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DISSERTATION ABSTRACT

Despite the advent and implementation of Anti-retroviral therapy (ART) in 1987, people
living with HIV (PLWH) continue to experience a high incidence of age-associated comorbidities,
particularly HIV associated neurocognitive disorders (HAND) which affect 40-70% of PLWH.
Research over the past four decades has predominantly focused on the role of myeloid cells in
the development of HAND due, in part, to the initial discovery of HIV-infected myeloid cells in the

post-mortem brain tissue of AIDS patients.

My dissertation examines the understudied role of T lymphocytes in HAND, in light of three
significant advancements in the fields of HIV and neuroimmunology. Firstly, ART treatment has
not only stabilized disease progression but has also led to the reconstitution and stabilization of
CD4 T cells, highlighting a newfound potential role for CD4 T cells in the neurological disease
process. Secondly, we now recognize that T cells are an important immune population within the
central nervous system (CNS) both during homeostasis and disease. Thirdly, data from
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Multiple Sclerosis highlight a

critical role for T cells in contributing to neuroinflammation and disease progression.

Together, these advancements collectively provide a strong rationale for developing a
more comprehensive understanding of the role of T cells in HAND. Given the early establishment
of transmitted/founder (T/F) HIV in the CNS, the surveillance of the CNS by CCR5 (R5) + T helper
1 cells, which serve as primary HIV targets, and the influence of T-cell derived cytokines on
microglial activation, we hypothesized that T cells are pivotal in acute CNS viral seeding and
neuroinflammation. We tested this hypothesis in rhesus macaques (Macaca mulatta) - among the
most robust models for studying the CNS and HIV pathogenesis. We employed models of both
acute and chronic simian HIV (SHIV) infection using distinct strains: the R5/CD4 tropic T/F SHIV

C.CH505, the virulent R5-T cell-tropic SIVmac251, and the macrophage-tropic SIVCL757, used



in studies of neuro-HIV. Together, our studies with these distinct viruses offer the following

insights into the role of CD4 T cells in the brain during HIV infection.

In Chapter Il, we presented RNA sequencing and viral load data across four synapse-
dense regions of the brain susceptible to HIV infection (Prefrontal Cortex (PFC), Superior
Temporal Sulcus, Caudate Nucleus, Hippocampus). First, our data demonstrated that these
synapse-dense cognitive regions are rich in immune gene signatures at homeostasis. Following
infection with T/F SHIV.C.CH505, our analysis showed activation of biological pathways
consistent with T cell recruitment and microglial activation. Despite relatively low plasma and
cerebrospinal fluid (CSF) viral loads, we observed viral (VYRNA and vDNA within these regions -

an observation aligning with infiltration of SIV infected Thl CD4 T cells into the PFC.

In Chapter Ill, we delved deeply into the phenotype of CD4 T cells within the CNS,
including the brain and its associated border tissues. Our rationale for this comprehensive
analysis was to delineate target cells in these regions to better understand susceptibility to viral
establishment. We conducted single-cell analysis of CD45+ immune cells in brain parenchyma,
comparing them to counterparts in the spleen of both uninfected macaques and those acutely
infected with SIVmac251. The data demonstrated colocalization of viral transcripts within CD4
clusters and furthermore showed induction of antiviral responses during acute SIV infection. This
supports the observations made in Chapter Il that target cells for HIV populate the CNS, including
the dura, choroid plexus stroma, and the skull bone marrow. Correspondingly, during the acute
phase of SIVmac251 infection, we observed significant levels of viral RNA and DNA in these
regions. In animals chronically infected with SIVmac251 (40 weeks) and treated with suboptimal
ART, our data demonstrated that despite CSF viral suppression, there is incomplete reconstitution
of CD4 T cells in the brain and surrounding CNS tissues underscoring their active engagement

during acute and chronic phases of SIVmac251 infection.



In Chapter IV, we comprehensively assessed phenotypic and functional features of
CCR7+ cells identified in Chapter Ill. Leveraging single-transcriptomic analysis, ATAC-seq,
spatial transcriptomics and flow cytometry we show that CCR7+ CD4 T cells in the brain have T
lymphocyte central memory-like features. Moreover, the skull bone marrow emerged as a
potential niche for CCR7+ CD4 T cells. In a cohort of macaques chronically infected (112 weeks)
with SIVCL757 and treated with suboptimal ART, we noted a decrease in CCR7+ CD4 T cells
within the brain in parallel with evidence for microglial activation and induction of
neurodegenerative pathways. These findings suggested that changes in CD4 T cell subsets within

the CNS may drive neuroinflammation during chronic HIV infection.

In summary, the findings across my three chapters lead to three major conclusions. First,
the presence of both CCR5 and CCR7 CD4 T cells in the parenchymal and border regions of the
CNS, renders this organ susceptible to initial HIV infection and establishment of latent reservoirs.
Second, our studies of acute infection with two viruses - SHIVC.CH505 and SIVmac251- suggests
that CD4 T cells within the brain parenchyma are actively engaged during acute HIV infection
serving as both viral targets and mediators of neuroinflammation. Third, our models of chronic
infection under suboptimal ART with two viruses - SIVmac251 and SIVCL757 - demonstrate that
inadequate CD4 T cell reconstitution together with reduction of CCR7+ CD4 T cells may underlie

neurcimmune dysregulation in HIV-infected patients on ART.

Vi
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CHAPTER 1: Introduction: Overview of HIV and viral neuroimmunology



Introduction

My introduction presents an extensive review of the current landscape of Human
Immunodeficiency virus (HIV) research. | highlight that, despite the availability of Anti-retroviral
therapy (ART), there are still prominent gaps in the field centered around our understanding of
HIV and inflammation in the central nervous system (CNS). Given the interconnectedness of
discoveries across various domains and their influence on our understanding of HIV-associated
neurocognitive disorders (HAND), the introduction spans topics ranging from the immune
composition of the CNS to immune dynamics in other models of neuroinflammation for a

comprehensive understanding of the neuroimmune dynamics at play.

