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Abstract

Investigation of Immune Interventions in SIV-Infected, ART-Treated Infant Rhesus
Macaques

By Katherine M. Bricker

The latent viral reservoir is composed of a small subset of infected CD4+ T cells that persist during
antiretroviral therapy (ART) and constitute the major barrier to HIV-1 cure. Strategies to reduce
or eliminate this reservoir would be highly beneficial to the 1.7 million children living with HIV-
1. Here, we used a non-human primate (NHP) model of postnatal oral SIVmac251 transmission
and ART suppression to investigate potential cure interventions in a preclinical pediatric model of
HIV-1 infection.

First, we evaluated safety and immunogenicity of the toll-like receptor (TLR)-7 agonist, GS-986,
in 2 SIV-infected, ART-treated infant rhesus macaques (RMs). We found that oral administration
of GS-986 at both tested concentrations was tolerable and resulted in a dose-dependent
pharmacodynamic response detectable through increased concentrations of plasma cytokines and
chemokines, such as IFN-y and increased circulating nonclassical monocytes (CD14+CD16+) and
circulating macrophages (CD14+CD169+) at 24 hours post-administration.

We next combined GS-986 with an Ad48-prime, MVA-boost therapeutic vaccine in 8 SIV-
infected, ART-treated infant RMs. Immunized infants had augmented anti-SIV cellular and
humoral immunity. Repeated oral GS-986 induced the expected pharmacodynamic response with
activation of monocytes and T cells in the periphery 24-hours post-dose. Despite the vaccine-
induced immune responses, vaccination did not result in reductions to the viral reservoir through
cell-associated SIV DNA or rebound kinetics following the removal of ART.

Finally, we examined the effect of a newly identified latency reversing agent (LRA), the mimetic
of second mitochondrial activator of caspases (SMACm) AZD5582, in 8 SIV-infected, ART-
suppressed infant RMs. Latency reversal, measured by on-ART viremia, was observed in 63% of
infants. Immunogenicity of AZD5582 was demonstrated through T cell activation and increased
transcription of ncNF-kB genes, such as BIRC3. Quantification of plasma AZD5582 revealed a
lower Cmax in infants compared to adult RMs which may, in part, explain the dampened viremia.

Taken together, these findings hold promise for pediatric HIV-1 cure strategies and inform future
pediatric clinical trials. Additionally, these studies highlight the importance of studying HIV-1
cure in a pediatric setting as unique features of the pediatric reservoir and/or the developing
immune system may influence the efficacy of HIV-1 cure interventions.
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Chapter One: Introduction

Discovery and Origins of HIV-1/AIDS

Acquired immune deficiency syndrome (AIDS) was first officially reported in 1981 when
a group of five previously healthy, homosexual men in Los Angeles succumbed to opportunistic
infections and rare malignancies (1). By the close of that year, over 100 individuals had died from
this unknown disease and nearly 300 cases had been reported (2). The causative agent of AIDS,
Human Immunodeficiency Virus (HIV), was isolated and identified shortly following in 1983 by
Luc Montagnier and Francoise Barre-Sinoussi who were awarded the Nobel Prize in physiology
or medicine for their efforts in 2008 (3). Since its discovery, HIV has infected over 77.5 million
individuals and led to around 34.7 million deaths (4). As of 2020 there are nearly 37.5 million
people living with HIV globally, 1.7 million of which are children under the age of 14, and around

4,000 new infections daily (5).

There are two closely related, but distinct types of HIV: HIV-1 and HIV-2. HIV-1 is the
most prevalent cause of AIDS worldwide and originated from the closely related Simian
Immunodeficiency Virus (SIV) SIVcpz, likely transmitted through the common practice of eating
bushmeat (6-10). It is believed that zoonotic transmission from chimpanzees to humans has
occurred on at least four separate occasions, each corresponding to the four major variants of HIV-

1: group M, group N, group O, and group P (11, 12). Sequence analysis of patients’ samples



preserved from 1960 reveal diverse HIV-1 subtypes indicating that virus had evolved prior to that

time likely due to subclinical endemic spread in West Central Africa (13).

Group M is by far the most predominant of the different subtypes and accounts for
approximately 99% of global HIV-1 infections. As it spread globally, population bottlenecks led
to several different M lineage subtypes with distinct geographical distribution. Currently there are
nine group M subtypes: A—D, F—H, J, and K (14). The A and D subtypes are dominant in eastern
Africa an while subtype C dominates Sub-Saharan Africa. Subtype B is the predominant subtype
in Europe and the Americas and is believed to have originated in Haiti in the 1960s (15). In addition
to the nine subtypes there are also over 40 circulating recombinant forms (CRFs) (14). CRFO1 is
the most common strain in southeast Asia. The biological properties of these subtypes vary, for
instance, subtype D has been associated with faster CD4+ T cell decline and disease progression

despite similar viral loads (16, 17).

The significantly less common HIV-2 originated from zoonotic transmission of SIVsm (9,
18). HIV-2 infection is endemic to West Africa and is rarely found outside of that area. HIV-2
infected individuals tend to have lower viral loads and lower transmission rates than those infected

with HIV-1 (19, 20).

Virology and HIV-1 Life Cycle



HIV-1 is an enveloped RNA retrovirus belonging to the lentivirus group. The retroviral
genome is composed of a positive-sense, single stranded RNA that must be reverse-transcribed to
a double-stranded intermediate during replication, a unique feature to retroviruses made possible
by the viral protein reverse transcriptase. Other viruses of the Lentiviridae genus infect animals

such as cats and cattle and also cause immunodeficiency (21, 22).

The 9.2 kb viral RNA genome encodes nine genes, three major genes: Gag, Pol, and Env
and six regulatory genes: Tat, Rev, Nef, Vif, Vpr, Vpu. The gag gene encodes capsid and matrix
proteins necessary for the nucleocapsid of the virion. Pol encodes important enzymes reverse
transcriptase, protease, and integrase necessary for viral replication. Env encodes two
glycoproteins, gp120 and gp41, that form trimers on the surface of the virion and facilitate entry
into target cells. The regulatory proteins are necessary for replication life cycle and virus
production. The viral protein Nef has evolved to downregulate expression of MHC class | and
class Il reducing the likelihood that an actively infected cell will be detected and killed by cytotoxic
CD8+ T cells (23-25). Within each virion are two copies of the RNA genome and viral enzymes

reverse transcriptase, integrase, and protease.

To enter a target cell, gp120 binds with high affinity to its primary receptor, CD4, causing
a conformational change that exposes the binding site for a secondary co-receptor (26). Once
gp120 has bound to both CD4 and its obligatory co-receptor (CCR5 or CXCR4) (27-29), gp4l
mediates fusion of the viral envelope to the cell’s plasma membrane, allowing the virus to enter

the target cell (26). Once the virus has entered a target cell, the viral RNA must be transcribed into



a DNA intermediate (cCDNA) by the enzyme reverse transcriptase. Due to the error prone nature of

reverse transcriptase, HIV-1 evolves around 1 million times faster than mammalian DNA (30).

The intermediate cDNA is converted to dsDNA provirus that is then integrated into the
host genome by viral integrase to form provirus. HIV-1 provirus integration is dependent on
several host factors and preferentially occurs in transcriptionally active chromatin (31, 32).
Integrase recognizes and partially cleaves long terminal repeats (LTRs) located at each end of the
viral genome that allows integration of the viral DNA into the host genome. These LTRs contain
motifs that are recognized by host transcription factors, NFkB or NFAT, that control expression
of viral genes from the integrated provirus. The viral protein Tat serves as a positive feedback
circuit for viral replication by forming an RNA polymerase phosphorylation complex that
enhances the generation of full-length viral transcripts. Another viral protein, Rev, shuttles full
length and singly spliced viral mRNA out of the cell’s nucleus. Viral mRNA is translated and
processed into proteins the cytoplasm through host cell machinery. Viral particles containing
genomic RNA are then assembled and released from the plasma membrane to infect new

susceptible cells (33).

Due to the rapid replication of HIV-1 and the error prone nature of reverse transcriptase,
numerous variants of HIV-1 develop within an infected individual resulting in a quasi-species. The
viral diversity within one infected individual after 6 years of infection is thought to be greater than
that of influenza type A that circulates globally throughout a single season (34). Additionally,

infected individuals remain at risk for superinfection with multiple strains of HIV-1, indicating



that the HIV-1 immune response is only partially protective against non-autologous strains (35).

These are among some of the reasons that HIV-1 has been difficult to prevent and cure.

Transmission and Pathogenesis of HIV-1

HIV-1 infection occurs through the transfer of body fluids such as blood, semen or vaginal
fluids, and breastmilk (36). Globally, nearly 70% of infections are due to heterosexual transmission
(4). Other transmission routes include same sex transmission and intravenous drug use. Prior to
routine screenings of blood banks for HIV-1 blood transfusions were a major source of infection
(37), but through policy changes and screening processes this transmission route has largely been
eliminated. In the case of pediatric infections, described below, mother-to-child transmission is the

primary mode of new infections.

Through most transmission routes risk of infection following exposure is very low, with
only 1 transmission per 200-2000 exposures in male-to-female heterosexual transmission and 1
transmission per 700-3000 exposures in female-to-male heterosexual transmission (36). The virus
can be transmitted either as free virus or via HIV-1-infected cells and the majority of transmission
events occur at mucosal surfaces (38, 39). Primary infection of HIV-1 is most often established by
a single viral variant, referred to as the transmitted founder virus (36). The transmitted founder
virus has a strong preference for the CCR5 co-receptor and it has also been shown that the newly
transmitted virus have more compact, less glycosylated envelope that perhaps interact more

efficiently with relevant target mucosal cells (40). The transmitted virus undergoes rapid expansion



shortly after infection and disseminates widely throughout lymphatic tissue to establish systemic
infection. In macaques, systemic infection with SIV has been demonstrated within one week of

infection (41, 42).

HIV-1 primarily infects and depletes CD4+ T cells, a critical component of the adaptive
immune system, but has also been identified to infect myeloid cells such as macrophages (43, 44).
The cellular tropism of HIV-1 is influenced, in part, by the preferred chemokine receptor of the
virus, CCR5 or CXCR5 (27-29). A virus that utilizes CCRS as a coreceptor is termed ‘R5’-tropic,
while a virus that uses CXCR4 is termed ‘X4’-tropic and, as stated above, it has been shown that
HIV-1 strains from acute and early infection have a strong preference for the coreceptor CCR5
which is expressed primarily by memory CD4+ T cells (45). Virus isolated from individuals during
acute infection is nearly always R5-tropic (46, 47), but in most subtypes the dominant viral type
switches to X4-tropic variants late in infection in around 50% of infected individuals that progress
to AIDS (48). About 1% of Caucasians are homozygous for a mutation in in their CCR5 gene,
CCR5A32, that results in resistance to HIV-1 infection due to non-functional CCR5 protein (49).
It appears that a heterozygous deficiency is partially protective and contributes to a reduction in
disease progression (50). Other genetic factors can play an important role in HIV-1 control. For
example, different alleles of the human leukocyte antigen (HLA) molecule such as HLA-B57,
HLA-B27 and HLA-B13 have been associated with better prognosis in HIV-1 infected individuals

(51-53).



Acute infection is accompanied by high levels of HIV-1 RNA in the plasma that peaks in
the first few weeks of infection. During this time, there is a profound loss of CCR5+ CD4+ memory
T cells in the gut (41, 54). Additionally, there is some evidence of preferential depletion of HIV-
1-specific memory CD4+ T cells systemically (55). Loss of helper CD4+ T cells impairs other
essential arms of the immune system resulting in disruption of CD8+ T cells and antibody
production. High-level viremia typically diminishes to a set point within weeks to months of
infection (56, 57). Cytotoxic CD8+ T cells aid in the establishment of this early control as detailed
below, and the decline of VRNA copies is typically negatively correlated to HIV-1-specific CD8+
T cell counts. HIV-1-infected individuals can remain asymptomatic for years during this chronic
phase, but despite lacking symptoms, most infected individuals will continue to experience CD4+
T cell depletion from circulation and lymph nodes throughout chronic infection resulting in AIDS

(58).

Th17 cells secrete cytokines, such as IL-21, that are critical to intestinal barrier
maintenance and prevention of microbial translocation. However, these cells are preferentially
depleted during early infection, leading to disruption of the mucosal barrier, dysregulation of the
microbiome, and microbial translocation into systemic circulation (59). Bacteroides, important for
maintenance of the mucosal anti-inflammatory state through IL-10 induction, are depleted and
replaced by pathogenic species such as Prevotella, inducers of immune activation, and mucosal
adherent Proteobacteria, associated with microbial translocation (60-63). Symbiotic bacteria in a
healthy gastrointestinal tract (GI) ferment dietary fibers to produce short-chain fatty acids (SCFA),

such as butyrate, essential for epithelial barrier maintenance and mucosal immunity (64-66).



Infection alters production of these SCFAs and is associated with dysfunctional immunity. These
gut microbiota changes are evident within the first weeks of HIV-1 infection, are not corrected

during ART, and are thought to drive disease progression to AIDS (60, 67-71).

The antiviral immune system exerts strong selective pressure on the virus during HIV-1
infection resulting in escape mutants, which are variants of the virus no longer detectable by the
infected individuals CD8+ T cells and antibodies (72-74). Viral escape mutants can be detected as
early as 30 days post infection (75). Eventually, viral escape leads to a rapid decline in CD4+ T
cell count and progression of AIDS, clinically defined as a CD4+ T cell count of less than 200
cells per uL of blood (76). At this point, the patient’s adaptive immune system is no longer capable
of mounting an immune response and the individual becomes susceptible to opportunistic
infections. Some of the most common opportunistic infections include pneumonia caused by P.

jirovecii, Kaposi’s sarcoma, and cytomegalovirus retinitis (77).

The Immune Response to HIV-1

Acute HIV-1 infection is often associated with fever, sore throat, lymphadenopathy, and
rash (78-80). These symptoms, although severe, are nonspecific, short-lived, and self-limiting.
Even in individuals that seek medical attention, they are often attributed to nonspecific viral
infection and HIV-1-testing is not performed (80). HIV-1-specific cytotoxic CD8+ T cells
typically develop early in infection and are critical in the establishment of early viral control and

reduction in plasma viremia (56, 81). CD8+ T cells also secrete chemokines such as CCL5, CCL3,



and CCL4 that bind to CCRS5 and inhibit viral spread. In HIV-1 infected individuals that do not
progress to AIDS, termed nonprogressors, HIV-specific CD8+ T cells remain highly functional
longer in infection than HIV-1+ individuals that do progress to AIDS further implicating these

cells in viral control (82).

HIV-1-specific antibodies are generated early in infection and are detectable within 6 to 9
weeks after infection but, like CD8+ T cells, are also not able to completely clear infection (83).
Both neutralizing and non-neutralizing anti-HIV-1 antibodies are generated throughout the course
of infection. Although non-neutralizing antibodies are not effective in blocking transmission of
virus to susceptible cells, they do assist in an Fc-dependent antiviral effector functions such as
antibody dependent cellular cytotoxicity (ADCC) that may be critical in control (84). Surprisingly,
in the only prophylactic vaccine trial to show any efficacy, the RVV144 Thai trial, non-neutralizing

antibodies capable of mediating ADCC were shown to be correlated with protection (85).

In a rare subset of HIV-1 infected individuals develop broadly neutralizing antibodies
(bnAbs) capable of neutralizing the HIV-1 Env spike of multiple viral strains (86). Generation of
these bnAbs typically occurs during chronic infection and requires extensive somatic
hypermutation (SHM) (86). Development of bnAbs has been correlated to early CD4+ T cell lost,
high early viral load, and reduced presence of circulating regulatory CD4+ T cells (Tregs) (84).
The most well-characterized target sights are the CD4-binding site, the glycan-associated epitopes

at the base of the V3 loop, the V1/V2 trimer apex, and the membrane proximal external region
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(MPER) on gp41 (87). Several bnAbs have been isolated and characterized to be used in clinical

trials for HIV-1 prevention and treatment (88).

Finally, humans have several restriction factors that inhibit the HIV-1 viral life cycle. These
include APOBEC, TRIMb5aq, and tetherin (89). APOBEC is a cytidine deaminase that catalyzes
the conversion of deoxycytidine to deoxyuridine in reverse-transcribed viral cDNA (90). TRIM5a.
targets viral nucleocapsids to prevent uncoating and release of viral RNA into new target cells
(91). Tetherin inhibits budding of new virions from the plasma membrane of infected host cells

and can be overcome by the viral protein Vpu (92).

As has been reported with other chronic infections, HIV-1 leads to cellular immune
exhaustion (93). The HIV-1-specific CD4+ T cell response is severely impaired during chronic
infection (94). Additionally, during chronic infection, CD8+ T cells become functionally impaired
resulting in less effective killing of HIV-1-infected cells. Expression of so called “exhaustion
markers” such the co-inhibitory receptor PD-1 are upregulated on HIV-1-specific CD8+ T cells.
The use of immune checkpoint blockade (ICI) antibodies to restore CD8+ T cell function have

been extensively tested in humans living with HIV-1 and animal models (95-97).

Non-human Primate Models
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SIVcpz, the ancestor of HIV-1, is endemic in wild chimpanzees (P. troglodytes). During
the search for an HIV-1 animal model, much early research focused on experimental infection of
chimpanzees. SIVcpz transmission rates and mode of transmission are similar to what is observed
in HIV-1, but disease occurrence is rare in the natural host limiting its potential as a true model for
HIV-1 (98-101). Sooty mangabeys (SM, C. atys) are the natural host of SIVsm, the of HIV-2, and
also experience a non-pathogenic version of infection. SM maintain high CD4+ T cell counts
despite persistent viremia and do not progress to AIDS (102). SMs have lower levels of CCR5
expression on their CD4+ T cells, most pronounced in the central memory compartment (103),
and genome-wide comparative analyses of transcript assemblies of several immune-related SM
genes revealed substantial sequence divergence in hosts that do progress to AIDS (104). Further
understanding these virologic or immunological differences in the natural host that account for the

lack of disease progression could provide insight into HIV-1 cure strategies.

SIV infections of asian macaques, rhesus (M. mulatta) (RM), pigtailed (M. nemestrina),
and cynomolgus (M. fascicaluris), have become the most used and widely accepted animal models
for HIV-1 infection (105, 106). RM are readily infected with many variants of SIV, experience
progressive CD4+ T cell depletion, and progress to AIDS. Our group and several others have
successfully demonstrated consistent suppression of viremia below detectable limits in SIV-
infected ART-treated RM with viral dynamics that recapitulate what is seen in HIV-1 infected
individuals treated with ART (107-111). Chimeric viral constructs consisting of the HIV-1 env
gene spliced into an SIV backbone have generated simian-human immunodeficiency viruses

(SHIVs) that allow testing of HIV-1 Env-based vaccines or antibodies in the NHP setting, further
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expanding the potential of this model (112-114). More recently, a barcoded virus, SIVmac239M,
has been generated containing a 34-base genetic barcode insert between the vpx and vpr accessory
genes of the well-characterized molecular clone SIVmac239 (115). The virus stock includes
approximately 10,000 individual barcoded viral variants that can be used to infect RM and track
viral variants throughout infection, therapeutic intervention, and analytical treatment interruption

(ATI).

The RM model of HIV-1/AIDS provides powerful experimental advantages. The timing,
concentration, and infection route can all be controlled during viral challenge. Animals can be
infected with a well characterized SIV stock, as described above. ART initiation and adherence
can be tightly regulated, and analytical treatment interruption (ATI) can be performed in the NHP
without the ethical concerns involved in a human clinical trial. Novel therapeutic interventions can
be tested for safety and efficacy in a relevant pre-clinical setting. Additionally, the reservoir can

be analyzed to a depth not possible in humans through elective necropsy.

Antiretroviral Therapy

HIV-1 targets the immune system’s CD4+ T cells and disseminates throughout the body
early in acute infection (116, 117). Adherence to daily administration of ART can sustain HIV-1
suppression, prevent new transmission events, and result in survival rates similar to uninfected
individuals. Antiviral drugs have been designed to target all nearly stages of the viral life cycle

preventing spread of infection to uninfected cells (Fig 1). The three primary targets for drug
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intervention are the viral proteins reverse transcriptase, integrase, and protease (118). Nucleoside
analogs (nucleoside reverse transcriptase inhibitors, NRTIs), such as Tenofovir (TDF) or the more
recent tenofovir alafenamide fumerate (TAF) and non-nucleoside analogs (non-nucleoside reverse
transcriptase inhibitors, NNRTIs), such as Efavirenz, are used to inhibit reverse transcriptase and
prevent synthesis of provirus. Integrase inhibitors (integrase strand transfer inhibitors, InSTI) such
as Dolutegravir (DTG) prevent integration of HIV-1 DNA into the host cell genome (119, 120).
Protease inhibitors (PIs) prevents late-stage processing of budding viral particles and are generally
typically only used in second- or third-line regimens. Some newer classes of anti-HIV-1
medication target inhibition of viral attachment and entry by blocking CCR5 co-receptor binding

or other mechanisms (121).

The first anti-HIV-1 drug licensed in the United States in 1987, zidovudine (AZT), is a
NRTI (122). It is no longer used in resource rich settings due to several associated complications
but is still used as a second-line regimen in resource limited countries. The introduction of highly
active antiretroviral therapy (HAART) dramatically altered patient outcomes reducing morbidity
and mortality in HIV-1 infected individuals. New transmissions have continued to decline since
their peak in 1997 largely due to the implementation of these regimens (123). Treatment with
antiviral drug cocktails leads to a rapid decline in viremia resulting in plasma HIV-1 RNA at or
below the limit of detection by standard assays. During ART suppression, CD4+ T cells are
partially reconstituted, but not to pre-infection levels. Currently, it is recommended that all HIV-1
infected adults with detectable viral loads begin ART regardless of CD4+ T cell count with the

standard initial regimen of 2 NRTIs and one integrase strand transfer inhibitor (InSTI) (124). The
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development of long-acting drug delivery strategies would be of great benefit, especially to HIV-
1-infected individuals living in resource limited countries. Strategies in development include long-
acting slow effective release (LASER) ART, implants, microbicides, and transdermal therapies
(125). In recent years, daily TDF and a second NRT]I, emtricitabine (ETC), have been implemented
as a pre-exposure prophylaxis (PrEP) to prevent HIV-1 infection in high-risk individuals. This
regimen has been associated with reductions in the frequency of HIV-1 infection in participants

with good adherence by up to 92% (126).

Although ART has dramatically reduced AIDS-related deaths and improved the quality of
life in HIV-1-infected individuals, long-term therapy is associated with persistent inflammation
and comorbidities. The most common toxicities associated with ART are hematological
dysfunction, mitochondrial dysfunction, and metabolic abnormalities (127). Other major barriers
to universal ART include drug cost and availability, this is especially a concern in resource limited
countries where the majority of HIV-1-infected individuals reside. Even in high-resource areas,
there is stigmatization associated with HIV-1 that leads many individuals to resist HIV-1 testing
and delay ART. Poor adherence to drugs can lead to the emergence of ART-resistant viral variants
that require second and even third-line regimens which may be associated with higher toxicity and

adverse effects.

The Viral Reservoir
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A unique feature of the HIV-1 virus is its ability to establish a state of latency in which
integrated provirus shuts down active transcription, enabling the virus to go undetected by the host
immune system for extended periods of time. The reservoir is primarily composed of resting CD4+
memory T cells that reside in lymphoid tissue (117, 128), but myeloid derived cells and naive
CD4+ T cells have also been implicated as components of the viral reservoir (128-132). The stable
latent reservoir is established early in acute infection (116, 117, 133). NHP studies using SIV
infection? indicate that this reservoir is established as early as 3 days after infection (111), but the
majority of the persistent reservoir during ART is formed immediately prior to initiation of therapy
(134-136). The viral reservoir forms the major barrier to HIVV-1 cure as it serves as the source of

viral rebound after treatment failure or interruption.

