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ABSTRACT

While the success of combination antiretroviral therapy (ART) has extended the
lifespan of people with human immunodeficiency virus (HIV)(PWH), approximately half
of PWH on suppressive ART will experience HIV-associated neurological dysfunction.
While ART has decreased the incidence of severe neurological disease and dementia in
PWH, the incidence of milder neurological and cognitive complications remains stable.
Despite the frequency of HIV neurological disease, contributing factors and inflammatory
pathogenesis are difficult to observe in PWH over time. Extracellular vesicles (EVs)
constitute an understudied method of intercellular communication and molecule delivery
in viral infections. EVs carry inflammatory mediators to areas of the periphery during ART
suppression but are understudied in the brain. In this dissertation, we use a biologically
relevant simian-human immunodeficiency virus (SHIV)-infected non-human primate
(NHP) model of HIV persistence in the central nervous system (CNS) to investigate the
formation of a myeloid viral reservoir, inflammation during ART-mediated viral
suppression, and the roles of myeloid EVs in persistent SHIV neuropathogenesis.

In Chapter 2, we characterized viral and immune persistence in the CNS using
SHIV.D, a novel model of HIV-1 in rhesus macaques (RM). Here, we demonstrate viral
replication in the brain and neuropathogenesis after ART in RM using novel macrophage-
tropic transmitted/founder (TF) SHIV.D.191859. Using quantitative
immunohistochemistry (IHC) and DNA/RNAscope, we demonstrated myeloid-mediated
neuroinflammation, viral replication, and proviral DNA in the brain in all animals. These
findings were replicated in a second cohort of RM necropsied after 6 months of suppressive
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ART. We concluded that TF SHIV.D models HIV-1 CNS replication, pathogenesis, and
persistence on ART in rhesus macaques, and is a biologically relevant model to study HIV
neuropathogenesis.

In Chapter 3, we investigated EVs in a SHIV.D/RM model of HIV. To determine
the potential roles of different cell-derived EV populations in SHIV/HIV
neuropathogenesis, we developed a method to investigate changes in the cellular origin of
EVs in vivo in RM. EVs that are released by neural and glial cells into the blood circulatory
system can serve as biomarkers for injury and illness as well as give insight into CNS
dysfunction and other disease processes in a non-invasive manner. Here, we present a bead-
free multiparameter conventional flow cytometry method to phenotype, characterize, and
determine cellular origin of plasma extracellular vesicles. Using RM plasma and two four-
parameter panels, we identified the following subsets of plasma EVs: tetraspanin CD81+,
CD11b+ macrophage-derived, CD14+ monocyte-derived, TMEM1 19+ microglia-derived,
CD171+ neuron-derived, CD3+ T cell-derived, and CD31+ endothelium-derived EVs.
EVs were isolated from RM plasma before infection with SHIV.D, during acute viremia,
and after ART suppression. EV flow cytometry on these samples revealed a significant
increase in TMEM119+ microglial EVs and CD171+ neuronal EVs in RM plasma during
viremia and ART suppression.

In Chapter 4, we investigate myeloid-specific EVs in an in vitro SHIV.D/RM
model. Using primary RM monocyte-derived macrophages (MDM), we determined that
MDMs increased EV production after SHIV.D infection. Whole proteomic analysis was
conducted on EVs from SHIV-infected and uninfected MDM. Gene ontology pathway
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analysis and gene set enrichment analysis reveal pathways associated with overrepresented
proteins in myeloid EVs. Finally, differential abundance analysis demonstrated that
myeloid EVs isolated from SHIV.D-infected MDMs carried significantly increased levels
of neuropathogenic and inflammatory proteins.

