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Abstract
The ultimate solution to the global HIV-1 epidemic will probably require the development of a
safe and effective vaccine. Multiple vaccine platforms have been evaluated in both preclinical and
clinical trials, but, given the disappointing results of the clinical efficacy studies so far, novel
vaccine approaches are needed. In this Opinion article, we discuss the scientific basis and clinical
potential of novel adenovirus and cytomegalovirus vaccine vectors for HIV-1 as two contrasting,
but potentially complementary, vector approaches. Both of these vector platforms have
demonstrated partial protection against stringent simian immunodeficiency virus challenges in
rhesus monkeys using different immunological mechanisms.
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Despite major advances in reducing HIV-1 mortality worldwide — mostly as a result of
increased global access to antiretroviral therapy — the ultimate control of the global HIV-1
epidemic will almost certainly require the development of a safe and effective HIV-1
vaccine, given the limitations of antiretroviral therapy and other HIV-1 prevention
approaches1,2. The goal of an HIV-1 vaccine is to block acquisition of HIV-1 infection, or
alternatively, to lead to clearance of a transient infection. Various HIV-1 vaccine strategies
have been evaluated in preclinical and clinical trials, but only four concepts have advanced
to clinical efficacy testing so far3–8, as shown in TABLE 1. Additional promising and novel
vaccine concepts must therefore be evaluated in humans to accelerate HIV-1 vaccine
development.
Central to many current HIV-1 vaccine strategies are the vaccine vectors, which are
typically attenuated or harmless viruses or bacteria that transport HIV-1 antigens into host
cells. Recent data have suggested that vectors are not simply inert vehicles for the passive
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delivery of antigens but rather are active inducers of innate immunity that generate the
crucial cytokine milieu from which adaptive immune responses are elicited. Moreover,
vector biology seems to differ substantially even among similar vectors within a particular
class.
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In this Opinion article, we describe recent data regarding the clinical development of novel
serotype adenovirus (Ad) and cytomegalovirus (CMV) vaccine vectors for use in HIV-1
vaccines. Novel Ad and CMV vectors have emerged during the past several years as
promising vectors for HIV-1 and other pathogens, owing to their immunogenicity and
protective efficacy in stringent non-human primate challenge studies. These stringent
challenge models typically involve infection of rhesus monkeys with the neutralizationresistant simian immunodeficiency viruses (SIVs) SIVmac239 or SIVmac251. Moreover,
vaccine immunogenicity and viral challenge studies using novel Ad and CMV vectors have
shown the unique characteristics and advantages of each of these vector systems, which are
discussed in detail below. Novel serotype Ad vectors are currently in early phases of clinical
testing, and CMV vectors are being prepared for clinical studies. There are also several other
promising HIV-1 vaccine platforms, including poxvirus vectors, alphavirus vectors,
herpesvirus vectors, DNA vaccines and purified proteins. These topics are beyond the scope
of this Opinion article, in which we focus specifically on recent non-human primate studies
using novel Ad and CMV vectors.

