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ABSTRACT

The host immune response against human immunodeficiency virus (HIV) infection is multi-
faceted, with the cytotoxic T lymphocyte (CTL) response playing a significant role in controlling
the virus. However, it is uncertain what mechanism(s) these CTLs utilize to suppress virus
replication. Previous research utilizing mathematical modeling and nucleoside reverse
transcriptase inhibitors (NRTIs) showed that CTLs most likely have a non-cytolytic effect
against infected cells, but these data are not universally accepted in the field. | hypothesized that
CTLs exert the majority of their cytolytic function against infected cells containing virus that has
yet to be integrated, due to minimal viral cytopathic effects at this stage. To test this hypothesis, |
modeled the impact of CD8" T cells through experimental CD8" cell depletion on the pre- and
post-integration stages of simian immunodeficiency virus (SIV) infection on both plasma viral
load and 2-LTR circles. Model predictions were tested in the pathogenic SIVmac251-infected
rhesus macaques (RMs) receiving the integrase inhibitor raltegravir (RAL) monotherapy with or
without CD8* T cells. CD8" T cell depletion was profound and lasted throughout RAL therapy,
with administration resulting in an immediate and sustained suppression of CD8" cells. CD4"*
cells recovered slightly during RAL treatment. The estimated efficacy of RAL in preventing
integration was 97%. We next calculated the loss rate of infected cells prior to integration and
determined that this loss rate was reduced by 82% in the CD8" cell depletion with RAL
treatment group compared to the RAL monotherapy group, but also that viral production

increased 2.5 times in the absence of CD8" cells. Further, we observed that CD8" cell depletion
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by itself increases 2-LTR circles, RAL monotherapy does not affect 2-LTR circle levels, and
combination treatment increases 2-LTR circle levels faster than CD8 depletion alone. Upon
fitting an extended viral dynamics model to the 2-LTR data, we conclude that the data best
matches the hypothesis that CD8" cells exert a killing effect on infected cells prior to integration,
supporting our hypothesis. We attempted to analyze the effects of RAL intensification on 2-LTR
circle dynamics, but we were unable to due to the development of resistance mutations,
reinforcing the fact that in suboptimally ART-treated RMs, mutations do, indeed, occur, resulting
in viral rebound during treatment. The public health significance of this dissertation is that by
showing CD8" cells kill cells containing virus prior to integration, we are aiding in the hunt for

an elusive vaccine and/or cure against HIV.
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1.0 INTRODUCTION

1.1 THE HIV/AIDS PANDEMIC

Human immunodeficiency virus 1 (HIV) remains the most important modern pandemic, with an
estimated 36.7 million infected people worldwide (1.8 million of which are children), an average
2.1 million new infections annually [down from 3.1 million in 2001 (1)] and 1.1 million
HIV/acquired immunodeficiency syndrome (AIDS)-related deaths occurring during 2015 (2).
HIV is transmitted through several routes, including: direct blood-to-blood via syringe or needle
sharing, sexual intercourse (both horizontal transmissions), and mother-to-infant transmission
(vertical transmission) that occurs during both pregnancy and breastfeeding (3). Without
treatment, the average survival time of the HIV-infected patient ranges between 9 to 11 years (4),
with variations represented by either rapid AIDS progressors or long-term nonprogressors and
elite controllers, in which infection may progress to AIDS in less than 2 years or more than 20
years, respectively. With the advent of antiretroviral (ARV) therapy (ART), the lifespan of the
infected individuals increases to 59 years, resulting in a nearly normal lifespan of the HIV-
infected subjects on ART (5). ART has improved in recent years, with optimal treatment
resulting in complete or near complete suppression of circulating virus. Unfortunately, treatment
must be maintained indefinitely to maintain virus suppression, with ART interruption resulting in
rebound of virus (6). This is attributed to the fact that HIV integrates into the host genome and
persists there indefinitely. As such, neither a cure nor a vaccine for HIV exists, furthering the
financial and health strains already associated with long-term ART treatment. As such, it is
imperative to further understand the host immune responses against HIV to aid in these research
endeavors. Cytotoxic T lymphocytes (CTLs) are associated with control of the virus at multiple
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points post-infection and in different disease models (7), suggesting that CTLs may be necessary

for developing a way to combat HIV.

1.2  SIV NONHUMAN PRIMATE MODEL OF HIV

HIV is the etiologic agent of AIDS and is a single-stranded positive sense RNA virus belonging
to the Retroviridae family, which preferentially infects CD4" T cells, macrophages and dendritic
cells (8-10). Upon infection of a susceptible cell, HIV reverse transcribes its RNA into linear
complementary DNA, followed by integration into the host cells’ genome and utilization of the
host cellular machinery to produce progeny virus (11, 12). A vast amount of data collected about
HIV has come from the use of the simian immunodeficiency virus (SIV)-infected nonhuman
primate (NHP) model of HIV research. HIV and SIV are closely related lentiviruses that cause
AIDS in humans and macaques, respectively (13-15). The SIV/NHP model is the most widely
used animal model for AIDS research as the infection of different NHP species with different
SIV strains results in a variety of disease states like those observed in HIV-infected humans. In
particular, SIV infection of multiple macaque species typically results in a persistent pathogenic
infection, culminating in progression to AIDS in a similar fashion as HIV (16). Further, NHPs
allow both the active manipulation of treatments and the collection of large volumes of samples
and invasive tissues that otherwise cannot ethically be performed in humans. As such, the use of
NHPs help define key paradigms of HIV infection pathogenesis and are essential for studies

targeting a cure or a vaccine for HIV (17).

Of the wide variety of macaque species present, three species are most commonly used in
HIV-1 research: rhesus macaque (Macaca mulatta), pigtailed macaque (Macaca nemestrina) and
cynomolgus macaque (Macaca fascicularis). Infection of these species with different SIV strains

and HIV/SIV chimeras results in different disease states useful for a variety of studies (18, 19).



Of the three species, the rhesus macaque (RM), particularly of Indian origin, is the best

characterized and most commonly used.

The Indian origin RM infected with either the reference swarm SIVmac251 or the
infectious molecular clone SIVmac239 represents the most common SIV NHP model, accurately
reproducing several aspects of HIV infections, including sustained, high viral loads (VLs),
immediate and progressive depletion of mucosal CD4* T cells, and chronic immune activation
(20, 21). SIVmac251 infection can have several disease outcomes, depending on the immune
genotype of the individual macaques and the route of viral inoculation, ranging from AIDS

progression in a few months to natural control of virus replication (22, 23).

Another model, useful especially for HIV cure-related studies is the SIVSab-infected
RM. In this model, SIV infection is spontaneously controlled (i.e., functionally cured) in the
absence of ART (24). As with the SIVmac251/RM model, infection with SIVsab results in
robust, acute viral replication and massive CD4" T cell depletion. However, unlike the
SIVmac251/RM model, control of SIVsab occurs between 2-3 months postinfection and is
maintained indefinitely (24), residual immune activation returns to preinfection levels following
virus control, and mucosal CD4" T cells return to near preinfection levels after 4 years of control
(24). Experimental depletion of CD8" cells with anti-CD8-depleting antibodies reverts virus
control, resulting in significant virus rebound. Rebounding virus is controlled again upon CD8*
cell restoration, suggesting that functional immune responses (particularly the cytotoxic

response) are responsible for the virus control (discussed further in section 3.0).

For the purposes of this dissertation, from this point forward (unless otherwise noted), all

discussion of NHPs will refer to SIVmac251-infected Indian origin RMs.



1.3 HIV/SIV INFECTION AND ART

HIV and SIV share key features of virus persistence: (a) HIV/SIV DNA are similarly integrated
in the target cell genome (25-27); (b) response to interferons results in transcriptional control of
LTRs through a bias of histone acetylation favoring HIV/SIV DNA persistence (28); (c)
costimulatory signals induce latent HIV/SIV without coengagement of T cell receptors (29); (d)
distribution of cells containing HIV/SIV DNA and RNA sequences in blood, lymph nodes (LNs)
and at mucosal sites are similar in humans and RMs (30-32). SIVmac infection of RMs
reproduces all the stages of HIV infection in a condensed time frame. These characteristics
underline similar reservoir dynamics during HIV and SIV infections. Historically, SIVmac was
difficult to control with ART, requiring complex and expensive drug combinations (33). More
recently, emergence of new integrase inhibitors and use of coformulated drugs allowed a better
control of SIVmac with ART regimens that are like those used in HIV infection (34). As such,
unless otherwise mentioned, discussion of HIV characteristics is representative of SIV and vice-

Versa.

1.3.1 Replication cycle, virus dissemination and disease progression

Upon virus transmission to an uninfected host (mucosally or intravenously), HIV will bind to the
target cell to initiate infection. Binding requires a combination of two surface cellular receptors:
CD4 and a chemokine receptor, either CCR5 or CXCRA4 (this coreceptor usage pattern leading to
the terms R5-tropic and X4-tropic strains, respectively) (35). Once HIV/SIV binding occurs,
fusion of the viral envelope with the host membrane allows entry of the viral capsid into the
cellular cytoplasm, where both capsid uncoating and reverse transcription of the viral RNA
strands occur to form the preintegration complex (PIC), consisting of viral integrase, viral DNA,
viral capsid and cellular proteins (36, 37). The PIC migrates through the cytoplasm and
translocates into the nucleus, where it contributes to the integration of the viral genome into the

host genome (38). Integration does not always occur, resulting in the production of the



extrachromosomal episomes 2-long terminal repeat (LTR) and 1-LTR circles. These episomes
are generally considered to be dead-end products of viral replication, but 2-LTR circles can aid
in transcription of other integrated virus and can occasionally decircularize and integrate to
become a productively infected cell (39-42). Following integration, the now productively
infected cell will either transition to a resting, memory state, forcing the integrated virus into a
latent state, or start to actively produce viral RNA transcripts. HIV RNA transcription occurs in
multiple steps, with transcripts for “early genes” (i.e., tat and rev) being transcribed first to aid in
the transcription and export of longer spliced and unspliced viral RNA strands (43-45).
Translation of exported RNA transcripts (spliced and unspliced) occurs to produce accessory
proteins and structural proteins, with the eventual joining of proteins and two full-length,
unspliced viral RNA transcripts to form a viral capsid. The end result is the budding of a new
cell-free virion into the extracellular environment to maintain infection (46). 24 hours is the time
needed from binding of a virion to a CD4" T cell’s surface to release of new virions, with

overlap present at the different stages, emphasizing the rapidity of viral replication (47).

A severe genetic bottleneck occurs upon mucosal transmission at the site of virus entry,
with active infection arises by a single virion (48, 49). That one successful infection is enough to
disseminate the virus throughout the body, as one infected cell can produce up to 5 x 10* virions
during its life span (50). Virus from various fluids exchanged during sex migrate across the
epithelial barrier via M cells, microtears in the epithelia and dendritic cells (DCs) present at the
sites of entry (51-53). At the mucosal level, the virus is exposed to local lymphocytes and
macrophages, which can eliminate the virus (at which point is at its most vulnerable state). On
the other hand, cellular activation in response to infection contributes to an increase in target
cells at the site of entry, which may facilitate infection. This, combined with the rapid replication
cycle of HIV/SIV, results in the virus rapidly infecting most of the target cells present at the site
of entry. Infected cells rapidly migrate to the draining lymph nodes, where at the infection is

amplified and is rapidly spread systemically (51, 54, 55). Upon systemic spread, HIV/SIV



reaches the main sites of viral replication, the mucosal surfaces, particularly the gastrointestinal
mucosa and lymphoid organs. These are the main sites where CD4" T cell depletion occurs,
leading to massive mucosal damage, microbial translocation, persistent immune activation and
inflammation and eventually disease progression (56). In contrast to mucosal transmission, in
which windows of opportunities for prevention of systemic infection have been postulated by
numerous authors, the direct, intravenous (1.V.) transmission from infected needles allows for the
immediate dissemination of infectious virus throughout the body, where multiple foci of
infection are established. As a result, acute infection is achieved earlier after 1.VV. transmission
than upon mucosal transmission, with peak VL occurring between 10-14 days postinfection (dpi)
in LV. transmission compared to between 12-28 dpi in mucosal transmission (57, 58). Acute
infection produces an enormous amount of virus that directly damages the target memory CD4*
T cell population and indirectly depletes the overall CD4" T cell population through bystander
mechanisms (i.e. apoptosis). This leads to a massive depletion of CD4™ T cells, particularly at the
mucosal sites within 3 weeks of infection (59-67). Conversely, the levels of CD8" cells expand
during acute HIV infection due to massive antigenic stimulation, triggering immense cellular
immune responses. The increase in SIV-specific CD8" T cells is associated with a decrease in the
levels of viral replication, which is partially controlled to a set-point amount of replication (65,
68-72). The setpoint VL levels, which are definitory for the chronic HIV/SIV infection, are
maintained for years. Upon the partial control of viremia, the levels of CD4" cells in blood
recover to near preinfection levels, but decline resumes if the infection is left untreated (65, 71,
72). Following the acute infection, CD8" T cell levels decrease and fluctuate throughout the
chronic infection (corresponding to HIV developing resistance mutations to the CD8" CTL
response and the CTLs mounting a new response to the virus), but will eventually succumb to
cellular exhaustion and their effectiveness decrease (73, 74). AIDS occurs when levels of CD4"

T cells decrease below 200 cells/uL blood and opportunistic infections start to appear (75).



1.3.2 ART and virus suppression

ART is currently the only way to effectively suppress viral replication and extend the lifespan of
those infected. The development of antiretroviral therapy is the most important accomplishment
of the modern medicine in the 20" century. There are numerous different FDA-approved ARVs
available, split into several classes based on the stage of HIV replication cycle the drugs act
against. These classes (and examples of drugs within said classes) include: entry/fusion
inhibitors (maraviroc [MVC], enfuvirtide [T20]), nucleoside/nucleotide reverse transcriptase
inhibitors (NRTISs) (tenofovir disoproxil fumurate [TDF], emtricitabine [FTC], abacavir [ABC],
zidovudine [AZT]), non-nucleoside reverse transcriptase inhibitors (NNRTIs) (efavirenz [EFV],
nevirapine [NVP], rilpivirine [RPV], etravirine [ETR]), integrase strand-transfer inhibitors
(InSTIs) (raltegravir [RAL], elvitegravir [EVG], dolutegravir [DTG]), protease inhibitors (PIs)
(saquinavir [SQV], ritonavir [RTV], indinavir [IDV], darunavir [DRV], lopinavir [LPV]).

Those who become infected are now started on combination ART, preferably with each
ARV belonging to a different drug class. Combining different classes of drugs together allows:
1) for a more robust suppression of virus; 2) minimizes the development of drug-resistant
mutations; 3) allows for restoration of CD4" cells; 4) improves the quality and length of life or
those infected (76, 77). Compared to monotherapy, combination ART has resulted in a larger
percentage of completely suppressed virus in those treated, improved CD4" cell counts and an
overall decrease in HIV-related events while increasing the quality of life (78, 79). Last, but not
least, combination ART extends the lifespan of HIV-infected subjects to nearly normal levels,
with an expected death age of 78 years, the same as the general, uninfected male population in
the US (80). Patient adherence to ART is a major barrier to achieving and maintaining complete
suppression of virus (81, 82). Unlike other diseases, interrupting HIV treatment is not forgiving,
with even a few missed doses resulting in the development of drug-resistant virus (82, 83). Upon
identification of infection, established first-line regimens are given, as these drug combinations

have been shown to be effective in suppressing virus quickly and maintaining suppression with



minimal chance of developing resistance mutations, if proper adherence is maintained (84). If
first-line ART regimen is unable to suppress virus to <200 copies/mL (termed drug failure),
second-line ARVs are given normally alongside the first-line drugs, with the drawbacks being
increased price of treatment and increased risk of drug-related toxicities (85). Mega-ART is the
final resort given to those who have developed extremely resistant virus, consisting of 6+

different ARVs (86, 87).

1.3.3 Viral decay under ART

Initiation of ART results in a rapid decrease in circulating virus, as ART acts to prevent new
infections, while the host naturally clears free virus and kills productively infected cells. This
virus decay occurs in separate phases, each corresponding to specific events, which can change
depending on the ARVs administered (88-90). The primary phase is very rapid, with an
approximate 2 log decrease in plasma viremia, has a half-life of 6 hours to 1.6 days and is
representative of the rapid clearance of free virus from plasma and the decay of productively
infected cells (88, 91); the secondary decay phase has a half-life of 1-4 weeks and corresponds
with the decay of chronically-infected, longer-lived cells (macrophages and CD4" T cells in a
lower activation state) and the release of virus from tissues reservoirs (an example being
follicular dendritic cells) (92-94); the tertiary decay phase has a half-life of 39-63 weeks and is
believed to occur due to the release of virus from latently-infected, resting memory CD4* T cells
that become activated (95, 96); the quaternary phase is still under debate as to its existence and
lacks a decay rate due to no observable decay in viremia (95) (Figure 1). Even though the tertiary
and quaternary phases look at virus only detectable using the highly sensitive single copy assay,
the interruption of treatment will result in a rebound of the virus. This emphasizes that ART is
not curative and life-long treatment is necessary to, in theory, reduce the size of the reservoir
using ART by itself. This is something not easily achievable by the HIV-infected subjects in

which treatment was initiated during the terminal stages of infection (97-100). Conversely, in



patients in which ART is initiated early, a nonnegligible fraction of posttreatment controllers was

described to occur (101).
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Figure 1. Decay dynamics of plasma HIV-1 RNA during ART.

Upon initiation of ART, viremia decays in multiple overlapping phases, which reflects the turnover of
cells infected prior to ART with different half-lives. The first phase of decay has a half-life of
approximately 1.5 days and represents the turnover of free virus and productively infected T cells (88,
102, 103). The second phase of decay, with a half-life of approximately 28 days, represents the attrition of
cells more resistant to HIV cytopathicity, such as partially activated T cells and cells of the monocyte-
macrophage lineage (91, 104). The third phase of decay, which has a half-life of approximately 273 days,
levels off to a stable set point that represents a fourth phase showing no evidence of further decay (105).
Viremia persists at this stable set point for at least 7 years following the initiation of ART and reflects the
remarkable stability of the long-lived cellular reservoirs that maintain residual viremia (95). Blue = above
clinical limit of detection (LOD). Red = below clinical LOD (ie, detectable by SCA). Dotted lines =
theoretical decay slopes. Adapted from Hilldorfer et al., 2012.