The SIV-infected RM model has allowed extensive evaluation of the anatomical
distribution of the latent viral reservoir. Viral DNA and RNA levels in SIV- or SHIV-infected,
ART-treated RM are highest in lymphoid tissues including the spleen, lymph nodes, and Gl tract
(137-139). The central nervous system has also been implicated as a site of viral persistence in
SIV-infected RM model potentially due to poor ART penetrance (140). Quiescent, infected cells
are able to escape immune surveillance and therefore persist even in the setting of long-term ART.
Much work has been put into identifying phenotypic markers to identify the infected cells that
constitute the reservoir. Identification of such markers would provide insight into targeted
strategies to therapeutically reduce the reservoir, but thus far no true marker of the reservoir has

been identified (141-144).
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The mechanism behind the establishment and maintenance of the latent viral reservoir is
an active area of investigation. Through recent advances in experimental methodologies, it has
become clear that multiple factors contribute to the maintenance of the reservoir (144).
Homeostatic proliferation is a large contributor to maintenance of the reservoir as a large portion
of replication competent and defective provirus appears to be clonal (145-147). Some argue that
low levels of viral replication continue within sanctuary sites, such as lymphatic tissue and the
CNS, due to poor drug penetrance to these areas (148, 149). Such replication would result in
continued viral evolution during ART but evidence for this phenomenon is mixed (150).
Additionally, microbial leakage, a major driver of the immune activation that persists throughout
ART, is associated with virus persistence, potentially replenishing the viral reservoir through

CDA4+ T cell activation and proliferation (68-71, 151, 152).

Resting memory CD4+ T cells that comprise the majority of the latent reservoir are
estimated to have a mean half-life of around 44 months (117). Therefore, complete clearance of
the reservoir would require over 70 years of adherence to ART. As such, ART alone cannot cure
HIV-1 and infected individuals must remain on daily ART indefinitely to prevent progression to
AIDS. Alternative strategies to eliminate the viral reservoir and provide a cure continues to remain

as major research priorities in the HIV-1 field.

Strategies for HIV-1 Cure
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Due to the complexity of the viral reservoir, complete elimination of the virus, or a
sterilizing cure, appears difficult if not impossible. A more feasible HIV-1 cure may be obtained
through reducing the reservoir enough to allow long-term remission in the absence of daily ART,
referred to as a functional cure. With a functional cure, although small numbers of virally infected
cells persist in the body, an individual is still able to cease ART without symptoms, transmitting
the disease, or progression to AIDS. In a rare subset of HIV-1-infected individuals, patients
naturally control viral infection leading to undetectable viral loads without ART (153). These elite
controllers maintain normal CD4+ T cell counts and do not progress to AIDS demonstrating the

possibility of functional cure.

In one famous case, referred to as the Berlin patient, Timothy Ray Brown, an HIV-
1-infected individual, underwent hematopoietic stem-cell transplantation for leukemia treatment
from a stem-cell donor homozygous for CCR5A32 mutation (154). This genetic mutation makes
the HIV-1 coreceptor CCR5 defective and protects the individual from infection by R5-tropic HIV-
1, as described above. After immune reconstitution, CD4+ T cell counts rebounded, and the patient
remained free from viremia for the remainder of his life, thirteen years, following ART cessation.
A second patient, referred to as the London patient, underwent the same treatment strategy and has
remained aviremic in the absence of ART for 30 months as of May 2020 (155). While this is not
a feasible intervention strategy globally due to the risk associated with stem-cell transplant and
scarcity of HLA-matched CCR5A32 donors, the outcome does validate the possibility of
functional HIV-1 cure. In vivo, ablation of CCR5 hematopoietic stem cells (HSCs) through

clustered regulatory interspaced short palindromic repeats (CRISPR) and CRISPR-associated
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protein 9 nuclease (Cas9) technology confers resistance to HIV-1 infection potentially making

similar cure strategies targeting this genetic advantage more feasible (156).

Administration of ART early in infection is linked to a reduction in the size of the viral
reservoir, as described above, and can rescue CD4+ T cell function (157). Early ART also helps
to prevent the development of viral escape mutants. Protection is strongest when ART is initiated
in the first few weeks post-infection, but the beneficial effects of early ART have been observed
up to 6 months post-infection (158-161). Initiation of early ART has demonstrated mixed results
in the prevention or delay of viral rebound SIV-infected NHPs (111, 162, 163). In clinical trials,
administration of ART in early infection has resulted in better viral control following ATI, but is
not curative (164-167). Additionally, the narrow window for early ART administration is often

missed due to the lack of distinct symptoms during acute infection and late diagnosis.

A therapeutic vaccine in HIV-1-infected patients could help the individual to overcome
immune dysregulation associated with HIV-1 and enhance the anti-HIV-1 immune response
allowing control of replication in the absence of ART. Many recent NHP therapeutic vaccination
studies have shown significant success. Therapeutic vaccination aimed at generating a broad
antibody response has had limited success. As discussed above, generation of bnAbs in adults
requires extensive SHM, which is difficult if not impossible to induce through vaccination. In HIV-
1-infected patients that initiate ART after the acute infection phase, the majority of the viral
reservoir is dominated by CTL escape mutants that are no longer recognized by the host immune

system so a vaccine aimed to reshape the CD8+ T response towards more effective epitopes such
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as the well conserved gag and pol genes could help to effectively eliminate virally infected cells
(168). NHP studies utilizing recombinant adenovirus serotype 26 (Ad26) prime, modified vaccinia
Ankara (MVA) boost therapeutic vaccination in combination with TLR7 stimulation resulted in
decreased levels of viral DNA and delayed viral rebound positively correlated to breadth of the

cellular immune responses (169).

Immune checkpoint blockade to restore functionally “exhausted” CD8+ T cells, such as
the therapeutic anti-PD-1 antibody Keytruda, has shown much success in cancer immunotherapy
(170). In the animal model, therapeutic strategies aimed at restoring functionally exhausted CD8+
T cells have enhanced T-cell immunity during chronic SIV infection (171). Other investigators
have focused on adoptive T cell transfer in which an HIV-1-infected patient’s CD8+ T cells are
activated and expanded ex vivo then reintroduced to the patient. Passive administration of bnAb
cocktails in patients that have not generated a bnAb anti-HIV-1 response may also provide a quick,
efficient way to provide this boost the immune system (172-175) and this strategy has been

investigated in numerous clinical trials.

Since the major barrier to HIV-1 cure is the persistence of the invisible, latent reservoir,
one research strategy is to use small molecules, termed latency reversing agents (LRAS), to
reactivate latent provirus. Reactivation of virally infected cells while the patient remains on ART
could allow the host immune system to detect and eliminate these cells without risk of productive
infection in new susceptible cells. First generation LRASs included protein kinase C (PKC)

agonists, histone deacetylase inhibitors (HDACI), and proteasome inhibitors (176). While no LRA
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to date has shown strong viral reactivation in ART-suppressed, HIV-1-infected individuals, the
majority of completed clinical trials were done with early identified LRAs (177). Clinical trials
with the toll-like receptor (TLR)-7 agonist GS-9620 (Vesatolimod) are underway, but Phase 1b
results indicate that treatment with GS-9620 does not impact on ART viremia compared to placebo

treated individuals (178).

Additional LRAs have been tested in the RM model that have not yet moved to clinical
trials. ICls, described above as an intervention to improve CD8+ T cell exhaustion, may also play
arole in reactivating the viral reservoir as they can bind to cell surface markers on latently infected
CD4* T cells, preventing the inhibitory signals and ultimately triggering viral transcription (179).
The potential of ICIs as LRAs was demonstrated in vivo through the RM model (180). Mimetics
of the second mitochondrial-derived activator of caspases (SMACmMm) activate the noncanonical
NF-kB pathway, representing a potentially selective approach to activate the viral reservoir in SIV-
infected, ART-treated RM (181). As stated above, CD8+ T cells are critical for immune mediated
control of HIV-1. Depletion of CD8+ T cells through CD8« or CD8p depleting antibodies results
in on-ART viremia in ART-suppressed RM (108, 182, 183). While CD8+ T cell depletion may
not move forward in human clinical trials, future studies both in vivo with NHPs and ex vivo may
provide insight into the mechanisms of latency that will allow future development of targeted
LRAs. Recent NHP studies have shown that latency reversal can be augmented further when

multiple LRAs are used in combination (184, 185).
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Realistically, an effective cure strategy will probably require combination of the many
strategies described here. Due to the diversity of HIV-1, cure may require distinct strategies for
different individuals. One example of a combinatorial strategy is the “shock and kill” method in
which an LRA, the “shock”, is combined with an intervention, such as therapeutic vaccination in
combination with LRA administration, aimed at boosting the immune system, the “kill”. Other
examples include early ART plus bnAbs or therapeutic vaccination plus checkpoint blockade (186,

187).

Pediatric HIV-1

Mother-to-Child Transmission

Pediatric AIDS was first described in 1982, shortly after the first adult cases were reported
(188). Of the estimated 37.5 million people currently living with HIV-1 as of 2020, 1.7 million of
those individuals are children (189). While heterosexual transmission is the major transmission
mode in adults, the majority of pediatric infections occur through mother-to-child transmission
(MTCT). Risk of MTCT transmission is influenced by geography, maternal viral load, co-infection
with other sexually transmitted infections, delivery mode, and breast-feeding (190). In the absence
of ART, the risk of vertical transmission ranges from around 15% to 45%; however, ART is very
effective at reducing transmission and in resource rich countries MTCT is highly preventable.

Demographically, over 80% of new pediatric infections occur in Sub-Saharan Africa (191).



22

Transmission can occur during fetal development in uteru, during the peripartum phase of
pregnancy and delivery, or post-partum through breast milk transmission (190). Prior to
preventative interventions, transmission rates ranged from 15% to 25% and 25% to 45% in mothers
that formula-fed and breast-fed, respectively (192). Interestingly, while breastfeeding increases the
risk of transmission, infants that receive mixed feeding of both breast milk and formula are over

two-times more likely to become infected than infants that are strictly formula fed (193, 194).

Maternal viral load is the strongest correlate of protection. This was first supported by the
076 trial which showed that administration of zidovudine (AZT) during pregnancy, delivery, and
to the newborn for the first 6 months of life reduced transmission by nearly 70% in HIV-1 infected
women who did not breast-feed (195). Subsequent studies have indicated that transmission is
reduced even further with triple-drug regimens (196). The “Option B+” program has become the
standard of care and recommends that all HIV-1-infected pregnant women begin ART at the time
of diagnosis and remain on ART for the duration of their lifetime (197). In resource rich countries,
such as the United States, transmission rates are below 1%, demonstrating that MTCT is highly
preventable (198). As of 2020, 95% and 56% of pregnant women with known HIV-1 infection in
eastern/southern and western Africa, respectively, reportedly had access to daily ART (199). These
increased efforts to prevent mother-to-child transmission of HIV-1 have dramatically reduced in
utero and intrapartum infections. Presently over half of new infections occur postnatally through

breast milk (200).



23

The uniqueness of the in utero transmission window allows for rapid detection and
treatment of newly infected infants, since children born to HIV-1 positive women can be screened
at birth, before release from the hospital. Such early detection is not generally feasible in adult
transmissions. Infants that are HIV-1 positive at birth via rapid point-of-care testing can begin
ART within the first few hours of life (201). Infections arising from intra- or post-partum
transmission will not be detected at the time of birth so follow-up care and repeated testing are
required to monitor these transmission modes. In these instances, early ART initiation is not as

practical.

The World Health Organization (WHO) recommends that infants exposed to HIV-1
undergo virological testing at birth and again at 4-6 weeks of age, with a final serological test
around 9 months of age (202). As of 2017, 63% of HIV-1 exposed infants in eastern and southern
African countries received testing by 8 weeks of age. However, countries in western African lag,
with only 21% of HIV-1-exposed infants tested by the same age. This highlights a considerable
gap in the implementation of this policy (199, 203, 204). In resource limited settings, early
diagnosis of infants can be challenging due to factors such as limited training of health workers,
unreliable transportation to often distant regional laboratories, and poor follow-up from the infant’s
caregivers. While the WHO recommendations state that positive test results should be delivered

within 4 weeks, turnaround time in Zambia, for instance, averages 6.2 weeks (202, 205-207).

Inthe MTCT pair, the infant may be disadvantaged in that the transmitted virus has already

adapted to evade a genetically similar immune system. Anti-HIV-1 antibodies and T cells
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transferred to the child either in uteru or through the breastmilk have pre-adapted to the transmitted
virus and are ineffective. Additionally, because of shared HLA alleles, the transmitted virus may
be preadapted to CD8+ T cell epitopes restricted by HLA alleles inherited from their mother,
further complicating pediatric HIV-1 infection (208, 209). HIV-1 susceptible CCR5+CD4+ T cells
are nearly absent in the blood and lymph nodes of infants, but previous studies have identified an
abundant population of memory CD4+CCR5+ T cells in the Gl tract mucosa of neonatal RM that
serve as the primary target cells for MTCT (210-212). As such, these cells are rapidly depleted

during acute infection (210).

The Pediatric Immune Response

HIV-1 infected infants experience more rapid disease progression as compared to infected
adults, but the mechanisms behind this difference are unclear. While the median survival for ART-
naive HIV-1-positive adults is 11 years, over 50% of HIV-1-infected children die before the age
of two without ART treatment (58). Infected infants experience rapid rates of viral production and
CDA4+ T cell turnover, higher peak viremia, a slower decline to set point, which is generally 1 log

higher than in HIV-1 infected adults (190).

To survive to term, the developing fetus must avoid generating an inflammatory response
to the many foreign maternal antigens to which it is exposed during development, resulting in a
predominantly tolerogenic immune system at birth (213). This tolerogenic environment is

facilitated by high levels of anti-inflammatory cytokines such as TGFp and IL-10 (214). TGFp
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directs naive CD4+ T cell to differentiate into regulatory T cells (Tregs) resulting in 15% of fetal
blood T cells compared to 5% of adult blood T cells. Thes Tregs are long-lived and have been
detected in children up to 17 years old (214, 215). Many of these regulatory cells reside in intestinal
tissue and are critical for mucosal immune homeostasis. Studies in neonatal RM have indicated
that Tregs are rapidly depleted during acute SIV infection, which may contribute to intestinal
disorders and disease progression (216). In addition to higher levels of Tregs, the CD4+ effector
cells of HIV-infected infants are predominantly of the Th17 and Th2 phenotype (217, 218). As
discussed above, Thl7 cells are critical to maintaining the integrity of the intestinal mucosal
barrier, so loss of Th17 cells during pediatric infection may have an exaggerated impact on

pediatric disease progression.

HIV-1 also alters normal innate immune development. Even in HIV-1-exposed, uninfected
(HEU) infants, myeloid cells are prone to a higher pro-inflammatory response following
stimulation (219). Monocyte turnover, a predictor for disease progression, is elevated in
uninfected, healthy infant RMs compared to adults. Turnover is further increased with SIV
infection and remains elevated throughout AIDS progression (220). These innate differences may
influence pediatric disease progression and help to explain the more rapid development of AIDS

observed in HIV-1 infected children.

HIV-1-specific CD8+ T cells that help to control viremia are detected at a much lower
frequency during acute infection in infants than what is observed in adults (221). CD8+ T cells in

HIV-1-infected infants fail to contain viral replication, resulting in a slower decline to viral set
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point. This occurs despite higher expression of activation surface markers, such as HLA-DR and
CD95, on infant CD8+ T cells, suggesting that cytolytic function is not impaired (222). Defects in
memory B cells have also been reported in HIV-1 infected children. In neonatal RM, SIV infection
severely impairs germinal center formation (223). Germinal center follicular T helper cells (Tfh)
are reduced throughout infection and correspond to high viremia. In HIV-1-infected infants with
high viremia, reduced percentages of memory B cells have also been correlated with lower levels
of circulating Tfh (224). These findings likely contribute to ineffective antibody response seen in

children.

Despite impaired B cell responses, HIV-1 infected infants sometimes develop bnAbs
earlier in infection compared to adults (86, 225, 226). These bnAbs do not show evidence of high
SHM, which is common in bnAbs generated in adults as discussed above but target conserved
epitopes of the HIV-1 Env trimer. How infants develop these bnAbs is unclear but understanding
this mechanism may provide a template to elicit bnAbs in a vaccine setting without the requirement

for a long-term maturation pathway and somatic hypermutation.

Antiretroviral Therapy and the Viral Reservoir in Children

The WHO recommendations state that all infants and children under two years of age with
confirmed HIV-1 infection begin ART immediately at the time of diagnosis irrespective of CD4+
T cell counts (202). Despite this recommendation, HIV-1-infected children are one third less likely

to receive ART than infected adults (204). Reasons for this include fewer drugs available for use
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by children, higher treatment cost, and dependence on a caregiver to provide ART (203). Side
effects related to ART may contribute to morbidities such as cardiovascular disease and
osteoporosis. Although ART dramatically improves patient outcomes, quality of life may not be
equal to that of uninfected peers. These adverse manifestations may be amplified in children who
must adhere to ART throughout critical developmental windows and the effect of cumulative life-

long ART (227).

While the latent reservoir has been well-characterized in HIV-1 infected adults, less is
known about its cellular and anatomical distribution in HIV-1-infected children. Resting memory
CD4+ T cells, the primary latent cell in adult infection, are present at much lower frequencies in
children. Our lab recently reported that replication competent SIV/SHIV DNA from naive CD4+
T cells significantly contributes to the viral reservoir in orally infected, ART-suppressed infant
RM. This finding suggests a previously unrecognized naive CD4+ T cell reservoir in infants that
could contribute to described differences between children and adults (114, 149). Adult elite
controllers who maintain normal CD4+ T cell counts and successfully suppress viremia in the
absence of ART have a strong HIV-1-specific cytotoxic CD8+ T cell response linked to protective
MHC class | polymorphisms such as HLA-B27 (228-230). In contrast, ART-naive non-
progressing HIV-1 infected children maintain normal CD4+ T cell counts and low immune
activation despite detectable viremia (231). The mechanisms behind control in these children is
unclear, but the phenotype observed in elite controlling children resembles what is observed in

natural SIV infection such as in the SM (232).
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There have been several unique pediatric cases that have inspired hope in the field of cure
research, such as the Mississippi baby. This child, born to an HIV-1-infected mother, had
detectable viremia at birth and was immediately prescribed ART. When ART was discontinued
after 18 months due to loss of follow-up, the child maintained undetectable viral loads for over 2
years (233). Although the virus did eventually rebound and this child had to resume daily ART,
the length of time that the child remained off therapy without rebound was significant. Due to the
success observed with the Mississippi baby, early ART has been a major focus of clinical trials;

however, early ART alone does not appear to guarantee successfully control of viremia (234-236).

While multiple intervention strategies have been tested in HIV-1-infected adults, fewer
studies have included HIV-1-infected children besides the very early ART administration as
described above. There have been only ten clinical trials focused on reducing the HIV-1 reservoir
in the pediatric population compared to over eighty clinical trials in adults (237). Lack of safety
and efficacy information in a pediatric population has been a large roadblock in the advancement
of pediatric treatment, and the use of a relevant animal model can provide insight and help to
advance more therapeutics to this critical population. Previous work using the SIV-infected RM
as a model for pediatric HIV-1 infection has established rapid dissemination of virus following
oral challenge, leading to dramatic CD4+ T cell depletion as is seen in HIV-1-infected children
(211, 216, 238, 239). The infant RM model has also been used previously to test prophylactic

vaccination efficacy (240, 241).
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Recently, the Chahroudi lab has established a model of oral SIV infection in the infant RM
that effectively simulates postnatal HIV-1 infection through breastfeeding with ART-mediated
suppression of viremia (149). In this model, infants were infected with SIVmac251 for 5 weeks
before initiating a preformulated ART cocktail. A decline in plasma viral loads to undetectable
levels simulated the viremia pattern found in perinatally-infected infants following ART initiation
and plasma viral loads remained suppressed on this regimen until animals were euthanized for
comprehensive assessment of cellular and anatomic reservoirs (242). This model demonstrated
that ART can be safely administered to infant RM for prolonged periods of time, efficiently
controls viral replication, and provides an opportunity to test important hypotheses regarding viral

reservoirs, infant immunity, and novel remission strategies in the pediatric setting.

Chapter 1 Summary

Since its discovery, HIV-1 has infected over 77 million individuals and led to around 35.4
million deaths (4). While the advent of ART has dramatically improved the lives of infected
individuals, it is by no means a cure due to its inability to clear the viral reservoir. With the
exception of rare cases, such as the Berlin and London patients detailed above, interruption of
ART results in reactivation of the reservoir leading to rapid viral rebound and resumed disease
progression. As such, infected individuals must rely on lifelong adherence to prevent AIDS.
Intervention strategies that reduce or eliminate the viral reservoir could reduce the international
burden of ART and provide viable therapeutic strategies in resource poor countries where the

majority of infected individuals reside.
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Although children represent almost 2 million of those infected with HIVV-1 globally, they
have been historically neglected in terms of research and clinical trials. Understanding HIV-1
infection in the unique environment of the developing pediatric immune system is of critical
importance. Much of what is understood about pediatric infection stems from studies with low
sample sizes resulting in many conflicting reports and inconsistencies. There are many gaps in our
knowledge especially regarding the source of the pediatric reservoir, cause of accelerated disease
progression, and safety and efficacy of potential therapeutic interventions that have only been
tested in the adult setting. It is important to expand our knowledge of the virus in the pediatric

setting and the NHP SIVV/AIDS model provides a valuable resource to explore these questions.

In this dissertation, we provide novel insight into potential clinical interventions to reduce the viral
reservoir and promote viral remission using a model of oral post-natal SIV infection and ART
suppression in infant RM. We demonstrate that the use of oral GS-986 is safe and efficacious
(Chapter Two), evaluate the immunological and virologic effect of a therapeutic Ad48 prime,
MV A boost vaccination with oral TLR-7 stimulation by GS-986 (Chapter Three), and evaluate the
impact of the LRA AZD5582, a mimetic of the second mitochondrial-derived activator of caspases
(SMACmMm), (Chapter Four) in SIVmac251-infected, ART-treated infant rhesus macaques. The
findings described in this dissertation illustrate advances into therapeutic interventions against

pediatric HIV-1 and will inform future pediatric clinical trials.
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Chapter 1 Figures
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Fig. 1.1. HIV-1 viral life cycle and opportunity for ART Intervention. Stages of the HIV-1
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Abstract

The major obstacle to HIV/AIDS cure is the presence of a reservoir of latently infected
cells that persists even under ART treatment. There is some evidence that a toll-like receptor 7
(TLR-7) agonist may reverse viral latency and alone or with use of a therapeutic CD8-inducing
vaccine may facilitate reduction of the viral reservoir, but the use of a TLR-7 agonist has not yet
been evaluated in a pediatric setting. Here, we sought to evaluate the tolerability and
pharmacodynamic responses to this potential therapeutic in a pediatric setting using our infant
rhesus macaque model of postnatal oral SIV-infection and ART-suppression. For this study, two
dose levels of an orally delivered TLR-7 agonist (GS-986) were administered to SIV-infected
ART-suppressed 7-month old rhesus macaques (RMs). RMs received 0.1 mg/kg GS-986 via oral
gavage (0.g.) and a second dose of 0.3 mg/kg (0.g.) following 4 weeks of rest. Blood was collected
prior to administration, 24 hours, and 1-week post administration to monitor complete blood count
(CBC), serum chemistry, plasma viral loads, plasma cytokine concentrations, and immune cell
activation. GS-986 was well tolerated at both administered doses with no adverse clinical
observations and normal CBC and chemistry at 24 h and 7 d post administration. Both RMs
maintained undetectable viremia following administration. Concentrations of plasma cytokines
and chemokines such as IFN-y, IL-1RA, IL-6, IP-10, and I-TAC were elevated in the plasma at
24 h post-administration and returned to pre-dosing levels by 7 d post-administration. Increases in
monocytes (CD3°'CD4™ CD14* CD16%) and circulating (CD169%) macrophages was observed 24
h following GS-986 administration with a return to baseline by day 7. Collectively, these findings
demonstrate that oral administration of GS-986 is tolerated in infant RMs, with induction of

expected immune parameters.



34

Author Summary

Antiretroviral therapy has improved HIV-1 disease outcome and reduced transmission, but
on its own is not curative as it does not eliminate the persistent latent reservoir. Interventions to
induce HIV-1 remission in the absence of ART would be highly beneficial to the 1.7 million
children living with HIV-1 globally. Here, we used our previously established model of oral SIV
infection and ART suppression of viremia in infant rhesus macaques to evaluate the safety and
efficacy of the oral TLR-7 stimulant, GS-986 at two dose concentrations. Our study demonstrates
that oral GS-986 is safe and induces a dose-dependent pharmacodynamic response, measured
through monocyte activation and elevation of plasma cytokines and chemokines, at both dose
concentrations evaluated. The efficacy of TLR-7 stimulants as a latency reversing agent has shown
conflicting results. In this study, we did not observe on-ART plasma viremia above the limit of
detection following either dose concentration of GS-986; however, transient on-ART viremia has
only previously been reported following at least 4 consecutive doses. These results are the first to
demonstrate that oral TLR-7 stimulation is safe and induces a proinflammatory immune response
in a pediatric nonhuman primate setting, which could inform future preclinical and clinical HIV-1

cure trials.
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Introduction

Currently, 1.7 million children are living with HIV-1 including 160,000 new pediatric
infections annually (191). Increased understanding of transmission and interventions to prevent
mother-to-child-transmission (MTCT) has reduced in utero and intrapartum infections, and
presently over half of new vertical infections occur postnatally through breast milk (200). While
the advent of antiretroviral therapy (ART) has improved disease outcome and reduced mortality,
interruption leads to rapid viral rebound due to reactivation of the latent reservoir. Therefore, to
prevent disease progression and AIDS, HIV-1 infected children must follow lifelong adherence to
ART. Challenges exist, such as availability of ART formulations for children and side effects
related to long-term ART. Residual immune activation persists under ART and has been linked
with bone, cardiovascular, neurologic, and other complications. The discovery of therapeutics to
induce viral remission would help to relieve the lifelong burden of ART and could contribute to a

reduction in non-AIDS comorbidities.

