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Abstract
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A therapeutic vaccine that induces lasting control of HIV infection could eliminate the need for
lifelong adherence to antiretroviral therapy. This study investigated a therapeutic DNA vaccine
delivered with a single adjuvant or a novel combination of adjuvants to augment T cell immunity
in the blood and gut-associated lymphoid tissue in SIV-infected rhesus macaques. Animals that
received DNA vaccines expressing SIV proteins, combined with plasmids expressing adjuvants
designed to increase peripheral and mucosal T cell responses, including the catalytic subunit of
the E. coli heat-labile enterotoxin, IL-12, IL-33, retinaldehyde dehydrogenase 2, soluble PD-1
and soluble CD80, were compared to mock-vaccinated controls. Following treatment
interruption, macaques exhibited variable levels of viral rebound, with four animals from the
vaccinated groups and one animal from the control group controlling virus at median levels of
10° RNA copies/ml or lower (controllers) and nine animals, among all groups, exhibiting
immediate viral rebound and median viral loads greater than 10° RNA copies/ml (non-
controllers). Although there was no significant difference between the vaccinated and control

groups in protection from viral rebound, the variable virological outcomes during treatment



interruption enabled an examination of immune correlates of viral replication in controllers
versus non-controllers regardless of vaccination status. Lower viral burden in controllers
correlated with increased polyfunctional SIV-specific CD8" T cells in mesenteric lymph nodes
and blood prior to and during treatment interruption. Notably, higher frequencies of colonic CD4*
T cells and lower Th17/Treg ratios prior to infection in controllers correlated with improved
responses to ART and control of viral rebound. These results indicate that mucosal immune
responses, present prior to infection, can influence efficacy of antiretroviral therapy and the
outcome of immunotherapeutic vaccination, suggesting that therapies capable of modulating

host mucosal responses may be needed to achieve HIV cure.
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HIV virology and current progress towards an HIV therapeutic vaccine
The early HIV epidemic

At the outset of the 1980s, a sudden, dramatic increase in cases of a rare lung infection
called Pneumocystis carinii pneumonia (PCP) [1] and unusually aggressive cases of Kaposi's
sarcoma in young, previously healthy men who have sex with men (MSM) [2] alarmed and
confounded clinicians. By year’s end, 270 reports of severe immunodeficiency among MSM —
121 of these cases ending in death — revealed the gravity of the situation. Initially, the cause of
this immune deficiency was thought to be sexual, and the syndrome was inaccurately termed gay-
related immune deficiency (GRID). The Center for Disease Control (CDC) later renamed the
syndrome Acquired Immune Deficiency Syndrome (AIDS), although its causative agent remained
unknown. In 1983, a team of doctors at the Pasteur Institute in France isolated an
uncharacterized virus from a lymph node biopsy obtained from an AIDS patient, which they
named “Lymphadenopathy-Associated Virus (LAV)” and suggested that this novel virus could be
the cause of AIDS [3]. These findings were later confirmed by the National Cancer Institute in
1984, through the development of a diagnostic test measuring virus-specific humoral immunity
[4], and the virus was officially named human immunodeficiency virus (HIV) in 1986.
The HIV life cycle

Further research revealed that HIV is an enveloped virus with a single-stranded, positive
sense RNA genome, making it part of the Retroviridae family. Each virion contains two copies of
the RNA genome, which is enclosed in the capsid (p24). The capsid and other internal structural
components of the virion, namely the matrix and nucleocapsid, are derived from the main HIV
structural protein, Gag (p55 for HIV), following cleavage by the viral protease. The viral envelope
(Env) is a heterodimeric glycoprotein comprised of the surface antigen (gp120) and
transmembrane proteins (gp41), which facilitates viral fusion and entry by binding first to CD4 on
CD4" T cells and then to the coreceptor CCR5 [5] (Although depending on the strain, HIV may

also use CXCR4 as a coreceptor, among others [6]). Upon fusion of the viral and cellular
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membranes, the capsid containing the RNA genome, error-prone reverse transcriptase (RT), and
integrase enzymes enters the cytoplasm, where the RNA genome is reverse transcribed to
complimentary DNA (cDNA). The cDNA then travels to the nucleus of the cell, where the viral
protein integrase inserts the viral cDNA into the host cell genome. Once the viral cDNA is
integrated with the host DNA, the virus will either utilize the cell replication machinery to replicate
and produce new virions, or the cell will enter into a resting, or latent, state. These cells, which
harbor viral cDNA but do not produce viral proteins, make up the “latent reservoir,” which remains
a major barrier to HIV cure due to its incredibly long half-life and inability to be targeted by

antiretroviral therapy (ART) [71].
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Figure 1.1 Human immunodeficiency virus (HIV) life cycle. HIV Env binds CD4 and the co-
receptor CCR5, triggering fusion of the viral and cellular membranes. After the viral capsid enters
the cytoplasm, the viral RNA genome is reverse transcribed into cDNA. The cDNA genome
traffics to the nucleus, where it is integrated into cellular DNA. Replication of the viral genome

occurs and new virions are produced. (Figure produced using Biorender.com)
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HIV epidemiology and pathogenesis

Since the beginning of the HIV pandemic, the World Health Organization (WHO) and
UNAIDS estimate that between 55.9 million and 100 million people have been infected with HIV,
and up to 42.2 million people have died from AlDS-related complications. As of 2019, the UNAIDS
estimates that 38 million people globally are living with HIV, with 1.7 million new infections and
690,000 deaths due to HIV-related co-morbidities occurring in that year alone. Fortunately, AIDS-
related deaths have been reduced by 60% since the peak in 2004, and AIDS-related mortality
has continued to decline by 39% since 2010 due to vast improvements in HIV treatment.
However, effective HIV prevention and treatment is not universally accessible, and HIV remains
a significant public health concern and economic burden.

In most individuals, HIV infection gradually depletes CD4" T cells [8, 9] and leads to
immunodeficiency, ultimately resulting in death from opportunistic infections and AIDS-related
complications. However, a small number of individuals living with HIV, termed “elite controllers,”
maintain undetectable viremia without antiretrovirals, likely due to a combination of immunologic
and virologic mechanisms that are not yet fully characterized [10-13]. The Centers for Disease
Control (CDC) classifies HIV infection into three stages of disease progression. The first stage,
acute HIV replication, occurs within two to four weeks of initial infection, and is characterized by
detectable HIV RNA in the blood [14]. During this stage, infected individuals may experience flu-
like symptoms, such as fever, headache, or sore throat, although some people may experience
no symptoms [14]. The second stage is termed clinical latency, otherwise known as
asymptomatic HIV infection or chronic HIV infection. After the initial burst of replication, the virus
enters a phase of active but low-level replication [15, 16], wherein infected individuals may only
experience occasional fatigue or transient weight loss, or may not experience any symptoms at
all [14]. If left untreated, chronic HIV infection will progress to the third stage of disease
progression, acquired immunodeficiency syndrome (AIDS) [17]. AIDS is the most severe form of

HIV infection and is characterized by a CD4" T cell count of less than 200 CD4" T cells per
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microliter of blood, or the presence of opportunistic infections such as Cytomegalovirus,
Mycobacterium tuberculosis, or Pneumocystis jirovecii pneumonia [18]. People with AIDS also
commonly experience chills, fever, swollen lymph nodes, fatigue, and weight loss [14]. Without
treatment, the life expectancy for an HIV-infected individual who has progressed to AIDS is
around three years [19].

Effectiveness and limitations of antiretroviral therapy (ART)

The first drug to treat HIV, azidothymidine, or AZT, was approved by the FDA in 1987 for
use in patients with advanced HIV. A nucleoside reverse transcriptase inhibitor (NRTI), the drug
had originally been developed in the 1960s to treat cancer by blocking tumor cell replication, but
was shelved after it was deemed ineffective. AZT was thought to be effective at halting HIV
replication and appeared to significantly delay disease progression in clinical trials [20].
Unfortunately, it became apparent that monotherapy with AZT could select for viral escape
mutants that were highly resistant to the drug [21, 22]. To combat drug-resistance and prolong
viral suppression, new classes of drugs were developed, such as non-nucleoside reverse
transcriptase inhibitors (NNRTIs) and drugs targeting other steps in the viral life cycle, including
protease inhibitors (Pls), integrase inhibitors, fusion inhibitors, and entry/attachment inhibitors
[23-27]. Currently, the standard of care is antiretroviral therapy (ART), which refers to
combinations of drugs from two different drug classes at minimum [28], usually consisting of a
nucleoside/nucleotide dual “backbone” and a third drug from another class [29]. Combining
multiple HIV inhibitors into a single pill, once-daily regimen is highly effective at limiting viral
replication and preventing disease progression, while also providing a simpler experience for
patients that encourages compliance [30, 31]. Most recently, long-acting ART drugs have been
developed that could be administered at monthly intervals by intramuscular injection. These
medications could be utilized as maintenance therapy for individuals already using oral ART, or

as pre-exposure prophylaxis in HIV-negative individuals [32, 33].

16



Given these advances in treatment, it may come as a surprise that the global ART
coverage rate is only about 67%, according to the WHO and UNAIDS. This is partly due to limited
accessibility of ART in resource-poor settings, where barriers hindering access to ART include
the high financial costs associated with accessing and receiving treatment, drug shortages, and
inability to travel long distances to treatment centers [34, 35]. Unfortunately, problems with ART
accessibility are not limited to low-income countries, as even in the United States, only 53% of
HIV-positive people have their viral loads suppressed by ART, according to the Center for Disease
Control (CDC). However, even in people whose viral loads are fully suppressed, ART cannot fully
restore normal immune function, enhance HIV-specific immune responses, or reduce the latent
reservoir [36-42]. The latent reservoir is remarkably stable, with an estimated half-life of 44
months, meaning that even after years of effective ART, the latent reservoir will still persist [43-
45]. The stability of the latent reservoir necessitates strict, lifelong adherence to ART, as halting
therapy usually results in a resurgence of viral replication and disease progression [46]. These
limitations are the reason behind the continued interest in developing alternate HIV therapies,
including therapeutic vaccines that could induce viral remission without dependence on ART.
Nonhuman primate models for AIDS

A crucial resource in the search for effective HIV therapies is the nonhuman primate (NHP)
model. Animal models are invaluable for enabling scientists and physicians to study disease
pathogenesis and to test potential cures or therapies without risking the health of infected
individuals. Animal models allow for more thorough, comprehensive tissue sampling, and greater
experimental control over variables such as immune-genetic factors, timing and route of infection,
strain of challenge virus, and initiation and duration of ART. A good animal model also
recapitulates the hallmarks of HIV infection in humans but develops disease at a faster rate, which
permits completion of experiments in a timely manner.

In order to develop an animal model, it is first crucial to understand the origins of the

pathogen in question. The AIDS pandemic is primarily driven by HIV-1, although studies of HIV-
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2 provided key insights into the origin of HIV-1. HIV-2 is genetically distant from HIV-1, less
pathogenic, and is largely restricted to a few West African countries. Genetic evidence showed
that HIV-2 originated from a type of lentivirus found in sooty mangabeys and found to be endemic
to many species of African monkeys [47]. These viruses became known as simian
immunodeficiency viruses (SIVs), and were the first indication that HIV was the result of cross-
species transmission. A key study in 1989 identified an SIV that was serologically identical to
HIV-1 in wild chimpanzees [48]. Eventually, subsequent studies strongly suggested that HIV-1
originated from a specific SIV lineage found in the chimpanzee subspecies, Pan troglodytes
troglodytes [49]. Precisely how SIV made the leap into humans is not known, but is thought to
have been through unsafe consumption of bushmeat.

The natural hosts of SIV, namely the African green monkeys and sooty mangabeys, are
not good animal models for HIV since they do not develop disease [50, 51]. However, SIV infection
of Asian macaques shares key pathogenic features with HIV infection in humans, such as robust
viral replication, depletion of CD4" T cells, integration of viral DNA into the target cell genome,
and progression to AIDS, albeit over a much shorter timeframe [52, 53]. Common NHP models
for AIDS include rhesus macaques (Macaca mulatta), pig-tailed macaques (Macaca nemestrina)
and cynomolgus macaques (Macaca fascicularis), though the rhesus macaque is the most widely
used model.

A major advantage of the rhesus macaque model is our ability to control for some of the
various immune-genetic factors that are known to play a role in SIV viral control. Similar to what
is observed in humans, rhesus macaques with certain major histocompatibility complex | (MHC-
1) haplotypes are better able to control virus replication due to the repertoire of viral peptides that
can engage with those MHC [54-56]. Specifically, the Mamu-A*01, B*08, and B*17 alleles are
enriched among animals that robustly control viral replication [54-56]. Another important factor to
consider when using the rhesus macaque model is the restriction factor tripartite motif 5 alpha

(TRIM5a). TRIM5a restricts replication of SIV and other lentiviruses at the post-entry stage by
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preventing uncoating of the viral capsid prior to reverse transcription of the viral RNA genome [57,
58]. Rhesus macaques express three allelic forms of TRIM5a: TRIM5™, TRIM5%, and TRIM5®YPA
that provide varying degrees of protection from SIV infection [59, 60]. Specifically, TRIM5™" and
TRIM5®*" are considered restrictive, while TRIM5® is considered permissive [59, 60]. Thus, when
designing NHP experiments, researchers must take care to evaluate animals’ MHC-1 and
TRIMSa genetics and either avoid animals that may be genetically predisposed to viral control, or
structure the experiment such that these animals are spread out evenly amongst treatment
groups. This ensures that any therapeutic benefit observed during a study can be attributed to
the interventions themselves, rather than intrinsic host factors.

Lastly, no discussion of an animal model is complete without considering what viruses can
be studied with it. While HIV cannot infect NHPs, several different SIVs and chimeric simian-
human immunodeficiency viruses (SHIVs) have been developed for use in the macaque model.
SIVs typically replicate to higher titers and are more pathogenic in macaques relative to SHIVs,
although some SHIVs have the advantage of expressing HIV env. SIVmac239 was the first
consistently pathogenic molecular clone to be isolated and is highly resistant to neutralizing
antibodies [61]. SIVmac251 is closely related to SIVmac239, but challenge stocks of this virus
exhibit more heterogeneity compared to SIVmac239, meaning that it more closely resembles the
diversity of HIV seen in humans [62]. Another SIV that has been developed for use in the rhesus
macaque model is SIVsmE660, which also exhibits more heterogeneity within challenge stocks
and is genetically distant from SIVmac251 and SIVmac239, making it attractive for use in
heterologous challenge studies where the vaccine antigens are based off SIVmac239 or
SIVmac251 [63]. In contrast to lab-adapted strains of SIV, SIVAB670 is a highly pathogenic,
neurotropic, primary isolate that replicates to extremely high titers in rhesus macaques and can
cause AIDS within 10 months of untreated infection, making it a particularly stringent test for
experimental therapies [64]. On the other hand, certain SHIVs were designed to carry the HIV

env gene to directly evaluate Env-targeted therapeutics. SHIV-89.6P was the first SHIV able to
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rapidly deplete CD4" T cells and cause AIDS-like iliness in rhesus macaques, but this virus did
not recapitulate the tropism of HIV-1 or SIV, and thus is no longer used [65]. SHIV.CH505 is a
good example of a modern SHIV that recapitulates the peripheral viral kinetics and mucosal
immunopathology typical of HIV-1 infection of humans and pathogenic SIV infection of NHPs [66].
Altogether, there are a plethora of challenge viruses to use with the NHP model for AIDS, and it
falls upon researchers to evaluate which SIV or SHIV best fulfills their experimental needs.
The importance of mucosal immunity in HIV infection

The SIV NHP model for AIDS enabled more in-depth study of viral pathogenesis than
would have been possible in cell culture or human subjects alone. Notably, the hallmark of HIV
infection, depletion of CD4" T cells, was primarily studied in the peripheral blood for a little more
than a decade, despite the vast majority of CD4" T cells residing in lymphoid tissues. It was not
until 1998 when Veazey et al reported that the intestine appears to be a major target for SIV
infection in rhesus macaques, and till 2004 when Dandekar et al demonstrated that severe and
persistent depletion of CD4 T cells occurs in the mucosa of HIV-infected individuals, that the

importance of the mucosal compartment in HIV pathogenesis became clear [67, 68].
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Figure 1.2 Mucosal immunity in HIV infection. (A) In a healthy gut, T helper 17 (Th17) cells

secrete IL-17 and IL-21 to maintain the integrity of the mucosal epithelial barrier and prevent
microbial translocation. (B) In an HIV-infected gut, viral replication causes depletion of mucosal
CD4" T cells and Th17 cells, and breakdown of the gut epithelial barrier. This leads to microbial
translocation and contributes to chronic inflammation and disease progression. (Figure produced

using Biorender.com)
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The gastrointestinal (Gl, or gut) mucosa is uniquely susceptible to HIV and SIV infection
for several reasons: First, the majority of the body’s lymphocytes reside in the Gl mucosa, rather
than the peripheral blood. Second, large numbers of CD4" T cells in the GI mucosa are activated,
CCR5" memory CD4" T cells, making them highly susceptible to infection. Finally, high levels of
proinflammatory cytokines maintain a state of physiological inflammation in the Gl mucosa.
These characteristics make the gut a major target for HIV and SIV replication and a primary site
of CD4" T cell depletion in early infection [67, 69, 70]. Loss of CD4" T cells in the gut occurs
rapidly within days of infection, before any changes are observed in peripheral lymphoid tissues
[70]. This preferential depletion of mucosal CD4" T cells is maintained throughout the course of
the infection — At any stage of disease, the Gl mucosa exhibits the most substantial CD4* T cell
depletion [69]. This results in loss of antigen-presenting cells and innate lymphocytes, and
functional alteration of remaining gut mucosal CD4" T cells.

One particular type of CD4" T cells, T helper 17 (Th17) cells, play a critical role in defense
against microbes and maintenance of gut mucosal barrier integrity. Depletion of Th17 cells during
HIV and SIV infection results in compromise of the mucosal barrier and microbial translocation
[71]. Microbial translocation, in turn, is associated with systemic immune activation that drives
chronic viral infection and disease pathogenesis [37, 72]. Suppression of viral replication with
effective antiretroviral drugs appears to partially resolve microbial translocation, but CD4" T cell
populations remain depleted in the Gl mucosa, even though suppression of viral replication
permits near-total reconstitution of CD4" T cells in the peripheral blood in nearly all individuals,
with the exception of those with severe CD4" T cell depletion prior to ART initiation [37].

T Cellular Immunity Can Control HIV and SIV Infection

Studies in the SIV/macaque model were also critical for building up our understanding of
the importance of virus-specific T cellular immunity in controlling HIV and SIV infection. In brief,
CD8" T cells identify virus-infected cells through recognition of major histocompatibility complex

class | (MHC-I) restricted viral 8-11 mer peptides on infected cells. Upon identification, CD8* T
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cells can kill infected cells through the release of the cytotoxins perforin and granzyme, as well
as cytokines such as IFN-y, TNFa, and IL-2.

