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Abstract
Purpose of Review—Recombinant adenovirus (rAd) vectors have emerged as promising vaccine
platform technologies due to their capacity to elicit potent humoral and cellular immune responses
to encoded antigens. These vectors are being explored as potential vaccine candidates for a variety
of pathogens. This review summarizes current efforts to develop rAd vector-based vaccines for
HIV-1.

Recent Findings—In the phase 2b Step study, rAd5 vectors expressing clade B HIV-1 Gag, Pol,
and Nef antigens failed to afford protection and may have resulted in increased HIV-1 acquisition
in certain subgroups. Recent studies have explored the potential reasons for this failure and the utility
of novel rAd vectors derived from non-Ad5 serotypes.

Summary—Current areas of active investigation include the development of alternative serotype
rAd vectors, the incorporation of rAd vectors into heterologous vector prime-boost regimens, and
the use of rAd vectors to express novel HIV-1 antigens. These HIV-1 vaccine candidates will be
evaluated in clinical trials over the next several years.
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Introduction
Three HIV-1 vaccine concepts have completed clinical efficacy trials to date. The AIDSVAX
studies (VAX003/004) were completed in 2003 and showed that monomeric Env gp120
proteins failed to afford protection against HIV-1 acquisition in high-risk subjects in the U.S.
and Thailand (1–2). The Step study (HVTN 502/Merck 023) evaluated rAd5 vectors expressing
clade B Gag, Pol, and Nef in high-risk individuals in North America, South America, the
Caribbean, and Australia. Vaccinations in this study were unexpectedly terminated in 2007 for
futility and for a trend towards increased HIV-1 acquisition in vaccinees as compared with
placebo recipients (3). The Thai trial (RV144) evaluated an ALVAC prime, Env gp120 protein
boost regimen and demonstrated in 2009 a 31% protective effect against acquisition of HIV-1
infection in low-risk, heterosexual subjects in Thailand (4).

The Thai trial provided the first signal of HIV-1 vaccine efficacy in humans. However, the
observed protection was modest and transient in nature, and more potent vaccine candidates
will presumably be required. A diversity of approaches should therefore continue to be pursued
in the HIV-1 vaccine field. Platform technologies that are being explored include the use of
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adenovirus vectors, poxvirus vectors, DNA vaccines, protein subunits, and other approaches.
This review summarizes current efforts to develop rAd vector-based vaccines for HIV-1.

Implications of the Step Study
Recombinant Ad5 vectors were selected for development by both Merck and the NIH Vaccine
Research Center (VRC) based on their immunologic potency and manufacturing feasibility.
This decision was based in part on comparative preclinical immunogenicity studies that showed
that rAd5 vectors elicited higher magnitude cellular and humoral immune responses than
poxvirus vectors and DNA vaccines (5–6). The Merck HIV-1 vaccine candidate was
formulated as a trivalent mixture of rAd5 vectors expressing clade B Gag, Pol, and Nef. Merck
together with the NIH-sponsored HIV Vaccine Trials Network (HVTN) advanced this vaccine
candidate into a phase 2b efficacy trial called the Step study in North America, South America,
the Caribbean, and Australia (3,7). A second phase 2b efficacy trial called Phambili was
initiated in South Africa utilizing this same vaccine.

Vaccinations in the Step study were unexpectedly terminated in 2007 at the first data and safety
monitoring board review for futility. A trend towards increased HIV-1 acquisition was also
observed in vaccinees as compared with placebo recipients, particularly in subjects who had
baseline Ad5 neutralizing antibodies (NAbs) and who were uncircumcised (3). Based on these
findings, vaccinations in the Phambili study were also terminated, and the phase 2b evaluation
of the DNA prime, rAd5 boost vaccine candidate developed by the VRC was delayed and
modified.

The results of the Step study have had a profound impact on the field but have also proven
difficult to interpret. In particular, the trend towards increased acquisition of HIV-1 infection
in baseline Ad5 seropositive vaccinees was concerning but was not statistically significant
(3,8). Other clinical variables such as geography and circumcision status may also have
impacted HIV-1 acquisition risk in this study. Nevertheless, a hypothesis emerged shortly after
the Step results were announced that baseline Ad5 NAbs may have been markers for Ad5-
specific T lymphocyte responses, and that Ad5-specific CD4+ T lymphocytes could have
expanded following rAd5 vaccination and served as increased targets for infection at mucosal
sites. Several groups have now explored the immunologic basis of this hypothesis.

