL in saline. For adenovirus immunization, mice were inoculated 
subcutaneously (SC) or intramuscularly (IM) with viral suspension 
(Ad5-HIVBr18 or Ad5-βgal) containing 2x 108 PFU at days 0 and 15. 
For heterologous prime-boost regimens, animals received cardiotoxin 
(Sigma) five days before vaccination with HIVBr18 (IM) and fifteen 
days later received 2x 108 PFU of Ad5-HIVBr18 by IM or SC route. 

Peptides

The eighteen multiple HLA-DR binding, frequently recognized 
peptides, derived from the conserved regions of HIV-1 B-subtype 
consensus and selected from the whole proteome [9] were synthesized in 
house by solid phase technology using the 9-fluorenylmethoxycarbonyl 
(Fmoc) strategy, with the C-terminal carboxyl group in amide form 
[26]. Peptide purity and quality were assessed by reverse-phase high 
performance liquid chromatography and mass spectrometry and was 
routinely above 90%. 

Spleen cell isolation 

Two or 28 weeks after the last immunization, mice were euthanized 
and spleens were removed aseptically. After obtaining single cell 
suspensions, cells were washed in RPMI 1640. Cells were then 
ressuspended in R-10 (RPMI supplemented with 10% of fetal bovine 
serum (FBS-GIBCO), 2 mM L‑glutamine (Sigma), 10 mM Hepes 
(Sigma), 1mM sodium pyruvate, 1% vol/vol non-essential aminoacids 
solution, 40µg/mL of Gentamicin, 20 µg/mL of Peflacin and 5x10-5M 
2- mercaptoethanol (SIGMA). Cell viability was evaluated using 0.2% 
Trypan Blue exclusion dye to discriminate between live and dead cells. 

IFN-γ ELISPOT assay

Splenocytes from immunized mice were assayed for their ability 
to secrete IFN-γ after in vitro stimulation with 5µM of individual or 
pooled HIV-1 peptides. The ELISPOT assay was performed using 
Becton Dickinson murine IFN-γ ELISPOT kit, as previously described 
[10,11]. Spots were counted using AID ELISPOT Reader System 
(Autoimmun Diagnostika GmbH, Germany). The number of antigen 
specific T cells, expressed as spot-forming units (SFU)/106 splenocytes, 
was calculated after subtracting negative control values (medium only). 
The cutoff was calculated as the mean SFU/106 splenocytes + 3 SD from 
pVAX1 and/or Ad5-βgal immunized mice, stimulated with all peptides 
(cutoff=15 SFU/106 splenocytes).

CFSE-based proliferation assay 

To monitor the expansion and proliferation of HIV-specific T cells, 
splenocytes from immunized mice were labeled with carboxyfluorescein 
succinimidyl ester (CFSE) (27). Briefly, freshly isolated splenocytes 
were resuspended (50x106/mL) in PBS and labeled with 1.25 µM of 
CFSE (Molecular Probes) at 37ºC for 10 minutes. The reaction was 
quenched with RPMI 1640 supplemented with 10% FBS and cells were 
washed before resuspending in RPMI 1640 at a density of 1.5x106/mL. 
Cells were cultured in 96-well-round-bottomed plates (3x105/well in 
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triplicate) for 5 days at 37oC and 5%CO2 with medium only or 5µM of 
HIV peptides. Positive control included cells stimulated with 2.5µg/mL 
of Concanavalin A (Sigma). Cells were then harvested, washed with 100 
µL of FACS buffer (PBS with 0.5% BSA and 2mM EDTA) and stained 
with anti-mouse CD3 phycoerythrin (PE), anti-mouse CD4 peridinin 
chlorophyll protein (PerCP) and anti-mouse CD8 allophycocyanin 
(APC) monoclonal antibodies (BD Pharmingen, San Jose, CA) for 45 
minutes at 40C. Cells were then washed twice with FACS buffer, fixed 
with 4% paraformaldehyde, and resuspended in FACS buffer. Samples 
were acquired on a FACSCanto flow cytometer (BD Biosciences) and 
then analyzed using FlowJo software (version 9.0.2, Tree Star, San 
Carlo, CA). Fifty thousand events were acquired in a live lymphocyte 
gate. The percent of proliferating CD4+ and CD8+ CFSElow cells was 
determined in the CD3+ cell population and the criteria for scoring 
as positive included % CFSElow cells > cutoff. The cutoff of unspecific 
proliferative response was determined based on the percentage of 
proliferating cells (% of CD3+CD4+ or CD3+CD8+ CFSElow cells) on 
splenocytes from pVAX1 and/ or Ad5-βgal immunized groups after 
stimulating with individual peptides +3 standard deviation (SD).