Newer, stronger ARVs are being investigated to help both minimize ART-associated
toxicities and improve virus suppression, which, in turn, can aid in the decay of the reservoir.
InSTIs have been investigated as potentially able to aid in the reservoir reduction when given as

intensification drugs to already established regimens (106). In one study, TDF and FTC with



either RAL or EFV were given to a cohort of HIV-infected subjects, followed by measuring the
primary and secondary stages of virus decay. The RAL group experienced longer primary and
secondary phases compared to the EFV group. The RAL group also experienced a faster time to
undetectable virus, suggesting that InSTls are the more effective ARV compared to NNRTIs (94,
107, 108).

1.3.4 Development and impact of 2-LTR circles

Optimal infection of a susceptible cell by HIV/SIV results in integration of the reverse-
transcribed viral genome into the host genome. However, this is often not the scenario, with the
viral DNA either digested within the host nucleus or wrapping on itself to form the
extrachromosomal episomes 2-LTR and 1-LTR circles, named for the number of LTR regions
present. These episomes form due to the poor efficacy of viral integration and can be promoted
by the presence of InSTIs. Upon blocking of integration, the viral genomes are either circularized

by host DNA repair enzymes or undergo recombination on themselves.

2-LTR circles have been reported to be useful as surrogate markers of viral replication
(109). However, some studies have shown that 2-LTR circles have a short half-life while others
have shown that 2-LTR circles can be detected by gPCR in some patients with undetectable
plasma viremia (109-111). Though 2-LTR circles form due to failed integration, it has been
shown that these episomes can re-linearize as a result of cleaving the palindromic site at the
LTR-LTR junction by the viral integrase protein (112, 113). This now linear viral genome can
act as the substrate for integration, upon which a productive infection can occur. As such,
understanding the mechanisms and dynamics of 2-LTR forms during infection is relevant and

essential for cure research.

The development of InSTIs made 2-LTR circles more relevant, especially in studies
utilizing an InSTI as an intensifying agent in an already effective ART regimen. These studies

have consistently shown that upon addition of an InSTI (RAL in these cases), viral integration is
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blocked, plasma viremia is almost not affected and 2-LTR circle levels immediately increase.
However, 2-LTR levels do not remain elevated, as most patients will exhibit 2-LTR levels return
to pre-RAL treatment values (114-116). This transient increase in 2-LTR levels has been
attributed to the RAL inducing increased 2-LTR circle levels while simultaneously preventing de
novo infection events (117). However, several studies have shown contradictory results whereby
they were not able detect changes (or not significant changes) in 2-LTR levels following RAL
intensification (118-121). It is reasoned that this lack of change in 2-LTR levels may be
attributed to the presence of ongoing viral replication in compartments with limited
communication with plasma, such as LNs (122, 123). These anatomical reservoirs must exist in
such a way to limit the amount of antiviral drugs present, limit the ability of replicating virus to
enter the blood, but be sufficiently connected to allow cells containing 2-LTR circles to enter
into the blood (124-126). LNs sufficiently satisfy these requirements, making them an important

replication site to study when investigating InSTI treatments.

Though much research has investigated the effects of InSTIs as an intensifying treatment,
not much is known about the effects of InSTIs used as a monotherapy. Further, the specific
mechanisms CD8" cells utilize to target cells during HIV/SIV infection are not well understood.
As such, we investigated the dynamics of 2-LTR circles and modeled the data to interpret if
CD8" cells preferentially target cells containing 2-LTR circles either prior to integration or in a

productively (integrated) cell. This will be discussed in section 4.0.

14  CELLULAR IMMUNE RESPONSES TO HIV/SIV

Like with all pathogens, the host utilizes multiple avenues of defense to eradicate (or attempt to
eradicate) the invading pathogen before it kills the host. Thus, the immune response to HIV/SIV
infection include innate responses (127), humoral responses (128) and cell-mediated immune

responses (129). The CD8" CTL response particularly is important, and its role in HIV/SIV
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infection is supported by the following arguments: (i) a strong association between specific host
MHC-1 alleles and HIV/SIV disease progression exists (130); (ii) a temporal association between
the post-peak decline in plasma viremia and the increase in virus-specific CD8" CTL responses
(68, 70); (iii) virus escape mutations consistently arise in the face of host cytotoxic responses
during all stages of infection (131-135); (iv) CD8" cell depletion in vivo results in a rapid and
sustained increase in plasma viremia, which then returns to predepletion levels following
rebound of CD8" cells (24, 136-147). Further, it was shown that CD8" T cells suppress HIV
infection in vitro (148, 149). However, the role of CTLs in vivo is more difficult to assess, as
those infected still progress to AIDS without treatment regardless of the quantity of HIV epitopes
CTLs are targeting (150). As such, continued research into the mechanisms of CTL responses

against HIV is of utmost importance for cure and vaccine research.

1.4.1 Roles of cytotoxic cells during infection

CD8" CTLs are antigen-specific and will react in a cytotoxic manner when the T cell receptor
(TCR) on their surface binds to and recognizes a foreign antigen presented on major
histocompatibility type 1 (MHC-I) (151, 152). CTLs have multiple cytotoxic responses against
infected cells, including: the secretion of granzymes/perforin and the binding of Fas ligand
(FasL) with Fas. These responses have been observed in the control of several infections,
including cytomegalovirus (153), hepatitis B virus (154), hepatitis C virus (155) and Epstein-
Barr virus (156). It has been shown that the cytotoxic responses are very important during acute

infection and may play a role during chronic infection (74, 157-159).

CTL release of granzyme/perforin initially requires the binding of the TCR with its
cognate antigen presented on MHC-I of an infected cell; this results in the formation a synaptic
cleft between the CTL and the infected cell. Lytic granules containing granzymes and perforin
present within the CTL near the cell surface will release their contents into the cleft. Perforin

binds within the infected cell’s membrane to form a pore that most likely destabilizes the
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membrane through the passive diffusion of Ca®* ions into the infected cell. This diffusion
triggers the intake of both perforin and granzymes into the infected cell (160). At this point,
granzymes act to stimulate multiple death pathways within the cell, including the cleavage of
caspases 3 and 7; the release of cytochrome C from within mitochondria (resulting in further
caspase activation) by granzyme B; the induction of single-stranded nicks in chromosomal DNA
by granzyme A and other, lesser known functions by the remaining granzyme proteins (161-
167). These processes culminate in forced apoptosis of the infected cell. The different granzyme
classes have been shown to act independently of each other to ensure cell death if one or more of

the granzyme classes are inhibited (168).

The second cytotoxic response CTLs use is the binding of the FasL (CD95L) on their
surface with the Fas receptor (CD95) expressed on the surface of infected cells (169). FasL
expression is upregulated when a CTL recognizes a foreign antigen (again, through the binding
of TCR and MHC-I1) and becomes activated. Upon cross-linking of FasL with Fas, the death-
inducing signaling complex (DISC) forms within the infected cell. The DISC rapidly cleaves
apoptotic procaspases 8 and 10 and c-FLIP into their activated forms, forcing the cell to undergo
apoptosis (170, 171). This pathway is triggered by binding of membrane-bound FasL only,
whereas soluble FasL induces nonapoptotic pathways, such as NF-kB, and promotes

autoimmunity and tumorigenesis (172).

During the HIV/SIV infection, both perforin/granzymes and FasL binding are utilized by
CTLs (173). However, it has been shown that the granzyme/perforin is the preferential
mechanism used, regardless of FasL expression on CTLs (157, 173). Further, the FasL/Fas
pathway was shown to not play a role in killing bystander, uninfected cells, as was expected in

early studies (173, 174).
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1.4.2 Noncytotoxic effects of cytotoxic cells

In addition to the direct cytotoxic effects of CTLs against infected cells, CTLs also exert indirect,
noncytotoxic effects. As such, the life-span of the infected cell is not affected by noncytotoxic
effects, unlike cytotoxic ones. Most noncytotoxic responses involve the release of various
chemokines and cytokines that directly affect the replication cycle of the infecting pathogen
(175). These chemokines and cytokines include, but are not limited to: B-chemokines
macrophage inflammatory protein-1a (MIP-10) and MIP-1p; regulated upon activation, normal
T-cell expressed and secreted (RANTES); T-cell antiviral factor (CAF); interferon (IFN)-y and
tumor necrosis factor (TNF)-a (159, 176-178).

MIP-1a, MIP-13 and RANTES have been shown to directly inhibit HIV-1 replication by
binding and occupying their cognate receptor CCR5, which prevents the binding of HIV virions
and subsequent infection (179, 180). Further, it is believed that the binding of these proteins to
CCRS5 results in internalization of CD4, further limiting HIV binding potential (181). However,
these proteins do not prevent infection of monocytes and macrophages (182). Additionally,
oligomerization of RANTES alone has been shown to increase HIV infectivity by cross-linking
the membranes of HIV with a target cell and by making a target cell more permissive to infection
by HIV (183). B-chemokines are naturally inflammatory and their release results in leukocyte
recruitment, which may provide more susceptible cells for infection (184). As such, B-
chemokines may act to both limit and help HIV replication, most likely dependent on chemokine

concentration (184).

CAF was first identified in the context of HIV infection, but little is known about this
protein, as it lacks identity with all chemokines associated with dampening HIV-1 replication
(185, 186). CAF has not been shown to block HIV entry (187), is not MHC | restricted (188),
does not prevent proviral integration (189) nor reverse transcription (189, 190). Rather, CAF acts
to prevent HIV LTR gene expression (187). CAF has been shown to be produced by non-HIV-

specific CD8" CTLs, but still acts to limit HIV replication. This shows that CAF production is
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not limited to HIV-specific CTLs, and suggests that CAF may be part of an innate response
rather than an adaptive one (191). Regardless of the exact classification, CAF remains an

important protein produced during HIV infection.

IFN-y is a type Il interferon and is most commonly used when analyzing CD8" T cell
responses. It acts nonspecifically against all viral pathogens by: (i) upregulating expression of
TAP transporter proteins to increase the transportation of viral peptides from the cytosol into the
endoplasmic reticulum for MHC-I presentation (192, 193); (ii) increasing the production and
stability of MHC-I for presentation of foreign peptides (194, 195); (iii) converting the normal
cellular proteasome into an immunoproteosome to specifically prepare foreign viral peptides for
presentation by MHC-I (196); (iv) increasing the expression of TNF-a and Fas receptors to make
virally-infected cells more susceptible to apoptosis (197-199). However, IFN-y has also been
shown to induce HIV production in infected monocytes, underlining that IFN-y is both beneficial

and detrimental in preventing HIV replication (200).

TNF-a is an important antiviral factor as it can trigger apoptosis in virally-infected cells
(201, 202). Upon binding of TNF receptor (TNFR) 1 or 2, NF-xB production is stimulated,
apoptotic pathways are initiated and p38 mitogen-activated protein kinase (MAPK), extracellular
signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) activation occurs (203). NF-
kB production and migration into the nucleus stimulates the production of inflammation
mediators, such as chemokines, I1L-6, IL-8 and 1L-18 (204). TNFR binding triggers recruitment
of TNFR-associated death domain (TRADD) and Fas-associated death domain (FADD) to
trigger apoptosis via caspase 3, 8, and 9 cascades (205). TNF-a expression prevents HIV
infection of macrophages, most likely through downregulation of CD4 and CCR5 expression on
the cell surface (206). Further, TNF-o binding promotes expression of MIP-a, MIP-1B and
RANTES, further suppressing HIV replication (180, 207, 208). However, like IFN-y, TNF-a has
been shown to activate HIV transcription through production of NF-kB and activation of the HIV

LTR (209-211).
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It is uncertain whether cytolytic or noncytolytic effects are preponderant in controlling
HIV infection. Two papers published in 2010 attempted to answer this question by utilizing
CD8" T cell depletion with NRTI therapy in SIV-infected RMs (141, 142). Both studies looked
at the effect of CD8" T cells on the lifespan of productively infected cells by comparing the
decay rates between CD8 depletion and CD8 depletion with ART. They observed no difference
in decay between the groups, indicating that CD8" CTL cytolytic activity does not account for
the CD8"-mediated virus control during chronic infection. The authors concluded that
noncytolytic mechanisms must represent a large portion of the effect CD8" T cells have on the
virus. However, this conclusion has been refuted by multiple papers (212, 213), with one of the
more notable points being that NRTI treatment precludes the ability to measure the effect of
CD8" T cells on all stages of the HIV/SIV life cycle, particularly cells containing virus but prior
to viral integration. Further, the frequency of measurements used in the papers may not have
been frequent enough to observe a difference between the two groups. These aspects will be

further addressed in section 3.0.

1.5 HIV/SIV RESISTANCE TO ART

ART is administered to HIV-infected subjects to suppress virus replication and delay the onset of
AIDS. However, the development of viral resistance against ARVs limits the use of these drugs,
resulting in adjustment of the ART regimen used. These adjustments typically involve adding
ARVs presumed to be effective on strains with viral resistance mutations. However, such drugs
are not always able to suppress virus replication. Improper adherence to a given ART regimen is

the typical cause of drug resistance, but this is only one part of the issue.
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1.5.1 Establishment of resistance

Upon infection by a single virion, HIV rapidly replicates and infects up to 108 cells within a few
weeks (214). A combination of factors such as the rapid rate of mutation per base pair [4.3 £ 1.7
x 107 (215)], the extremely rapid turnover rate of virion production [108 — 10° virions per day
(88, 102, 103)] and frequent recombination events (216) results in a very diverse virus
quasispecies present at any one point (217). This is how HIV is able to accommodate and
overcome environmental stressors, such as ARVSs, to minimize the effect of fidelity on
replication (218). Most of the resistance mutations occur during the reverse transcription step of
HIV replication, as the viral reverse transcriptase (RT) enzyme lacks a 5’23’ exonucleolytic
proofreading mechanism (219, 220). It is believed that the host RNA polymerase Il may also
contribute to this mutagenesis, but its contribution is minimal compared to that of the viral RT

(221).

The host cell has several innate defenses against viral replication, one of which is
apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3G (APOBEC3G). This
enzyme acts during HIV reverse transcription to induce guanine-to-adenine hypermutations by
deaminating cytosines into uracils (222-224). These uracils appear in the negative-strand viral
cDNA, which can trigger the host cellular uracil-DNA glycolase protein to prevent HIV from
integrating and replicating (225). HIV counters this defensive tactic by encoding Vif, a protein
that will bind APOBEC3G to cause polyubiquitination and degradation (226). This allows HIV

to minimize forced hypermutations and allow for viral integration to occur.

Recombination between genetically different viral genomes present within a
heterozygous virion or between genomes from different virions present with a cell is common
(227). It has been shown that one cell can be infected by multiple HIV virions simultaneously, all
of which will undergo reverse transcription (216). It is during reverse transcription that these
viral genomes will recombine with each other, with an average of 3 crossovers occurring per

genome (228-230). Viral recombination allows the virus to increase overall variation in the virus
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population by dispersing the acquired mutations between genomes (231). Further, it allows the
rapid spread of acquired drug-resistant mutations to further overcome the ARV regimen (232-

234).

1.5.2 Known resistance mutations

Every ARV has at least one known resistance mutation that limits drug efficacy; knowing these
mutations is relevant when conducting experiments that utilize ARVS to suppress virus
replication, especially if there is any risk of improper dosing, drug monotherapy or improper
adherence. | will discuss each ARV class and the known resistance mutations present against

each of the main drugs present in their respective classes.

Viral entry inhibitors are split into two classes, with each class containing one FDA-
approved drug: CCR5-antagonists (MVC) and fusion inhibitors (T20). Unlike other ARVs that
target the virus itself, MVC targets CCR5 on the host cell surface to prevent the interaction of
viral gp120 with it after the binding of host CD4 (235). MVC achieves this by binding an
allosteric hydrophobic pocket of CCR5, altering the conformation of CCR5 and preventing its
recognition by gp120 (236). Due to the variations in HIV-1 tropism, MVC only prevents
infection by R5-tropic viruses, and as such, one way the virus can overcome MVC is to switch to
a X4 tropism and utilize the CXCR4 receptor for viral entry instead of the CCRS5 receptor (237).
Resistance mutations against MVC can occur, allowing gp120 to bind CCRS5, even if MVC is
already bound (238). These mutations occur on gp120 and include: T199K, T275M and a series

of associated mutations (239).

Comparatively, T20 targets the fusion activity of viral gp41, which acts to bring the viral
envelope and the host membrane into proximity and assist in their fusion (240). T20 is a
synthetic peptide segment of gp41l that binds to a different region of gp4l to prevent fusion

(241). Resistance against T20 occurs in the binding region of gp41, effectively allowing the virus
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to fuse properly with the host cellular membrane (242). The specific resistance mutations are:

G36D, I37M/N, V38A/E/L/N and Q41R, each associated with a secondary mutation (243-245).

NRTIs are extensively used, being included in various ART regimens designed to
suppress HIV, and as such, their resistance profile has been thoroughly investigated. NRTIs
directly compete with host dNTPs for incorporation into the viral genome during reverse
transcription, with the key difference between NRTIs and deoxyribose nucleoside triphosphates
(dNTPs) being that NRTIs lack a 3’ hydroxyl group, preventing the addition of the next
nucleotide (246). The most commonly used NRTIs include TDF, FTC and ABC, with others
reserved for when primary ART regimens fail. Two resistance mechanisms exist against NRTIs:
mutations that weaken the binding efficacy of NRTIs while maintaining the binding efficacy of
natural dNTPs, and mutations that allow the excision of incorporated NRTIs followed by proper
dNTP addition via ATP manipulation (247, 248). Specific mutations within HIV RT for
weakening the binding efficacy of NRTIs are: K65R, L74V, Q151M and M184V/I, with these
mutations affecting most, but not all, NRTIs (249-251). Comparatively, mutations specific for
the nucleotide excision pathway are: M41L, D67N, K70R, L210W, T215F/Y and K219E/Q,
again, with these mutations affecting most NRTIs in different degrees (252, 253). Specific RT

mutations associated with any given NRTI have been described and are actively updated (254).

NNRTIs are different from NRTIs, as they do not bind within the active site of viral RT.
Rather, they bind noncompetitively to an allosteric hydrophobic pocket located on RT away from
the active site (255, 256). NNRTI binding induces a conformational change in the RT active site,
preventing the binding of necessary substrates for reverse transcription to occur (257-259).
NNRTIs are valuable to use in treatment of HIV-1 infections as they have minimal side effects
and overall less toxicity compared to NRTIs (260). Due a larger hydrophobic pocket on HIV-2,

SIV and HIV-1 group O, these strains are naturally resistant to NNRTIs.