T cellular immunity was first shown to be important in control of HIV infection in 1986,
when Walker et al demonstrated that CD8" T cells could control HIV infection in vitro [73]. Further
studies in HIV-infected individuals observed that CD8" T cells arise during acute infection and are
temporally associated with the initial decline in viral load following peak viremia, although these
studies were only correlative in nature [74, 75]. The first studies demonstrating a causal
relationship between CD8" T cell immunity and control of lentiviral replication were published in
the late 90s and utilized the SIV/macaque model to show that depleting CD8" T cells in macaques
infected with SHIV or SIV resulted in increased viremia [76-78]. It is now generally accepted that
CD8" T cells can play a role in control of HIV replication. Although the precise mechanisms behind
CD8" T cell-mediated protection are not fully understood, there is strong evidence for the
importance of broad epitope specificity (The ability to recognize a large number of epitopes) [79-
81], T cell polyfunctionality (Secretion of multiple cytokines)[82], and potent cytotoxicity [83].

On the other hand, the role of virus-specific CD4* T cells in HIV and SIV infection is
unclear. HIV and SIV primarily infect activated CD4" T cells and preferentially infect HIV-specific
CD4" T cells [84], but these cells also have direct antiviral properties and provide crucial help to
B cells and CD8" T cells. The earliest evidence suggesting a protective role for HIV-specific CD4*
T cells was reported in 1997 and showed an association between increased HIV-specific CD4™ T
cells and viral control [85]. Later on, studies detected HIV-specific, cytolytic CD4™ T cells and
demonstrated an association between increased frequencies of these CD4" T cells and reduced
viral loads [86]. However, in spite of this proven antiviral capacity, vaccines generally attempt to
avoid eliciting a robust CD4" T cell response, in order to avoid increasing potential targets for
infection.

Taken together, there is much evidence that CD8" and CD4" T cellular immunity can

control HIV replication to a certain extent. However, a hallmark of HIV is the ability of the virus to
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evade T cellular immune responses due to its rapid mutation rate and the resulting enormous
genetic diversity. Additionally, chronic activation by viral antigens blunts virus-specific T cell
immunity through the upregulation of negative immune regulators, a phenomenon otherwise
known as immune exhaustion.

Immune exhaustion

During HIV disease progression, HIV-specific CD4" and CD8" T cells undergo a
progressive reduction in their ability to persist, proliferate, and produce cytokines, gradually
becoming exhausted [87, 88]. This is in part because HIV infection is associated with increased
expression of inhibitory receptors, or exhaustion markers, such as programmed death-1 (PD-1)
[87] and cytotoxic T lymphocyte antigen-4 (CTLA4) [89].

PD-1 was first identified as a marker of programmed cell death on mouse T cells [90], and
was later determined to be an important contributor to T cell exhaustion in the lymphocytic
choriomeningitis virus (LCMV) mouse model [91], commonly used for studying chronic viral
infections. These studies illustrated the causal role of PD-1 in T cell exhaustion during chronic
infections by showing that PD-1 was expressed at high levels on virus-specific CD8" T cells, and
that preventing the interaction between PD-1 and its ligand, PD-L1, improved T cell function and
reduced viral loads in infected mice [91]. In the context of HIV infection, the first studies of PD-1
indicated that PD-1 was expressed at high levels on HIV-specific CD8" T cells, and that elevated
expression of PD-1 was correlated with high viral load and low CD4" T cell counts [87, 92, 93].
Later studies demonstrated that viral replication drives increased PD-1 expression on HIV-specific
CD4" and CD8" T cells in progressors, but not in long-term non-progressors (LTNPs) [94],
otherwise known as individuals infected with HIV who maintain a CD4" T cell count greater than
500 without ART, despite a detectable viral load. SIV infection in rhesus macaques similarly
increases PD-1 expression on SlV-specific T cells and is associated with reduced proliferative

capacity in CD8" T cells and increased plasma viral loads [95-97].
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CTLA-4 was first identified as a negative regulator of T cell activation in 1995, when
studies found that knocking out the gene in mice resulted in massive lymphoproliferation and
tissue destruction [98, 99]. Further studies revealed that CLTA-4 is an immune checkpoint
receptor expressed only on T cells, where it competes with the costimulatory molecule CD28 in
binding CD80 on antigen-presenting cells (APCs) [100], resulting in inhibition of T cell activity and
reduced IL-2 production [101]. During HIV infection, CTLA-4 is selectively upregulated on virus-
specific CD4" T cells and is associated with disease progression and reduced production of IL-2
in response to viral antigens [89].

Ultimately, HIV’s rapid mutation rate produces enormous genetic diversity, leading to
immune escape and immune exhaustion through chronic overstimulation by viral antigens.
Immune escape and immune exhaustion are the primary reasons why HIV viral replication cannot
normally be controlled in the absence of ART and represent formidable barriers in the search for
an HIV cure. However, understanding how T-cell exhaustion impairs HIV-specific immunity could
lead to more potent immunotherapies, potentially through combining therapeutic vaccination with
immune checkpoint blockade to augment HIV-specific immunity.

Therapeutic vaccination

In essence, a therapeutic vaccine is a vaccine that is administered after an infection or
disease has already occurred. In contrast to a prophylactic vaccine that acts as a precautionary
measure against future infection, a therapeutic vaccine aims to activate the immune system in

order to combat an existing infection or disease.
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Figure 1.3 The goal of therapeutic vaccination. (A) A therapeutic vaccine could allow an HIV-
infected individual to control viral replication in the absence of antiretroviral therapy (ART). (B-C)
Therapeutic vaccination could induce control of viral replication through enhancement of T cell

responses or antibody responses. (Figure produced using Biorender.com)
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In the context of HIV, the goal of therapeutic vaccination is to prevent disease progression
by augmenting HIV-specific immunity, thereby enabling an HIV-infected individual to control viral
replication in the absence of ART. Both T cell and antibody-based approaches have been tried
and tested, with varying levels of success. T cell-based vaccines primarily aim to augment T cell
effector function [83], increase the breadth of epitopes targeted [80, 102], expand polyfunctional
T cell responses [82], and direct virus-specific responses to viral reservoir sites and major sites
of viral replication, namely mucosal tissues and lymph nodes [80, 103]. Antibody-based
approaches focus on induction of broadly neutralizing antibodies (antibodies capable of
neutralizing many diverse strains of HIV) [104] or enhancement of antibody-mediated effector
functions, such as antibody-dependent cellular cytotoxicity (ADCC) [105]. Although no
therapeutic vaccine strategy to date has been successful at inducing long-term protection from
viral rebound in HIV-infected individuals, the feasibility of the concept is supported by the
existence of rare elite controllers, whose robust immune responses are able to maintain
undetectable levels of plasma viremia in the absence of ART [12, 82, 83, 106, 107].
Vaccination strategies:

In the decades since HIV was identified as the causative agent of AIDS, many different
therapeutic vaccine approaches have been tested in both human clinical trials and nonhuman
primate studies, including protein subunit vaccines, inactivated or attenuated viruses, viral

vectored vaccines, nucleic acid vaccines, and dendritic cell-based approaches.
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control of HIV replication in the absence of ART. (Figure produced using Biorender.com)
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Inactivated/attenuated virus

Inactivated or attenuated pathogens are a classic approach to vaccine development.
However, these approaches are considered controversial for HIV vaccine development, due to
the risks associated with incomplete inactivation of HIV and the potential for attenuated viruses
to establish persistent infection in vaccinated individuals, resulting more virulent and pathogenic
progeny. Studies in macaques proved these concerns to be justified: On one occasion, a live-
attenuated SIV with large deletions in nef and vpr induced progressive disease in both infant and
adult vaccinated macaques [108]. In a separate study, a nef-deleted, live-attenuated SIV
(SIVmac239Anef) was able to mutate in vivo and restore normal nef function, resulting in
progression to AIDS in vaccinated animals [109]. Current work on inactivated and attenuated HIV
vaccines focuses on addressing these safety concerns and improving vaccine efficacy.
Remune/HIV-1 Inmunogen

One of the first therapeutic vaccines, HIV-1 immunogen (also known as Remune), was
developed by none other than Dr. Jonas Salk [110]. Initially intended as a prophylactic vaccine,
HIV-1 immunogen consists of an even mixture of incomplete Freund’s adjuvant and whole HIV-1
virions, inactivated via treatment with beta-propiolactone and Cobalt irradiation [110]. Notably,
this method of inactivation depletes the outer gp120 surface antigen [110]. HIV-1 immunogen is
also one of the most extensively studied therapeutic vaccines for HIV, having been studied in
thousands of HIV-infected individuals in more than a dozen clinical trials spanning over three
decades, albeit with little clinical success.

Multiple phase 1 clinical studies, in both treated and untreated individuals at various
disease stages and including children, demonstrated HIV-1 immunogen to be both immunogenic
and safe [111-122]. To date, three phase 2 studies, one phase 2/3 study, and two phase 3 clinical
trials of HIV-1 Immunogen have been completed, although some of the reported positive clinical
outcomes have been overshadowed by controversies. The first phase 2 clinical trial of HIV-1

Immunogen as a therapeutic vaccine, CTN 173, reported that HIV-1 Immunogen had no effect on
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time to viral rebound after treatment interruption or viral setpoint after treatment interruption [121,
122]. However, the results of the second phase 2 clinical trial, P2101B, indicate vaccination with
HIV-1 immunogen resulted in a lower rate of clinical disease progression and significant increases
in CD4" T cell counts in the vaccinated cohort, and significantly lower mean viral load in vaccine
responders compared to non-responders [118-120]. The third phase 2 clinical trial, STIR-2102,
found that vaccination with HIV-1 Immunogen was associated with a trend to delayed viral
rebound, elevated HIV-specific CD4" T cell responses, and increased Gag-specific CTL activity
[116, 117]. Notably, the phase 2/3 clinical trial reported that therapeutic vaccination with HIV-1
immunogen significantly reduced viral loads and CD4" T cell decline, while significantly boosting
cell-mediated immunity and humoral responses [114, 115]. In contrast to these promising results,
the first phase 3 clinical trial of HIV-1 Immunogen did not demonstrate any effect on disease
progression or plasma viremia [113], although a substudy of randomly selected participants
observed a significantly greater reduction in viral load in the HIV-1 immunogen group, compared
to the placebo group [112]. The last published phase 3 clinical trial, the QUEST study, tested
HIV-1 immunogen alone and with the ALVAC vaccine, but found that HIV-1 immunogen had no
effect on virus-specific immunity or viral load [111].

Notably, three clinical trials that reported a positive effect of HIV-1 Immunogen on plasma
viremia or CD4" T cell counts have been contested. Glidden et al put forward that the CD4" T cell
data from study P2101B, reported by Churdboonchart et al, was only one out of ten total analyses
of the CD4" T cell count, and that eight of the ten analyses failed to show any statistically
significant differences in the CD4" T cell count between the HIV-1 Immunogen and placebo
groups [120, 123]. The results of the phase 2/3 clinical trial were called into question when the
U.S. Food and Drug Administration (FDA) issued a warning letter to the study team due to their
undisclosed exclusion of two participants from the published analysis [124]. Lastly,
disagreements on analysis methodology led the study team on the first phase 3 clinical trial of

HIV-1 Immunogen to report that it had no effect on any study endpoints [113], in direct conflict
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with the study sponsor’s retrospective analysis declaring some positive effects on viral loads
[112].

Altogether, the results of numerous clinical trials prove that HIV-1 Immunogen is safe,
well-tolerated, and capable of inducing both humoral and cell-mediated immunity. However,
whether the vaccine has any clinical efficacy remains controversial. It is possible that therapeutic
vaccination with HIV-1 immunogen would be more effective if combined with a latency reversal
agent to eliminate or reduce the viral reservoir, or immunomodulators to reverse T cell exhaustion.
These combinatorial approaches merit further study.

AT-2 inactivated virus

Attempts to improve upon the Remune vaccine include improving the method of virus
inactivation, such as using Aldrithiol 2 (AT-2) instead of beta-propiolactone and irradiation. In
contrast to Remune, which does not contain the gp120 surface antigen due to the method of
inactivation used, AT-2 inactivated SIV and HIV maintain the proper structure and antigen
processing of all virion-associated proteins [125], making them appealing vaccine immunogens.
Initial studies of prophylactic vaccination of rhesus macaques with AT-2 inactivated SIVmac239
induced robust SIV-specific T cell responses and significantly reduced the rate of infection
following intrarectal challenge with pathogenic SIVmac239 [126]. Based on this encouraging
data, AT-2 inactivated SIVmac239 was tested as a therapeutic vaccine in SIV-infected, ART-
treated rhesus macaques. Vaccination significantly boosted neutralizing antibody titers and
induced a decrease in plasma viral loads during ATl in comparison to mock-vaccinated controls
[127]. However, vaccine efficacy was limited to animals that responded well to ART, and
additional booster immunizations in the absence of ART did not further decrease viral loads during
ATI[127].

HIVAX
In an attempt to circumvent the safety risks associated with a live-attenuated HIV vaccine,

HIVAX was designed as a replication-defective HIV-1, attenuated by multiple deletions of the pol,
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vif, env, and nef genes and pseudotyped from Vesicular Stomatitis Virus (VSV) to expand cell
tropism to dendritic and Langerhans cells [128]. The resulting virus was able to infect cells but
not able to initiate a second round of replication. In a randomized, placebo-controlled clinical trial
of HIV-1 infected volunteers receiving ART, HIVAX was found to be immunogenic and well-
tolerated [128]. Vaccination reduced immune activation and chronic inflammation [129] and
boosted both CD4" and CD8" HIV-specific T cell responses [128]. Additionally, vaccinated
individuals exhibited significantly lower viral loads during treatment interruption in comparison to
their pre-ART levels [128].
SAV001

Most recently, Choi et al conducted a Phase | human clinical trial using SAV001, a killed,
whole-virus vaccine that consists of inactivated, modified HIV-1 Clade B NL4-3 with the genes for
nef and vpu deleted, and the coding sequence for the Env signal peptide replaced with that of the
honeybee melittin signal peptide, to produce a less virulent and more replication efficient virus.
In an observer-blinded, placebo-controlled trial of 33 HIV-1 positive volunteers receiving ART,
SAV001 was well-tolerated and boosted the pre-existing antibody responses to HIV-1 proteins,
including broadly neutralizing antibodies [130]. No evidence was found of vaccine virus
replication in volunteers [130].
Protein subunit vaccines
Tat

A different approach to therapeutic vaccine design aims to target the viral transactivator
of transcription protein (Tat). Tat plays a critical role in HIV transcription, latency, and viral rebound
following ART interruption [131], and is fairly conserved among all subtypes in its immunogenic
domains [132], making it an attractive vaccine target. In support of this, the presence of anti-Tat
antibodies in the serum of HIV-infected individuals is associated with lower viral load and delayed
progression to AIDS [133-135]. So far, two Tat-based vaccines have been investigated in both

animal studies and human clinical trials: One derived from HIV strain BH10 (Tat-BH10) and one
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from HIV strain Oyi (Tat-Oyi). Tat-BH10 is a functional protein, while Tat-Oyi is not. Both types
of Tat vaccine were tested in NHP models [136-140] and have since moved on to phase1/2a
human clinical trials involving HIV-infected adults. One study, ISS T-002, was an exploratory
phase 2 open label therapeutic trial of Tat-BH10 that did not include a double blinded, randomized
control arm, but compared vaccinated participants instead to a non-vaccinated, HIV* matched
group [141]. In this study, Tat-BH10 vaccination was found to be safe and resulted in detectable
levels of anti-Tat antibodies in 90% of vaccinees, significant restoration of CD4" T cells, reduced
immune activation, and significant and durable reductions in HIV-1 DNA [141]. A randomized,
blinded, placebo-controlled phase 2 trial of Tat-BH10 (ISS T-003) confirmed that the vaccine was
safe and induced durable, high titers of anti-Tat antibodies that were associated with increased
CD4" T cells [142]. Notably, containment of viral rebound was observed in ART-noncompliant,
vaccinated participants, as compared to ART-noncompliant subjects who received a placebo
[142]. The Tat-Oyi phase1/2a clinical trial likewise determined that vaccination was safe, induced
anti-Tat antibodies, and was associated with reduced viral rebound following ART interruption
[143]. An 8-year follow-up of the ISS T-002 study indicated that anti-Tat antibodies persisted in
more than 50% of volunteers, while CD4" T cell counts continued to increase and HIV proviral
DNA continued to decrease [144]. Altogether, the results from these clinical trials demonstrate
anti-Tat therapeutic vaccines are promising and will require further investigation in larger cohorts
of HIV-infected individuals.
Vacc-4x

The Vacc-4x vaccine is comprised of four synthetic peptides that correspond to conserved
amino acid sequences of the HIV major core protein, p24, adjuvanted with granulocyte
macrophage colony-stimulating factor (GM-CSF) to ensure optimal presentation of the
immunogen to APCs [145]. A small phase | safety study of 11 HIV-1 infected individuals
demonstrated that the vaccine was safe, well-tolerated, and induced modest strong cell-mediated

and humoral immunity [145]. A phase 2 clinical trial of 40 HIV-1-infected individuals provided
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further evidence that the vaccine was immunogenic, with 90% of participants developing Vacc-
4x-specific responses as detected via delayed type hypersensitivity (DTH) tests, and 80% of
participants demonstrating Vacc-4x-specific CD4* and CD8" T cell responses, although this study
was not placebo controlled [146]. An analytic treatment interruption in vaccine-responders
showed that individuals exhibiting the highest DTH responses to Vacc-4x maintained lower viral
loads [147]. Notably, long-term follow up indicated that Vacc-4x-specific immune response were
unchanged 1.5 years after the last immunization, and 62% of vaccine-responders did not yet meet
the criteria to resume ART [148]. More recently, a randomized, placebo controlled, double blind
phase 2 clinical trial sought to assess the safety, immunogenicity, and efficacy of Vacc-4x. The
vaccine was safe, well-tolerated, and immunogenic, inducing proliferative responses in both CD4*
and CD8" T cells [149]. However, after treatment interruption there was no difference between
the Vacc-4x and placebo groups either in time to necessary ART resumption or changes in CD4*
T cell counts during treatment interruption [149].
OPAL

Another, more unconventional therapeutic vaccine approach is termed OPAL -
Overlapping Peptide-pulsed Autologous Cells. First tested in SIV-infected, ART-treated pigtail
macaques, OPAL aimed to induce SIV-specific cellular immune responses by incubating fresh
whole blood or peripheral blood mononuclear cells (PBMCs) with overlapping SIV peptides, either
from only Gag or spanning the full SIV proteome [150]. The peptide-pulsed blood or PBMCs were
then reinfused intravenously into the autologous animal [150]. In comparison to the control group,
immunized animals demonstrated significant increases in SIV-specific CD4" and CD8* T cell
immunity and significantly lower viral loads after treatment interruption, throughout the one year
of follow up [150]. There was no difference in therapeutic outcome between animals immunized
with blood cells pulsed with Gag peptides or peptides spanning the entire SIV proteome,
suggesting that pulsing blood with Gag peptides alone would be an effective immunotherapy

[150]. Based on these results, a preclinical study of HIV-infected individuals on ART began to
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assess the safety and preliminary immunogenicity of this approach. However, only 2 out of 15
vaccinated participants exhibited increases in HIV-specific CD8" T cell responses [151]. The
study was ultimately terminated early after a serious, potentially life-threatening adverse event
occurred in one study participant following a single immunization [152]. The cause of the
occurrence was not identified, but the vaccine itself could not be ruled out [152]. As such, authors
of the study concluded that the lack of immunogenicity observed warranted emphasis on
alternative methods of enhancing T cell immunity [151, 152].