Four independent laboratories have assessed Ad5-specific T lymphocyte responses in humans
with and without baseline Ad5 NAbs following rAd5 vaccination (9–12). In particular, Ad5
NAb titers were shown not to correlate with Ad5-specific T lymphocyte responses, presumably
as a result of extensive cross-reactive T lymphocyte responses across multiple Ad serotypes.
Moreover, following rAd5 vaccination, Ad5-specific CD4+ T lymphocyte responses were
comparable or lower in baseline Ad5 seropositive subjects as compared with baseline Ad5
seronegative subjects, likely reflecting partial neutralization of the rAd5 vaccine vector in
subjects with baseline Ad5 NAbs. Thus, no greater anamnestic vector-specific CD4+ T
lymphocyte responses were observed following rAd5 vaccination in subjects with baseline
Ad5 NAbs. These findings do not support the hypothesis that exuberant Ad5-specific CD4+
T lymphocyte responses led to the potential increased HIV-1 acquisition in baseline Ad5
seropositive individuals in the Step study.

A caveat of all these studies is that analyses performed using peripheral blood lymphocytes do
not exclude the possibility that robust vector-specific CD4+ T lymphocytes may have trafficked
rapidly to mucosal sites. Consistent with this possibility, an in vitro study reported activation
of Ad5-specific CD4+ T lymphocytes and upregulation of mucosal homing integrin expression
following short-term in vitro cultures with large amounts of Ad5 virus (13). The interpretation
of this study, however, is limited by the lack of evaluation of subjects following rAd5
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vaccination and, similar to the previous studies, the absence of direct assessments of cellular
inflammation and vector-specific CD4+ T lymphocyte responses at mucosal surfaces.
Answering this question definitively would require an analysis of mucosal biopsies from
humans with and without baseline Ad5 NAbs following rAd5 vaccination. Unfortunately, these
data are unlikely to be readily obtained.

We have recently explored this hypothesis in a rhesus monkey model in which baseline Ad5
immunity was induced by respiratory infection with replication-competent Ad5 virus (14). In
this model, we showed that Ad5-specific CD4+ T lymphocyte responses at mucosal sites
following rAd5-Gag/Pol/Nef vaccination were comparable in rhesus monkeys with and
without baseline Ad5 NAbs. Moreover, total cellular inflammatory infiltrates as well as CD3,
CD4, HLA-DR, Ki67, and Langerin-positive cellular subpopulations in colorectal and foreskin
mucosa were similar in both groups. Thus, no greater trafficking of Ad5-specific CD4+ T
lymphocytes to mucosal target sites was observed following rAd5 vaccination of baseline Ad5
seropositive as compared with baseline Ad5 seronegative rhesus monkeys. We did observe
transient activation of Ad5-specific CD4+ T lymphocytes at week 1 following vaccination,
consistent with the in vitro findings (13) and prior nonhuman primate studies (15), but this
cellular activation rapidly returned to baseline levels by week 2 following vaccination in both
the periphery and the mucosa. These data, together with the immunologic data obtained from
human peripheral blood lymphocytes following rAd5 vaccination (9–12), suggest that
recruitment of vector-specific target cells to mucosal sites does not likely account for the
potential increased HIV-1 acquisition for >52 weeks in Ad5 seropositive, uncircumcised
vaccinees in the Step study.

An alternative hypothesis that has been proposed is that rAd5 vaccination of subjects with
baseline Ad5 NAbs may have resulted in antigen-antibody immune complexes that could have
triggered more rapid or more efficient stimulation of dendritic cells (16). The possible
connection of these parameters with susceptibility to HIV-1 infection is currently being
explored. Still another possibility is that baseline Ad5 NAbs may not in fact have been causally
related to increased HIV-1 acquisition in rAd5 vaccinees in the Step study. Consistent with
this possibility is the lack of a statistically significant association between these two variables
at any point in time (8). Lack of circumcision appears to be the clinical parameter most strongly
associated with increased HIV-1 acquisition in post-hoc multivariate analyses of the Step study
(8), although no convincing mechanism has to date been proposed to explain this trend.

Next Generation Adenovirus Vector Strategies
Regardless of the debate surrounding the potential enhancement of HIV-1 acquisition in the
Step study, it is clear that the rAd5 vaccine failed to afford protection in this population. It is
unclear whether this was due to insufficient magnitude, breadth, or functionality of cellular
immune responses, absence of Env-specific antibody responses, or inadequate immunologic
coverage of infecting viruses. Interestingly, the vaccine did appear to increase immune
selection pressure on certain epitopes in gag, pol, and nef following HIV-1 infection (17). These
data suggest that the rAd5 vaccine did in fact have an immunologic impact on infecting viruses,
although it also highlights the capacity of HIV-1 to evade vaccine-elicitied CD8+ T lymphocyte
responses, consistent with preclinical findings (18–19).