The most prescribed NNRTI is EFV, with ETR and RPV being prescribed when primary

ART fails. A single dose of NVP administered in peripartum used to be the recommended
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treatment to prevent mother-to-infant transmission (MTIT), but has since been updated to
include AZT during and following pregnancy with NVP admin9istered at onset of labor or triple
ARV during pregnancy and while breastfeeding (261, 262). Resistance mutations against EFV
are K103N, Y181C and G190A and, when introduced, cause clinical failure against HIV (263).
ETR and RPV have an increased genetic barrier against resistance, as their binding pocket
conformation is different compared to EFV and is flexible in the face of resistance mutations
(264-266). Both ETR and RPV require multiple mutations to reduce efficacy of these drugs (263,
267). The individual mutations are: L100l, K101E, K103N, V179F/I, Y181C, G190E, M230L,
Y318F for ETR and V90I, L100l, K101E/P, V106A/l, V108I, E138A/G/K/Q/R/V, V179L/F/,
Y181C/1/V, Y188L, V189I, G190E, H221Y, F227C, M230I/L for RPV (263, 267-270).

InSTIs target one of three major steps for integration, the strand transfer event. During
this step, exposed 3’-hydroxyl viral DNA is ligated to the 5° DNA phosphate in the host genome
resulting in integration (271). InSTIs bind within the catalytic core of the integrase enzyme and
chelate the two divalent metal ions present within the integrase active site, effectively preventing
integration from occurring (272, 273). However, InSTI binding is reversible, necessitating the
continual presence of InSTI to have long-lasting effects (272). There are three major InSTIs
currently in use: RAL, EVG and DTG. Resistance mutations that develop against InSTls affect
the binding of InSTIs within the catalytic core by altering the integrase shape, resulting in
ejection of the InSTI from the integrase active site. RAL and EVG share similar resistance
mutations: Q148H/K/R, N155H, with each of these major mutations associated with other
mutations in their vicinity (274-277). Y143C/H/R is found to cause resistance against RAL, but
not EVG while T661/A/K and E92Q cause higher resistance to EVG (275, 278). DTG is believed
to have a higher genetic barrier to resistance, as it is effective against RAL and EVG resistant
isolates (279). This is due to DTG’s slower dissociation rate from the integrase/viral DNA
complex (280). However, resistance mutations against DTG can appear and include R263K and

G118R (281, 282). It was reported that the HIV strains carrying the resistance mutations to DTG
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have an impaired fitness and are unable to evade drug pressure nor develop secondary resistance

mutations to overcome this replication deficiency (283).

Pls act to bind competitively within the viral protease active site to prevent the cleaving
of Gag and Gag-Pol polyproteins and viral budding (284, 285). Pls play a key role in ART
regimens as they block a different step of the replication cycle compared the NRTIs and
NNRTIs, allowing for a lower risk of resistance. The most commonly prescribed Pls include:
DRV, SQV, LPV and RTV. RTV is given in combination with specific Pls as it is a potent
inhibitor of cytochrome P450 3A4 (CYP3A4), which, in turn, increases the plasma
concentrations of proteases that are normally degraded by CYP3A4 (286). Resistance mutations
against Pls act to reduce the binding affinity of the Pls within the protease active site while not
affecting the binding of the intended substrates (287, 288). The known resistance mutations
against Pls are: D30N, V32I, L33F, M46l/L, 147A/V, G48V, I50L/V, V82A/F/T/S/L, 184V and
L90M, with some mutations occurring against specific Pls and others, such as 184V, that affect

all Pls (288-290).
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20 HYPOTHESIS AND SPECIFIC AIMS

Hypothesis

H1: Despite decades of research, there is no vaccine nor cure for HIV. Long-term ART
suppresses virus replication, resulting in improved quality and length of life, but interruption of
ART almost invariably leads to virus rebound. This is due to the establishment of a latent
reservoir in resting CD4" T cells with an extremely long half-life, necessitating life-long
treatment. To effectively produce a vaccine or cure for HIV, the immune responses that act
against HIV must be understood. CD8" T cells are an important aspect of the host immune
response against HIV, as evidenced by several factors, most importantly that depletion of CD8"
cells results in a sustained increase in plasma viremia that decreases upon CD8" T cell
restoration. However, the specific effector mechanism(s) exerted by these cells is not known.
Two papers in 2010 independently concluded that CD8" cells are not killing infected cells;
rather, they suggested that CD8" T cells control viral replication via a non-cytolytic mechanism.
However, this conclusion is not entirely accepted by the field. The authors’ use of NRTI only
allows the measure of CD8" T cells effect against productively infected cells, even though it is
known viral-induced cytopathicity occurs upon viral integration, thus obscuring the data. Further,
the first wave of antigen presentation occurs 3 hours postinfection, corresponding to the time
following viral reverse transcription, but prior to integration. As such, we hypothesized that
CD8* T cells exert a cytotoxic effect against infected cells prior to becoming productively

infected. This effector mechanism will be observable in the context of CD8" cell depletion
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experiments during integrase inhibitor therapy. This hypothesis is supported by viral dynamics

modeling/simulations.

Specific Aims

To test the hypothesis above, we designed a set of experiments and established the following

specific aims:

1. To determine the effector mechanism of CD8" T cells by depleting CD8" cells in RAL-
treated rhesus macaques, comparing them with two control groups: (i) CD8" cell depletion
without RAL; (ii) RAL monotherapy. We will analyze the viral dynamics between the groups to

ascertain the effector mechanism.

2. To analyze 2-LTR dynamics in the above-mentioned groups from SA1, which

modeling predicted would add more information to the analyses of viral dynamics.

3. To better characterize the parameters of 2-LTR dynamics in the context of RAL

intensification experiments.
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3.1 PREFACE

The research presented here was presented in part as a poster and oral presentation titled “CD8*
Cytotoxic T Lymphocytes Exert a Strong Cytolytic Effect on Virally-infected Cells Prior to Viral
Integration in SIVmac251-infected RMs” presented at the 2016 International AIDS Society
(IAS) conference in Durban, South Africa and as an oral presentation titled “CD8* T-cell
Depletion Leads to a Different Profile of SIV Viral Decay under Integrase Inhibitor
Monotherapy” presented at the 2017 1AS conference in Paris, France.

The work presented in this chapter is for completion of Aim 1 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy. The data presented herein has been adapted
from a submitted manuscript (Benjamin Bruno Policicchio, Erwing Fabian Cardozo, Cuiling Xu,
Dongzhu Ma, Tianyu He, Kevin Raehtz, Ranjit Sivanandham, Adam Kleinman, George Haret-
Richter, Tammy Dunsmore, Alan S. Perelson, Cristian Apetrei, Ivona Pandrea, Ruy M. Ribeiro).
Benjamin Policicchio processed blood, intestinal and LN samples, extracted viral RNA from
plasma samples, performed gRT-PCR on viral RNA, analyzed and compiled flow cytometry
data, wrote and edited the manuscript. Erwing Fabian Cardozo performed mathematical
modeling on data sets. Cuiling Xu stained blood, intestine and LN samples and acquired stained
samples on a flow cytometry machine. Dongzhu Ma helped design PCR conditions. Tianyu He,
Kevin Raehtz, Ranjit Sivanandham, Adam Kleinman processed blood, intestine and blood
samples. George Haret-Richter and Tammy Dunsmore administered the drugs to the RMs, bled

and sample intestine and LN biopsies from the RMs.
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3.2 ABSTRACT

The mechanisms of CD8" T lymphocyte control of HIV infection are not well understood. We
hypothesized that the main effect of CD8" T-cells occurs before viral integration. We developed
a model of viral dynamics with pre- and postintegration stages to assess the effect of CD8" cell
depletion in SIV-infected RMs receiving integrase inhibitor RAL monotherapy. Twenty
SIVmac251-infected RMs received just CD8-depleting antibody (M-T807R1), n=4, both RAL
and CDB8-depleting antibody, n=8, or just RAL, n=8. Plasma viral loads (pVLs) were measured
by quantitative real-time polymerase chain reaction (QRT-PCR). T-cell counts and immune
activation were monitored by flow-cytometry. We analyzed the pVL profiles using a viral
dynamics model including infected cells pre- and postviral DNA integration and assuming
different possible immune effector mechanisms. We fitted the model to the data using a
nonlinear mixed effects approach to find what mechanisms best described the data. CD8" T-cell
depletion was profound and lasted throughout RAL therapy. Depletion of CD8" T-cells led to
pVL increases prior to RAL initiation. Macaques receiving just RAL treatment experienced
much greater pVL decays than those treated with CD8" cell depleting antibody and RAL. The
latter group had small decays or rebounded early during RAL therapy. From the fits of the
model, RAL efficacy in blocking integration was estimated at 97%. A model including CD8" cell
effects in killing infected cells pre-integration (cytolytic) and reducing viral production (non-
cytolytic) was utilized to best explain the pVL profiles across all macaques. In the absence of
CD8" cells, the loss rate of infected cells pre-integration was reduced by 82% and viral
production increased 2.5 times. Our results suggest that CD8" T-cells have a cytolytic effect on

infected cells before viral integration and a non-cytolytic effect reducing viral production.
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3.3 INTRODUCTION

Understanding the host immune response against HIV/SIV infection is essential for developing
effective therapeutic and preventive strategies. Unfortunately, HIV continually evades and
subdues the host’s immune responses, muddling our attempts at elucidating the nature of the
immune mechanisms needed to control infection. Examples of HIV evasion strategies include:
(i) undergoing rapid mutation of its proteins due to host immune pressures, effectively evading
host adaptive responses (70, 132, 133, 291); (ii) inducing down regulation of MHC-1 expression
through the viral protein Nef, reducing host cytotoxic capabilities to target infected cells (292);
(iii) taking advantage of virus-specific adaptive responses that generate activated CD4" T cells,
the preferential target of HIV, propagating the infection (293); (iv) chronic stimulation of the
immune system resulting in production of nonfunctional “exhausted” CTLs (294, 295). As such,
there is uncertainty regarding which immune response should be emphasized in current research

endeavors.

Of the various immune responses against HIV, the cytotoxic response exerted by CD8*
CTLs has been shown to be critical for host’s attempts to control HIV/SIV, as supported by the
following observations: (i) a temporal association exists between the increase in virus-specific
CD8" T cell responses and the post-peak decline in plasma viremia (68, 70); (ii) CD8" CTLs are
able to suppress new infections in vitro (148, 149); (iii) virus escape mutations consistently arise
in response to the host cytotoxic response during all stages of infection (131-135); (iv) a strong
association can be described between specific host MHC-I alleles and HIV/SIV disease
progression (130); (v) association of circulating escape mutants with the prevalence of specific
human leukocyte antigens (HLAS) in the population (296, 297). Experimental in vivo CD8" cell

depletion studies in SIV-infected macaques have strengthened this argument and provided a
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more direct evidence of the role of CD8" cells in HIV infection (138, 140-143, 145, 146, 148,
298, 299). Thus, CD8" cell depletion results in a rapid and sustained rebound of plasma viremia,
which is controlled when CD8" cells are restored. These results are consistent in every model of
SIV infection: elite controllers (24, 298), nonpathogenic (137), rapid progressor (138, 139),
antiretroviral treated (140-142) and untreated models (143-147). Accordingly, it is considered
that understanding the mechanisms of action of CD8" cells and identifying strategies to boost the

CD8"-specific immune responses is a key priority of HIV research.

Though CD8" cells hold strong potential for future cure efforts, their specific
mechanism(s) of action is not well understood. CD8" CTLs could exert a direct cytotoxic
response against viral-infected cells via release of granzyme/perforin and/or stimulation of the
Fas/FasL pathway (300, 301). Alternatively, CD8" cells could act indirectly by interfering with
de novo infections or the release of new virions through soluble antiviral factors, including the
CCR5-binding proteins MIP-1a, MIP-1B, RANTES, CAF, a-defensins, and other factors (179,
190, 302). To help shed light on this question, two groups studied the lifespan of SIV-infected
cells after reverse transcriptase inhibitor (RTI) treatment, either in the presence of absence of
CD8" cells. They showed that the average lifespan was not different with or without CD8" cells,
concluding that CD8" CTLs do not exert a cytolytic effect on infected cells (141, 142). Another
recent study, quantified the lifespan of infected cells after treatment in infected people with
different HLA background, both favorable and unfavorable for HIV progression (303). They
found no difference in the lifespan of infected cells and concluded that “protective CD8" T-cells
exert their effect on target-cells before onset of productive infection, or via noncytolytic
mechanisms” (303). These data have both been corroborated and challenged (212, 213, 304),
leaving the field to question what is the true mechanism(s) of CTLs against HIV. To help answer
this question, we interrogated whether CD8™ cells exert a cytolytic response against infected cells
prior to viral integration. To this end, we treated SIV-infected RMs with the integrase inhibitor

RAL, in the presence or absence of CD8" cells, and then fitted a viral dynamics model to the data
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to study the possible effector mechanisms contributing to the observed viral load profiles. We
found that the half-life of pre-integrated cells in the RAL-treated group is significantly shorter
than in the RAL-treated and CD8" depleted group, suggesting that CD8" CTLs have a cytolytic
role prior to viral integration. Further, the best model also indicted that the viral production rate
increased in the absence of CD8" cells, indicating that CD8" CTLs also exert a non-cytolytic

effect.

3.4  MATERIALS AND METHODS

3.4.1 Ethics statement

All RMs were housed and maintained at the University of Pittsburgh, Plum Borough animal
facility, according to the standard of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International, and experiments were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee (IACUC), protocol
#16058287. The animals were cared for according to the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act (305). Efforts were made to minimize animal
suffering: all RMs had 12/12 light/dark cycle, were fed twice daily with commercial primate diet,
water was provided ad libitum, and were socially housed in pairs indoors in suspended stainless-
steel cages. A variety of environmental enrichment strategies were employed: providing toys to
manipulate and playing entertainment videos in the animal rooms. The animals were observed
twice daily for any signs of disease or discomfort, any of which were reported to the veterinary
staff for evaluation. For sample collection, animals were anesthetized with 10mg/kg ketamine
HCL (Park-Davis, Morris Plains, NJ, USA). At the end of the study, the animals were sacrificed

by intravenous administration of barbiturates.

29



3.4.2 Animals, infections, and treatments

Twenty Indian-origin RMs (Macaca mulatta) were included. They were IV-infected with 300

TCID50 of SIVmac251 and were closely monitored during all stages of the study.

Fifty-six dpi at the beginning of early chronic infection, the CD8" cell-depleting
monoclonal antibody M-T807R1 (NIH Nonhuman Primate Reagent Resource, Boston, MA) was
administered to 12 RMs at a dose of 50 mg/kg. The animals received an additional 50 mg/kg of
M-T807R1 19 days later. Two days following the first CD8" cell depletion, RAL monotherapy
was initiated, at 20 mg/kg bid for 23 days, in 8 of these RMs; an additional 8 RMs without CD8"

cell depletion were also treated with RAL monotherapy under the same conditions.

3.4.3 Sample and sample processing

Blood was collected from all RMs -20, -15, -10 dpi, and then weekly after infection up to 56 dpi.
This time point was selected for treatment start as it is early in infection, but after the virus
reached a quasi-steady state, defined by three consecutive stable VLs. Starting at 58 dpi, with
initiation of RAL, blood was sampled every 6 hours for 2 days, then every 2 days for 2 weeks

and then every 3 days until 23 dpt.

Within one hour of blood collection, plasma was harvested and peripheral blood
mononuclear cells (PBMCs) were separated from the blood using lymphocyte separation media

(LSM, MPBIo, Solon, OH).
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3.4.4 Plasmaviral load (pVL) quantification

We monitored levels of free, circulating virus at all times indicated above. Plasma from all
animals was subject to a qRT-PCR, as described previously (306). The primer and probe
sequences amplify a conserved region of Gag and are as follows: SIVmac251F: 5°-GTC TGC
GTC ATC TGG TGC ATT C-3’; SIVmac251R: 5’-CAC TAG GTG TCT CTG CAC TAT CTG
TTT TG-3’; SIVmac251Probe: 5’-CTT CCT CAG/ZEN/TGT GTT TCA CTT TCT CTT CTG
CG/3I1ABKFQ/-3’. Real-time PCR was performed utilizing an ABI 7900 HT real-time machine
(Applied Biosystems, Foster City, CA) with the following parameters: 95°C for 10 minutes, 45

cycles of 95°C for 15 seconds, 60°C for 1 minute.

3.4.5 Flow cytometry

Whole blood was stained at specific pre- and during treatment time points to monitor the impact
of treatment on major immune cell populations. The two-step TruCount (BD Bioscience)
technique was used to enumerate the absolute number of CD4* and CD8" T cells in blood, as
previously described (298, 307). Blood was stained with fluorescently-labeled antibodies (all
antibodies from BD Bioscience, San Jose, CA, USA, unless otherwise noted): CD4 (APC), CD8
(PE-CF594), CD3 (V450), CD45 (PerCP), NKG2A (PE). Ki-67 (PE) was stained by first fixing
and permeabilizing cells prior to staining. Flow cytometry acquisitions were performed on an

LSR Il flow cytometer (BD Biosciences).

3.4.6 Mathematical modeling

To help interpret the virus load profiles during CD8" cell depletion and RAL monotherapy, we

used the slow and rapid integration virus dynamics model proposed by Cardozo et al (308),
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which is a modification of the standard model of virus dynamics (309). In this model, equation
(1), we follow two types of target cells, those that after infection will be short-lived (Ti) and
those that will be long lived (Twm). The former, T, are created at a constant rate 4, die at rate d,
and are infected by the virus (V) at rate . These infected cells (I1) are lost at rate 61 possibly
influenced by effector CD8" cells, and undergo integration of the proviral DNA at rate k, to
become productively infected cells (I2). We assume that target cells Tm remain constant during
the experiment and are infected by virus at rate f1. This infection event produces long-lived
infected cells (M1) that are lost at rate 6m1 or undergo provirus integration at a slower rate ki to
become productively infected cells (I2). An integrase inhibitor, such as RAL, blocks proviral
DNA integration with efficacy . Cells with integrated HIV DNA (I.) are productively infected
and are lost at rate 62. Virions are produced by these cells at rate p per cell and are cleared from

circulation at rate c per virion. The model equations are:

an
dt
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d_tlzﬁTN —kd-)l -6l
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3.4.7 Data Fitting

To fit the model to the data, we used nonlinear mixed-effect modeling as previously described
(308). In this approach, we assume that each parameter i has a common distribution in the
animal population (or specific group) with a fixed part 8, which is the median value of the
parameter in the population, and a random term ¢i, which is assumed to be normally distributed

with zero mean. Unless otherwise specified, we assumed that parameters follow a lognormal
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distribution. We fit the model to the data and estimate the median (by maximum likelihood) and
variances of the distribution of each parameter using the software MONOLIX (www.lixoft.eu).
For each model fit, we estimate the log-likelihood (log L) and compute the Akaike Information
Criteria (AIC) to perform model selection (AIC=2m -2logL, where m is the number of

parameters estimated (310).

