1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Opin Immunol. Author manuscript; available in PMC 2016 August 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Immunol. 2015 August ; 35: 1-8. d0i:10.1016/j.c0i.2015.05.001.

HIV Therapeutic Vaccines: Moving towards a Functional Cure

Geetha H. Mylvaganam®:2, Guido Silvestri23, and Rama Rao Amaral?

Department of Microbiology and Immunology, Emory University School of Medicine, Atlanta,
Georgia 30322, USA

2Emory Vaccine Center, Yerkes National Primate Research Center, Emory University, Atlanta,
Georgia 30329, USA

3Department of Pathology, Emory University School of Medicine, Atlanta, Georgia 30322, USA

Abstract

Anti-viral T- and B- cell responses play a critical role in suppressing HIV and SIV replication
during chronic infection. However, these infections are rarely controlled by the host immune
response, and most infected individuals need lifelong antiretroviral therapy (ART). Recent
advances in our understanding of how anti-HIV immune responses are elicited and regulated
prompted a surge of interest in harnessing these responses to reduce the HIV "residual disease"
that is present in ART-treated HIV-infected individuals. Novel approaches that are currently
explored include both conventional therapeutic vaccines (i.e., active immunization strategies using
HIV-derived immunogens) as well as the use of checkpoint blockers such as anti-PD-1 antibodies.
These approaches appear promising as key components of complex therapeutic strategies aimed at
curing HIV infection.

Introduction

Since the discovery of HIV in 1983, the scientific community has worked diligently to
generate a successful vaccine that affords sterilizing immunity against this infection. This
effort has resulted in five large efficacy clinical trials, of which only one has shown a
modest effect on preventing infection in low-risk individuals [**1]. The advent of anti-
retroviral therapy (ART) has greatly enhanced viral control, decreased transmission rates,
lowered AIDS-related morbidities, and improved the quality of life for HIV-infected
individuals who can both access and tolerate ART. However, ART is a lifelong therapy that
represents a major logistical burden to healthcare systems and can be associated with
significant side effects and a series of non-AlIDS related clinical complications that are
referred to as “end-organ disease” [2]. All these limitations of ART are a result of the
inability to eliminate the persistent reservoir of latently infected cells that lead to a rapid
reemergence of viremia and disease progression if ART is interrupted [3,4]. Thus, there is a
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great need for the development of successful therapies, such as therapeutic vaccinations, that
can decrease or eliminate this persistent reservoir and therefore reduce the need for lifelong
ART. In this review we provide an overview of the current research efforts in the field of
therapeutic vaccination for HIV infection and AIDS and the potential way forward for this
approach as part of strategies to cure this infection.

ART alone does not eliminate the viral reservoirs and does not fully restore

immune function

While ART is able to profoundly suppress viral replication, it does not eliminate the viral
reservoir, and its treatment is associated with an incomplete restoration of the host immune
system, particularly in those individuals that have initiated ART at later stages of the
infection. In particular, studies have shown that while ART facilitates CD4 T cell
reconstitution in the blood, there is only a limited improvement in the function of anti-HIV
specific CD8 T cell responses [5,6]. More recently, Barouch and colleagues used the rhesus
macaque model of SIV infection to demonstrate that initiation of ART as early as 3 days
post infection was still unable to prevent the seeding of viral reservoirs following an
intrarectal viral infection [**7]. This study also showed that early initiation of ART limited
priming of anti-viral CD8 T cell responses such that when ART was interrupted and viral
resurgence occurred, there were no SIV-specific CD8 T cells present to control viral
replication. Structured treatment interruptions of ART have also been used as a therapeutic
option to enhance anti-HIV immunity using the pulses of reemerging viremia as a source of
antigen in both SIV-infected ART suppressed macaques [8,9] and HIV-infected humans
[10-13], but this strategy proved to be unsuccessful with minimal effects on decreasing set-
point viremia post-interruption. Thus, it is critical to develop therapies that profoundly
increase the magnitude and function of anti-HIV immunity, which can facilitate long-term
viral control in the absence of ART. Therapeutic vaccinations may play a significant role in
achieving this due to both its feasibility and low costs.