In section 4d, | will discuss the reasoning behind our focus on T cells in HAND by highlighting
existing knowledge gaps in the HAND research field (Figure 3). | will emphasize lessons learned
in HAND from the simian immunodeficiency virus (SIV) model and highlight outstanding questions
in the current models utilized. In my statement of purpose, | outline our strategy for utilizing these
advancements to enhance our knowledge of the immune makeup of the CNS at homeostasis, as
well as the changes in CNS immune profiles, particularly T lymphocytes, during SIV infection and
neuroinflammation. Altogether, this introduction will establish a strong foundational background

for Chapters II-1V of my dissertation.



Introduction Table of Contents

Chapter 1. Introduction

(O T o] (=] g I 1 TP PRPTRTUUPUPPRRRT 5-14
1.18 The dISCOVEIY OF HIV ..ottt s bt e e st e e s sbe e e e s sbeeeeeaas 5
I o T o Y AT o] [T | SRR PPSRRR 5-7
1.1c Transmission, Epidemiology and TreatMeENt.........c.ooo it 7-9
1.1d Stages of HIV INfECHON ........oooiiii e 9-10
1.1e Innate Immune ResSponsSes t0 HIV ........ooi i 10
1.1f Adaptive Immune ReSPONSES t0 HIV .......oviiiii i 11-13
1.1g Chronic complications in PLWH on ART: Beyond AIDS to Aging and Persistent immune
(o g F= 1= T =T T PP P PP PPRPPTP 13-14

Chapter 1.2 — CNS AN HIV ...ttt e e e e e e e e e s saab e e ea e e e e e aaa 14-18
1.2a Evolution of HAND: From Early discoveries t0 TOay ...........ccoceeiiiiieeiniiieeeiiee e 14-15
1.2b HIV associated dementia and HAND .........coooiiiiiiiii e 15-16
1.2¢ The role of myeloid cells iN HAND .........ooiiiiii e 16-17
1.2d CNS IS @ VIFAI FESEIVOIN ......tiiiiiiie ittt ettt ettt ettt e bt ssb e e e ke e e s abe e sabe e e snbeeaneeennnee s 17-18

Chapter 1.3 — NEUIOIMMUNOIOQY ....ceeeiiiittiiiiieee ittt e e e ettt e e e e e s st e ee e e e e e e e e aabbe e e e e aeeesaannnbeeeeaaeeeanns 18-26
1.3a Immune composition Of tNE CSF ..o 18-19
1.3b Immune composition Of the CNS ... e 19-20
1.3c CD4 T cell composition 0f the CNS.........ciiiiiiiie e e e e e s aeareees 20
1.3d Chemokines direct immune trafficking to the CNS ... 20-22
1.3e T Lymphocyte trafficking to the CNS..........oi e 22-24
1.3f The role of T cells in neuroinflammation and neurodegenerative diseases...........ccccccceeiviinennne 24-25
1.3g The role of T CeIIS IN HAND ........ooiii e e e e e e s e e e e e e s e s nnreaeeaaeeas 26

CRAPLEE 1.4 — HAND ...ttt e e e e e s e et e e e e e st e teeeeeeesasssbeaseeeeeesasnnnraneeaaeesanns 27-35
1.48 HAND OVEIVIEW .....eeiiiiiiiee ittt ettt e et e e e bt e e e a bt e e e s et e e e s b et e e e kb et e e e s et e e e nbe e e e e nreeeeanres 27
1.4b RiSK fACLOrS OFf HAND ......coiiiiiiiii ittt et e e s bt e e s nne e e e s nneeas 27-28
1.4c Neuronal and Immune biomarkers of HAND .........oooiiiiiiiiii e 29
1,40 GAPS IN HAND ...ttt b e bbbt e bb e bt e sbe e sbeesbeesanennbesnreas 29-34

1.4di Diagnosis and DeteCtion ... 30-31
1.4dii Understanding PathOgenESsIs ..........ueiiiiiiiiiiiii e 31-32
1.4 TreatmMeENt. ... e e e e e 32-34
1.4e Primate models to understand MeChaniSMS...........coocviiiiiiiieeiiiie e 34-35



Chapter 1.5 — Statement Of PUIPOSE ........eiiiiiiii et e e e e e e e 36-38

RETEIEICES ...ttt e e h e e e ra et e e e ek b et e e e sa b et e e e s b e e e e e aabe e e e e e rr e e e e arree e 39-58
LIST OF TABLES ... ¢ ettt nsnnnes 62-65
JLIE= 10 00 O PP PRPR PP PPRON 62
JLIE: 16 L= P PP PF SR PRPP 63
JLIE= 10 ST OO TP PR PP PPPON 64
L= 10 I T OO PP PP PP PPPPPON 65
LIST OF FIGURES ...ttt sssssnnnes 59-61
LT T =0 PSSR 59
LT[ = TSP P PR PPPTPRN 60
L [0 [ £ O PSP PP PP OUPPPT PPN 61