We performed the data fitting in two steps, as this allowed better convergence of the
parameter estimates. We first fitted the model in equation (1) to the viral load data from the 8
animals under RAL monotherapy only. With this fit, we estimate parameter distributions for Vo,
61, &2, 6m1, w, the pharmacological delay z, and the fraction of virus produced by short-lived
infected cells f; (see (308) for model details). We assumed the parameter « follows a logit
distribution to ensure values between 0 and 1. We fixed parameters d=0.01 day?, p=10
ml/(virus day), p=10* virus/(cell day), k=2.6 day™, ki=0.017 day?, and c=23 day* (308). In these
fits, t=0 refers to initiation of RAL treatment. We assumed that the system in (1) is in steady state

before t=0, allowing us to obtain the values of 11(0), M1(0), 12(0), T1(0), f21Tm(0) and 4.

As a second step, we performed fits of the model in equation (1) to the viral load data
from all 20 animals simultaneously, fixing the same parameters as before and fixing the
distribution of the parameters 61, 62, and &m1 as estimated in the RAL-only fits. We repeat each
fit by assuming that CD8" cell depletion has one or more different combinations of the following
effects: (i) reduction of the death rate of short-lived infected cells before viral integration (81),
(i1) reduction of the death rate of productively infected cells (62), or (iii) increasing the virus
production rate of productively infected cells (p). This was done by changing these parameters in
equation (1) to (1-r1)é1, (1-r2)62, (1+r3)p and then estimating ri, one at a time or in combination.
We thus have eight different models, from all ri=0 (our original model) to all ri# 0 (indicating the
CD8" cells have an effect on the three parameters). Depending on the effect or combination of
effects in each fit, we estimate the respective reduction or increase in each parameter. We also

estimate parameters Vo, fi, and w (except for the group of animals not treated with RAL, where
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®=0). In these fits, t=0 refers to the start of CD8" cell depletion, and we assume the viral load is
in steady state before time 0, allowing us to obtain the values of 11(0), M1(0), 12(0), Ti(0), A1Tm(0)
and /.

3.5 RESULTS

3.5.1 M-T807R1 effectively depletes CD8* cells from blood and induces an increase in

pVL

Depletion of various cell types have been useful in determining the correlates of a specific cell
type to a known event, with depletion of CD8" cells affecting immunological control of HIV/SIV
infection. To aid in our understanding of the effects of CD8" T-cells in controlling cells
containing virus prior to integration, we depleted CD8" cells using the monoclonal antibody M-
T807R1, as shown previously (138, 298), in four SIVmac251-infected RMs. Upon
administration of the antibody, we saw a dramatic and sustained reduction in absolute number of
circulating CD8" T cells (average >99% reduction) (Figure 2A). We consolidated the CD8" cell
depletion with an additional depletion treatment to ensure a strong and sustained suppression of
CD8" cells throughout the follow-up. Between the antibody infusions, the CD8" cells remained
depleted, with only a small transient CD8" cell recovery (<200 cells/uL of blood) being observed
at 19 dpt, at the time of the second administration of M-T807R1 (Figure 2A). Natural killer (NK)
cell levels decreased immediately following M-T807R1 administration (average ~99%

reduction) and remained suppressed throughout follow-up (Figure 3A).
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Figure 2. The effects of CD8* cell depletion of CD4/CD8 dynamics and proliferation.
(A) The effects of CD8" cell depletion treatment on the dynamics of (A) CD4" and CD8" cells in
peripheral blood (absolute counts); (B) CD4* Ki-67* levels in peripheral blood (percentage). Gray lines
represent individual animal values, bold orange line represents mean of data, dashed magenta lines
represent CD8 depletion administrations.

Peripheral CD4" T-cells decreased quickly upon the first round of M-T807R1
administration (average 85% reduction in CD4" T-cells), after which CD4" T cell levels

recovered slowly throughout the follow-up (Figure 2A).

A large, but variable increase in CD4" T-cell proliferation occurred after the first M-
T807R1 administration, as illustrated by the increase of the CD4" T-cell fraction expressing the
proliferation marker Ki-67 (average increase from ~10% to ~20%). CD4" T-cell proliferation
then gradually declined, although one macaque showed important fluctuations in this marker

(Figure 2B).
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Figure 3. The effects of CD8* cell depletion in the presence and absence of RAL on
peripheral NK cells.

(A) CDS8 depletion only [D]; (B) R treatment and CD8 depletion [RD]; (C) R monotherapy. Top graphs
represent average pVL and bottom graphs represent individual animal values. pVL is presented as logio.
Dashed magenta lines represent CD8 depletion administrations, orange block represents RAL
administration.

A rapid increase of the plasma viral load (pVL) levels occurred after CD8" cell depletion,
with an average increase of 0.88 logio (range: 0.41 — 1.44 logio). pVLs then remained elevated

throughout the follow-up (Figure 4A).
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Figure 4. The effects of CD8 cell depletion in the presence and absence of RAL on pVL.

(A) CD8 depletion only; (B) RAL treatment and CD8 depletion; (C) RAL monotherapy. Top graphs
represent average pVL and bottom graphs represent individual animal values. pVL is presented as logio.
Dashed magenta lines represent CD8 depletion administrations, orange block represents RAL

administration.

3.5.2 RAL monotherapy in CD8* cell-depleted macaques results in a small decline in pVL

We next used an additional eight RMs that had been depleted of CD8" cells (using M-T807R1)
and treated them with RAL starting two days after CD8" cell depletion. RAL was administered
for 23 days, twice daily at a dose of 20 mg/kg. As with the first group, administration of M-
T807R1 rapidly and effectively reduced the absolute count of circulating CD8" cells (average
>99% reduction) (Figure 5A). In one animal a limited, transient CD8" cell recovery was
observed at day 19 (RM194 with 302 CD8" cells/uL blood), but CD8" cell levels returned to
near complete depletion upon the second dose of M-T807R1. The remaining RMs maintained

CD8" cell suppression throughout the follow-up (Figure 5A). NK cell levels decreased
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immediately upon M-T807R1 administration (average 98% reduction), with a trend to recover

during RAL therapy (Figure 3B).
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Figure 5. The effects of CD8" cell depletion and RAL treatment on CD4/CD8 dynamics and
proliferation.

The effects of CD8" cell depletion treatment on the dynamics of (A) CD4* and CD8" cells in
peripheral blood (absolute counts); (B) CD4" Ki-67" levels in peripheral blood (percentage).
Gray lines represent individual animal values, bold red line represents mean of data. Dashed
magenta lines represent CD8 depletion administrations, orange block represents RAL
administration.

Peripheral CD4" T-cells decreased following the first round of CD8" cell depletion

(average 51% reduction in CD4" T-cells), but experienced a small recovery upon RAL initiation.

38



Thereafter, the CD4" T cells remained stable throughout follow-up in 7 out of the 8 animals
(Figure 5A). One RM (RM194) experienced a second more substantial bout of recovery of CD4*
T-cells during RAL treatment. Two RMs (RM124 and RM178) had to be euthanized at 70 and

72 dpi, respectively, during treatment due to AIDS-like manifestations (Figure 5A).

The proliferating fraction of CD4" T cells did not immediately change following CD8*
cell depletion, but levels of Ki-67" CD4" T cells did increase noticeably following RAL initiation
(increase from ~9% to ~35%). Similar to the depleted-only group, the levels of Ki-67" CD4" T-

cells decreased starting from 17 dpt, with some variability (Figure 5B).

As with the depletion-only group, the first M-T807R1 administration induced an average
0.6 10og10 (range: -0.2 — 0.90 log1o) increase in pVL. Upon initiation of RAL, pVLs decreased an
average of 0.86 logio (range: 0.22 — 1.78 logio) (Figure 4B).

3.5.3 RAL monotherapy induces peripheral CD4* T- cell recovery and a strong decline in

pVL

Finally, a third group of eight RMs were administered RAL at the same times and dose as
described above. Upon RAL initiation, the peripheral CD8" T-cell counts decreased by an
average of 576 CD8" T-cells/pL blood (range: 155 — 1315 CD8" T-cells/pL blood); followed by
small fluctuations during the follow-up (Figure 6A). NK cell levels decreased upon RAL
initiation an average 20% followed by fluctuations to the end of follow-up, starting at 14 dpt

(Figure 3C).

At RAL initiation, the peripheral CD4" T-cells increased, and then remained stable or
decreased somewhat throughout the RAL treatment (Figure 6A). CD4" T-cell proliferation

experienced an immediate, small decline (average 2.4% decrease by 2 dpt [range: -2.1 — 9%])
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followed by an average 7.2% increase by 10 dpt [range: -1.3 — 18.9%]. This is followed by the

Ki-67 levels returning to pretreatment levels for the remainder of the RAL treatment (Figure 6B).
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Figure 6. The effects of RAL monotherapy on CD4/CD8 dynamics and proliferation.

The effects of CD8* cell depletion treatment on the dynamics of (A) CD4* and CD8" cells in peripheral
blood (absolute counts); (B) CD4* Ki-67* levels in peripheral blood (percentage). Gray lines represent
individual animal values, bold green line represents mean of data. Orange block represents RAL
administration.

pVL experienced a robust multiphasic decline following RAL initiation, with an average

decrease of 1.99 logio observed during treatment (range: 0.79 — 3.99 logio) (Figure 4C).
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3.5.4 Modeling indicates that CD8* cells exert an effect in removing cells before

integration and in reducing viral production from infected cells

We used the model in equation (1) to help interpret the differences observed in the virus
dynamics for each treatment group (see Methods for a description of the model). We analyzed
different combinations of three possible assumptions previously suggested for the effects of
CD8" cells (141, 142, 146, 148, 303, 311-313), i.e., CD8" cells could (i) kill infected cells before
integration; (ii) kill productively infected cells; or (iii) reduce viral production through non-

cytolytic mechanisms.

We first fitted the model to the data from the group of animals receiving RAL
monotherapy only, which has also been done for HIV (314). Virus kinetics analyses have shown
that the different phases of viral decline after initiation of treatment can reveal the kinetics of
infected cells (308, 314). Therefore, from these fits we aim to estimate the death rate of infected
cells before (61) and after integration (62). These estimates will be used as reference when
analyzing the effects of CD8" cell depletion. From the best fits, our model predicts that
productively infected cells have a median half-life of ~15 hrs (62~1.1 day'), short-lived infected
cells before integration have a median half-life of ~2.2 days (6:~0.31 day?), and long-lived
infected cells prior integration have a median half-life of ~34 days (6m1~0.02 day?),
characterizing phases 1a, 1b and 2 of the viral decline during RAL monotherapy (308). Our
model also predicts that the median efficacy of RAL is 97%, except for animals RM238 and
RM239 where this efficacy is only to 64% (p=0.0003 log-likelihood ratio test, comparing to a fit
assuming animals RM238 and RM239 have the same RAL efficacy as the others). Although we
do not know why RAL showed less efficacy in these macaques, it is clear that their viral load
decays less upon treatment than in the other macaques. Indeed, the maximum viral load decline

in these macaques was 0.76 logio (RM238) and 0.89 logio (RM239).
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We then fitted the model to the three treatment groups together to see what effect of
CD8" cell depletion best explained all the data. In this analysis, we fixed the distributions of the
death rate of short-lived and long-lived infected cells before (61, dm1) and after (62) integration to
those estimated above with the RAL-only fits (see Methods for details). Figures 7A-C show the
model predictions using the median estimates of best fits to each group of animals (see
individual predictions in Figures 8-10, using the estimates in Table 1). From the best fit, our
model predicts that CD8" cell depletion affects both the loss rate of infected cells before
integration (effect in 61) and the rate of virus production (effect in p) (AAIC>4 comparing to all
other combinations of CD8 effects; p=7x10° and p=1x10“°, using log-likelihood ratio tests
comparing to model fits assuming that CD8" depletion has effects only in p or only in &1,

respectively).

3.6  DISCUSSION

CD8" T-cells are strongly associated with the control of HIV/SIV in various models of SIV
infection and multiple progression scenarios of HIV and SIV infection (24, 68, 70, 137, 138,
143, 145, 146, 148, 298, 299, 315, 316). They have been shown to contribute to suppressing pVL
in SIV-infected RMs on long-term ART (140). This control is exerted through either a direct,
cytotoxic killing of the cell and/or through an indirect, noncytotoxic manner whereby the release
of chemokines and cytokines inhibits viral replication (148, 179, 190, 302, 311, 317, 318). At
least three papers, using two completely different approaches, independently concluded that
CD8" cells exert a noncytolytic response against SIV-infected cells by measuring the lifespans of
infected cells during combination treatment including nucleotide-reverse transcriptase inhibitors

(141, 142). However, these conclusions are not completely accepted (212, 312, 319).
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Figure 7. Virus dynamics when CD8" cells affect death rate of infected cells prior to
integration and virus production rate.
A model of viral dynamics was developed to analyze the observed data for animals during (a) RAL
monotherapy only; (b) CD8* cell depletion only: and (c) CD8" depletion and RAL monotherapy. Vertical
black-dashed line represents the start time of RAL monotherapy and magenta-solid line the start of CD8*
depletion. Other colored-dashed lines represent normalized SIV RNA copies/ml data (to the pre-
intervention levels) for each RM; solid, bold line represents model predictions using the median of the
population estimates. Fixed parameters of the model were: =108 (copies/ml day)?; p=10* virion/(cell
day); c=23/day; d=0.01/day; k=2.6/day; ki=0.017/day. Population estimated parameters were: f;=0.91,
Vo=10%4 copies/ml, 6:=0.31/day; 6.=1.1/day; ©=0.97 and 7=0.04 and 0.54 days for animals on RAL
monotherapy only or RAL + CD8" depletion, respectively. Gray solid line in the left panel represents the
population predictions for animals RM238 and RM239 with »=0.64. We assumed steady state before any
intervention, which allows one to estimate A and initial states. The estimated effects of CD8* cell
depletion where a 82-fold reduction in 6; and a 2.5-fold increase in p.

Our goal was to clarify the possible mode of action of CD8" cells, namely their effect in
SIV-infected cells after reverse transcription but before integration. By utilizing RAL, we are
able to specifically analyze the effects of CD8" cells on infected cells prior to viral integration, a
phase of the SIV infection cycle not studied previously. We discovered that the decline of viral
load during RAL monotherapy was indeed different in the presence and absence of CD8" cells,

which had not been seen before in other models testing the effect of CD8" cells (141, 142, 303).
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Table 1. Model estimates obtained from fitting the viral dynamics model to the data.

ID fi logio(Vo) | 61 &2 Om1 p logio(f) ® T d1/x | xxp
RM193 | 0.91 6.9 0.08 | 0.09 | 0.02 | 9870.3 -8.4 0.97 | 0.04 - -
RM125 | 0.91 6.3 0.07 | 1.08 | 0.02 | 9642.6 -8.1 0.97 | 0.04 - -
RM196 | 0.87 5.7 0.55 | 1.17 | 0.02 | 9423.0 -7.8 0.97 | 0.04 - -
RM195 | 0.91 6.0 0.07 | 105 | 0.02 | 99515 -8.0 0.97 | 0.04 - -
RAL Tx RM?238 | 0.91 7.4 0.05 | 1.00 | 0.02 | 10245.0 -8.9 0.64 | 0.04 - -
RM?239 | 0.91 6.5 032 | 105 | 0.02 | 10134.0 -5.9 0.64 | 0.04 - -
RM240 | 0.92 5.4 0.66 | 1.07 | 0.02 | 10244.0 -8.0 0.97 | 0.04 - -
RM179 | 0.93 5.7 0.80 | 1.11 | 0.02 | 9896.4 -8.1 0.97 | 0.04 - -
RM126 | 0.91 6.4 0.35 | 1.08 | 0.02 | 10000.0 -6.8 - - 758 | 2.1
CDs8* RM128 | 0.92 6.1 0.37 | 1.10 | 0.02 | 10000.0 -7.6 - - 749 | 2.1
depletion | RM129 | 0.91 6.8 0.32 | 1.08 | 0.02 | 9930.1 -7.2 - - 75.4 | 21
RM130 | 0.92 6.1 0.21 | 1.10 | 0.02 | 10001.0 -7.2 - - 74.5 2.1
RM123 | 0.91 6.1 0.55 | 1.07 | 0.02 | 8979.9 -7.7 0.97 | 0.49 3.9 2.0
RM124 | 0.91 7.1 0.27 | 111 | 0.02 | 9321.8 -7.4 097 | 041 | 74.2 2.0
cDs* RM194 | 0.92 7.2 0.40 | 1.13 | 0.02 | 10217.0 -6.6 097 | 0.27 | 1178 | 2.1
depletion | RM233 | 0.92 6.6 056 | 1.04 | 0.02 | 9499.8 -9.4 097 | 064 | 176.4 | 2.1
& RAL | RM234 | 0.92 6.6 0.74 | 1.06 | 0.02 | 9848.8 -8.9 097 | 081 | 76.2 | 2.1
TX RM235 | 0.92 6.2 056 | 1.05 | 0.02 | 9514.0 -8.6 097 | 043 | 1179 | 2.1
RM236 | 0.91 6.4 0.61 | 1.05 | 0.02 | 94194 -9.0 097 | 078 | 117.0 | 2.1
RM178 | 0.91 7.0 0.46 | 1.05 | 0.02 | 11022.0 -8.1 0.97 | 0.73 7.9 2.1

Having found this major difference, we next fitted a mechanistic model of viral dynamics

to the data and tested multiple mechanisms of CD8" cells’ action to reduce viral replication: (i)
killing infected cells prior to viral integration; (ii) killing infected cells following viral
integration (i.e., productively infected cells); (iii) noncytolytically reducing viremia through
indirect mechanisms. We used a mixed-effects fitting approach, which allowed us to use all the

data simultaneously to achieve more robust results.

The observed decay characteristics between the two RAL-treated groups reflect the
inherent ability of infected cells to present infecting viral peptides to cognate CD8" cells for
clearance. It is known that infected cells are able to present Gag-derived epitopes as early as 2
hours postinfection (320) and that the first wave of antigen presentation occurs between 3 and 6
hours postinfection of a cell (321), corresponding to a timeframe following the initial reverse

transcription (47). The presence of RAL allows us to analyze the effects of direct CD8" cell

47



killing on the period of time when antigen presentation from the infecting virus is optimal while

minimizing virus-induced cell death.