Analysis of polyfunctional HIV-specific T-cell responses

Splenocytes from immunized mice were labeled with CFSE as 
described above. CFSE-labeled cells were incubated at a density of 
2.5x106 cells/mL and cultured in 96-well-round-bottomed plates (5x105/
well in triplicate) for 4 days at 37oC and 5%CO2 with medium only or 
pooled HIV peptides (5µM). After 4 days of incubation, cells were re-
stimulated in the presence of 2µg/mL anti-CD28 (BD Pharmingen), 
5µM of pooled HIV peptides and Brefeldin A- GolgiPlugTM (BD 
Pharmingen) for the last 12 hours. After the incubation period, cells 
were washed with FACS buffer and surface stained using monoclonal 
antibodies to CD8-Alexa700 and CD4- PerCP for 30 minutes at 40C. 
Cells were fixed and permeabilized using the Cytofix/CytopermTM kit 
(BD Pharmingen). Permeabilized cells were washed with Perm/Wash 
buffer (BD Biosciences) and stained with monoclonal antibodies to 
CD3-APCCy7, IL2-PE, TNFα-PECY7 and IFNγ- APC for 30 minutes 
at 40C. Following staining, cells were washed twice and resuspended in 
FACS buffer. All antibodies were from BD Pharmingen. Samples were 
acquired on a FACSCanto flow cytometer (BD Biosciences) and then 
analyzed using FlowJo software (version 9.0.2, Tree Star, San Carlo, 
CA). Five hundred thousand events were acquired in a live lymphocyte 
gate. The percent of cytokine producing and proliferating CD4+ and 
CD8+ cells was determined in the CD3+ cell population. In addition, we 
used Boolean gate (FlowJo software (version 9.0.2, Tree Star, San Carlo, 
CA)) platform to create several combinations of the cytokine gates 
among the proliferating T cells resulting in seven distinct patterns. The 
percentages of cytokine- producing cells were calculated by subtracting 
background values. For each flow cytometry experiment performed in 
this paper, unstained and all single-color controls were processed to 
allow proper compensation.

Data Analysis

Statistical significance (p-values) was calculated by using One-way 
ANOVA and Tukey’s honestly significantly different (HSD) or Two-
way ANOVA and Bonferroni Post Test.

Results
To analyze whether the Ad5-HIVBr18 vaccine could be more 

immunogenic than the DNA counterpart, HIVBr18, BALB/c 
mice were immunized with either the previously established DNA 
immunization protocol (3 doses of HIVBr18 [13,14]); or with 2 