List of Abbreviations (intro): HIV- Human Immunodeficiency virus, ART — antiretroviral
therapy, HAND — HIV Associated neurocognitive disorders, CNS — Central nervous System,
SIV - Simian Immunodeficiency virus, AIDS - acquired immunodeficiency syndrome, CDC -
center for disease control and prevention, RNA - Ribonucleic acid, Env — envelope, gp —
glycoprotein, CCR — chemokine receptor, DNA - Deoxyribonucleic acid, DCs - Dendritic cells,
PLWH - people living with HIV, AZT — azidothymidine, PrEP - pre-exposure prophylaxis,
bNAbs - Broadly-Neutralizing Antibodies, dpi — days post infection, EIA - enzyme
immunoassays, TLR — toll-like receptor, IFN — interferon, Th — T helper, TNF-a — tumor
necrosis alpha, NK — natural killer cell, IL — interleukin, IP-10 - IFN-gamma-inducible protein
10, MHC — major histocompatibility complex, Gag — group specific antigen, Nef — negative
factor, GALT - gut-associated lymphoid tissue, TGF — transforming growth factor, MIP —
macrophage inflammatory protein, RANTES - regulated upon activation normal T cell
expressed and secreted, SIVmac — Simian Immunodeficiency Virus of macaques, ND —
neurodegeneration, HAD — HIV associated dementia, BBB — blood brain barrier, ROS —
reactive oxygen species, RNS — reactive nitrogen species, TNF — tumor necrosis factor, CSF
— cerebrospinal fluid, ChP — choroid plexus, SAS — subarachnoid space, AD — Alzheimer’s
disease, Tcm— Central memory T cell, Tem- Effector memory T cell, BCSFB - blood-
cerebrospinal fluid barrier, VSV - vesicular stomatitis, Tru — tissue resident memory, JHMV -
JHM strain of mouse hepatitis virus, LCMV - lymphocytic choriomeningitis virus, TMEV -
Theiler's murine encephalitis virus, HSV-1 - herpes simplex virus 1, WNV — West Nile virus,
CXCL - C-X-C motif chemokine ligand, CCL — chemokine ligand, PSGL1 - P-selectin
glycoprotein ligand 1, GPCR - G protein-couple receptor, ICAM-1 - Intercellular Adhesion
Molecule 1, V-CAML1 - Vascular cell adhesion protein 1, LFA-1 — lymphocyte function-
associated antigen 1, MMP- matrix metalloproteases, Thl - type 1 T helper, VLA-4 — very late
antigen 4, MS — multiple sclerosis, EAE - Experimental autoimmune encephalomyelitis, APCs
— antigen presenting cells, Treg— regulatory T cell, SHIV — simian-human immunodeficiency
virus, wpi — weeks post infection, PFC — prefrontal cortex, ANI — asymptomatic
neurocognitive impairment, MND — mild neurocognitive disorder, Apoe4 - Apolipoprotein E4
allele, NFL — neurofilament light protein, Tat — transactivator of transcription, ACTG - the
AIDS Clinical Trials Group, Tau - the microtubule-associated protein, Hipp — Hippocampus,
CPE- CSF Penetration-Effectiveness, NRTIs — nucleoside/nucleotide reverse transcriptase
inhibitors, NNRTIs - Non-nucleoside reverse transcriptase inhibitors, Pls — protease inhibitors



1. HIV
a) The discovery of HIV
On June 5, 1981, the first cases of unusual opportunistic infections caused by the fungal
pathogen Pneumocystis carinii (renamed Pneumocystis jirovecii) were identified in five
homosexual men in Los Angeles, California (1). These cases marked a new disease, what would
later be known as the acquired immunodeficiency syndrome or AIDS. Per the CDC, one of the
primary AIDS diagnostic criteria is a CD4 T cell count below 200 cells per ml. The virus
responsible for AIDS, HIV, was identified in 1983 by French scientists, Barré-Sinoussi and Luc

Montagnier, who later were awarded the Nobel prize in 2008 for their discovery.

b) HIV virology

Following the identification of AIDS and the discovery of HIV as the causative agent,
scientists delved deeper into understanding how this virus operates on a cellular level, particularly
its mechanisms of infecting the body’s immune system. HIV is a single stranded, positive sense,
enveloped RNA lentivirus that primarily targets CD4 T cells, but also has the capacity to infect
other CD4-expressing cells such as monocytes and macrophages. The infection process begins
when the envelope (Env) glycoprotein, gp120, on the viral membrane binds to the CD4 molecule
on the surface of a CD4 T cell. This interaction induces a conformational change in the Env
protein, enabling the chemokine receptor (CCR5 or CXCR4) on the cell to bind HIV. Next, the
gp41 fusion peptide of Env is inserted into the target cell membrane, resulting in the formation of

a six-helix bundle followed by complete membrane fusion and viral entry (2).

Once HIV enters a cell, its RNA genome is reverse transcribed into double-stranded DNA
by the viral enzyme, reverse transcriptase (3). The newly formed viral DNA is then transported
into the nucleus of the cell, where it integrates into the host DNA with the help of another viral

enzyme, integrase, and additional host factors. Once integrated, the viral DNA can either remain



dormant or be transcribed into new HIV RNA genomes. These genomes are then packaged and

released from the cell, ready to infect neighboring cells.

While CD4 T cells are the primary targets during the acute phase of HIV-1 infection, the
virus also interacts with other immune cells throughout both acute and chronic stages of infection.
During acute infection, dendritic cells (DCs) can enhance the spread of infection by carrying HIV
to lymph nodes, facilitating its transmission to additional T cells. In the chronic phase of infection,
especially after the depletion of CD4 T cells, monocytes and macrophages emerge as significant
targets of infection (4, 5). It is important to note that while HIV can infect monocytes, efficient viral
replication requires suppression of the anti-HIV factor B-catenin (6). This suppression occurs as
monocytes differentiate into macrophages within tissues. Additionally, CD4-independent
mechanisms of HIV entry have been identified. These include entry via receptor-mediated
endocytosis and the spread of HIV via direct contact between cells. Such processes have been
observed in cells that are atypical targets of HIV, such as astrocytes in the brain (7). However,
the ability of HIV to replicate effectively in astrocytes is limited by the presence of viral restriction
factors and the activation of B-catenin signaling. Together, this highlights the ability of HIV to
exploit various components of the immune system to sustain infection and spread, underscoring

the need for a comprehensive understanding of these interactions to devise effective treatments.