Altogether, these studies improve our understanding of SHIV.D viral persistence
and persistent neuropathogenesis in the RM brain as a model for HIV-1 chronic
neuropathogenesis and describe the contribution of myeloid EVs to neurological disease

during SHIV/HIV infection.
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CHAPTER 1
REVIEW OF THE LITERATURE
Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) is a dual single-stranded ribonucleic acid
(RNA) retrovirus specific to humans (1). The two types, HIV-1 and HIV-2, evolved
separately from different clades of simian immunodeficiency virus (SIV) affecting
chimpanzees and sooty mangabeys, respectively (2). Of the subspecies, HIV-1 is more
virulent and responsible for over 95% of HIV infection worldwide (3). HIV-1 can be
further divided into groups M, N, O, and P, of which M has the highest global prevalence
(3). From group M, HIV-1 is divided into clades. Each clade is distinct in both geographic
distribution and frequency of HIV clinical manifestations and HIV-associated
comorbidities (4,5). HIV-1 M clade B is the most common HIV subtype in the Americas,
and clade D is most frequently associated with neurocognitive decline (4,5).

Each HIV virion encodes genes for accessory proteins and three structural
polyproteins: gag, which encodes the capsid, nucleocapsid, and matrix proteins; po/, which
encodes genes for the enzymes reverse transcriptase, integrase, and protease; and env, from
which the envelope glycoproteins are derived (1). Envelope glycoprotein gp120 binds to
CD4 on the host cell, which initiates HIV’s cellular entry. Inside the cell, HIV reverse
transcriptase transcribes its single-stranded RNA into deoxyribonucleic acid (DNA), which
is transported inside the nucleus and then integrated into the host cell’s genome as provirus

(1). Replication-competent provirus integrated into long-lived cell types in the host form



the latent viral reservoir in antiretroviral therapy (ART)-suppressed people with HIV
(PWH) (6).
Neurological Manifestations and Neuropathology of HIV in the ART Era

Since the approval of the first antiretroviral drug for HIV in 1987, combination
ART, global ART coverage, and ART adherence have improved sharply. As of 2020, 87%
of PWH worldwide who know their status are accessing ART (7). Of these people, 90%
have suppressed viral loads (7). Subsequently, the incidence of severe neurological disease
such as HIV-associated dementia and HIV encephalitis have decreased significantly (8—
10). However, PWH on long-term ART continue to develop neurological complications of
HIV despite suppressed plasma viral loads (8—11). The reported incidence of HIV-
associated neurological dysfunction in PWH on suppressive ART varies between 30-70%
(11-17). Neurological and cognitive symptoms found in ART-treated PWH include
impairment of executive function, memory, and motor skills, mood disorders, neuropathic
pain, tremors, and seizures (18-21). One retrospective cohort study identified distal
sensory neuropathy and neurocognitive dysfunction as the most prevalent HIV-associated
neurological disorders among ART-treated PWH (22).

HIV-1 pathogenesis the central nervous system (CNS) is driven by infection of
myeloid lineage cells (23,24). HIV-1 seeding of the CNS is mediated by the transmigration
of infected macrophages, CD14+/CD16+ monocytes, and CD4+ T lymphocytes across the
blood-brain barrier (24-28). Resident CNS macrophages and microglia are susceptible to
HIV infection and harbor proviral DNA and low levels of replicating viral RNA during
ART-induced plasma viral suppression (27,28). These long-lived myeloid cell types form
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the viral reservoir in the CNS, which persists during ART suppression and can rebound
into active viral replication if treatment is interrupted (29).