While multiple cure strategies have been tested in HIV-infected adults, there has been less
emphasis on HIV-infected children. Only ten clinical trials focused on targeting HIV reservoirs
have been initiated in the pediatric population compared to over eighty in adults (237). Reluctance
to bring experimental therapeutics into this critical population is in part due to a lack of safety and
efficacy information. The use of a relevant animal model should help to reduce this apprehension.
Recently, our lab has established a model of oral SIV infection in the infant rhesus macaque that

effectively simulates postnatal HIV-1 infection through breastfeeding with ART-mediated
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suppression of viremia (149). This model provides an opportunity to test important hypotheses

regarding viral reservoirs, infant immunity, and remission strategies.

GS-9620 and its tool compound analog GS-986 are small molecule agonists of toll-like
receptor (TLR)-7 that activate plasmacytoid dendritic cells (pDCs) upon oral administration. TLR-
7 stimulation initiates the MyD88-dependent signaling pathway in pDCs that leads to activation
of transcription factors including NF-kB and interferon regulatory factors (IRFs) ultimately
leading to activation of the adaptive immune system through secretion of proinflammatory
cytokines and chemokines (Fig 2.1) (243, 244). Originally developed for treating hepatitis C
(HCV) and hepatitis B (HBV) virus, they have also been shown to be effective in the setting of
HIV-1. Whitney et al. first reported transient viremia following repeated administration of a TLR-
7 agonist that led to prolonged delay of viral rebound following removal of ART (245). Follow up
studies combining a TLR-7 agonist with a cure agent have not replicated on-ART viremia, but did
result in delayed viral rebound and lower rebound set point (169, 185, 246). Oral TLR-7 agonists

have yet to be tested in the pediatric setting.

For this study, we aimed to investigate the safety and pharmacodynamic effect of an oral
TLR-7 agonist, GS-986, in the pediatric setting of SIV infection and ART treatment. As a TLR-7
agonist had not yet been investigated in the pediatric setting, we performed a small dose escalation
(0.1 mg/kg and 0.3 mg/kg) in two durably ART-suppressed, SIV-infected 7-month infant rhesus
macaques. We demonstrate that GS-986 is safe in SIV-infected, ART-suppressed infant rhesus
macaques with no adverse clinical reactions and complete blood count (CBC) and serum chemistry

remaining in normal parameters throughout the intervention. Additionally, we show that TLR-7
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stimulation induces the expected pharmacodynamic response in a transient, dose-dependent
manner with activated monocytes and elevated plasma cytokines and chemokines observed in the
blood at 24-hours post dose and return to baseline at the next measured time point (2 weeks post-
dose). These results are the first to show safety and immunostimulatory potential of an oral TLR-
7 stimulant in a pediatric setting and inform future pediatric preclinical and clinical HIV-1 cure

trials.
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Results

SIV infection and Dose Escalation Strategy

Two female Indian origin RMs were selected for this study. RMs were confirmed negative
for the Mamu-B*08 and -B*17 MHC class | alleles associated with natural control of SIV
replication. The time course of the experimental design and interventions used are shown in Fig
2.2. RMs were exposed to two consecutive doses of 10° 50% tissue culture infective doses
(TCIDs0) SIVmaces1 by oral administration at approximately 5 weeks of age (RYi19: 3.9 w; RFj19
5.4 w). As breastfeeding acquisition of HIV-1 is unlikely to be compatible with very early ART
initiation, here we started daily ART in all RMs at 4 weeks after SIV infection to approximate this
clinical scenario. The ART regimen consisted of two reverse transcriptase inhibitors (tenofovir
[TDF] at 5.1 mg/kg of body weight/day and emtricitabine [FTC] at 40 mg/kg/day) and one
integrase inhibitor (dolutegravir [DTG] at 2.5 mg/kg/day), co-formulated into a single dose
administered once daily by subcutaneous injection for 15 months (as indicated by gray shading in
Fig 3.1A). ART was effective at suppressing SIV RNA in plasma below the limit of detection
(LOD) of the assay (60 copies/ml) as both RM achieved durable viral suppression following 4 to

8 weeks of daily ART.

At 26 weeks post infection, animals were given one dose of the TLR-7 agonist GS-986 (0.1
mg/kg, 0.9.). Blood was collected pre-administration, 24 hours, and 1 week post-administration to

monitor safety parameters and measure the immunological response to GS-986. Following 4 weeks
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of rest, animals received a second dose of GS-986 (0.3 mg/kg, 0.9.) at 30 weeks post infection.

This experimental design is detailed in Fig. 2.2.

(S-986 is well tolerated in infant RMs

Oral GS-986 was well tolerated in the infant RMs at both administered doses. No adverse
clinical observations were reported. Both infants continued to gain weight throughout study time
frame (Fig 2.3A). Complete blood count (CBC) and serum chemistry were monitored at all time
points. CBC values indicate that white blood cells, hemoglobin, and platelet counts all remained
within expected parameters for the duration of the study (Fig. 2.3B). Additional, serum chemistry
showed normal kidney function, measured through blood urea nitrogen (BUN) and creatine, and
liver function, measured through alanine aminotransferase (ALT) and gamma-glutamyl transferase

(GGT) (Fig 2.3C).

Increase of plasma cytokines and chemokines is observed following oral GS-986

We next assessed the effect of oral GS-986 on plasma cytokines and chemokines using the
MSD U-Plex assay (Fig 2.4). GS-986 has been shown to induce activation of plasmacytoid
dendritic cells (pDCs) that then release cytokines and chemokines including IFN-y systemically to
recruited activated immune cells. Following the 0.1 mg/kg dose, an average of 2.5 log2 fold change
was observed in plasma IP-10, a proinflammatory chemokine found to activate various cell types
including Thl CD4* T cells, NK cells, and macrophages (247). Plasma concentrations of IP-10 at

this time point were 14,357 pg/ml for RYi19 and 6813 pg/ml for RFj19. Additionally, a 5.2 and
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4.3 log2 fold change in plasma IL-1RA and I-TAC, respectively. Both IFN-y and IFN-a2 were
detectable above the limit of detection at baseline but did not measurably increase following the

0.1 mg/kg dose of GS-986.

Induction of these pro-inflammatory cytokines and chemokines were even higher
following the 0.3 mg/kg dose with a 3.8, 6.7, and 4.3 log2 fold change observed for IP-10, IL-
1RA, and I-TAC, respectively. Plasma IFN-a2 increased by a 4.8 log2 fold change was observed
at 24 hours following the 0.3 mg/kg dose with concentration reaching an average of 284 pg/ml.
Although there was no increase in plasma IFN-y concentration following the 0.1 mg/kg dose, a
2.9 log2 fold change was observed at 24 hours following 0.3 mg/kg dosing with concentrations
reaching 395 pg/ml and 581 pg/ml in RYi19 and RFj19, respectively. Both IL-8 and IL-6 remained
below the limit of detection for the assay following the 0.1 mg/kg dose. In RYi19 only, low levels
of IL-8 were detected (47 pg/ml) at 24 hours following the 0.3 mg/kg dose. IL-6 was also detected
in low levels following the 0.3 mg/kg dose in both animals (mean = 101 pg/ml). We also measured
IL-1B, IL-2, and IL-10 which did not reach concentrations higher than the limit of detection for
the assay at any time point evaluated. These results indicate that the measurable plasma cytokine
and chemokine response to oral GS-986 is dose dependent with a stronger induction of

proinflammatory markers following the 0.3 mg/kg dose than the 0.1 mg/kg dose.

Immunological effect of Oral GS-986

To evaluate the immunological impact of oral GS-986 administration, flow cytometry was

performed on whole blood. CD169, or Siglec-1, is upregulated on monocytes and macrophages
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following TLR-7 stimulation or exposure to IFN-y produced by pDCs. This CD169 expression
then promotes monocytes to travel to the tissue, differentiate and induce adaptive immune
responses to pathogens (248). For analysis, monocytes were classified as Live CD3 CD4" CD14*
cells. A transient increase in nonclassical monocytes, distinguished by CD16, was observed within
the monocyte population at 24 hours post-GS-986 administration following both the 0.1 mg/kg
and 0.3 mg/kg dose (mean = 66.6+3.2% & 66.5+3.1%, respectively). By 7-days post
administration, CD16" monocytes returned to baseline values (Fig. 2.5A). Similarly, baseline
values of circulating macrophages, indicated by CD169 expression, averaged 5.1+4.4%. By 24
hours post-dose a dramatic increase was observed in this cell population after both the 0.1 mg/kg
and 0.3 mg/kg dose (mean = 87.7+10.1% and 90.3+6.2%, respectively) (Fig. 2.5B). A

representative flow plot of these results is displayed in Fig 2.5C.

T cells were also monitored following oral GS-986 through expression of CD69. No
observed increase of CD69 was observed at time points analyzed, however, previous studies
performed in adult RMs indicate that CD69 expression peaks 2 days following GS-986 (169, 245).
Due to blood volume limits and the small size of infant RMs, collection at this time point was not
possible. Despite lack of observed CD4* or CD8* T cell activation, a transient increase in
peripheral CD4" T cells was observed at the 24 hour time point following both dose
administrations with a return to baseline by 7 days post GS-986 (Fig. 2.6). Previous studies in adult
animals have observed a decrease in peripheral CD4* T cell frequency 4-6 hours following oral
TLR-7 stimulation (Joe Hesselgesser, oral communication). The increase observed in our study at
24 hours is likely due to a rebound of CD4* T cells to the periphery after activated CD4* T cells

have migrated to tissues.
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No plasma viremia was detected during TLR7 agonist administration

One main approach to HIV cure strategies, commonly referred to as “kick and kill,” aims
to push virally infected cells out of a state of latency with the use of a latency reversing agent
(LRA) in the setting of ART allowing the immune system to detect and eliminate these cells that
compose the viral reservoir. The ability of an oral TLR-7 agonist to act as an LRA is a subject of
debate in the field. Lim et al. first reported that repeated dosing with the investigational tool?
compound, GS-986, and its clinical analog, GS-9620, led to transient viremia on ART and reduced
the viral reservoir in SIV-infected RMs (245). Importantly, in that study, plasma viremia was only
observed after multiple 0.3 mg/kg doses. However, other studies involving oral TLR-7 stimulation
have not observed incidences of plasma viremia (169, 246). In our study, plasma viral loads were
evaluated prior to GS-986 administration, 24 hours, and 7 days post dosing. No viremia above the
limit of detection (60 copies/mL) was observed in either animal following either the 0.1 mg/kg or
the 0.3 mg/kg dose. As stated above, when plasma viremia was observed it was after multiple
administrations of GS-9620 at 0.3 mg/kg. In our study, infants only received one 0.3 mg/kg dose,

so induction of transient plasma viremia was not an expected outcome as the study was designed.
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Discussion

This study provides insight into the first use of an oral TLR-7 agonist in a pediatric setting
and provides critical preclinical data for its use in future HIV-1 combination cure interventions.
We demonstrate that GS-986 is safe and induces expected pharmacodynamic responses at a dose

concentration of both 0.1 mg/kg and 0.3 mg/kg in SIV-infected, ART-treated infant RMs.

TLR-7 is predominantly expressed in the endosome of plasmacytoid dendritic cells and
upon stimulation leads to secretion of IFN-y and type | IFNs that are then released systemically in
the plasma to activate peripheral immune cells. Following oral administration of GS-986 in SIV-
infected, ART-treated infant RMs, we have demonstrated a dose dependent increase in these pro-
inflammatory plasma cytokines and chemokines as expected. In addition to IFN-y, we also saw an

increase in IP-10, IL-1RA, I-TAC, IFN-a2, and IL-6.

In addition to increased pro-inflammatory cytokines and chemokines in the plasma, robust
activation of nonclassical monocytes and circulating macrophages in the periphery was evident in
the periphery at 24-hours post-GS-986 following both dose concentrations tested with a return to
baseline by the next sample timepoint at 7 days post-administration. Additionally, a transient
increase in peripheral CD4+ T cell frequency was observed at 24 hours post-dose with a return to
baseline by 7 days post-dose. In the present study, no activation of CD4+ or CD8+ T cells was
observed; however, we believe this was due to the timing of blood draws as T cell activation in

previous adult studies was not evident until 36 — 48 hours after TLR-7 stimulation.
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There are conflicting reports in the literature as to the latency reversing potential of oral
TLR-7 stimulants, such as GS-986, in adult SIVV-infected, ART-suppressed macaques (169, 185,
245, 246). In our present study, we did not observe plasma viremia above the limit of detection
following either 0.1 mg/kg or 0.3 mg/kg of GS-986. However, these results are not surprising as
when transient viremia was reported in adult RMs it was only observed following at least three
doses of GS-9620 at 0.3 mg/kg. Future studies administering repeated oral TLR-7 agonists will

reveal the latency reversing potential of GS-986 in the pediatric setting.

As this was a pilot study evaluating an oral TLR-7 stimulant in the pediatric setting, our
sample size was limited. This prohibited us from performing a robust statistical analysis on our
results. Further investigation with more animals will be required to draw meaningful conclusions
as to the pharmacodynamic effects of GS-986 in SIV infected, ART treated infant RMs.
Additionally, the small physical size of the infant RMs prohibits intensive blood sampling. Post-
GS-986 sample frequency was therefore limited to only 24-hours after administration. Despite

these limitations, we believe this study presents critical safety information for future trials.

In conclusion, we have demonstrated that an oral TLR-7 agonist is safe and induces the
expected pharmacodynamic response in SIV-infected, ART-treated infant RMs. These results
inform future clinical and preclinical trials and show potential for the use of TLR-7 stimulation in
pediatric combination cure approaches. Future studies, including larger sample sizes, with more
frequent dosing and sampling, will provide further insight into the full potential of GS-986 and

similar compounds.
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Materials and Methods

Animals and SIV infection

Two infant Indian RMs (Macaca mulatta), with exclusion of Mamu B*08 and B*17 positive
animals, were enrolled in this study. The animals were born at the Yerkes National Primate
Research Center (YNPRC) to dams housed in indoor/outdoor group housing. The infants were
removed from the dams when they were approximately 2 weeks old and transferred to a nursery,
where they were housed in social pairs with either full contact or protected contact for the duration
of the study. The infants were fed in accordance with the YNPRC standard operating procedures
(SOPs) for NHP feeding and had continual access to water. After being removed from the dam,
infants were fed center approved milk replacer (Similac Advance, OptiGro Infant Formula with
Iron and/or Similac Soy Isomil OptiGro Infant Formula with Iron; Abbott Nutrition, Columbus,
OH) until 14 weeks of age. Infants were provided softened standard primate jumbo chow biscuits
(Jumbo Monkey Diet 5037; Purina Mills, St. Louis, MO) and a portion of orange starting between
2 — 4 weeks of age. As animals aged additional enrichment of various fresh produce items were
provided daily. Cages also contained additional sources of animal enrichment including objects
such as perching and other manipulanda. Animal welfare was monitored daily. Appropriate
procedures were performed to ensure that potential distress, pain, or discomfort was alleviated.
The sedatives Ketamine (10 mg/kg) or Telazol (4 mg/kg) were used for blood draws and biopsies.
Euthanasia of RMs, using Pentobarbital (100 mg/kg) under anesthesia, was performed only when
deemed clinically necessary by veterinary medical staff and according to IACUC endpoint

guidelines. The animals were orally infected at 4 to 5 weeks of age with two consecutive doses of
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10° TCIDso of SIVmaczs1. All of the animals were treated in accordance with Emory University and
Yerkes National Primate Research Center Institutional Animal Care and Use Committee

regulations.

Antiretroviral therapy

The two RM infants were treated with a three-drug ART regimen initiated at 4 weeks post
infection. The preformulation ART cocktail contained two reverse transcriptase inhibitors, 5.1
mg/kg Tenofovir Disoproxil Fumarate (TDF) and 40 mg/kg Emtricitabine (FTC), plus 2.5 mg/kg
of the integrase inhibitor Dolutegravir (DTG). This ART cocktail was administered once daily at

1 mg/kg via the subcutaneous route.

(GS-986 Dose Escalation

Both monkeys were virologically suppressed for over 3 months prior to administration of GS-986.
At 7 months of age, RMs received 0.1 mg/kg GS-986 (Gilead Sciences) by oral gavage (0.g.).
Following 4 weeks of rest, animals received a second dose of 0.3 mg/kg (0.g.) and analyses were

repeated.

Sample collection and processing
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EDTA-anticoagulated blood samples were collected regularly and used for a complete blood
count, routine chemical analysis and immunostaining, with plasma separated by centrifugation

within 1 h of phlebotomy. PBMCs were prepared by density gradient centrifugation.

Plasma RNA

Plasma viral quantification was performed as described previously (179). Frozen cell pellet was lysed with
proteinase K (100 ug/ml in 10 mM Tris-HCI pH 8) for 1 h at 560C. Quantification of SIVmac gag DNA
was performed by quantitative PCR using the 5’ nuclease (TagMan) assay with an ABI7500 system
(PerkinElmer Life Sciences). The sequence of the forward primer for SIVmac gag was 5
GCAGAGGAGGAAATTACCCAGTAC-3,, the reverse primer sequence was 5-
CAATTTTACCCAGGCATTTAATGTT-3', and the probe sequence was 5'-6-carboxyfluorescein (FAM)-
TGTCCACCTGCCATTAAGCCCGA-6-carboxytetramethylrhodamine (TAMRA)-3". 7.5 uL of cell lysate
were mixed in a 50 pL reaction containing 1x Platinum Buffer, 3.5 mM MgCI2, 0.2 mM dNTP, primers
200 nM, probe 150 nM, and 2 U Platinum Taq. For cell number quantification, quantitative PCR was
performed simultaneously for monkey albumin gene copy number. The sequence of the forward primer for
albumin  was 5-TGCATGAGAAAACGCCAGTAA-3’; the reverse primer sequence was 5’-
ATGGTCGCCTGTTCACCAA-3’ and the probe sequence was 5-
AGAAAGTCACCAAATGCTGCACGGAATC-3" (249). The reactions were performed on a 7500 real-time
PCR system (Applied Biosystems) with the following thermal program: 5 min at 95°C, followed by 40

cycles of denaturation at 950C for 15 s and annealing at 60°C for 1 min.

Immunophenotyping by flow cytometry
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Multicolor flow cytometric analysis was performed on whole blood or cell suspensions using
predetermined optimal concentrations of the following fluorescently conjugated monoclonal
antibodies (MADbs). For whole blood (WB) T cell analysis the following MAbs were used: CD3-
allophycocyanin (APC)-Cy7 (clone SP34-2), CD95-phycoerythrin (PE)-Cy5 (clone DX2), Ki67-
AF700 (clone B56), HLA-DR-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone G46-6), CCR7-
fluorescein isothiocyanate (FITC) (clone 150503), CCR5-APC (clone 3A9), and CD45-RA-PE-
Cy7 (clone L45) from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone OKT4),
and PD-1-BV421 (clone EH12.2H7) from BiolLegend; and CD28-ECD (clone CD28-2) from
Beckman-Coulter. For WB activation analysis the following MAbs were used: CD3-
allophycocyanin (APC)-Cy7 (clone SP34-2) and CD69-phycoerythrin (PE)-CF594 (clone FN50)
from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone OKT4), CD16-BV421
(clone 3G8), CD14-phycoerythrin (PE)-Cy7 (clone M5E2), and CD169-phycoerythrin (PE) (clone
7-239) from BioLegend; and CD38-allophycocyanin (APC) (clone OK10) from the NHP Reagent
Resource. Flow cytometric acquisition and analysis of samples were performed on at least 100,000
events on an LSR Il flow cytometer driven by the FACSDiva software package (BD Biosciences).
Analyses of the acquired data were performed using FlowJo version 10.0.4 software (TreeStar).
For analysis, T cells were gated as live CD3+ cells and monocytes were gated as live CD3-CD4int

cells positive for either CD14 or CD16.

Plasma Cytokines
Using stored plasma, the concentration of IFN-a2a, IFN-y, IL-1B, IL-1RA, IL-2, IL-6, IL-8, IL-

10, IP-10, and I-TAC were assessed using a multiplex array according to the manufacturer’s
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instructions (Meso Scale Diagnostics, Maryland, USA). For each plate, 200 uL of each biotinylated
antibody was incubated with 300 uL of each linker for 30 min at room temp. Each reaction was
stopped by incubating with 200 uL of stop solution for min at RT. The linker-coupled capture
reagents were then combined and diluted before adding to U-PLEX plates for 1h. Samples,
standards, and QCs were diluted and transferred to U-PLEX plates after the plates were washed
three times. Samples were incubated for 1 hour at RT, shaking. Sulfo-tag labeled detection
antibody was then added to the plates and incubated for 1 h. The plates were washed another three
times and read buffer was added after the final wash. Plates were read immediately with the MSD

instrument and analyzed on Discover Workbench 4.0.
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Figure 2.1. Schematic representation of mechanisms of activation following oral GS-986.
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Oral GS-986 antagonizes TLR-7 in the endosome of plasmacytoid dendritic cells (pDCs) which

leads to secretion of type I IFNs that activate macrophages, monocytes (Mo), and dendritic cells

(DC). Activated dendritic cells then go on to activate CD4+ and CD8+ T cells.
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Figure 2.2. Experimental design of oral GS-986 dose escalation in SIV-infected, ART-treated

infant RMs. Schematic of the study design. Two infant RMs were infected orally with 10° TCID50

SIVmac2s1 (day 0), and starting on 4 weeks p.i. treated with combination ART (TDF, FTC, DTG)

for 7 months. Animals received one dose of GS-986 (0.1 mg/kg, 0.g.) followed by a second dose

of GS-986 (0.3 mg/kg, 0.g.) at time points indicated. Blood was collected at the indicated time

points.
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Figure 2.3. Oral GS-986 is safe at both doses evaluated in SIV-infected, ART-treated infant
RMs. Longitudinal assessment of complete blood counts, serum chemistries, and body weight.