doses of Ad5-HIVBr18 by different routes; or with a heterologous 
DNA prime (HIVBr18) followed by Ad5-HIVBr18-boost by different 
routes. Fifteen days after the last immunization, pooled splenocytes 
were evaluated for specific CD4+ and CD8+ T cell proliferation against 
pooled HIV-1 peptides by the CFSE-based proliferation assay. CD4+ 
and CD8+ T cells from animals that received two doses of recombinant 
adenovirus subcutaneously (Ad5-HIVBr18, SC) presented significantly 
higher specific proliferation than the group immunized with 3 doses of 
the HIVBr18 DNA vaccine (Figure 1). HIV-specific proliferation was 
above 20% for CD4+ and above 10% for CD8+ T cells in this group, 
being significantly higher for the CD4+ T cell compartment than 
the CD8+ T cell compartment (p<0.05). Neither of the heterologous 
prime-boost regimens was able to increase the magnitude of CD4+ 
and CD8+ T cell proliferative responses as compared to the HIVBr18 
DNA immunization protocol. Actually, the heterologous prime-boost 
protocols were associated with a decrease in the magnitude of the 
proliferative responses.

We subsequently characterized the cytokine production profile of 
the specific T cells. Using the IFN-γ ELISPOT assay, we observed that 
splenocytes from animals that received two doses of Ad5-HIVBr18 
(SC) presented significantly higher IFN-γ secretion when compared 
with those immunized with HIVBr18 DNA alone (Figure 2A). Both 
heterologous prime-boost regimens reduced the magnitude of the 
responses. 

In order to assess the functional profile of the induced CD4+ and 
CD8+ T cells, we performed a multiparameter flow cytometry analysis. 
This strategy allowed us to characterize the antigen-specific T cells 
based on their ability to proliferate and produce the effector cytokines 
IFN-g, TNF-α and IL-2 at a single cell level. Taking into account 
cells that proliferated and produced any of the 3 cytokines tested, we 
observed that subcutaneous immunization with Ad5-HIVBr18 induced 
significantly higher CD4+ T cells with such profile. On the other hand, 
heterologous prime-boost protocols induced significantly lower 
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Figure 1: Immunization with an adenovirus encoding the multiepitope 
gene (Ad5-HIVBr18) elicits higher proliferative responses when compared 
to other regimens. BALB/c mice (6 per group) were immunized intramuscularly 
(IM) with the DNA vaccine HIVBr18 (3 doses); or received 2 doses of 2x108 
PFU of recombinant adenovirus (Ad5) by intramuscular (IM) or subcutaneous 
(SC) route; or received a heterologous prime-boost regimen based on a DNA 
prime (IM), Ad5 boost (IM or SC). Control groups received pVAX1 plasmid and/
or Ad5-βgal.Two weeks after the last immunization; splenocytes from each 
immunized group were pooled, labeled with CFSE (1.25μM) and cultured for 
5 days, in the presence of 5μM of pooled HIV-1 peptides. Cells were analyzed 
by flow cytometry and CFSE dilution on gated CD3+CD4+ or CD3+CD8+ cells 
was used as readout for antigen-specific proliferation. Cutoff values were 1.7% 
for CD4+ and 1.5% for CD8+ T cells. Only significant differences with the DNA 
immunized group are depicted (*p<0.05 and ***p<0.001). DNA= HIVBr18; 
Ad5= adenovirus 5 encoding HIVBr18.
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responses as compared to immunization with HIVBr18 DNA alone. 
The induced HIV-1-specific CD4+ T cell responses were significantly 
higher than CD8+ T cell responses in all immunization groups (p<0.01), 
except for the subcutaneous heterologous prime-boost regimen (Figure 
2B). There was no significant difference in the magnitude of the CD8+ T 
cell induced immune responses among different groups.

Boolean combinations allowed us to evaluate the polyfunctional 
profile of the induced T cells based on the ability of these cells to perform 
any of the above measured functions (proliferation and cytokine 

