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Abstract

Introduction: Despite 30 years of research on HIV, a vaccine to prevent infection and limit
disease progression remains elusive. The RV144 trial showed moderate, but significant protection
in humans and highlighted the contribution of antibody responses directed against HIV envelope
as an important immune correlate for protection. Efforts to further build upon the progress include
the use of a heterologous prime-boost regimen using DNA as the priming agent and the attenuated
vaccinia virus, Modified Vaccinia Ankara (MVA), as a boosting vector for generating protective
HIV-specific immunity.

Areas Covered: In this review, we summarize the immunogenicity of DNA/MVA vaccines in
non-human primate models and describe the efficacy seen in SIV infection models. We discuss
immunological correlates of protection determined by these studies and potential approaches for
improving the protective immunity. Additionally, we describe the current progress of DNA/MVA
vaccines in human trials.

Expert Commentary: Efforts over the past decade have provided the opportunity to better
understand the dynamics of vaccine-induced immune responses and immune correlates of
protection against HIV. Based on what we have learned, we outline multiple areas where the field
will likely focus on in the next five years.
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1. Introduction

The global health community has been faced with the problem of human immunodeficiency
virus (HIV) for over 30 years now, with nearly 35 million people in the world living with
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HIV in 2013 [201]. Development of highly active anti-retroviral therapy and educating
individuals on HIV prevention strategies have contributed significantly to the drop in the
number of new infections from 3.4 million in 2001 to 2 million in 2013 [202]. However, it is
essential to have an efficacious vaccine as a long-term solution to control the epidemic. A
vaccine should prevent new infections and control the virus replication in infected
individuals to limit disease progression. There are many challenges facing the development
of an HIV vaccine including an incomplete knowledge of the immunological correlates of
protection, the high diversity of HIV within an infected individual (2-6% [1,2]) as well as in
the population (about 15-20% within a clade; 25-35% between clades [3-5]), the ability of
HIV to rapidly mutate in an infected host, and a complex glycan structure that helps protect
the virus against neutralization. It is clear that overcoming these challenges for an effective
HIV vaccine will require the induction of both humoral and cellular immunity against
conserved viral targets. Neutralizing antibodies (NAD) to prevent infection and spread of the
virus will be critical and non-neutralizing antibodies (non-NADb) to assist in antibody-
dependent cellular cytotoxicity (ADCC) and other antibody-mediated clearance mechanisms
also play a significant role [6,7]. Cytolytic CD8" T cells will be crucial in the elimination of
HIV-infected cells and CD4* helper T cells will be required for the proper development and
maturation of antibody and CD8" T cell responses; in particular, CD4* T follicular helper
(Tth) cells are needed for long-lived and high avidity antibodies [8,9]. Development of
protective immune responses by vaccination will likely require a multi-faceted approach
since other regimens have shown to be ineffectual.

Although there are many vaccines under preclinical development, to date only five have
been tested for efficacy in humans. The AIDSVAX Phase 111 trials were the first two to
undergo HIV vaccine efficacy studies [10-12]. These trials sought to engage humoral
responses alone to protect from infection by utilizing a bivalent gp120 protein immunogen
derived from subtype B isolates (AIDSVAX B/B) in one study or subtype B and E isolates
(AIDSVAX B/E) in the second study. Both trials elicited binding antibody responses to HIV
envelope (Env), did not elicit neutralizing antibody responses against primary HIV isolates
and failed to provide any protection from HIV acquisition [10-12]. The third efficacy study
was the Phase I1b Step trial which employed an adenovirus 5 (Ad5) vector expressing HIV
Gag, Pol, and Nef that aimed to generate cell-mediated immunity to protect against HIV
infection or change early plasma virus levels [13,14]. The regimen was shown to be
immunogenic for inducing HIV-specific CD8* T cells, but did not confer protection against
HIV infection or diminish HIV replication. In addition, HIV incidence was higher in
vaccinated men with pre-existing Ad5 immunity and/or without circumcision. The Step trial
did not include an HIV Env immunogen and thus did not generate antibody responses
against HIV Env. HVTN 505 was a Phase 11b trial that utilized a heterologous DNA
prime/Ad5 boost regimen aimed at reducing HIV viral loads as well as preventing HIV
acquisition [15]. Heterologous regimens refer to the use of two or more different vehicles for
delivery of the antigens of interest such as DNA and Ad5. In contrast to Step trial, the
HVTN 505 trial used immunogens that also expressed HIV Env gp140 in addition to Gag
and Pol, and was conducted in participants that were circumcised with low/no Ad5-specific
antibodies. The DNA prime/Ad5 boost was designed to induce HIV-specific, multifunctional
CD4" and CD8™ T cells and antibodies to envelopes of the major circulating strains.
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Vaccinations however were eventually halted for lack of efficacy when it was determined
that the vaccine did not reduce the rate of HIV acquisition compared to the placebo arm nor
viral load set points. In 2009, the RV144 Thai trial was the first Phase 111 HIV vaccine trial
to achieve a modest vaccine efficacy of 31.2% (50-60% within the first year of vaccination)
and was the first human trial to demonstrate that it is possible to prevent HIV infection by
vaccination [16,17]. This was achieved by utilizing a heterologous prime-boost regimen,
combining recombinant canarypox vector (ALVAC) immunizations with the AIDSVAX B/E
protein immunogen to induce both arms of the adaptive immune system. These results
provided a ray of hope to the HIV vaccine field and highlighted the contribution of anti-Env
antibody responses as an important immune correlate of reduced risk of infection [18].