Dendritic cell vaccines

Dendritic cells (DCs) are antigen-presenting cells, or cells that capture and process
antigens and present them to naive T cells on major histocompatibility complex (MHC) molecules,
thereby inducing naive T cell activation and effector differentiation [153]. The essential role that
DCs play in priming specific immune responses provides strong rationale for harnessing DCs to
treat HIV infection. Generally speaking, DC-based therapeutic vaccine strategies seek to boost
HIV-specific immune responses by obtaining autologous monocytes, culturing those monocytes
with cytokines to promote their maturation into DCs, and pulsing them with HIV antigens in vitro,
before administering them to the patient [154]. Several different methods of pulsing DCs with HIV
antigens have been investigated: Exposure of DCs to inactivated autologous HIV [155-159],
pulsing DCs with HIV peptides [160-162], electroporation of HIV RNA into DCs [163-168], and
delivery of HIV viral vectored vaccines to DCs ex vivo [165].

Notably, vaccines comprised of DCs exposed to autologous HIV have demonstrated the
most therapeutic efficacy. Of particular note is a double-blinded, placebo-controlled clinical trial
testing the efficacy of a therapeutic vaccine consisting of DCs pulsed with autologous, heat-
inactivated whole HIV in chronically HIV-1 infected, ART-treated individuals [158]. In this study,
vaccination resulted in a significant >1 log reduction of plasma viral load in 55% of participants,
compared to 9% of participants in the placebo group [158]. This decrease in viremia was

associated with an increase in HIV-specific T cell responses [158]. However, vaccination did not
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prevent CD4" T cell depletion, and control of viremia waned over time [158]. In spite of these
drawbacks, this study represents the most effective HIV therapeutic vaccine thus far. Importantly,
nearly all clinical trials reporting reductions in plasma viral loads after vaccination (with two
exceptions) used autologous virus [155-157, 159], despite differences in terms of the protocol
used to obtain DCs, the number of doses, whether patients were ART-treated or untreated, and
the immunization route.

Therapeutic efficacy in other trials has been variable. A small-scale trial of (N=12)
treatment naive, HIV-1-infected individuals demonstrated that vaccination with DCs pulsed with
peptides consisting of conserved elements in gag, pol, env, vpu and vif elicited a transient
decrease in viral load in 5 out of 12 vaccinees [161]. Another phase 1 clinical trial in ART-treated,
HIV-1-infected individuals assessed the efficacy of a therapeutic vaccine comprised of autologous
DCs pulsed with five HIV-1-derived lipopeptides from gag, pol, and nef, and determined that
vaccination boosted both CD4* and CD8" T cell responses and 50% of vaccine recipients
experienced a <1 log decrease in viral load following treatment interruption [162]. This decrease
in viral load was associated with polyfunctional CD4* T cells [162]. Other clinical trials, namely
those involving DCs transfected with HIV mRNA [163, 164, 166], pulsed with HIV peptides [160],
or exposed to HIV viral vectored vaccines [165], demonstrated that these approaches are
immunogenic but do not confer any virological benefit.

Most recently, a small pilot study tested the therapeutic efficacy of a “kick and kill’
approach by combining a latency-reversal agent (LRA), vorinostat, with the DC-based vaccine
AGS-004 [168]. AGS-004 consists of autologous DCs co-electroporated with RNA encoding HIV-
1 gag, nef, rev, and vpr amplified from participants’ pre-ART plasma, and RNA encoding human
CD40 ligand to maximize antigen presentation [167, 168]. By co-administering vorinostat, this
cure strategy sought to reduce the latent viral reservoir by exposing latently infected cells through
with an LRA (the “kick”), that triggers reactivation and production of virus. A therapeutic vaccine,

administered prior to or concurrently with the LRA, would then enable the body’s own immune
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system to target and kill these reactivated cells (the “kill’). A previous phase 2b, randomized,
double-blinded, placebo-controlled clinical trial demonstrated that AGS-004 induced
polyfunctional CD8" T cell responses, although these responses did not translate to reductions in
viral load during treatment interruption [167]. When combined with vorinostat, AGS-004 did not
elicit any boosting of HIV-specific immune responses, nor did vorinostat induce any reduction in
the proviral reservoir [168]. The lack of therapeutic efficacy in this study demonstrates that only
using autologous antigens in a DC-based vaccine is not sufficient to induce reductions in viral
loads, and that much work remains to be done in optimizing this relatively new vaccine technology.
Viral vectored vaccines

ALVAC

Of the HIV viral vector vaccines, ALVAC-HIV is the most thoroughly studied. ALVAC-HIV
vaccines consist of a modified recombinant canarypox that expresses HIV genes but is unable to
replicate effectively within mammalian cells [169, 170]. Notably, the prophylactic RV144 phase 3
clinical trial utilized a version of the ALVAC vaccine (vCP1521), followed by a gp120 AIDSVAX
B/E protein boost [171]. This regimen was only 31% efficacious, but this was the first study to
provide evidence for vaccine-induced protection [171]. However, clinical trials conducted to
assess the efficacy of ALVAC-HIV as a therapeutic vaccine have been met with varying levels of
success.

A randomized, double blind, placebo-controlled study tested the efficacy of ALVAC
(vCP1452) expressing Env and Gag genes as well as CTL epitopes from Nef and Pol
administered with or without Remune in HIV-infected individuals who initiated ART during acute
HIV infection [122]. This study determined that, independent of Remune co-administration,
vaccination delayed viral rebound and extended the time to necessary ART resumption but did
not lower the viral set point or reduce the viral reservoir [122, 172]. Another partially blinded,
randomized phase 2 study of HIV-infected individuals on ART treatment assessed the effects of

vCP1452 vaccination with or without IL-2 [173]. In this study, vaccination with just vCP1452
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reduced the mean viral load during treatment interruption, while combining vCP1452 with IL-2
boosted CD4" T cell counts but did not reduce viral loads during treatment interruption [173]. In
contrast to these promising results, a randomized, double blind, placebo-controlled phase 2 study
of vCP1452 in chronically HIV-infected individuals on ART reported that vaccination was
associated with increased mean viral load during treatment interruption and reduced time to
necessary ART resumption [174]. A follow up study determined that the vaccine primarily induced
HIV-specific CD4" T cell responses [175]. Given that HIV preferentially infects HIV-specific CD4"
T cells, this potentially explains the enhancement of viral replication in vaccinated study
participants.

An open single-arm study evaluated the safety and immunogenicity of another ALVAC-
HIV vaccine (vCP1433) expressing Env, Gag, protease, and CTL epitopes from Nef and Pol, in
ART-treated patients chronically infected with HIV [176]. This study determined that vaccination
boosted HIV-p24-specific lymphoproliferative responses and Gag-specific CD8" T cell responses
[176]. Notably, lymphoproliferative responses were significantly associated with the probability of
remaining off ART [176]. A separate, randomized study of HIV-1 infected individuals treated with
ART combined vCP1433 with a LIPO-6T vaccine, composed of the tetanus toxoid TT-830-843
class |l restricted universal CD4" T cell epitope and five HIV-1 peptides from Gag, Nef, and Pol,
followed with subcutaneous dosing of IL-2 [177]. These interventions induced both HIV-specific
CD4" and CD8" T cell responses and were associated with a reduction in immune suppressive T
regulatory cells [177-179]. After treatment interruption, 24% of vaccinated participants
demonstrated lower set point viral loads, compared to 5% of unvaccinated, ART-treated controls
[177, 179]. Control of viral rebound was associated with vaccine-induced immune responses
[177, 179]. Interestingly, this same vaccine regimen was used in a randomized study of HIV-
infected individuals who initiated ART early during acute infection, where it was reported to have

no effect on viral rebound after treatment interruption [180]. The authors speculate that the better
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immunological status of these early-treated patients may have obscured any effects of the
immune interventions.
MVA

The Modified Vaccinia Virus Ankara (MVA) is another well-tested, safe, and highly
immunogenic viral vector. Originally developed towards the end of the campaign for the
eradication of smallpox, the virus was developed through more than 500 serial passages of
vaccinia viruses in chicken embryo fibroblasts [181]. Through this aggressive serial passaging,
MVA lost about 10% of the vaccinia genome and the ability to replicate efficiently in virtually all
mammalian cells [181].

The first small scale, single-arm clinical trial of an MVA-nef vaccine in HIV-infected, ART-
treated individuals was safe and immunogenic, but did not have any effect on protection from viral
rebound in any study participants [182]. Notably, vaccination increased both Nef-specific and
MVA-specific T cell immunity, indicating that although anti-vector immunity was induced, it did not
interfere with vaccine immunogenicity [182].

A more recent clinical trial of an MVA-vectored HIV therapeutic vaccine sought to target
the latent virus reservoir through co-administration of an LRA, disulfiram. To this end, a double-
blinded, placebo-controlled phase 1 clinical trial in HIV-1-positive, ART-treated individuals
(RISVACO03) tested the safety and immunogenicity of an MVA-based vaccine (MVA-B) expressing
HIV-1 antigens from clade B (gp120, gag, pol, and nef) with or without disulfiram [183]. Although
disulfiram did not have any effect on the proviral reservoir, vaccination with MVA-B alone was
associated with a modest delay in viral rebound, compared to placebo recipients [183, 184].
Vaccine recipients also demonstrated significant increases in Env-specific antibody titers and both
the breadth and magnitude of the HIV-specific T cell response during treatment interruption [183].

A slightly different approach sought to use the MVA vector to present the immune system
with conserved HIV-1 sequences, to re-direct T cell responses towards these typically

subdominant viral epitopes [185]. Mutations in these conserved elements are more likely to
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decrease viral fitness, and immune responses to conserved epitopes are associated with HIV-1
elite controllers and long term nonprogressors [186]. To this end, a randomized, double-blinded,
placebo-controlled trial, known as the HIV-CORE 001 trial, tested an HIVconsv immunogen
vectored by MVA (MVA.HIVconsv) in chronically HIV-infected adults who were virologically
suppressed on ART [185]. The HIVconsv immunogen consists of a chimeric protein assembled
from 14 highly conserved domains derived from HIV gag, pol, vif, and env [185, 186]. Vaccination
with MVA.HIVconsv modestly boosted the CD8" T cell viral inhibitory capacity in ex vivo
experiments, but did not induce any reduction in the proviral reservoir [185].

Most recently, an open-label, single-arm, phase 1 clinical trial, enrolling 15 early-treated
HIV-1 infected individuals (BCNO02) integrated these two approaches by co-administering the LRA
romdesipin with the MVA.HIVconsv vaccine [187, 188]. This trial determined that vaccination
boosted responses to conserved domains in all vaccinees and that romdesipin elicited a
significant reduction of the viral reservoir [187, 188]. All vaccinated participants rebounded after
treatment interruption, although 3 out of 15 vaccine recipients maintained plasma viral loads
below the criterium for ART resumption for up to 32 weeks [188]. However, this study was not
placebo-controlled [188].

Other notable clinical trials of MVA-vectored HIV therapeutic vaccines involve priming with
an adenovirus-vectored HIV vaccine and boosting with the MVA-vectored vaccine, and thus will
be discussed further in the following section.

Adenovirus

Like the canarypox and MVA viral vectors, adenovirus (Ad) vectors have been widely
studied for HIV therapeutic vaccine development. Ad are particularly attractive for vaccine
delivery due to their high levels of transgene expression, physical and genetic stability, and ability
to infect both dividing and non-dividing cells [189-191]. Additionally, Ad can infect dendritic cells,
allowing them to effectively present antigens to the immune system and induce robust immune

responses [189-191]. They also have a broad tissue tropism, enabling them to elicit both mucosal
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and systemic immunity and making them ideal candidates for HIV vaccine vectors [189-191].
Both replication defective and replication competent Ad vectors have been tested in human
clinical trials, although HIV therapeutic vaccine studies have primarily utilized replication defective
Ad [189-191].

Two early clinical trials sought to use an Ad-vectored HIV vaccine to boost immune
responses to gag, in order to elicit CD8" T cell-mediated control over virus replication. The first
of these trials, a randomized, double-blinded, placebo-controlled clinical study involving HIV-1
infected individuals on effective ART, evaluated a recombinant, replication deficient AD5 HIV-1
gag vaccine [192]. Vaccination with AD5 HIV-1 gag was safe and immunogenic, and a trend was
observed towards a reduction in post-ART viral loads [192]. Interestingly, HIV-1 gag-specific
IFNy*CD4" cells were associated with viral control, although it is unclear if those cells had a direct
antiviral effect or provided support for CD8" T cells or other immune cells [192]. A separate
randomized, placebo-controlled trial involving HIV-1 infected participants receiving ART,
assessed the efficacy of a recombinant Ad5 (rAD5) HIV-1 gag vaccine [193]. This study reported
that therapeutic vaccination with the rAd5-HIV gag vaccine was associated with lower plasma
viral load post-ART, although counterintuitively, this control was not associated with gag-specific
CD4" or CD8" T cell responses [193].

Recently, trials involving Ad-vectored HIV vaccines have utilized a more combinatorial
approach. The BCNO1 trial was a phase 1, open-label, non-randomized study in HIV-1-positive
individuals who initiated ART during early HIV-1 infection [194]. Participants first received a prime
vaccination consisting of a replication-defective, modified chimpanzee adenovirus serotype 63
(ChAdV-63) expressing the HIVconsv immunogen, and subsequently received an MVA.HIVconsv
boost vaccination [194]. This vaccination regimen was safe and well-tolerated, and significantly
boosted T cell responses to conserved epitopes [194]. However, vaccination was not associated
with a decrease in proviral DNA, and the study design did not incorporate a treatment interruption

[194]. Based on these moderately encouraging results, a phase 2, open-label, randomized,
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placebo-controlled follow up study, known as the RIVER trial, was conducted in HIV-positive,
ART-treated individuals [195]. This study aimed to employ the “kick and kill” strategy by
combining the LRA vorinostat (the kick) with the ChAdV63.HIVconsv-prime and MVA.HIVconsv-
boost vaccine regimen (the kill), but this approach did not significantly reduce the HIV proviral
reservoir in comparison to ART alone [195].

Finally, a small-scale, randomized, placebo-controlled, double-blind study in HIV-infected
individuals who initiated ART during acute infection, tested the safety, immunogenicity, and
efficacy of Ad26 and MVA vectors containing mosaic HIV-1 env, gag, and pol antigens
(Ad26.Mos.HIV and MVA-Mosaic, respectively), optimized to provide maximal coverage of
potential T cell epitopes [196, 197]. Vaccinees received a priming immunization consisting of
Ad26.Mos.HIV and a boosting immunization consisting of MVA-Mosaic [197]. The vaccines were
safe and significantly increased the titers of antibody-dependent cell-mediated cytotoxicity
(ADCC)-mediating antibodies, the titers of antibody-dependent cell-mediated phagocytosis
(ADCP)-mediating antibodies, and the breadth and polyfunctionality of the HIV-specific T cell
response [197]. In spite of the vaccines’ robust immunogenicity however, this regimen did not
elicit any protection from viral rebound [197].

DNA vaccines

Fundamentally, DNA vaccines are composed of DNA plasmids encoding antigens of
interest. DNA vaccines theoretically have a number of advantages over traditional methods of
vaccination: They are relatively simple to mass-produce, can be rapidly adapted to new
pathogens, bypass the need for a cold chain, and can be administered multiple times without
inducing anti-vector immunity. DNA vaccines also mediate the endogenous production of
antigens, ensuring that the antigens are in their natural conformation with appropriate post-
translational modifications, and elicit both CD8" T cell and antibody responses.

Needle and syringe injection
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The earliest reports of therapeutic DNA immunization in HIV-infected subjects came from
Boyer et al in 1997, who performed a proof-of-concept study in two chronically HIV-1-infected
chimpanzees (Pan troglodytes) [198]. One animal received DNA plasmids encoding HIV-1 env
and rev, while the other received the empty plasmid vector as a placebo. Each animal received
3 immunizations of either vaccine or placebo, consisting of 100 micrograms of DNA injected into
the quadriceps muscle. Post-immunization, the vaccinated animal demonstrated enhanced
antibody responses to HIV-1 env and reduced viremia to below the limit of detection, while
humoral immunity and viral loads in the control animal remained unchanged [198]. Notably, these
results were repeatable: The control animal was also later vaccinated and exhibited a similar
increase in humoral immunity and reduction of viremia to undetectable levels [198]. Overall,
although this study only consisted of two subjects, the results provide critical evidence for the
viability of DNA vaccines as an HIV cure strategy.

This initial success prompted the first human trial of an HIV DNA vaccine, published by
MacGregor et al in 1998. This study enrolled 15 ART-untreated, asymptomatic HIV-1-infected
individuals, who were divided into 3 groups of 5 and received 3 intramuscular injections of a DNA
vaccine encoding HIV env and rev, at either 30, 100, or 300 micrograms (ug) per immunization
[199]. Vaccination was safe and well-tolerated at all three doses, and immunogenic at 100 and
300 ug. Increases in antibody titers against gp120 were observed at both the 100 and 300 ng
doses [199]. While only the 100 ug group exhibited enhanced CTL activity, the 300 ug group
demonstrated increased production of MIP-1a, an HIV-1 suppressive factor [199-201].
Furthermore, none of the participants developed anti-DNA antibodies [199], putting to rest one of
the primary concerns regarding the use of DNA vaccines. Although vaccination was not
associated with consistent trends in CD4" T cell counts or HIV viral loads [199, 200], this study
demonstrated the safety and potential immunogenicity of DNA vaccines and encouraged further

investigation of this strategy.
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During 1998-2005, subsequent studies of DNA vaccines delivered via intramuscular
injection yielded similar results [202-206]. These vaccines were modestly immunogenic at best,
and did not significantly reduce viremia, with the notable exception of a Phase 1 clinical trial
published by MacGregor et al in 2005. In this double-blinded, placebo-controlled study,
asymptomatic, ART-treated, HIV-1-infected individuals were vaccinated with DNA plasmids
expressing gag/pol and env/rev [207]. In addition to being safe and well-tolerated, the vaccine
was comparatively immunogenic, eliciting HIV-specific IFN-y responses in 8 of 13 vaccinated
participants [207]. Remarkably, only 1 of 13 vaccinated participants experienced “viral blips,” or
transient, detectable elevations of HIV RNA after vaccination, compared to 3 out of 5 participants
who received a placebo [207]. The decreased frequency of viral blips in vaccinated participants
in this study affirms the therapeutic potential of DNA vaccines and substantiates the idea that
augmenting HIV-specific cellular immunity could lead to control of viral replication.