There are two distinct types of HIV: HIV-1 and HIV-2 (8). HIV-1 was the first to be identified
and is the predominant HIV type worldwide. It is known to be more aggressive and pathogenic
with a greater capacity to progress to AIDS without ART. In contrast, HIV-2 was identified after
HIV-1 and is mostly confined to West Africa. HIV-2 is less virulent and consequently less
pathogenic compared to HIV-1. Indeed, those infected with HIV-2 rarely progress to AIDS. The
origins of these viral types trace back to distinct zoonotic events, with HIV-1 originating from

chimpanzee SIV (SIVcpz) and HIV-2 from sooty mangabey SIV (SIVsmm) (9).



HIV-1 exhibits significant genetic heterogeneity, comprising a diverse array of mutant and
recombinant genomes collectively referred to as quasi-species. It is hypothesized that in
approximately 80% of heterosexual cases, 60% of cases involving men who have sex with men
and 40% of injection drug users cases, HIV-1 transmission can be traced back to a single virus
particle (10-15). Transmitted or founder HIV-1 proviruses (present at transmission) have been
extensively phenotyped and are nearly always CD4 and CCR5 T-cell tropic variants (10-12). For

the remainder of my dissertation, | will use 'HIV' to specifically refer to HIV-1.

c) Transmission, Epidemiology, and Treatment

Understanding the genetic diversity and transmission dynamics of HIV-1 sets the stage
for a deeper exploration of its impact on global health and the advances in treatment that have
transformed HIV from a terminal illness to a manageable condition. HIV can be transmitted via
vaginal intercourse, rectal intercourse, needle sharing or via non-sexual transmission from mother
to infant during pregnancy or during vaginal delivery. Despite the numerous modalities of
transmission, it is estimated that approximately 80% of adults acquiring HIV-1 are infected via
mucosal surfaces (vagina and rectum), while the remaining 20% are infected by percutaneous or
intravenous transmission from intravenous drug use (16). According to the World Health
Organization since the epidemic began in 1981, 85.6 million people have been infected with HIV
and about 40.4 million people have died of HIV. At the end of 2022, it was projected that 39 million
people were living with HIV. HIV disproportionately impacts people of color and gay/bisexual men.
However, while many people today are affected by HIV, it is no longer the terminal iliness it was
back in 1981. Today, people living with HIV (PLWH) can expect a near average life expectancy
with ART (17-20). In 1987, azidothymidine (AZT; now called zidovudine; a reverse transcriptase
inhibitor) was the first HIV antiretroviral drug to become licensed, providing a reduction in plasma
viral RNA and overall decreased morbidity/mortality. By 1996, highly effective combination ART

marked a significant advancement, greatly improving patient health and halting the progression



of disease. Most importantly, ART-mediated suppression of systemic or plasma viral loads (to
below 50 viral RNA copies/ml plasma) significantly decreased the risk of transmission to an
uninfected sexual partner (21). Other treatments aimed at preventing HIV infection, like pre-
exposure prophylaxis (PrEP)—a combination of antiviral drugs—have been pivotal in reducing
HIV cases over the years. Experts in the HIV field, including the former director of the National
Institute of Allergy and Infectious Diseases, Dr. Anthony Fauci, have endorsed PrEP, which has
received significant support from government funding. A major emphasis on PrEP has been
established in the US, “Ending the HIV Epidemic: A plan for America” is aimed to increase testing
and treatment availability with the goal of reducing the number of new infections by 75% over 5

years and by 90% within 10 years (22).

In contrast to the advancements in ART and PrEP, progress in the development of HIV
vaccines and broadly neutralizing antibodies (bnAbs) has been more gradual. Historically,
vaccines have been one of societies best tools in preventing the spread of viral infections,
however the search for an efficacious HIV vaccine has been elusive. To date, one of the best HIV
vaccine trials is known as the RV144 trial. This trial was held in Thailand in both healthy at risk
men and women (n = 16,395), consisting of four priming injections of canarypox vector vaccine
and two boosters of recombinant gp120 subunit vaccine (23). At the end of the trial the vaccine
was found to be 31.2% efficacious in preventing HIV acquisition. While the efficacy of the RV144
falls short compared to other efficacious vaccines such as the traditional measles vaccine (96%),
the trial has had the best outcomes for all HIV vaccines in the last 4 decades. The challenge in
HIV vaccine development lies behind the inadequate host immune response to HIV and the vast
mutability/genetic diversity of HIV. bnAbs which can recognize and neutralize the entry of various
strains of HIV could be an alternative approach for immunologists to neutralize the virus even as

it mutates. However, bnAbs face their own challenges, as they are rarely generated in-vivo, are



difficult to induce, and their epitopes are conformationally masked, not primed and ready to

participate in the immune response (24).