Heterologous prime/boost vaccination approaches have the power to induce a robust
humoral and cellular immunity. One such approach is priming with DNA and boosting with
modified vaccinia Ankara (referred to as DNA/MVA vaccine hereafter). Our group and a
number of other researchers have developed the DNA/MVA vaccine approach for HIV for
more than 15 years. Studies have been performed in mice [19-27], rhesus macaques [28-35]
and humans [36-43]. Results thus far show that DNA/MVA vaccines induce strong anti-HIV
immunity in animal models as well as humans. DNA/MVA vaccine-induced immunity has
been shown to confer protection from acquisition of mucosal infections in preclinical non-
human primate (NHP) models. Given the large amount of literature on DNA/MVA vaccines
for HIV, it will be very hard to review all the incredible amount of work done by many
investigators. Thus, in this review, we will primarily discuss the immunogenicity and
efficacy of DNA/MVA vaccine studies in NHPs, as well as strategies to enhance them such
as the use of immunomodulatory adjuvants and genetic modification of MVA.

2. DNA Vaccine: Ideal priming vector

DNA vaccines are DNA plasmids that transfect cells when injected /n vivo and subsequently
express the encoded antigen to induce an antigen-specific adaptive immune response. DNA
vaccines have the potential for use in global health vaccines due to their excellent safety
profile, rapidity of construction, generic manufacturing, and stability at room temperature.
Preclinical models have proven DNA to be immunogenic and provide protection against
infectious diseases, cancer, allergy, and autoimmunity. Though not licensed for human use
yet, progress through numerous phase | and |1 clinical trials have shown that DNA vaccines
can safely induce responses in vaccinated humans and may prove to be useful as
prophylactic or therapeutic vaccines. Although DNA vaccines have been shown to be
immunogenic and efficacious in small animal models, studies in NHPs and humans
demonstrate that the immunogenicity of naked DNA is inconsistent and, oftentimes, below
the limit of detection [44—49]. Studies in rhesus macaques (RMs) indicated that intradermal
immunizations generate significantly higher CD8* T cell responses compared to
intramuscular immunizations [31]. The immunogenicity of DNA can be significantly
enhanced by optimizing the delivery of DNA i.e. using a gene gun or via electroporation,
combining DNA with genetic adjuvants to stimulate the immune response, or maximizing
the expression of the antigen (reviewed in [50-52]). In particular, use of electroporation
showed great promise in dramatically enhancing the immunogenicity of DNA in humans
[53,54]. Additionally, adjuvanted DNA vaccines alone delivered intramuscularly with
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electroporation have been shown to be protective against mucosal SIV challenges in RMs
[55]. Other methods to circumvent the low responses generated by DNA are heterologous
boost immunizations utilizing protein or live viral vectors. In general, booster immunizations
with proteins have yielded induction of strong humoral immune responses whereas booster
immunizations with viral vectors yielded strong cellular and humoral immune response. One
of the viral vectors we, and others in the field, use extensively with DNA in a prime-boost
regimen is MVA.

3. Modified Vaccinia Ankara: Ideal boosting vector

The RV144 trial highlighted the potential of poxvirus vectors as candidate HIV vaccines.
Poxviruses, specifically vaccinia virus, have been utilized as expression vectors for foreign
DNA for over 30 years now [56-59]. One of the major advantages of poxviruses for vaccine
development is that they can stably accommodate at least 25 Kb of foreign DNA without
loss of infectivity, allowing for insertion of large genes or an array of genes [60]. In addition,
preexisting immunity to vaccinia in the population is low since its discontinued use in the
smallpox vaccination campaign that ended in 1980. Unfortunately, the use of live virus as a
vaccine for smallpox possessed some safety risks with 1-2 deaths and hundreds of cases
with complications severe enough to require hospitalization for every million vaccine
recipients [61]. As a result, development of next generation poxvirus vectors sought an
increased safety profile.

Modified Vaccinia Ankara, or MVA, is an attenuated derivative of vaccinia that has proven
to be safe and immunogenic in humans. Vaccinia underwent over 570 passages in chicken
embryo fibroblast cells resulting in deletion of about 12% of its genome and rendering many
immune modulatory genes, meant to counteract the immune response of the host, to be non-
functional [62,63]. The deletions also limited the host-range of MVA leading it to be
replication-incompetent in human and other mammalian cells [64]. MVA is unable to
disseminate in the host and cause pathology, even in immune-compromised hosts [65]. The
replication defect occurs at the late stage of virion assembly allowing for uncompromised
late gene and immunogen expression. This property of MVA is thought to contribute
significantly to its strong immunogenicity. Genetic instability of the inserted recombinant
gene, such as HIV Env, in MVA has been reported to lead to truncation of the gene or
exertion of negative selection pressure on viral growth [66-68]. The lab of B. Moss showed
frame shift mutations and large genetic deletions flanking the insertion site of the
recombinant gene contribute to the genetic instability in MVA [69]. However, moving the
recombinant gene into a site between essential, conserved MVA genes led to enhanced
stability of insert.