Novel serotype Ad vectors
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Ads are double-stranded DNA viruses that have a characteristic genomic and physical
structure. Replication-incompetent Ad vectors are typically stable and immunogenic and can
be produced in large quantities, which makes them attractive as vaccine platforms. Ad
vectors have long functioned as key model systems for molecular biology and gene therapy,
they have also been explored as candidate vaccines in recent years. Interestingly, the potent
immunogenicity of Ad vectors has proven to be a major limitation for gene therapy
applications by reducing the duration of transgene expression, but this property has been
exploited by the vaccine field and has led to the development of Ad vaccine vectors. Ad
vectors from multiple species and serotypes are currently being explored as candidate
vaccines for a broad range of infectious pathogens as well as for cancers. Most Ad vector
development programmes for HIV-1 have used non-replicating Ad vectors in which the
early region 1 (E1) gene, which is essential for virus replication, is deleted; however,
replicating Ad vectors are also currently being explored.
Experience with Ad5 vector-based HIV-1 vaccines
In the field of HIV-1 vaccine research, the use of non-replicating Ad serotype 5 (Ad5)
vectors from Ad subgroup C was first evaluated in detail by Merck Research Laboratories9.
In particular, Ad5 vectors that expressed SIV Gag led to effective virological control
following challenge of rhesus monkeys with SHIV-89.6P10 but failed to block acquisition of
infection or to provide sustained virological control of the more stringent, neutralizationresistant virus SIVmac239 (REFS 11,12). As shown in TABLE 1, two Phase IIb clinical
efficacy studies Step (also known as HVTN 502) and Phambili (also known as HVTN 503)
were conducted in America and South Africa, respectively, to evaluate the Merck Ad5–
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Gag–Pol–Nef vaccine that aimed to elicit virus-specific cellular immune responses against
internal viral proteins. Vaccinations in the Step study were discontinued in 2007, following
an interim analysis, owing to a lack of efficacy13. Moreover, there were more HIV-1
infections in vaccinees than there were in those who received the placebo, particularly in the
subgroup of men who were baseline Ad5 seropositive and uncircumcized13. The mechanism
for this possible increase in the risk of HIV-1 acquisition remains unclear, but it has been
hypothesized that activation of vector-specific CD4+ T cells at mucosal surfaces following
Ad5 vaccination may have resulted in an increase in the number of target cells for HIV-1
infection13–16, although this hypothesis has never been tested experimentally. Vaccinations
in the Phambili study were also terminated5, and unblinded follow-up of these individuals
also suggested that there was an increase in HIV-1 infections in vaccinees.
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The US National Institutes of Health (NIH) Vaccine Research Center developed another
HIV-1 vaccine candidate that involved priming with a DNA vaccine that encoded modified
HIV-1 Env immunogens as well as Gag–Pol–Nef and boosting with an Ad5 vector
expressing the same antigens. This Ad5 vector differed from the Merck Ad5 vector in
several aspects, including the E4 region. This vaccine candidate was shown to provide
partial protection against the acquisition of the low-stringency challenge virus SIVsmE660
but failed to protect against the higher stringency challenge virus SIVmac251, which is more
difficult to neutralize17. A Phase IIb efficacy study, HVTN 505, was then carried out, which
demonstrated that this vaccine had no efficacy against HIV-1 infection in humans6. These
findings indicate that the SIVsmE660 challenge model is insufficiently stringent to predict
clinical efficacy in humans, which is consistent with earlier predictions18, and emphasize the
importance of using stringent challenge models in the preclinical evaluation of HIV-1
vaccine candidates. The failure of Ad5 vectors in two large HIV-1 vaccine development
programmes has also led to a detailed re-evaluation of other ongoing Ad-based HIV-1
vaccine efforts.
Development of alternative serotype Ad vectors
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As potential alternatives to Ad5 vectors, series of vectors from other human Ad serotypes, as
well as Ad serotypes from other species, have been constructed, in part to circumvent the
high titres of baseline Ad5-specific neutralizing antibodies in the developing
world19,20. For example, Ad26 vectors from Ad subgroup D and Ad35 vectors from Ad
subgroup B have recently been developed and tested in Phase I clinical trials21–26. Similarly,
various promising chimpanzee Ad vectors have recently been produced and tested in Phase I
clinical studies27–30.
As a specific case study, non-replicating Ad26 vectors are currently under consideration for
advanced HIV-1 vaccine clinical development, and replicating Ad26 vectors are planned for
early phase clinical evaluation. In light of the disappointing results with Ad5 vector-based
vaccines so far, the rationale to proceed with Ad26 vectors is based on data showing that,
biologically, Ad26 is substantially different from Ad5. Ad26-based vaccines have superior
protective efficacy compared with Ad5-based vaccines against stringent SIVmac251
challenges in rhesus monkeys and Ad26 does not seem to increase the number, or activation
status, of total or vector-specific CD4+ T cells at mucosal surfaces in humans following

Nat Rev Microbiol. Author manuscript; available in PMC 2014 November 19.