While there is considerable evidence of DNA vaccines’ therapeutic potential, the lack of
efficacy across these early trials makes it clear that DNA vaccines alone are likely insufficient to
elicit a functional cure for HIV. Continuing work in the field is focused in large part on improving
vaccine immunogenicity through improved methods of delivery and novel adjuvants.

Biojector

Studies undertaken to improve the physical methods of vaccine delivery aim to increase
the uptake of DNA by antigen presenting cells (APCs). One device that could improve DNA
vaccine immunogenicity through more efficient delivery of vaccine plasmids into cells is the
Biojector 2000. The Biojector is a needle-free injection device that uses compressed carbon
dioxide to eject fluid through a small opening to the skin or muscle [208-211].

In 2013, Graham et al published the results of a phase | clinical trial utilizing the Biojector
to deliver a prophylactic DNA vaccine consisting of four plasmids expressing a fusion of HIV
subtype B gag/pol/nef and env from HIV subtypes A, B, and C into the muscle [209]. This study

aimed to elicit protection from HIV infection by inducing immune responses against a broad range
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of HIV env subtypes. Notably, the magnitude of the IFN-y response was approximately 3-fold
higher in individuals who were vaccinated with the Biojector, compared to individuals who were
vaccinated with a needle and syringe [209]. Similarly, Env-specific antibody responses were
about 10-fold higher in the Biojector group than in the needle and syringe group [209]. Although
not a therapeutic vaccine, this study crucially demonstrated that the physical method of
vaccination could greatly affect DNA vaccine immunogenicity.

Building upon this success, Rosenberg ef al tested this same therapeutic vaccine
delivered intramuscularly via Biojector, in a phase I/l study of individuals who initiated ART during
the early/acute phase of HIV infection [211]. This study sought to address whether DNA vaccines
would be more immunogenic in subjects who initiated ART early, compared to subjects who
initiated ART during chronic HIV infection. Theoretically, people who initiated ART early would
have less immune dysfunction and be more likely to respond to vaccination, compared to subjects
who initiated ART during chronic HIV infection. Contrary to this hypothesis, vaccination did not
induce strong cellular immune responses, and there were no differences in viral load between
vaccine recipients and placebo recipients during treatment interruption [211].

It is important to note that despite the lack of success seen in the phase I/ll clinical trial,
the Biojector still improved immune responses to DNA vaccines in a large number of studies,
across a wide range of diseases. It is possible that greater efficacy would have been observed if
the DNA vaccine had been co-delivered with an adjuvant, or if different immunogens had been
chosen. Additional studies should be pursued to thoroughly evaluate the Biojector as a method
of therapeutic DNA vaccine delivery.

Dermavir

Vaccines are most commonly delivered via intramuscular injection, although there are
relatively few APCs present in muscle tissue. In comparison, the epidermis and dermis are highly
populated by APCs, including monocytes, macrophages, and epidermal dendritic cells, also

known as Langerhans cells [212, 213]. It is thought that dermal or epidermal delivery of DNA
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vaccines will result in uptake of vaccine DNA by Langerhans cells, which then traffic to the draining
lymph nodes and stimulate maturation of naive T cells into cytotoxic T lymphocytes, thus resulting
in improved vaccine immunogenicity [214]. Thus, DermaVir was designed to improve DNA
vaccine immunogenicity by directly delivering DNA to the skin. DermaVir consists of plasmid DNA
encoding nearly the entire HIV genome (excluding integrase) mixed with polyethylenimine
mannose and applied topically to exfoliated skin via a patch [215].

This method of vaccination was initially tested in SIV-infected rhesus macaques during
chronic infection and AIDS with and without ART. When administered in combination with ART,
Dermavir enhanced SIV-specific T cell responses and improved control of viral replication during
treatment interruption [216]. Importantly, these results indicated not only that topical vaccination
was feasible, but also that therapeutic vaccines could be immunogenic and effective even in
immune compromised hosts.

Following the success of this NHP trial, the GIHUO0O04 phase | clinical trial of DermaVir was
conducted in HIV-infected individuals on ART [217]. Volunteers received either a low (0.1 mg of
DNA), medium (0.4 mg of DNA), or high (0.8 mg of DNA) dose of the vaccine or a placebo [217].
In accordance with studies in animal models, vaccination with DermaVir was safe and well-
tolerated, with no serious adverse events reported at any of the doses tested [217]. The medium
dose elicited the most robust cellular immunity in comparison to the low dose, high dose, and
placebo groups, although these responses decreased by greater than 10-fold in 11 months [217].

A larger clinical study composed of 36 HIV-infected, ART-treated men and women
receiving either a low (0.1 mg of DNA), intermediate (0.4 mg of DNA), or high (0.8 mg of DNA)
dose of the vaccine or a placebo reported similar results [218]. The vaccine was well tolerated,
with no dose-limiting adverse effects [218]. The intermediate dose was the most immunogenic,
while DermaVir vaccination was overall associated with a trend towards greater HIV-specific T

cell responses, regardless of dose [218]. Although these initial results were certainly
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encouraging, these trials were limited to a small number of participants and did not include a
treatment interruption to assess therapeutic efficacy.

Another clinical trial of DermaVir attempted to improve upon the original vaccine regimen
through co-administration of an immunomodulator, hydroxyurea [219]. A major concern in HIV
therapeutic vaccine design is that enhancement of virus-specific CD8" T cell responses may also
drive activation of virus-specific CD4" T cells, thereby increasing potential targets of infection.
Thus, co-administration of a therapeutic vaccine and an immunomodulator such as hydroxyurea
could augment virus-specific CD8" T cell responses while suppressing CD4" T cell activation. To
test this hypothesis, HIV-infected subjects on ART were vaccinated with DermaVir alone or in
combination with hydroxyurea [219]. Interestingly, subjects vaccinated with DermaVir, but not
DermaVir and hydroxyurea, exhibited increased HIV-specific IFN-y responses in comparison to
subjects who received a placebo [219]. However, neither vaccine group exhibited reduced viral
replication during treatment interruption [219].

Particle-mediated epidermal delivery (PMED)

Other vaccine delivery platforms, such as particle-mediated epidermal delivery (PMED, or
gene gun), seek to combine epidermal immunization with more efficient delivery of vaccine
plasmids into cells. Originally designed to genetically modify plants, the gene gun uses
compressed air to propel DNA-coated gold particles into the epidermis [220]. These particles
penetrate into the cell nucleus, resulting in much more efficient DNA transduction compared to
intramuscular injection with a needle and syringe or intradermal administration with the Biojector
[221]. Studies in mice during the early 1990s showed that the gene gun was a viable DNA vaccine
platform [222, 223]. Shortly thereafter, a number of studies in nonhuman primates using a variety
of DNA vaccines for pathogens including SIV [224, 225], influenza [225, 226], and hepatitis B
[225, 227], demonstrated that the gene gun was a viable and effective method of DNA vaccine
delivery in large animal models. By 2000, a clinical trial of a hepatitis B DNA vaccine delivered

via gene gun demonstrated the safety and efficacy of this technology in humans [228]. Although
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the gene gun has yet to be utilized in human clinical trials of therapeutic HIV vaccines, it has been
used in therapeutic SIV vaccine studies in nonhuman primates, with notable success.

First, Fuller et al used the gene gun to test a DNA vaccine consisting of 19 CD8" T cell
epitopes inserted into the hepatitis B core antigen, in an effort to expand SIV-specific CD8" T cell
breadth and limit immune escape [229]. Rhesus macaques were infected with SIVB670 and
treated with PMPA two weeks after infection; macaques that responded to ART were then
vaccinated [229]. This DNA vaccine regimen increased SIV-specific CTL breadth, and 17/20
vaccinated macaques controlled viral rebound for 7 months after ART interruption, in comparison
to 0/4 macaques in the placebo group [229]. Importantly, this vaccine regimen induced robust
CD8* T cell immunity and antiviral efficacy in the absence of any adjuvants and was the first to
demonstrate the viability of a therapeutic DNA vaccine for a pathogenic AIDS virus delivered via
gene gun.

A follow-up study by Fuller et al sought to improve upon these results by enhancing
immunity in the gut mucosa, an important anatomical reservoir of HIV-infected cells and a major
site of HIV replication [80]. To this end, rhesus macaques were infected with SIVB670 and treated
with ART (PMPA and FTC) starting at 6 weeks post-infection [80]. Animals were then vaccinated
with an SIV DNA vaccine co-formulated with a plasmid encoding the heat-labile E. coli
enterotoxin, LT [80]. Notably, animals receiving the DNA vaccine and LT adjuvant exhibited a
substantial 2-4 log fold reduction in mean viral burden in both the gut mucosa and blood, in
comparison to mock-vaccinated controls [80]. Furthermore, 5/7 animals in the DNA vaccine and
LT adjuvant group controlled virus replication after treatment interruption, compared to 0/4
animals in the mock-vaccinated group[80]. Protection from viral rebound was associated with
increased IFN-y responses in the blood and gut, SIV-specific CD8" T cells expressing dual
effector functions in the blood, and a broader specificity in the mucosal T cell response [80].
Importantly, these results suggest that the quality or breadth of the virus-specific response, as

opposed to the magnitude, may be crucial for containment of viral replication in the mucosa.
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Altogether, the gene gun remains an exciting prospective vaccine platform, although its
clinical use has been limited. Recent efforts made by Orlance, Inc. to develop a more clinic-
friendly version of the gene gun represent an important step forward in the continued development
of this technology.

Electroporation (intramuscular and intradermal)

Another method used to increase the uptake of vaccine DNA by APCs is electroporation
(EP). EP has been used for decades to increase transformation efficiency of cells in vitro and
works through two complementary mechanisms: The electric pulse generated by the electrodes
permeabilizes the cell membrane and also results in electrophoresis of the negatively charged
DNA into the cell.

In 2000, Widera et al were the first to demonstrate that EP enhanced immune responses
to both a weakly immunogenic hepatitis B DNA vaccine and a highly immunogenic HIV gag DNA
vaccine in mice [230]. Crucially, these experiments showed that cellular uptake of DNA was a
significant barrier to DNA vaccine efficacy, and that EP could further increase immune responses
towards an already immunogenic vaccine [230]. Shortly afterward in 2004, Otten et al
demonstrated the utility of this technology in nonhuman primates, showing that EP enhanced the
magnitude and duration of both antibody and cell-mediated immune responses to an HIV DNA
vaccine in rhesus macaques [231]. These results were corroborated by additional studies done
by Otten et al, Luckay et al, and Cristillo et al [232-234].

By 2011, EP was beginning to be used in human clinical trials. That year, Vasan et al
used intramuscular EP to deliver a multigenic HIV-1 DNA vaccine, ADVAX, to healthy volunteers
in a phase |, double-blinded, randomized, placebo-controlled trial [235]. EP was safe, well-
tolerated, and increased the breadth and magnitude of HIV-specific IFN-y responses by up to 70-
fold in comparison to intramuscular injection without EP [235]. Following these promising results,
Morrow et al were the first to use EP with a therapeutic HIV DNA vaccine, PENNVAX-B, consisting

of three optimized synthetic plasmids encoding multiclade HIV Gag and Pol and a consensus
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Clade B Env [236]. This phase | clinical study, published in 2015, evaluated the safety and
immunogenicity of PENNVAX-B in 12 ART-treated, HIV-infected individuals. This study also
found that EP was safe and well-tolerated, and there were no severe adverse effects associated
with PENNVAX-B [236]. Notably, increased HIV-specific IFN-y responses were detected in all
12 study participants, while 8/12 participants exhibited HIV-specific CD8" T cells expressing the
cytolytic effectors granzyme B and perforin [236]. However, this study was not placebo-controlled
[236].

Since these first studies, EP remains a useful tool for enhancing DNA vaccine
immunogenicity and has been used in numerous therapeutic vaccine trials in both nonhuman
primates and humans. However, further improvements to this vaccine delivery platform, such as
optimizing the electrode design and electroporation protocol may be necessary to realize its full
potential. Shifting from intramuscular EP to intradermal EP could also further improve DNA
vaccine potency, due to the large population of APCs present in the skin. While intramuscular
EP is still much more widely used, intradermal EP has also been shown to improve cellular and
humoral immune responses to DNA vaccines in rhesus macaques [237]. Current studies do not
rely on EP alone to maximize vaccine immunogenicity but use it in conjunction with other
interventions such as adjuvants or immunomodulators.

Vaccine adjuvants

Cytokines that enhance CTL function are of particular interest as vaccine adjuvants. One
of the first cytokines tested as an adjuvant was Interleukin 2 (IL-2). IL-2 is a Th1-associated
cytokine that promotes cell activation and expansion and enhances the cytolytic activity of T and
NK cells. Previous work using recombinant IL-2 (rlL-2) as an HIV therapy to restore immune
system function indicated that rlL-2 in combination with ART significantly increased CD4" T cell
counts in HIV-infected individuals [238]. Studies in mice and rhesus macaques demonstrated that
co-immunizing animals with plasmids encoding IL-2 and viral proteins enhanced antigen-specific

immune responses in comparison to DNA vaccination alone [239-241]. IL-2 was also tested as
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an adjuvant in several clinical trials of HIV therapeutic vaccines, although none were DNA
vaccines. First, Pido-Lopez et al co-administered IL-2 with Remune in HIV-infected, ART-treated
individuals, but saw no effect of vaccination on CD4" T cell counts or viremia [242]. Similarly,
Hardy et al also tested co-administration of IL-2 with Remune in HIV-infected, ART-treated
individuals but did not observe sustained induction of HIV-specific immunity [243]. Levy et al
reported moderate success in a clinical trial involving HIV-infected, ART-treated individuals, who
received a combination of ALVAC-HIV (vCP1433, a canarypox-vectored vaccine) and LIPO-6T
(a peptide-based vaccine) with IL-2 as an adjuvant — 24% of vaccine recipients exhibited lower
viral set points during treatment interruption, compared to 5% of volunteers in the control group
[177]. However, a different clinical trial utilizing IL-2 as an adjuvant for another ALVAC vaccine
(vCP1452) in HIV-infected, ART-treated individuals didn’t observe any reduction of viremia after
discontinuation of ART [244]. Furthermore, after a clinical ftrial in HIV-infected adults
demonstrated that treatment with rlL-2 was associated with a significant number of serious
adverse clinical events [245], studies of IL-2 both as a treatment for HIV and an HIV vaccine
adjuvant were largely halted, and other cytokine adjuvants were explored.

A critical potentiator of cell-mediated immunity, IL-12 promotes the differentiation of naive
CD4" T cells into Th1 cells and mediates enhancement of the cytotoxic activity of NK cells and
CTLs. IL-12 initially showed promise as a vaccine adjuvant in nonhuman primate models: Boyer
et al compared the efficacy of an un-adjuvanted DNA vaccine encoding env, rev, gag, and pol, to
the DNA vaccine adjuvanted with a plasmid encoding IL-12, in HIV-1-infected chimpanzees [246].
Co-immunization with the DNA vaccine and IL-12 plasmid enhanced proliferative responses to
HIV-1 antigens, compared to immunization with the DNA vaccine alone [246]. Similarly, Halwani
et al demonstrated that therapeutic vaccination of SlIV-infected rhesus macaques with an SIV
DNA vaccine and plasmid encoding IL-12 improved T cell polyfunctionality, increased production
of IFN-y, and enhanced SIV-specific memory immune responses [247]. These initial successes

led to a randomized, placebo-controlled, partially double-blinded phase 1 clinical trial to assess
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the safety, tolerability, and immunogenicity of an HIV DNA vaccine adjuvanted with IL-12 [248].
HIV-1-infected, ART-treated individuals received DNA encoding gag, pol, nef, tat, vif, and env
alone or co-delivered with a plasmid encoding IL-12 at a low, intermediate, or high dose [248].
This vaccination regimen was safe and well-tolerated but did not enhance HIV-specific CD8" T
cell responses, regardless of adjuvant dose [248]. However, HIV-specific CD4"* T cell responses
were significantly elevated in the cohort that received the DNA vaccine and low-dose IL-12,
relative to the placebo group [248].

Another cytokine that has been considered for use as a vaccine adjuvant is IL-15. Similar
to IL-2 and IL-12, IL-15 stimulates cytokine production by NK cells and promotes activation and
expansion of T cells. However, unlike IL-2 and IL-12, IL15 also promotes the survival of memory
cells, potentially making it an even more effective vaccine adjuvant due to its ability to induce
long-lasting immunity. Initial studies in SlV-infected rhesus macaques demonstrated that
boosting previously vaccinated animals with an SIV DNA vaccine combined with a plasmid
expressing IL-15 led to further enhancement of SIV-specific CD8" effector memory T cell
responses [247]. A separate study reported that therapeutic vaccination of SIV-infected rhesus
macaques with an SIV DNA vaccine and IL-15 expression plasmid resulted in significant induction
of SIV-specific CD4" and CD8" T cell responses, as well as a modest 1 log reduction in viremia
during treatment interruption, as compared to unvaccinated control animals [249]. The first
randomized, placebo-controlled, double-blinded, in human trial of a vaccine co-delivered with an
IL-15 plasmid cytokine adjuvant was conducted in HIV-1 uninfected adults, who received a DNA
vaccine encoding HIV gag along with a plasmid encoding IL-15 at low, intermediate, or high
concentrations [250]. In contrast to what was previously observed in animal models, cellular
immunogenicity among human vaccinees was poor, with only 11.5% of those receiving gag DNA
and IL-15 exhibiting immune responses to gag, irrespective of what concentration of adjuvant they
received [250]. Inclusion of the IL-15 plasmid did not increase the percent of vaccine responders,

compared to immunization with gag DNA alone [250]. Notably, this study also assessed the
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effects of co-immunization with gag DNA and a plasmid expressing IL-12 at low, intermediate, or
high concentrations, and determined that the group receiving gag DNA and an intermediate dose
of IL-12 exhibited the greatest percentage of vaccine responders, at 44.4% [250].

In summary, despite the initially encouraging results obtained in the rhesus macaque
model, co-administration of DNA vaccines and cytokine adjuvants did not significantly enhance
HIV-specific CD8* T cell responses in human clinical trials. It is possible that co-administration of
cytokines had unforeseen downstream effects leading to upregulation of suppressive immune
cells, such as T regulatory (Treg) cells or myeloid-derived suppressor cells (MDSCs) or that
immune dysfunction occurring during acute HIV and SIV infection could have obscured the effects
of the cytokine adjuvants. Further studies are needed to explore these possibilities.
Complementary interventions: exhaustion reversal agents

Large strides have been made in enhancing therapeutic HIV DNA vaccine immunogenicity
since the earliest studies in 1997, yet significant protection from viral rebound during ATI has yet
to be achieved in human clinical trials. This may be due in part to immune exhaustion caused by
HIV infection. As discussed previously, immune exhaustion occurs when chronic activation of
CD8" T cells by viral antigens results in upregulation of negative immune regulators, such as PD-
1 or CTLA4, and a progressive loss of their cytolytic effector functions.