production). Boolean analysis of proliferating (CFSElow) and cytokine-
positive populations indicated that all immunized groups presented 
a similar CD4+ T cell polyfunctional profile (Figure 2C). However, 
Ad5-HIVBr18 immunization induced a significantly higher number of 
peptide-specific CD4+ T cells that were able to proliferate and produce 
IFN-g and TNF-α, alone or in combination, than immunization with 
HIVBr18 (Figure 2C). On the other hand, heterologous prime-boost 
regimens induced significantly lower numbers of proliferating CD4+ 
T cells producing TNF-α alone or in combination with IFN-γ, as 
compared to HIVBr18. We also found that for the CD8+ T cell subset, 
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Figure 2: Immunization with Ad5-HIVBr18 induces higher number of polyfunctional T cells when compared to other regimens. BALB/c mice (6 per group) 
were immunized as described in Figure 1 and Methods section. Two weeks after the last immunization, splenocytes from each immunized group were pooled and 
specific immune responses were evaluated in vitro against pooled HIV-1 peptides. (A) Frequencies of IFN−γ secreting cells measured by ELISPOT. SFU, spot-forming 
units. Cutoff: 15 SFU/106. (B) Splenocytes were labeled with CFSE (1.25 µM) and cultured for 4 days in the presence of pooled HIV-1 peptides or medium only. On day 
4, cells were pulsed for 12 hours with pooled peptides in the presence of costimulatory antibody and Brefeldin A. Cells were then surface stained with antibodies to CD4 
and CD8, permeabilized and stained for intracellular cytokines (IFN-γ, TNF-α and IL-2) and CD3. Total frequencies of proliferating (CFSElow) and cytokine-producing 
CD4+ and CD8+ T cells are shown. (C) and (D) After gating on proliferating (CFSElow) and cytokine-producing cells, Boolean combinations were created using FlowJo 
software to determine the frequency of each response based on all possible combinations of cytokine expression among proliferating T cells. Splenocytes from control 
groups (pVAX1 and/or Ad5- βgal) presented negligible numbers of IFN-γ secreting cells and proliferating-cytokine producing cells. Only significant differences with the 
DNA immunized group are depicted (*p<0.05, **p<0.01 and ***p<0.001). DNA= HIVBr18; Ad5= adenovirus 5 encoding HIVBr18.
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Figure 3: Breadth of immune responses. BALB/c mice were immunized as described in Figure 1 and Methods section. Two weeks after the last immunization, 
splenocytes from immunized mice (6 per group) were pooled and the specific IFN-γ responses were evaluated in vitro against 18 individual HIV-1 peptides encoded 
by the vaccines (5µM). The pie charts show the frequencies of HIV-1 peptide-specific IFN-γ secreting cells by displaying each number of SFU/106 cells for each 
positive peptide as a proportion of the sum of SFU/106 cells for all positive peptides. The sum of all positive responses (SFU/106 cells) is shown above each pie 
chart. Splenocytes from control groups (pVAX1 and/or Ad5-βgal) presented negligible numbers of IFN-γ secreting cells after stimulation with each of the 18 encoded 
peptides. SFU, spot-forming units. Cutoff: 15 SFU/106.

there was a higher prevalence of proliferating cells that produced IFN-γ 
and TNF-α, alone or simultaneously, in all immunized groups (Figure 
2D). CD8+ T cells from mice subcutaneously immunized with Ad5-
HIVBr18 presented higher percentages of CFSElow and IFN-γ/TNF-α 
producing cells than HIVBr18. Control groups (pVAX1 or Ad5-βgal 
immunized group) presented negligible levels of cytokine producing-
proliferating T cells. These results showed that immunization protocols 
based on Ad5 vector, especially by the subcutaneous route, can 
generate proliferating and cytokine-producing specific T cells with 
higher magnitude than DNA immunization. On the other hand, the 
heterologous prime-boost regimens frequently reduced the responses 
as compared to immunization with HIVBr18. 

In order to verify if immunization protocols based on Ad5 vector 
would be able to induce a broader specific immune response, we 
performed IFN-γ ELISPOT assays stimulated with each of the 18 HIV-1 
peptides encoded by the vaccines. While immunization with HIVBr18 
induced responses to 7 peptides, subcutaneous immunization with 
Ad5-HIVBr18 induced responses to 2 additional peptides: (p6(32-46) 
and gp160(481-498)) (Figure 3). These results show that the selected 
viral vector was able to increase the magnitude and, to a lesser extent, 
also had an impact in the breath of the immune responses against the 
vaccine encoded epitopes. 