Barouch and Picker

Page 4

NIH-PA Author Manuscript

vaccination. Moreover, next-generation Ad vectors can be engineered to express different
and potentially improved HIV-1 antigens from those used in previous Ad5 programmes and
are being explored in the context of more potent heterologous prime–boost vector regimens.
Biological differences between Ad5 and Ad26
Several studies have shown that Ad5 and Ad26 differ markedly from both virological and
immunological perspectives, as summarized in TABLE 2. Ad5 seroprevalence is nearly
universal in humans with high neutralizing antibody titres throughout the developing world,
whereas the seroprevalence of Ad26 is moderate, with substantially lower neutralizing
antibody titres19,20. In terms of primary cellular receptors, it is well established that Ad5
uses the coxsackievirus and adenovirus receptor (CAR), but recent data show
that Ad26, like Ad35, uses CD46 instead of CAR as its receptor21,31. Moreover, Ad5
primarily exhibits liver tropism in vivo, as a result of coagulation factor binding to the
hypervariable regions of the Ad5 hexon major capsid protein; this liver tropism is not
exhibited by Ad26 (REF. 32). In addition, immune complexes that contain Ad5 are
substantially more stimulatory to human dendritic cells than immune complexes that contain
Ad26 (REF. 33).
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Ad5 and Ad26 also stimulate profoundly different innate cytokine responses, both in mice
and in rhesus monkeys34,35, as well as distinct innate immune profiles following vaccination
in humans, as shown by differential gene expression profiles on day 1, day 3 and day 7 after
immunization (D.H.B., unpublished observations). Certain groups of genes are upregulated
or downregulated by Ad5 but not by Ad26, whereas others are upregulated or
downregulated by Ad26 but not by Ad5. These data suggest that Ad5 and Ad26 trigger
phenotypically distinct innate inflammatory profiles.
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Ad5 and Ad26 vectors also have different adaptive immune phenotypes. In mice, Ad5
vectors elicit high magnitude, but partially dysfunctional and exhausted T cell responses,
which are characterized by low levels of the cytokine receptor CD127, the homing receptor
CD62L and the effector cytokine interferon-γ (IFNγ), as well as high levels of the inhibitory
receptor PD-1, whereas Ad26 vectors elicit more polyfunctional T cells, which are
characterized by high levels of CD127, CD62L and IFNγ and low levels of PD-1 (REFS 36,
37). Similar differences have been observed in rhesus monkeys38. Moreover, Ad26-induced
T cells were shown to expand more robustly than Ad5-induced T cells following reexposure to a boosting antigen, and they afforded higher protective efficacy in mouse viral
challenge models36. Taken together, these data show that Ad5 and Ad26 differ substantially
in terms of key aspects of seroepidemiology, basic virology, innate immune profiles and
adaptive immune phenotypes.
Protective efficacy of Ad26
Consistent with the negative results of the DNA–Ad5 efficacy trial in humans6, DNA–Ad5
vaccines similarly conferred no protective efficacy against repetitive, intrarectal challenges
in the stringent SIVmac251 challenge model in rhesus monkeys17. Ad5-only vaccines also
did not provide protection in this model11. By contrast, as shown in FIG. 1, heterologous
prime–boost regimens that involve Ad26 vectors, together with either modified vaccinia
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virus Ankara (MVA) or Ad35 vectors, had partial protective efficacy against repetitive,
intrarectal challenges with SIVmac251 in rhesus monkeys. Although most vaccinated
animals became infected at the end of the challenge protocol, the risk of infection was
reduced by 76–83% per exposure39. These data show that Ad26-based vaccine regimens
provided partial protection in the stringent SIV challenge model in which Ad5 and DNA–
Ad5 vaccines have failed.
We have also explored the use of bioinformatically optimized HIV-1 mosaic antigens that
aim at providing improved immunological coverage of global virus diversity40–42, and we
have shown that Ad26–MVA vaccines provide partial protection against acquisition in
repetitive, intrarectal SHIV–SF162P3 challenges43. In this study, correlates of protective
efficacy included binding antibodies, functional non-neutralizing antibodies (including
antibodies that mediate phagocytosis and complement deposition) and neutralizing
antibodies, which suggests that the coordinated activity of multiple antibody functions may
mediate protection against difficult-to-neutralize viruses43. We are currently exploring
whether boosting with trimeric Env proteins with adjuvant can augment Ad26-primed
antibody responses and thereby improve protection in both the SIVmac251 and SHIV–
SF162P3 challenge models.
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Ad26 and activation of mucosal CD4+ T cells
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The mechanism for the possible increase in the risk of HIV-1 acquisition in individuals in
the Step study remains unclear, but one hypothesis involves the potential activation of total
or vector-specific CD4+ T cells at mucosal surfaces following Ad5 vaccination, which could
theoretically result in an increase in the number of target cells for HIV-1 infection13–16. This
hypothesis has never been directly evaluated in humans with Ad5 vectors. Nevertheless, to
assess the extent of mucosal CD4+ T cell activation with Ad26 vectors, a randomized,
double-blinded, placebo-controlled clinical trial (known as IPCAVD 003) was carried out to
determine whether vaccination of healthy human subjects with an Ad26 vector that
expressed HIV-1 Env would result in increased numbers, or altered activation status, of total
or vector-specific CD4+ T cells in the colorectal mucosa44. Histopathological evaluation of
colorectal biopsies showed no increases in CD4+ cells, CD8+ cells, CD3+ cells, CD25+ cells,
or in cells that express the activation markers Ki67 or human leukocyte antigen-DR (HLADR) following Ad26 vaccination. Similarly, flow cytometric analysis of cells that have been
extracted from colorectal biopsies showed no increase in Ki67 activation or CC-chemokine
receptor 5 (CCR5) expression on total or vector-specific CD4+ T cells following Ad26
vaccination. Although these data cannot guarantee the clinical safety of Ad26 vectors, it is
reassuring that this vector did not detectably increase the number or activation status of total
or vector-specific CD4+ T cells in colorectal mucosa in humans; however, these data do not
address the hypothesis that was generated by the Step study, which used biologically very
different Ad5 vectors.
Summary
Taken together, there are compelling scientific arguments for continuing pursue alternative
serotype Ads as candidate HIV-1 vaccine vectors. In particular, Ad26 is substantially
different from Ad5 from both a virological and an immunological perspective. Moreover,
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Ad26–MVA vaccine regimens provided partial protection in the stringent SIVmac251
challenge model in rhesus monkeys in which Ad5 and DNA–Ad5 vaccine regimens failed,
and similar protection against the acquisition of infection has been observed in the stringent
SHIV–SF162P3 challenge model. In addition, Ad26 did not result in increased numbers, or
activation status, of total or vector-specific CD4+ T cells in colorectal mucosa in humans in
a randomized, double-blinded, placebo-controlled clinical trial. Ad4, Ad35 and several
chimpanzee Ads are also being evaluated in humans as candidate HIV-1 vaccine vectors.