Dotted lines represent normal ranges and values. Each curve represents one animal (n=2).
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Figure 2.4. Oral GS-986 results in transient increase of plasma cytokine and chemokine
concentrations in SIV-infected, ART-treated infant RMs. Plasma concentrations of cytokines
were quantified using a multiplex array according to the manufacturer’s instructions (Meso Scale

Diagnosis, Maryland, USA). Each curve represents one animal (n=2).
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Figure 2.5. Oral GS-986 results in activation of peripheral monocytes and macrophages at
24 hours post dose in SIV-infected, ART-treated infant RMs. Flow cytometry was performed
on whole blood at indicated time points. Data shows frequency of (a) CD16-positive activated
monocytes and (b) CD169-positive circulating macrophages cells within total blood monocytes.
Each curve represents one animal (n=2). (c) Representative staining for CD16 and CD69 within

monocytes before, 1 day after, and 7 days after GS-986.
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Figure 2.6. Peripheral T cell frequency transiently increases following oral GS-986 in SIV-
infected, ART-treated infant RMs. Flow cytometry was performed on whole blood at indicated
time points. Data shows frequency of CD4+ T cells within total T cells. Each curve represents one

animal (n=2).
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treated infant RMs. Plasma viral loads were quantified by real-time RT-PCR. Each curve
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Abstract

Globally, 1.7 million children are living with HIVV-1. While antiretroviral therapy (ART)
has improved disease outcomes, it does not eliminate the latent HIVV-1 reservoir. Interventions to
delay or prevent viral rebound in the absence of ART would be highly beneficial for HIV-1-
infected children who now must remain on daily ART throughout their lifespan. Here, we
evaluated therapeutic Ad48-SIV prime, MVA-SIV boost immunization in combination with the
TLR-7 agonist GS-986 in rhesus macaque (RM) infants orally infected with SIVmac2s1 at 4 weeks
of age and treated with a triple ART regimen beginning 4 weeks after infection. We hypothesized
immunization would enhance SIV-specific T cell responses during ART-mediated suppression of
viremia. Compared to controls, vaccinated infants had greater magnitude SIV-specific T cell
responses (mean of 3475 vs 69 IFN-y spot forming cells (SFC) per 10 PBMCs, respectively,
P=0.01) with enhanced breadth of epitope recognition and increased CD8* and CD4* T cell
polyfunctionality (P = 0.004 and P = 0.005, respectively). Additionally, SIV-specific gp120
antibodies against challenge and vaccine virus strains were significantly elevated following MVA
boost (P = 0.02 and P < 0.001, respectively). GS-986 led to expected immune stimulation
demonstrated by activation of monocytes and T cells 24 hours post-dose. Despite the vaccine-
induced immune responses, levels of SIV DNA in peripheral and lymph node CD4* T cells were
not significantly different from controls and a similar time to viral rebound and viral load set point
were observed following ART interruption in both groups. We demonstrate infant RMs mount a
robust immunological response to this immunization, but vaccination alone was not sufficient to
impact viral reservoir size or modulate rebound dynamics following ART release. Our findings

hold promise for therapeutic vaccination as a part of a combination cure approach in children and
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highlight the importance of a pediatric model to evaluate HIV-1 cure interventions in this unique

setting of immune development.
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Author summary

While antiretroviral therapy (ART) has improved disease outcome and reduced HIV-1
transmission, it is not a cure, as interruption of ART results in rapid viral rebound due to the
persistent latent reservoir. Interventions to induce HIV-1 remission in the absence of ART would
be highly beneficial to children living with HIV-1, sparing them from the associated adherence
requirements, side effects, and cost of ART. Here, we used our previously established pediatric
model of oral SIV infection and ART suppression of viremia in infant rhesus macaques (RMs) to
evaluate the safety and efficacy of an Ad48-SIV prime, MVA-SIV boost therapeutic vaccine
approach plus TLR-7 stimulation. Our study demonstrates this vaccination strategy is
immunogenic in infants; however, unlike previously reported results in adult RMs using a similar
approach, vaccination did not result in a difference in the level of CD4* T cell-associated SIV
DNA or viral rebound dynamics after ART interruption when compared to control infant RMs.
These results highlight the importance of pre-clinical studies using pediatric models and indicate

potential HIV-1 cure strategies may differentially impact adults and children.
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Introduction

Globally, 1.7 million children are living with HIV-1 and there are 150,000 new pediatric
infections annually (204). In utero and intrapartum HIV-1 infections have declined with increased
understanding of transmission risks and interventions to prevent mother-to-child transmission
(MTCT) implemented during pregnancy and delivery. Presently, the majority of new infections
occur postnatally through breastmilk transmission (200). While the global roll-out of antiretroviral
therapy (ART) has improved disease outcomes and reduced mortality, ART interruption leads to
rapid viral rebound due to reactivation of the persistent latent viral reservoir (128, 250, 251).
Therefore, to prevent disease progression and AIDS, HIV-1 infected children must follow lifelong

adherence to ART.

HIV-1-infected infants experience rapid progression of disease compared to infected
adults. While the median survival for ART-naive HIV-1-infected adults is 11 years, over 50% of
HIV-1-infected children die before the age of two in the absence of ART (58). Infected infants
experience rapid rates of viral production and CD4* T cell turnover, higher peak viremia, a slower
decline to viral set point, and set points on the order of 1 log higher than what is observed in HIV-
1 infected adults (190). The mechanisms behind these differences have not been fully elucidated,
but are thought to reflect a more immature immune system and inadequate HIV-1-specific immune

responses.

While multiple cure strategies have been tested in HIV-1-infected adults, there has been

less emphasis on HIV-1-infected children. Only twelve clinical trials focused on targeting HIV
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reservoirs have been initiated in the pediatric population compared to over eighty in adults (252).
In the first therapeutic vaccine pediatric clinical trial, PEDVAC, DNA vaccination of vertically
HIV-1-infected, ART-suppressed children was well tolerated and resulted in a transient increase
in the HIV-1-specific cellular immune response (253). This study was limited by a small sample
size, an unboosted vaccine strategy, and the exclusion of an adjuvant. Further trials are necessary

to advance this field.

The use of a relevant pediatric animal model may help to provide important safety and
efficacy information necessary to bring experimental therapeutics to children. Simian
immunodeficiency virus (SIV) infection in the rhesus macaque (RM) has been established as a
robust animal model that possesses many similarities to HIV-1 infection including transmission
routes, acute infection events, CD4* T cell dynamics, disease progression, and ART-mediated
suppression of plasma viral loads (111, 254, 255). This model has been used extensively to inform
HIV-1 cure strategies (106, 181, 182, 256, 257); for example, Borducchi et al recently identified a
promising therapeutic vaccine regimen that resulted in robust anti-SIV T cell responses leading to
a delay in time to viral rebound and reduced set point viremia following ART interruption in
vaccinated adult RM compared to ART-only controls (169). To test hypotheses regarding the viral
reservoir, immunity, and remission strategies in a pediatric setting, our laboratory has previously
established a model of oral SIV infection in infant RM that effectively simulates postnatal HIV-1

infection through breastfeeding with ART-mediated suppression of viremia (149).

In the present study, we sought to evaluate the immunological and virologic effects of a

therapeutic Ad48-SIV prime, MVVA-SIV boost immunization strategy in combination with the



63

TLR-7 agonist GS-986 (TV+TLR7) in our model of SIV-infected ART-treated RM infants. We
show therapeutic vaccination is safe in a pediatric setting of SIV infection and ART treatment and
generates a high-magnitude, broad, and polyfunctional anti-SIV immune response. These results
inform our understanding of lentiviral infection and immune responses in a pediatric model and
support the inclusion of therapeutic vaccination as a part of a combination cure approach to be

tested in children.
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Results

SIV infection and virologic response to ART

Sixteen Indian origin RMs (eight males and eight females) were selected for this study.
RMs were confirmed negative for the Mamu-B*08 and -B*17 MHC class | alleles associated with
natural control of SIV replication. The time course of the experimental design and interventions
used are shown in Fig 1A. All RMs were exposed to two consecutive doses of 10° 50% tissue
culture infective doses (TCIDso) SIVmac2s1 by oral administration at approximately 5 weeks of age
(range: 3.7 w — 10 w, mean: 5.3 w). Once infection was confirmed by SIV RNA in plasma, no
significant difference was noted in pre-ART viral kinetics of infants that required multiple
challenges compared to infants successfully infected following first challenge (Fig. S3.1). As
breastfeeding acquisition of HIV-1 is unlikely to be compatible with very early ART initiation,
here we started daily ART in all RMs at 4 weeks after SIV infection to approximate this clinical
scenario. The ART regimen consisted of two reverse transcriptase inhibitors (tenofovir [TDF] at
5.1 mg/kg of body weight/day and emtricitabine [FTC] at 40 mg/kg/day) and one integrase
inhibitor (dolutegravir [DTG] at 2.5 mg/kg/day), co-formulated into a single dose administered
once daily by subcutaneous injection for 15 months (as indicated by gray shading in Fig 3.1A).
ART was effective at suppressing SIV RNA in plasma below the limit of detection (LOD) of the
assay (60 copies/ml) (Fig 3.1B and 3.1C). As also seen in HIV-1-infected children (258-260), time
to suppression was variable, ranging from 4 to 52 weeks (median = 15 w) with some infants
showing transient blips of viremia (Fig S3.2). Two RMs (one each allocated to the vaccine

(RBe19) and control (RGc19) groups) sustained significantly higher plasma viral loads on ART
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than the remainder of the animals (area under the curve [AUC] 1.19x10° + 5.6x10* vs. 7.58x10 +
2.8x10% P =0.0333; Fig 3.1B and 3.1C insert); however, both animals did achieve levels of plasma
SIV RNA below the LOD after 52 weeks of daily ART. In these two RMs, the experimental design
was slightly modified to allow at least 3 months of viral load suppression prior to analytical

treatment interruption (ATI).

Experimental groups and immunization strategy

Prior to the vaccination phase of the experiment, two groups of eight RMs were balanced
for sex, age at infection, peak viral load, CD4* T cell frequency at ART initiation, and AUC of
pre-ART viremia (Table 3.1). One group of eight RMs served as ART-only controls. The
remaining eight RMs (referred to as TV+TLR7 group) received two immunizations of Ad48
vectors expressing 3x10%° viral particles of SIVsmesss gag-pol-env through the intramuscular (i.m.)
route at 22 and 30 weeks post infection (green arrows in Fig 3.1A). Ad48, like the Ad26-vector
used in a prior adult macaque study with a similar immunization strategy (169), is a species D
adenovirus associated with gastrointestinal infection and previous studies indicate that both Ad26-
and Ad48-vectors induce potent polyfunctional IFN-y*, TNF-a*, and IL-2* T cell responses along
with a strong antiviral, pro-inflammatory cytokine and chemokine response (261-263). Infants
were further boosted by two immunizations of MVA vectors expressing 108 plaque forming units
of SIVsmess3 gag-pol-env i.m. at 38 and 50 weeks post infection (blue arrows in Fig 3.1A). Ten
doses of the TLR-7 agonist GS-986 were given by orogastric (0.g.) administration at 0.3 mg/kg
biweekly at 40, 42, 44, 46, 48, 52, 54, 56, 58, and 60 weeks post infection (orange arrows in Fig

3.1A). Before administering GS-986 to TV+TLR7 infants, a small dose escalation study was
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performed in two RMs to monitor for tolerability, safety, and anticipated immune stimulation (Fig
S3.3), with favorable results found at the 0.3 mg/kg dose. In this dose escalation study and in the
8 TV+TLR7 RMs, we did not observe virus reactivation (measured as on-ART viremia that
differed from controls) with GS-986 administration. Overall, ART, Ad48- and MVA-vectors, and

GS-986 were well-tolerated, without clinical adverse events throughout the study (Fig S3.4).

Cellular immune response to therapeutic vaccination

To evaluate the immunogenicity of the Ad48/MVA vaccine approach we performed IFN-
y ELISPOT assays at week 22 prior to vaccination, week 34 after priming with Ad48, week 52
after boosting with MVVA, and 2 weeks prior to ATI. Representative data showing the increase in
Gag-, Pol-, and Env-specific spot forming cells over this time course are shown in Fig 3.2A.
Vaccinated RMs demonstrated a robust increase in the magnitude of Gag-, Pol-, and Env-specific
cellular immune responses against SIVmac2zo peptides after Ad48 prime that were boosted
following MVVA (P = 0.0003, Fig 3.2B, n=8). In ART-only controls, the SIV-specific immune
response remained low throughout ART treatment (Fig 3.2B, n=4) with a decline in spot forming
cells observed during ART (Fig S3.5). Variability in the magnitude of responses in the TV+TLR7
group was observed (Fig 3.2C) and, interestingly, 3 RMs (RCc19, RMm19, RAg19) had evidence
of increasing SIV-specific immunity from 2 to 10 weeks after the final MVVA dose during the

period of GS-986 administration.
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When cell availability permitted, SIV-specific T cell responses were further interrogated
through intracellular cytokine staining (ICS) following stimulation with SIV Gag peptide pools at
the timepoints described above. Boolean gating was used to examine Gag-specific T cells for
polyfunctional responses associated with enhanced HIV-1 control (82, 264). The frequency of
memory CD8* T cells (gated as CD95*) with 2 or more functions significantly increased after
MVA boost (week 52, P = 0.004) and remained significant prior to ATI (week 62, P = 0.0004)
compared to the pre-vaccination timepoint (Fig 3.3A). The largest increase was observed in cells
double positive for IFN-y and TNF-a (P = 0.007). In memory CD4* T cells the most dramatic
increase in Gag-specific cells was observed after MVA boost (P = 0.005) with a significant
increase observed in TNF-a and IL-2 double positive memory CD4* T cells (P = 0.03). The
frequency of Gag-specific cytokine positive memory CD4* T cells remained significant prior to
ATI (P = 0.04) with the IFN-y and TNF-a double positive memory CD4* T cells subset
significantly elevated when compared to week 22 (P = 0.005) (Fig 3.3B). A representative flow
plot of memory CD8* T cells expressing IFN-y, TNF-a, and IL-2 at each described timepoint is

shown in Fig 3.3C.

Breadth of SIV-specific immune responses

To estimate cellular breadth, 10-mer peptides were divided into subpools of 20 peptides
spanning the entire Gag (7 subpools), Pol (13 subpools), or Env (11 subpools) proteins from
SIVmac239. Vaccinated RMs demonstrated a significantly higher magnitude of cellular responses to
Gag, Pol, and Env viral subpools when compared to ART-only controls (P = 0.046, 0.046, and

0.02, respectively; Fig 3.4A). Responses varied by RM and subpool (Fig S3.6A). Although not
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significant, the total number of positive subpools was higher in TV+TLR7 RMs than ART-only
controls (median = 9.5 and 4.5, respectively) (Fig 3.4B). This finding held true for subpools for
each viral protein (Fig S3.6B). These analyses were performed using a subset of control RMs with
sufficient cells and, surprisingly, one control RM (RJc19) had the highest observed breadth overall.
If RJc19 is excluded from comparison in Fig 4B, the results do reach significance (P = 0.04) with

a greater number of positive subpools in the TV+TLR7 group.

Humoral immune response to therapeutic vaccination

To further explore the immunological impact of TV+TLR7 we performed ELISAs at week
4 after infection and prior to ART initiation, week 22 prior to vaccination, week 34 after priming
with Ad48, week 52 after boosting with MVA, and 2 weeks prior to ATI. The presence of SIV-
specific gp120 antibodies was assessed against the vaccine strain virus, SIVsmes4s3, and challenge
strain virus, SIVmac2s1 (Fig 3.5A and B, respectively). Vaccinated RMs demonstrated a significant
increase in binding antibodies against SIVsmesas gpl20 following Ad26-prime (P < 0.001
compared to week 4 in the TV+TLR7 group and P =0.001 compared to controls at week 34). The
gp120 reactivity peaked at week 52 following the MVA boost (P = 0.001 compared to week 4 in
the TV+TLR7 group and P < 0.001 compared to controls at week 52) and remained significantly
higher in TV+TLR7 RMs versus controls at week 62 (2 weeks prior to ATI; P = 0.004; Fig 3.5A).
Antibodies directed against SIVmaczs1 gp120 also peaked at week 52 in TV+TLR7 RMs (P =0.02
compared to controls at the same timepoint), but declined to a level similar to control RMs by
week 62 (Fig 3.5B). Two RMs (RBel9 in the TV+TLR7 group and RGc19 in the control group)

were excluded from these analyses since they remained viremic on ART for a prolonged period
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(Fig 1C insert) and antibody responses could not be reliably attributed to antigen exposure through

vaccination.

To evaluate the heterogeneity of the antibody response, we additionally performed a
Binding Antibody Multiplex Assay (BAMA) at the above described timepoints against SIVmac239
gpl120, p27, and Nef. We did not find an increase in SIVmac23o-specific antibodies in TV+TLR7
RMs following immunization compared to week 4, although at week 52 after MV A boost gp120-
specific antibodies were significantly higher (P = 0.02) and p27-specific antibodies trended higher
(P =0.07) compared to controls (Fig 3.5C). Binding antibodies against the Nef protein, which was
not included in the vaccine insert, were elevated in some RMs from both groups prior to ART

initiation but then remained low throughout the subsequent timepoints.

Cellular kinetics following GS-986

To investigate the immunological response to repeated oral GS-986 administration, blood was
collected pre-, 24 hours post-, and 2 weeks post-GS-986 doses 1, 5, and 10. These timepoints were
selected to allow longitudinal evaluation while remaining within limited blood availability
constraints due to the size of the infants. Whole blood flow cytometry was performed to evaluate
peripheral immune cell activation and kinetics. The frequency of CD38 expression on CD4* and
CD8* T cells was high at baseline with a mean of 93% for each in TV+TLR7 RMs, then transiently
increased to a mean of 96% and 97% at the 24-hour post-dose timepoint in TV+TLR7 macaques
(P = 0.0003 and P < 0.0001, respectively, Fig 3.6A and Fig S3.7A). CD38 expression on both

CD4"and CD8" T cells was significantly higher in TV+TLR7 than control RMs at the 24-hour
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timepoint (P = 0.0001 and P = 0.0004, respectively) and no significant increase from baseline was
observed in control RMs. CD38 expression on both CD4* and CD8* T cells returned to baseline
levels by 2 weeks post GS-986 in the TV+TLR7 group. Similarly, CD69 expression significantly
increased from a mean of 0.17% to a mean of 0.44% in CD4* T cells and from a mean of 0.65%
to 1.2% in CD8* T cells (P < 0.0001 and P = 0.0002, respectively, Fig 3.6B and Fig S3.7B). For
both CD4* and CD8* T cells, CD69 expression was significantly higher in TV+TLR7 RMs than
control RMs measured at the 24-hour timepoint (P < 0.0001 and P = 0.007, respectively). Overall,

responses were similar after doses 1, 5, or 10.

CD169, or Siglec-1, is upregulated on monocytes and macrophages following stimulation
of TLR-7 or exposure to type 1 interferons produced by plasmacytoid dendritic cells (248).
CD169" monocytes then travel to the tissue, differentiate, and act to promote adaptive immune
responses to pathogens through antigen presentation and secretion of cytokines. For this reason,
we sought to evaluate the expression of CD169 on monocytes in the periphery to further validate
the immune stimulatory effect of oral GS-986 in RM infants. For this analysis, monocytes were
divided into classical (CD14*CD16%), intermediate (CD16*CD14*), and non-classical
(CD16*CD14) subsets. The frequency of CD169 expression on classical, intermediate, and non-
classical monocyte subsets was low at baseline with a mean of 11.4, 22.4, and 8.7%, respectively,
then transiently increased to a mean of 68, 89, and 54% (P < 0.0001 for each comparison) at the
24-hour post GS-986 timepoint in TV+TLR7 macaques (Fig 3.6C and S3.7C). In control RMs,
CD169 expression remained mostly stable over the same time period, although some non-
statistically significant fluctuations were observed. As with T cell activation, monocyte stimulation

was similar after doses 1, 5, or 10 in the TV+TLR7 group.
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TV+TLRY7 impact on persistent SIV

To evaluate the impact of the therapeutic vaccine regimen on SIV persistence on ART, the
level of total cell-associated SIV DNA was measured longitudinally in CD4* T cells isolated from
whole blood, lymph nodes, and colorectal mucosa. In TV+TLR7 RMs, we observed a significant
reduction of 0.8 log in SIV DNA in peripheral CD4* T cells from week 12 prior to vaccine regimen
and week 62 after completion of the vaccine regimen (P =0.02, Fig 3.7A). A trend towards reduced
levels of SIV DNA in CD4* T cells isolated from lymph nodes was also observed over the same
time course (P = 0.08, Fig 3.7B). We note, however, that neither the frequency of CD4* T cells
with SIV DNA prior to ATl or log change over the observed time course significantly differed in
TV+TLRY infants compared to ART-only controls. Levels of SIV DNA in rectal CD4* T cells in
TV+TLR7 and control RMs remained stable from week 12 to week 62 (Fig 3.7C). Despite these
similar findings between groups, we demonstrate that the log reduction in CD4* T cell-associated
SIV DNA in the periphery was significantly positively correlated with the magnitude of the SIV-
specific T cell response in TV+TLR7 infants prior to ATI at week 62 (r =0.76, P = 0.04, Fig 3.7D).
The significance of this correlation was lost when values for ART-only control RMs were added
to the analysis (r = 0.37, P = 0.24) or when compared in ART-only controls alone (r =-0.2, P =

0.92).

Viral rebound dynamics
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To evaluate the impact of TV+TLR7 on the replication competent viral reservoir that
contributes to viral rebound upon discontinuation of ART, RMs underwent ATI following 60-67
weeks of daily ART. Plasma viral loads were monitored at days 6, 9, 13, 21, and 28 after ART
interruption to determine time to viral rebound and RMs were followed for 16 weeks off ART to
trend viral set points. The time to viral rebound was defined as the first of two consecutive
timepoints with viremia greater than 500 copies/mL. All RMs rebounded by 28 days post-ATI
with no significant difference in time to rebound between TV+TLR7 and control groups (median
= 9 days for both groups; P = 0.6) (Fig 3.8A). Similarly, no differences were detected in post-
rebound AUC or set point viremia (defined as the mean of the final three plasma viral loads prior
to experimental end point) in animals that received the vaccine regimen compared to ART-only
controls (median = 4.37 and 3.66 log SIVV RNA copies/ml of plasma, respectively, P = 0.38) (Figs

3.8B and C, Fig 3.58).

Strong and weak responders within the TV+TLR7 group

As mentioned, there was variability in the immune response induced by TV+TLR7 in RM
infants. We explored potential correlates of this variability by dividing the TV+TLR7 infants into
“strong” (RPd19, RCc19, RUI19, & RMm19) and “weak” (RNd19, RBel9, RPq19, RAq19)
cellular responders based on the magnitude of their anti-SIV T cell responses at week 62 prior to
ATI, with significantly more IFN-y-producing T cells in the four best responders compared to the
four poorest responders (mean= 5033 vs. 1917 SFC per 10® PBMC, P = 0.03, Fig 3.9A). In the
subset of 5 TV+TLR7 RMs for which ICS data is available, CD8* and CD4* T cells triple positive

for IFN-y, IL-2, and TNF-a were only observed in the strong responders as defined above
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following the final MVVA boost. Moreover, memory CD4* T cells with 2 or 3 functions were

significantly increased in strong vs. weak responders (P = 0.03, Fig 3.9B).

We then sought to explore immunological or virologic factors that could explain these
differential vaccine responses. A distinct immunological activation signature was present in
memory CD8* T cells between strong and weak vaccine responders (Fig 3.9C). Longitudinal HLA-
DR expression, measured as AUC, on effector memory CD8* T cells was significantly higher in
strong vaccine responders compared to weak responders (P = 0.03). A correlation was observed
between HLA-DR expression on effector memory CD8* T cells during ART and the magnitude of
the anti-SIV T cell response at week 62 (r = 0.71, P = 0.06), (Fig 3.9D). Although not significant,
area under-the-curve of longitudinal PD-1 expression in the strong vaccine responders in both
effector and central memory CD8* T cells also tended to be higher than weak vaccine responders
(P = 0.09 and 0.07, respectively). Furthermore, PD-1 expression was positively associated with
SIV-specific T cell responses at week 62 (Figs 3.9E and F). Despite these described differences,
there were no significant differences between strong and weak responders in the levels of CD4* T
cell-associated SIV DNA prior to ATI or in the log reduction in cell-associated SIV DNA after
vaccination (S9 Fig). Additionally, time to viral rebound, post-rebound viremia AUC, and viral set
point were similar between the strong and weak responder groups (Figs 3.9 G — ). Finally, across
all animals in both the TV+TLR7 and ART-only control groups no associations between any of

the measured immunological parameters and viral rebound Kinetics were identified.
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Discussion

This study provides the first insight into the use of a viral vectored therapeutic vaccine
approach as a potential cure intervention in a pediatric model of oral HIVV-1 infection and long-
term ART suppression. We demonstrate safety and immunogenicity of an Ad48 prime, MV A boost
immunization in combination with repeated oral TLR-7 stimulant GS-986 in SIV-infected, ART-

treated infant RMs.

HIV/SIV-specific CD8* T cell responses are low during ART (265) and prior to the results
presented here, it was unclear how much they could be boosted through therapeutic vaccination of
infants. As ART was started 4 weeks after SIV infection in this study, a de novo CD8" T cell
response to the infecting viral strain was likely elicited with sufficient time for viral escape
mutations to develop, which could potentially impair the vaccine response. Based on the strong
cellular immune response evident in vaccinated animals following completion of the Ad48/MVA
regimen that was significantly increased above their pre-vaccine levels and in comparison to
unvaccinated controls, we conclude that this vaccine regimen was immunogenic. The vaccine
strain SIVsmesa3 shares sequence identity to SIVmac2zg of 91, 93, and 85%, for Gag, Pol, or Env,
respectively, so it is possible we did not fully capture the extent of vaccine elicited responses,
especially to Env, with the SIVmac239 peptide pools. However, SIVmac239 Shares sequence identity

of 97% to the infecting virus (SIVmac2s1) which we anticipated would be the most relevant to target.