Protective anti-viral immunity is important for a therapeutic setting

Therapeutic vaccines for HIV infection should aim to elicit anti-viral CD8 T cells (CTLs),
CD4 T cells, and neutralizing antibody since these immune responses work in concert to
control viral replication [14-17]. In addition to increasing the magnitude of these immune
responses, it will be important to generate poly-functional T cells (capable of producing
multiple cytokines and performing effector functions) (Fig. 1), as these HIV specific T cells
have been shown to be associated with long-term non-progression [5,18,19]. It is also
critical to generate broad cellular responses as HIV mutates very rapidly to escape immune
pressure (Fig.1) [**20]. In addition, recent studies determined that T follicular helper cells
(Tth) constitute a significant source of virus production and contribute to the total viral
reservoir [*21,*22,*23]. Since these cells reside in B cell follicles/germinal centers, it may
be critical to generate CD8 T cells that can home to B cell follicles and exert immune
pressure on these cells (Fig.1). The HIV-specific CD4 T cell response is also important for
maintaining the functional CD8 T cell and B cell response. However, these HIV-specific
CD4 T cells could also serve as potential targets for virus replication following ART
interruption. Interestingly, CD4 T cells with cytolytic function have been shown to be
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associated with enhanced viral control [24,25], although it is yet to be demonstrated whether
these responses can be primed by vaccination. The function of dendritic cells (DC) may be
also critical for generating a protective cellular and humoral immune response, as chronic
HIV/SIV infections are associated with impaired DC function (Fig.1) [26-30]. Thus,
therapeutic vaccines may also need to use strategies such as adjuvants to enhance the
function of innate immunity.

Success of therapeutic vaccinations: lessons learned

A number of therapeutic vaccine modalities have been tested in humans to boost pre-
existing immune responses to HIV by using multiple vectors such as DNA and viral vectors
with and without adjuvants, DC based vaccines, or a combination of these [31]. Some
studies have shown both a delay in the kinetics of viral rebound, a 0.5 to 1 log reduction in
plasma viral load, but the clinical benefit of these positive results remain unknown.
Furthermore, recent studies have sought to understand the therapeutic effects of a DNA
vaccine under suppressive ART and have found little effect on reducing the HIV reservoir.
While some of these vaccines induced reasonably strong anti-HIV T cell response they have
shown little therapeutic benefit following ART interruption.

The SIV/macaque model has been used to test the therapeutic potential of multiple vaccines
to generate a strong anti-SIV T cell response and their influence on control of viral rebound
after ART interruption. These include DNA vaccines with and without adjuvants [32],
attenuated poxvirus vectors such as NYVAC [33] and MVA (Amara et al., unpublished
results), and dendritic cells pulsed with autologous virus [34]. The majority of these studies
performed vaccinations under ART, while a few studies were performed in the absence of
ART. Notably, the majority of these vaccines induced SIV-specific CD4 and CD8 T cell
responses with improved function as measured by the production of cytokines such as IFNy,
TNFa and IL-2, and the expression of cytolytic molecules such as granzyme B and Perforin
(Fig.1). Earlier studies in which macaques were treated with ART very early (within the first
few weeks) after SIV infection [35] revealed that ART alone provides some benefit in
control of viremia after ART interruption similar to what has been observed in humans
[13,36]. Some of these studies showed a modest effect (a log or lower) on control of
reemerging viremia after ART interruption, with viral control maintained only for few
months. A recent study by Fuller and colleagues [37] used a particle mediated delivery of
DNA vaccine with and without lymphotoxin as an adjuvant and showed a significant
reduction in viral burden in the blood and jejunum of SIV-infected ART suppressed
macaques, and durable protection from viral rebound post treatment cessation. Interestingly,
the enhanced viral control was associated with greater breadth of SIV-specific T cell
response in the gut. Experiments are underway to test the therapeutic potential of CMV
based viral vector that has recently been shown to effectively control pathogenic SIV
infection in a preventive setting [38,**39].