CMV vectors
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Conventional T cell-targeted vaccine approaches, including the use of non-replicating and/or
non-persistent viral vectors (such as Ad and poxvirus vectors) and DNA vaccines, have only
a limited ability to manifest effective antiviral effector activity immediately after the onset
of HIV or SIV infection before systemic spread when the virus is most vulnerable. This is
due to the fact that these vaccines are generally unable to maintain the high-frequency
effector-differentiated HIV-or SIV-specific T cells at the portal of HIV or SIV entry and
sites of early spread that are thought to be necessary for viral control. By contrast, we have
shown that rhesus CMV (RhCMV) vectors, which persist in the vaccinated host, indefinitely
maintain systemic high-frequency circulating and tissue-resident effector memory T (TEM)
cell responses that have immediate antiviral effector activity and thereby control, and
potentially clear, stringent SIV challenges in approximately one-half of vaccinated rhesus
monkeys early after exposure45–47. In addition, RhCMV vectors can be repeatedly used in
CMV-positive rhesus monkeys without any inhibition of immunogenicity by pre-existing
immunity. They can be programmed to elicit unusually broad CD8+ T cell responses that
recognize conventional and/or unconventional epitopes (including major histocompatibility
complex class II (MHC II)-restricted CD8+ T cells), can be modified to express multiple
vaccine inserts, totalling 6 kb or more of exogenous sequence, using endogenous promoters
to control insert expression, and can be greatly attenuated without loss of immunogenicity or
efficacy45,46,48–49. Thus, CMV vectors and the TEM cell responses that they elicit offer a
powerful new approach to the development of an HIV/AIDS vaccine.
Efficacy of CMV-elicited effector memory T cells
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Conventional vaccine-elicited T cell memory (so-called central memory T cell (TCM cell),
or TCM cell-biased, responses) requires that, following initial pathogen encounter, the virusspecific T cells undergo a phase of expansion, effector differentiation and migration to sites
of infection before mediating meaningful antiviral activity, and these responses are thus
unable to intervene sufficiently early in HIV-1 and SIV infection to provide effective
virological control. This limitation supports the idea of an alternative, conceptually distinct,
T cell vaccine concept — that of a TEM cell vaccine. TEM cells lack the robust capacity for
expansion that is used by TCM cells to mediate a potent anamnestic response but are
constitutively localized in effector sites and poised for immediate effector function47,50–54.
Indeed, as CD4+ TEM cells are the primary targets of transmitted HIV-1 and SIV55, and as
CD4+ TEM and CD8+ TEM cells inhabit the same sites, a vaccine-generated CD8+ TEM cell
response would theoretically be ideally positioned to intercept initial or early viral
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replication in primary infection, which would provide antiviral effector activity during the
most vulnerable phase of infection.
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Long-term maintenance of TEM cell populations is associated with persistent antigen, and T
cell responses to chronic or persistent agents — particularly CMV — are heavily TEM cellbiased47,52,56–58. We therefore evaluated RhCMV vectors that express SIV antigens to
assess the ability of SIV-specific TEM cells to intervene early in primary SIV infection.
RhCMV can be modified to express high levels of SIV proteins, without disruption of other
RhCMV genes and with preservation of wild-type replication characteristics45,47. These
vectors efficiently re-infect RhCMV seropositive rhesus monkeys and, in the process of reinfection, elicit an indefinitely persistent, polyfunctional, high-frequency, highly TEM cellbiased and extraordinarily broad SIV-specific CD4+ T cell and CD8+ T cell
response45–47,49. Necropsy analysis confirmed that, in the long-term steady state, these SIVspecific T cells are widely distributed in the body and are present at high frequencies in