MVA has proven to be effective at inducing strong CD4* and moderate CD8* T cell
responses and durable antibody responses. The safety profile and responses generated led
MVA to be a leading candidate as a third generation smallpox vaccine [70]. However, the
immunogenicity of MVA is limited in a homologous prime/boost approach due to the
induction of strong anti-MVA immunity that will limit transgene expression. Accordingly
studies have shown that MVVA-only immunizations are less effective in protecting against
neutralization resistant SIV challenges in RMs [35]. To avoid the problem of anti-vector
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immunity, a number of studies used MVA as a booster immunization in conjunction with
multiple vectors (heterologous prime/boost) and observed a profound boost of both cellular
and humoral immune responses. These priming vectors include DNA, protein, bacteria,
adenoviruses, and other poxviruses.

4. DNA Prime/MVA Boost Regimen Elicits Potent Cellular and Humoral

Immunity

As discussed above, we and others took advantage of the heterologous prime/boost regimen
by employing DNA followed by MVA immunizations. Heterologous prime-boost
approaches may refer to differences in the antigen inserts, vectors used, or both. The virtue
of utilizing different vectors is in avoiding the generation of high vaccine vector-specific
responses that develop after repeated immunizations that could diminish desired responses
to the immunogen [71]. An advantage to use of different inserts in the prime and boost is the
potential to increase the breadth and depth of the generated immune response. Using cross-
clade sequences or multiple divergent sequences from a single clade may elicit a broad
enough antibody response to be effective [72].

DNA primes induce low-level, but broad cellular responses that can be subsequently boosted
by immunogenic viral vectors such as MVA. This regimen has the potential to stimulate
optimal cellular and humoral responses against HIV/SIV [32,73-75]. Our DNA and MVA
vaccines express three major proteins of HIV: Gag, Pol, and Env. The DNA and MVA
vaccines are uniquely designed to produce VLPs that display a membrane-bound trimeric
form of Env, a feature critical for induction of strong NAb responses [76—78]. Ongoing
experiments in our laboratory confirmed the expression of Env trimers on the DNA
transfected/MVA infected cell membranes based on strong binding of various broadly
neutralizing antibodies that recognize only native trimeric form of Env and weak binding of
non-neutralizing Abs (unpublished observations). The HIV genes encoded by our vaccines
have been modified for safety via deletion of the long terminal repeats, inactivation of
protease, and introduction of mutations in the zinc finger region of the Gag gene to inhibit
packaging of viral RNA into the VLPs [77].

In rhesus macaques and humans, the DDMM regimen (two sequential DNA immunizations
followed by two sequential MVA immunizations) has been shown to induce optimal cellular
and humoral immunity (Figure 1). In general, two doses of non-codon optimized DNA
delivered intramuscularly primed very low levels of cellular and antibody responses [31,79-
81]. However, administration of the first MVVA boost (MVVA1) dramatically enhanced the
CD4* and CD8™ T cell responses and, to a lesser degree, antibody responses against Env.
The addition of a second MVA boost (MVA2) did not increase CD4™ T cell response, but
enhanced the CD8* T cell response by 2—4 fold and dramatically enhanced Env-specific
serum IgG by about 10-50 fold [82,83]. By comparison, in a three dose, MVVA-only regimen
(MMM), the antibody response was amplified after MVVA2 and was further enhanced after
the third MVVA (MVA3). Cellular responses reached the peak after MVVA2 and were not
boosted following MVA3. The magnitude of CD4* responses in the MMM regimen did not
reach the height achieved by the heterologous regimen, though CD8* T cell responses were
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either similar (in RMs that did not present an immunodominant CD8 epitope) or
considerably lower (in RMs that did present an immunodominant CD8 epitope). In contrast
to strong systemic immune responses, intramuscular DNA/MVA vaccinations induced
weaker SIV-specific cellular and humoral responses in the rectal and genital mucosae
[81,82,84]. Continued efforts to improve vaccine-induced mucosal responses will be key to
preventing infection by controlling virus at mucosal sites.

Late boosting immunizations are likely important to sustain high levels of anti-HIV
immunity. A recent study in RMs showed that a third MVA boost administered a year after
the second MVA can recall serum and rectal antibody responses to levels similar to after the
second MVA [84]. Also in a Phase | DDDM trial in Sweden, some volunteers received a
second MVA booster approximately 3 years after the first MVA and showed recall of anti-
HIV cellular response and improved ELISA binding antibody responses against Env and
Gag [43]. Pre-existing antivaccinia antibody responses could pose a problem in subsequent
MVA boosts, but a long waiting period between boosts indicate that these antibody
responses do not interfere with anti-HIV recall responses.