A few studies have used dendritic cells (DC) presenting either the autologous virus or virus-
derived peptides as therapeutic vaccines in macaques and humans. Andrieu and colleagues
used repeated infusions of chemically-inactivated autologous virus pulsed DC as a
therapeutic vaccine in the absence of ART in SIV-infected macaques and showed profound
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control of virus replication [40]. Impressively, they also showed that a similar approach
could successfully control HIV replication in humans [41]. These studies established a
proof-of-concept that presentation of autologous viral antigen by appropriately matured DC
can induce protective immune responses that are capable of controlling HIV/SIV replication
during chronic infection. Similarly, a recent study by Garcia et al showed that an efficient
HIV-1 specific immune response could be generated through the use of an autologous
monocyte-derived DC (MDDC) transfer [**42]. In addition, Levy Y and colleagues showed
an effective HIV specific immune response elicited by vaccination with DC loaded HIV
lipopeptides given to patients on suppressive ART. This study also showed a log lower
plasma viral load post treatment interruption and induction of polyfunctional CD4 T cell
responses [*43]. Thus, these proof-of-concept studies demonstrated that HIV-specific
immune responses can be elicited by DC-based therapeutic vaccinations and suggest that
therapeutic vaccinations should be explored as a combination therapy with other immune
modulators under ART to achieve a “functional cure” (long-term control of virus replication
in the absence of ART).

A number of potent broadly neutralizing antibodies (bNAbs) have been identified from
HIV-infected individuals although the generation of bNAbs using traditional vaccine
approaches has been elusive [44]. Recent studies by Barouch et al. and Shingai et al.
demonstrated a proof-of-concept for the protective therapeutic benefit of passive
immunizations with bNAbs [**45,**46]. Barouch and colleagues studied the efficacy of
infusing a cocktail of monoclonal antibodies as well as a single infusion of a potent bNAb
PGT121, both of which resulted in a rapid decline in plasma viremia to undetectable levels
and a decrease in proviral DNA in the peripheral blood, lymph node, and gut mucosa of
rhesus macaques infected with pathogenic chimeric Simian/Human Immunodeficiency
Virus that contains the HIV env gene. The functionality of Gag-specific T cell responses
were enhanced post antibody administration and although some animals rebounded
concomitant with the waning of infused antibody, a few animals maintained long-term
virologic control. Similarly, Shingai and colleagues tested either a single dose of 3BNC117
or 10-1074 (mAb specific for the CD4-binding site and the V3 region, respectively) or a
combination of both antibodies and showed a precipitous decline in viral loads post infusion
in SHIV infected macaques. Studies are currently being performed to test the potential of
this passive bNADb infusion as an intervention to reduce the viral reservoir in ART-treated
SHIV-infected macaques. Despite the impressive protective effect of passive NAb
immunizations established by this study, long-term therapy would be impractical as a human
intervention. Another approach to the generation of bNADs is to totally circumvent “normal”
immune responses and direct non-lymphoid cells to produce bNAbs in vivo using gene
therapy. Vectored ImmunoProphylaxis (VIP) is a gene therapy method in which transgenes
encoding bNAbs are delivered directly into muscle tissue where bNAbs are then produced
[47-49]. Two recent animal studies by Baltimore and colleagues, and Johnson and
colleagues demonstrated that VVIP could generate modest titers of NAD that can effectively
prevent against both an in vivo HIV infection in a humanized BLT (bone marrow-thymus-
liver) HIV infection model and a simian immunodeficiency macaque model of infection
[50,51].
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A very recent study by Farzan et al demonstrated the effectiveness of an adeno-associated
virus vector (AAV) in providing durable protection from intra-rectal SHIV challenges
[**52]. This immune strategy employed the use of a eCD4-Ig, a fusion of CD4-lg and a
CCR5-mimetic sulfopeptide, that binds only conserved regions of Env and efficiently
neutralized 100% of a diverse panel of neutralization resistant strains of HIV-1, HIV-2, and
SIV isolates, including those resistant to neutralization by CD4-binding site bNAbs VRCO01,
NIH45-46, and 3BBNC117. The AAV vector stably expressed fully functional rhesus eCD4-
Ig for greater than 40 weeks. This study suggests a possible new and effective HIV
therapeutic that can direct the immune response to de novo generate stable and efficient
protection against SHIV challenge. Challenges to these approaches will include immune
responses generated against the adenoviral vector/bNAb and durability of the mimetic
peptide long-term.