It follows then, that obstructing the interaction of PD-1 and its ligand, PD-L1, or blocking
CTLA-4 from binding to CD80 on APCs, could prevent inhibition of immune responses and boost
HIV-specific immunity. In fact, the PD-1 blockade strategy is already being used as part of the
standard therapy for several cancers [251], and a combination of CLTA-4 and PD-1 blockers
significantly enhanced anti-tumor immune responses in metastatic melanoma patients over many
clinical trials [252]. In further support of this concept, SIV-infected rhesus macaques that received
an infusion of a-PD-1 antibodies exhibited improved cellular and humoral immunity, decreased
viral loads, and prolonged survival [95, 97]. Another recent study, published by Harper et al in

2020, demonstrated that CTLA-4 and PD-1 immune checkpoint blockade was significantly more
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effective than PD-1 blockade alone in enhancing T cellular immunity in SIV-infected, ART-treated
rhesus macaques [253]. Dual blockade of PD-1 and CTLA4 even resulted in robust latency
reversal and reduced total levels of integrated virus, although this degree of reservoir clearance
was not sufficient to attain viral control [253]. Notably, these results were achieved in the absence
of other interventions. It is possible that co-administration of a therapeutic vaccine or neutralizing
antibodies could greatly enhance the virological benefit of immune checkpoint blockade, and it is
clear that these results warrant further study.
Discussion

All in all, progress towards an effective therapeutic vaccine for HIV has been modest,
despite considerable advancements in both vaccine technology and our understanding of HIV
pathology. One of the most successful HIV therapeutic vaccines to date is a dendritic cell-based
vaccine, consisting of DCs pulsed with autologous, heat-inactivated HIV and resulting in
significant reductions of viremia in vaccinated participants [158]. However, vaccination did not
prevent CD4" T cell depletion and control of viremia diminished over time [158]. Another
promising therapeutic vaccine is Tat-BH10, consisting of a functional HIV Tat protein. Clinical
trials showed that vaccination with Tat-BH10 was associated with significant restoration of CD4"
T cells, reduced immune activation [141], and reduced viremia [142]. Some DNA vaccines
induced potent control of viral replication or even functional cures in SlIV-infected rhesus
macaques [80, 216, 229], but this level of success has yet to be seen in clinical trials [217, 218].
Altogether, no therapeutic vaccine tested in clinical trials so far has been able to consistently elicit
profound, durable control of HIV replication. Efforts to improve upon previous therapeutic
vaccines will likely need to incorporate one or more of the following: 1) Improved vaccine delivery
platforms capable of targeting of virus-specific immune responses to viral reservoir sites and
maijor sites of viral replication, namely mucosal tissues and lymph nodes, 2) novel or combinatorial
adjuvants that induce potent cell-mediated immunity, and 3) immune checkpoint inhibitors to

prevent or reverse immune exhaustion.
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Many previous therapeutic vaccines, including early DNA vaccines, were delivered into
the muscle, which is only sparsely populated with APCs [212-214]. Newer vaccine delivery
platforms such as the Biojector, Dermavir, Gene Gun, and intradermal electroporation are
primarily focused on delivering vaccine plasmids into the immunocompetent skin. Importantly,
epidermal and intradermal vaccination are capable of stimulating potent mucosal immune
responses [80]. The gut is a major site of HIV and SIV replication [67, 69, 70], resulting in
depletion gut mucosal CD4" T cells [71], loss of mucosal barrier integrity, chronic immune
activation, and disease pathogenesis [37, 72]. Thus, an effective therapeutic vaccine for HIV will
likely need to induce potent cytotoxic CD8" T cell immunity in both the peripheral blood and
intestinal mucosa.

A number of adjuvants have been tested with therapeutic HIV vaccines, namely alum,
GM-CSF, MF59, IL-2, IL-12, and IL-15 [145, 177, 192, 204, 248, 250], but an effective HIV
therapeutic vaccine will likely require adjuvants capable of inducing a greater magnitude and
quality of CD8" T-cells. In particular, co-administration of IL-12 and therapeutic DNA vaccines
improved T cell polyfunctionality, increased production of IFN-y, and enhanced virus-specific
memory immune responses in NHP [240, 247]. Although these results were not replicable in
human clinical trials [248, 250], it remains to be seen whether combining IL-12 with other cytokine
adjuvants could be more effective. Recently, IL-33 was shown to augment DNA vaccine
immunogenicity in mice [254, 255]. Studies indicate that IL-33 is a proinflammatory cytokine that
promotes development of Th1 responses and cytotoxic CD8" T cell immunity as well as humoral
immunity, making it a promising candidate genetic adjuvant [256, 257]. Combining cytokine
adjuvants that promote T cell immunity and proven mucosal adjuvants, such as LT, may also
enhance therapeutic vaccine efficacy by directing immune responses to primary sites of HIV
replication. Additionally, preventing the interaction of negative immune regulators and their
ligands could reverse HIV-associated immune dysfunction and improve therapeutic vaccine

immunogenicity and efficacy. In support of this concept, CTLA-4 and PD-1 immune checkpoint
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blockade was shown to be effective in enhancing T cellular immunity in SIV-infected, ART-treated
rhesus macaques, even in the absence of a vaccine [253].

Finally, numerous studies demonstrated the feasibility of using therapeutic vaccines to
enhance control of viral replication in the absence of ART, although efficacy in nonhuman primate
models for AIDS rarely exceeds about 50%. This suggests potential interference from
unidentified, pre-existing host factors. Notably, the gut mucosa remains a vastly understudied
compartment in the context of therapeutic vaccination, despite being a major site of HIV
replication and pathogenesis. Devising an effective HIV therapeutic vaccine will likely require a
more complete understanding of what host immune parameters, particularly in the gut mucosa,

affect vaccine immunogenicity and efficacy.
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Chapter 2: The effects of an SIV therapeutic DNA vaccine and novel adjuvant
combination and pre-infection determinants of control of viral rebound
Part 1: Inmunogenicity of an SIV therapeutic DNA vaccine and novel adjuvant

combination
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Introduction

ART greatly reduces HIV replication and restores CD4" T cell counts, thus preventing
progression to AIDS and prolonging the lifespan of people living with HIV [258]. However, ART
alone is unable to eliminate the latent viral reservoir, which necessitates strict lifelong adherence
to a daily ART regimen [259]. For most individuals, ART interruption will lead to a resurgence in
viral replication within weeks [260]. However, continuous usage of ART can be prohibitively
expensive and may result in side effects that discourage compliance [261, 262]. Furthermore,
ART cannot fully reverse the immune dysfunction induced by HIV, particularly in the gut mucosa,
that drives chronic immune activation and disease pathogenesis [263, 264]. Thus, although
advances in ART have greatly improved the health and life expectancy of people living with HIV,
a vaccine or cure for HIV is still urgently needed, especially for people in developing countries
that are most affected by this pandemic.

To this end, many cure strategies are in development, including therapeutic HIV vaccines
designed to enhance virus-specific T-cellular and humoral immune responses to provide immune
control of virus replication after stopping ART. Numerous therapeutic HIV vaccines have been
tested, both in the SIV/SHIV nonhuman primate (NHP) model and in human clinical trials,
including protein subunit [143, 149], live-attenuated [128], dendritic cell [158], viral vectored [265,
266], and DNA vaccines [80, 250, 267]. Unfortunately, none of these approaches have resulted
in durable control of viremia in human clinical trials and immunotherapies in NHP have, at best,
achieved approximately 50% efficacy [268-270]. This suggests that inherent host factors may
impact the efficacy of therapeutic interventions but, to date, there is an incomplete understanding
of what these factors are.

The gut is a major site of HIV and SIV replication [67, 69, 70], resulting in depletion and
functional alteration of gut mucosal CD4" T cells and loss of antigen-presenting cells and innate
lymphocytes [71]. These events contribute to structural damage of the gastrointestinal (Gl) tract

and systemic translocation of Gl microbial products that drives chronic immune activation and
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disease pathogenesis [37, 72]. A previous study published by this lab showed in the rhesus
macaque model that an SIV DNA vaccine expressing SIV Gag, RT, Nef and Env and co-delivered
with a plasmid expressing a mucosal adjuvant, the heat-labile E. coli enterotoxin (LT) by particle-
mediated epidermal delivery (PMED or gene gun), induced durable protection from viral rebound
and disease progression after ART withdrawal in approximately 60% of animals. In that study,
Gag-specific mucosal T cell responses in the vaccinated animals significantly correlated with
reduced viremia [80], suggesting that SIV-specific T cell responses in the gut are important for
controlling viral rebound. To further improve therapeutic efficacy, | therefore tested a new
multiantigen SIV DNA vaccine (MAG) expressing Gag, Pol and Env, delivered by intradermal
electroporation with a novel combination of adjuvants designed to increase both mucosal and
systemic immunogenicity in SIV-infected rhesus macaques. Our adjuvant combination (AC)
consisted of co-delivered DNA plasmids encoding the catalytic subunit of LT (LTA1), the cytokines
IL-12 and IL-33, the enzyme retinaldehyde dehydrogenase 2 (RALDH2), soluble PD-1 (sPD-1),
and soluble CD80 (sCD80). LTA1 is a potent adjuvant that performs similarly to LT, through the
recruitment and activation of dendritic cells [271, 272]. The IL-12 adjuvant has been widely used
in both NHP and human clinical trials [273, 274] and promotes differentiation of naive CD4" and
CD8" T cells to Th1 and cytotoxic T lymphocytes (CTLs), respectively. IL-33 has also been shown
to augment vaccine immunogenicity in mice [254, 275], and works by directly promoting the
activity of Th1 cells and CTLs [257, 276]. RALDH2 has previously been used as an adjuvant to
enhance mucosal vaccine immunogenicity in mice [277], and was included to enhance mucosal
vaccine immunogenicity through the conversion of retinaldehyde to retinoic acid, the molecule
responsible for inducing the expression of the mucosal homing factors CCR9 and a4p7 on
activated lymphocytes [277, 278]. Finally, previous studies showed that blocking the PD-1 and
CTLA-4 pathways can enhance antigen-specific immunity, reduce immune activation, and

reverse immune exhaustion [95, 279]. | therefore co-delivered plasmids expressing rhesus sPD-
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1 and sCD80 to block the interaction of CD8" T cells expressing PD-1 and CTLA-4 with antigen-
presenting cells (APCs) expressing PDL-1 and CD80.

Our results show that the vaccine delivered with the adjuvant combination (MAG + AC)
significantly increased IFN-y T cell responses in the blood but not in the gut-associated lymphoid
tissue (GALT), and did not achieve a significant improvement in viral control during analytic
treatment interruption (ATI, discontinuation of ART) when compared to mock-vaccinated controls.
However, a subset of animals among all groups maintained low viremia during AT, providing an
opportunity to investigate immune correlates of this prolonged resistance to viral rebound. Our
results show that animals that controlled viral rebound (controllers) during ATI exhibited higher
polyfunctional SIV-specific CD8" T cells in the mesenteric lymph nodes (MLN) and blood.
Importantly, increased colonic CD4" T cells and lower Th17/Treg ratios pre-infection correlated
with improved response to ART and lower viral burden during ATI. Together, these data provide
new evidence that the state of the mucosal immune system before infection may influence an
individual's response to ART and their ability to develop and maintain mucosal and systemic CD8"
T cell responses that can contribute to control of viral rebound during ATI.

Results
NHP study design

Rhesus macaques were intravenously infected with SIVAB670, a highly pathogenic,
primary isolate that induces AIDS in most rhesus macaques within 5-17 months of infection [280].
This strain was chosen because the 15% divergence between the Env consensus sequence of
the SIVAB670 inoculum and the SIV/17E-Fr Env sequence in the vaccine mimics therapeutic
vaccination of humans infected with diverse variants of a given HIV subtype [80, 229, 280].

At six weeks post-infection (wpi), animals began ART, consisting of emtricitabine (FTC),
tenofovir (PMPA), and Raltegravir, administered daily. Starting at 32 wpi, the macaques in the
vaccine groups received a series of 5 DNA immunizations, spaced 4 weeks apart (Fig 1). Prior to

initiating therapeutic immunizations, | stratified the animals so that each group had comparable
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levels of plasma viremia and blood CD4" T cell counts (S1 Fig) during acute infection and ART to

help balance the effects of pre-existing virological and host factors among all groups.

61



@ Colon Biopsy
@ Mesenteric Lymph Node (MLN) Biopsy

Intravenous ART @ Blood Draw for PBMC Isolation
Infection with W ART Initiation
SIVAB670 V ART Withdrawal
* * * ‘ * * 4 Vaccination
Necropsy
o V ! O
6 ¢ ® 00006 00900
4 02 6 28 32 36 40 44 48 55 58 62 66 80
Weeks Post-Infection
Vaccine Adjuvants Immunomodulators Administration Method
Mock Noncoding DNA None None Gene Gun
MAG + LT SIV Gag-Pol-Env + p57 Gag LT None Gene Gun
sPD-1 + sCD80 (2nd - 5th X
MAG + AC | SIV Gag-Pol-Env + p57 Gag | LTA1 + IL-12 + IL-33 + RALDH2 L Intradermal Electroporation
vaccinations)

Fig 1. Therapeutic Vaccine Study Design & Response to Antiretroviral Therapy. Indian origin
rhesus macaques were infected with SIVAB670 at week O (red arrow) and were treated with ART
starting at 6 weeks post-infection (wpi). Purple arrows indicate a series of 5 DNA immunizations
spaced 1 month apart, occurring between 32 wpi and 48 wpi. At week 55, ART was interrupted
to assess the efficacy of the therapeutic vaccine on viral control. Animals were necropsied at 80
wpi or earlier in the presence of AIDS-defining conditions. Red triangles indicate blood draws for
PBMC isolation and brown circles indicate MLN biopsies to measure systemic and gut-associated
immune responses. Prior to administering therapeutic immunizations, macaques were stratified

so that each group had comparable viral loads and CD4" T cell counts prior to and during ART.
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The control group (N = 4) received mock DNA immunizations via PMED consisting of the
vaccine plasmid backbone, without SIV antigens or adjuvants. The MAG + LT group (N = 5)
received the MAG vaccine, a plasmid that encodes SIV/17E-Fr Gag-Pol-Env and expresses virus-
like particles [281] co-delivered with plasmids encoding SIV/17E-Fr p57 Gag and the LT adjuvant
previously shown to induce mucosal T cell responses [80, 272], also via PMED. A PMED group
was included as a comparator because of its previously demonstrated therapeutic efficacy with
another DNA vaccine [15]. The MAG vaccine was supplemented with an additional plasmid
encoding p57 Gag based on evidence from both human and NHP studies that Gag-specific T cell
responses are crucial for control of viral replication [79, 80, 282-286]. Additionally, our previously
published therapeutic vaccine study demonstrated that SIVAB670-infected rhesus macaques
vaccinated with a Gag expression plasmid within the context of a multi-epitope SIV DNA vaccine
durably controlled viral rebound after stopping ART and consistently demonstrated elevated Gag-
specific CD8" T cell responses [229].

The MAG + AC group (N = 5) received DNA immunizations via intradermal injection
followed by electroporation. For the first vaccination, this group of animals received the MAG DNA
vaccine co-formulated with plasmids expressing the adjuvants LTA1, IL-12, IL-33, RALDH2. For
the subsequent four vaccinations, each macaque in this group received the same vaccine and
adjuvants, but also received a plasmid co-expressing sPD-1 and sCD80.

ART reduces viremia and restores CD4" T cells in the periphery

To provide potent suppression of viral replication during ART, | employed a combination
of three antiretrovirals: the integrase inhibitor, Raltegravir, and the non-nucleoside reverse
transcriptase inhibitors FTC and PMPA that were previously shown to effectively suppress SIV
infection in rhesus macaques [287]. However, impaired kidney function due to prolonged
treatment with PMPA necessitated a switch over to tenofovir dispoproxil fumarate (TDF) in four
animals: A16144 and A16145 in the MAG + LT group, A16149 in the mock vaccine group, and

A16237 in the MAG + AC group. A16144 was switched at 48 wpi, A16145 at 51 wpi, A16149 at
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47 wpi, and A16237 at 41 wpi. The switch from FTC to TDF did not cause any notable changes
in the level of suppression of viral replication in these animals.

Prior to starting the immunizations at week 32, 12/14 animals responded well to ART,
reaching a significant 2.75-4.70 log-fold reductions in median viral loads prior to vaccination (P <
0.0001, S1 Fig). Among these, 9/14 animals exhibited undetectable levels of viremia prior to
vaccination (<30 viral copies per mL of plasma), although low levels of transient viral replication
during ART were detected in all ART-responders. During acute infection, animals experienced a
rapid CD4" T cell decline that was significantly restored after initiation of ART (P = 0.040, S1 Fig).
Two animals did not reach our criteria for effective viral suppression on ART (A16234 in the mock
vaccine group and A16236 in the MAG + AC group, S1 Fig), maintaining median viral loads
greater than 10*viral copies per mL of plasma. However, these animals still showed a substantial
two log-fold decrease in their plasma viremia during ART and did not experience disease
progression prior to ATI. Notably, our previous studies indicate that SIVAB670 appears to be
more resistant to ART [80, 229] than other SIVs commonly used as inoculums in NHP studies,
namely SIVmac251 [288, 289] and SIVmac239 [290, 291]. This inherent ART resistance likely
contributed to persistent viral replication during ART in 2 out of 14 animals. However, the levels
of viral suppression on ART in these animals were superior to our previous therapeutic studies
utilizing SIVAB670, including two studies that reported a significant impact of therapeutic
vaccination on viral control in ART responders [80, 229]. This lab’s previous therapeutic vaccine
studies with SIVAB670 reported highly variable responses to ART consisting of one or two
antiretroviral drugs, with 40-50% of macaques exhibiting no decrease in viral load during ART
[80, 229]. Here, using a more potent triple drug combination, 14/14 animals exhibited at least a
3-log decrease in viral load within 4 weeks of ART initiation that was maintained for the duration
of ART.