In addition to enhanced cellular immunity, we have demonstrated that therapeutic

vaccination with TLR-7 stimulation also enhances the humoral immune response. Binding
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antibodies against gp120 from SIVsmes43, SIVmac2s1, and SIVmacess peaked at week 52 following
the MV A boost. Antibodies directed against SIVmac2zo p27 were also significantly higher than
those measured in control RMs at the week 52 timepoint. A decline in gp120 reactivity in
TV+TLR7 RMs was observed following the end of the vaccine regimen and prior to ATI such that
immunized animals did not differ from controls in response to gp120 from the challenge (and
therefore rebounding) strain, although immunized animals did retain a higher response to the
vaccine strain gp120. Incorporating a protein boost to this vaccination approach may maintain
humoral immune responses for a longer period and therefore have a greater impact on viral
rebound kinetics. A more in-depth investigation of the impact of therapeutic vaccination on the
humoral immune response, including functional assays, will likely provide additional insight into

the role of vaccine induced antibodies to control viral rebound after ART interruption.

Repeated oral TLR-7 stimulation by GS-986 resulted in transient immune activation, as
previously demonstrated in studies with adult RMs (169, 245). CD38 and CD69 expression was
significantly elevated at 24 hours post-doses 1, 5, and 10 when compared to baseline in CD4* and
CD8* T cells. Monocyte activation was also evident at this timepoint, with CD169 expression
significantly increased on classical, intermediate, and non-classical monocytes. This study is the
first reported use of an oral TLR-7 agonist in infants and provides critical safety and
immunogenicity data for future pediatric trials. In our hands, GS-986 was not an effective latency
reversal agent. We did observe several blips of viremia in treated RMs, but similar viral blips were
also seen in the control group around the same timepoints indicating that this transient viremia was
likely unrelated to GS-986 treatment (Fig 3.1B, C). Our findings conflict with Lim et al. (245), but

are consistent with reports by Del Prete et al, and Borducchi et al, and Bekerman et al. (169, 246,
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266). Based on the safe induction of innate immune activation we observed in infants, TLR-7
agonists remain promising for use as vaccine adjuvants or perhaps could be explored in

combination with other agents to stimulate virus reactivation from latency.

The impact of therapeutic vaccination on the viral reservoir prior to ATl was estimated
through quantification of total SIV DNA in peripheral and lymph node CD4* T cells. No
significant difference was found in the frequency of SIV* CD4* T cells prior to ATI or the
reduction of SIV* CD4* T cells during ART regimen between vaccinated and ART-only control
RMs. However, an association was observed between the magnitude of the vaccine response prior
to ATI and the reduction in the frequency of SIV* CD4* T cells in TV+TLRY7 infants that was not
present in control RMs. These results imply that in the immunized infants, the observed decline in
infected cells may be attributed, in part, to the vaccine-induced immune response. We
acknowledge measurement of total SIV DNA represents an overestimate of the viral reservoir that
includes cells containing defective virus (267). While quantitative virus outgrowth assays could
not be performed here due to limited blood volumes, the newly described Intact Proviral DNA
Assay (IPDA) (268) could prove useful for pediatric studies. Interestingly, though, work from the
Siliciano and Keele groups suggests that in nonhuman primates total cell-associated SIV DNA
may more closely approximate the intact reservoir than in humans (268, 269). A recent study by
Garcia-Broncano et al. detailed novel molecular single-genome sequencing techniques allowing
an in-depth analysis of the viral reservoir composition in HIV-1-infected infants using small blood
volumes (270). It is possible that, by using such techniques, we may have uncovered specific viral
reservoir parameters impacted by TV+TLR7 and these methodologies should be incorporated into

future studies. Nevertheless, ART interruption is still considered to be the most robust readout



77

(and highest bar) to measure the outcome of a cure-directed intervention. Following analytical
treatment interruption in this study, all infants rebounded with detectable viremia within 6 to 28
days and achieved viral set point with no detectable difference between experimental groups.
These data suggest that although the infants demonstrate the capability to mount an immune
response following vaccination that is detectable at ART interruption, this response was not

sufficient to reduce viral reservoirs or set-point viremia following rebound.

Notably, although all vaccinated infants demonstrated an increase in the antiviral cellular
immune response, the magnitude and breadth of the individual responses were variable between
infants. When vaccinated infants were subdivided into strong and weak responders based on their
SIV-specific T cell responses at the time of ATl measured by ELISPOT, cells triple positive for
IFN-y, TNF-a, and IL-2 quantified through ICS following MV A boost was only observed in strong
responders. Through the comparison of strong and weak vaccine responders we have also
identified a distinct immunological activation signature associated with the magnitude of vaccine
response in our infants. Infants with a strong vaccine response show significantly higher HLA-DR
expression on effector memory CD8* T cells and a trend towards higher PD-1 expression in both
central and effector memory CD8* T cell subsets. Despite these described differences and
consistent with the rest of our reported results, no difference in time to rebound or viral set point
was observed between strong and weak vaccine responders. Although it is difficult to draw
meaningful conclusions given the limited sample size, these results suggest that infants with a
more activated memory CD8* T cell repertoire may be more responsive to therapeutic vaccination

strategies.
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The results presented in this study are distinct from previously published data in adult RMs
in which a similar vaccine regimen resulted in delayed viral rebound and reduced viral set point
following ATI (169). We note that the magnitude of IFN-y response in infants after the final
immunization was just over 50% of that observed in adults RMs in this prior work and the breadth
of responses was also more restricted in infants compared to adults (169), perhaps accounting for
some of the differences we observed in viral dynamics after ATI. Other experimental factors such
as route of infection (oral vs. intrarectal), timing of ART initiation (4 weeks vs. 1 week post
infection), and the use of different Ad vectors (Ad48 vs. Ad26) may also have influenced the
different outcomes in infant vs. adult RMs. We hypothesize that the exponential increase in the
size of the viral reservoir when ART is initiated at 4 weeks compared to 1 week after infection
may have had the most significant impact on our results, although experimental evidence will be
needed for confirmation. Additionally, distinct features of pediatric immunity during development
or variance in composition of the viral reservoir between these age groups may be key (149, 190,
271-275). Our findings highlight the importance of a pediatric model to evaluate HIV-1 cure

interventions in this unique setting of immune development.

As this study was the first of its kind performed in infant RMs, there were several
limitations. The small size of infant RMs and collection limitations restricted blood volumes and
biopsy frequencies thereby reducing our capacity to perform extensive evaluative assays.
Additionally, we are limited by small sample size when drawing comparisons between strong and
weak vaccine responders within the TV+TLR7 RMs. However, we believe that studies such as the

one presented here are critically important given the scarcity of HIV-1 cure and remission clinical
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trials in infants and children. Additionally, these findings provide key preclinical safety data on

cure interventions in a pediatric HIVV-1 animal model.

In conclusion, we have demonstrated that an Ad-prime, MVA-boost therapeutic
immunization and repeated oral TLR-7 stimulation is safe and immunogenic in SIV-infected,
ART-treated infant RMs. This finding represents a promising step forward in testing cure-directed
interventions for pediatric HIV-1 using a model of breastmilk acquisition in which very early ART
is not likely to be possible. Although we did not observe an effect on reservoir size or rebound
dynamics, the immune response generated here may serve to eliminate infected cells if elicited
contemporaneously with virus reactivation induced by an effective latency reversal agent. Future
studies exploring therapeutic vaccination combined with latency reversal to clear virally infected

cells may reveal the full potential of this cure approach.
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Materials and Methods

Ethics Statement

This study was conducted in strict accordance with USDA regulations and the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, and
were approved by the Emory University Institutional Animal Care and Use Committee (Protocol

# YER-3000510-ELMNTS-A).

Animals and SIV infection

Sixteen infant Indian RMs (Macaca mulatta), with exclusion of Mamu B*08 and B*17 positive
animals, were enrolled in this study. The animals were born at the Yerkes National Primate
Research Center (YNPRC) to dams housed in indoor/outdoor group housing. The infants were
removed from the dams when they were approximately 2 weeks old and transferred to a nursery,
where they were housed in social pairs with either full contact or protected contact for the duration
of the study. The infants were fed in accordance with the YNPRC standard operating procedures
(SOPs) for NHP feeding and had continual access to water. After being removed from the dam,
infants were fed center approved milk replacer (Similac Advance, OptiGro Infant Formula with
Iron and/or Similac Soy Isomil OptiGro Infant Formula with Iron; Abbott Nutrition, Columbus,
OH) until 14 weeks of age. Infants were provided softened standard primate jumbo chow biscuits
(Jumbo Monkey Diet 5037; Purina Mills, St. Louis, MO) and a portion of orange starting between

2 — 4 weeks of age. As animals aged additional enrichment of various fresh produce items were
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provided daily. Cages also contained additional sources of animal enrichment including objects
such as perching and other manipulanda. Animal welfare was monitored daily. Appropriate
procedures were performed to ensure that potential distress, pain, or discomfort was alleviated.
The sedatives Ketamine (10 mg/kg) or Telazol (4 mg/kg) were used for blood draws and biopsies.
Euthanasia of RMs, using Pentobarbital (100 mg/kg) under anesthesia, was performed only when
deemed clinically necessary by veterinary medical staff and according to IACUC endpoint
guidelines. The animals were orally infected at 4 to 5 weeks of age with two consecutive doses of
10° TCIDso of SIVmaczsi. Four infants required multiple weekly 2-dose challenges prior to
successful infection (range two to five challenges). Two of these RMs (one each allocated to the
vaccine [RCc19] and control [RGc19] groups) were orally challenged with two consecutive doses

of 10° TCIDso S1Vmacz3o after three and four unsuccessful challenges with SIVmaces1, respectively.

Antiretroviral therapy

The sixteen RM infants were treated with a three-drug ART regimen initiated at 4 weeks post
infection. The preformulation ART cocktail contained two reverse transcriptase inhibitors, 5.1
mg/kg Tenofovir Disoproxil Fumarate (TDF) and 40 mg/kg Emtricitabine (FTC), plus 2.5 mg/kg
of the integrase inhibitor Dolutegravir (DTG). This ART cocktail was administered once daily at

1 mg/kg via the subcutaneous route.

Vaccine regimen
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Monkeys assigned to the TV+TLR7 group were primed by the intramuscular route with 3 x 10°
viral particles of Ad48 vectors (261) expressing SIVsmesa3 gag-pol-env at weeks 22 and 30 post
infection and were boosted with 108 plaque-forming units of MVA vectors (276) expressing
SIVsmes4s gag-pol-env at weeks 38 and 50 post infection. TV+TLR7 animals also received 10
administrations of 0.3 mg/kg GS-986 (Gilead Sciences) by oral gavage every two weeks from

week 40 — 48 and 52 — 60 post infection.

Sample collection and processing

EDTA-anticoagulated blood samples were collected regularly and used for a complete blood
count, routine chemical analysis and immunostaining, with plasma separated by centrifugation
within 1 h of phlebotomy. PBMCs were prepared by density gradient centrifugation. Lymph node
and rectal biopsy tissue samples were collected at indicated timepoints (Fig 1). Lymph nodes were
ground using a 70-um cell strainer. Rectal biopsy mucosal mononuclear cells were isolated by
digestion with collagenase and DNase | for 2 h at 37 °C and then passed through a 70-um cell
strainer. The cell suspensions obtained were washed and immediately used for immunostaining or

cryopreserved at -80 °C until use.

Immunophenotype by flow cytometry

Multicolor flow cytometric analysis was performed on whole blood or cell suspensions using

predetermined optimal concentrations of the following fluorescently conjugated monoclonal

antibodies (MADbs). For whole blood (WB) T cell analysis the following MAbs were used: CD3-
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allophycocyanin (APC)-Cy7 (clone SP34-2), CD95-phycoerythrin (PE)-Cy5 (clone DX2), Ki67-
AF700 (clone B56), HLA-DR-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone G46-6), CCR7-
fluorescein isothiocyanate (FITC) (clone 150503), CCR5-APC (clone 3A9), and CD45-RA-PE-
Cy7 (clone L45) from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone OKT4),
and PD-1-BV421 (clone EH12.2H7) from BiolLegend; and CD28-ECD (clone CD28-2) from
Beckman-Coulter. For WB activation analysis the following MAbs were used: CD3-
allophycocyanin (APC)-Cy7 (clone SP34-2) and CD69-phycoerythrin (PE)-CF594 (clone FN50)
from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone OKT4), CD16-BVv421
(clone 3G8), CD14-phycoerythrin (PE)-Cy7 (clone M5E2), and CD169-phycoerythrin (PE) (clone
7-239) from BioLegend; and CD38-allophycocyanin (APC) (clone OK10) from the NHP Reagent
Resource. Flow cytometric acquisition and analysis of samples were performed on at least 100,000
events on an LSR Il flow cytometer driven by the FACSDiva software package (BD Biosciences)
or an AURORA flow cytometer driven by the SpectroFlo software package (Cytek). Analyses of
the acquired data were performed using FlowJo version 10.0.4 software (TreeStar). For analysis,
T cells were gated as live CD3* cells and monocytes were gated as live CD3-CD4" cells positive

for either CD14 or CD16.

IFN-» ELISPOT

SIV-specific cellular immune responses were assessed by IFN-y ELISPOT assays. Cryopreserved
cells from selected timepoints pre- and post-immunization were thawed and rested overnight prior

to assay. Test and control wells were performed with 200,000 cells per well in duplicate. Briefly,
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a 96-well MultiScreen-IP Filter Plate (Millipore) was activated with 70% EtOH for 1 min and
washed twice with PBS. Plate was then incubated overnight at 4° with 5 ug/mL anti-human IFN-
v (MabTech). 200,000 PBMC were used per well and incubated with SIV mac239 peptide pools (NHP
AIDS Reagent Program) at 10 pg/ml for 28 h at 37° in 5% CO2. SIVmac239 peptide pools were
selected due to shared sequence identity of 97% with the challenge virus (S1Vmaczs1) (277). Due to
limited cell availability, ELISPOTSs were not performed using vaccine strain (SI1Vsmesa3) peptides;
Gag, Pol, and Env from SIVsmesa3 share sequence identity with SIVmac23e of 91, 93, and 85%,
respectively (278, 279). As a positive control 5 pg/ml of concanavalin A (Millipore) was added to
the cells, and a negative control of no peptide was also included on each plate. To estimate cellular
breadth, cryopreserved cells from weeks 67 and 72 (weeks 3 and 8 post ATI) were utilized. This
analysis was not possible after vaccination but before ATI due to limited cell availability. We note
that the AUC of viremia during this time period was not different between TV+TLR7 and control
groups (P = 0.46), permitting some inferences about the vaccine strategy to be considered. 10-mer
peptides were divided into subpools of 20 peptides per subpool spanning the entire Gag, Pol, or
Env S1Vmac239 Vviral protein. All tests were performed in duplicate. Plates were scanned using an
automated ELISPOT counter (CTL, Cellular Technologies), and verified through manual
counting. Background (the mean of wells without peptide stimulation) levels were subtracted from
each well on the plate. A response was considered positive if the mean number of spot-forming
cells (SFC) from duplicate sample wells exceeded background plus 2 standard deviations. Assay
results are shown as SFC per 1 x 106 cells. Responses of <50 SFC per 1 x 108 cells were not

considered positive.
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Intracellular cytokine staining (1CS)

ICS was performed using fresh or cryopreserved PBMCs. Cryopreserved PBMCs were rested over
night after thaw prior to assay. Briefly, 1-2 x 108 cells were incubated in the presence of Brefeldin
A (Sigma Aldrich), BD Golgi Stop (BD BioSciences), and SI1Vmac239 Gag peptide pool (NHP AIDS
Reagent Program) for 6 hours at 37°. PMA/lonomycin (Sigma Aldrich) was used as a positive
control and no peptide stimulation was used as the negative control. After incubation, the cells
were washed twice with PBS and stained for 20 minutes at 37° with LIVE/DEAD then for 30
minutes at RT with predetermined optimal concentrations of the following fluorescently
conjugated MAbs: CD3-APC-Cy7 (clone SP34-2), CD4-BV421 (clone OKT4), CD8-PE-CF594
(clone RPA-T8), and CD95-PE-Cy5 (Clone DX2). After the incubation, cells were fixed and
permeabilized and then incubated with the following MAbs: IL-17A-AF488 (clone
eBio64DECL17), IFN-y-PE (clone B27), TNFa-AF700 (clone Mab11), IL-2-BV605 (clone MQ1-
17H12), IL-22-APC (clone 1L22JOP). Flow cytometric acquisition and analysis of samples were
performed on at least 100,000 events on an LSR Il flow cytometer driven by the FACSDiva
software package (BD Biosciences). Analyses of the acquired data were performed using FlowJo
version 10.0.4 software (TreeStar) and simplified presentation of incredibly complex evaluations

(SPICE, v.6.0) software.

ELISA and Binding Antibody Multiplex Assay (BAMA)
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Enzyme-linked immunosorbent assays were conducted to assess IgG binding to SIV antigens.
High-binding 384-well plates (Corning Life Sciences) were coated overnight at 4°C at 2 ug/ml
with gp120 from SIVmac2s1 (Creative Biolabs), SIVsmesss, or gpl40 from SIVsmesss (Immune
Technology Corps, New York, NY). Plates were blocked with assay diluent (PBS containing 4%
whey protein, 15% goat serum, 0.5% Tween 20) for 1 h at 20°C. Plasma dilutions were added to
the plate and incubated for 1 h at 20°C. 1gG was detected by a horse radish peroxidase (HRP)-
conjugated mouse anti-monkey IgG polyclonal antibody (Southern Biotech). ELISA plates were
developed with SureBlue Reserve TMB substrate and stop solution (KPL). Plates were read
immediately after addition of stop solution at 450 nm, 0.1 s/well on a SpectraMax Plus 384
microplate reader (Molecular Devices). Area under the curve was calculated using the GraphPad
Prism Software. An anti-SIVmac2s1 polyclonal 1gG made from pooled sera from six SIVmaczs1
challenged RMs (AIDS Reagent Program) was used as positive control. Binding Antibody
Multiplex Assays (BAMAS) were performed as previously described (280). Briefly, SIV antigens
were first coupled to carboxylated fluorescent beads (Bio-Rad Laboratories, Inc.). The antigen
panel included SIVmac2z9 gpl20, Nef (Immune Technology Corps), and p27 (AIDS Reagent
Program). The coupled beads were incubated with diluted plasma (1:50 or 1:2500) for 30 min at
20°C and then IgG binding was detected with streptavidin-conjugated mouse anti-monkey 1gG at
0.5 pg/ml. Beads were washed and read on a Bio-Plex 200 instrument (Bio-Rad Laboratories,
Inc.). 1gG levels were expressed as mean fluorescent intensity (MFI) and all mean fluorescent
intensity (MFI) values were blank bead and well subtracted. Consistency between assays was
ensured by tracking the maximum MFI and AUC of the positive control (anti-S1Vmaczs1 polyclonal

IgG) by Levy-Jennings charts.
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Plasma RNA and cell-associated DNA viral quantification

Plasma viral quantification was performed as described previously (181). Frozen cell pellet was
lysed with proteinase K (100 pg/ml in 10 mM Tris-HCI pH 8) for 1 h at 56°C. Quantification of
SIVmac gag DNA was performed by quantitative PCR using the 5’ nuclease (TagMan) assay with
an ABI7500 system (PerkinElmer Life Sciences). The sequence of the forward primer for
SIVmac gag was 5'-GCAGAGGAGGAAATTACCCAGTAC-3', the reverse primer sequence was
S'-CAATTTTACCCAGGCATTTAATGTT-3’, and the probe sequence was 5'-6-
carboxyfluorescein (FAM)-TGTCCACCTGCCATTAAGCCCGA-6-
carboxytetramethylrhodamine (TAMRA)-3'. 7.5 uL of cell lysate were mixed in a 50 pL reaction
containing 1x Platinum Buffer, 3.5 mM MgClz, 0.2 mM dNTP, primers 200 nM, probe 150 nM,
and 2 U Platinum Tag. For cell number quantification, quantitative PCR was performed
simultaneously for monkey albumin gene copy number. The sequence of the forward primer for
albumin was 5’-TGCATGAGAAAACGCCAGTAA-3’; the reverse primer sequence was 5’-
ATGGTCGCCTGTTCACCAA-3’ and the probe sequence was 5’-
AGAAAGTCACCAAATGCTGCACGGAATC-3" (249). The reactions were performed on a
7500 real-time PCR system (Applied Biosystems) with the following thermal program: 5 min at

95°C, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 1 min.

Statistical analyses

Statistical analyses were performed using GraphPad Prism Software (v.7 or v.8). P < 0.05 was

considered statistically significant. To test the statistical significance observed in magnitude of T
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cell response in Fig 2B and humoral response Fig 5 within groups, the non-parametric Friedman
test with Dunn’s correction for multiple comparisons was used. To compare memory CD4* and
CD8* polyfunctionality in Fig 3 and SIV DNA levels in Fig 7A and 7B a two-sided Wilcoxon
rank-sum test was used. To compare the magnitude of T cell responses to viral subpools in Fig 4A
and to compare the frequency of CD38 and CD69 expression on CD4* and CD8* T cells and
CD169 expression on monocyte subsets in Fig 6 and S7 a Wilcoxon matched-pairs signed rank
test was performed. A two-sided Spearman Rank correlation test was used to determine statistical
significance of associations in Fig 7C and 9D-F. In Fig 8A survival curves were compared through
a Log-rank (Mantel-Cox) test. To compare differences between groups in pre-ART VL and CD4*
T cell frequency in Fig S2B, S2C, positive subpools in Fig 4B, and S6B, humoral response between
groups in Fig 5, VL set point in Fig 8C, magnitude of the anti-SIV ELISPOT response in Fig 9A,
AUC between groups in Fig 9C, and rebound kinetics in Fig 91 a two-sided Mann-Whitney was

used.

Acknowledgments

We thank Gilead for provision of the antiretroviral drugs and Francois Villinger for
providing SI1Vmac2s1. The authors also thank Joseph Hesselgesser for his expertise and feedback.
The content is solely the responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health. We would also like to thank the Emory CFAR Virology
Core, CFAR Immunology core, and Research Services at the Yerkes NPRC for coordinating and

performing the NHP studies.