Given the importance of long-term vaccine induced immune 
responses, we evaluated the presence of specific T cells 28 weeks after 
the last immunization. As shown in Figure 4, measurable proliferative 
responses were observed at this time point, and proliferative CD4+ 
T cell responses were significantly higher in the group immunized 
subcutaneously with Ad5-HIVBr18 than HIVBr18. The heterologous 
prime-boost regimens induced the lowest proliferative responses at the 
28 week time-point, as previously observed for the 2 week time-point. 

The ability of T cells from immunized mice to secrete cytokines 
over time was also evaluated by IFN-γ ELISPOT (Figure 5A) and 
multiparametric flow cytometry assays (Figure 5 B-C). IFN-γ secretion 
was detectable in all immunized groups at the 28 week-time point 
and was significantly higher in the group subcutaneously immunized 
with Ad5-HIVBr18 than in the HIVBr18 immunized group (Figure 
5A). Boolean analysis showed that different immunization protocols 
induced 4 to 9% of CD4+ T cells that proliferated and produced at 
least one cytokine in response to pooled HIV-1 peptides (Figure 5B). 

Proliferating/cytokine producing CD4+ T cells were significantly 
higher among the Ad5-HIVBr18 immunized groups. Boolean analysis 
at this time point (28 weeks) showed that Ad5-HIVBr18 immunization 
induced higher numbers of peptide-specific CD4+ T cells that proliferate 
(CFSElow) and produce IFN-γ/TNF-α simultaneously (Figure 5C) and 
that proliferate and produce IFN-γ alone than HIVBr18 immunized 
group. These results showed that immunization protocols based on 
adenovirus 5, mainly by the subcutaneous route, can generate a more 
durable specific immune response than DNA immunization. On the 
other hand, heterologous prime boost regimens reduced the magnitude 
of specific immune responses.

Finally, we evaluated the breadth of the induced immune responses 
at the 28 week-time point for all immunized groups by IFN-γ ELISPOT 
assay. The number of recognized peptides varies from 2 to 9 (Figure 
6). The broadest response was observed in the group immunized with 
HIVBr18. Comparison of the 2- and 28-week time points showed 
different epitope targets. Responses to peptide gp160(481-498) found 
2 weeks after last immunization with Ad5-HIVBr18 (Figure 3) were 
not detected anymore at the 28 week-time point, while responses 
to p24(33-45) and pol(785-799) became borderline positive in the 
HIVBr18-immunized group. With the exception of p17(73-89), all 
responses were higher in mice immunized subcutaneously with Ad5-
HIVBr18 than HIVBr18. These results showed that subcutaneous 
administration of Ad5-HIVBr18 had an impact at the magnitude of the 
induced immune responses over time. 

Discussion
In this paper, we have shown that immunization with Ad5-

HIVBr18 induced stronger T cell responses than HIVBr18, the 
previously described DNA vaccine [10,11], without impairing the 
breadth of the immune responses.  Ad5-HIVBr18-immunized mice 
displayed significantly higher proliferative, as well as polyfunctional 
CD4+ and CD8+ T cell responses when compared to HIVBr18. Most 
of these responses were highest among animals immunized with 
Ad5-HIVBr18 by the subcutaneous route. The same immunization 
protocol induced the highest T cell immune responses even at 28 
weeks after the last immunization, indicating that it was also able to 
improve the longevity of the vaccine-induced immune responses, as 
compared to DNA immunization. The Ad5-HIVBr18 immunization 
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strategy maintained the bias toward CD4+ T cell responses, as 
previously observed for HIVBr18 [10,11]. An additional advantage of 
immunization with Ad5-HIVBr18 as compared to HIVBr18 was the 
reduced number of required doses (2 vs. 3 doses, respectively). We also 
tested heterologous prime-boost protocols, which were invariably less 
efficient than homologous immunization regimens.