Combination approaches are needed to achieve a functional cure

While therapeutic vaccines have shown promise in effectively boosting anti-viral immune
responses, major immune obstacles continue to persist during long-term ART therapy such
as immune exhaustion, viral escape, and the persistence of long-lived viral reservoirs. These
factors can cause resistance to current vaccine strategies and provide rationale for the use of
combination strategies such as the addition of checkpoint inhibitors, cytokine therapies,
and/or latency reversing agents (LRA’s). These immune modulators may be critical to the
development of an optimal treatment regimen to achieve a functional cure.

During progressive HIV/SIV infection, increased expression of inhibitory/checkpoint
receptors is associated with greater immune dysfunction. Persistent antigen exposure during
chronic HIV/SIV infection leads to T cell exhaustion and immune dysfunction and is
characterized by increased expression of inhibitory receptors such as PD-1 [53-55] and
CTLA-4 [56-58] and progressive loss of important effector functions. Through a better
understanding of the impact of these inhibitory mechanisms, it has been possible to develop
novel immunotherapeutic strategies to reverse these immunological defects [58]. Studies
using SIV infection in rhesus macaques have shown the relevance of targeting the inhibitory
receptor PD-1 to boost the antiviral cellular immune response [59]. CTLA-4 expression was
also found to be up-regulated on CD4 T cells in the lymphoid tissue during SIV-infection
but anti-CTLA-4 blockade failed to show any effect on plasma viral load or survival for
SIV-infected macaques treated at acute or chronic time points [57]. Some data also suggests
that blockade of CTLA-4 invivo in SIV infected macaques can lead to increased viral
replication at mucosal sites [57,60]. There have also been conflicting studies as to whether
CTLA-4 blockade can effectively expand SIV specific CTL responses. There are differences
between the expression and function of PD-1 and CTLA-4 on antigen specific CD4 and
CD8 T cells with CTLA-4 being integral for regulatory T cell function and more highly
expressed on virus specific CD4 T cells than CD8 T cells [58]. As such, CTLA-4 blockade
therapy might be more beneficial if preferentially used to increase CD4 T cell activation and
latent viral reactivation in combination with PD-1 blockade to effectively enhance CTL
function. Thus careful understanding of the dose, timing, and effects of checkpoint/
inhibitory receptor blockade must be tested to harness these biologics for treatment of HIV
under ART.
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Even under complete ART suppression, immune reconstitution and the reestablishment of
immune homeostasis is often incomplete [61,62]. One anatomic site at which immune
reconstitution is particularly inefficient is the mucosal immune system [63-65]. The use of
rIL-21 therapy shows great promise for restoring intestinal IL-17 producing CD4 T cells and
improving mucosal barrier integrity, both of which are critical for the maintenance of
systemic homeostasis [*66]. Moreover, inflammation and systemic immune activation
persist during long-term ART and strongly correlate with non-AIDS morbidity and
mortality, higher set-point viral loads, and acquisition of infection, but inflammation also
drives an anti-viral immune response, particularly prompting a type | interferon response
that participates in early innate control of infection. Sandler et al recently demonstrated the
interesting dichotomy in modulating the type | interferon axis during SIV transmission and
acute infection [**67]. Administration of a type | interferon receptor antagonist during
transmission of SIV resulted in decreased anti-viral gene expression, increased loss of CD4
T cells, expansion of the SIV reservoir, and accelerated progression to AIDS. On the
contrary, rlIFN-a2a administered during SIV transmission and acute infection resulted in
increased expression of anti-viral genes, limited systemic infection, and an overall benefit in
viral control. However, continued administration of IFN-a2a during the acute stage of
viremia resulted in detrimental consequences to viral control including IFN-1
desensitization, decreased anti-viral gene expression, and an increase in the SIV reservoir.
As little as a 3 day delay in the expression of anti-viral genes after SIV infection resulted in
accelerated disease progression. This highlights how tenuous anti-viral innate immune
responses are very early after transmission and infection and the importance of defining the
precise time to effectively modulate anti-viral innate immune responses. The use of
cytokine-based therapies in combination with therapeutic vaccinations has the potential to
augment viral control and facilitate the reestablishment of immune homeostasis during
chronic SIV/HIV infection, but must be carefully administered at the correct time-point
during the course of infection to effectively achieve a clinical benefit.