89

Chapter 3 Figures

A.
SIVmac251 Ad48 MVA GS-986
ATI
Weeks p.i. -4 0 4 12 22 3034 38 50 52 62 64 67 72 80 -84
PB ° [ ] [ ] [} LN ° [ ] [ ] [ ] [ ]
LN L ] [ ]
RB ) )
B C.
:T MVA GS-986 :T
% 10° % 100
K} 108 k] 108
2407 2 40
o o
: 10% N R |~ = e e e ; 108
Z 108 Z 10°
(4 (4
> 104 > 104
CRTE TS
© ©
€ 102 5 102
.@ 10! 8 10!
o 16 24 32 40 48 56 64 O 0 8 16 24 32 40 48 56 64
Weeks post infection Weeks post infection
D. E
£1oo & 100
S 8
o
80 80
2 2
2 60 Z e
£ ‘. Y
S e
2 2 0
8 3
5 20 Y
3 3
S X o
0 8 16 24 32 40 48 56 64 0 8 16 24 32 40 48 56 64
Weeks post infection Weeks post infection
TV+TLR7 Control
-4~ RNd19 <A~ RBe19 =-a- RU19 -&- RPq19 -0~ RJc19 © RPe19 =o= RYi19 -o- RLn19 | 2 ART
-a- RPd19 4 RCc19 =#= RMm19 -a= RAq19 <0~ RKc19 «@= RGC19 <0- RFj19 -0~ RWo19

Fig 3.1. Experimental design and response to ART in SIV-infected infant RMs. (A) Schematic
of the study design. Sixteen infant RMs were infected orally with 10° TCIDso SIVmaczs1 (day 0),

and starting on 4 weeks post infection (p.i.) treated with combination ART (TDF, FTC, DTG) for
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15 months. Eight animals received 2 doses of Ad48-SIVsmesa3 gag-pol-env (3x10%° viral particles,
i.m.), 2 doses of MVA-SIVsmess3 gag-pol-env (1x108 PFU, i.m.), and 10 doses of GS-986 (0.3
mg/kg, 0.g.), at the timepoints indicated (TV+TLR7). The remaining 8 animals served as ART-
treated controls. At 64-71 weeks p.i. RMs underwent analytical treatment interruption (ATI) and
all the animals were monitored for 4 to 6 months. PB, RB, and LN biopsies were collected at the
indicated timepoints. Longitudinal analysis of plasma SIV RNA levels in (B) TV+TLR7 and (C)
control RMs. The shaded area represents the period of ART treatment. The dashed line represents
the limit of detection of the assay. Longitudinal analysis of peripheral CD4* T cell frequency in

(D) TV+TLRY7 and (E) control RMs. The shaded area represents the period of ART treatment.
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Fig 3.2. Cellular response measured by ELISPOT to therapeutic vaccination in SIV-infected,
ART-treated infant RMs. (A) Representative images of spot forming cells (SFC) in response to
Gag, Pol, and Env at timepoints indicated above. Wpi, weeks post infection. (B) IFN-y ELISPOT
responses to Gag, Pol, and Env peptide pools from SI1Vmac239 were measured at week 22 prior to
vaccination, week 34 after priming with two doses of Ad48, week 52 after boosting with two doses

of MVA, and week 62 prior to analytical treatment interruption in control RMs (n = 4) and
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TV+TLR7 (n = 8) RMs. Bars represent mean + SEM. Statistical analysis was performed to
compare with week 22 using the non-parametric Friedman test with Dunn's multiple comparison
test to correct for multiple comparisons. (C) Individual IFN-y ELISPOT responses of TV+TLR7

RMs.
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Fig 3.3. Immunological response measured by ICS to therapeutic vaccination in SIV-
infected, ART-treated infant RMs. Pie charts depicting the ability of (A) memory CD8* and (B)

memory CD4* T cells isolated from TV+TLR7 RMs to produce IFN-y, IL-2 and/or TNF-a in
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response to stimulation with S1Vmac239 Gag peptide pool at 22 (n=5), 34 (n = 6), 52 (n = 4), and 62
(n=7) weeks post infection (wpi). Total cytokine positive cells were compared to week 22 through
permutation test. Cytokine positive subsets were compared to week 22 using a Wilcoxon Rank
Sum Test, table representing P values is shown. (C) Representative flow plot of IFN-y, TNF-a,

and IL-2 expression in CD95"CD8* T cells.
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interruption (ATI) measured by ELISPOT to therapeutic vaccination in SIV-infected, ART-
treated infant RMs. (A) IFN-y ELISPOT responses to 10-mer peptide subpools spanning the
Gag, Pol, and Env proteins from SIVmac2zo following ATI in TV+TLR7 RMs and control RMs.
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represents the limit of detection. Statistical analysis was performed using Wilcoxon matched-pairs
signed rank tests. SFC, spot forming cells. (B) Cellular immune breadth in TV+TLR7 RMs and
control RMs as measured by total positive subpools of 10 peptides spanning the SIVmac23s Gag,
Pol, and Env proteins following ATI. Black bar represents median. Groups were compared using

a two-sided Mann-Whitney test (P < 0.05 was considered significant).
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Fig 3.5. Humoral response measured by ELISA and BAMA to therapeutic vaccination in
SIV-infected, ART-treated infant RMs. SIV-specific antibodies directed against gp120 from (A)
vaccine strain, SIVsmesa3, and (B) challenge strain, SIVmac2s1, were quantified by binding ELISA
area under the curve (AUC) at week 4 prior to ART initiation, week 22 prior to vaccination, week
34 after priming with two doses of Ad48, week 52 after boosting with two doses of MVA, and
week 62 prior to analytical treatment interruption (ATI) in TV+TLR7 RMs and equivalent time
points for controls. (C) SIV-specific antibodies directed against SIVmaczzs gpl120, p27, and Nef
were measured by Binding Antibody Multiplex Assay (BAMA) at same time points described
above. Experimental groups were compared using a two-sided Mann-Whitney test and timepoints
within groups were compared using the non-parametric Friedman test with Dunn's multiple

comparison test to correct for multiple comparisons (P < 0.05 was considered significant).
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Fig 3.6. Immunological response to repeated oral GS-986 administration in SIV-infected,
ART-treated infant RMs. Frequency of (A) CD38" and (B) CD69" peripheral CD4" and CD8" T
cells immediately prior to, 1 day post, and 14 days post oral GS-986 dose 1, 5, and 10 in TV+TLR7
or equivalent sample day in control RMs. (C) Frequency of CD169" classical, intermediate, and
nonclassical monocytes in TV+TLR7 and control RMs. Dose number is indicated by color. Bars
represent mean + SEM. Statistical analysis was performed using a Wilcoxon matched-pairs signed

rank test.
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Fig 3.7. Impact of therapeutic vaccination and oral TLR-7 stimulation on SIV DNA
persistence in CD4"* T cells of SI'V-infected, ART-treated infant RMs. Comparison of frequency
of estimated STV DNA levels in (A) peripheral, (B) LN, and (C) rectal CD4" T cells before (12
weeks post infection, wpi) and after (62 wpi) therapeutic vaccine regimen in TV+TLR7 and control
RMs as determined by PCR. Dashed line represents the limit of detection and open symbols
represent values below the limit of detection. Statistical analysis was performed using a two-sided
Wilcoxon rank-sum tests (P < 0.05 was considered significant). (D) Association between log
reduction of SIV DNA in peripheral CD4" and LN CD4"* T cells from pre-vaccination to post-
vaccination and magnitude of SIV-specific T cells at week 62 prior to ART interruption measured
by IFN-y ELISPOT in TV+TLR7 RMs. Two-sided Spearman rank correlation test was used to

determine statistical significance. R value indicates correlation coefficient.
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Comparison of time to viral rebound in TV+TLR7 and control RMs depicted by Kaplan-Meier
curves. Survival curves for groups were compared through Log-rank (Mantel-Cox) test. (B)
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solid line represents the median, the shaded area represents interquartile range, and the horizontal
dashed line represents the limit of detection of the assay. (C) Set point viremia following 16 weeks
of ATI of TV+TLR7 and control RMs determined by the mean of the final three viral load
measurements. Dashed bars represent median. Groups were compared using a two-sided Mann-

Whitney test (P < 0.05 was considered significant).
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Fig 3.9. Comparison of strong and weak cellular vaccine response within TV+TLR7 infant

RMs. (A) Magnitude of anti-SIV cellular immunity measured by IFN-y ELISPOT prior to ATI at

62 weeks post infection of strong and weak responders. Dashed bars represent median. Groups

were compared using a two-sided Mann-Whitney test (P < 0.05 was considered significant). (B)

Pie charts depicting the ability of memory CD8* and CD4* T cells isolated from strong and weak

TV+TLR7 responders to produce IFN-y, IL-2 and/or TNF-a in response to stimulation with
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SIVmac239 Gag peptide pool at 52 weeks post infection (n = 4). (C) Longitudinal analysis of
HLA-DR and PD-1 expression on effector memory (EM) and central memory (CM) CD8* T cells
in strong and weak responders within TV+TLR7 RMs (n = 8). The shaded area represents the
period of ART treatment. AUC on ART was compared between groups using a two-sided Mann-
Whitney test. (P < 0.05 was considered significant) Association between (D) HLA-DR expression
on EM, (E) PD-1 expression on CM, and (F) PD-1 expression on EM CD8" T cells during ART
represented by AUC and magnitude of SIV-specific T cells following end of vaccine regimen prior
to ATl measured by ELISPOT in TV+TLR7 RMs. Two-sided Spearman rank correlation test was
used to determine statistical significance. R value indicates correlation coefficient. (G) Comparison
of time to viral rebound in strong and weak TV+TLR7 responder RMs depicted by Kaplan-Meier
curves. (H) Median longitudinal plasma SIV RNA levels between strong and weak responders
following ATI. The solid line represents the median, the shaded area represents interquartile range,
and the horizontal dashed line represents the limit of detection of the assay. (1) Set point viremia
following 16 weeks of ATI of strong and weak TV+TLR7 responders determined by the mean of
the final three viral load measurements. Dashed bars represent median. Groups were compared

using a two-sided Mann-Whitney test (P < 0.05 was considered significant).
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Supplemental Figure 3.1. On ART plasma viral loads of TV+TLR7 and control RMs.
Longitudinal analysis of plasma SIV RNA levels in (A) TV+TLR7 and (B) control RMs. The
shaded area represents the period of ART treatment. The colored dashed lines represent therapeutic
intervention in TV+TLR7 RMs, Ad48 is in green, MVA is in blue, and GS-986 in orange. The

horizontal dashed line represents the limit of detection of the assay.



A.
)
E
w
.g 1 challenge 2 challenges
9 @ RJC19 == RYi19 <= RMm19
< o8- RKc19  =#= RLn19 v- RFj19
E 8= RPe19 == RW019 3 challenges
> = RNd19  =d= RUI9 =@~ RGc19
7] = RPd19 <= RPgio 4 challenges
g ae= RBelg == RAQ19 & RCc19
7]
g 3 arr
0 8 16 24 32 40 48 56 64
Weeks post infection
B C.

4x108+ F=0.21 4%108+ P=>0.99

(&) Q
* ||

2 3109 2 3x10%
) -
S 2x10%4 > 2x10%4
o o
R 1x10% B 1x10e
< <
i i

_1,‘103 -1"‘10“

1 challenge  >1 challenge mac251 mac239

104

Supplemental Figure 3.2. Comparison of challenge variables on acute viral kinetics. (A)

Longitudinal analysis of plasma SIV RNA levels by required number of challenges prior to

successful infection. The shaded area represents the period of ART treatment. RMs that required

one challenge, two challenges, three challenges, and four challenges are represented by black,

green, purple, and orange lines, respectively. Pre-ART viral kinetics were not influenced by (B)

required number of challenges or (C) challenge virus. Groups were compared using a two-sided

Mann-Whitney test (P < 0.05 was considered significant). Bars represent mean + SD.
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Supplemental Figure 3.3. Oral GS-986 is tolerable, safe, and induces anticipated immune
stimulation at 0.1 and 0.3 mg/kg in SIV-infected, ART-treated infant RMs. (A) Longitudinal
assessment of body weight, complete blood counts, and serum chemistries. The shaded areas
represent the period of ART treatment. The dotted lines represent the normal range for each
parameter. WBC, white blood cells; HGB, hemoglobin; BUN, blood urea nitrogen; ALT, alanine
aminotransferase; GGT, gamma-glutamyltransferase. (B) Frequency of CD169*CD14* monocytes
before, 1 day after, and 7 days after oral GS-986. Representative staining for CD169 expression

within CD14" monocytes is shown on the right.
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Supplemental Figure 3.4. Safety data in ART-treated SIV-infected RM infants. (A)
Longitudinal assessment of complete blood counts (WBC, white blood cells; HGB, hemoglobin)
(B) body weight, and (C) serum chemistries (BUN, blood urea nitrogen; ALT, alanine
aminotransferase; GGT, gamma-glutamyltransferase). The shaded areas represent the period of

ART treatment. The dotted lines represent the normal range for each parameter.
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52, and 62 weeks post infection (p.i.). SFC = spot forming cells.
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median. Groups were compared using a two-sided Mann-Whitney test (P < 0.05 was considered

significant).
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Supplemental Figure 3.7. Detailed immunological response to repeated oral GS-986

administration in SIV-infected, ART-treated infant RMs. Frequency of (A) CD38" and (B)

CD69" peripheral CD4" and CD8" T cells immediately prior to, 1 day post, and 14 days post oral

GS-986 doses 1, 5, and 10 in TV+TLR7 or equivalent sample day in control RMs, shown by

individual animal. (C) Frequency of CD169" classical, intermediate, and nonclassical monocytes

in TV+TLR7 and control RMs. Dose number is indicated by color. Bars represent mean + SEM.

Statistical analysis was performed using a Wilcoxon matched-pairs signed rank test.
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Supplemental Figure 3.8. Post analytical treatment interruption (ATI) plasma viral loads of
TV+TLR7 and control RMs. Longitudinal analysis of plasma SIV RNA levels in (A) TV+TLR7
and (B) control RMs following ATI. The horizontal dashed line represents the limit of detection

of the assay.
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Supplemental Figure 3.9. Impact of therapeutic vaccination and oral TLR-7 stimulation on
reservoir between good and poor vaccine responders within TV+TLR7 infant RMs.
Comparison of frequency of estimated SIVV DNA levels and log reduction from week 12 to week
62 in (A) peripheral and (B) LN CD4" T cell SIV DNA in strong and weak responders as

determined by PCR.
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Abstract

The “shock and kill” strategy for HIV-1 cure incorporates latency reversing agents (LRA)
in combination with interventions that aid the host immune system in clearing virally reactivated
cells. LRASs have not yet been investigated in pediatric clinical or preclinical studies. Here, we
evaluated an inhibitor of apoptosis protein (IAP) inhibitor (IAPi), AZD5582, that activates the
non-canonical NF-kB (ncNF-«B) signaling pathway to reverse latency. Ten weekly doses of
AZD5582 were intravenously administered at 0.1 mg/kg to rhesus macaque (RM) infants orally
infected with SIVmac2s1 at 4 weeks of age and treated with a triple ART regimen for over one
year. During AZD5582 treatment, on-ART viremia above the limit of detection (LOD, 60
copies/ml) was seen in 5/8 infant RMs starting at 3 days post dose 4 and peaking at 771
copies/ml. Of the 135 measurements during AZD5582 treatment in these 5 RM infants, only 8
were above the LOD (6%), lower than the 46% we have previously reported in adult RMs.
Pharmacokinetic analysis of plasma AZD5582 levels revealed a lower Cmax in treated infants
compared to adults (294 ng/ml vs 802 ng/ml). RNA-Sequencing of CD4+ T cells comparing pre-
and post-AZD5582 dosing showed many genes that were similarly upregulated in infants and
adults, but through transcriptomics expression of key ncNF-xB genes, including NFKB2 and
RELB, was significantly higher in adult RMs. Our results suggest that dosing modifications for
this latency reversal approach may be necessary to maximize virus reactivation in the pediatric

setting for successful “shock and kill” strategies.
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Author Summary

While antiretroviral therapy (ART) has improved HIV-1 disease outcome and reduced
transmission, interruption of ART results in rapid viral rebound due to the persistent latent
reservoir. Interventions to reduce the viral reservoir are of critical importance, especially for
children who must adhere to lifelong ART to prevent disease progression. Here, we used a
previously established pediatric nonhuman primate model of oral SIV infection to evaluate a
potent latency reversing agent in the controlled setting of daily ART. We demonstrate the safety
of the IAPi AZD5582 and evaluate the pharmacokinetics and pharmacodynamics of repeated
dosing. The response to AZD5582 in macaque infants differed from what we have previously
shown in adult macaques, with weaker latency reversal in infants likely due to altered
pharmacokinetics. These data support the contention that HIVV-1 cure strategies for children are

best evaluated using pediatric model systems.
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Introduction

Despite increased access to interventions to prevent mother-to-child transmission (MTCT)
of HIV-1, pediatric HIV-1 continues to be a global health crisis with 1.7 million children infected
worldwide and 150,000 new pediatric cases annually (189). The majority of new infections occur
postnatally through the breastmilk transmission route (200). Antiretroviral therapy (ART) has
dramatically improved disease outcome and reduced mortality but does not eliminate the long-
lived viral reservoir established during acute infection (111, 117, 128, 281). Strategies to reduce
or eliminate the viral reservoir to allow periods of ART-free remission towards a long-term
functional or sterilizing cure would greatly benefit children who must adhere to lifelong ART to

prevent progression to AIDS.

HIV-1 infection differs in children and adults, with children experiencing higher peak and
set point viremia, slower decline to viral set point, and lower median survival in absence of ART
(190). Additionally, the developing immune system yields a unique environment that may
influence both the pediatric HIV-1 reservoir and the impact of HIV-1 cure strategies on this
population. For these reasons, we advocate for HIV-1 cure strategies to be investigated specifically
in children. The use of a relevant pediatric animal model can provide important safety and efficacy
information necessary to bring experimental therapeutics to pediatric trials. Simian
immunodeficiency virus (SIV) infection in the rhesus macaque (RM) has long been established as
a robust animal model for HIV-1 and has been used extensively to inform HIV-1 cure strategies

(111, 254, 255). Previous published work from our laboratory has demonstrated that oral SIV and
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simian-human immunodeficiency virus (SHIV) infection of infant RMs can simulate postnatal
HIV-1 infection through breastfeeding with ART-mediated suppression of viremia then permitting
the study of virus persistence (149, 282). Through this model we have identified naive CD4+ T
cells as a significant contributor to the viral reservoir in both SIV and SHIV infection of infant
RMs (149, 282) and tested therapeutic vaccination in combination with TLR-7 stimulation to
promote anti-SIV immune responses (283). This preclinical model provides further opportunities
to test important hypotheses regarding viral reservoirs, infant immunity, and remission/eradication

strategies.

The “shock and kill” HIV-1 cure strategy aims to “shock™ virally-infected cells out of a
state of latency using a latency reversing agent (LRA) to induce production of viral RNA and
proteins while introducing a “kill” therapeutic agent to aid the immune system in the clearance of
infected, reactivated cells (177, 284-286). Performing such interventions in the controlled setting
of ART prevents new rounds of infection in uninfected cells, while allowing intervention-mediated
clearance of the existing reservoir. There has been extensive research into potential LRAS in
preclinical and clinical trials; however, no LRA has yet been evaluated in infants or children. In
recent work we identified an inhibitor of apoptosis protein (IAP) inhibitor (IAPi), AZD5582 (also
called a SMAC mimetic), as an effective LRA that induced reactivation of the viral reservoir in
SIV-infected adult RMs treated with ART (181). Importantly, AZD5582 reactivates cells by

targeting the non-canonical NF-kB pathway (ncNF-«kB), reducing off-target effects and improving

safety over agents that activate canonical NF-kB cell signaling.
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In the present study, we evaluated AZD5582 in a preclinical model of SIV-infected ART-
suppressed RM infants. We report induction of on-ART viremia in 63% of AZD5582-treated
infant RMs, but considerably reduced frequency of latency reversal compared to adult RMs.
Transcriptomic analyses revealed significant differences in gene expression induced by AZD5582
in CD4+ T cells from infant and adult RMs. An altered pharmacokinetic profile of plasma
AZD5582 in infant RMs was also observed, which may explain the dampened latency reversal.
This study provides novel understanding of how an IAPi interacts with the pediatric viral reservoir
and developing immune system and suggests that optimization of LRA dosing may be crucial for

“shock and kill” strategies to be effective in pediatric patients.
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Results

Ex vivo evaluation of AZD5582 on naive and memory CD4+ T cells

We have previously shown that naive CD4+ T cells are a major contributor to the viral
reservoir in both SIV- and SHIV-infected infant macaques (149, 282). We were therefore first
interested to determine whether AZD5582 would act similarly on both naive and memory CD4+
T cells ex vivo, with the eventual goal of using this agent in vivo to reverse latency from multiple
cell types in a pediatric macaque model. It is well documented that activation of naive CD4+ T
cells relies predominantly on cNF-«B and not the ncNF-xB pathway (287). However, AZD5582
targets intracellular components of the ncNF-«B pathway, including baculoviral inhibitor of
apoptosis (IAP) repeat containing 2 (BIRC2) and 3 (BIRC3), which together with another key
component of ncNF-kB signaling, the NFKB inducing kinase (NIK), are equally expressed
between naive and memory CD4+ T cells (288, 289). To confirm that the ncNF-kB pathway is
activated following AZD5582 stimulation ex vivo in naive and memory CD4+ T cells, we
purified naive (CD62L+CCR7+CD95-) and memory (CD95+) CD4+ T cells from the peripheral
blood of eight SIV-infected, ART-suppressed infant macaques. Sorted cells were stimulated with
100 or 1,000 nM of AZD5582 for 24 hours and PCR was performed to evaluate the expression of
the ncNF-kB pathway genes BIRC3 and NFkB2 (Fig. 4.1). No significant difference was
observed in fold induction of BIRC3 and NFkB2 gene expression between naive and memory

CD4+ T cells at 1000 nM (P = 0.88 and >0.99, respectively, n=4) or 100 nM (P = 0.88 and
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>0.99, respectively, n=4). These results indicate that both naive and memory CD4+ T cells have

the potential to utilize the ncNF-kB pathway following AZD5582 stimulation.

In vivo experimental design and treatments

Following confirmation of ncNF-kB activation in naive CD4+ T cells ex vivo, we next
sought to evaluate the impact of in vivo AZD5582 administration in SIV-infected, ART-suppressed
infant rhesus macaques. Twelve Indian origin RMs (four males and eight females) were selected
for this study. RMs were confirmed negative for the MHC haplotypes (Mamu-B*08 and -B*17)
associated with natural control of SIV replication. The time course of the experimental design and
interventions used are shown in Fig. 2A. All RMs were exposed to two consecutive doses of 10°
50% tissue culture infective doses (TCIDso) SIVmac2s1 by oral administration at approximately 4
weeks of age (range: 3.1 w — 7.4 w, mean: 4.45 w). As breastmilk acquisition of HIV-1 is unlikely
to be followed by very early ART initiation (i.e., within hours or days), here we started daily ART
in all RMs at 4 weeks after SIV infection. The ART regimen (tenofovir, TDF; emtricitabine, FTC;
dolutegravir, DTG) was administered as a single dose co-formulation once daily by subcutaneous
injection, as described previously (149, 282, 283), throughout the experimental time course
(indicated by gray shading in Fig. 4.2A). ART was effective at suppressing SIV RNA in plasma
below the limit of detection (LOD, 60 copies/ml) in all RMs (Fig. 4.2B and 4.2C). As seen in HIV-
1-infected children (258-260), time to suppression was variable, ranging from 4 to 26 weeks
(median = 12 w) with some infants showing transient blips of viremia shortly following viral

suppression.



120

Prior to the AZD5582 treatment phase of the experiment, two groups of RMs (control, n=4
and experimental [‘AZD5582’], n=8) were balanced for sex, age at infection, CD4* T cell
frequency at ART initiation, peak viral load, and area under the curve (AUC) of pre-ART viremia
(Table 4.1). After over one year of daily ART (range: 66 w - 70 w), 8 RMs received ten weekly
doses of AZD5582 at 0.1 mg/kg by intravenous (i.v.) infusion (Fig. 4.2A). This dose has been
shown to be tolerated in adult RMs and effective in reversing latency (181). The remaining four
RMs served as ART-treated controls. Peripheral blood (PB) and lymph node (LN) biopsies were
collected longitudinally at the timepoints indicated in Fig. 4.2A. AZD5582 was well tolerated in

infant macaques, without clinical adverse events throughout the intervention phase of the study.

Impact of AZD5582 on latency reversal in infant RMs

In this study, latency reversal was defined as a plasma SIV RNA level above 60 copies/mli
during AZD5582 treatment in the presence of continued daily ART (or, “on-ART viremia”). The
first instance of latency reversal was observed at 48 h after the 4™ dose (Fig. 4.3A). On-ART
viremia peaked at 771 copies/ml in RVf20 2 days post-dose 9. In total, at least one episode of on-
ART viremia was observed in 5/8 RMs (63%) over the course of treatment (Fig. 4.3A,C) in
contrast with the durable viral suppression below 60 copies/ml observed in ART only controls
(Fig. 3B). This is comparable to our previously published study in which 5/9 (56%) of AZD5582-
treated SIV-infected adult RMs experienced on-ART viremia (Fig. 4.3C) (181). We note that 3/5

of the macaques that experienced latency reversal during AZD5582 treatment showed only a single
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episode of low-level on-ART viremia (range: 62 — 110 copies/ml). This low level viremia
contrasts, however, with the sustained suppression below 60 copies/ml in the 10 month period

before AZD5582 treatment in these 3 infants (Fig. 4.2B).

Out of 135 total viral load measurements performed over the AZD5582 treatment course
in the 5 RMs that showed on-ART viremia, 8 total measurements (6%) were above the limit of
detection of 60 copies/ml. This frequency of on-ART viremia episodes was lower than that
observed in RM adults treated with AZD5582 (46%) (181), despite similar overall percentages of

responding animals (Fig. 4.3C).

SIV-infected adult RMs that exhibited on-ART viremia during AZD5582 treatment could
be distinguished from those with stably suppressed viral loads during AZD5582 treatment by their
significantly higher pre-ART viral loads (290). We investigated this association in the infants
studied here but did not see a similar trend, although we were limited by small sample size (Fig.
4.3D). Although the pre-ART viral loads of infants and adults with on-ART viremia were similar
(p = 0.35), there was no significant difference in pre-ART viral loads between infants that
responded to AZD5582 and infants that remained stably suppressed (p = 0.14). Interestingly, the
infant RM with the most pronounced latency reversal (RVf20) also had the lowest pre-ART viral
load from the group with on-ART viremia (lower than two of the stably suppressed infants).