d) Stages of HIV infection

HIV infection is classified into seven recognized stages known as Fiebig stages (25).
Immediately following exposure to HIV-1, an eclipse phase occurs where the virus replicates in
the genital mucosa, submucosa, and draining lymphoreticular tissues without yet being detectable
in the systemic circulation. This phase typically lasts between 7 to 21 days (10, 26-28). Fiebig
stage | is characterized by the detection of HIV-1 RNA in the blood, occurring 13-28 days post
infection (dpi) (25). Fiebig stage Il is characterized by the detection of p24 antigen in the blood,
18-34 dpi. P24 antigen is a core viral protein necessary for capsid assembly, ramping up once
HIV-1 RNA levels rise above 10,000 copies/mL and before detectable HIV antibodies. Acute HIV
infection encompasses the first 2-4 weeks of exposure, corresponding to Fiebig stages | and II.
During this period, plasma viral loads are significantly high (>100,000 copies/mL) and individuals
may experience bouts of flu-like symptoms, fever, lymphadenopathy, headache, skin rash, and
diarrhea (29-31). This critical period of high plasma viremia is attributed to infection of CD4 T
cells, myeloid cells and subsequent viral replication. A sharp increase in peripheral viral loads is
paired with a massive depletion of gastrointestinal lamina propria CD4 T cells within the first 3 to
6 weeks post infection (32, 33). Additionally, during the acute phase of infection there is an intense
cytokine storm, characterized by high levels of chemokines and cytokines (34). Within
approximately 5 days (22-37 dpi) after testing p24 antigen positive, Fiebig stage Il begins, in
which HIV-1 IgM antibodies can be detected with sensitive enzyme immunoassays (EIAs). Fiebig
stage IV (27-43 dpi) is classified by the development of an indeterminant Western blot test due to
the evolving antibody response. Fiebig stage V (71-154 dpi) is classified by a clearly positive
Western blot test and a negative p31 antigen test, with p31 being an integrase antigen promoting

the integration to the host DNA. Finally, Fiebig stage VI is classified by a clear positive western



blot test and a positive p31 antigen test. Thus, Fiebig stages mark the relationship between viral

replication and evolution of the immune response to HIV.

e) Innate Immune Responses to HIV

The first sign of an immune response to HIV-1 infection is the acute phase response which
includes the production of alphaj-antitrypsin and serum amyloid A between 3 to 5 days post
infection (35). Additionally, HIV, being a single-stranded RNA virus, triggers the activation of Toll-
like receptors, TLR7 and TLR8 (TLR2, TLR4, and TLR 9 have also been implicated), in DCs
resulting in the release of type | interferons (IFNs) and tumor necrosis factor a (TNF-a) (36-40).
The earliest cytokines generated are derived from DCs, but as infection progresses multiple cell
types including monocytes, macrophages, natural killer cells (NK) and T cells contribute (41). The
presence of high viral loads stimulates the induction of inflammatory cytokines, including IFN-a
and interleukin-15 (IL-15) (42). While this cytokine response is essential for ramping up the anti-
viral response adaptive immune, the resulting cytokine storm generated can lead to excessive
immune activation and a significant loss of CD4 T cells (34). The acute cytokine storm response
is first followed by a rapid induction of IFN-a, IL-15, and IFN-gamma-inducible protein 10 (IP-10),
followed by a slow increase in proinflammatory factors, and eventually a sustained increase in

proinflammatory factors.

Among the innate immune cells involved in the anti-viral response to HIV,
epidemiological evidence points to a strong role for NK cells in viral containment. Following the
acute induction of IFN-a and IL-15, NK cells expand and become activated, specifically in the
acute seronegative phase (34, 43-45). Specific killer immunoglobulin receptors, expressed on NK
cells, and certain major histocompatibility complex | (MHC 1) alleles are linked to slower HIV
disease progression and early viral control (45-47). Due to the scope of this dissertation, the
overview on NK cells is brief, however the interplay between HIV and NK cells is complex and

HIV has developed multiple strategies to evade detection by NK cells.
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f) Adaptive Inmune Responses to HIV
Long lasting durable antibodies are key to establishing life-long protection to viral
infections; unfortunately, the infection acquired antibody response to HIV falls short in many ways.
An early antibody response targeting the viral Env is generated in response to infection, this
response is non-neutralizing and does not account for viral escape (48). It isn’t until 3 or more
months post infection that neutralizing antibodies targeting gp120 Env are generated; these early

antibody responses are focused on non-neutralizing sites of the gp41 envelope stalk (48, 49).

One overarching principle of HIV pathogenesis is the infection and depletion of CD4 T
cells, which are responsible for coordinating the adaptive immune response against many
pathogens. The CD4 T cells that survive viral mediated depletion can respond to HIV antigens,
but they tend to expand and progress to exhaustion, comprising long-term memory populations
(50). CD4 T cells can recognize viral epitopes across all viral proteins, however there is a
preference for T cell responses to the immunodominant proteins - group specific antigen (Gag)
and negative factor (Nef) (51). The percentage of HIV-specific T cells that are infected in presence
of high viremia are typically only a few percent, suggesting that the majority of these cells escape
infection by unknown mechanisms (52). Early studies in 1985 identified a relative lack of CD4 T
cell responses to HIV-1 as assessed by antigen stimulation proliferation assays (53). However, a
subsequent study in 1999 found that HIV-1 specific T cells were present in low humbers at all
stages of infection (54). When PLWH are treated with ART very early after infection with HIV-1,

strong CD4 T cell responses to HIV-1 can be observed by lymphocyte proliferation assays (55).

During HIV and ,experimental SIV infection of primates, CD4 T cells take on various roles.
First, they can suppress viral replication by secreting cytotoxic molecules such as perforin and
granzyme or release soluble anti-viral factors such as CCL3, CCL4, and CCL5 which block viral
entry (56). Secondly, they can perform helper functions including Th2 and T follicular helper (Tfh)

mediated development of HIV-specific B cell responses and Thl mediated help of CD8 T cell
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responses (57). Third, is the Th1l7 subset located within the genital mucosa that prevents
opportunistic bacterial and fungal infections (58). Fourth, Tegs can play a role in suppressing HIV
specific T cell responses resulting in increased viral replication and/or reducing chronic immune
activation associated with HIV persistence (59). The interaction between HIV and CD4 T cells is
complex and their depletion during HIV-1 infection has resulted in a poor understanding of these

populations during both acute and chronic infection.