5. Efficacy of DNA/MVA vaccines against neutralization-sensitive and

neutralization-resistant mucosal SIV infections

Over the past 17 years, we and others have tested the efficacy of DNA/MVA vaccines in the
NHP model [31-33,79,81,82,85-92]. To test vaccine efficacy, the field initially used a
single, high-dose, intrarectal SIV or SHIV challenges (Table 1). Protection from infection
against high dose challenges was not observed but vaccinated animals showed 10-100 fold
reductions in peak viral loads compared to controls. Subsequently, to better mimic human
transmission events of HIV, the field used repeated, moderate-dose, intrarectal SIVSmE660,
SHIV162P3, or SIVmac251 challenges [81,82,93-95]. SIVSmEG60 is a relatively
neutralization-susceptible virus and SIVmac251 is a neutralization-resistant virus, making it
difficult to protect against. Interestingly, DNA/MVA vaccinations demonstrated a significant
delay in acquisition of intrarectal SIVSmE660 infection with an estimated vaccine efficacy
of around 60% per challenge exposure [81]. A similar protection against SIVsmE660 was
also observed in TRIMb5a permissive animals [96]. Similarly, Ellenberger ef a/. demonstrated
that an HIV clade AG DNA/MVA vaccine (DDDM regimen) significantly delays acquisition
of repeated heterologous intrarectal clade B SHIV (SHIV162P3) challenges with an
estimated vaccine efficacy of 64% per challenge exposure [94,95]. The DNA/MVA vaccines
also showed evidence for protection against intrarectal SIVmac251 infection in rhesus
macaques. Barouch et a/. showed that the DNA/MVA regimen can significantly delay the
acquisition of intrarectal, repeat dose SIVmac251 infection in RMs with a per-exposure
vaccine efficacy of 81% and this delay was associated with VV2-directed antibodies [35].

6. CDA40L as an adjuvant for DNA/MVA vaccines: enhancement of cellular

and humoral immune responses and protection

While the DDMM platform induces a combination of desired cellular and humoral
responses, the quality and magnitude of these responses could still be greatly improved. A
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strategy developed by us is the use of the co-stimulatory molecule CD40L as an adjuvant
during vaccination. CD40L is predominantly expressed on activated CD4* T cells and binds
its receptor, CD40, which is expressed on DCs and B cells. Engagement of CD40 with
CD40L by immature DCs leads to DC activation and maturation in order to prime antigen-
specific CD8* T cell responses. CD40 signaling on B cells promotes proliferation and
immunoglobulin class switching for a matured antibody response. We designed our DNA
vaccines to co-express CD40L with Gag and Env such that the vaccine produces HIV or SIV
VLPs that display CD40L and native Env trimers on the surface (Figure 2). Our studies have
shown that these CD40L-containing VVLPs can activate DCs in vitro [83].

In a recent study, DNA co-expressing CD40L and SIVmac239 immunogens was tested for
enhanced immunogenicity and protection against SIVsSmE660 compared to unadjuvanted
DNA in RMs [83]. The CD40L-adjuvanted DNA significantly enhanced titers and avidity of
Env-specific 1gG antibodies in the serum. Levels of NAb against a difficult to neutralize
SIVsmE®G60 isolate were low, but present in most RMs in the CD40L group and were absent
in the unadjuvanted group. Additionally, the breadth of cellular responses was improved in
the CD40L-adjuvanted group [83]. Upon repeated heterologous SIVSmEG60 challenges, the
adjuvanted group demonstrated protection from infection with a vaccine efficacy of 76%.
The high antibody avidity strongly correlated with protection. For infected RMs, the

CDA40L -adjuvanted animals showed control of virus replication in the blood and rectum at 2
weeks after infection compared to unimmunized controls. This study revealed that inclusion
of CD40L during DNA primes of a DNA/MVA vaccine improves protection by enhancing
the quality of anti-Env antibodies.

In RM models assessing SIV analogs of the vaccines used in the RvV144 and HVTN505
trials, protection against SIVmac251 challenges was a better predictor of vaccine efficacy in
humans compared to protection against SIVsmE660. A second study was conducted to
investigate the ability of CD40L to protect against heterologous SIVmac251 rectal
challenges by using CD40L-adjuvanted DNA as well as MVA vaccinations [93].
Impressively, the CD40L adjuvant enhanced protection from acquisition of SIVmac251
infection with a vaccine efficacy of 50% [93]. The adjuvanted animals showed control of
virus replication by maintaining a 100-fold reduction in viremia compared to unimmunized
controls during the set point phase. Unadjuvanted animals only showed a trend towards a 10-
fold reduction. These results demonstrated that CD40L-adjuvanted DNA/MVA vaccines can
enhance protection against both neutralization-sensitive and neutralization-resistant mucosal
SIV infections.

7. Immune Correlates of Protection

Based on passive antibody transfer studies using broadly NAb in NHPs, it is clear that NAb
can prevent infection when present in sufficient quantities following a mucosal challenge
[97,98]. However, during a mucosal HIV infection, there is evidence that non-NAb can also
significantly contribute to protection by detecting virally infected cells and targeting them
for destruction by cytotoxic T cells and innate cells via Fc-mediated mechanisms such as
ADCC, antibody-dependent cell-mediated virus inhibition (ADCV]I), and phagocytosis (Box
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1). As expected, the immune correlates for protection against neutralizable SIVSmE660 were
different from neutralization resistant SIVmac251 infection.