Together, these data highlight distinct age-related responses to this dosing regimen of AZD5582.
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Pharmacokinetics of AZD5582 is altered in infant RMs

As a potential explanation for the dampened virologic response to AZD5582 observed in
infant RMs, we investigated AZD5582 pharmacokinetics (PK) following the third dose using a
sparse sampling design. Blood samples were collected immediately following the infusion in 4
RMs and from 2 RMs per timepoint at 1lh-, 2h-, 4h-, 8h-, and 24h-post infusion. Plasma
concentrations of AZD5582 in infants exhibited biphasic elimination with a rapid distribution half-
life followed by a slower terminal elimination half-life of 9.9 hours (Fig. 4.4A). Non
compartmental analysis (NCA) was conducted to determine pharmacokinetic parameters in infants
and compared with available PK data from adult historical controls of SIV-infected, ART-
suppressed rhesus macaques (n=7) given matched doses of AZD5582 (Fig. 4.4B) (181). Infants
exhibited a 2.5- and 2.3-fold lower Cmax and AUCo-2n, respectively (Table 4.2). Although
corresponding data were not collected from adult macaques, we note that in infants the AUCo-24n

was calculated as 239 ng*hr/ml.

Evaluation of ncNF-xB gene expression following AZD5582 treatment

Treatment with AZD5582 in SIV-infected, ART-suppressed adult RMs upregulates key
genes associated with signaling through the ncNF-kB pathway, rather than the canonical NF-kB

(cNF-kB) pathway in CD4+ T cells (181). Here we performed RNA-Seq in total CD4+ T cells
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isolated from the peripheral blood of AZD5582-treated infant macaques at baseline (pre-dose 1)
and at the end of the treatment period (post-dose 10). In total, 1,031 genes were identified as
differentially expressed following AZD5582 treatment in infant RMs (855 up-regulated, 176
down-regulated) using a false discovery rate of 5% and a linear fold change of 50% (Fig. 4.5A).
Principal component analysis revealed a distinct effect of AZD5582 on gene expression in CD4+
T cells isolated from infant RMs 2 days post dose 10 compared to peripheral CD4+ T cells from

infants pre-AZD5582 (Fig. 4.5B).

Enrichment of NF-kB associated genes in AZD5582-treated infants was next compared to
data generated from our prior adult macaque study, where RNA-Seq of peripheral CD4+ T cells
was performed at the same time points (pre-AZD5582 and 2 days post-dose 10 of AZD5582)
(181). The leading-edge genes in both groups of animals are shown in the heat maps in Fig. 5C-E,
segregated by genes that were similarly changed in infants and adults (Fig. 5C), higher in infants
compared to adults (Fig. 4.5D), and higher in adults compared to infants (Fig. 5E). BIRC3 and
BIRC5 were both most significantly upregulated following AZD5582 in CD4+ T cells from
AZD5582 treated infant and adult RMs (Fig. 4.5C). BIRC3 encodes cellular inhibitor of apoptosis
2 (clAP2) and BIRC5 (encoding survivin) also belongs to the IAP gene family, with both genes
involved in the regulation of the ctNF-xB and ncNF-«xB pathways (291, 292). Genes identified as
most upregulated in infant RMs but not adults include TNFRSF13B and TNFRSF17, two TNF-
receptor super family genes that encode proteins that can initiate activation of NF-xB signaling

(Fig. 4.5D) (293). Interestingly, RELB and NFKB2, hallmark ncNF-«B signaling genes, as well as

NFKBIA, an inhibitory gene of the cNF-«B signaling pathway, were identified as significantly
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upregulated in CD4+ T cells isolated from adult RMs but not in infant RMs after AZD5582
treatment (Fig. 4.5E). While we showed that NFKB2 could be induced by AZD5582 ex vivo in
infant CD4+ T cells with both a naive and memory phenotype (Fig. 4.1), gene expression changes

with in vivo treatment appeared more modest in infants compared to adults.

We did not identify a distinct gene expression profile that distinguished infants with on-
ART viremia from those that did not show evidence of latency reversal during AZD5582
treatment. (Fig. 4.5C,D). This result is consistent with our previous observations in adult RMs
treated with AZD5582 (181), and indicates that in vivo administration of this IAPi can impact
CD4+ T cell gene expression whether or not our definition of latency reversal was achieved. Even
so, it is clear from these data that adult macaques demonstrate greater upregulation of ncNF-kB
signaling genes as well as a greater frequency of latency reversal events during treatment with
AZD5582 when compared to infants, potentially due to the altered PK profile of AZD5582 in

infants.

Immunologic and virologic impact of AZD5582 in infant RMs

The ncNF-xB pathway plays an important role in regulating T cell differentiation without
causing broad systemic inflammation (287). We have previously observed a stimulatory effect on
peripheral T cells following AZD5582 treatment specifically measurable through increased

intracellular Ki67 expression (181). To further assess the effect of AZD5582 on infant RMs, flow
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cytometry was performed longitudinally on whole blood on the day of doses 1, 3, 6 and 9 and both
48 — 72h and 7 days after each of these doses. These timepoints were selected to allow longitudinal
evaluation while remaining within blood volume constraints. An increase in Ki67 expression in
memory CD4+ and memory CD8+ T cells (identified as CD3+CD95+) was most prominent 7 days
following dose 1 (Fig. 4.6A, 8.7% to 46.9% and 5.1% to 46.7%, respectively). When three baseline
measurements were used to account for natural variation, Ki67 expression increased by an average
of 24.3% and 23.3% after dose 1 on memory CD4+ and CD8+ T cells, respectively (Fig. 4.6A).
To assess the response to all doses in tandem, the expression of Ki67 on peripheral memory CD4+
and memory CD8+ T cells averaged 21.0% and 18.2%, respectively, at baseline and significantly
increased to a mean of 28.4% and 26.5%, respectively, at 3-days post AZD5582 (Fig. 4.6B, p =
0.02 and p = 0.03, respectively). We did not observe increases to other markers of activation,
including HLA-DR and PD-1, following AZD5582 treatment. While we have previously shown
that AZD5582 treatment alone did not consistently impact the size of the viral reservoir (181), we
note that proliferation of CD4+ T cells (as suggested by increased Ki67 levels) may result in an
expansion of infected cells. However, we found similar levels of cell-associated SIV DNA in
CD4+ T cells isolated from the periphery and lymph nodes in AZD5582-treated infant RMs

compared to ART-only controls (Fig. 4.6C).
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Discussion

This study provides insight into the use of a latency reversing agents to reactivate the viral
reservoir in a pediatric model of HIV-1 infection and ART suppression. We first sought to validate
that AZD5582 activates the ncNF-kB pathway in both naive and memory CD4+ T cells ex vivo.
We next demonstrated safety of repeated AZD5582 infusions and evaluated pharmacokinetics and
pharmacodynamics following AZD5582 treatment. The IAPi AZD5582 induced on-ART viremia
in 63% of infants, a number similar to what has previously been reported in adult RMs. However,
only 6% of assays of plasma viremia throughout AZD5582 treatment in the infants that
experienced on-ART viremia were above the limit of detection, perhaps related to the altered
pharmacokinetic profile compared to adult macaques and resultant differential gene expression
patterns. Although pre-ART viral loads served as an efficient predictor of on-ART viremia
following AZD5582 treatment in adults, in our infants, pre-ART viremia was not a predictor of
the presence or absence of latency reversal during AZD5582 treatment. Finally, through flow
cytometry, we identified an increase in Ki67 expression in peripheral memory CD4+ and memory
CD8+ T cells at 3 days post-dose compared to the pre-dose timepoint. Despite this transient
activation of memory CD4+ T cells we did not observe an expansion of infected cells in peripheral

blood or lymph nodes.

Quantification of plasma AZD5582 concentrations revealed that weight-based dosing
resulted in lower Cmax and AUCO0-2h for infants when compared to adult RMs, which likely

contributed to the altered response observed here compared to our previously published adult study
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(181). Pharmacokinetic processes differ between children and adults and, therefore, the same
dosage of many drugs may not correspond to the same pharmacological effect (294). Metabolism,
body composition, and gastrointestinal absorption are just some factors that fluctuate during
development and can influence pharmacokinetics and need to be considered when determining an
optimal dosing strategy in pediatric populations (295). The dose we used (0.1 mg/kg) is the highest
dose tested thus far in SIV-infected RMs to our knowledge and we found it to be well tolerated
and safe in infants over 10 infusions. Thus, future efforts to maximize latency reversal in infants
should involve testing a higher infusion dose or longer infusion duration to identify an optimal

AZD5582 dosing strategy for this age group.

We found that the IAPi AZD5582 activates the NF-kB pathway in treated infant RMs as
shown by transcriptomic analyses. AP inhibitors target and activate the ncNF-xB pathway, which
leads to activation of fewer host genes than the cNF-kB pathway, limiting systemic activation and
likely increasing clinical tolerability (293). Through transcriptomic profiling, key ncNF-xB
pathway genes, such as BIRC3 and BIRCS, were identified as significantly upregulated in both
treated infant and adult RMs following AZD5582 treatment. However, we did not observe
increased expression of hallmark ncNF-kB signaling genes RELB and NFKB2 nor the cNF-xB
pathway inhibitor NFKBIA, unlike what we have previously reported in adult macaques. It is well
established that naive CD4+ T cells, the predominant subset in infants (149, 282), rely on the cNF-
kB pathway for activation while the ncNF-kB pathway is more important in memory CD4+ T cells
(293). However, we demonstrated that there is no significant difference between upregulation of

both of the ncNF-«B genes BIRC3 and NFKB2 following ex vivo AZD5582 stimulation in naive
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and memory CD4+ T cells isolated from our SIV-infected, ART-suppressed infants. In the present
study, we are unable to conclude if a lack of induction of these ncNF-xB genes in vivo is due to
dampened pharmacokinetics or differences between naive and memory CD4+ T cells because of

cell availability limitations, but this is an area that should be further investigated in future work.

Previous data from our lab has demonstrated that naive CD4+ T cells dominate the
pediatric reservoir (149, 282) and it has also been shown that naive cells are less inducible than
more differentiated CD4+ T cells in vitro (296). Furthermore, naive CD4+ T cells produce less
infectious virus following multiple rounds of stimulation when compared to memory CD4+ T cells
ex vivo (297). However, conflicting data on the inducibility of naive CD4+ T cells exists with
Zerbato et al. reporting similar levels of virus production in naive and central memory CD4+ T
cells following CD3/CD28 stimulation (298). In a study specifically investigating the reactivation
potential of the pediatric reservoir, Dhummakupt et al. suggest that the reservoir from perinatally
HIV-1 infected children is less inducible than the reservoir from HIV-1 infected adults ex vivo,
but we note that this study did not distinguish differences between naive and memory CD4+ T
cells (272). While dampened pharmacokinetics of ADZ5582 in the infant RMs as compared to
adult RMs was likely the major contributor towards our virologic findings, the results presented in
this study compliment a growing body of evidence for lower inducibility potential of the pediatric

viral reservoir.

This study has a number of limitations. The small size of infant RMs limits blood volume

availability and biopsy frequency, reducing our ability to perform extensive evaluative assays.
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Specifically, we were unable to perform ultrasensitive plasma viral load quantification, an assay
with a much lower limit of detection compared to the 60 copies/ml limit used here. Although the
ultrasensitive assay may have revealed a higher frequency of reactivation events under ART, it is
expected that an effective LRA will induce high level on-ART viremia to permit clearance of
virally infected cells and, as such, results from an ultrasensitive assay would likely not have altered
our key findings. Additionally, through ex vivo stimulation with AZD5582 we demonstrated
similar activation of the ncNF-«xB pathway in naive and memory CD4+ T cells, but we were unable
to evaluate the effect of in vivo AZD5582 treatment on specific CD4+ T cell subsets. It is possible
that latency reversal may differ between naive and memory CD4+ T cells despite similar ncNF-
kB activation levels. Additionally, infant macaques were infected with SIVmac251 while adult
macaques were infected with SIVmac239, but both viral strains induce robust infection and
reservoir formation so we do not believe this impacted our results. Finally, although not
unexpected, AZD5582 alone did not impact the viral reservoir size estimated by CD4+ T cell-
associated SIV DNA, but we acknowledge that we did not analyze the replication competent or
rebound competent viral reservoir here. Despite these limitations, we believe studies such as this
one demonstrate the importance of investigating HIV-1 in a pediatric model to provide key

preclinical data of pediatric HIVV-1 cure interventions.

In conclusion, we demonstrate that the IAPi AZD5582 is safe and can activate the T cell
compartment in SIV-infected, ART-suppressed infant RMs. This activation differed from that seen
in adult RMs in term of ncNF-kB gene expression and extent of latency reversal, which may be

driven by altered drug metabolism and/or specific features of the pediatric viral reservoir. We hope
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that future studies not only optimize LRA dosing in pediatric preclinical models but also
incorporate the use of a “kill” agent to aid the immune system in clearing virally infected,

reactivated cells to reduce the latent viral reservoir.
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Materials and Methods

Cell sorting

For cell sorting, peripheral CD4+ T cells were first enriched by negative selection with the use of
magnetic beads and column purification (nonhuman primate CD4+ T cell isolation kit; Miltenyi).
Enriched CD4+ T cells were then stained with viability dye (Live/Dead Aqua) and previous
determined volumes of the following fluorescently conjugated Mabs: CD3-AF700 (clone SP34-
2), CD8-APC-Cy7 (clone SK1), CD95-PE-Cy5 (clone DX2), CD62L-PE (clone SK11), and
CCR7-PE-Cy7 (clone 3D12) from BD Biosciences; CD4-BV650 from BioLegend. Sorted live
CD3+CD8-CD4+ populations were defined as follows: naive cells, CD62L+ CCR7+ CD95-; and
memory, CD95+. Sorting was performed on a FACSAria LSR Il (BD Biosciences) equipped with

FACSDiva software.

Target gene RT-gPCR

Naive and memory CD4+ T cells were treated with 100 or 1000 nM AZD5582 for 24 hours and
then stored as a dry pellet until RNA extraction. Total RNA was isolated using the RNEasy Mini
kit (Qiagen) according to the manufacturer’s instructions. The following TagMan primer probe
sets were sourced from Applied Biosystems: Rh02837734 ml1l (BIRC3), Rh01028900 ml

(NFKB2) and Rh00427620_m1 (TBP). TagMan-based quantitative PCR with reverse transcription
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(RT-gPCR; Fast Virus 1-Step Master Mix, Applied Biosystems) was used to amplify host genes
of interest and acquire the signal on an Applied Biosystems 7500 Fast System (ThermoFisher).
Gene expression was normalized to TATA-box binding protein (TBP) and the comparative
threshold cycle (Ct) method (AACt) was used for relative quantification of gene expression.

Relative quantification was analyzed by ABI 7500 Software (v.2.3, Life Technologies).

Animals and infection

Twelve infant Indian RMs (Macaca mulatta), with exclusion of Mamu B*08- and B*17-postive
animals, were enrolled in this study. The animals were born at the Yerkes National Primate
Research Center (YNPRC) to dams housed in indoor/outdoor group housing. The infants were
removed from the dams when they were approximately 2 weeks old and transferred to an indoor
nursery, where they were housed in social pairs with either full contact or protected contact for the
duration of the study. The infants were fed in accordance with the YNPRC standard operating
procedures (SOPs) for NHP feeding. After being removed from the dam, infants were fed center
approved milk replacer (Similac Advance, OptiGro Infant Formula with Iron and/or Similac Soy
Isomil OptiGro Infant Formula with Iron; Abbott Nutrition, Columbus, OH) until 14 weeks of age.
Infants were provided softened standard primate jumbo chow biscuits (Jumbo Monkey Diet 5037;
Purina Mills, St. Louis, MO) and a portion of orange starting between 2 — 4 weeks of age. As
animals aged additional enrichment of various fresh produce items were provided daily. The
animals were orally infected at 4 to 5 weeks of age with two consecutive doses of 10° TCIDso

(50% tissue culture infectious doses) of SIVmaczs1. Three infants required multiple weekly 2-dose
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challenges prior to successful infection (totaling up to three challenges). Eight historical controls
that followed the same regimen were included in this study. Yerkes National Primate Research
Center is accredited by both the U.S. Department of Agriculture (USDA) and by the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All animal procedures
were performed in accordance with guidelines established by the Emory University Institutional
Animal Care and Use Committee Guidelines and those set up by the NIH’s Guide for the Care and

Use of Laboratory Animals, 8 edition.

Antiretroviral therapy

The twelve RM infants were treated with a potent three-drug ART regimen initiated at 4 weeks
postinfection. The preformulation ART cocktail contained two reverse transcriptase inhibitors, 5.1
mg/kg Tenofovir disoproxil fumarate (TDF) and 40 mg/kg Emtricitabine (FTC), plus 2.5 mg/kg
of the integrase inhibitor Dolutegravir (DTG). This ART cocktail was administered once daily at

1 mg/kg via the subcutaneous route.

Administration of AZD5582

The IAPi AZD5582 was reconstituted to 0.4 mg/mL in 10% Captisol within one week of

administration as previously described (181). Monkeys assigned to the experimental intervention
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group received ten administrations of 0.1 mg/kg AZD5582 by intravenous (i.v.) infusion with an

inline filter over a thirty-minute period every week for 10 weeks.

Sample collection and processing

EDTA-anticoagulated blood samples were collected regularly and used for a complete blood
count, routine chemical analysis and immunostaining, with plasma separated by centrifugation
within 1 h of phlebotomy. PBMCs were prepared by density gradient centrifugation. Lymph node
biopsies were collected at indicated timepoints (Fig. 2A). Lymph nodes were ground using a 70-
um cell strainer. Cell suspensions were washed and immediately used for immunostaining or

cryopreserved at -80 °C until use.

Immunophenotype by flow cytometry

Multicolor flow cytometric analysis was performed on whole blood (WB) or cell suspensions using
predetermined optimal concentrations of the following fluorescently conjugated monoclonal
antibodies (MAbs). For WB T cell analysis the following MAbs were used: CD3-allophycocyanin
(APC)-Cy7 (clone SP34-2), CD95-phycoerythrin (PE)-Cy5 (clone DX2), Ki67-AF700 (clone
B56), HLA-DR-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone G46-6), CCR7-fluorescein
isothiocyanate (FITC) (clone 150503), CCR5-APC (clone 3A9), CD62L (clone SK11), and CD45-

RA-PE-Cy7 (clone L45) from BD Biosciences; CD8-BV711 (clone RPA-T8), CD4-BV650 (clone
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OKT4), and PD-1-BV421 (clone EH12.2H7) from BioLegend; and CD28-ECD (clone CD28-2)
from Beckman-Coulter. Flow cytometric acquisition and analysis of samples were performed on
at least 100,000 events on an AURORA flow cytometer driven by the SpectroFlo software package
(Cytek). Analyses of the acquired data were performed using FlowJo version 10.0.4 software

(TreeStar).

Plasma RNA and cell-associated DNA lysate viral quantification

Plasma viral quantification was performed as described previously. Frozen cell pellet was lysed
with proteinase K (100pg/ml in 10mM Tris-HCI pH 8) for 1h at 56°C. Quantification of SIVmac
gag DNA was performed by quantitative PCR using the 5’ nuclease (TagMan) assay with an
ABI7500 system (PerkinElmer Life Sciences). The sequence of the forward primer for
SIVmac gag was 5'-GCAGAGGAGGAAATTACCCAGTAC-3', the reverse primer sequence was
5'-CAATTTTACCCAGGCATTTAATGTT-3', and the probe sequence was 5'-6-
carboxyfluorescein (FAM)-TGTCCACCTGCCATTAAGCCCGA-6-
carboxytetramethylrhodamine (TAMRA)-3'. 7.5uL of cell lysate were mixed in a 50uL reaction
containing 1x Platinum Buffer, 3.5mM MgClz, 0.2mM dNTP, primers 200nM, probe 150nM, and
2U Platinum Tag. For cell number quantification, quantitative PCR was performed simultaneously
for monkey albumin gene copy number. The sequence of the forward primer for albumin was F
5’-TGCATGAGAAAACGCCAGTAA-3’; the reverse primer sequence was 5’-
ATGGTCGCCTGTTCACCAA-3’ and the probe sequence was 5’-

AGAAAGTCACCAAATGCTGCACGGAATC-3’(249). The reactions were performed on a 7500
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real-time PCR system (Applied Biosystems) with the following thermal program: 10 min at 95°C,

followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 1min.

Pharmacokinetics of AZD5582

Plasma samples were collected from RMs over 24 hours following the start of a single 30 minute
intravenous infusion of AZD5582 using a previously published (181). HPLC-MS/MS method with
a dynamic range of 0.2 — 1000ng/ml. Non compartmental analysis (NCA) was performed using
Phoenix64 WinNonlin v8.1 software using the sparse sampling function to derive mean PK
parameters. The linear up-log down trapezoidal rule was used to calculate AUC. The terminal
elimination rate constant (kel) was estimated by fitting a linear regression line on a semi-log plot
to the individual concentration data constrained to observations from 4 to 24 hours post start of
infusion and used to calculate terminal elimination half-life. One observation below the assay’s

limit of quantification was imputed at % the lower limit of quantification (299).

RNA-sequencing analysis

RNA-sequencing (RNA-seq) analysis was conducted at the Yerkes Nonhuman Primate Genomics

Core Laboratory (http://www.yerkes.emory.edu/nhp_genomics_core/). RNA was purified from

50,000 peripheral-blood-derived CD4*T cells purified by negative selection and lysed in 350 puL

of RLT buffer at -80°C, using Qiagen Micro RNEasy columns, and RNA quality was assessed


http://www.yerkes.emory.edu/nhp_genomics_core/
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using an Agilent Bioanalyzer. Then, 2 ng of total RNA was used as input for mRNA amplification
using 5’ template switch PCR with the Clontech SMART-seq v4 Ultra Low Input RNA kit
according to the manufacturer’s instructions. Amplified mRNA was fragmented and appended
with dual-index bar codes using IHlumina NexteraXT DNA library preparation kits. Libraries were
validated by capillary electrophoresis on an Agilent 4200 TapeStation, pooled and sequenced on
an Illumina HiSeq 3000 using 100-bp single reads at an average depth of 25 million reads.
Alignment was performed using STAR version 2.7.3a (300) and transcripts were annotated using

a composite reference of rhesus macaque (Mmul10 Ensembl release 100).

Historical animal groups

Data from an additional group of SIV-infected, ART-suppressed adult RMs treated with AZD5582
were used for comparative analysis (181). Nine Indian rhesus macaques, with the exclusion of
MamuB*08+ and MamuB*17+ animals, were infected i.v. with 3x10° TCIDso of SIVmac230 (nef
open). Animals were treated with an identical ART regimen, as described above, initiated at 8
weeks postinfection. Animals remained suppressed for a similar timeframe, over one year, as the

infant macaques prior to AZD5582 treatment.

Statistical Analyses
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Statistical analyses were performed using GraphPad Prism Software (v.7 or v.8). P < 0.05 was
considered statistically significant. To test the statistical significance observed in Ki67 expression
on memory CD4+ and CD8+ T cells in Fig. 2 and BIRC3 and NFKB2 gene expression in Fig. 5,
a Wilcoxon matched-pairs signed rank test was used. To compare differences in pre-ART viral
loads between experimental groups in Fig. 3D and cell-associated SIVV DNA between experimental
groups in Sup. Fig. 2 a two-sided Mann-Whitney test was used. For RNA-seq analysis in Fig. 4,
RNA-seq data were mapped to the NCBI Mmul10 assembly of the Indian rhesus macaque genome
and alignment was performed with STAR (v.2.7.3a) using Ensemble release 100 annotation as a
transcript annotation and splice junction reference. Transcript abundance estimates were calculated
internal to the STAR aligner using the algorithm of htseq-count (301).(301). DESeq2 (302) was
used for normalization and differential expression analysis. Gene set enrichment analysis(303)
(GSEA), performed with the GSEA desktop module (available at

https://www.broadinstitute.org/gsea/) and the Molecular Signatures Database (MSigDB), was

used to determine pathway/geneset enrichment. Heat maps, volcano plots and principal component

analysis plots were generated with the R (v 3.6.0) package ggplot2.
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Figure 4.1. Induction of ncNF-kB genes following ex vivo AZD5582 treatment in naive and

memory CD4+ T cells. Naive and Memory CD4+ T cells were sorted and treated with 100 nM or

1000 nM of AZD5582 overnight. Cell lysates were analyzed by RT-PCR for (A) BIRC3 and (B)

NFKB?2, relative fold induction compared to housekeeping gene TATA-box binding protein (TBP)

with average expression in DMSO controls subtracted is shown. Symbols represent three technical

replicates from a single run. CD4+ subsets were compared using a Wilcoxon matched-pairs signed

rank test (P < 0.05 was considered significant).