Our results support two different effects of CD8" cells. They exert a cytolytic effect
against infected cells prior to viral integration and a noncytolytic effect against viral production
by infected cells. This is in partial contrast to previous results indicating a non-cytolytic effect
(141, 142, 303), because we show that CD8" cells in addition to a noncytolytic effect also act
cytolytically during a small window of infection, before pro-viral integration. The observed
results from Kilatt et al. (142) and Wong et al. (141) may be attributed to the fact that NRTI
therapy (and protease inhibitor therapy) only allows the measurement of the decay of
productively infected cells. It is known that following integration, viral-induced cytopathicity
occurs, obscuring and preventing one from differentiating the effects of CD8" cells on infected

cells (319, 322).

The multiple rounds of M-T807R1 administration permitted us to maintain complete
suppression of CD8" cells throughout the treatment. The small, transient rebounds in CD8" cells
observed during treatment did not affect the subsequent analysis, as these cells are most likely
nonfunctional (143). The observed increase in pVL following CD8" cell depletion supports the
role that CD8" cells play in controlling viremia, as evidenced by all animals that received M-
T807R1. In this context, fitting the data of the CD8" cell depleted group without RAL therapy
helped us to identify the effect of these cells in viral production p. We note that one of the first
papers on CD8" cell depletion had mentioned this possibility, but they did not have enough data

(e.g., the frequent sampling) for definitive conclusions (146).

The depleting antibody M-T807R1 binds to the CD8a receptor on cells and efficiently
depletes CD8" T-cells, as seen in Figures 1 and 3. This antibody also depletes NK cells and
natural killer T (NKT) cells, both of which express the CD8 molecule on their surface. This
represents a potential issue in our study, as both NK and NKT cells exert antiviral effects during

HIV infection (323, 324). Indeed, we see a partial depletion of NK cells in the blood following
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CD8" cell depletion. Thus, we cannot be certain that the effects we see in viral load and that our
model estimates are not due to NK or NKT cells in addition to CD8" T cells. However, it has
been shown that NK cells upregulate inhibitory receptors during viremic HIV infection, affecting
the killing ability of NK cells (325, 326). If that is the case, any effect of NK cells on affecting

viral replication would be minimal, regardless of CD8 depletion.

A potential factor that could bias our analysis would be an increase in CD4" T-cell
activation following CD8" cell depletion, which would increase the availability of target cells
leading to more infections and more viral production. Indeed, this could be a contributing factor
for the observed increase in p. Further, a fraction of CD4" cells are able to act as CTLs and exert
a cytolytic control against virally-infected cells (327-329), and their proliferation could skew our
results. Though we did see an increase in the fraction of CD4" T-cells expressing Ki-67" in both
depletion groups following the first depletion event (10% increase in depletion-only group; and
26% increase in the depletion + RAL group) (Figures 2, 5), the increase occurred between 4 and
6 days following the initial depletion event for each respective group. This is combined with the
fact that the cytotoxic ability of cytotoxic CD4" cells in killing HIV-infected cells in vivo is
under debate and may be limited to macrophages (328, 330, 331). Further studies will be
required to investigate and model the specific cytotoxic effects of CD4" cells and to compare

them to the observed effects presented here.

In conclusion, this study demonstrates that CD8" cells do exert a direct cytolytic effect
against infected cells (prior to viral integration). The data further suggests that, as previously
reported, CD8" cells exert a noncytolytic response to reduce viral production after viral
integration occurs. Our results expand on previously published data and greatly contribute to our
understanding of the functions CD8" cells exert during HIV/SIV infection, by pinpointing
involved mechanisms of action. Our data will help inform future studies focused on both
developing a vaccine to prevent new HIV infections and new cure strategies for those already

infected.
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41 PREFACE

The research presented here was presented in part as a poster presentation titled “2LTR Circle
Dynamics During Integrase Inhibitor Monotherapy in the Presence and Absence of CD8" Cells”

at the 2017 International AIDS Society (IAS) conference in Paris, France.

The work presented in this chapter is for completion of Aim 2 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy. The data presented herein has been adapted
from a submitted manuscript (Benjamin Bruno Policicchio, Erwing Fabian Cardozo, Paola Sette,
Taruna Joshi, Cuiling Xu, George Haret-Richter, Tammy Dunsmore, Cristian Apetrei, Ivona
Pandrea, Ruy M. Ribeiro). Benjamin Policicchio processed blood samples, extracted viral RNA
from plasma samples, extracted viral DNA from PBMCs and LN lymphocytes, performed gRT-
PCR on viral RNA and viral DNA, analyzed and compiled flow cytometry data, wrote and edited
manuscript. Erwing Fabian Cardozo performed mathematical modeling on data sets. Paola Sette
and Taruna Joshi extracted viral DNA from PBMCs and performed qRT-PCR on viral DNA.
Cuiling Xu acquired flow samples of a flow cytometry machine. George Haret-Richter and

Tammy Dunsmore administered the drugs, bled and sampled LN biopsies from the RMs.
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42  ABSTRACT

CD8" cells are known to play a key role in HIV/SIV infection, but their specific mechanism(s) of
action in controlling the virus are unclear. 2-LTR circles are extrachromosomal products
generated upon failed integration of HIV/SIV into the host genome. To understand the specific
effects of CD8" cells on infected cells, we monitored and modeled the dynamics of 2-LTR
circles in the presence or absence of CD8" cells with and without INT monotherapy in SIV-
infected rhesus macaques (RMs). Twenty RMs were intravenously-infected with SIVmac251
and underwent CD8" cell depletion, received RAL monotherapy, or a combination of both.
Blood, LNs and gut biopsies were routinely sampled. pVLs and 2-LTR circles from PBMCs and
LN lymphocytes were measured with gRT-PCR. In the CD8" cell depletion group, an ~1 log
increase in pVLs and a slow increase in PBMC 2-LTRs occurred following depletion. In the INT
group, a strong decline in pVLs upon RAL initiation, and no change in 2-LTR levels were
observed. In the RAL and CD8" cell depletion group, a similar increase in pVLs following CD8"
cell depletion was observed, with a modest decline following initiation of RAL. 2-LTR circles
significantly increased in both PBMCs and LNs following RAL initiation. Analyzing the data
with a mathematical model indicated that an effect of CD8" cells in killing infected cells prior to
viral integration is the best assumption for the observed dynamics of 2-LTR across all treatment
groups. We have shown for the first time that INT does not significantly increase the levels of 2-
LTR circles in blood or lymphoid tissues, likely due to the rapid decrease in pVLs following
treatment initiation. However, CD8" cell depletion increases the 2-LTR levels, which are

enhanced in the presence of an integrase inhibitor.
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4.3 INTRODUCTION

Multiple lines of evidence demonstrate that CD8" cells are important in controlling HIV/SIV
infection: (i) a strong association exists between specific host MHC-1 alleles and HIV/SIV
disease progression (130); (ii) a temporal association can be established between the postpeak
decline in plasma viremia and the increase in virus-specific CD8" CTL responses (68, 70); (iii)
virus escape mutations consistently arise in the face of host cytotoxic responses during all stages
of infection starting from the time when cellular immune responses are generated (131-134); (iv)
CD8" cell depletion in vivo results in a rapid and sustained increase in plasma viremia, which
then returns to predepletion levels following the rebound of CD8* cells (24, 136-147).
Furthermore, CD8" T cells suppress HIV infection in vitro (148, 149). However, the specific
mechanism(s) of action these cells take to control viral replication are poorly understood. To
gain some insight, we assessed the role of CD8" cells in controlling 2-LTR™ cells, which we used
as a surrogate for HIV-infected cells pre-integration. A recent study showed that cells containing
virus prior to integration can represent a sizeable fraction of the total population of infected cells

(308).

Long-term administration of ART to HIV-infected individuals results in virus
suppression for the duration of treatment (91). ART interruption is followed by a rapid virus
rebound to virtually pretreatment levels, confirming the persistence of a latent reservoir that
cannot be eradicated by ART alone (332-334). The mechanism of reservoir formation involves
integration of the linear reverse-transcribed proviral DNA genome into the host genome.
However, due to poor efficiency of this process, the viral genome is not always able to integrate,
leading to the production of extrachromosomal elements (335, 336). An increase of these
extrachromosomal products also occurs when HIV-infected subjects receive ARV regiments
containing integrase inhibitors INT. The viral isoforms represent viral genomes circularized by

host DNA repair enzymes or by undergoing recombination with itself, and are represented by 2-
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LTR and 1-LTR circles, respectively. These episomes, particularly the 2-LTR circles, have been
reported to be useful surrogate markers of viral replication (337). However, this aspect is still
under debate, as some suggested that 2-LTR circles have a short half-life while other studies
have shown that 2-LTR circles can still be detected by g°PCR when pVLs are undetectable (109-
111). Further, 2-LTR circles have been shown to act as substrates for integration by cleavage of
the palindromic site at the LTR-LTR junction by the viral integrase protein, resulting in a linear

viral cDNA genome that can be effectively integrated and produce infectious virions (112, 113).

Upon the introduction of INT, such as RAL, 2-LTR circles became more relevant to
investigate, particularly since intensification of ongoing ART regimens with an INT induces an
increase in 2-LTR circles. These levels of 2-LTRs were reported to increase immediately after
RAL intensification, but these increases were transient and eventually followed by the return to
pretreatment levels (114-116). The transient increases of 2-LTRs have been attributed to RAL

preventing new integration events, thus inducing 2-LTR formation (117).

Here, we investigated the effect of CD8 depletion with or without RAL monotherapy on
2-LTR levels in SIV-infected RMs. Monotherapy was used to allow maximal production of 2-
LTR circles, since cells are still de novo infected during therapy, thus allowing better detection
of the effects of CD8" cells. We then compared our data to an extended model of viral dynamics
to explore the effect of CD8" cells on 2-LTR circle dynamics. We report that the levels of 2-LTR
circles modestly increase following CD8" cell depletion, are unchanged after RAL monotherapy,
and dramatically increase following the combined CD8 depletion and RAL monotherapy. Using
the model of viral dynamics including 2-LTR circles, we found that model predictions are most
similar to the observed data when CD8" cell killing of infected cells occurs prior to viral

integration.
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44  MATERIALS AND METHODS

4.4.1 Ethics statement

All RMs were housed and maintained at the University of Pittsburgh, Plum Borough Research
Facility, according to the standards of the AAALAC, and experiments were approved by the
University of Pittsburgh IACUC. The animals were cared for according to the Guide for the Care
and Use of Laboratory Animals and the Animal Welfare Act (16). These studies were approved
by the IACUC (protocol # 16058287). Efforts were made to minimize animal suffering; all RMs
in this study were socially housed in pairs indoors in suspended stainless-steel cages, had 12/12
light cycle, were fed twice daily with commercial primate diet, and water was provided freely at
all times. A variety of environmental enrichment strategies were employed, including providing
toys to manipulate and playing entertainment videos in the animal rooms. The animals were
observed twice daily for any signs of disease or discomfort, of which were reported to the
veterinary staff for evaluation. For sample collection, animals were anesthetized with 10mg/kg
ketamine HCI (Park-Davis, Morris Plains, NJ, USA). At the end of the study, the animals were

sacrificed by intravenous administration of barbiturates.

4.4.2 Animals, infections and treatments

Twenty Indian-origin RMs (Macaca mulatta) were included. They were intravenously infected
with 300 tissue culture infectious doses (TCID-50) of SIVmac251 and were closely clinically

monitored throughout the follow-up.

Fifty-six dpi (during the early chronic infection), 12 RMs received the CD8" cell-
depleting monoclonal antibody M-T807R1 (NIH Nonhuman Primate Reagent Resource, Boston,

MA) at a dose of 50 mg/kg. An additional 50 mg/kg dose of M-T807R1 was administered 19
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days later. Two days following the first CD8 depleting antibody infusion, RAL monotherapy was
initiated for 23 days in 8 of these RMs at a dose of 20 mg/kg bid. In addition, 8 RMs without

CD8 depletion were treated with RAL monotherapy in identical conditions.

4.4.3 Sampling and sample processing

Blood was collected from all RMs prior to (-8, -2 and 0 dpt) and during RAL treatment (every 6
hours for the first two days; every 2 days for two weeks; every three days until 23 dpt was
reached). Within one hour of blood collection, plasma was harvested and PBMCs were separated

from the blood using lymphocyte separation media (LSM, MPBio, Solon, OH).

Superficial LN biopsies were taken from all RMs at the time of RAL treatment
initiation, and at 14 days post-treatment. Lymphocytes were separated from LNs by pressing
the tissue through a nylon mesh screen, were filtered through nylon bags and washed with
RPMI medium (Cellgro, Manassas, VA) containing 5% heat-inactivated newborn calf serum,
0.01% penicillin-streptomycin, 0.01% L-glutamine and 0.01% HEPES buffer, as previously
described (17,18).

Jejunal biopsies were taken at -7, 0 and 14 dpt, rinsed and digested with EDTA and
collagenase, respectively, followed by layering over top a 60%-35% percoll layer to separate

lymphocytes.

4.4.4 Plasma viral load quantification

The levels of viral replication were monitored by measuring the plasma viral loads at all time
points, as previously described (298). The primer and probe sequences amplify a conserved

region of Gag and are as follows: SIVmac251F: 5°-GTC TGC GTC ATC TGG TGC ATT C-3’;
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SIVmac251R: 5’-CAC TAG GTG TCT CTG CAC TAT CTG TTT TG-3’; SIVmac251Probe:
5’-CTT CCT CAG/ZEN/TGT GTT TCACTT TCT CTT CTG CG/3IABKFQ/-3’.

445 Flow cytometry

Whole blood taken at specific times during treatment were stained using a two-step TruCount
technique to enumerate PBMCs (described as lymphocytes plus monocytes/macrophages) in the
blood, as previously described (20). The number of PBMCs was quantified using 50 puL of whole
blood stained with antibodies in TruCount tubes (BD Biosciences) that contained a defined

number of fluorescent beads to provide internal calibration.

4.4.6 2-LTR circle extraction and quantification

1-2x10° PBMCs and lymphocytes from LNs were pelleted, supernatant removed, and flash
frozen at -80°C. 2-LTR circles in PBMC were determined at days -8, 1, 12, and 17 post-
treatment. Total DNA was extracted from each sample using a TRIzol-based extraction, as
follows: 400uL Tri-reagent (Molecular Research Center, Inc, Cincinnati, OH) was added to each
tube and samples vortexed until pellets are dissolved. 100 pL 1-bromo-3-chloropropane (BCP)
(Molecular Research Center, Inc, Cincinnati, OH) was added to each tube, vortexed for 15
seconds and centrifuged at 14,000 x g for 15 minutes at 4°C. The upper aqueous phase was
removed, followed by the addition of 500 uL. DNA back extraction (GUSCN, Trizma base,
sodium citrate), vortexing (15 sec) and centrifugation at 14,000 x g for 15 min at 4°C. The upper
aqueous DNA phase was removed and 12 pL 20 mg/ml glycogen was added and mixed by
pipetting, followed by addition of 400 uL isopropanol, mixing and centrifugation at 21,000 x g
for 10 minutes at room temperature. Isopropanol was removed, and DNA pellets washed with

70% ethanol for two days at 4°C to ensure complete leaching of salts from the pellets. After two
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days, the ethanol was removed, and pellets were resuspended in 5 mM Tris, followed by
denaturing at 100°C for 10 minutes and a quick chill on ice, to ensure uniform distribution of

samples for accurate quantitative PCR (qPCR) results.

Extracted DNA samples were tested in duplicate and quantified in a 2-LTR gPCR using
specific primers and probes: forward primer SIVmac251 2-LTR F: 5’-CGC CTG GTC AAC
TCG GTA CTC-3’ based in the 5’ U5; reverse primer SIVmac251 2-LTR R: 5’-GGT ATG ATG
CCTTCTTCC TTT TCT AAG-3’ based in the 3’ U3; and probe SIVmac251 2-LTR Probe: 5’-
/56-FAM/CCC TGG TCT/ZEN/GTT AGG ACC CTT TCT GCT TTG /3IABKFQ/-3’
overlapping the junction between the two primers. The number of tested cells was assessed by
quantifying RM-CCR5 expression in each sample using the forward primer RM-CCR5 F: 5’-
CCA GAA GAG CTG CGA CAT CC-3’; the reverse primer RM-CCR5 R: 5°-GTT AAG GCT
TTT ACT CAT CTC AGA AGC TAA C-3’; and the probe 5’-/56-FAM/TTC CCC
TAC/ZEN/AAG AAA CTC TCC CCG GTA AGT A/3IABKFQ-3’. Real-time PCRs and data
analyses were performed utilizing an ABI 7900 HT real-time machine (Applied Biosystems,
Foster City, CA). All primers and probes were produced by Integrated DNA Technologies (IDT),
Coralville, IA.

Using the absolute count of PBMCs determined from the TruCounts, we transformed the

data from 2-LTR circles/million PBMCs to 2-LTR circles/mL blood.

Due to low cell counts in the jejunal biopsies, we were unable to quantify levels of 2-

LTR circles in these samples.
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447 Statistics

Linear mixed effects models were performed on 2-LTR circles in blood and paired t-test was
performed on 2-LTR circles in LNs. Linear mixed effects models were performed in R (The
Comprehensive R Archive Network [CRAN], Vienna, Austria); t-tests were performed in

GraphPad Prism (GraphPad software, La Jolla, CA).

4.4.8 Modeling 2-LTR dynamics

To help interpret the observed dynamics of 2-LTR, we extended a model of viral dynamics under
integrase inhibitor therapy (314, 338, 339), by including an equation for 2-LTR* cells. We
assumed that a fraction of reverse transcribed HIV DNA in infected cells originate 2-LTR
circles. In this model, target cells (T) are created at a constant rate A, die at rate d, and are
infected by the virus (V) at rate . Infected cells (I cells) are generated by infection and reverse
transcription of HIV RNA. These cells are lost by death (1), possibly due to effector CD8" cells,
by integration of the proviral DNA at rate k, and circularization of the HIV DNA at rate p. Cells
containing 2-LTR circles are also lost by death at rate 6:. We assume RAL reduces the
integration step with efficacy w. Cells with integrated HIV DNA (I2) are productively infected,
producing virus at rate p per cell and are lost at rate &2, again possibly dependent on CD8" cells.