7.1 Immune correlates of protection against SIVsmE660 (neutralizable SIV)

A higher magnitude of gp140-specific 1gG in rectal secretions at the time of intrarectal
challenge predicted slower acquisition of SIVSmE660 [96]. The avidity of serum IgG
antibody against E660 Env gp160 also predicted slower acquisition of intrarectal
SIVsmEG60 challenge [81-83]. In an ongoing study, we observed a significant direct
association between higher ADCC activity against virus-infected cells and protection against
intravaginal SIVsmEG60 infection (unpublished observations). Intriguingly in all of our
SIVsmEG60 challenge studies, despite the fact that vaccination induced a strong NAb
response, we did not observe a clear association between NAb levels and protection from
infection. In an analysis aimed at understanding NAb-mediated protection in RMs
immunized with DDMM vaccine, Burton et al. tested the capacity of pre-challenge
antibodies of infected RMs to neutralize the Env variant that broke through to establish each
infection [99]. This analysis revealed that vaccine-elicited serum antibodies capable of
neutralizing the autologous breakthrough Env variant were present prior to challenge at
moderate to high titers, yet failed to protect against SIV infection. Furthermore, vaccinated
RMs that were either infected with or protected from SIV had similar serum neutralizing
capacities against breakthrough transmitter founder viruses of the infected animals,
indicating that the protected animals did not have more potent neutralizing activity against
viruses that established infection. These findings suggest that the relationship between serum
NAD titers and protection from mucosal HIV/SIV challenge in the setting of active
immunization is more complex than previously recognized. The results highlight an
important yet often overlooked difference between passively transferred and vaccine-elicited
antibody protection; the latter occurs in the presence of ongoing host immune responses.
Thus, vaccination itself could shift the balance away from protection and towards acquisition
[100,101]. This could result from the generation and homing of vaccine-elicited CD4* T
cells to the portal of entry, which in turn could mitigate the beneficial effects of vaccine-
elicited humoral immune responses.

7.2 Immune correlates of protection against SIVmac251 (neutralization-resistant SIV)

Most vaccines studies thus far have not generated NAb responses against highly
neutralization-resistant SIVmac251 infection. Despite this, binding antibody responses
focused to the V2 region of SIV Env has been reported to associate with significant delay in
acquisition of SIVmac251 infection [35,93]. Similar associations were also observed with
Adenovirus-based and ALVAC-based vaccines [35,102,103]. Additionally, a recent study
demonstrated that multiple non-neutralizing functions of vaccine-elicited antibody
contribute to protection against SIVmac251 [104]. While the mechanisms by which these
antibodies provide protection are not entirely clear, these studies highlight the role of Env-
specific non-NAb in contributing to protection from viral acquisition.
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8. Potential Ways to Enhance DNA/MVA Vaccine-Induced Protective
Immunity

8.1 Incorporation of Env Protein Boost in DNA/MVA Vaccines

While DNA/MVA vaccines stimulate a robust antibody response, the quality and magnitude
of mucosal antibody responses in particular could be improved for better protection. The
incorporation of protein into a heterologous vaccination regimen has proven to augment
antibody production. The basis of the RV144 trial was ALVAC with additional Env subunit
protein boosts during the last two immunizations and the resulting antibody response was
effective at providing modest protection in participants. Addition of Env protein booster
immunizations to the DDMM regimen in RMs enhanced antibody response by increasing
the magnitude of Env-specific antibody, breadth of neutralizing ability, and ability to blunt
peak viremia after SHIV challenge by nearly a 100-fold change compared to controls [34].
In our recent study, addition of gp140 protein only during the last MVVA immunization of the
DDMM regimen increased gp140-specific 1gG titers, avidity, and tier 1 neutralization titers
[105]. These studies indicate that protein incorporation could further generate desired
antibody responses. However, the key is to identify an ideal Env protein immunogen to boost
DNA/MVA vaccine induced antibody responses. In this direction, SOSIP versions of Env
trimers may be ideal as recent studies demonstrate that this form of Env trimers display
native structures and induces autologous tier 2 NAb responses in rabbits and, to some extent,
in RMs [106]. In addition, delivering the Env booster immunizations with novel adjuvants
that induce robust and persisting antibody response could prove to be beneficial.

8.2 Genetic Modification of MVA

Poxviruses express a wide variety of immune modulatory genes such as cytokine binding
proteins and inhibitors of interferon activity (Figure 3). Though MVA has lost a large portion
of its genome, many modulatory genes remain functional. The directed disruption of these
genes aims to enhance the virally stimulated, pro-inflammatory conditions required for a
strong adaptive response [107-110]. MVVA with a deletion of the N2L gene, an inhibitor of
IRF3, led to increased beta interferon, proinflammatory cytokine, and chemokine
expression. In mice, this vector showed improved magnitude and polyfunctionality of HIV-
specific CD4* and CD8* T cells and enhanced Env-specific antibodies after the peak of
response [111]. Deletion of the A35 gene in MVA increased virus-specific immunoglobulin
production, class switching to 1gG isotypes, and virus-specific vy secreting splenocytes
[112]. Simultaneous deletion of four immune-modulatory genes in MVA (IL-18 binding
protein, IL-1 beta receptor, a dominant negative Toll/IL-1 signaling adapter, and CC-
chemokine binding protein) resulted in a 6-fold increase in HIV-specific cellular responses
and 25-fold higher titers of Env gp120-specific antibodies in RMs [113]. Targeted
modifications of the MVVA genome has been shown to significantly influence the innate as
well as adaptive responses in the host and provides a potential way forward for further
enhancement of MVVA immunogenicity.