Though many PWH experience neurological dysfunction, their specific symptoms
and disease processes that lead to neurological or cognitive decline often vary. The most
severe neurological complications of HIV, macrophage-mediated encephalitis and HIV-
associated dementia, are rarely found in PWH now, but sometimes in PWH experiencing
ART interruption or non-adherence (8,19,20). Macrophage-mediated HIV encephalitis is
characterized by plasma and cerebrospinal fluid (CSF) viremia, macrophage infiltration
into the CNS, the presence of multinucleated giant cells, and elevated markers of
neuropathology and myeloid cell activation including neurofilament light chain (NFL),
sCD14, neopterin, TNF-0, CCL2, and sCD163 in the CSF and plasma (19,20,30,31). In
ART-adherent PWH with low CD4+ T cell nadir before ART initiation or opportunistic
co-infections, T cell-mediated encephalitis is a prevalent complication (20). T cell-
mediated encephalitis can be driven by CD4+, CD8+, or a combination of both T cell types
infiltrating the perivascular space or parenchyma (19,20). In this clinical phenotype,
neurological dysfunction is sometimes the result of lymphocyte-driven immune
hyperactivation following ART initiation (20,32-34). A CNS viral escape phenotype is
most often associated with PWH who are ART-treated with imperfect adherence, have a
drug-resistant virus, or take ART with poor CNS penetration (20). CNS viral escape,
characterized by elevated viral load (VL) in the CSF but not plasma, presents with varied
neurological symptoms, including sensory neuropathies, neurocognitive decline, and
seizures (20). In symptomatic CSF viral escape, high CSF neopterin, white blood cells,
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NFL, and CD14+/CD16+ inflammatory monocytes are common (19). In asymptomatic or
pre-symptomatic CSF viral escape, elevated CXCL10 is often found in the plasma and CSF
(19). HIV protein-associated encephalopathy is found in PWH who are ART-adherent with
undetectable viral loads in both the CSF and plasma (20). In this disease phenotype, the
continuous translation of integrated viral protein genes perpetuates neuroinflammation and
increased cell death in virally suppressed PWH. Neuronal loss, amyloid-beta accumulation,
and Tau deposits are also common (20). The heterogeneity of neuroHIV disease
mechanisms and phenotypes necessitate further research. Biologically relevant animal
models that recapitulate the diverse neurological outcomes of ART-controlled HIV CNS
infection are critical to understanding its pathology and reservoir dynamics and the
development and evaluation of curative strategies.
Non-human Primate Models for HIV Research

The prototypical and most widely used animal models for HIV research are SIV
infection models of NHP. SIV is an ancient and ubiquitous retrovirus of African NHP
including chimpanzees, macaques, sooty mangabeys, and drills (35,36). As SIV is a
precursor virus of HIV, they share nearly identical genome structures (2). Like HIV, SIV
is a retrovirus which encodes the three essential polyproteins gag, pol, and env as well as
accessory proteins (37). SIV provirus also integrates into the host cell’s genome, forming
a viral reservoir (37). In their natural hosts, SIVs rarely cause disease (35,38). However,
some SIV clones can cause acquired immunodeficiency syndrome (AIDS)-like disease in
NHP other than the virus’s native host species (39,40). Pathogenic macaque SIV strains
SIVmac251 and SIVmac239 were first isolated from rhesus macaques (Macaca mulatta)
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at the New England Regional Primate Research Center in 1985 (41). When experimentally
infected with clones of SIVmac239, rhesus macaques (RM) exhibit significant plasma
viremia, loss of CD4+ T lymphocytes, and typically develop AIDS-like disease within one
to two years (35,39). SIVmac251 causes similar pathogenesis, with most intravenously
infected RM developing severe diseases including muscle wasting and contracting
opportunistic infections within one year (39,42). SIVmac239/251 also causes HIV-1-like
pathogenesis in other Old World monkey species, including cynomolgus macaques (CM,
Macaca fascicularis) and pigtailed macaques (PM, Macaca nemestrina) (43—45). To date,
RM continue to be the most widely used NHP model species for HIV research (46—49).
SIV viruses in all common NHP model species are suppressible with combination ART
(50). Today, the most frequently used ART drugs in NHP studies are integrase inhibitor
dolutegravir (DTG) and nucleoside reverse transcriptase inhibitors (NRTI) tenofovir
disoproxil fumarate (TDF) and emtricitabine (FTC) (51,52). This cocktail matches the first
line treatment guidelines for PWH, which consists of two NRTIs and an integrase inhibitor
(53).