Studies in primate models support the hypothesis that CD4 T cells and a subset of DCs
called Langerhans’ cells are the first targets of HIV-1 infection, with DCs playing an accessory
role (60-62). Irrespective of the route of infection, the gut-associated lymphoid tissue (GALT),
which is rich in T cells, serves as a major site for viral replication, undergoing viral and bystander
activation-induced cell death (32, 33, 63-65). In the GALT, the main targets of infection are resting
CD4 CCR6+ Th17 cells, which lack activation markers, express low levels of the chemokine
receptor CCR5, and express the a437 integrin (66-70). Within the GALT, there is a period of rapid
viral replication which is then followed by systemic dissemination reflected by a sharp rise in
plasma viral RNA (71, 72). This cascade of cellular death applies to all memory CD4 T cell
populations, however there may be a preference for HIV-specific cells (73). Typically, only a small
percentage of HIV-specific cells are infected, even in the presence of high plasma viremia.
Without ART treatment, most individuals will progress to AIDS, denoted clinically by a CD4 count

below 200/ml blood.

Despite the profound depletion of CD4 T cells during acute infection, the magnitude and
breadth of the CD8 T cell response to HIV is robust. This response contributes to the control of
peak viremia resulting in viral set-point (viral loads ranging from 100 to 100,000 copies/ml) during
the chronic phases of infection (74-76). The CD8 T cell response, which emerges near the
observed peak of viremia, typically targets between one and three distinct epitopes, commonly

targeting HIV-1 proteins Nef and Gag, immunodominant proteins for CD8 T cell responses (77).
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The importance of a CD8 T cell response in decreasing acute viral loads is established in primate
studies, where depletion of CD8 T cells results in abrogation of viral control in both acute and
chronic infection (78). Furthermore, evidence shows that individuals with specific HLA-1
polymorphisms, such as HLA-B*57 and HLA-B*27 - known as elite controllers, mount stronger
CD8 T cell responses to Gag, leading to superior viral control (below 50 copies/ml) in the absence
of therapy. This heightened CD8 T cell response correlates with better survival outcomes, even

in the absence of ART (79).

g) Chronic complications in PLWH on ART: Beyond AIDS to Aging and Persistent
Immune Challenges
Transitioning from the body's initial immune response to HIV, including both the limitations
of antibody production and the complex dynamics involving CD4 and CD8 T cells, it is crucial to
address how modern ART has shifted the landscape of HIV management. PLWH today who are
ART compliant no longer face AIDS-related illnesses but are vulnerable to chronic HIV-associated
complications. PLWH are at a higher risk of chronic inflammatory disorders including
cardiovascular, liver, kidney, bone, and neurological disease compared to age-matched HIV-
individuals (80). Some groups have hypothesized that HIV accelerates the aging process thereby
contributing to the development of these disease outcomes (81). While ART inhibits HIV
replication, the virus persists in long-lived infected myeloid and T cells which contain integrated,
latent, HIV DNA (82). For example, during chronic SIV infection in non-human primates, there is
an increase in activated T cells which is associated with the size of the HIV reservoir (83-85).
While viral replication is linked to disease progression, several studies have demonstrated that
immune activation is a better predictor of disease outcomes (86). Chronic immune activation is
associated with elevated circulating proinflammatory cytokines and chemokines including type |
IFNs, IL-6, Transforming growth factor-B (TGF-B), IL-8, IL-1a, IL-13, macrophage inflammatory

protein 1-a (MIP-1a), MIP-1B3, and Regulated upon activation normal T cell expressed and
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secreted (RANTES) (87, 88). The magnitude of the cytokine storm that is generated in response
to infection predicts subsequent immune activation and CD4 T cell depletion. Additionally,
persistent immune activation impedes the development of IL-2-producing memory CD4 T cells,
which are vital for adaptive immunity and the establishment of set-point viral loads (89, 90).
Indeed, up to 10% of HIV-infected patients who progress to AIDS within the first 2-3 years of
infection — classified as rapid progressors — demonstrate high levels of inflammatory markers (91).
While ART effectively prevents the progression to AIDS by controlling viral replication, a new
obstacle has emerged where PLWH now confront chronic complications associated with the virus

and its treatment.

2. CNS and HIV
a) Evolution of HAND: From Early discoveries to Today
In the early years of the HIV epidemic during the 1980s, most individuals experienced
CD4 T cell depletion and rapidly progressed to what is now known as AIDS. Postmortem
examinations of brain tissue from AIDS patients revealed two significant observations: (a) the
presence of HIV colocalized with macrophages in the brain (92) and (b) the development of
encephalitis typified by multinucleated giant cells (93). These early clinical findings set the stage
for how the field approached HAND. As such, once animal models were established in rhesus
macaques, HAND models aimed to recapitulate these salient aspects found in postmortem brain
tissue of AIDS patients. Early HAND models were models of accelerated disease, often involved
using strains such as SlVmac251, a viral swarm of distinct quasispecies, or SIVmac239, a
molecular clone derived from SIVmac251, in conjunction with CD4 or CD8 T cell depletion. These
immunosuppressive models, characterized by a high frequency of SIV encephalitis and significant
infection rates among monocyte, macrophage, and microglia, provided valuable insights into the
HAND of the pre-ART era, but may not as accurately reflect the milder forms of cognitive