As mentioned above, we observed that homologous adenovirus-
based immunization protocols increased the magnitude of specific 
proliferation and type 1 cytokine production, in both CD4+ and CD8+ 
T cell subsets. This is of great interest, since adenovirus-based vaccines 
that induced highly immunogenic responses in mice [28] and non- 
human primate models [8] were able to control pathogen specific 
challenge. In Addition, it did not impair the breadth of these responses.

Interestingly, we observed that the CD4+ T cell response was 
significantly higher than the CD8+ response among adenovirus-based 
vaccine immunized groups. This is in contrast with previous reports that 
showed that adenovirus vector-based immunization induces a stronger 
CD8+ than CD4+ T cell response [29]. We believe that the CD4-biased 
immune responses may be due to the intrinsic design of the CD4 T cell 
epitope-rich insert, as previously observed by our group with HIVBr18 
immunization [10,11]. Although Ad5-HIVBr18 immunization 
induced a CD4-biased T cell response, it also improved CD8+ specific T 
cell responses, when compared to HIVBr18 immunization. 

In the present work, all immunization strategies were able to induce 
polyfunctional T cells. However, we found a significantly increased 
number of polyfunctional CD4+ and CD8+ T cells in Ad5-HIVBr18-
immunized group when compared to HIVBr18. A polyfunctional 
CD4+ T cell response is a hallmark of HIV-1 patients who control 
viremia, and shows an inverse correlation with viral load [12,13]. In 
mice, vaccine-induced polyfunctional CD4+ T cells have been shown 
to correlate with protection against Leishmania major [17] and M. 
tuberculosis [18]. 

We found that subcutaneous immunization with Ad5-HIVBr18 
increased the number of recognized epitopes when compared to 
HIVBr18 vaccine. Indeed, the breadth of the immune responses has 

been suggested as a correlate of protection in HIV-1/SIV infection 
[30-33,8]. By virtue of inducing broad responses against conserved 
CD4+ T cell epitopes, this vaccine concept may cope with HIV genetic 
variability and viral escape. 