Arguably the greatest barrier to generation of a functional cure is the persistence of latently
infected CD4 T cells. Biological agents aimed at “re-awakening” virus expression in latently
infected cells, by interfering with signaling pathways thought to contribute to latency
(latency reversing agents, LRA), may prove synergistic with immune interventions that
directly enhance anti-viral immune function, thereby reducing the persistent reservoir under
ART [68,**69]. Currently it is unclear what the optimal usage of these tools will be, but
deciding the exact timing and treatment regimen in which vaccination and co-inhibitory
blockade are administered in tandem with LRA during ART therapy, will allow for an
efficient and productive anti-viral immune response that will “shock” and “kill” these latent
viral reservoirs. Eliminating the latent viral reservoir is central to achieving a functional cure
for HIV, as a lower viral burden post therapy interruption faced with an active functionally
equipped immune response may inevitably provide host independent control of HIV.

Concluding remarks

A number of vaccine and checkpoint inhibitors modalities have been developed and tested
over the past decade in a therapeutic setting during HIV and SIV infection, and some of
these have been successful in inducing a strong anti-viral T cell immunity and modest effect
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on viral control. More recently, these approaches have been developed to treat the persistent
virus reservoir under ART, possibly in combination with approaches to “kick™ the latent
virus out of the persistent viral reservoirs. We believe that the stage is set to combine
multiple immune-based therapies, including therapeutic vaccines, to effectively target virus
replication and viral reservoirs in further pre-clinical and clinical studies aimed at achieving
a functional cure for HIV.
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Figure 1.
Potential mechanisms of viral control by therapeutic vaccines. ART therapy has allowed for

profound control of viral replication in HIV infected individuals, but is able to only partially
restore immune function. Multiple arms of the immune response are compromised during
chronic HIV infection and remain less functional under highly suppressive ART including;
impaired innate responses, exhausted anti-viral CD8 T cell responses, and productive
infection of CD4 T cells including Tfh cells, restricted mainly to the germinal centers of B
cell follicles that are largely devoid of anti-viral CD8 T cells. Therapeutic vaccinations in
combination with other immune based therapies have the potential to beneficially modulate
multiple immune parameters that are crucial for long term control of viremia in the absence
of ART and these include improving the function of professional APCs, expansion of highly
functional CD8 T cells with broad specificity and the ability to infiltrate into sites of latent
viral replication such as B cell follicles, restoration of mucosal homeostasis to diminish
hyperimmune activation, and the induction of functional antibody response. These
interventions may lead to a decrease in persistent viral reservoirs that may result in delayed
viral resurgence and a significant reduction in viral set-point post ART interruption,
facilitating host control of HIV. Keywords: APC, antigen presenting cells; Tfh, T follicular
helper cells; Nab, neutralizing antibodies, nNAb, non-neutralizing antibodies.
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