effector sites, including mucosal sites that function as portals of HIV and/or SIV entry45,46.
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These RhCMV–SIV vectors do not elicit major SIV-specific antibody responses, nor do they
even seem to prime for such responses45–47. So far, their efficacy has been assessed in a
total of 64 rhesus monkeys that have been vaccinated with RhCMV–SIV Gag–Pol–Rev–
Nef–Tat–Env vectors alone or in combination with Ad5 vectors, compared with 48 controls
that were either unvaccinated or vaccinated with RhCMV vectors with irrelevant
inserts45–47. As shown in FIG. 2, these monkeys were challenged with highly pathogenic
SIV by repeated, limited-dose exposure via either an intrarectal or intravaginal route.
Whereas all controls manifested progressive infection with high viral loads, slightly more
than one-half of the RhCMV–SIV vaccinated animals manifested an unprecedented pattern
of control. Infection in these animals was characterized by a variably sized burst, or blip, of
viraemia, followed by control of plasma viraemia to undetectable levels. Some of these
monkeys manifested additional, low-level viral blips but, except for two animals that
demonstrated relapse of infection (one progressor and one elite controller), these
blips generally waned over time and were not observed in any animals 70 weeks after
infection.
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Protection was binary — that is, it was either complete or there was none at all — and was
not associated with an anamnestic T cell response, which indicates that the SIV-specific T
cells that were available at the time of infection were either sufficient or insufficient to
control infection45–47. Using ultrasensitive nested PCR and co-culture assays, low levels of
SIV could be detected at the sites of entry (that is, the rectum and colon) and of early
lymphatic spread (in the draining lymph nodes) and haematogenous spread (in the liver,
spleen and bone marrow) in ‘protected’ animals at necropsy 3–6 weeks after infection.
Longitudinal analysis of bone marrow biopsies indicated that SIV RNA may persist in this
tissue for up to ~20 weeks. Thereafter, tissue SIV is increasingly difficult to find even with
the most sensitive tests and even after CD8+ T cell depletion46. Consistent with this, the T
cell responses to the SIV Vif antigen, which only develop in response to SIV infection (as
Vif was not included in the RhCMV–SIV vaccine), wane over time until they are no longer
detectable. Indeed, after 1.5–3 years of RhCMV–SIV vector-mediated control, these animals
were indistinguishable from uninfected animals by ultrasensitive nested quantitative PCR
Nat Rev Microbiol. Author manuscript; available in PMC 2014 November 19.
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and reverse transcription PCR (RT-PCR), exhaustive co-culture analysis of tissue
mononuclear cells and adoptive transfer of both blood and lymph node mononuclear cells to
naive monkeys46, which is suggestive of immune clearance.
Taken together, these data provide strong support for the hypothesis that a highly TEM cellbiased response elicited by persistent RhCMV vectors can intercept and control stringent
SIV challenges early after infection and then clear this infection over time. This protection
occurs without anamnestic T cell proliferation, and we think that the observed efficacy
reflects the ability of RhCMV vectors to establish and indefinitely maintain robust SIVspecific TEM cells at all potential sites of SIV replication. In addition, the breadth of
RhCMV–SIV vector-elicited CD8+ T cell responses (~threefold more different epitopes are
targeted compared with conventional vaccines49) suggests that this vaccine approach will be
better able to compensate for the considerable sequence heterogeneity of circulating HIV
strains than other T cell vaccines.
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The CMV vector-associated ‘arrest and clear over time’ phenotype of protection is not the
same as protection against the acquisition of infection; however, it might seem to be similar
in a clinical setting. Vaccinated individuals would presumably never exhibit progressive