SIVmac239 and 251 utilize the CD4 cellular receptor and C-C chemokine receptor
5 (CCRY) co-receptor, and are able to infect and replicate in vitro in RM CD4+/CCR5+
cells (54-56). However, SIVmac239 is primarily lymphocyte-tropic, while SIVmac251 is
able to productively replicate in both macrophages and lymphocytes (57—-60). Because the
majority of HIV-1 neuropathogenesis is mediated my myeloid lineage cells, a virus’s
ability to enter and replicate efficiently in macrophages and other myeloid cells is critical
for a CNS-tropic NHP model of HIV disease (23,24,27,28). While many SIV viral clones
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and isolates are used for HIV modeling in NHP, fewer demonstrate biologically accurate
and reproducible neurotropism and can be used as models for HIV neuropathogenesis.
SIV and SHIV Models of HIV Central Nervous System Disease

Due to its pathogenicity in RM, myeloid tropism, and response to ART, the
SIVmac251/RM model is often used to investigate HIV neuropathogenesis and
neurological dysfunction (Table 1.1) (41,61-63). CD8+ T cell depletion is often performed
in conjunction with SIVmac251 infection, as this results in more rapid progression of SIV
encephalitis (SIVE) with high incidence and degree of peripheral neuropathy (64,65). In
some cases, serial passage of SIVmac239 through RM results in neurovirulent infection.
The viral clones isolated from these RM, such as SIVmac239-R17 and -17E, were often
used in early models of HIV CNS disease (Table 1.1) (66—68).

To model the co-occurrence of immunosuppression and HIV neuroinvasion often
seen in PWH who progress to AIDS, a dual-SIV infection model using both an
immunosuppressive derivative of SIVmacl17E and neurovirulent SIV AB67 in PM was
developed (Table 1.1) (69). This model led to rapid onset encephalitis with CNS lesions,
macrophage and lymphocyte infiltration, multinucleated giant cell formation, and CSF
viremia in RM (69). When treated with suppressive ART, PM experience signs of immune
hyperactivation, T-cell mediated encephalitis, and periodic CSF viral escape with

persistent peripheral nervous system (PNS) damage (70-72).



Table 1.1. Neurotropic SIV/SHIVs frequently used for neuroHIV modeling.

HIV- NHP
1M model | Virus properties or
Virus clade | Tropism species | construction CNS involvement
Serially passaged
SIVmac239 isolated
from RM
experiencing Microglial activation,
SIVmac239 neurological disease | neuron loss, some SIV
R71/17E N/A | Dual RM (66). encephalitis (67,68).
Replicates in RM
brain and causes
gliosis, perivascular
infiltration, and glial
nodules during early
infection (61). Some
Isolated from low-level viral
symptomatic RM replication and viral
CM, (41). Often used in DNA in the brain in
PM, conjunction with ART suppressed RM
SIVmac251 N/A | Dual RM CDS8+ depletion. (62,63).
SIVmacl7E-Fr:
neurovirulent
SIVmacl7E-Br env, | Lymphocyte-dominant
nef, 3> LTR, encephalitis and
SIVmac239 episodic CSF viral
backbone; rebound during ART,
SIVmacl7E + SIV AB67: primary | persistent PNS
SIV AB67 N/A | Dual PM RM isolate (69). damage (70,72).
Slower progression of
CNS disease typical of
HIV progression,
SIVsm804E clone parenchymal
isolated from brain | macrophage infection,
SIVsm804E- of RM with CD4+ T cell
CL757 N/A | Dual RM neuroAIDS (73). infiltration (74).
Demyelinating lesions,
syncytia, viral
replication in the
HIV-1 env, tat, rev, | brain, some gradual
vpu, STVmac239 encephalitis, tremors
SHIV KU-1/2 B CXCR4 RM backbone (75). (76,77)



Table 1.1. Continued.