Beyond the magnitude and breadth of the induced immune 
responses, long-term immunity is critical and has an important impact 
on vaccine-induced protection [16]. We observed a persistent specific 
immune response up to 28 weeks after the last dose for all immunized 
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Figure 4: Ad5-HIVBr18 immunization induces higher proliferative 
responses up to 28 weeks after the last immunization. BALB/c mice 
were immunized as described earlier. Twenty-eight weeks after the last 
immunization, splenocytes from immunized mice (6 per group) were pooled, 
labeled with CFSE (1.25μM) and cultured for 5 days, in the presence of 5μM 
of pooled HIV-1 peptides. Cells were analyzed by flow cytometry and CFSE 
dilution on gated CD3+CD4+ or CD3+CD8+ cells was used as readout for 
antigen-specific proliferation. Experimental groups presented proliferation 
above cutoff values in all time points. The average of proliferation on 
splenocytes from pVAX1 and/or Ad5-βgal immunized group was subtracted 
from the respective experimental groups. DNA= HIVBr18; Ad5= adenovirus 5 
encoding HIVBr18. DNA vs Ad5 (2x, SC), p<0.001.
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Figure 5: Ad5-HIVBr18 immunization induces higher numbers of 
polyfunctional T cells up to 28 weeks after the last immunization. BALB/c 
mice were immunized as described earlier. Twenty eight weeks after the 
last immunization, splenocytes from BALB/c mice (6 per group) were pooled 
and specific immune responses were evaluated in vitro against pooled HIV-
1 peptides. (A) Frequencies of IFN-γ secreting cells measured by ELISPOT. 
(B) Spleen cells were labeled with CFSE (1.25 μM) and cultured for 4 days 
in the presence of pooled HIV-1 peptides or medium only. On day 4, cells 
were pulsed for 12 hours with pooled peptides in the presence of costimulatory 
antibody and Brefeldin A. Cells were then surface stained with antibodies to 
CD4 and CD8, permeabilized and stained for intracellular cytokines and CD3. 
Total frequencies of proliferating (CFSElow) and cytokine-producing CD4+ T 
cells are shown. (C). Values from control groups (pVAX1 and/or Ad5-βgal) 
were subtracted from experimental groups and are not depicted. DNA= 
HIVBr18; Ad5= adenovirus 5 encoding HIVBr18. DNA vs DNA (1x) + Ad5 (1x, 
IM), p<0.001; DNA vs DNA (1x) + Ad5 (1x, SC), p<0.001; DNA vs Ad5 (2x, 
SC), p<0.001.
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Figure 6: Breadth of immune responses 28 weeks after last dose. BALB/c mice were immunized as described earlier. Twenty eight weeks after the last 
immunization, splenocytes from immunized mice (6 per group) were pooled and the specific IFN-γ responses were evaluated in vitro against 18 individual HIV-1 
peptides encoded by the vaccines (5µM). (A) The pie charts represent the frequencies of HIV-1 peptide-specific IFN-γ secreting cells by displaying each number of 
SFU/106 cells for each positive peptide as a proportion of the sum of SFU/106 cells for all positive peptides. The sum of all positive responses (SFU/106 cells) is shown 
above each pie chart. Splenocytes from control groups (pVAX1 and/or Ad5-βgal) presented negligible numbers of IFN−γ secreting cells after stimulation with each of 
the 18 encoded peptides. SFU, spot-forming units. Cutoff: 15 SFU/106.

groups, which was highest in the subcutaneously Ad5-HIVBr18 
immunized group. 

Heterologous prime-boost regimens have been proposed as 
an alternative to avoid boosting vector immunity and consequent 
impairment of the targeted immune responses. In our study, none of 
the heterologous DNA prime-Ad5 boost regimens were able to increase 
HIV- specific induced cellular immune responses when compared 
to HIVBr18 or Ad5-HIVBr18 alone. In fact, we have tested other 
heterologous DNA-prime adenovirus-boost combinations involving 
different number of doses of each immunogen, with similar or weaker 
responses (data not shown). This is in contrast with many reports that 
have shown that DNA prime and viral vector boost could be an effective 
strategy for eliciting strong T-cell responses against pathogenic viruses 
such as Ebola virus, HIV, and HCV [34-36]. 

In spite of the high immunogenicity of Ad5-HIVBr18, there is a 
major concern in vaccination based on Ad5 viral vector. Most humans 
have high titers of neutralizing antibodies against this adenovirus 
serotype, due to the fact that natural Ad5 infection is commonly 
acquired in childhood. In addition, the use of adenovirus as a vector 
for HIV vaccines has been questioned after the results from the STEP 
trial. The trend toward increased acquisition of HIV-1 infection in 
baseline Ad5-seropositive vaccines was concerning but not statistically 
significant [24]. In addition, a recent report failed to find an association 
between Ad5 neutralizing antibody seropositivity and incidence of 
HIV acquisition among populations at elevated risk of HIV infection 
[37]. One way to overcome the pre-existing immunity problem is 
to use adenovirus serotypes with low prevalence of neutralizing 
antibodies [38]. To achieve this goal the development of vectors based 
on rare human serotypes such as human Ad35 [39], AdHu28 [40] or 
modification of the human Ad5 capsid [41,42] has been performed. 

Altogether, our results showed that a recombinant adenovirus 5 
vaccine expressing the CD4 epitope-rich HIVBr18 insert was highly 
immunogenic, especially when administered by the subcutaneous 
route. These results encourage the testing of an adenoviral vector-based 
HIVBr18 vaccine in non-human primates and future clinical trials.
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