infection and might have increasingly low — and eventually no — risk of relapse over time.
In addition, CMV vector-mediated protection could add to, and potentially synergize with,
effective Env-specific antibody responses that are elicited by an antibody-targeted
component of a vaccine, which suggests that CMV vectors could be used in combination
with other vaccine platforms59. The ability of CMV vector-elicited responses to clear
residual SIV infection also suggests the possibility that a CMV vector-based vaccine might
be efficacious in therapeutic vaccination of patients with HIV-1 who are on antiretroviral
therapy.
Novel CD8+ T cell epitope targeting by CMV vectors
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The genomes of human CMV and rhCMV include a three-gene transcriptional complex
(known as UL128–UL131 in human CMV and Rh157.5/.4/.6 in rhCMV) that encodes three
components of an alternative entry receptor for cells other than fibroblasts (the so-called
pentameric complex receptor, which also includes the gH and gL glycoproteins). These
three genes are not needed for replication in fibroblasts, and one or more of them is
frequently inactivated or lost by various genetic mechanisms from CMV strains that were
multiply passaged in fibroblast culture, including the strain 68–1 RhCMV that was the
starting point for our RhCMV– SIV vectors. In contrast to true wild-type (low-passage or
colony-circulating) RhCMV, the UL128- and UL130-deleted strain 68–1 RhCMV replicates
only poorly in cells other than fibroblasts (particularly epithelial cells), and is much less
efficiently shed in vivo than true wild-type RhCMV60.
The presence or absence of these genes has a major influence on RhCMV vector
immunogenicity, particularly on the number and nature of the epitopes that are recognized
by RhCMV–SIV Gag vector-elicited CD8+ T cells49. It was initially noted that the SIV Gagspecific CD8+ T cells induced by the UL128- and UL130-deleted strain 68–1 RhCMV–SIVvectors failed to include any of the canonical SIV Gag epitopes recognized by CD8+ T cells
that are elicited by conventional vaccines or by SIV infection itself; however, the number of
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different epitopes that are recognized by the RhCMV–SIV Gag vector-elicited CD8+ T cell
responses were ~threefold higher than with conventional vaccination or with vaccination
with SIV itself. The breadth of the CD8+ T cell responses in the strain 68–1 RhCMV–
SIVgag vector-vaccinated rhesus macaques was so great that >65% of the amino acids
within the Gag protein were included in an epitope that was targeted by vector-elicited
CD8+ T cells. Analysis of SIV Gag-specific CD8+ T cell responses in monkeys primed with
SIV Gag-expressing conventional vectors and then boosted with strain 68–1 RhCMV–
SIVgag vectors (or vice versa) showed that there was no epitope overlap between the CD8+
T cell responses that are elicited by the conventional vectors and the strain 68–1 RhCMV
vector. Further analysis showed that approximately two-thirds of the SIV Gag epitopes that
were recognized by strain 68–1 RhCMV–SIVgag vector-elicited CD8+ T cells were
restricted by MHC-II molecules, which are antigen-presenting molecules that are not usually
involved in CD8+ T cell responses, rather than MHC I molecules, which typically stimulate
CD8+ T cell responses. Furthermore, many epitopes were recognized in most of the outbred
macaques that were studied. These epitopes were termed ‘supertopes’, as all vaccinated
animals universally target them. Importantly, both the MHC I− and MHC II-restricted CD8+
T cells that were elicited by the strain 68–1 RhCMV–SIVgag vector recognized SIVinfected T cells, which shows that these epitopes are naturally presented on virally infected
cells. However, SIV infection and conventional vaccination were unable to elicit such T cell
responses. Importantly, normal expression of the UL128–UL131 gene complex completely
reverses the unconventional epitope targeting of RhCMV–SIVgag vectors, as strain 68–1.2
RhCMV–SIVgag vectors (with ‘repaired’ UL128 and UL130 expression) show conventional
CD8+ T cell epitope targeting (all MHC I-restricted and no supertopes).