impairment that typify the current etiology of HAND.
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Although the incidence of HAND remains high among PLWH today (~50%), the disease
has transformed dramatically since its identification in 1981 (94, 95). Over the past four decades,
an increase in life expectancy has led to a higher prevalence of neurodegenerative diseases (ND),
as advanced age is considered the primary risk factor for ND (96). It is important to note that older
age is associated with immune senescence and exhaustion, which could compromise viral control
in organs, especially within the brain (97). Furthermore, co-factors such as cardiovascular
disease, obesity, diabetes, tobacco, alcohol, and drug abuse accelerate disease progression (98).
Despite the suppression of viral replication with ART, PLWH are still at a high risk for cognitive
impairment (99, 100). Thanks to combination ART, the disease progression of HAND has slowed
down, and milder forms of disease are much more common, occurring in approximately 50% of
PLWH (99, 101-103). Severe encephalitis, once frequent in the pre-ART era, is now rare, with a
recent study estimating the prevalence of asymptomatic neurological impairment to be 33%, mild
neurocognitive impairment to be 12%, and HIV associated dementia (HAD) to be 2% (104).
Altogether, the disease landscape of HAND has changed dramatically from its early
characterization in the 1980s to the present day, we see a shift from widespread encephalitis and
severe cognitive impairments towards a spectrum of milder neurocognitive disorders, reflecting a

changing landscape of disease development and the key players involved.

b) HIV associated Dementia and HAND
Historically, the most severe form of neurological disease in PLWH is HIV associated
dementia or HAD, commonly observed in immunocompromised individuals that develop AIDS. In
the pre-ART era, impaired motor function emerged as a prominent symptom among PLWH and
was more likely to worsen with age (105). A pivotal study by Dr. Richard Price’s Lab in 1986,
found that of 70 autopsied adult AIDS patients, 46 had clinical dementia and less than 10% of the
brains were histologically normal, with abnormalities primarily attributed to the white matter and

subcortical structures (106). Furthermore, within the brains of demented AIDS patients, a common
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observation was mild to marked atrophy (28/37 brains) and inflammation consistent with
perivascular and parenchymal lymphocyte and macrophage infiltrates. Encephalitis,
characterized by multinucleated giant cells formed by infected macrophages and widespread
CNS infiltration of lymphocytes and macrophages, was also frequently observed (107). The basal
ganglia, a dopamine-rich region of the brain, proved to be highly susceptible to HIV-related
neuropathological processes, with studies documenting a 25% loss of neurons in the substantial
nigra of individuals with AIDS (106, 108, 109). Altogether, this overview underscores that, before

the advent of ART, HIV’s involvement in the CNS resulted in severe neuropathogenesis.

c) The role of myeloid cells in HAND

In 1913, microglia and oligodendrocytes were first described by Santiago Ramon y Cajal
as the third element of the CNS (110). Microglia, the brain’s most abundant mononuclear
macrophages, comprise 5-10% of the brain’s total cell population. These tissue-resident
macrophages originate as early as embryonic day 8 (111-113). This resident population can be
replenished from circulating monocytes recruited across the blood brain barrier or by dividing in
situ, however turnover is rather slow compared to other peripheral tissues (111, 114-118). Initially,
due to the dogma of the CNS being an immune privileged site, microglia were considered static
bystanders with minimal function, largely limited to phagocytic scavenging and immune
surveillance. Over the past few decades, the field has begun to understand that microglia are
dynamic and active, constantly monitoring the brain, utilizing their highly ramified processes with
the ability to interact with all CNS components to maintain tissue integrity (119-123). Furthermore,
microglia are the main cells that express complement proteins in the brain — C1q, CR3 and CR5,
which are essential for synaptic pruning during development, disease-associated synapse loss
and cognitive decline in aging (124, 125). Another key role for microglia, is their ability to

phagocytose live, dying, and dead cells in the developing and adult brain, in addition to interacting
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with local cells to maintain homeostasis, mediate developmental programs, and contribute to

disease pathology/assist in tissue repair (122, 126).

As previously outlined in section 2a and 2b, myeloid cells have been a primary focus in
HAND during the pre-ART era. The prevailing hypothesis posits that HIV-infected CD14+ CD16+
circulating pro-inflammatory monocytes migrate across the blood brain barrier (BBB) into the CNS
and differentiate into perivascular macrophages (127). Once myeloid cells seed the CNS, they
are able to disseminate replication-competent virus to resident myeloid populations (e.g.
macrophages and microglia) (128, 129). Once activated, microglia and perivascular macrophages
contribute to oxidative stress by releasing reactive oxygen species (ROS) and reactive nitrogen
species (RNS), exacerbating the inflammatory response (130). This oxidative environment fosters
the proliferation of microglia and the secretion of pro-inflammatory cytokines (IFN-y, tumor
necrosis factor alpha [TNF-a], IL-1B3, IL-6, IL-8, and IL-12) during HIV infection (131, 132).
Altogether, microglia release a wide range of molecules in response to HIV infection, leading to
neuronal dysfunction and possible neuron death. It is important to note that much of our
understanding of the behavior of microglia and impact during HAND comes from observations in
immunosuppressed states (e.g. AIDS) or during chronic, late-stage infection. This context is
crucial, as it suggests that our current knowledge may not fully capture the dynamic roles and

responses of microglia across different stages of HIV infection and in today’s population of PLWH.

d) The CNS is a viral reservoir
HIV reservoirs have been well studied in the gut and bone marrow and more recently have
garnered attention within the CNS. Evidence from non-human primate models of HAND and
human autopsy brain samples have revealed the presence of HIV DNA in CNS myeloid
populations, indicating a possible viral reservoir (133-137). Despite ART effectively suppressing
HIV systemically, there are instances where the virus can continue to replicate within the CNS, a

phenomenon known as CSF escape (138, 139). Historically, CNS macrophages and microglia
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are attributed as sources of sustained HIV replication in the CNS due to their longevity. However,
recent findings suggest that T cells may also persist in the CNS, raising questions about their

potential role as CNS viral reservoirs (133, 140, 141).