The model equations are:
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We assumed steady state before CD8" cell depletion, with Vo=10°. We then parameterized the
model with values from previous publications (308, 314), and performed simple fits of the model
to the changes in 2-LTR/ml to estimate p and the effect of CD8" cell depletion. In these fits, we
searched for one best set of parameters for all the data together, i.e., the 20 RMs, normalized at
the initial time and assuming three different effects of CD8" cell depletion: (i) on the death of
infected cells before integration, by reducing 61 in the model; (ii) on the death of productively
infected cells by reducing &2; or (iii) on the viral production, by increasing p. However, our
interest is not in the specific values of the parameters, but rather in the general behavior of the
model and how it compares with our observed 2-LTR dynamics under different treatment
conditions. The model was simulated using R and for the fits, we used the “DEoptim” package of

R. We compared models and selected the best one based on the corrected AIC (310).
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45 RESULTS

45.1 CD8" cell depletion increases the levels of pVL and of the 2-L TR circles in the

periphery but it has minimal impact on 2-LTR levels in the LNs

CD8" cells were depleted by administering 50 mg/kg of the monoclonal antibody M-T807R1 to
4 SIVmac251-infected RMs at 56 dpi and then again after 22 days. M-T807R1 administration
resulted in a rapid depletion of the CD8" cells from the periphery for the duration of the follow-
up (Figure 11A). In the intestine, >99% of the CD8" cells were also depleted (Figure 11B).
However, the impact of the depleting antibody was minimal on the CD8" cells in the LNs

(Figure 11C).

Peripheral CD4" cells experienced a rapid, but transient decrease at time of the first CD8
depletion, with a slight recovery occurring between the two depletion points (Figure 11A). In
both the gut biopsies and LNs, CD4" T cells were not impacted by the CD8" cell depletion
(Figure 11B-11C).

As a result of the CD8" cell depletion, a median increase in pVL of 0.8 logio (range: 0.4 —
1.4 logio0) occurred, which persisted throughout follow-up (Figure 11D). We then quantified the
levels of 2-LTR circles in mononuclear cells isolated from both circulation and superficial LNs
collected at specific points posttreatment. After quantifying 2-LTR circles/million PBMCs, we
transformed the data to 2-LTR circles/mL of blood utilizing the absolute count of PBMCs
obtained from TruCount staining of whole blood. The levels of 2-LTR circles increased in the
whole blood after the first M-T807R1 administration (p=0.022) (Figure 12A). Conversely, 2-
LTR circle levels did not change in the LNs of the RMs (p=0.3734) (Figure 12A) and we did not

quantify the 2-LTR circles in the gut, as we did not recover enough cells from the gut biopsies.
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4.5.2 RAL monotherapy decreases pVL but does not impact the 2-LTR circles

To better understand the impact of the CD8" cell depletion on the fate of the virus in RMs, we
performed an additional study in which 8 RMs were administered RAL monotherapy for 23
days. Peripheral and LN CD4" cells slightly recovered during RAL treatment (with a recovery of
<200 CD4" T cells/uL in blood, and average of 5% of CD4" T cells recovered in the LNs).
Conversely, the levels of CD4™ T cells remained unchanged in the gut. Peripheral CD8" T cells
were slightly boosted immediately after RAL initiation (average 200 CD8" T cells/uL blood),

while the treatment had no impact on the CD8" T cells from the gut and LNs (Figures 13A-C).

Upon RAL initiation, a median reduction in pVL of 1.75 logio (range: 1.1 — 4 logio) was
observed (Figure 13D).

Interestingly, the 2-LTR circles did not statistically increase during RAL (p=0.51)
treatment in neither the blood (p=0.51) nor the LNs (p=0.1467) (Figure 12B).

4.5.3 Combined RAL monotherapy and CD8* cell depletion results in a slight decline of

plasma VLs associated with a sustained increase in 2-LTR circles

Finally, to assess the role of the CD8" cells in controlling 2-LTR circles, we performed an
experiment in which RMs were administered both M-T807R1 and RAL monotherapy. CD8" cell
depletion and RAL were administered as in the first two groups, with the initiation of the RAL

monotherapy following two days after the first CD8" cell depletion.

Peripheral and jejunal CD8" cells were rapidly and completely depleted after the first
administration of M-T807R1, and remained depleted throughout the follow-up (Figure 14A,B).
CD8" cell depletion after administration of M-T807R1 was slower and less prominent in the LNs

(Figure 14C).
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Figure 11. Effects of CD8" cell depletion alone.

The effects of CD8" cell depletion on CD4* and CD8" cells in (A) peripheral blood (absolute values), (B)
jejunal biopsies (percentage of CD3* cells), (C) superficial LNs (percentage of CD3* cells), and on (D)
plasma viral load (pVL). Error bars represent SEM. LN data includes historical reference values before
CD8" cell depletion (day -2).
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Figure 12 Effects of CD8 depletion with or without RAL monotherapy on 2-LTR

circles in blood and LNs.

(A) 2-LTR circles in blood are represented as number of circles per mL of blood, (B) 2-LTR
circles in LNs are represented as number of circles per million cells. A linear mixed effects
model was used to analyze the dynamics in blood and a paired t-test was performed for LN.
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Peripheral CD4" T cells experienced a sharp drop (260 CD4" cells/uL blood) after the
first round of M-T807R1 administration (Figure 14A), followed by a recovery during RAL
therapy (Figure 14A). Gut and LN CD4" T cells recovered during RAL treatment (average
recovery of 4.2% and 13.7%, respectively) (Figure 14B,C).

Similar to the CD8" cell depletion only group, we observed an immediate median
increase in pVL of 0.6 logio (range: -0.2 — 0.9 logio) following the first round of the M-T807R1
administration. In these macaques, initiation of RAL therapy, two days after the CD8" cell

depletion, led to only a small decrease in pVVL (median: 0.975 logio; range: 0.5 — 1.78 log1o)
(Figure 14D).

Unlike the CD8" cell depletion only or the RAL monotherapy only groups, the RMs
subjected to both CD8" cell-depletion and RAL monotherapy experienced a fast and significant

increase in both peripheral (p=0.012) and LN (p=0.0361) 2-LTR circles (Figure 12C).

4.5.4 What effector mechanism of CD8* cells is responsible for the observed 2-LTR

dynamics?

We used a model of viral and 2-LTR dynamics to help interpret the results described above (see
Methods for a description of the model). We analyzed three possible assumptions previously
suggested for the effects of CD8" cells (141, 142, 146, 148, 303, 311-313), i.e., CD8" cells could
(1) kill infected cells before integration; (ii) kill productively infected cells; or (iii) reduce viral
production through non-cytolytic mechanisms. We fitted the model to the three treatment groups

together to see what effect of CD8" cell depletion best explained all the data.
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Figure 13. Effects of RAL monotherapy alone.

The effects of RAL monotherapy on CD4* and CD8" cells in (A) peripheral blood (absolute values), (B)
jejunal biopsies (percentage of CD3* cells), (C) superficial LNs (percentage of CD3* cells), and on (D)
pVL. Error bars represent SEM.
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Figure 14. Effects of CD8" cell depletion and RAL monotherapy.

The effects of CD8" cell depletion and RAL monotherapy on CD4* and CD8" cells in (A) peripheral
blood (absolute values), (B) jejunal biopsies (percentage of CD3" cells), (C) superficial LNs (percentage
of CD3* cells), and on (D) pVL. Error bars represent SEM. LN data includes historical reference values

before CD8* cell depletion (day -2).

In Figure 15, we show the best fits of the model to the data in each CD8" cell depletion

scenario. We found that the best fit was when the assumed effect was in that killing infected cells
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occurred before integration, 61 (AIC = -114.13), although an effect on viral production, p, also
resulted in a good fit to the data (AIC = -112.44). Both the effects on killing productively
infected cells and on reducing viral production predict too fast initial increase in 2-LTR™ cells
under CD8" cell depletion (with or without RAL) (Figure 6, bottom two rows). We also tested
whether or not the possible CD8" cell effect is a combination of two of these mechanisms

simultaneously, but that did not improve the results.

46  DISCUSSION

Experimental in vivo CD8" cell depletion in nonhuman primates has been strategically used to
analyze the role of the CTLs, as well as other CD8" cells (particularly natural killer cells) on
controlling viral replication in both pathogenic and nonpathogenic SIV infections (24, 140-143,
145, 146, 299). More recently, CD8" cell depletion was utilized to support the role of the SIV-
specific CD8" cells in controlling the viral rebound after viral reactivation with latency reversing
agents (LRAS) in posttreatment controller RMs (298). In addition, CD8" cells, in particular CD8*
T lymphocytes, critically contribute to suppressing viremia in SIV-infected RMs on ART (140).

However, the specific mechanisms by which CD8" cells suppress viremia are poorly understood.

In this study, our goal was to measure the changes in 2-LTR circles, as a surrogate of
cells containing unintegrated virus, in SIV-infected RMs depleted of CD8" cells in the presence
or absence of RAL. We compared the data to the predictions of a mathematical model of viral
and 2-LTR dynamics. Our results suggest that CD8" cells are able to cytolytically eliminate
infected cells containing 2-LTR circles prior to integration. Indeed, the overall behavior of 2-

LTR" cells across the three animal groups is best captured by an effect of CD8" cells on 41.
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Figure 15. CD8* cells affect death rate of infected cells prior to integration.

A model of viral and 2-LTR dynamics was developed to analyze the observed data and potential effects
of CD8* cell: (i) killing of infected cells prior to integration (effect in &1); (ii) Killing of productively
infected cells (effect in &), or (iii) non-cytolytically reducing viral production (effect in p) between the
three treatment groups. Dashed lines represent normalized 2-LTR* cells/ml data (to the pre-intervention
levels) for each RM; solid, bold line represents model projection for best fit. Parameters of the model
were: Vo=10° copies/ml, $=107%/(copies/ml day), p=10° virion/(cell day); c=23/day, d=0.01/day;
k=2.6/day; 6:=0.15/day; &,=1.0/day; »=0.95; and p=0.02/day (estimated). We assumed steady state
before any intervention, which allows one to estimate A. The estimated effects of CD8* cell depletion
where a 14-fold reduction in &: (top row), a 2.4-fold reduction in &, (middle row) and a 2-fold increase in
p (bottom row).

With hindsight, the observed effects of the three treatment strategies are clear indications
of the mechanisms operating and their relative strengths. In the CD8" cell depletion group, the
absence of effective anti-SIV specific cells leads to an increase in infection events with
concomitant probability of formation of 2-LTR circles, and thus originates the observed increase

in the number of these cells. In the combination CD8" cell depletion and RAL therapy group, this
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increase Is exacerbated. Although productive infections are blocked by therapy, reverse
transcription events still occur and, as such, there is an enhanced opportunity to form 2-LTR
circles, since RAL treatment leads to 2-LTR circle formation preference over integration. In the
RAL monotherapy group, the minor changes in 2-LTR circles reveal the balance between a

higher probability of forming these circles induced by therapy, with the rapid control of pVL.

Overall, the data presented here emphasizes the controlling effects of CD8" cells on cells
containing 2-LTR circles in vivo, further documenting the contribution of the CD8" cells to the
success of ART (140). The multiple conditions tested here (presence or absence of RAL
monotherapy, with and without CD8" cells) point to how sensitive the development and
persistence of 2-LTR circles are to the environment and document the validity of monitoring of
the 2-LTR circles as a surrogate of HIV persistence. Further, modeling results indicate that CD8"
cells exert an effect on infected cells prior to integration. Due to the potential role 2-LTR circles
have in maintaining the viral reservoir, it is important to continue exploring these viral isoforms

in future research endeavors targeting cure.
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5.1 PREFACE

The data presented herein has been adapted from a submitted manuscript: Benjamin Bruno
Policicchio, Paola Sette, Cuiling Xu, George Haret-Richter, Tammy Dunsmore, lvona Pandrea,
Ruy M. Ribeiro, and Cristian Apetrei. Emergence of resistance mutations in simian
immunodeficiency virus (SIV)-infected rhesus macaques receiving non-suppressive

antiretroviral therapy (ART).

The work presented in this chapter is for completion of Aim 3 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy. Benjamin Policicchio processed blood
samples, extracted viral RNA from plasma samples and performed quantitative reverse
transcriptase PCR (qRT-PCR) on plasma samples, analyzed and compiled flow cytometry data,
produced figures, wrote and edited the manuscript. Paola Sette performed PCR on plasma
samples, sequenced resulting PCR samples and analyzed for existence of resistance mutations.
Cuiling Xu stained blood and acquired stained samples on a flow cytometer. George Haret-

Richter and Tammy Dunsmore administered the drugs to the RMs and bled the RMs.
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5.2 ABSTRACT

Two SIVmac251-infected rhesus macaques received tenofovir/emtricitabine with raltegravir
intensification. Viral rebound occurred during treatment and sequencing of reverse transcriptase
and integrase genes identified multiple resistance mutations. Similar to HIV infection,
antiretroviral-resistance mutations may occur in SlV-infected nonhuman primates receiving
nonsuppressive ART. As ART administration to nonhuman primates is currently dramatically
expanding, fueled by both cure research and the study of HIV-related comorbidities, viral

resistance should be considered for study design and data interpretation.
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5.3 INTRODUCTION

Due to the RT infidelity (340), HIV replication associates rapid and frequent development of viral
mutations, often leading to the emergence of either noninfectious or less fit strains. ARV drug
administration selects for specific mutations allowing the virus to evade the drug(s) (341, 342).
Resistance mutations occur more frequently in ARV-treated HIV-infected subjects with incomplete
viral suppression. These aspects are largely ignored for SIV-infected NHPs on ART, even though,

until recently, ARV regimens were only partially effective in SIV-infected macaques (343, 344).

SIV variants engineered to harbor known HIV mutations to NRTIs and INTIs become
resistant to these drugs; HIV and SIV share resistance profiles (345, 346). Furthermore, SIV may
develop in vitro mutations against INTI (347), and monotherapy with NRTIs and INTIs may result

in emergence of drug-resistant SIV strains in vivo (348-350).

Here, we report the development of resistance mutations in SIV-infected RMs receiving
suboptimal ART. These results are relevant, as ARV administration to SIV-infected NHPs is
currently dramatically expanding, fueled by both cure research and research targeting HIV-

related comorbidities.

54  MATERIALS AND METHODS

5.4.1 Ethics Statement

RMs were housed and maintained at the University of Pittsburgh, according to the standards of

the AAALAC, and experiments were approved by the University of Pittsburgh IACUC (protocol
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# 16058287). The animals were cared for according to the Guide for the Care and Use of
Laboratory Animals and the Animal Welfare Act (351). Efforts were made to minimize animal
suffering: RMs were socially housed together indoors in suspended stainless steel cages,
received 12/12 light/dark cycle, were fed twice daily with commercial primate diet, and water
was provided ad libitum. A variety of environmental enrichment strategies were employed,
including providing toys to manipulate and playing entertainment videos in the animal rooms.
The animals were observed twice daily for signs of disease or discomfort, any of which were
reported to the veterinary staff for evaluation. For sample collection, animals were euthanized

with 10 mg/kg ketamine HCI (Park-Davis, Morris Plains, NJ, USA).

5.4.2 Animals, infections and treatments

Two Indian-origin RMs (Macaca mulatta) were included in this study. They were intravenously
infected with 300 TCID-50 of SIVmac251 and were closely clinically monitored throughout

infection and treatment.

During chronic infection (250 days postinfection), both RMs received TFV and FTC
subcutaneously at 20mg/kg and 40mg/kg once daily, respectively, for 4 weeks, followed by
intensification with orally-administered RAL (20mg/kg bid). RAL was then interrupted after 12

weeks.

5.4.3 Sample and sample processing

Blood was collected from all RMs biweekly, with daily blood sampled upon initiation and
interruption of RAL for one week. Within one hour of blood collection, plasma was harvested
and PBMCs were separated from the blood using lymphocyte separation media (LSM, MPBio,
Solon, OH).
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5.4.4 Plasma viral load quantification

We monitored the degree of viral suppression by measuring pVLs on all samples collected. pVLs
were tested by using gRT-PCR, using the following primers and probe: SIVmac251F: (5°-GTC
TGC GTC ATC TGG TGC ATT C-3’); SIVmac251R: (5’-CAC TAG GTG TCT CTG CAC
TAT CTG TTT TG-3’); SIVmac251Probe: (5’-CTT CCT CAG/ZEN/TGT GTT TCACTT TCT
CTT CTG CG/31ABKFQ/-3’) and the conditions described in (343).

5.4.5 Flow cytometry

Whole blood was stained using a two-step TruCount technique to enumerate the absolute levels
of CD4" T cells in the blood, as previously described (352). The following fluorescently-labeled
antibodies were using for staining blood (all antibodies from BD Biosciences, San Jose, CA,
USA): CD4 (APC), CD8 (PE-CF594), CD3 (V450), CD45 (PerCP), Ki-67 (PE). Ki-67 was
stained by first fixing and permeabilizing cells prior to staining. Flow cytometry acquisitions

were performed on an LSR-II flow cytometer (BS Biosciences).

5.4.6 Assessment of the occurrence of resistance mutations

The RT and INT genes of the SIVmac variants circulating in plasma samples at collected prior to
initiation of ART [0 weeks posttreatment (wpt)], as well as 2, 8, 12 wpt and finally, after
cessation of RAL (20 wpt) were sequenced to determine the presence of resistance mutations.
The following primers were used for PCR and sequencing: RT outer primers RT3 (5°-GTT GCA
TTA AGA GAA ATC TGT GAA AAG ATG G-3’) and RT5 (5’-CCA GGT CTC TCT TTG
TGG CAA CTC-3’) and inner primers RT6 (5’-CCA ATC CAT ACA ACA CCC CCA C-3)
and RT7 (5’-CAA CTT CCA TTT TGT CGG CCA C-3’); INT outer primers INTF1 (5’-CAT
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GGG CAG GTA AAT TCA GAT C-3’) and INTR1 (5°’-TAT CCC CTATTC CTC CCC TTC-
3%), and nested primers INTF2 (5°-TAG GGA CTT GGC AAA TGG AYT G-3’) and INTR2 (5’
CTG AAT TTG CTT GTT CCC TGA TTC-3’). These partial gene sequences correspond to
specific regions within the RT (566 bp fragment, between N54 and L241) and INT (342 bp
fragment, between G59 and S171) known to encompass common resistance mutations. PCR
conditions were as follows: RT outer: initial denaturation of 5 minutes at 95°C; 30 cycles of 1
min at 95°C, 30 sec at 54°C, 45 sec at 68°C; and a final elongation of 5 min at 68°C. RT inner:
initial denaturation of 5 min at 95°C; 40 cycles of 1 min at 95°C, 30 sec at 51°C, 45 sec at 68°C,;
and a final elongation of 5 min at 68°C. INT outer: initial denaturation of 5 min at 95°C; 30
cycles of 1 min at 95°C, 30 sec at 50°C, 30 sec at 68°C, 30 sec; and a final elongation of 5 min at
68°C. INT inner: initial denaturation of 5 min at 95°C; 40 cycles of 1 min at 95°C, 30 sec at
51°C, 30 sec at 68°C; and a final elongation of 5 min at 68°C. PCR products were gel-purified

and submitted to conventional sequencing using the nested primers.