HIV- NHP
1M model | Virus properties or
Virus clade | Tropism species | construction CNS involvement
HIV-1 env isolated
from a PWH,
SIVmac239 Nonaccelerated T cell-
backbone with mediated
additional NF-xB inflammation and
binding site to infection in the CNS
increase replication | and meninges without
capacity, serially microglial activation
SHIV- passaged through or myeloid infiltrate in
1157ipd3N4 C CCR5 RM RM (78). viremic RM (79).
HIV-1 env, tat, rev
isolated from a
CCRS, but PWH experiencing
demonstrates neurological disease, | Macrophage-mediated
CXCR4 co- SIVmac239 lesions, myeloid cell
receptor backbone, serially infiltration and
switch in passaged through syncytia formation,
SHIV SF162P3 | B Vivo RM RM. encephalitis (80).
Early viral integration
in brain regions
TF HIV-1 env with | associated with
mutated residue 375 | cognition and motor
for enhanced CD4 function, upregulation
binding, SIVmac766 | of neuroinflammatory
SHIV.C.CH505 | C CCRS5 RM backbone (81). gene transcripts (82).

Note. SIV and SHIV viruses that reproducibly infect the brain and result in
neuropathogenesis in different macaque species are listed, along with each model virus’s
clade (SHIV only), co-receptor usage, NHP species, viral properties, construction, and
CNS involvement. ART: antiretroviral therapy, CM: cynomolgus macaque (Macaca
fascicularis), CNS: central nervous system, CSF: cerebrospinal fluid, HIV: Human
Immunodeficiency Virus, NHP: nonhuman primate, PWH: people with HIV, PM: pigtailed
macaque (Macaca nemestrina), PNS: peripheral nervous system, RM: rhesus macaque
(Macaca mulatta), SHIV: simian-human immunodeficiency virus, SIV: simian
immunodeficiency virus, TF: transmitted/founder.



Recently, slow-progression SIV models that represent chronic, ART-treated HIV
pathogenesis in the brain have become more prevalent (Table 1.1). SIVsm804E-CL757, a
clone of SIVsm804E isolated from the brain of a macaque with simian AIDS, demonstrates
gradual progression of CNS disease in RM frequently leading to encephalitis (73).
SIVsm804E-CL757 replicates in parenchymal macrophages and causes CD4+ T cell
infiltration to sites of infection in the CNS (74).

Chimeric simian-human immunodeficiency viruses (SHIVs) are engineered viruses
in which an HIV gene replaces an equivalent SIV gene. SHIV-based models have been
used since 1992 to investigate HIV pathogenesis and evaluate drug targets and potential
treatment strategies in NHP (83). In most SHIVs, the HIV env gene, which encodes
envelope surface glycoproteins gp120 and gp41, replaces SIV env for use in glycoprotein-
targeting vaccine trials and neutralizing antibody studies (83,84). SHIV KU-1, a CXCR4-
tropic first-generation SHIV used for CNS pathogenesis study, is neurovirulent in Chinese
RM, causing macrophage-mediated lesions, syncytia formation, and gradual encephalitis
(Table 1.1) (77,85). A serially passaged derivative, SHIV KU-2, demonstrates
demyelinating lesions, syncytia formation, and tremors in some RM (75,76,84,86,87).
Other early SHIVs include RS clade C SHIV-1157ipd3N4, which causes nonaccelerated
neuroinflammation in RM, and R5 clade B SHIV SF162P3, which demonstrates CXCR4
co-receptor switch and macrophage-mediated encephalitis in ART-naive RM (78-80).

However, limitations of early SHIVs hindered their ability to reproducibly model
HIV-1 and its neuropathogenesis in NHP. Early SHIV/RM models exhibited deficient
autologous tier 2 antibody responses, low viral set points, and limited chronic phase
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replication and pathogenesis (84,88-90). Additionally, many SHIV/NHP models
developed specific CXCR4 tropism, leading to rapid depletion of CXCR4+/CCRS5- naive
T cells (81,84,90). Newer SHIV/NHP models have improved upon these issues. Recently
developed SHIVs can maintain CCRS5 tropism, consistently induce autologous antibody
response, and recapitulate the immunopathogenesis and early viral kinetics of HIV-1
(84,89). Transmitted/founder (TF) SHIVs with modified env residue 375, part of the CD4
binding domain, have been further shown to reliably model HIV-1 infection, CNS
persistence, and latency in RM while maintaining TF viral dynamics and replication fitness
(81,82,84,89,91,92). SHIV.C.CH505, which contains a TF clade C HIV-1 env with a
modified env375, was shown to integrate into brain regions associated with cognition and
motor function during acute infection in RM and exhibit increased transcription of genes
associated with neuroinflammation (82).
SHIV.D as a Model of HIV CNS Persistence