3. Neuroimmunology
a) Immune composition of the CSF
The CSF is an ultrafiltrate of the plasma, produced and filtered by ependymal cells of the
choroid plexus. Ependymal cells are a highly specialized type of glial cell with a ciliated simple
columnar form that lines four cerebral ventricles (two lateral, third, and fourth) and central canal
of the spinal cord (142, 143). Additionally, the CSF contains interstitial fluid (~20%) that drains
from the brain parenchyma to aid in removal of waste products. Altogether, the composition of the

CSF is a reflection of the systemic circulation, parenchymal space, and choroid plexus (144).

The CSF plays a pivotal role in maintaining a healthy brain, functioning much like the
kidneys and liver of the CNS. Moreover, the CSF cushions the brain acting as a shock absorber
and allowing the brain to become buoyant effectively reducing its weight 30-fold (145). It also
serves a biological role — delivering essential nutrients to the brain and aiding in the removal of
waste products (146). The waste removal function of the CSF necessitates frequent turnover (4-
5 times/day) (147). Consequently, impairments in CSF turnover rates, often associated with aging,
are believed to contribute to the accumulation of metabolic byproducts related to the cytochrome
P450 system and mitochondrial function, among others. Accumulations of byproducts, such as
misfolded amyloid B and hyperphosphorylated tau protein, are linked with onset of
neurodegenerative diseases, highlighting the importance of CSF turnover and metabolites in brain

health (147, 148).

In healthy individuals, the CSF contains between 1,000 to 3,000 cells per ml, amounting
to a total of 150,000 to 750,000 cells within its typical volume of 150mL at homeostasis. The vast

majority of the cells in the CSF are lymphocytes, with T lymphocytes making up approximately
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90% of the cellular composition. Similar to their counterparts in the peripheral blood, the CD4 to
CDS8 ratio in the CSF is heavily skewed in favor of CD4 T cells (1.5-2.5:1 vs 2.3:1, respectively)

(149, 150).

CDA4 T cells in the CSF are predominantly memory T cells, with few naive cells, that are
likely important for immune surveillance of the CNS. These memory cells predominately comprise
of central memory T cells (Tcm), based on expression of CCR7 and CD28, and to some extent
CD28- effector memory T cells (Tem) (151). One key marker that delineates CSF T cells from those
found in the periphery is the expression of the acute activation marker, CD69, which is expressed
on 40% of CSF T cells (vs <5% in blood) (152). While the TCR specificities in these populations
remain largely unexplored, a recent study of CSF from AD patients identified a unique specificity

of CSF CD8 T cells to Epstein-Barr virus, perhaps reflective of viral reactivation (153).

Additionally, the CSF contains a small percentage (about 5%) of monocytes, which are
notably enriched with the CCR5 receptor (approximately 75%) — a stark contrast to their
counterparts in the peripheral blood (10-20%). The high frequency of CCR5 expression on CSF
monocytes highlights a unique, activated phenotype, making them potential targets for HIV

infection (154), a phenotype also observed in CSF CD4 and CD8 T cells.

Table 1 offers an overview of the components of the CSF, detailing their origins from
systemic, brain parenchymal, and choroid plexus compartments under both baseline conditions

and during HIV infection/inflammation/injury states.

b) Immune composition of the CNS
Having explored the lymphocyte populations that comprise the CSF, | now turn our focus
to the CNS, where microglia and macrophages play significant roles. Immune cells in the brain
parenchyma are largely comprised of microglia, as extensively reviewed in introduction section

2c¢. Macrophages are found within the meninges, choroid plexus, and the perivascular spaces of
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the CNS parenchyma. Both microglia and CNS macrophages are maintained by circulating blood
monocytes, to varying degrees (115, 186, 187). Other immune cells such as neutrophils,
granulocytes, innate lymphocytes and resident DCs have not been documented in the healthy

CNS.

c) CD4 T cell composition of the CNS
Historically, the CNS was considered an immune-privileged site, believed to be
impenetrable by T cells. However, today we recognize that in the presence of an intact BBB, T
cell trafficking to the CNS is possible. This migration occurs either through the BBB or the blood
cerebrospinal fluid barrier (BCSFB) — reviewed in section 3e. Analysis of post-mortem human
brain tissue has identified the presence of CD4 memory resting T cells, CD4 memory activated T

cells, and CD8 T cells (188).

Once T cells enter the brain parenchyma (reviewed in section 3e), they can maintain
residence with the CNS. For instance, mouse maodels of vesicular stomatitis virus (VSV) infection
have demonstrated the presence of CD8+CD103+ tissue resident memory (Trwm) Within the brain
parenchyma after viral clearance (189). Additionally, CD8 Trm lymphocyte populations have also
been identified within the human brain, alluding to a role for protection against neurotropic virus
reactivation (190). Despite these insights, our understanding of T cells within the brain
parenchyma at homeostasis is limited, as most of our current knowledge comes from studying T
cells in the CSF or in the CNS during neuroinflammation and various disease states — reviewed

in section 3f.

d) Chemokines direct immune trafficking to the CNS

Our understanding of the CNS has evolved to recognize that T lymphocytes, among other
immune cells, can migrate to and reside within the CNS. This migration is facilitated by chemokine

gradients that not only promote the recruitment of these cells but also their retention within the
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CNS. Chemokines are low-molecular weight proteins that are a part of the cytokine superfamily
and participate in immune cell trafficking by binding to their corresponding receptors (191). These
molecules are instrumental in both routine immune surveillance and in directing lymphocytes

across the BBB toward sites of inflammation.

Astrocytes and microglia are the primary source of chemokines during a wide variety of
CNS viral infections, including JHM strain of mouse hepatitis virus (JHMV), lymphocytic
choriomeningitis virus (LCMV), Theiler's murine encephalitis virus (TMEV), herpes simplex virus
1 (HSV-1), and HIV (192-195). During HIV and West Nile virus (WNV) in