The obtained RT and INT sequences were aligned to the SIVmac251 isolate Mm251
(GenBank: M19499.1) using Sequencher software and the emergence of resistance mutations

was assessed based on the Stanford HIV Drug Resistance Database (https://hivdb.stanford.edu).

5.5 RESULTS AND DISCUSSION

Upon initiation of the TFV/FTC treatment, a ~1.5 log decrease was achieved within the first two
weeks in RM130, followed by a 0.7 log rebound in pVL. In RM127, a ~2.5 log decrease in pVL
occurred, which was maintained through week 4. Following RAL intensification, a ~0.5 log
decrease in pVLs occurred in RM130, which was maintained for 2 weeks, but was rapidly
followed by a robust pVL rebound throughout the follow-up. Conversely, in RM127, RAL

intensification further suppressed the virus, with pVLs below the limit of detection for at least
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four weeks. However, at week 8, pVLs rebounded by ~3 log and remained high throughout RAL
treatment. Robust pVL rebounds were observed in both animals (~2 log in RM130 and ~1.5 log

in RM127) after RAL discontinuation (Figure 16a).

In both animals, CD4" T cells recovered slightly after initiation of NRTIs, with a further
recovery following RAL intensification, which was reversed after RAL cessation (Figure 7Db).
The frequency of CD4" and CD8" T cells expressing Ki-67 remained stable during RAL

intensification, and increased after RAL cessation (Figure 16c).

Such patterns of viral replication under ART being suggestive of resistance mutations, we
investigated whether this partially suppressive treatment resulted in the emergence of drug-
resistant strains. Serial sequence analyses demonstrated that major and minor mutations emerged
in both genes in both animals (Figure 16a). Thus, sequence analyses showed that, in RM130,
major drug resistance mutations occurred at the same time point (12 wpt) in both INT (Q148R)
and RT (K65R). Conversely, in RM127, only one major mutation was observed to occur only in
the RT at one timepoint (K65R, 12 wpt). In humans, occurrence of thse mutations was reported
to be associated with treatment failure: K65R results in a 3.3-3.6-fold increase in resistance to

TFV and Q148R results in a 44-46-fold increase in resistance to RAL (353).

Multiple minor mutations were observed at multiple time points (2, 8, and 20 wpt) in
RM130 RT, with no minor mutations occurring in RM127 (Figure 16). Interestingly, in spite of
cessation of RLT treatment, VVLs decreased in RM127 at 20 wpt. This may be due to an boost of
cell-mediated immune responses against the rebounding resistant virus, as previously reported

(350).

As such, our analysis documents accumulation of ART resistance mutations as the cause
of treatment failure in these RMs. To our knowledge, this is the first documentation of SIV
resistance to ARVSs in vivo in RMs on nonsuppressive tritherapy. Previous studies reporting that
SIV may share similar resistance profiles to HIV and can develop resistance mutations against
NRTI or INTI were performed in monotherapy (345-350).
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Figure 16. Administration of nonsuppressive ART to two SlIVmac251-infected rhesus
macaques resulted in development of resistance mutations and treatment failure.

(a) Plasma viral load levels following treatment with TFV/FTC followed by intensification with RAL
four weeks later. Reverse transcriptase (RT) and integrase (INT) regions of virus amplified from plasma
at select points posttreatment listed in the figure were sequenced to determine the presence or absence of
ART-resistance mutations. In the absence of detected resistance mutations at the selected timepoints,
those strains are considered wild type. (b) The ratio of circulating CD4*-CD8* T cell counts during the
follow-up; (c) Changes in the levels of circulating CD4* and CD8" T cell activation during the follow-up,
as documented by the frequency of Ki-67 expression.
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Clinical trials conducted during the last two decades were plagued by aspects related to
HIV resistance to ART (354), but these aspects tend to be ignored when designing and
performing NHP studies involving ART. The emerging fields of HIV cure and comorbidities
combined with new highly-effective suppressive ART regimens for macaques have increased the
use of the ART-treated macaque model (355). As such, it is to be expected that viral resistance to
ART will emerge as a significant problem for animal studies too. Our results emphasize the need
to consider drug resistance as a potentially critical limitation factor in the rapidly emerging field

of modeling ART in NHPs, particularly when nonsuppressive ART regimens are used.
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6.0 OVERALL DISCUSSION

The goal of this study was to understand the effector mechanism(s) of CD8" T cells against SIV-
infected cells. CD8" T cells are known to play an important role in suppressing viral replication
in HIV/SIV infections, most clearly seen when CD8" cells are depleted in SIV-infected
nonhuman primates (24, 68, 70, 137, 138, 140, 143, 145, 146, 148, 298, 299, 315, 316).
However, the exact mechanism(s) employed by CD8" T cells to suppress viral replication are not
well understood. It has been shown that they may exert a direct, cytolytic response against
infected cells through either the stimulation of the Fas/FasL pathway and/or release of
granzyme/perforin (300, 301). Furthermore, CD8" T cells indirectly interfere with de novo
infections and the release of new virions by releasing several antiviral factors, including: CAF,
RANTES, MIP-1a, MIP-1p, and a-defensins (179, 190, 302). However, up until 2010, no one
was able to directly probe which mechanism (or both) is utilized by CD8" cells in vivo. Three
independent research groups published data concluding that CD8" cells most likely exert a non-
cytolytic role during HIV/SIV infection. Two groups reached these conclusions by comparing
the lifespans of infected cells in SIV-infected RMs treated with NRTIs in the presence or
absence of CD8" cells and observing that the infected cell lifespans between these groups are not
different (141, 142). However groundbreaking these papers are, their conclusions are not
universally accepted by the field of HIV research due to multiple criticisms in their study designs

and the resulting mathematical modeling in each publication (212, 311, 312, 319).

Our overall hypothesis was that CD8" T cells exert a cytotoxic response against infected

cells prior to viral integration. Though this goes against the aforementioned papers’ conclusions,
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our use of RAL in place of NRTI allows us to more directly dissect a potential role of the
cytotoxic response without interfering factors, such as viral-induced cytopathicity or only being
able to look at the cytotoxic response prior to peak antigen presentation. Indeed, our
experimental model of RAL treatment in the presence and absence of CD8" cells allowed us to
determine a difference in the half-life of infected cells prior to viral integration compared to

productively cells.

In section 3.0, we measured pVL differences in three groups of SIV-infected RMs: i)
with CD8" cell depletion only; ii) with CD8" cell depletion plus RAL treatment; iii) with RAL
monotherapy. We coupled the treatment strategies with a very frequent sampling schedule to aid
in the subsequent mathematical modeling. In the CD8" cell depletion and RAL monotherapy
group, we reported an average decrease in pVL of 0.6 logio SIV RNA copies/mL plasma during
treatment, while in the RAL monotherapy group, the average decrease in pVL was 1.99 logio.
These values by themselves are significant. In the previous studies, based on the use of NRTIs,
no differences were observed between groups (141, 142). Upon fitting a model of viral dynamics
in two steps to our data (the first step being a fit of the data from the RAL monotherapy group by
itself and the second step being fitting the data from all twenty macaques simultaneously using
the death rates estimated from the RAL monotherapy group), we concluded that the death rate of
infected cells prior to integration was reduced 82% in the CD8" cell depletion with RAL
treatment group compared to the RAL monotherapy group. As such, our original hypothesis is
correct. However, since our model tested multiple potential effector mechanisms simultaneously,
we also found that CD8" T cells exert a non-cytolytic effect on viral production. While not a part
of the original hypothesis, this result agrees with the previously published conclusions conveying
a non-cytolytic effect against replication, but goes beyond them by specifying the actual
mechanism. The future steps for this study are to repeat the experiment, but take into
consideration the potential effects cytotoxic CD4" T cells may have on killing infected cells and

reducing viral production (356). Analyzing the rebound of pVL following RAL interruption in
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the study groups will need to be performed to confirm our data and add another level of support

to our hypothesis.

In section 4.0, we expanded upon our analysis of the differences in pVVL and looked at the
effect of the three treatment groups on 2-LTR circle levels in PBMCs and LNs. 2-LTR circles
have been reported to be useful as a surrogate of viral replication (337), and another study
showed that cells containing virus prior to viral integration can represent a sizeable fraction of
the total population of infected cells (308). 2-LTR circles are formed both by an inherent failure
of viral integration and the presence of an InSTI, thus easily allowing us to look at the dynamics
of 2-LTR circles in our already-established treatment groups. Further, they represent a unique
aspect of the infection cycle whereby they are present either by themselves (as seen in previously
uninfected cells) or alongside an already integrated viral genome (productively infected), which
allows us to ask the question at which specific stage of 2-LTR presence do CD8" T cells target
for elimination? By looking at 2-LTR circle levels in PBMCs and LNs, we observed that RAL
monotherapy does not increase the 2-LTR levels; CD8" cell depletion significantly increased the
2-LTR levels; combined CD8" cell depletion with RAL treatment further increased the 2-LTR
levels and at a faster rate compared the CD8" cell depletion group. By fitting a model of viral
and 2-LTR dynamics to the data and using the same three assumptions from section 3.0, we
showed that the best fits of the model occurred when there is an effect of CD8" cells against
infected cells prior to viral integration. Similar to our results from chapter one, we studied a
model where CD8" cells act non-cytolytically against 2-LTR" cells, but this model had a lower
AIC score than CD8" cells exerting a cytotoxic response against infected cells prior to viral
integration. As such, the results of this work represent a novel approach to monitor virus control
by CD8" T cells. This new interpretation of the 2-LTR circles may result in a new biomarker, as
no one has thought of using 2-LTR dynamics in this manner previously. Further, since 2-LTR
circles have different dynamics from circulating virus in the plasma and that our analysis was

done in an extended viral dynamics model including 2-LTR circles, the data presented in this aim
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provide somewhat independent support to our hypothesis, apart from the viral dynamics data.
Alongside the future research endeavors from aim 1, the effects of 2-LTR dynamics following

RAL interruption should be studied and fit in a similar model to corroborate these conclusions.

The third specific aim was intended to expand on the 2-LTR analysis from aim 2 with the
intent of analyzing 2-LTR levels during RAL intensification. However, this experiment was not
successful, as we observed rebound of virus during the RAL intensification phase. It is well-
established that resistance mutations against HIV/SIV occurs frequently, even in the absence of
pressures exerted by the drugs. This is attributed to the lack of proof-reading capabilities of viral
RT and the very active and prolonged viral replication cycle (357). Resistance mutations occur at
a faster rate in the presence of drug monotherapy and when the-ART regimen is not fully
suppressive. As such, we were always concerned whether viral resistance will develop in our
monkeys due to the study design. We attempted to prevent resistance by implementing a study
design consisting of a short period of time prior to RAL intensification (four weeks of TFV/FTC
followed by RAL intensification). However, the intensification was not successful, and we saw
rebound of pVL during treatment. These results, though disappointing, prompted us to sequence
circulating virus to monitor the resistance mutations. Indeed, upon sequencing, we saw both
animals developed major and minor resistance mutations against both NRTIs and InSTIs.
Though the development of resistance mutations is not novel, the observance of them in SIV-
infected RMs during a triple ART regimen is something not previously reported. This data
further serves as a reminder to researchers that rapid drug resistance will likely occur in SIV-
infected NHPs treated with ART regimens, especially in protocols where non-suppressive virus
replication may occur. These results are important as they stress the need to consider viral

resistance when designing animal studies involving ART.

In summary, we have proven our hypothesis correct by showing in an in vivo model of
SIV that CD8" T cells both are cytolytic against infected cells prior to viral integration and are

noncytolytic by reducing the overall viral production rate. We observed a similar outcome when
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analyzing the effects of CD8" T cells against 2-LTR" cells, thus bolstering our hypothesis.
Though we intended to analyze 2-LTR dynamics in a RAL intensification study, we were able to
identify resistance mutations appearing in a triple ART regimen. These data will contribute to
future vaccine and cure efforts by elucidating the true mechanisms of CD8" T cells against

HIV/SIV-infected cells.
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7.0 PUBLIC HEALTH SIGNIFICANCE

Despite improved ART drugs and revised strategies for increasing awareness of HIV infection
and promoting safer sex practices, HIV still remains one of the largest pandemics and currently
affects over 36.7 million people worldwide, with 2.1 new infections occurring yearly (2).
Further, efforts to develop a cure or a vaccine to prevent the infection continue to experience
roadblocks and failures (358, 359). To develop an effective vaccine or cure, the immune
response(s) against the virus needs to be fully understood and of these responses, the cytotoxic
response (through CD8" cells) is essential. While virus killing by the CD8" T cells was shown to
be essential for controlling viral replication, the exact mechanism of this control is not well
understood. This gap in knowledge severely undermines our efforts in cure and vaccine research.
Here, we sought to determine if CD8" T cells exert a cytotoxic response against infected cells
prior to integration (by both using 2-LTR circles as a surrogate for viral DNA and through
modeling of pVL), against infected cells post-integration, or through non-cytolytic mechanisms.
By utilizing complex study designs consisting of direct manipulation of major arms of the
immune system (i.e. CD8 depletion in vivo) and InSTI monotherapy in SIV-infected RMs as a
surrogate for HIV-infected humans, we concluded that CD8" T cells exert a strong cytolytic
response against infected cells prior to viral integration. This was supported in our work showing

the same outcome using data on 2-LTR™ cells prior to integration.
One example of how my conclusions may further vaccine efforts is in the use of DTG as
a pre-exposure prophylactic in a clinical trial to prevent HIV transmission in a cohort of high-

risk individuals. The logic behind this type of clinical trial is DTG will act to prevent viral
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infection by preventing viral integration in individuals who become exposed to the virus. As my
studies show that CD8" CTLs are able to target viral peptides presented on infected-cells” MHC-
| prior to viral integration and Kill these infected cells, the use of DTG will elongate the time that
these peptides can be presented. This increased presence of viral peptides for removal may allow
the host CTL response to more effectively kill these cells. If DTG is shown to act as efficiently
as or more efficiently than TFV/FTC (most frequently administered pre-exposure prophylactic),
this will increase the types and availabilities of pre-exposure prophylactics for preventing HIV
infection.

Another example of how my conclusions may further cure research is in the use of DTG
when developing cure strategies to stimulate the CTL response to remove infected cells. Though
the majority of infected cells present in a chronic ART-treated HIV-infected contain virus in a
latent state and unable to be targeted for removal by the immune system, the use of LRAs and
CTL-stimulating drugs (commonly referred to as the “kick-and-kill” strategy”) alongside
treatment with DTG may improve the CD8" CTL killing capabilities by allowing viral peptides
to be presented on MHC-I for an extended period of time. This may allow CTLs to better
recognize and kill these infected cells while simultaneously preventing de novo infections.

Collectively, these findings emphasize that the host cytotoxic response against infected
cells is essential to explore further and utilize when developing both vaccines against HIV and

cures for those currently infected.
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APPENDIX A: ABBREVIATIONS

Abbreviations are listed in order of appearance:
HIV — Human Immunodeficiency Virus

CTL - Cytotoxic T Lymphocyte

NRTI — Nucleotide/Nucleoside Reverse Transcriptase Inhibitor
SIV - Simian Immunodeficiency Virus

RM — Rhesus Macaque

RAL - Raltegravir

AIDS — Acquired immunodeficiency Syndrome
ARV - Antiretroviral

ART - Antiretroviral Treatment

NHP — Nonhuman Primate

VL — Viral Load

LN — Lymph Node

PIC - preintegration complex

LTR - Long Terminal Repeat

DC — Dendritic Cell
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I.V. —intravenous

Dpi — Day Post-infection

FDA - Food and Drug Administration
MVC - Maraviroc

T20 - Enfuvirtide

TDF/TFV — Tenofovir Disoproxil Fumarate
FTC — Emtricitabine

ABC - Abacavir

AZT - Zidovudine

NNRTI — Non-nucleoside Reverse Transcriptase Inhibitor
EFV — Efavirenz

NVP — Nevirapine

RPV — Rilpivirine

ETR - Etravirine

INSTI - Integrase Strand-transfer Inhibitor
EVG - Elvitegravir

DTG - Dolutegravir

Pl — Protease Inhibitor

SQV - Saquinavir

RTV — Ritonavir

DRV - Darunavir
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LPV — Lopinavir

MHC-I — Major Histocompatibility Complex — |

TCR — T Cell Receptor

FasL — Fas Ligand

DISC - Death-inducing signaling complex

MIP-1a — Macrophage inflammatory protein-1a

RANTES - Regulated Upon Activation Normal T-cell Expressed And Secreted
CAF — T-cell Antiviral Factor

IFN-y — Interferon-y

TNF-a — Tumor Necrosis Factor-a

TNFR — TNF Receptor

MAPK- Mitogen-Activated Protein Kinase

ERK — Extracellular Signal-Regulated Kinase

JNK - ¢-Jun N-terminal Kinase

TRADD - TNFR-associated Death Domain

FADD - Fas-associated Death-domain

RT — Reverse Transcriptase

APOBEC3G - Apolipoprotein B mRNA-editing, Enzyme-catalytic, Polypeptide-like 3G
cDNA — Complementary DNA

dNTP — Deoxyribose Nucleoside Triphosphate

MTIT — Mother-to-infant Transmission
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RTV — Ritonavir

CYP3A4 — Cytochrome p450 3A4

IAS - International AIDS Society

INT — Integrase inhibitor

pVL — Plasma Viral Load

gRT-PCR - quantitative real-time polymerase chain reaction
HLA — Human Leukocyte Antigen

RTI — Reverse Transcriptase Inhibitor

AAALAC - Association for Assessment and Accreditation of Laboratory Animal Care
IACUC - Institutional Animal Care and Use Committee
PBMC - Peripheral Blood Mononuclear Cell

AIC — Akaike Information Criteria

NK — Natural Killer

NKT — Natural Killer T

TCID-50 — Tissue Culture Infectious Dose-50

BCP — 1-bromo-3-chloropropane

gPCR - quantitative PCR

IDT - Integrated DNA Technologies

CRAN - The Comprehensive R Archive Network

Wpt — Weeks Post-treatment
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APPENDIX B: PUBLICATIONS

The following is a compilation of all publications produced during my Ph.D. Though these
studies do not directly relate to the testing of my dissertation hypothesis (as detailed in sections
3.0 and 4.0), the contributions I made to these studies were instrumental to my dissertation.
Through them, | learned, practiced and perfected many of the essential experimental techniques
implemented in my dissertation, including: animal work, viral load, flow cytometry, sequencing,
analysis, data compilation, etc. As such, my participation in these studies contributed

significantly to my learning experiencing during my Ph.D. training.
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Inflammatory mononcytes expressing tissue factor drive SIV and HIV coagulopathy.