SHIV.D.191859 is a TF virus with an env gene identified from an acutely infected
Ugandan woman in 2008. The isolated clade D HIV-1 virus is CCR5-tropic, with the ability
to replicate in both CD4+ T cells and macrophages (93). SHIV.D.191859 encodes this
HIV-1 env within a STVmac766 backbone, with the substitution of a bulky, hydrophobic
residue at env position 375, part of the CD4 binding domain, to enhance binding to rhesus
CD4 molecules and replication in RM cells (Figure 1.1) (81). SHIV.D.191859 recapitulates
many features of HIV-1 pathogenesis, including mucosal and intravenous transmission,

consistent viral kinetics, and CD4 depletion over time (81,84).
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Figure 1.1. SHIV.D.191859 construction. HIV-1 D.191859 gp160 (tat, rev, vpu, env [red])
with exchanged Methionine/Tyrosine/Histidine/Tryptophan/Phenylalanine at residue 375
replaces the equivalent region in a SIVmac766 backbone (grey).

Historically, infection with clade D HIV is associated with more severe neuropathogenesis
and higher prevalence of HIV-associated neurocognitive decline than clades B, C and A,
all of which have published information on their relationship to HIV-associated
neurocognitive disorders (4,94). The desirable viral kinetics and macrophage tropism of
this SHIV, and the reported neuropathogenesis of clade D HIV-1 (93,95), provide unique
opportunities for TF SHIV.D.191859 as a neuropathogenic NHP model.

Previous research evaluated SHIV.D.191859 for its potential to model HIV-1 for
latency in the periphery (89). Six RMs were infected with SHIV.D, treated with
suppressive ART (tenofovir DF, emtricitabine, dolutegravir) for 24 weeks, and subjected
to analytical treatment interruption (ATI) (89). Quantification of cellular viral RNA
(caRNA) and cell-associated proviral DNA (caDNA) from PBMCs during chronic
infection and at several post-ART timepoints revealed stable levels of caDNA pre- and
post-ART, as well as caRNA, rebound to pre-ART levels after ATI (89). CD4+ T cell
quantification revealed depletion in unsuppressed animals (89). In comparison to
SIVmac239 infection of RMs, the lower levels of viremia during peak and early infection

characteristic of SHIV.D infection better models HIV-1 in humans (89). The vast majority
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of SHIV.D-infected RMs achieved viral suppression with ART in two to four weeks (89).
This is advantageous over chronic SIVmac239 infection, which often takes many months
to achieve suppression on ART (89). Importantly, SHIV.D maintains CCRS5 tropism, which
is associated with the progression of AIDS-like disease in RMs (81,89). These
characteristics make SHIV.D a promising candidate virus for an NHP model of HIV that
forms a viral reservoir in the brain that persists and causes chronic neuropathogenesis
during ART-mediated viral suppression.

Due to the multifactorial and etiologically complex nature of HIV neurological
dysfunction, animal models of the CNS complications seen in HIV are preferred over ex
vivo and in vitro research alone. NHP models that accurately represent different
manifestations of HIV CNS complications are critical for research on curative strategies,
therapeutics, and prevention of severe neuropathology. As ART drugs and global
adherence continue to improve, long-term ART NHP models of HIV are critical to advance
research on HIV CNS dysfunction as a chronic disease. SIV and SHIV encephalitis models
are frequently accurate representations of ART-untreated macrophage-mediated HIV
encephalitis, but fewer models represent the immune and pathological signatures of
modern ART-treated mild CNS pathogenesis. As research on neurological manifestations
of ART-treated HIV continues, development of chronic SIV/SHIV CNS models and
characterization of existing neurotropic models under long-term ART is imperative to

advance our understanding of the CNS viral reservoir and neurological comorbidities.
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Extracellular Vesicles: Biogenesis, Characteristics, and Uptake