Perspectives
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Novel serotype Ad vectors and CMV vectors are two potentially promising vector platforms
to expand the current HIV-1 vaccine pipeline. They both provide partial protection in
stringent rhesus monkey challenge models but manifest this protection by distinct, and
potentially complementary, mechanisms of action. Novel serotype Ad vectors —
particularly when boosted by poxvirus vectors or purified Env proteins — provide antibodymediated partial protection against the acquisition of infection as well as T cell-mediated
virological control following infection. By contrast, CMV vectors do not protect against the
acquisition of infection, but they provide robust virological control and potential virological
clearance in approximately one-half of vaccinated animals as a result of TEM cell responses.
Clinical safety considerations for novel serotype Ad vectors include the possibility that Ad5
vectors may have increased the risk of acquisition in previous HIV-1 vaccine trials. Clinical
safety considerations for CMV vectors include their persistence and the potential
pathogenicity of wild-type CMV. These issues are being actively evaluated, as advanced
clinical development is planned for novel serotype Ad vectors and first-in-human clinical
trials are planned for CMV vectors. The possibility of combining these immunologically
very different, but potentially complementary, vaccine platforms is also being explored.
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Anamnestic
response

The enhanced immune response that occurs against an antigen as a
result of previous host exposure to a related antigen.

CD46

A ubiquitously expressed type-1 transmembrane protein that
functions to regulate complement. It functions as a receptor for
vaccine strains of measles virus and some adenovirus species.

Central memory
T cell

(TCM cell). An antigen-experienced resting T cell that expresses cell
surface receptors that are required for homing to secondary
lymphoid organs. These cells are generally long-lived and can
function as the precursors for effector T cells during recall
responses.