Another the viral genome modification approach is the reintroduction of poxvirus genes.
Our lab is currently developing an MVA vector that expresses a vaccinia virus-derived, anti-
apoptotic gene, B13R. Expression of B13R within an MVA infected cell delays the
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induction of apoptosis with the aim of enhancing infected cell survival (particularly of DCs)
as well as immunogen production to lead to better antibody and T cell induction. There
remains the potential for this strategy to lead to an increase in the replicative capacity of
MVA, but in ongoing /n vivo mouse models, this has not been observed. The reintroduction
strategy has not yet been adopted in MVA to the degree gene disruption has been, but it
certainly provides a novel approach to modifying the immunogenicity of an MVA vector.

9. Immunogenicity of DNA/MVA HIV vaccines in Humans

The clinical development of our DNA/MVA vaccines is led by Geovax Inc. and these
vaccines have been tested in humans through the HIV Vaccine Trials Network. What we
have discerned from human studies is that DNA/MVA HIV vaccine induces strong CD4* T
cell and antibody responses and lower CD8* T cell responses. In Phase Ila human clinical
trials for DDMM regimen, 65% of participants showed HIV-specific CD4* T cell responses
however, only 20% of the participants showed measurable HIV-specific CD8 T cell
response; both were targeted mainly against epitopes of Gag, followed by Env, then Pol
[116]. The low level of CD8™ T cell responders is typical of other vaccines in humans and
remains an area in need of improvement, but the inclusion of DNA demonstrated enhanced
CD4* T cell responses over just MVA alone [117,118]. Serum IgG responses against gp140
and the immunodominant region of gp41 were developed in nearly all participants and
impressively, the antibody responses to gp140 declined by only less than three-fold from the
peak of response to 6 months post-last immunization. This is an improvement from what has
been observed in the animal models, which is typically more than a 5-fold decline [105].
The durability of the gp140-specific humoral response was also better than that seen in the
RV144 trial or homologous gp120 protein prime boost trials, which had a 10-fold decline in
binding antibody levels in the same amount of time [119,120]. The durability of antibody
levels is a key component of an HIV vaccine because they have the greatest potential for
preventing infection [100,121].

Other groups have also tested DNA/MVA HIV vaccines in humans [39,41,43,95,122-125].
These studies differ with regard to number of doses of DNA primes and MVA boosts, the
immunogens used, and their expression levels [95,122,123]. Hayes et al. utilized a DDDM
regimen in healthy adults that exhibited enhanced breadth and magnitude of the cellular
response and better viral inhibition in vitro compared to immunization with MVA alone
[122]. A multi-gene, multi-clade DDDM Phase | study performed in Sweden demonstrated
generation of HIV-specific CD4* and CD8* T cell responses, but poor development of Env
antibody responses [39,41]. A subset of volunteers from that study received a late MVA
booster, approximately 3 years after MVAL. MVA2 resulted in a continued strong cellular
response, markedly improved binding antibody responses as detected by ELISA, more
individuals with high avidity Env-specific antibodies, and low level of neutralization titers
against the autologous Env in some of the vaccinees [43]. Phase I/11 trials testing a multi-
clade DDDMM vaccine for HIV in healthy adults in Tanzania demonstrated broad
immunogenicity with HIV-specific IFNy ELISpot and lymphoproliferative responses as well
as potent ADCC responses in a high proportion of vaccinees [124,125]. Despite differences
in immunogens, doses, and geographical location of these trials, DNA/MVA has
demonstrated an ability to induce robust, durable responses that are promising for prevention
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and control of HIV. Further clinical development of DNA/MVA immunization regimens that
provide high levels of cellular and antibody responses in humans currently remains in
progress and only future large-scale trials will shed light on the efficacy of DNA/MVA to
provide protection against HIV.

10. Expert Commentary

The field has made much progress in the last decade to improve vaccine efficacy against
HIV resulting in evidence for modest protection against infection. In addition to the
DNA/MVA vaccines discussed above, these efforts have led to the development of multiple
viral vaccines for HIV including NYVAC, adenoviruses and rhesus cytomegalovirus. These
vaccines are planned to be or are currently being tested in humans for immunogenicity and
efficacy. Clinical studies will also test a combination of viral vectors and protein boosts that
elicit strong cellular and humoral immunity. The efforts over the decade have also provided
the opportunity to better understand immune correlates of protection and dynamics of
vaccine-induced immune responses. Based on what we have learned, we believe the
following are areas where the field will likely focus on in the next five years.