Schechter ME; Andrade BB; He T; Richter GH; Tosh KW; Policicchio BB; Singh A; Raehtz

KD; Sheikh V; Ma D; Brocca-Cofano E; Apetrei C; Tracey R; Ribeiro RM; Sher A,

Francischetti IMB; Pandrea I; Sereti I.
Science Translational Medicine. 2017 August.
BBP performed pVL quantification and analysis.

In HIV infection, persistent inflammation despite effective antiretroviral therapy is linked to
increased risk of noninfectious chronic complications such as cardiovascular and
thromboembolic disease. A better understanding of inflammatory and coagulation pathways in
HIV infection is needed to optimize clinical care. Markers of monocyte activation and
coagulation independently predict morbidity and mortality associated with non-AIDS events. We
identified a specific subset of monocytes that express tissue factor (TF), persist after virological
suppression, and trigger the coagulation cascade by activating factor X. This subset of
monocytes expressing TF had a distinct gene signature with up-regulated innate immune markers
and evidence of robust production of multiple proinflammatory cytokines, including interleukin-
1B (IL-1B), tumor necrosis factor-o (TNF-a), and IL-6, ex vivo and in vitro upon
lipopolysaccharide stimulation. We validated our findings in a nonhuman primate model,
showing that TF-expressing inflammatory monocytes were associated with simian
immunodeficiency virus (SIV)-related coagulopathy in the progressive [pigtail macaques
(PTMs)] but not in the nonpathogenic (African green monkeys) SIV infection model. Last,
Ixolaris, an anticoagulant that inhibits the TF pathway, was tested and potently blocked
functional TF activity in vitro in HIV and SIV infection without affecting monocyte responses to
Toll-like receptor stimulation. Strikingly, in vivo treatment of SIV-infected PTMs with Ixolaris
was associated with significant decreases in D-dimer and immune activation. These data suggest
that TF-expressing monocytes are at the epicenter of inflammation and coagulation in chronic
HIV and SIV infection and may represent a potential therapeutic target

93



Cutting Edge: T Regulatory Cell Depletion Reactivates Latent Simian Immunodefiency
Virus (SIV) in Controller Macaques While Boosting SIV-Specific T Lymphocytes.

He T*, Brocca-Cofano E*, Policicchio BB*, Sivanandham R, Gautam R, Raehtz KD, Xu C,

Pandrea I, Apetrei C

Immunology. 2016 December.

BBP prepared virus stocks to infect RMs; performed pVL quantification and analysis; performed
analysis of flow cytometry data.

T regulatory cells (Tregs) are critical in shaping the latent HIV/SIV reservoir, as they are
preferentially infected, reverse CD4" T cell activation status, and suppress CTL responses. To
reactivate latent virus and boost cell-mediated immune responses, we performed in vivo Treg
depletion with Ontak (denileukin diftitox) in two SIVsab-infected controller macaques. Ontak
induced significant (>75%) Treg depletion and major CD4" T cell activation, and only minimally
depleted CD8" T cells. The overall ability of Tregs to control immune responses was
significantly impaired despite their incomplete depletion, resulting in both reactivation of latent
virus (virus rebound to 102 viral RNA copies/ml plasma in the absence of antiretroviral therapy)
and a significant boost of SIV-specific CD8" T cell frequency, with rapid clearance of
reactivated virus. As none of the latency-reversing agents in development have such dual

activity, our strategy holds great promise for cure research.
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Multi-dose Romidepsin Reactivates Replication Competent SIV in Post-antiretroviral
Rhesus Macaque Controllers.

Policicchio BB, Xu C, Brocca-Cofano E, Raehtz KD, He T, Ma D, Li H, Sivanandham R, Haret-

Richter GS, Dunsmore T, Trichel A, Mellors JW, Hahn BH, Shaw GM, Ribeiro RM, Pandrea I,
Apetrei C.

PLoS Pathogens. 2016 September.

BBP performed pVL quantification and analysis; prepared drugs for administration; analyzed
and compiled flow cytometry data; performed CTL assay; wrote and edited manuscript.

Viruses that persist despite seemingly effective antiretroviral treatment (ART) and can reinitiate
infection if treatment is stopped preclude definitive treatment of HIV-1 infected individuals,
requiring lifelong ART. Among strategies proposed for targeting these viral reservoirs, the
premise of the "shock and kill" strategy is to induce expression of latent proviruses [for example
with histone deacetylase inhibitors (HDACIs)] resulting in elimination of the affected cells
through viral cytolysis or immune clearance mechanisms. Yet, ex vivo studies reported that
HDACIs have variable efficacy for reactivating latent proviruses, and hinder immune functions.
We developed a nonhuman primate model of post-treatment control of SIV through early and
prolonged administration of ART and performed in vivo reactivation experiments in controller
RMs, evaluating the ability of the HDACi romidepsin (RMD) to reactivate SIV and the impact of
RMD treatment on SIV-specific T cell responses. Ten RMs were IV-infected with a
SIVsmmFTq transmitted-founder infectious molecular clone. Four RMs received conventional
ART for >9 months, starting from 65 days post-infection. SIVsmmFTqg plasma viremia was
robustly controlled to <10 SIV RNA copies/mL with ART, without viral blips. At ART

cessation, initial rebound viremia to ~106 copies/mL was followed by a decline to < 10
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copies/mL, suggesting effective immune control. Three post-treatment controller RMs received
three doses of RMD every 35-50 days, followed by in vivo experimental depletion of CD8+ cells
using monoclonal antibody M-T807R1. RMD was well-tolerated and resulted in a rapid and
massive surge in T cell activation, as well as significant virus rebounds (~104 copies/ml) peaking
at 5-12 days post-treatment. CD8+ cell depletion resulted in a more robust viral rebound (107
copies/ml) that was controlled upon CD8+ T cell recovery. Our results show that RMD can
reactivate SIV in vivo in the setting of post-ART viral control. Comparison of the patterns of
virus rebound after RMD administration and CD8+ cell depletion suggested that RMD impact on
T cells is only transient and does not irreversibly alter the ability of SIV-specific T cells to

control the reactivated virus.
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Envelope residue 375 substitutions in simian-human immunodefiency viruses enhance CD4

binding and replication in rhesus macaques.

Li H, Wang S, Kong R, Ding W, Lee FH, Parker Z, Kim E, Learn GH, Hahn P, Policicchio B,
Brocca-Cofano E, Deleage C, Hao X, Chuang GY, Gorman J, Gardner M, Lewis MG,
Hatziioannou T, Santra S, Apetrei C, Pandrea I, Alam SM, Liao HX, Shen X, Tomaras GD,
Farzan M, Chertova E, Keele BF, Estes JD, Lifson JD, Doms RW, Montefiori DC, Haynes BF,
Sodroski JG, Kwong PD, Hahn BH, Shaw GM

Proceedings of the National Academy of Science USA. 2016 June.
BBP prepared virus stock to infect RMs; performed pVL quantification and analysis.

Most simian-human immunodeficiency viruses (SHIVs) bearing envelope (Env) glycoproteins
from primary HIV-1 strains fail to infect rhesus macaques (RMs). We hypothesized that
inefficient Env binding to rhesus CD4 (rhCD4) limits virus entry and replication and could be
enhanced by substituting naturally occurring simian immunodeficiency virus Env residues at
position 375, which resides at a critical location in the CD4-binding pocket and is under strong
positive evolutionary pressure across the broad spectrum of primate lentiviruses. SHIVs
containing primary or transmitted/founder HIV-1 subtype A, B, C, or D Envs with genotypic
variants at residue 375 were constructed and analyzed in vitro and in vivo. Bulky hydrophobic or
basic amino acids substituted for serine-375 enhanced Env affinity for rhCD4, virus entry into
cells bearing rhCD4, and virus replication in primary rhCD4 T cells without appreciably
affecting antigenicity or antibody-mediated neutralization sensitivity. Twenty-four RMs
inoculated with subtype A, B, C, or D SHIVs all became productively infected with different
Env375 variants-S, M, Y, H, W, or F-that were differentially selected in different Env
backbones. Notably, SHIVs replicated persistently at titers comparable to HIV-1 in humans and
elicited autologous neutralizing antibody responses typical of HIV-1. Seven animals succumbed

to AIDS. These findings identify Env-rhCD4 binding as a critical determinant for productive
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SHIV infection in RMs and validate a novel and generalizable strategy for constructing SHIVs
with Env glycoproteins of interest, including those that in humans elicit broadly neutralizing

antibodies or bind particular Ig germ-line B-cell receptors.
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Antibiotic and Antiinflammatory Therapy Transiently Reduces Inflammation and
Hypercoagulation in Acutely SIV-infected Pigtailed Macaques.

Pandrea I, Xu C, Stock JL, Frank DN, Ma D, Policicchio BB, He T, Kristoff J, Cornell E, Haret-

Richter GS, Trichel A, Ribeiro RM, Tracy R, Wilson C, Landay AL, Apetrei C.

PLoS Pathogens. 2016 January.

BBP prepared virus stock to infect pigtailed macaques; performed pVL quantification and
analysis.

Increased chronic immune activation and inflammation are hallmarks of HIV/SIV infection and
are highly correlated with progression to AIDS and development of non-AIDS comorbidities,
such as hypercoagulability and cardiovascular disease. Intestinal dysfunction resulting in
microbial translocation has been proposed as a lead cause of systemic immune activation and
hypercoagulability in HIV/SIV infection. Our goal was to assess the biological and clinical
impact of a therapeutic strategy designed to reduce microbial translocation through reduction of
the microbial content of the intestine (Rifaximin-RFX) and of gut inflammation (Sulfasalazine-
SFZ). RFX is an intraluminal antibiotic that was successfully used in patients with hepatic
encephalopathy. SFZ is an antiinflammatory drug successfully used in patients with mild to
moderate inflammatory bowel disease. Both these clinical conditions are associated with
increased microbial translocation, similar to HIV-infected patients. Treatment was administered
for 90 days to five acutely SIV-infected pigtailed macaques (PTMs) starting at the time of
infection; seven untreated SlVsab-infected PTMs were used as controls. RFX+SFZ were also
administered for 90 days to three chronically SIVsab-infected PTMs. RFX+SFZ administration
during acute SIVsab infection of PTMs resulted in: significantly lower microbial translocation,

lower systemic immune activation, lower viral replication, better preservation of mucosal CD4+
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T cells and significantly lower levels of hypercoagulation biomarkers. This effect was clear
during the first 40 days of treatment and was lost during the last stages of treatment.
Administration of RFX+SFZ to chronically SIVsab-infected PTMs had no discernible effect on
infection. Our data thus indicate that early RFX+SFZ administration transiently improves the

natural history of acute and postacute SIV infection, but has no effect during chronic infection.
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Animal Models for HIVV Cure Research.

Policicchio BB; Pandrea I; Apetrei C.

Frontiers in Immunology. 2016 January.

BBP performed an extensive literature search, wrote and edited the manuscript.

The HIV-1/AIDS pandemic continues to spread unabated worldwide, and no vaccine exists
within our grasp. Effective antiretroviral therapy (ART) has been developed, but ART cannot
clear the virus from the infected patient. A cure for HIV-1 is badly needed to stop both the
spread of the virus in human populations and disease progression in infected individuals. A safe
and effective cure strategy for human immunodeficiency virus (HIV) infection will require
multiple tools, and appropriate animal models are tools that are central to cure research. An ideal
animal model should recapitulate the essential aspects of HIV pathogenesis and associated
immune responses, while permitting invasive studies, thus allowing a thorough evaluation of
strategies aimed at reducing the size of the reservoir (functional cure) or eliminating the reservoir
altogether (sterilizing cure). Since there is no perfect animal model for cure research, multiple
models have been tailored and tested to address specific quintessential questions of virus
persistence and eradication. The development of new non-human primate and mouse models,
along with a certain interest in the feline model, has the potential to fuel cure research. In this
review, we highlight the major animal models currently utilized for cure research and the

contributions of each model to this goal.
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Critical Role for the Adenosine Pathway in Controlling Simian Immunodeficiency Virus-
Related Immune Activation and Inflammation in Gut Mucosal Tissues.

He T, Brocca-Cofano E, Gillespie DG, Xu C, Stock JL, Ma D, Policicchio BB, Raehtz KD,

Rinaldo CR, Apetrei C, Jackson EK, Macatangay BJ, Pandrea |

Journal of Virology. September 2015.

BBP prepared virus stock to infected NHPs; performed pVL quantification and analysis.

The role of the adenosine (ADO) pathway in human immunodeficiency virus type 1/simian
immunodeficiency virus (HIV-1/SIV) infection remains unclear. We compared SlVsab-induced
changes of markers related to ADO production (CD39 and CD73) and breakdown (CD26 and
adenosine deaminase) on T cells from blood, lymph nodes, and intestine collected from pigtailed
macaques (PTMs) and African green monkeys (AGMs) that experience different SIVsab
infection outcomes. We also measured ADO and inosine (INO) levels in tissues by mass
spectrometry. Finally, we assessed the suppressive effect of ADO on proinflammatory cytokine
production after T cell receptor stimulation. The baseline level of both CD39 and CD73
coexpression on regulatory T cells and ADO levels were higher in AGMs than in PTMs.
Conversely, high INO levels associated with dramatic increases in CD26 expression and
adenosine deaminase activity were observed in PTMs during chronic SIV infection. Immune
activation and inflammation markers in the gut and periphery inversely correlated with ADO and
directly correlated with INO. Ex vivo administration of ADO significantly suppressed
proinflammatory cytokine production by T cells in both species. In conclusion, the opposite
dynamics of ADO pathway-related markers and contrasting ADO/INO levels in species with
divergent proinflammatory responses to SIV infection support a key role of ADO in controlling

immune activation/inflammation in nonprogressive SIV infections. Changes in ADO levels
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predominately occurred in the gut, suggesting that the ADO pathway may be involved in sparing
natural hosts of SIVs from developing SIV-related gut dysfunction. Focusing studies of the ADO

pathway on mucosal sites of viral replication is warranted.

103



Population Bottlenecks and Pathogen Extinction: “Make This Everyone’s Mission to Mars,
Including Yours.

Policicchio BB, Pandrea I, Apetrei C

Journal of Virology. 2015 August.

BBP performed literature search, wrote and edited manuscript.

Kapusinszky et al. (J Virol 89:8152-8161, 2015, http://dx.doi.org/10.1128/JV1.00671-15) report
that host population bottlenecks may result in pathogen extinction, which provides a compelling
argument for an alternative approach to vaccination for the control of virus spread. By
comparing the prevalence levels of three viral pathogens in two populations of African green
monkeys (AGMs) (Chlorocebus sabaeus) from Africa and two Caribbean Islands, they
convincingly show that a major host bottleneck resulted in the eradication of select pathogens

from a given host.
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Simian Immunodeficiency Virus SIVsab Infection of Rhesus Macaques as a Model of
Complete Immunological Suppression with Persistent Reservoirs of Replication-Competent
Virus: Implications for Cure Research.

Ma D, Xu C, Cillo AR, Policicchio B, Kristoff J, Haret-Richter G, Mellors JW, Pandrea I,
Apetrei C

Journal of Virology. 2015 June.

BBP performed pVL quantification and analysis; assisted in flow cyometry analysis and
compilation.

Simian immunodeficiency virus SIVsab infection is completely controlled in rhesus macaques
(RMs) through functional immune responses. We report that in SIVsab-infected RMs, (i) viral
replication is controlled to <0 to 3 copies/ml, (ii) about one-third of the virus strains in reservoirs
are replication incompetent, and (iii) rebounding virus after CD8(+) cell depletion is replication
competent and genetically similar to the original virus stock, suggesting early reservoir seeding.
This model permits assessment of strategies aimed at depleting the reservoir without multidrug

antiretroviral therapy.
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Kinetics of myeloid dendritic cell trafficking and activation: impact on progressive,
nonprogressive and controlled SIV infections.

Wijewardana V, Kristoff J, Xu C, Ma D, Haret-Richter G, Stock JL, Policicchio BB, Mobley

AD, Nusbaum R, Aamer H, Trichel A, Ribeiro RM, Apetrei C, Pandrea I.

PLoS Pathogens. 2013 October.

BBP performed flow sorting and subsequent analysis.

We assessed the role of myeloid dendritic cells (mDCs) in the outcome of SIV infection by
comparing and contrasting their frequency, mobilization, phenotype, cytokine production and
apoptosis in pathogenic (pigtailed macaques, PTMs), nonpathogenic (African green monkeys,
AGMs) and controlled (rhesus macaques, RMs) SIVagmSab infection. Through the
identification of recently replicating cells, we demonstrated that mDC mobilization from the
bone marrow occurred in all species postinfection, being most prominent in RMs. Circulating
mDCs were depleted with disease progression in PTMs, recovered to baseline values after the
viral peak in AGMs, and significantly increased at the time of virus control in RMs. Rapid
disease progression in PTMs was associated with low baseline levels and incomplete recovery of
circulating mDCs during chronic infection. mDC recruitment to the intestine occurred in all
pathogenic scenarios, but loss of mucosal mDCs was associated only with progressive infection.
Sustained mDC immune activation occurred throughout infection in PTMs and was associated
with increased bystander apoptosis in blood and intestine. Conversely, mDC activation occurred
only during acute infection in nonprogressive and controlled infections. Postinfection, circulating
mDCs rapidly became unresponsive to TLR7/8 stimulation in all species. Yet, stimulation with
LPS, a bacterial product translocated in circulation only in SIV-infected PTMs, induced mDC

hyperactivation, apoptosis and excessive production of proinflammatory cytokines. After
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infection, spontaneous production of proinflammatory cytokines by mucosal mDCs increased
only in progressor PTMs. We thus propose that mDCs promote tolerance to SIV in the biological
systems that lack intestinal dysfunction. In progressive infections, mDC loss and excessive
activation of residual mDCs by SIV and additional stimuli, such as translocated microbial
products, enhance generalized immune activation and inflammation. Our results thus provide a
mechanistic basis for the role of mDCs in the pathogenesis of AIDS and elucidate the causes of

mDC loss during progressive HIV/SIV infections.
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