Therapeutic vaccination with MAG + AC increases SIV-specific IFN-y T cellular responses
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To assess the impact of therapeutic vaccination on antibody responses, levels of SIV
gp130-specific IgG were measured by ELISA. Peak antibody titers developed after the first
vaccine dose (34 wpi) in the MAG + LT animals and after the second dose (38 wpi) in the MAG +
AC group, but antibody responses declined by two weeks after the third dose (Fig 2A). No

differences in antibody titer were observed between the MAG + LT and MAG + AC groups.
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Fig 2. DNA vaccination increases Env-specific antibody responses and total SIV-specific
IFN-y T cell responses during ART. (A) The magnitude of the SIV Env-specific IgG response in
the plasma was measured by ELISA, using SIV gp130 as the capture antigen. Shown are medians
with individual animals’ data layered over. (B-C) PBMCs were stimulated with Gag, Env, Pol, Vif,
Vpr, Rev, Nef, and Tat peptides to quantify the SIV-specific IFN-y response. Samples were
considered positive if peptide-specific responses were at least twice that of the negative control
plus at least 0.01% after background (DMSO) subtraction. (B) Shown are medians of the
cumulative (sum of response against all peptides) IFN-y response, with data from individual
animals layered over. (C) The cumulative SIV-specific IFN-y response is shown after 5
vaccinations (50 wpi). Shown are medians and interquartile ranges with individual responses
layered over each bar. (D) The breadth of the SIV-specific IFN-y response is the number of peptide
pools with a positive IFN-y response. The cumulative breadth of the SIV-specific IFN-y response
post-vaccination (50 wpi) is shown, with medians and interquartile ranges of each group depicted,

with individual animals’ data layered over each bar. (E) The cumulative breadth of the SIV-specific
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IFN-y response post-vaccination (50 wpi) is shown as medians and interquartile ranges with
individual responses layered over each bar. (C, E) A Dunn’s multiple comparisons test was used
when making multiple comparisons between vaccine groups and the mock group. Results are
considered significant if P < 0.05. Shown are the medians and individual responses layered over
each timepoint. (F) The percent of the IFN-y response specific for Gag, Env and accessory
proteins was calculated from the cumulative IFN-y response at peak breadth (34 wpi for MAG +

LT, 42 wpi for MAG + AC and Mock). Asterisks indicate no detectable response.
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To determine the impact of the therapeutic vaccines on T cell responses, SIV-specific T
cells producing IFN-y in response to stimulation with peptide pools spanning SIVmac239 p57°2
(Gag), gp130 (Env), Pol, Vif, Vpr, Rev, Nef, and Tat were measured by ELISpot. (These
experiments were performed by a previous member of the lab, Dr. Paul Munson, although the
conclusions presented here are my own.) While the SIVmac239 peptide pools are not a precise
match for the SIVAB670 inoculum or the SIV/17E-Fr strain used to construct the DNA vaccine,
the genetic diversity between the three viruses resembles the intraclade diversity observed for
HIV-1 [280] and thus are relevant in the context of human HIV-1 infection. However, | could not
rule out the possibility that some vaccine or challenge strain-specific IFN-y responses were not
detected in our T cell assays due to these differences. The median SIV-specific IFN-y response
in the MAG + LT group peaked after the first vaccine dose, but declined afterwards despite
additional vaccinations (Fig 2B). In contrast, the median IFN-y response in the MAG + AC animals
increased with each vaccine dose up to the third (Fig 2B), resulting in significantly higher
responses compared to the MAG + LT group two weeks after the fifth and final DNA vaccine dose
(P = 0.022, Fig 2C). This is consistent with our previous study, where a PMED-delivered
therapeutic DNA vaccine administered over six doses induced peak IFN-y responses after the
third dose [15]. It was not possible to distinguish between virus-stimulated and vaccine-induced
immune responses from these experiments. However, SIV-specific IFN-y immune responses
were mostly undetectable prior to immunization (32 wpi), suggesting that most animals did not
have these responses prior to vaccination. | thereby conclude that the increase in SIV-specific
immunity detected post-vaccination can be attributed to the vaccine.

The breadth of the IFN-y T cell response was also measured with IFN-y ELISpot
experiments performed by Dr. Munson, where T cell responses were mapped against pools of
overlapping peptides (15-mers overlapping by 11 amino acids) spanning SIVmac239 Gag, Env,
Pol, Vif, Vpr, Rev, Nef, and Tat, and defined as the number of peptide pools eliciting an IFN-y

response. In the MAG + LT group, the breadth of the IFN-y T cell response peaked after the first
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vaccine dose (34 wpi) and subsequently declined, while the breadth of the MAG + AC group
peaked two weeks after the third dose (42 wpi, Fig 2D). Following the final vaccine dose (50 wpi),
the MAG + AC vaccine group sustained significantly greater breadth in T cell responses than both
the MAG + LT group (P = 0.020, Fig 2E) and the mock-vaccinated group (P = 0.012, Fig 2E).
Interestingly, during the peak IFN-g T cell response post-vaccination, the response was
predominantly directed towards Gag in both vaccine groups, with up to 100% of the IFN-g
response targeting Gag sequences in both the MAG + LT and MAG + AC groups. Responses to
Pol were detected in two out of five animals in both the MAG + LT and MAG + AC groups,
accounting for up to 20% of the total IFN-y response (Fig 2F). Env-specific responses were
detected in two out of five animals in the MAG + LT group and one out of five animals in the MAG
+ AC group, with up to 15% of the total IFN-y response targeting Env. SIV-specific IFN-y
responses were not observed in one animal in the MAG + LT group (A16150), while one animal
in the MAG + AC group (A16236) only exhibited IFN-y responses to accessory proteins, indicating
vaccination had no effect on the SIV-specific IFN-y response in 1/5 animals in each vaccine group.
In contrast, IFN-y responses in the mock-vaccinated group were only detected in two out of four
animals and predominantly targeted either Pol or accessory proteins (Vif, Rev and Nef), with Gag-
specific responses detected in only one animal (Fig 2F).

Env- and Gag-specific T cell responses were further characterized in the PBMC and MLN
for effector functions, including secretion of IFN-y, TNF-a, and IL-2, and co-expression of
CD107a/Granzyme B as markers of cytolytic function by intracellular cytokine staining (ICS) and
flow cytometry. In contrast to the IFN-y ELISpot assay, that measures the SIV-specific IFN-y
response as a whole in bulk PBMCs, here CD4" and CD8" T cell effector functions were assessed
separately. There were no significant differences between the three groups in these functions in
either the PBMC or MLN (S2-S5 Figs), although the MAG + AC group demonstrated a trend
towards higher cumulative IFN-y* CD4" and CD8" T cells in the PBMC (S6 Fig). This trend was

not statistically significant, likely due to the significant differences in the populations of cells
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analyzed by each assay — The ICS analysis consisted of only CD8" T cells, whereas the ELISpot
experiments did not differentiate between CD4* and CD8" T cells or other lymphocytes. However,
the similar trends observed in our ICS analysis affirms that our ELISpot results are representative
of the overall IFN-y* T cell response.

To further characterize the SIV-specific CD8" T cell response post-vaccination, | assessed
the magnitude of the polyfunctional CD8" T cell response. Here, | define polyfunctionality as the
frequency of T cells specific for either Gag or Env and expressing any three or more of the
cytokines IFN-y, TNFa, IL-2, and/or co-expressing the cytolytic markers CD107a/Granzyme B.
Three out of five animals in the MAG + AC group exhibited increases in SIV-specific polyfunctional
CD8" T cells post-vaccination in both PBMC and MLN, whereas these responses remained nearly
undetectable in both the MAG + LT and mock-vaccinated controls. However, these results were
not statistically significant (S7 Fig).

Impact of therapeutic vaccination on protection from viral rebound during analytical
treatment interruption (ATI)

To determine if therapeutic vaccination improved viral control, ATl was initiated three
weeks after the final vaccine dose (55 wpi), and viral loads were monitored for 6 months.
Containment of median viral loads at or below 10 copies/mL of plasma during ATl was chosen
as the primary criterion for therapeutic efficacy based on previous studies showing that rhesus
macaques infected with SIVAB670 that maintained viral loads at or below this level in the absence
of ART consistently exhibit long term (>1 year) protection from progression to AIDS [281]. During
ATI, 60% (3/5) of animals in the MAG + AC group maintained viremia below 10° RNA copies/mL
of plasma for 6 months and sustained CD4" T cell counts above 50% of pre-infection levels,
whereas only one animal in the MAG + LT group (1/5, 20%) and one in the control group (1/4,
25%) exhibited similar viral control and protection from disease progression (Fig 3A-C). However,
these differences between groups were not statistically significant. Vaccinated and control

animals that exhibited immediate viral rebound during ATl also showed significant CD4"* T cell
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decline during ATI (S8 Fig). Overall, there was no significant difference in protection from viral
rebound or mean viral loads during ATl between the three groups (Fig 3D), an outcome that is
likely due to the small group sizes coupled with variability in response to ART across all three
groups.

This lab’s previous therapeutic vaccine studies excluded animals with high levels of
persistent viral replication on ART and observed a significant impact of therapeutic vaccination in
animals categorized as ART responders (Median viral loads < 5 x 10* RNA copies/mL of plasma
during ART) [80, 229]. Although the animals in this study demonstrated a wide range of virologic
suppression on ART, all were considered ART responders based on the criteria used in the two
previous therapeutic vaccine studies utilizing SIVAB670. However, to address the possibility that
the two animals with incomplete viral suppression on ART could have skewed the results, | redid
the analysis with A16234 from the mock-vaccinated group and A16236 from the MAG + AC group
excluded and determined that excluding these animals from analysis of vaccine efficacy did not

impact the conclusions.
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Fig 3. Three out of five animals in the MAG + AC group control virus replication during ATI.
(A-C) Plasma viral RNA levels were quantified using RT-g-PCR, with a limit of detection of 30
viral RNA copies per 1 mL of plasma, as indicated by the dashed line. (D) Shown are the median
viral load and interquartile ranges for each treatment group. The dotted line indicates the threshold

for control of virus replication, based on previous studies using SIVAB670.
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Supplemental Figures:
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S1 Fig. Animals in each vaccine group demonstrate similar plasma viral loads, CD4" T cell
counts, and ART responsiveness. (A) Plasma viral loads were determined by RT-g-PCR for
the mock (black circles), MAG + LT (red squares) and MAG + AC (purple triangles) groups. The
dashed line indicates the assay limit of detection (30 viral RNA copies/1mL of plasma) and the
dotted line indicates the threshold for control of virus replication. Shown is the decrease of each
animals’ viral loads between pre-ART (6 wpi) and pre-vaccination (32 wpi). Statistical analyses
were performed using a Wilcoxon matched-pairs signed rank test; results are considered
significant if P < 0.05. (B) Percent of baseline CD4" T cell counts were calculated for the mock,
MAG + LT and MAG + AC groups over time by dividing the absolute CD4" T cell count at a
timepoint by the absolute CD4" count at 0 wpi and multiplying by 100. The dotted line indicates
50% of baseline CD4" T cells. CD4" T cell counts were obtained using a Beckman Coulter®
AC*T™ 5diff hematology analyzer. Shown is the restoration of each animals’ percent of baseline
CD4" T cell counts between pre-ART (6 wpi) and pre-vaccination (32 wpi). Statistical analyses
were performed using a Wilcoxon matched-pairs signed rank test; results are considered

significant if P < 0.05.
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S2 Fig. The MAG + AC group shows a trend towards increased IFN-y and TNFo. CD8* T cell
responses post-vaccination compared to pre-vaccination. (A) PBMCs were thawed and
stimulated with Gag peptides, and expression of IL-2, IFN-y, TNFa and CD107a/GzB were
quantified using intracellular cytokine staining. Shown are the medians and interquartile ranges
of each group’s SIV-Gag specific T cell response. (B) Lymphocytes isolated from MLN were
thawed and stimulated with Gag peptides, and expression of IL-2, IFN-y, TNFa and CD107a/GzB
were quantified using intracellular cytokine staining. Shown are the medians and interquartile
ranges of each group’s SIV-Gag specific T cell response. (A, B) Statistics. Statistical
comparisons between baseline and post-vaccination timepoints within a group were calculated

using a Wilcoxon matched-pairs signed rank test. Results are considered significant if P < 0.05.
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S3 Fig. No differences were observed between groups in Gag-specific CD4* T cell
responses in PBMC and MLN. (A) PBMCs were thawed and stimulated with Gag peptides, and
expression of IL-2, IFN-y, TNFa and CD107a/GzB were quantified using intracellular cytokine
staining. Shown are the medians and interquartile ranges of each group’s SIV-Gag specific T cell
response. (B) Lymphocytes isolated from MLN were thawed and stimulated with Gag peptides,
and expression of IL-2, IFN-y, TNFa and CD107a/GzB were quantified using intracellular cytokine
staining. Shown are the medians and interquartile ranges of each group’s SIV-Gag specific T cell
response. (A, B) Statistics. Statistical comparisons between baseline and post-vaccination
timepoints within a group were calculated using a Wilcoxon matched-pairs signed rank test. A
Dunn’s multiple comparisons test was used when making multiple comparisons between vaccine

groups and the mock group. Results are considered significant if P < 0.05.
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S4 Fig. No differences were observed among groups in Env-specific CD8* or CD4* T cell
responses in PBMC. (A-B) PBMCs were thawed and stimulated with Env peptides, and
expression of IL-2, IFN-y, TNFa and CD107a/GzB were quantified using intracellular cytokine
staining. Shown are the medians and interquartile ranges of each group’s SIV-Env specific T cell
response. (A, B) Statistics. Statistical comparisons between baseline and post-vaccination
timepoints within a group were calculated using a Wilcoxon matched-pairs signed rank test. A
Dunn’s multiple comparisons test was used when making multiple comparisons between vaccine

groups and the mock group. Results are considered significant if P < 0.05.
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S5 Fig. No differences were observed among groups in Env-specific CD8* or CD4* T cell
responses in MLN. (A-B) Lymphocytes isolated from MLNs were thawed and stimulated with
Env peptides, and expression of IL-2, IFN-y, TNFa and CD107a/GzB were quantified using
intracellular cytokine staining. Shown are the medians and interquartile ranges of each group’s
SIV-Env specific T cell response. (A, B) Statistics. Statistical comparisons between baseline and
post-vaccination timepoints within a group were calculated using a Wilcoxon matched-pairs
signed rank test. A Dunn’s multiple comparisons test was used when making multiple
comparisons between vaccine groups and the mock group. Results are considered significant if

P < 0.05.
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S6 Fig. The MAG + AC group shows a trend towards increased IFN-y T cell responses post-
vaccination as measured by ELISpot and ICS. (A) PBMCs were thawed and stimulated with
Gag peptides and expression of IFN-y was quantified using intracellular cytokine staining. Shown
are the medians and interquartile ranges of each group’s SIV-Gag specific T cell response. (B)
Bulk PBMCs were stimulated with Gag peptides to quantify the SIV-specific IFN-y response.
Results were considered positive if peptide-specific responses were at least twice that of the
negative control plus at least 0.01% after background (DMSO) subtraction. Shown are medians
and interquartile ranges with data from individual animals layered over each bar. (A-B) A Dunn’s
multiple comparisons test was used when making multiple comparisons between vaccine groups

and the mock group. Results are considered significant if P < 0.05.
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S7 Fig. The MAG + AC group shows a trend towards increased SIV-specific polyfunctional
CD8' T cell responses post-vaccination in PBMC and MLN. (A-B) PBMCs and lymphocytes
from MLNs were thawed and stimulated with Gag and Env peptides, and expression of IL-2, IFN-
v, TNFa and CD107a/GzB were quantified using intracellular cytokine staining. Polyfunctionality
is defined as the frequency of T cells specific for Gag or Env and expressing any three or more
effector functions. Shown are medians and interquartile ranges with data from individual animals
layered over each bar. A Dunn’s multiple comparisons test was used when making comparisons

between vaccine groups and the mock group. Results are considered significant if P < 0.05.
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Part 2: Immune correlates of control of viral rebound in animals with variable responses

to antiretroviral therapy
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Viral control during ATl is associated with increased Gag-specific CD4" and CD8* T cells
in MLN and PBMC

The variability in viral rebound and viremia during ATl among animals in this study enabled
further study of immune correlates of viral control. Altogether, there were 5 viral controllers and 9
non-controllers, defined as animals that maintained median viremia at or below 10° copies/mL of
plasma or greater than 10° copies/mL of plasma, respectively, for 5 months after stopping ART
(Fig 4A). Viral burden during ATl was significantly different between controllers and non-
controllers (P = 0.0010, Fig 4B). Certain MHC and TRIM5 genetics have been associated with
improved viral control in SIV infected macaques [54-56, 58, 292, 293], however, there was no
association between these MHC or TRIM5 alleles and the control of viral rebound (S1 Table)

indicating these genotypes did not likely influence viral burden during ATl in this study.
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Fig 4. Five controllers maintained significantly lower viral burden during ATl compared to
nine non-controllers. (A) Plasma viral RNA levels were quantified using RT-g-PCR, with a limit
of detection of 30 viral RNA copies per 1 mL of plasma, as indicated by the dashed line. The
dotted line denotes the threshold for control of virus replication, based on previous studies using
SIVAB670. Controllers were defined as animals that maintained a median viremia at or below
1000 viral RNA copies per 1 mL of plasma for 5 months post-ART. Non-controllers were defined
as animals with a median viremia that exceeded 1000 viral RNA copies per 1mL of plasma for 5
months post-ART. (B) Viral burden during AT| was calculated as the area under the curve of each
animal’s viral load from 55 wpi to 76 wpi, shown are the median viral burden and interquartile
ranges. Statistics were calculated using a Mann-Whitney t-test. Results are considered significant

if P < 0.05.
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To determine immune correlates of viral control, | first compared Env-specific 1gG titers in
controllers and non-controllers and found that non-controllers exhibited a consistent trend towards
higher titers of Env-specific IgG both during ART treatment and during ATI (S9 Fig), likely due to
higher levels of ongoing virus replication.