11. Five-Year View

11.1 Enhancing Tfh cells for long-lived antibody responses

One of the key findings of the RV144 trial was that vaccine protection was primarily
restricted to the first year after vaccination and this was likely attributed to waning vaccine-
induced antibody responses [126]. Thus, it is critical for vaccines to induce durable, high
affinity antibodies and Tth cells are integral to their development by providing help to
cognate B cells in germinal centers via cytokines and costimulatory molecules [127].
However, as discussed above, it is important to note that in the case of HIV, CD4* T cell
help could also provide more target cells for the virus. In our recent study, DDMM plus
gp140 protein (alum adjuvanted) vaccinated RMs generated Tth cells that preferentially
expressed the HIV co-receptor CCR5 and showed an association with peak viremia after
SIV infection [105]. It is important to note that within the Tfh cell population, multiple
subsets can be identified based on their chemokine receptor expression and each of these
subsets may have different susceptibility to HIV infection. More work is required to fully
understand the impact of Tfh cells on protection from HIV/SIV infection and how different
vaccination regimens influence the quality of Tfh cells generated.

11.2 Generating HIV-resistant CD4* helper T cells

Other approaches to improve DNA/MVA vaccinations aim to generate CD4* T cells that are
resistant to infection. Cytomegalovirus (CMV)-specific CD4* T cells make more
chemoattractants such as MIP-1  and RANTES after stimulation compared to HIV-specific
CD4* T cells. CMV-specific CD4* T cells are also more resistant to HIV infection, possibly
due to the binding of CCRS5 to its ligands, thus blocking CCRS5 from HIV [128]. Altering the
cytokine production profile of HIV-specific CD4™ T cells may contribute to inhibiting HIV
acquisition. Rapamycin is a drug we have tested as an adjuvant for DNA/MVA vaccines and
observed better generation of CD8* T cell responses and a CD4™ T cell recall response that
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does not re-express CCR5, leading to the possibility that rapamycin, as an adjuvant, may
reduce CD4™ T cell infection by HIV/SIV (unpublished observations). These qualitative
changes may be desirable for maintaining strong cellular immunity while reducing the level
of target cells.

11.3 Understanding vaccine-induced non-NAb subclass and effector functions

After HIV infection, innate immune cells appear to contribute to protection and viral control
by mediating non-NAb activities such as ADCC and phagocytosis as recently demonstrated
by Barouch et al. [104] (Box 1). Data suggest that non-NAb are comprised of different 1IgG
subclasses with differential non-neutralizing activities. These IgG subclasses also vary in
glycosylation patterns that have been shown to influence their affinity to Fc receptors,
resulting in changes in non-NAD activity levels. For example, 1gG1 with low levels of fucose
exhibit higher ADCC activity compared to fucose-rich antibodies [129,130]. Determining
which subclasses are beneficial to protection as well as the glycosylation signature of
vaccine-elicited antibodies that mediate protection still remains to be deciphered.

11.4 Enhancing vaccine-induced mucosal immune responses

Most HIV vaccines currently under development use intramuscular immunizations, which
are relatively poor at generating potent, long-lived mucosal immune responses.
Immunization through mucosal routes has typically elicited better responses in mucosal
tissues than systemic routes [131-133]. For example, oral immunizations in RMs have
demonstrated strong immunity in the gut [134]. However, oral administration in humans is
not practical because vaccines would not withstand the hostile acidic environment of the
stomach. Similarly, it is also critical to induce strong immune responses in the genital
mucosa as the majority of HIV infections worldwide occur through this route. An additional
goal of an HIV vaccine is to prevent rapid depletion of CD4* T cells in the gut that occurs
within days after infection. Despite administration of anti-retroviral therapy, this depletion is
only partially reversible and can contribute to disease progression. Thus, there is a great
need for development of HIV vaccines that induce potent anti-viral immunity in the mucosae
to prevent infection, control replication, and prevent rapid loss of CD4* T cells. Mucosal
routes of immunization are not the only approach to accomplish this as use of viral vectors
such as Ad5 and adjuvanted, systemic DNA immunizations have recently been demonstrated
to promote mucosal homing of vaccine-induced immune responses [55,135]. In conclusion,
enhancing the quality and quantity of vaccine responses against HIV has progressed
significantly in the last decade, but a complex pathogen such as HIV will require more focus
on tailoring those responses to attack the most susceptible aspects of the virus. DNA and
MVA vectors serve as an immunogenic, safe, and easy-to-modify platform to further
advance the effort to control and provide protection from HIV.
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Key Issues

The RV144 trial utilized a heterologous prime-boost vaccination regimen with
a canarypox vector prime in conjunction with a gp120 protein boost, and
demonstrated moderate protection from HIV acquisition of 31.2%. There is a
critical need for the development of improved vaccine approaches that will
build on immune correlates learned from RV144 trial.

Heterologous prime-boost vaccination regimens provide robust cellular and
humoral immunity that confer protection from infection.

DNA serves as a good priming vector and the use of adjuvants and dedicated
delivery methods further enhance induced responses.

MVA serves an excellent boosting vector for multiple other vectors for
induction of potent memory antibody and cellular responses.

DNA/MVA vaccines induce strong cellular and humoral immune responses
that can be augmented by combining with CD40L adjuvant to enhance
protection against neutralization-sensitive and neutralization-resistant strains
of SIV.