Coxsackie and
adenovirus
receptor

(CAR). An immunoglobulin-like transmembrane cell adhesion
protein that is used by some coxsackievirus and adenovirus species
as a receptor.

Elite controller

A patient infected with HIV whose immune system can limit viral
RNA to below 50 copies per ml for at least 12 months in the absence
of highly active antiretroviral therapy.

Heterologous
prime–boost

Repeated immunization using different vaccines; it is used to
stimulate a better immune response when a single application is not
sufficient to induce a protective response.

Neutralizing
antibodies

Antibodies that block infectivity (for example, of a virus), usually by
binding to the foreign particle (the virion) and incapacitating it in
some way.

Progressor
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Figure 1. Partial protection against acquisition of SIV infection by Ad26-based vaccines
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SIVmac251 and SHIV-SF162P3 infection by adenovirus 26 (Ad26)-based vaccine regimens
in rhesus monkeys. Rhesus monkeys were immunized with Ad26–modified vaccinia virus
Ankara (MVA) or Ad26– Ad35 vaccine regimens expressing Env–Gag–Pol antigens or with
sham control vaccines and challenged repetitively with heterologous intrarectal inoculations
with either SIVmac251 (N = 48; left-hand panel) or SHIV–SF162P3 (N = 36; right-hand
panel)43. The number of challenges required to achieve infection is shown. Red lines
indicate means. Data from REF. 8.
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Figure 2. Unique efficacy of RhCMV–SIV vector vaccination against rectal mucosal challenge
with the highly pathogenic SIVmac239 virus
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Plasma viral load profiles of 48 RhCMV–SIV vector-vaccinated rhesus monkeys and 30
unvaccinated rhesus monkeys after infection by repeated, limiting dose, intrarectal
SIVmac239 challenge, with the day of infection defined as the challenge before the first
above-threshold plasma viral load. The figure shows our composite experience so far with
intrarectal SIVmac239 challenge of monkeys that have been vaccinated twice with a strain
68–1 RhCMV–SIV vector set expressing SIVgag, SIVpol, SIVretanef and SIVenv (week 0
and week 14) and challenged at least 1 year following initial vaccination. The 25 initially
protected animals (that is, the controllers) had an initial plasma viral blip followed by
complete control except for periodic plasma viral blips that waned over time. Of 25 initially
protected animals, one relapsed with progressive infection and the remainder showed longterm control and, in many of these monkeys, documented clearance of the SIV infection46.
Vaccinated non-controllers were indistinguishable from unvaccinated controls and showed
plasma viral load profiles that are consistent with typical progressive SIVmac239 infection.
Note that one unvaccinated control monkey had an initially occult infection that
spontaneously progressed 16 weeks after infection. Data from REFS 45, 46.
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HIV-1 vaccine efficacy trials
Vaccine

Study

Outcome

Refs

AIDSVAX gp120

VAX003; VAX004

No protection

4,7

Ad5–Gag–Pol–Nef

Step; Phambili

No protection, possible harm

3,5

ALVAC–AIDSVAX

RV144

31% protection

8

DNA–Ad5–Env–Gag–Pol

HVTN 505

No protection

6
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Table 2
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Biological differences between Ad5 and Ad26 HIV-1 vaccine vectors
Characteristic

Virus serotype
Ad5

Ad26

Virus subgroup

C

D

Seroprevalence

High

Intermediate

NAb titres

High

Low

Cellular receptor

CAR

CD46

Tropism

Hepatic

Non-hepatic

Dendritic cell maturation

Low

High

Innate profile

Prolonged; inflammatory

Brief; antiviral

Adaptive phenotype

Exhausted

Polyfunctional

NHP protective efficacy*

None

Partial

Clinical experience

Unclear safety; no efficacy

Phase 1 safety, immunogenicity

*
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NHP (non-human primate) protective efficacy reflects acquisition data against stringent, neutralization-resistant challenges with SIVmac251. Ad,
adenovirus; CAR, coxsackie and adenovirus receptor; Nab, neutralizing antibody.
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