Next, | compared frequencies of Gag-specific CD4* and CD8" T cells expressing IFN-y,
TNFa, IL-2, and/or co-expressing the cytolytic markers CD107a/Granzyme B as detected by flow
cytometry in the controllers and non-controllers. Most therapeutic vaccine studies in NHP are
limited to investigating immune correlates in the peripheral blood. Here, | sought to establish the
role of T cell responses in both the blood and the MLN (as part of the GALT) on viral control.
Immune responses in PBMC and MLN were compared prior to ATI (50 wpi) and after viral setpoint
was established (62 wpi for PBMC and 66 wpi for MLN). | observed no differences between
controllers and non-controllers in terms of Gag-specific CD4" T cell responses in PBMC or MLN
(S10 Fig). However, controllers demonstrated a trend towards higher frequencies of Gag-specific
TNFa® CD8" T cells in PBMC prior to ATl (50 wpi, Fig 5A, P = 0.056) and exhibited significantly
higher frequencies of these cells in PBMC during ATI (62 wpi, Fig 5B, P = 0.0080). In the MLN,
controllers had significantly higher frequencies of Gag-specific IL-2* CD8" T cells pre-ATI (50 wpi,
Fig 5C, P = 0.037), although this was not sustained during ATI (66 wpi). Importantly, higher
frequencies of Gag-specific IFN-y* and TNFa* CD8" T cell responses in PBMC and Gag-specific
IL-2* CD8" T cell responses in the MLN significantly correlated with lower viral burden during ATI
(Fig 5D-F), suggesting that SIV Gag-specific T cell responses in both the periphery and GALT
contribute to the improved control of virus replication in controllers. Although | could not rule out
a role for strain-specific neutralizing or non-neutralizing antibodies, these results suggest viral

control during ATI was likely mediated, at least in part, by CD8" T cell responses.
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Fig 5. Controllers have higher SIV Gag-specific CD8" T cell responses in PBMC and MLN
post-vaccination and during ATI. (A-C) PBMCs and MLNs were thawed and stimulated with
Gag peptides, and expression of cytokines was quantified using intracellular cytokine staining.
Shown are the medians and interquartile ranges of the SIV Gag-specific CD8" T cell responses
of controllers and non-controllers, with individual responses layered over each bar at a post-
vaccination timepoint (50 wpi) and during ATI (62 wpi for PBMC and 66 wpi for MLN). Statistical
differences between controllers and non-controllers at each timepoint were calculated using a
Mann-Whitney t-test. Benjamini-Hochberg adjusted P values are shown, results are considered
significant if P < 0.05. (D) The SIV Gag-specific TNFa CD8" T cell responses in PBMC at 50 wpi
negatively correlated with the viral burden measured as area under the curve (AUC) during ATI.
(E) The SIV Gag-specific IFN-y CD8" T cell responses in PBMC at 50 wpi negatively correlated
with the viral burden measured as area under the curve (AUC) during ATI. (F) The SIV Gag-
specific IL-2 CD8" T cell responses in MLN at 62 wpi negatively correlated with the viral burden
measured as area under the curve (AUC) during ATI. The P and r values shown were calculated
using a Spearman rank correlation test. Benjamini-Hochberg adjusted P values are shown, results

are considered significant if P < 0.05.
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Viral control during ATl is associated with increased polyfunctionality in MLN and PBMC
To further elucidate the role of SIV-specific CD8" T cell responses in viral control, | next
compared the magnitude of the polyfunctional CD8" T cell response, as defined by the frequency
of T cells specific for either Gag or Env and expressing any three or more of the cytokines IFN-y,
TNFa, IL-2, and/or co-expressing the cytolytic markers CD107a/Granzyme B. Prior to ATI (50
wpi), higher frequencies of polyfunctional CD8" T cells expressing three effector functions in the
MLN (P = 0.016, Fig 6A) and PBMC (P = 0.013, Fig 6B) correlated with lower viral burden during
ATI. Interestingly, during ATI (62 wpi in PBMC and 66 wpi in MLN), the significant correlation
between higher frequencies of polyfunctional CD8" T cells in MLN and lower ATI viral burden (P
= 0.015, Fig 6C) persisted, whereas in the PBMC, the correlation fell below statistical significance
(P = 0.12, Fig 6D). These results indicate that while polyfunctional CD8" T cell responses in the
periphery may have played an integral part in controlling viral recrudescence during ATI,
responses in the GALT may be more critical for sustained containment of viral rebound. Notably,
there are no differences between controllers and non-controllers in the frequencies of CD8" T
cells expressing one or two effector functions (non-polyfunctional responses) before or during ATI
(S12 Fig). Although non-polyfunctional responses make up the majority of the SIV-specific CD8"
T cell response, these results demonstrate that polyfunctional CD8" T cells likely play a greater
role in controlling viral replication. The importance of T cell polyfunctionality in the blood in viral
control during ATI is well-established [80, 294, 295]. Our data extends these findings and
suggests that polyfunctional T cell responses in the GALT as well as the PBMC are likely key for

achieving durable immune control of viral replication.
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Fig 6. Increased frequencies of polyfunctional CD8" T cells in MLN and PBMC of
controllers. (A-D) The polyfunctional SIV-specific CD8" T cell responses in MLN and PBMC post-
vaccination and during ATI negatively correlated with ATl viral burden. The P and r values shown
were calculated using a Spearman rank correlation test. Benjamini-Hochberg adjusted P values

are shown, and results are considered significant if P < 0.05.
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ART responsiveness and pre-infection populations of mucosal CD4" T cells predict control
of viremia during ATI

A significant variable in our study is the wide range of acute viral loads and response to
ART that occurred prior to initiating therapeutic vaccinations. To determine if these variables
influenced viral control during ATI, | compared the viral loads of controllers to non-controllers
during acute infection (0-6 wpi) and during ART but prior to vaccinations (6-32 wpi). Controllers
demonstrated a trend towards lower viral burden during acute infection (P = 0.11, Fig 7A) and
significantly lower viral burden while on ART (P = 0.014, Fig 7A) when compared to non-
controllers.

Importantly, lower acute viral burden was associated with lower residual viral replication
during ART (P = 0.0078, Fig 7B), and lower viral burden on ART was strongly correlated with
better control of viral replication during ATl (P = 0.00040, Fig 7C). Together, these data suggest
that pre-infection host immune parameters may have influenced the extent of acute viral
replication and subsequently affected the extent of residual viral replication on ART, or ART
efficacy. Persistent viral replication on ART in turn may have influenced the ability of each animal
to develop and maintain polyfunctional CD8" T cell responses in the blood and GALT during ART

that significantly correlated with control of viral replication during ATI (Fig 6A-D).
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Fig 7. Lower viral replication during acute infection correlates with improved ART
responsiveness that in turn is associated with better control of viral rebound during ATI.
Improved virological response to ART and better control of viral rebound are associated
with the relative populations of mucosal CD4"* T cells and Th17/Treg cells before infection.
(A-C) Viral loads were measured via RT-g-PCR and viral burden was calculated as the area under
the curve of animals’ viral loads. (A) Statistics were calculated using a Mann-Whitney t-test.
Benjamini-Hochberg adjusted P values are shown. Results are considered significant if P < 0.05.
(B-C) Acute log viral burden (0 — 6 wpi) correlated with log viral burden during ART treatment (6

— 32 wpi). ART log viral burden in turn correlated with log viral burden during ATI (55 wpi — 76
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wpi). (D) The frequency of CD4" T cells in the colon at baseline (0 wpi) correlated with viral burden
during ART. (E) The ratio of Th17 and Treg cells at baseline correlated with viral burden during
ART. (F) The frequency of CD4" T cells in the colon at baseline (0 wpi) correlated with viral burden
during ATI. (G) The ratio of Th17 and Treg cells at baseline correlated with viral burden during
ATI. (B-G) A Spearman rank correlation test was used to determine P and r values. Shown are

Benjamini-Hochberg adjusted P values, results are considered significant if P < 0.05.
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To investigate this theory, | assessed a number of baseline immune factors, including
CD4" T cells, T helper 17 (Th17) and T regulatory (Treg) cells in the colon, that | hypothesized
could influence acute viral infection and potentially affect the virological response to ART and
outcome of ATI. (The Th17 and Treg data included here were obtained from experiments done
by a postdoctoral fellow in the Fuller Lab, Dr. Megan O’Connor, though the conclusions described
here are my own.) In particular, depletion of Th17 cells in the gut contributes to immune activation
and disease progression [296, 297]. The role of Treg cells in HIV pathogenesis is not as well-
characterized, but they could contribute to viral replication by suppressing HIV-specific CD8" T
cell activity [298] or conversely, slow disease progression by decreasing chronic immune
activation [299]. In the colon, neither baseline frequencies of Th17 (P = 0.22) nor Treg (P = 0.14)
cells correlated with viral burden during ATl (S13 Fig). However, | observed a correlation between
greater CD4" T cell frequencies (P = 0.0093, Fig 7D) and lower Th17/Treg ratios (P = 0.018, Fig
7E) and improved virological response to ART. Furthermore, higher frequencies of colonic CD4*
T cells and lower Th17/Treg ratios at baseline were predictive of lower viral burden during ATI (P
= 0.017, Fig 7F and P = 0.0030, Fig 7G). Collectively, these data suggest that during the early
stages of infection, the relative proportions of mucosal T cell subsets play an important role in
maintenance of gut homeostasis and prevention of immune dysfunction, and may influence

responsiveness to ART, therapeutic vaccination and/or control of viremia during ATI.
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Supplemental Figures:

Animal ID | MHC TRIMS Vaccine Group Status

A16142 - TFP/TFP Mock Non-controller
A16149 A*02 TFP/Cyp Mock Non-controller
A16234 B*17 Q/Q Mock Non-controller
A16236 = Q/TFP MAG + AC Non-controller
A16238 B*17 TFP/TFP MAG + AC Non-controller
A16143 A*02 Q/TFP MAG + LT Non-controller
Al6144 - Q/TFP MAG + LT Non-controller
A16145 - TFP/Cyp | MAG + LT Non-controller
A16148 - TFP/TFP MAG + LT Non-controller
A16237 - TFP/TFP MAG + AC Controller
A16239 B*08 Q/TFP MAG + AC Controller
A16240 B*08 TFP/TFP MAG + AC Controller
A16150 A*01 TFP/Cyp MAG + LT Controller
A16151 = Q/TFP Mock Controller

S1 Table. MHC and TRIM5 genetics. Indicated for each animal are TRIM5 haplotype, the
presence or absence of an MHC-1 allele commonly associated with control of viral replication,
vaccination group, and virological status during ATI. Animals in gray are non-controllers, while

controllers are shown in green.
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S$10 Fig. Controllers and non-controllers demonstrate similar levels of SIV Gag-specific
CD4" T cell responses in the PBMC and MLN post-vaccination and during ATI. (A-B) PBMCs

and MLNs were thawed and stimulated with Gag peptides, and expression of cytokines was
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quantified using intracellular cytokine staining. Shown are the medians and interquartile ranges
of the SIV Gag-specific CD4" T cell responses of controllers and non-controllers, with individual
responses layered over each pre-ATI (50 wpi) and during ATI (62 wpi for PBMC and 66 wpi for
MLN). Statistical differences between controllers and non-controllers at each timepoint were
assessed using a Mann Whitney t test and the Benjamini-Hochberg method was used to adjust

P values. Results are considered significant if P < 0.05.
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S11 Fig. No difference between controllers/non-controllers in Gag-specific IL-2* and
CD107a*GzB* CD8" T cells in PBMC or Gag-specific IFN-+y*, TNFa*, and CD107a*GzB* CD8"*
T cells in MLN. (A-E) PBMCs and MLNs were thawed and stimulated with Gag peptides,
expression of cytokines was quantified using intracellular cytokine staining. Shown are the
medians and interquartile ranges of the SIV Gag-specific CD8" T cell responses of controllers and
non-controllers, with individual responses layered over each bar pre-ATI (50 wpi) and during ATI
(62 wpi for PBMC and 66 wpi for MLN). Statistical differences between controllers and non-
controllers at each timepoint were assessed using a Mann Whitney t test and the Benjamini-

Hochberg method was used to adjust P values. Results are considered significant if P < 0.05.
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S12 Fig. Non-polyfunctional responses compose the majority of the SIV-specific CD8" T
cell response, but are not elevated in controllers compared to non-controllers. (A-D)
PBMCs and lymphocytes from MLNs were thawed and stimulated with Gag and Env peptides,
and intracellular cytokine staining was used to quantify expression of IL-2, IFN-y, TNFa and
CD107a/GzB. SlIV-specific T cells expressing three or more effector functions are considered
polyfunctional, while SIV-specific T cells expressing two or fewer effector functions are considered
non-polyfunctional. Shown are medians and interquartile ranges with data from individual animals
layered over each bar. At each timepoint, differences between controllers and non-controllers
were assessed using a Mann Whitney t test, and the Benjamini-Hochberg method was used to

adjust P values. Results are considered significant if P < 0.05.

101



>

40+
= - P=0.22 = Controllers
2 a0l r=-0.3495 e Non-Controllers
8 30
~
E 207
X °
g .
o 104 m B
4 - % o
o LI [T
C 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9
ATI Log Viral Burden (AUC)

S$13 Fig. Baseline frequencies of Th17 and Treg cells are not associated with therapeutic
outcome during ATI. (A-B) Lymphocytes were isolated from colon biopsies and expression of
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Discussion

The primary goals of this study were to assess the immunogenicity and efficacy of a multi-
antigen DNA vaccine (MAG) delivered with a novel genetic adjuvant combination (AC), and to
determine what host factors could be influencing the effects of therapeutic vaccination. To this
end, | reported that animals in the multi-antigen vaccine and adjuvant combination group (MAG +
AC) exhibited significant increases in the breadth of IFN-y T cell responses when compared to
the vaccine group that received MAG with only a single adjuvant (MAG + LT) and mock-
vaccinated controls, an outcome that is consistent with other vaccine trials in NHP and mice using
the IL-12 and IL-33 adjuvants [273, 275, 300]. However, the RALDHZ2 adjuvant did not enhance
vaccine immunogenicity in the GALT as shown in mice [277], possibly due to SIV infection causing
significant mucosal immune dysfunction in the NHP that may have interfered with the effects of
this adjuvant. Additionally, | observed that therapeutic vaccination only transiently boosted the
magnitude of the IFN-y T cell responses and Env-specific antibody responses in both the MAG +
AC and MAG + LT groups. This is similar to what was reported in our previous study [15] and may
be the result of increases in regulatory immune responses, such as myeloid derived suppressor
cells (MDSCs), that occur during acute infection and persist despite ART treatment. Three out of
five MAG + AC animals controlled viral rebound (60%), although this outcome was not statistically
different from the controls. The lack of significant differences between the vaccine and control
groups may be due to the small group sizes and the variability in the response to ART within each
group. This is consistent with a previous study that reported significant viral control during ATI
following therapeutic immunization with a PMED DNA vaccine, but only in a subset of animals
that responded well to ART [15]. However, since the three controllers in the MAG + AC group
exhibited a better virological response to ART prior to vaccination than the two non-controllers, |
cannot conclusively determine whether improved viral control in a subset of animals in this group

was due to the vaccine or pre-existing intrinsic host factors that influenced their response to ART.
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Overall, five animals from all groups controlled viral rebound and were protected from
progression to AIDS, in contrast to nine animals that exhibited immediate viral rebound during
ATI. This variability in viral control during ATl enabled further analysis of immune correlates of
protection from viral rebound. Notably, | found that increased expression of IL-2 and higher
frequencies of polyfunctional, SIV-specific CD8" T cells in the MLN prior to stopping ART were
associated with lower viral burden during ATI. | also observed that CD8" T polyfunctionality and
expression of IFN-y and TNFa in PBMC were associated with lower viral burden during ATI. The
disparity between our observations in the MLN and PBMC is consistent with previous studies
reporting significant variations between CD8" T cells in blood and lymphoid tissues in SIV-infected
rhesus macaques [301], and high frequencies of tissue-resident HIV-specific CD8" T cells in elite
controllers that are distinct in their functionality from CD8" T cell responses in the blood [302]. It
is possible that these differences in cytokine expression and polyfunctionality arose because
CD8" T cells were primed in situ and did not migrate between peripheral compartments and the
GALT during chronic infection. Alternatively, these cells may have been primed in peripheral
lymph nodes and trafficked to the GALT, subsequently forming highly stable tissue-resident
populations [301]. Collectively, these data provide evidence that polyfunctional CD8" T cell
responses in not just the blood, but also the GALT and gut mucosa are important for controlling
reactivating virus in mucosal reservoirs. Therefore, future therapeutic vaccine efforts should be
directed towards inducing polyfunctional mucosal responses.

While our data clearly show a protective role for mucosal and systemic polyfunctional
CD8" T cell responses, the precise mechanisms underlying viral control or recrudescence during
ATI are still unclear. Although ART significantly reduced viral burden in these animals, low levels
of detectable SIV viremia (median viral loads of <102 viral copies per mL of plasma) persisted in
most animals. Importantly, | found controllers exhibited significantly lower viral loads than non-
controllers during ART, and this correlated with lower viral burden during ATI. This is accordant

with other NHP studies showing correlations between lower acute SIV viremia and lower SIV viral
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loads during ATI [303]. Our results extend these findings and show that even low levels of
persistent viral replication during ART can affect control of viremia during ATI. Although
quantifying viral diversity was outside the scope of this study, persistent viral replication during
ART likely increased viral diversity, especially in non-controllers relative to controllers. Higher viral
diversity increases the likelihood of immune escape from vaccine-induced immune responses
and may have contributed to failure to control viral replication during ATl in some animals.
Additional studies are needed to determine how incomplete suppression of viral replication during
ART impacted viral diversity in this study and its impact on therapeutic vaccine efficacy.

Another factor that could have influenced post-ART viral rebound is the size of the latent
reservoir. Previous studies showed levels of proviral DNA in the GALT correlate with time to viral
rebound [304], and increased proviral DNA in PBMC correlates with higher viral loads during ATI
[305]. Itis therefore possible that the controllers in this study had reduced proviral reservoirs that
contributed to improved control of virus replication. Further experiments are needed to quantify
cell-associated viral DNA in the GALT and PBMC and to determine how the latent reservoir may
have affected virologic outcome during ATI.

To further elucidate mechanisms underlying the response to ART and ultimately viral
control during ATI, | investigated a possible role for intrinsic baseline immune factors and found
that pre-infection immune responses in the GALT may influence acute viral replication, ART
responsiveness, and the ability to control viremia during ATI. Specifically, | found correlations
between higher pre-infection frequencies of colonic CD4" T cells and lower viral burden during
ATI, a finding that is consistent with previous studies in humans, where HIV-specific CD4" T cell
proliferation and function during early infection were associated with viral control and slower
disease progression in the absence of ART [86, 306]. Together, these data indicate that robust
CD4" T cell responses in the mucosa may play a key role in mitigating acute viral infection. | did
not detect an association between baseline frequencies of Treg cells or Th17 cells and viral

control during ATI. However, when considered together, | observed that higher ratios of Th17 to
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Treg cells pre-infection correlated with higher viral burden during ATI. This result is consistent
with a previous NHP study from this lab, where a higher Th17/Treg ratio measured prior to SIV
infection predicted higher acute viremia [307]. When considered together, this suggests that the
balance between Th17 and Treg cells during the earliest stages of infection impacts acute viremia
and the virological response to ART. Furthermore, the disruption of mucosal Th17 and Treg
homeostasis, coupled with persistent, low-level viremia during ART, likely compromised the non-
controllers’ ability to develop or maintain polyfunctional CD8" T cell responses in the blood and
GALT and their subsequent failure to control virus during ATI.

In summary, the results reported here further our understanding of how robust,
polyfunctional CD8" T cell responses in the GALT contribute to control of SIV replication, and
highlight the need for therapeutic HIV vaccines that can induce mucosal immunity. Furthermore,
our observations provide new insight into the importance of effective ART as a crucial component
of therapeutic interventions. Finally, the data presented here show that mucosal CD4" T cell
homeostasis prior to infection can have far-reaching effects on an individual’s ability to control
viral rebound during ATI, suggesting that monitoring and maintaining the Th17/Treg ratio may be
key to the success of immune-based HIV cure strategies. Altogether, these results underscore
the need for therapeutic vaccines and adjuvants capable of enhancing polyfunctional CD8" T cell
responses in both the GALT and the periphery, and emphasize the need for additional studies to
more clearly define the role of inherent host factors in shaping the response to ART and

therapeutic interventions.
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Ethics statement and animal care

Fourteen male, adult rhesus macaques (Macaca mulatta) of Indian origin were used for
this study. These animals were housed at the Washington National Primate Research Center
(WaNPRC), which is accredited by the American Association for the Accreditation of Laboratory
Animal Care International (AAALAC). At the WaNPRC, animals received the highest standard of
care from a team of highly trained, experienced animal technicians, veterinarians, and animal
behavior specialists.

Animals were singly housed in stainless-steel cages with a minimum of 6.0sq ft of floor
space. In animal housing areas, humidity was maintained between 30 - 70% while temperature
was kept at arange of 72 - 82°F. Paired animals were kept in adjacent cages to allow for grooming
contact. Waste pans were cleaned daily, while cages, racks, and accessories were sanitized in
mechanical cage washers at least once every two weeks. Animals were fed a commercial
monkey chow, supplemented daily with fruits and vegetables, and drinking water was available
at all times. Environmental enrichment was provided throughout the duration of the study,
including grooming contact, perches, toys, foraging experiences, and food enrichment. Animal
care staff monitored the health and well-being of all animals on a daily basis. All biopsies,
surgeries, and blood draws were performed under ketamine anesthesia (10 mg/kg) and any
continuous discomfort or pain was alleviated at the discretion of the veterinary staff to minimize
suffering.