Additional approaches to enhancing DNA/MVA immune responses include
incorporation of new Env immunogens as a protein boost, genetic
modification of MVVA and inclusion of molecular adjuvants.
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Effect of Non-Neutralizing Antibodies on HIV Protection and Control

Neutralizing antibodies (NAb) specifically bind to pathogens to abrogate the pathogen’s
ability to infect host cells. Non-neutralizing antibodies (non-NAb) are pathogen-specific
antibodies that do not inhibit infectivity, but serve to tag pathogens or infected cells for
destruction by innate effector cells. Binding of the non-NAb Fc (crystallizable fragment)
region to Fc receptors (FcR) on innate cells signals the cell to clear the opsonized target.
IgG-specific FcR are differentially expressed on innate cells and lead to different
pathogen clearance mechanisms. Phagocytes mediate antibody-dependent cellular
phagocytosis, while natural killer cells perform antibody-dependent cell-mediated
cytotoxicity (ADCC) by releasing granules and utilizing Fas/FasL interactions to induce
cell death. [136,137]. ADCVI, or antibody-dependent cell-mediated virus inhibition, is a
metric of antibody-mediated antiviral activity of FCR-bearing cells that measures ADCC,
beta chemokine production, and phagocytosis. The role of non-NAb in HIV still remains
to be completely elucidated, though some investigators have demonstrated the potential
for non-NAb to contribute to protection and control of SIV [138, 139]. In the RV144 trial,
for participants with low serum IgA titers, IgG avidity and ADCC activity inversely
correlated with infection indicating that these antibodies could have contributed to the
observed protection [18]. In a study with rhesus macaques (RMs) that mimicked the
RV144 trial, the few animals that were protected from SIVmac251 challenge were also
found to have higher avidity to gp120 compared to those that became infected [103]. A
study utilizing an adenovirus 5 host-range mutant and gp140 protein boost demonstrated
that ADCC and ADCVI levels of vaccine-elicited non-NADb to Env correlated with
reduced acute and chronic viremia following challenge with a pathogenic SHIV89.6P
virus in RMs [140]. Passive transfer experiments with non-neutralizing monoclonal
antibodies like F240 that recognizes the gp41 immunodominant region provided partial
protection against a vaginal challenge [141]
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Figure 1. Schematics representing the patterns of vaccine-induced T cells and antibodies after

DNA/MVA and MVA only immunizations in rhesus macaques.

Vaccine-induced responses after A) two DNA immunizations followed by two MVA

immunizations or B) three MVA immunizations only [81,83]. Top row: SIV-specific CD8*
(blue) and CD4* (orange) T cell responses. Env-specific serum IgG (purple) and IgA (green)
levels in the serum (middle) or mucosae (bottom). Data for Env-specific serum IgA levels
are not available for MVVA only immunized animals. Please note that these graphs are only

models to reveal the patterns and do not depict absolute values.
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Dendritic Cell
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Figure 2. Schematic representation of VLPs expressing HIV antigens and CD40L activating Env-
specific B cells and dendritic cells for cross-presentation.

Virus-like particles (VLPs) are produced to express trimeric Env and CD40L on the surface.
A) VLPs activate B cells through interactions between Env and B cell receptors (BCR) as
well as between CD40L and CD40 on B cells. CD40L mediated activation of B cells could
promote affinity maturation, isotype switching, proliferation and survival leading to
development of long lived memory B cells and plasma cells. B) CD40-CD40L interactions
between VLPs and dendritic cells (DCs) leads to DC activation by upregulating T cell co-
stimulatory molecules and cytokine production resulting in generation of long lived memory
CD8 T cells [83]. Env expression on VLPs increases their targeting to DCs by binding to
CD4.
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Figure 3. Poxviruses express modulatory factors for cytokines, chemokines, and signaling
pathways.

A poxvirus-infected cell is depicted here.
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Table 1.

Summary of DNA/MVA vaccine efficacy studies in rhesus macaques
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Challenge Immunization Challenge Challenge Dose Refs Results
Virus Route Route
SIVmac251 | 1 Intramuscular Rectal Repeated, moderate dose | 35,93 | Vaccine efficacy ranges from 50—
- 81%. Reduction in peak viremia
2 Nasal Vaginal Repeated, moderate dose 73 of vaccinated RMs compared to
control animals range from 0—
SIVE660 3 Intramuscular Rectal Repeated, moderate dose | 82,83 | 1000 fold reduction.
SF162P3 4 Intramuscular Rectal Repeated, moderate dose 94
SIVmac239 | 5 Intradermal Rectal Single, high dose 32 No effect on protection from
intra-rectal infection was seen against high
- - dose viral challenges. Reduction
6 Intradermal Rectal Single, high dose 91 in peak viremia of vaccinated
- - RMs compared to control animals
SHIV 89.6P | 7 Intra-rectal Rectal Single, high dose 89 range from 10-100 fold.
8 Nasal Rectal Single, high dose 88
9 Intradermal or Intramuscular Rectal Single, high dose 31
SHIV-4 10 | Intramuscular/ intra-rectal + Single, high dose 92
intra-oral Intravenous
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