Group CD4
Age at Freq, Peak AUC
infection, ART PVL, PVL,
ID Sex weeks initiation  pre-ART  pre-ART
AZD5582 RVf20 F 3.1 47.9% 1.76E+07  3.34E+07
RNf20 F 3.3 35.6% 7.13E+06 1.77E+07
RSe20 F 3.9 25.5% 9.01E+06 2.05E+07
RRh20 M 4 36.9% 9.53E+06  1.22E+07
RWj20 M 4.4 n.d. 3.34E+07 9.59E+07
RZj20 F 4.4 n.d. 1.61E+07 2.61E+07
RZc20 F 7.1 25.0% 7.39E+06 1.18E+07
RFb20 M 7.4 32.7% 3.40E+07 6.46E+07
Control RQi20 M 3.7 34.9% 3.70E+07 1.00E+08
RVDb20 M 4 28.5% 3.77E+06  9.38E+06
RQb20 F 4 23.3% 5.55E+05 9.89E+05
RHb20 F 4.1 25.2% 1.99E+06 4.05E+06

Table 4.1. Parameters used to select experimental and control groups.
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Figure 4.2. Experimental design and response to ART in SIV-infected infant RMs. (A)
Schematic of the study design. Twelve infant RMs were infected orally with 10° TCID50 SIVmac2s1
(day 0), and starting at 4 weeks post infection were treated with combination ART (TDF, FTC,
DTG) for greater than one year. Eight animals received 10 doses of AZD5582 (0.1 mg/kg, i.v.
infusion) at the indicated time points. The remaining 4 animals served as ART-treated controls.
Peripheral blood (PB), and lymph node (LN) biopsies were collected at the indicated time points.
Longitudinal analysis of plasma SIV RNA levels pre-ART and during ART (but before AZD5582
treatment) in (B) AZD5582 and (C) control groups. The shaded area represents the period of ART

treatment. The dashed line represents the limit of detection of the assay.
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Figure 4.3. AZD5582 treatment and on-ART viremia in SIV-infected, ART-suppressed
infant RMs. Longitudinal analysis of plasma SIV RNA levels during the intervention phase in

(A) AZD5582 and (B) control groups. AZD5582 doses are indicated by green lines. The shaded
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area represents ART treatment. The dashed line represents the limit of detection of the assay. (C)
Comparison of on-ART viremia in SIV-infected, ART-treated infant macaques and SIV-infected,
ART-treated adult macaques. (D) Comparison of pre-ART plasma viral loads in adult and infant
RMs that experienced on-ART viremia during AZD5582 treatment (increased) or remained
stably suppressed throughout AZD5582 treatment (stable). Solid line represents the median.

Experimental groups were compared using a two-sided Mann-Whitney test.
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Figure 4.4. Pharmacokinetic assessment of AZD5582 in SIV-infected, ART-suppressed

infant RMs. (A) AZD5582 (0.1 mg/kg) was administered by intravenous infusion and individual

plasma concentrations are shown for the indicated time points (0.5h, n = 4; 1 - 24h, n = 2). (B)

Plasma concentrations of AZD5582 in infant (teal) and adult (gray) SIV-infected, ART-suppressed

RMs for indicated time points. Bars and shading represent mean + SD.



Age Category | Cmax (ng/ml) AUCo-2n AUCq-24n T2 (hours)
(ng*hr/ml) | (ng*hr/ml)

Infant 294 223 239 9.9

Adult 802 512 n.d. n.d.
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Table 4.2. Pharmacokinetic properties of AZD5582 in infant compared to adult SIV-infected,

ART-suppressed RMs. Cmax, maximum concentration; T2, terminal elimination half-life;

AUCo-2n and AUCo-24n, area under the curve from time zero to 2 and 24 hours post infusion,

respectively.
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Figure 4.3. AZD5582 treatment result in reactivation of plasma viremia in SIV-infected,

ART-suppressed infant RMs. Longitudinal analysis of plasma SIV RNA levels during

intervention phase in (A) AZD5582 and (B) control RMs. The shaded area represents the period

of ART treatment. (C) Table comparing on-ART viremia in SIV-infected, ART-treated infant

macaques compared to SIV-infected, ART-treated adult macaques. (D) Comparison of pre-ART

plasma viral loads in adult and infant RMs that experienced on-ART viremia during AZD5582

treatment (increased) or remained stably suppressed throughout treatment (stable). (P < 0.05 was

considered significant).
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infant RMs. (A) AZD5582 (0.1 mg/kg) was administered by intravenous infusion and individual

plasma concentrations are shown for the indicated time points.Bars represent mean + SD.
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Figure 4.5. Gene expression changes in CD4+ T cells from peripheral blood of SIV-infected,
ART-suppressed rhesus macaques before and after treatment with AZD5582. (A) Volcano
plot showing genes up- or down-regulated in peripheral CD4+ T cells following AZD5582
treatment compared to pre-AZD5582 treatment of SIV-infected, ART-suppressed infant RMs.
Log2-fold change is represented on x-axis and p-value is represented on y-axis. (B) Principal
component (PC) analysis of the transcriptomes of CD4+ T cells from the peripheral blood before
and after treatment with AZD5582. (C — E) Heat map of leading edge genes that were differentially
expressed after AZD5582 treatment and were (C) similar between infant and adult SIV-infected,

ART-suppressed RMs, (D) higher in SIV-infected, ART-suppressed infant RMs, or (E) higher in
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SIV-infected, ART-suppressed adult RMs treated with AZD5582. Genes were identified in the
leading edge of peripheral CD4+ T cell samples before and after treatment with AZD5582. The
contrast depicted is the log2-fold change of each gene for each RM’s post-treatment sample
relative to the pre-treatment values for peripheral CD4+ T cells. Annotation indicates presence
(red) or absence (green) of detectable on-ART viremia during AZD5582 treatment from pre-dose

1 to 3d post dose 10.
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Figure 4.6. Immunologic and virologic response to repeated AZD5582 infusions in SIV-
infected, ART-treated infant RMs. (A) Longitudinal analysis of Ki67 expression on memory
CD4+ and memory CD8+ T cells in AZD5582-treated (teal, n = 8) and ART-only control (gray, n
=4) infant RMs. Mean of each timepoint is shown above except for baseline which is the mean of
three timepoints. The shaded area represents the period of ART treatment and bars and shading

represent mean + SEM. (B) Frequency of Ki67+ peripheral memory CD4+ and memory CD8+ T
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cells immediately prior to and 3 days post AZD5582 doses 1, 3, 6, and 9. Dose number is indicated
by symbol shape and RM is indicated by symbol color. Statistical analysis was performed using a
Wilcoxon matched-pairs signed rank test (P < 0.05 was considered significant). (C) Comparison
of frequency of estimated SIV. (C) SIVVgag DNA levels in peripheral and LN CD4* T cells post-
after AZD5582 treatment (2 weeks post-dose 10) in AZD5582-treated and control RMs sampled
after a similar time on ART as determined by PCR. Open symbols represent RMs that exhibited
on-ART viremia and closed symbols represent animals that remained suppressed throughout
treatment period. Dashed line represents the limit of detection (LOD) for the assay. Statistical
analysis was performed using a two-sided Mann-Whitney test (P < 0.05 was considered

significant).
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Chapter Five: Discussion

Since the first described cases of unusual opportunistic infection and rare malignancies in
five previously healthy, homosexual men in 1981 (1), later defined as AIDS, HIV-1 has claimed
36.3 million lives (5). While the field has come a long way with antiretroviral therapy dramatically
improving the lives of individuals living with HIV-1; however, the latent viral reservoir persists
despite suppression of viremia below detectable levels and therefore ART is not a cure. Not only
are there comorbidities associated toHIV-1 and ART medications, there are also many limitations
to ART. Approximately 16% of individuals living with HIV-1 do not know their status and are
therefore not taking this life saving medication (5). Additionally, 70% of HIV-positive individuals
reside in resource limited countries, such as Sub-Saharan Africa, where cost and availability
influence adherence to ART. Finally, the stigma associated with HIV-1 can often prevent
individuals from seeking out testing or medication even in high-resource areas. Identifying

interventions for HIV-1 that reduce or eliminate the viral reservoir would be of great benefit.

Of those living with HIV-1, one of the arguably most at risk groups are children infected
through the mother-to-child transmission route. Not only must children rely on a caretaker to
receive proper medication and treatment, but disease progression to AIDS is much faster in
children as approximately 50% of children not receiving ART die in their first two years of life
(304). In 2020, only 54% of HIV-linfected children were accessing ART and 99,0000 of the

estimated 680,000 AIDS related deaths were children under 15 years old (5).
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Pediatric infection was brought to the spotlight in the mid-1980s when Ryan White, a
young boy suffering from hemophilia, was diagnosed with AIDS on December 17, 1984 following
a blood transfusion. Ryan White received national attention over his fight to attend school after his
diagnosis and following his death, Congress enacted the Ryan White HIVV/AIDS Program to
improve the quality and availability of HIV care and treatment for low-income people living with

HIV-1 (305).

Mother-to-child transmission in untreated HIV-1-infected woman not receiving ART
ranges from 15% to 45%, but with proper screening and treatment transmission is highly
preventable. Presently, the highest risk of transmission is in women that are acutely infected during
pregnancy or through breastmilk transmission during infancy (200). Although pediatric infection
has been on the decline since the turn of the century ultimately 150,000 new pediatric infections
still occur annually (5). The developing pediatric immune system is dramatically different from
that of an adult and as expected HIV-1 pathogenesis also differs in children when compared to
adult infections. In addition to the altered transmission route, infants experience high peak viral
acute loads, a slower decline to viral set point, and higher viral loads once set point is achieved.
Finally, evidence from our lab indicates that in SIV- and SHIV-infected infant macaques the
reservoir is dominated by naive CD4+ T cells, a feature unique to pediatric infection that may
influence pediatric cure strategies (149, 282). Despite these differences, pediatric HIV-1 cure
clinical trials have been very limited with only 10 interventional trials initiated to date compared

to over 200 adult HIV-1 cure related clinical trials (252). Of the trials to include infants and
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children nearly half were focused on early ART intervention which is only feasible if infection is

caught at birth and has demonstrated mixed results.

The work presented in this dissertation utilized a postnatal oral transmission route of SIV
infection followed by ART suppression in infant rhesus macaques to evaluate promising cure
interventions in a pediatric preclinical setting. ldentifying strategies to reduce or eliminate the
pediatric reservoir would be highly beneficial to the 1.8 million children living with HIV-1
globally. The work presented in this dissertation can be readily translated to inform future pediatric

preclinical trials.

TLR agonists

TLR-7 agonists were selected as a strategy for SIV/HIV-1 cure given their ability to induce
a potent immune response following activation of plasmacytoid dendritic cells. They have also
demonstrated antiviral activity against hepatitis B virus (306-308). Lim et al. first reported that
administration of the TLR-7 agonist, Vesatolimod, and its tool compound, GS-986, induced on-
ART viremia and impacted the viral reservoir following removal of ART (245), but subsequent
studies have failed to induce latency reversal with TLR-7 treatment either alone or in combination
with additional therapeutic agents (169, 185, 246, 309). Despite lack of on-ART viremia reported
in these later studies, the incorporation of a TLR-7 agonist to a combination strategy, either

therapeutic vaccination or passive antibody administration, did improve viral rebound kinetics
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after analytical treatment interruption. This finding suggests that even if TLR-7 does not serve as
an effective LRA it still may have a purpose in HIV-1 combination cure. approaches perhaps by
serving as an adjuvant that helps to activate the immune system and enhance the immunogenicity
of additional therapeutic interventions. It is important to note that in both trials, ART was initiated
early in infection which may have limited the size of the viral reservoir and influenced the positive
outcome reported; however, animals that received a combination that included the TLR-7 agonist

still fared better than animals that received early ART and were not treated with a TLR-7 agonist.

In this dissertation, we presented the results of the first in vivo evaluation of TLR-7 agonists
in a pediatric setting (Chapter Two) and the results of that TLR-7 agonist in combination with a
therapeutic vaccination (Chapter Three). We first performed a dose escalation evaluating oral
administration of the TLR-7 agonist GS-986 at two dose concentrations in a small cohort of two
macaques. In this dose escalation, we demonstrated that oral TLR-7 stimulation is well tolerated
and induces expected pharmacodynamic immune responses at 24 hours post-dose with activation
of monocytes and circulating macrophages and increased plasma concentrations of pro-
inflammatory chemokines and cytokines. We next incorporated TLR-7 stimulation with a
therapeutic vaccination in a larger cohort of SIV-infected, ART-treated infant macaques. The
results of the therapeutic vaccination are discussed below. In addition to the anti-SIV immune
response induced by vaccination, we did observe an increase in cellular activation of CD4+ T cells,
CD8+ T cells, monocytes, and circulating macrophages following oral TLR-7 stimulation that was
sustained through repeated dosing. A TLR-7 agonist has yet to be evaluated in a pediatric setting

clinically, but these results indicate that should future clinical trials be conducted incorporation of



157

Vesatolimod is safe and immunogenic. However, as we did not observe a therapeutic benefit to
GS-986 in vivo in the studies presented here, further NHP studies should confirm the efficacy of
TLR-7 agonists, perhaps in an intervention that incorporates early ART, in a pediatric setting prior

to transitioning to human clinical trials.

Therapeutic vaccination

A therapeutic vaccination administered to HIV-1 infected individuals during ART
treatment may help the body’s immune system to attack the infection allowing control or
elimination of the virus following discontinuation of ART. There have been thirteen total adult
HIV-1 clinical trials evaluating the impact of therapeutic vaccination, six ongoing and seven
completed (252). The primary vaccine strategy utilized in HIV-1 cure is a heterologous prime-
boost aimed at eliciting a potent humoral and cellular immunity through induction of an immune
response to the antigen, which remains the same, and not the vector by which the antigen is
delivered (310). These clinical trials have demonstrated that therapeutic vaccination is safe and
generates varying degrees of immune responses, but thus far most have not shown an effect on
rebound parameters, such as time to rebound or rebound set point viremia (311-313). These results
imply that a therapeutic vaccination alone is unlikely to induce control necessary for a functional
HIV-1 cure; however, the induction of anti-HIV-1 T cells following vaccination demonstrated in
previous clinical trials implies that it may be effective in combination with other intervention

strategies. Currently, a study is underway to evaluate therapeutic vaccination with the TLR-7
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agonist vesatolimod in Spain, a similar study design to what we have presented in Chapter Three,

but the results for that study are pending.

In infants, we demonstrated that therapeutic vaccination with an Ad48-prime and MVA-
boost (both containing the same Gag, Pol, Env insert) in combination with repeated administration
of an oral TLR-7 agonist resulted in a significant cellular and humoral anti-SIV immune response.
Unlike what was previously reported in adults (169), in the infant macaques this immunogenic
response did not correlate to a delay in time to rebound of a lower set point viremia once daily
ART was removed. There were multiple variables in our study compared to the previous adult
study that may have influenced the altered rebound kinetics including age of macaques, route and
stock of viral challenge, and time to ART initiation. In our study, infant began ART at four weeks
post infection compared to one week post infection in the adults which may have allowed more
time for immune disruption and seeding of a larger viral reservoir. Many of the clinical trials that
include a therapeutic vaccination have a selection criteria of early ART initiation and durable
suppression prior to the interventional stage of the clinical trial with the idea that HIV-1 infected
individuals that receive the vaccine will have a mostly intact immune response allowing them to

form an optimal anti-HIV-1 immune response.

Currently there is one clinical trial underway (HVRICCANE) evaluating a DNA/MVA
vaccination in with or without Cervarix, a TLR-4 agonist, in perinatally HI\V-1-infected children
and adolescents aged nine to twenty-one years (252). This is a Phase 1 proof of concept clinical

trial aimed to evaluate the safety and efficacy of a therapeutic vaccination in HIV-1-infected youth



159

and although no analytic treatment interruption is planned for this clinical trial, it is a step in the

right direction towards pediatric HIV-1 cure research.

“Shock” and “kill” HIV-1 cure strategies

The “shock” and “kill” approach to cure HIV-1 consists of combining an LRA to push the viral
reservoir out of a state of latency, in the controlled setting of ART to prevent reservoir expansion,
and a kill agent to aid the host immune system in clearing virally-infected, reactivated CD4+ T
cells. Thirty-one clinical trials, ten ongoing and twenty-one completed, have included an LRA in
their intervention strategy (252). All of these clinical trials to date have been restricted to HIV-1-
infected adults over 18 years of age and thus far no LRA has been evaluated in a pediatric
population. First generation LRAsS, such as HDAC inhibitors, have not shown success in the clinic,
(314), but so called recently identified second generation LRAS have shown strong, sustained on-

ART viremia in adult rhesus macaques (286).

In this work, we demonstrate on-ART viremia up to 770 copies/ml in 63% of SIV-infected,
ART-suppressed infant macaques following repeated administration of the SMAC mimetic
AZD5582. Although on-ART viremia was low (60 — 110 copies/mL) in three AZD5582-treated
infants, it was determined to be true reactivation of the latent viral reservoir as all treated animals
were durably suppressed for over ten months prior to initiation of the experimental arm of this

study. A major contrast between this study and a prior study following the same dose and regimen
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of AZD5582 in SIV-infected, ART-suppressed adult macaques was a lower incidence of sustained
viremia throughout the intervention phase with 6% of the total viral load measurements taken
throughout the intervention in the five treated infants that had any on-ART viremia above the limit

of detection of the assay compared to nearly 50% in adult macaques that had on-ART viremia.

We hypothesize that these results may be due to a number of factors. We first investigated if
activation of the noncanonical NF-kB pathway was altered following AZDS5582 stimulation ex
vivo in naive compared to memory CD4+ T cells. It is known that naive CD4+ T cells
predominately rely on canonical NF-xB signaling while memory CD4+ T cells rely on the
noncanonical NF-kB pathway (293), but AZD5582 is a small molecule that acts upon proteins that
are equally expressed between naive and memory CD4+ T cells. In the present study, we saw
similar expression of BIRC3 and NFKB2 following ex vivo stimulation with AZD5582 in naive
and memory CD4+ T cells indicating that CD4+ T cells have the potential to upregulate the
noncanonical NF-kB pathway regardless of differentiation status. We did, however, demonstrate
through transcriptomic profiling that some noncanonical NF-kB genes, such as RELB and NFKB2
were significantly upregulated in adult, but not infant CD4+ T cells following in vivo AZD5582
treatment. Finally, through quantification of plasma AZD5582 we demonstrate altered

pharmacokinetics in infants compared to treated adult macaques.

Ultimately, the results presented in Chapter Four are likely due to a combination of the above
factors. Future studies in this area should: 1) optimize the in vivo potential of AZD5582 in SIV-

infected, ART-suppressed infant macaques by testing altered dose concentrations and infusion
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times; 2) investigate the reactivation potential of the latent pediatric reservoir in vitro; and 3)
evaluate LRAs targeted towards the unique features of the pediatric reservoir. such as therapeutics
that specifically activate infected naive CD4+ T cells. In the present study, we demonstrate through
pharmacokinetic analysis of plasma AZD5582 that infants metabolize this drug faster than their
adult counterparts. Through modeling, we predict that a longer infusion time of 45 minutes rather
than the 30 minutes used in previous studies may create a Cmax closer to what was observed in
SIV-infected, ART-suppressed adults treated with AZD5582. Additionally, as this drug was safe
in the infants with no adverse clinical reactions, a dose escalation of the drug testing higher

concentrations may reveal stronger virologic efficacy.

Ex vivo and in vitro investigation of LRAs on CD4+ T cells would help to fully understand the
reactivation potential of the latent pediatric reservoir. On this avenue, Dhummakupt et al. using
the Tat/Rev induced limited dilution assay have demonstrated that cells isolated from perinatally
infected individuals are slower to reactivate and require more stimulation than cells isolated from
individuals infected in adulthood (272). We have demonstrated that naive CD4+ T cells are an
important component of the pediatric reservoir of SIV- and SHIV-infected infant macaques (149,
282). Naive CD4+ T cells have been shown to produce less infectious virus following in vitro and
ex vivo stimulation compared to more differentiated memory CD4+ T cells (296, 297), but it is
currently unclear if latency is deeper in the reservoir of HIV-1 infected children compared to
memory CD4+ T cells that compose the traditional viral reservoir of adults in vivo or if other
factors, such as the tolerogenic pediatric immune system, are the reason for these differences. As

described above, we demonstrate that both naive and memory CD4+ T cells from SIV-infected,
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ART-suppressed infant macaques upregulate the noncanonical NF-kB genes BIRC3 and NFKB2;
however, viral reactivation following stimulation with an LRA in these different subsets has yet to
be explored and is an area of research that would be highly informative. Identification and
optimization of an effective LRA strategy in perinatally infected individuals may require
consideration of these factors that make pediatric infection unique. As we gain further
understanding in this area, intervention strategies targeted towards the unique features may

demonstrate optimal results.

Conclusion

Following the discovery of HIV-1 by Dr. Gallo at the National Cancer Institute and Dr.
Montagnier at the Pasteur Institute in 1984, the then Health and Human Services Secretary,
Margaret Heckler, expressed hope that we would have a vaccine within two years to help curb the
epidemic (315). Nearly forty years later there have been promising steps in the HIV-1 cure field
including achieving a functional cure in two HIV-1-positive individuals Timothy Ray Brown, the
Berlin patient (154), and Adam Castillejo, the London patient (155). Additionally, there have been
reports of sustained control of viremia following ART discontinuation in children who received
early ART after birth (233, 316, 317). However, we still have a long way to go in terms of a

realistic cure for the 37.7 million individuals living with HIV-1.
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Cumulatively, the work presented in this thesis provides key pre-clinical data in a relevant
pediatric model that can be used to inform future pediatric clinical trials. Importantly, we show
that HIV-1/SIV cure interventions induce a different immunologic and virologic response in SIV-
infected, ART-treated infants compared to SIV-infected, ART-treated adults, likely due to their
developing immune system, altered pathogenesis, and differences in the viral reservoir. While
these results are not surprising, testing and understanding them in a preclinical setting informs
clinical trials saving time, money, and resources. Future studies must continue to test interventions
in a pediatric setting to properly estimate how this unique population will respond and optimal

cure strategies for children living with HIV-1 may need to target this unique system.

As there have been over 4.6 million COVID-19-related deaths as of September 2021 (318),
it feels important to close with a note on how the current pandemic has affected other diseases that
pose an enormous global health burden, such as HIV-1. Although COVID-19 does not seem to
impact children as strongly as it is affecting adults (319), people living with HIV-1 are at higher
risk for COVID-19 and the pandemic has slowed down access to HIV-1 testing and treatment
(320).(320). Not only is the risk of dying from COVID-19 in HIV-1-infected individuals is twice
that of the general population, but the majority of people living with HIV-1 are located in Sub-
Saharan Africa where less than 3% of people have received at least one dose of a COVID-19

vaccine as of July 2021 (5).

During the first lockdown the Global Fund to Fight AIDS, Tuberculosis, and Malaria

reported that HIV-1 testing declined by 41% and diagnosis and treatment referrals declined by
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37% according to data collected in 32 African and Asian countries (5). Early modeling predicted
that if services to prevent mother-to-child transmission of HIV-1 were disrupted for six months,
the estimated increases in new pediatric HIV-1 infections for Malawi, Uganda, and Zimbabwe
would be 162%, 139%, and 106%, respectively. Although the UNAIDS estimate for new pediatric
infections in 2020 remained stable at 150,000 (5), this report is likely an underestimate due to the
decline in testing caused by the pandemic. This global disruption is yet another reminder of why

we need an HIV-1 cure.

Currently, HIV-1 cure clinical trials in children are very limited. Of the ten total clinical
trials: three investigate the effect of early ART, three examine the impact of administration of
antibodies such as VRCO1, two focus on evaluating the impact of stem cell transplantation, and
the final two use a combination strategy of early ART combined with VRCO1 or a therapeutic
vaccine with a TLR4 agonist (252). Gene therapies, immune checkpoint inhibitors, and LRAs are

all among the HIV-1 cure clinical trial strategies that have yet to be evaluated in children.
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List of Important Abbreviations

Acquired Immune Deficiency Syndrome
Antiretroviral Therapy

Analytical Treatment Interruption
Broadly Neutralizing Antibodies

Human Immunodeficiency Virus

Human Leukocyte Antigen

Lymph Node

Latency Reversing Agent

Modified Vaccinia Ankara
Mother-to-Child Transmission

Nuclear Factor k-Light-Chain Enhancer of Activated B Cells
Non-Human Primate

Peripheral Blood Mononuclear Cell
Rhesus Macaque

Simian-Human Immunodeficiency Virus
Simian Immunodeficiency Virus

Toll Like Receptor 7

World Health Organization
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