Rhesus macaques were challenged intravenously with 100 TCIDso of cryopreserved
SIVAB670, diluted in 1 milliliter of RPMI. Following SIV infection, animals were monitored for
changes in weight, complete blood counts, blood CD4" T cell count, and clinical signs of
opportunistic infections. Simian AIDS was defined according to WaNPRC guidelines, namely:
weight loss exceeding 15%, anemia (sustained hematocrit <15%), CD4" T cell decline to less

than 200 cells per microliter, and presence of opportunistic infections. All four criteria were
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evaluated in each animal at least monthly and at each specimen collection time point, or more
frequently if two or more signs of disease progression were present. None of the animals required
euthanasia prior to their experimental endpoint at 80 weeks post-infection.

At the experimental endpoint, euthanasia was performed by administration of Euthasol®
(Virbac Corp., Houston, TX) while the animal was under deep anesthesia, in accordance with the
2007 American Veterinary Medical Association Guidelines on Euthanasia.

The University of Washington’s Institutional Animal Care and Use Committee (IACUC)
approved all experiments in these macaques (IACUC Protocol # 4266-04).

MHC-l and TRIMS5 typing

All macaques were major histocompatibility class | (MHC-1) typed for Mamu alleles (A*01,
A*02, A*08, A*11, B*01, B*08, B*17, and B*29). DNA was extracted using the Roche©® MagNA
Pure™ system (Roche, catalog number: 06541089001) and analyzed via PCR by Dr. David
Watkins and the MHC Genotyping Service at the University of Miami, as previously described [55,
56]. All animals were also tested for TRIM5 haplotypes, including TFP, Q, and CypA, by PCR of
genomic DNA by Dr. David O’Connor at the Wisconsin National Primate Research Center
(WNPRC).

Quantification of plasma viral load and complete blood counts (CBCs) and serum
chemistries

The Virology Core at the WaNPRC, led by Dr. Shiu-Lok Hu and Dr. Patricia Firpo,
quantified viral RNA in the plasma of SIVAB670-infected animals using a real-time quantitative
PCR (RT-g-PCR) assay. The Virology Core also determined complete blood counts, using a
Beckman Coulter® AC*T™ 5diff hematology analyzer (Beckman Coulter) as described previously
[308].

Antiretroviral therapy

All SIV-infected animals were treated with a combination of 3 antiretroviral therapies:
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9-(2-Phosphoryl-methoxypropyly) adenine (PMPA or tenofovir; provided by Gilead Sciences) was
resuspended in phosphate-buffered saline (PBS) at 120 mg/mL. To completely dissolve the
PMPA, 1 molar NaOH was added until the pH reached 7.4-7.8. The solution was then filter
purified, injected into sterile glass vials, and stored at -20°C. PMPA was administered
subcutaneously in a once-daily dose of 20 milligrams per kilogram (mg/kg) of animal weight.
2’,3’-dideoxy-5-fluoro-3’-thiacytidine (FTC or emtricitabine, provided by Gilead Sciences) was
resuspended in PBS at 120 mg/mL. The mixture was heated at 37°C with constant stirring until
completely dissolved, and stored at 4°C. FTC was administered once-per-day subcutaneously at
30 mg/kg during the first month of ART (weeks 6-10 post-infection) and at 20 mg/kg once per-day
for the remainder of ART. Raltegravir (Isentress, provided by Merck & Co.) was given orally at
250 mg/animal twice daily for the first month of ART, and at 150 mg/animal twice daily for the
remainder of ART.

Trained animal technicians administered all ART drugs, and veterinary staff closely

monitored animals for adverse side effects, which were treated immediately at their discretion.
A few animals experienced elevated creatinine levels due to prolonged treatment with PMPA,
(A16144 and A16145 in the MAG + LT group, A16149 in the mock vaccine group, and A16237 in
the MAG + AC group) so these animals were promptly switched to tenofovir disoproxil fumarate
(TDF, Fisher Scientific, catalog number: AC-5262), a prodrug of tenofovir that is metabolized to
PMPA.

TDF was resuspended in a solution of 15% Kleptose in water, at a concentration of 10.2
mg/mL, and pH adjusted to 4.1-4.3. The solution was then filter purified and stored at 4°C or
frozen at -20°C for long-term storage. TDF was administered once per-day subcutaneously at 5.2
mg/kg for the duration of ART.

DNA vaccinations

Particle-mediated epidermal delivery (PMED, or gene gun):
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Vaccine and adjuvant plasmids were formulated onto gold particles as previously
described, and administered using the PowderJect® XR1 gene delivery device (PowderJect
Vaccines, Inc.) [80]. Fur was shaved off of vaccination sites, which were then swabbed with
alcohol prior to vaccine administration. Macaques were vaccinated over 16 epidermal sites along
the lower abdomen and over the inguinal lymph nodes. Each animal received 32 ug of the MAG
or Gag DNA vaccine co-formulated with 3.2 ug of plasmid expressing the LT adjuvant (2 ug MAG
or Gag DNA + 0.2 ug LT per site).

Intradermal electroporation (ID EP):

MAG, Gag, and adjuvant plasmids (rhlL-12, LTA1, expressed on one plasmid each, and
hRALDH2/rhIL-33 and rhPD-1/rhCD80 co-expressed on one plasmid each) were prepared in a
citrate buffer (Sigma-Aldrich) and administered via intradermal injection into the dermis above the
quadriceps muscle on each leg. For the first vaccination, each macaque received 900 ug of the
MAG or Gag DNA vaccine co-formulated with 900 pug of DNA expressing hRALDH2/rhIL-33, 900
ug of DNA expressing rhlL-12, and 162 ug of DNA expressing LTA1, evenly distributed over 3
injection sites per leg (300 ug MAG or Gag + 300 ug hRALDH2/rhIL-33 + 300 nug rhiL-12 + 54 pg
LTA1 per site). For each subsequent vaccination, each macaque received 900 pg of the MAG or
Gag DNA vaccine co-formulated with 900 ng of DNA expressing hRALDH2/rhIL-33, 900 ug of
DNA expressing rhiL-12, 975 ug of DNA expressing rhPD-1/rhCD80 and 162 ng of DNA
expressing LTA1, evenly distributed over 4 injection sites per leg (225 ng MAG or Gag + 225 ng
hRALDH2/rhIL-33 + 225 pg rhiL-12 + 244 pg rhPD-1/CD80 + 40.5 pug LTA1 per site). Prior to
each vaccination, fur covering the vaccination site was shaved and the skin was swabbed with
alcohol. Following injection of vaccine and adjuvant DNA, electrical pulses were delivered using
the Agile Pulse device (BTX, catalog number: 47-0400N) according to the device manufacturer’s
instructions.

Enzyme-linked immunospot assay (ELISpot)
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ELISpot was performed to quantify the frequency of SIV-specific IFN-y spot-forming cells
(SFC) in accordance with previously described methods. In brief, PBMCs were isolated from
whole blood via Ficoll density gradient separation and stimulated with pools of 15-mer peptides
overlapping by 11 amino acids and corresponding to the following SIVmac239 proteins: Gag, Env,
Pol, Vif, Vpr, Rev, Nef, and Tat (NIH AIDS Reagent Program, catalog numbers as follows: Gag:
6204, Env: 6883, Pol: 6443, Vif: 6205, Vpr: 6449, Rev: 6448, Nef: 8762, Tat: 6207). As a negative
control, samples were stimulated with dimethyl sulfoxide (DMSO). For a positive control, samples
were stimulated with concanavalin A (5 ug/mL, Sigma-Aldrich, catalog number: C2272). Samples
were considered positive if peptide-specific responses were at least twice that of the negative
control plus at least 0.01% after background (DMSO) subtraction.
Enzyme-linked immunosorbent assay (ELISA) for analysis of antibody responses and
microbial translocation

SIV Env-specific IgG binding antibody was measured by ELISA, as previously described
[80]. In brief, 1ug/mL SIVmac239 gp130 (NIH AIDS Reagent Program, catalog number: 12797)
was used as the capture antigen, and a rabbit anti-lgG (heavy and light chains conjugated to
horseradish peroxidase) was used to detect antibody bound to the capture antigen.
Intracellular cytokine staining (ICS)

Cryopreserved PBMCs and MLN lymphocytes were thawed and rested at 37°C and 5%
CO; for 6 hours before stimulation with DMSO, PMA/lonomycin, or SIVmac239 Gag or Env
peptides (1 ug/mL) for 1 hour with CD107a PECy5 (eBioH4A3, Thermofisher, catalog number:
15-1079-42) in R10 media before adding 1 mg/mL of Brefeldin A (Sigma-Aldrich®, catalog
number: B7651-5MG). Cells were stimulated overnight (approximately 14 hours) at 37°C and 5%
CO,. After stimulation, cells were washed with PBS and stained using LIVE/DEAD® Aqua (Life
Technologies, catalog number: L34957) amine-reactive dye to distinguish live cells, then surface

stained with CD3 Brilliant Violet (BV) 711 (Sp34-2, BD Biosciences, catalog number: 740807),
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CD4 PerCPCy5.5 (L200, BD Biosciences, catalog number: 552838), CD8 APC-Cy7 (RPA-T8, BD
Biosciences catalog number: 557760), CD28 PE-CF594 (CD28.2, BD Biosciences, catalog
number: 562296), CD95 BV421 (Dx2, BD Biosciences, catalog number: 562616), in Brilliant Stain
buffer (BD Biosciences, catalog number: 566349). Cells were then permeabilized with
Cytofix/Cytoperm (BD Biosciences, catalog number: 554722) and stained for intracellular
cytokines with an antibody cocktail of IFNy FITC (B27, BD Biosciences, catalog number: 552887),
TNFa PE-Cy8 (Mab11, BD Biosciences, 557647), IL-2 PE (MQ1-17H12, BD Biosciences, catalog
number: 500307), and GranzymeB APC (GB12, ThermoFisher®, catalog number: MHGb05), in

Perm/Wash™

Buffer (BD Biosciences, catalog number: 554723). Finally, cells were washed with
Perm/Wash™ Buffer and fixed with 1% paraformaldehyde. Data were collected on an LSR Il (BD
Biosciences) and analyzed using FlowJo software (Version 9.7.6, Treestar Inc.).
Intracellular cytokine staining (ICS) of gut mucosa

Intraepithelial and lamina propria lymphocytes were isolated from colon biopsies and
stimulated in the presence of brefeldin A (Sigma-Aldrich®, catalog number: B7651-5MG) and
CD107a antibody (eBioH4A3; eBioscience, catalog number: 15-1079-42), as previously
described [307]. Cells were assessed for viability using LIVE/DEAD® Aqua (Life Technologies,
catalog number: L34957) and stained using surface and intracellular/intranuclear markers as
previously described [307]. All samples were acquired on an LSRII (BD Biosciences) and
analyzed using FlowJo software version 9.9.4 (FlowJo; LLC). Gating schemes are described
previously [307]. Briefly, CD4" Tregs were designated by coexpression of CD25 and FoxP3 and
Th17 cells were defined by IL-17 production.
Statistical analyses

Statistical differences between multiple groups were calculated using a Dunn’s multiple

comparisons test, while statistical comparisons between two groups were determined using a

two-sided Mann-Whitney. Statistical differences in viral load, CD4* T cell counts, or immune
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responses between time points were calculated using a Wilcoxon matched-pairs signed-rank test.
Viral burden was determined by calculating the area under the curve of each animal’s viral load
graph. Correlations between immune responses and viral burden were determined by a
Spearman’s rank correlation test. When necessary, P values were adjusted for multiple
comparisons using the Benjamini-Hochberg method. A P value of < 0.05 was considered
significant for each test. All calculations were performed using GraphPad Prism software (Version

8, GraphPad Software).
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Chapter 4: Conclusions and Future Directions
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In this dissertation, | summarized our knowledge of HIV virology and examined the field's
progress towards a therapeutic vaccine for HIV (Chapter 1: Introduction) and evaluated the
immunogenicity and efficacy of our therapeutic SIV DNA vaccine and novel genetic adjuvant
combination (MAG + AC, Chapter 2: Immunogenicity and Efficacy of an SIV therapeutic DNA
vaccine and novel adjuvant combination). To this end, | demonstrated that vaccination with MAG
+ AC significantly boosted SIV-specific IFN-y responses in comparison to mock-vaccinated
controls and animals that received the same DNA vaccine co-administered with a single adjuvant
(MAG + LT). Three out of five animals in the MAG + AC group also exhibited increased SIV-
specific polyfunctional CD8" T cells in blood and gut-associated lymphoid tissue (GALT) post-
vaccination, whereas none of the MAG + LT or mock-vaccinated animals did. Notably, the three
animals with increased frequencies of SIV-specific polyfunctional CD8" T cells went on to control
viral replication during analytic treatment interruption (ATI), compared to one out of five animals
in the MAG + LT group and one of four animals in the mock-vaccinated group. While these results
were not statistically significant, likely due to the limited number of animals per group, these data
show that co-administration of multiple adjuvants can further boost vaccine immunogenicity,
compared to a single adjuvant, and highlight the need for therapeutic vaccines and adjuvants able
to elicit polyfunctional CD8" T cell responses in both the GALT and periphery.

The clear distinction between the five animals that controlled viral replication and the nine
animals that exhibited immediate viral rebound also enabled me to determine the immune
correlates of virologic control in this study (Chapter 2: Immune Correlates of Protection from Viral
Rebound in Animals with Variable Responses to ART). Importantly, | found that low ATI viral
burden was associated with the quality of the SIV-specific CD8" T cell response in the blood and
GALT. Furthermore, | showed that although the maijority of the SIV-specific CD8" T cell response
is not polyfunctional, these responses are not associated with containment of viral replication,
while polyfunctional responses are. This suggests that polyfunctional CD8" T cells are likely more

important for sustained control of viral rebound. The importance of T cell polyfunctionality in the
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blood for control of viral rebound is well-established, but this data provides new evidence that that
polyfunctional T cell responses in the GALT are also likely key for achieving durable containment
of viremia.

Finally, | defined inherent host factors that likely influenced viral control during ATI. |
determined that lower viral burden during acute infection was associated with less residual viral
replication on ART, and improved virological response to ART was associated with control of viral
rebound during ATIl. While others have shown that therapeutic vaccination is not effective in
nonhuman primates whose viral loads are unaffected by ART, these results go a step further to
demonstrate how even low levels of enduring viremia on ART can affect control of viral rebound
during ATI. | also identified that increased colonic CD4" T cells and lower proportions of T helper
17 (Th17) and T regulatory cells (Tregs) pre-infection were predictive of lower viral burden during
ATI. Collectively, this data suggests that pre-infection proportions of mucosal T cell subsets likely
impact acute viremia, with far-reaching effects on the persistence of viral replication on ART and

control of viral rebound during ATI.
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Figure 4.1 Pre-infection mucosal CD4" T cells can have far-reaching effects on viral
replication. Shown is a theoretical representation of how differing proportions of mucosal CD4*

T cells pre-infection could affect viral replication and gut dysbiosis during infection. (Figure
produced using Biorender.com)
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It is possible that an effective therapeutic vaccine for HIV will need to incorporate
immunotherapies that more fully restore gut immune homeostasis than ART alone, as
suppression of viral replication with effective ART doesn’t result in full reconstitution of mucosal
CD4" T cells or resolution of microbial translocation. Incorporation of anti-inflammatory drugs
and probiotics could limit systemic inflammation, reduce mucosal immune dysfunction, and
reverse alterations in the microbiome resulting from HIV infection, leading to improved therapeutic
outcomes during ATIl. There is evidence of probiotic therapies reversing mucosal damage and
reducing inflammation following SIV infection in rhesus macaques, although reconstitution of
Th17 cells was limited [309, 310]. However, co-administration of probiotics and IL-21 resolves
this issue by also improving mucosal immunity and reducing microbial translocation, while
enhancing expansion of polyfunctional Th17 cells in SIV-infected macaques [311]. IL-21 and
probiotic therapy have not been tested in the context of therapeutic vaccination, but my findings
suggest that improving mucosal immune reconstitution could result in improved responses to
therapeutic vaccination.

The data that | presented here also indicates that there is an ongoing need for vaccine
adjuvants that induce robust mucosal immunity. Although vaccination with MAG + AC boosted
SIV-specific CD8" T cell responses in peripheral blood, the same could not be said for the
mucosa. To this end, the adjuvant combination could be improved by substituting other mucosal
adjuvants for retinaldehyde dehydrogenase 2, such as IL-7 or plasmid-expressed mucosal
chemokines. A recent study showed that local administration of IL-7 triggers immune cell homing
to the vaginal mucosa of rhesus macaques [312], suggesting that this cytokine could be a
promising mucosal adjuvant. In support of this, a study showed that co-administration of plasmids
encoding IL-7 and IL-33 enhanced the immunogenicity of a herpes zoster DNA vaccine in mice,
compared to the DNA vaccine alone [313]. This study did not assess mucosal immunity but is an

important proof of concept that that IL-7 can enhance the immunogenicity of DNA vaccines.
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Alternatively, plasmids encoding mucosal chemokines could also be promising mucosal
adjuvants. In particular, thymus-expressed chemokine (TECK, or CCL25) is a chemokine, a
protein secreted by cells to induce chemotaxis in other cells through receptor binding. TECK binds
to CCR9 and is important for T cell homing to the gut mucosa [310, 314]. TECK and other
chemokine adjuvants have not been tested in the context of a therapeutic vaccine, but a
prophylactic DNA vaccine co-administered with plasmids expressing TECK conferred significant
protection against SIV challenge in rhesus macaques [315]. This suggests that chemokine
adjuvants could also enhance the immunogenicity and efficacy of therapeutic DNA vaccines.

All in all, the work presented here demonstrates that co-administration of the novel
adjuvant combination with a therapeutic DNA vaccine boosted SIV-specific IFN-y responses in
the peripheral blood, compared to the therapeutic DNA vaccine adjuvanted with plasmids
expressing LT. Three out of five vaccinated animals went on to control viral rebound, although
this result was not statistically significant, potentially due to the small number of animals per group.
| also identified immune correlates of protection from viral rebound, namely elevated frequencies
of polyfunctional CD8" T cells in the GALT and peripheral blood. Finally, | provide evidence that
the frequencies of pre-infection mucosal T cell subsets may affect acute viral replication, with
long-term effects on control of viremia during ATI. With further refinement, the adjuvant
combination could be used in a broad variety of settings to improve the immunogenicity of T cell-
based vaccines. Ultimately, these results deepen our understanding of how host mucosal
immunity may influence the immunogenicity and efficacy of therapeutic vaccines and may lead to
development of more efficacious HIV cure strategies and improved DNA vaccine immunogenicity

for other pathogens.
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