Ongoing efforts in the development of next generation rAd vector-based vaccines for HIV-1
include the development of alternative serotype rAd vectors, the incorporation of rAd vectors
into heterologous vector prime-boost regimens, and the use of rAd vectors to express novel
HIV-1 antigens to improve immunologic coverage of circulating viruses. Novel rAd vectors
that are being explored include rare human serotype vectors such as rAd26 and rAd35 (20–
21), hexon-chimeric vectors such as rAd5HVR48 (22), and vectors derived from chimpanzees
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(23–24) as well as other species. These vectors may have important advantages over rAd5
vectors as a result of their lower seroprevalence and NAb titers as well as their capacity to
evade Ad5-specific immunity in preclinical studies (21,24–25). Several of these vectors,
including rAd26, rAd35, and rAd5HVR48, are currently being evaluated in phase 1 clinical
trials. The potential impact of cross-reactive Ad-specific T lymphocyte responses and low
baseline NAb titers on vector immunogenicity is currently being investigated.

The alternative serotype rAd vectors are also biologically substantially different than rAd5
vectors. Certain serotypes from Ad subgroups B and D utilize CD46 rather than CAR as their
cellular receptors (20–21), exhibit different in vivo tropism with reduced liver transduction
(26), interact differentially with dendritic cell subsets (27), induce different innate immune
profiles and adaptive immune phenotypes (28), and afford improved protective efficacy against
SIV in nonhuman primates (29). The growing portfolio of available rAd vectors therefore offers
substantial biologic diversity in addition to different capsid neutralization determinants.

The incorporation of rAd vectors into heterologous prime-boost regimens is also an area of
active investigation. The most advanced concept involves a DNA prime, rAd5 boost regimen
(30–31). DNA priming prior to rAd5 boosting has been shown to enhance antigen-specific
immune responses, but several groups have reported that this does not improve protective
efficacy against SIV challenges in rhesus monkeys (32–34). A phase 2b clinical trial (HVTN
505) is currently in progress to evaluate the protective efficacy of the VRC DNA prime, rAd5
boost vaccine candidate expressing clade B Gag, Pol, Nef and clades A/B/C Env in high-risk
subjects. Other heterologous prime-boost regimens include the use of two serologically distinct
rAd vectors (29,35–37), some of which have been shown to be more efficacious than rAd5
alone regimens against SIV challenges in rhesus monkeys (29); rAd prime, recombinant
poxvirus boost regimens (38); and rAd prime, Env protein boost regimens. These and other
regimens are planned for evaluation in clinical trials over the next several years.

The use of rAd vectors as a platform for exploring novel HIV-1 antigens is another area of
current investigation. One example is the development of synthetic HIV-1 antigens that
optimize cellular immune coverage of global HIV-1 diversity using a bioinformatics approach
(39). These “mosaic” antigens have been shown to expand cellular immune breadth and depth
as compared with consensus or natural sequence antigens in the context of DNA prime, rAd5
boost regimens in mice (40); in the context of rAd26 prime, rAd5HVR48 boost regimens in
nonhuman primates (41); and in the context of DNA prime, recombinant vaccinia virus boost
regimens in nonhuman primates (42). Recombinant Ad vectors may be particularly well suited
for expression of mosaic HIV-1 antigens given their capacity to induce robust CD8+ T
lymphocyte responses.

Conclusions
Substantial recent progress has been made in the development of rAd vector-based vaccines
for HIV-1. Multiple laboratories have explored various hypotheses raised by the Step study,
and alternative serotype rAd vectors and heterologous vector prime-boost regimens have been
developed. Novel rAd vector regimens expressing improved HIV-1 antigens are planned for
clinical evaluation in the near future. The possibility of rAd vector priming for subsequent Env
protein boosting also warrants further evaluation. It will be important to define the biologic
differences between various rAd serotypes in humans as well as to incorporate detailed safety
monitoring into clinical trials of novel rAd vectors.

As a result of the Thai trial, additional clinical studies of recombinant poxvirus prime, Env
protein boost regimens are clearly warranted. However, maintaining a diversity of HIV-1
vaccine approaches is also critical, since the correlates of immune protection remain unknown
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and since it is not clear which vector regimens or vaccine antigens will ultimately prove
successful. It is sobering to acknowledge the fact that only three vaccine concepts have
completed clinical efficacy testing to date, despite over 25 years of intensive worldwide
research in the HIV-1 vaccine field. Moreover, the results of all efficacy trials have been
unexpected and have not been predicted based on preclinical and early phase clinical trials.
One can argue that testing only three vaccine concepts is insufficient for one of the greatest
global health problems and that advancing a limited number of additional vaccine candidates
into clinical efficacy trials is therefore warranted over the next several years.
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