Extracellular vesicles (EVs) are membrane-bound nanoparticles released by all cell
types (96). Exosomes, microvesicles, and apoptotic bodies are the three general categories
of EVs, classified by their size and mode of release (97-99). Exosomes are smaller EVs
approximately 50-200nm, formed from the inward budding of multivesicular bodies from
endosomal membranes after fusion with the cells’ plasma membrane (97,100). While
microvesicles are typically larger EVs, their size can range widely from 50nm-1000nm
(96,98). Microvesicles are formed by outward budding of the cell’s plasma membrane (98).
Apoptotic bodies, are the largest variety at 1000-5000nm in diameter, formed by membrane
blebbing during programmed cell death (99,101). Classical markers of endosome-derived
exosomes include tetraspanins CD9, CD81 and CD63 as well as heat shock proteins,
flotillin-1 (FLOT1) tumor susceptibility gene 101 (TSG101) and ALG-2 interacting protein
X (ALIX) (100,102,103). While the biogenesis of microvesicles differs from that of
traditional exosomes, they too possess tetraspanins and are enriched for many of the same
proteins, such as TSG101, from plasma membrane budding (100,103—105). Although
apoptotic bodies also form from the plasma membrane, they are significantly larger than
exosomes and small microvesicles and generally lack tetraspanins and other classical EV
markers (99,106). Unlike exosomes and microvesicles, apoptotic bodies contain organelles
and other cellular components, making their proteomic profile indistinguishable from cell
lysate (105). Due to their similarities in size, cargo, enriched proteins, tetraspanins and

other membrane markers, it is impossible to differentiate exosomes and small
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microvesicles in EV preparations (102). Therefore, it is most accurate to refer to all
circulating sub-micron, tetraspanin-positive, membrane-bound nanoparticles as EVs.

As membrane protein-expressing vesicles, EVs are important players in
intercellular communication. EV cargo can contain proteins, lipids, and nucleic acids
(DNA fragments, messenger RNA, microRNA, and non-coding RNA) (102,103,107).
When cells produce EVs, they are released into the extracellular space. EVs can be found
in all bodily fluids and be circulated through the body (99,107). They have also been
demonstrated to cross the CNS blood-brain barrier (BBB) (108). Intercellular signaling
through EVs can occur through multiple biological processes. EVs can communicate
phenotype-changing information to target cells through interactions at the cell surface,
without internalization of the vesicles or internal delivery of their cargo (109). There is
evidence that recipient cells can take up heterogenous EVs through a variety of
mechanisms, including macropinocytosis, phagocytosis, membrane fusion, lipid raft
mediated endocytosis, and receptor-ligand mediated endocytosis (110). Following uptake,
EVs co-localize with receptor cell endosomes and lysosomes, and most likely release their
cargo into the cytosol through EV membrane degradation mediated by fusion with the
endosome or lysosome (110—112). Some research demonstrates that EVs can interact with
specific cell types. One study exposing urologic cancer cell-derived EVs to cancerous and
noncancerous cells of different tissue types resulted in more efficient EV update by
cancerous cells (113). Another study demonstrated that EVs produced by cortical neurons
after synapse activation were endocytosed exclusively by neurons, and did not interact with
glial cells (114). Due to their ability to retain membrane proteins and cargo from their cell
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of origin, dissemination throughout the body, and specific nature of intercellular signaling,
EVs are a valuable source of cellular information as biomarkers or effectors of
physiological and pathological processes in vivo.
EVs in CNS Disease and HIV

EVs play important roles in the biology and pathology of many different diseases.
The roles of EVs in the pathogenesis of CNS disease have been of particular interest due
to the persistent and complex causative nature of neurodegeneration and
neuroinflammation. Brain-derived EVs are also found in the blood and CSF, providing a
window into ongoing neuropathological processes in patients and animal models of
diseases over time. Early exosome research found that pathogenic misfolded prion proteins
can be packaged into EVs, and these EVs can propagate prion disease in a naive animal
host (115,116). Soon after, it was discovered that EVs serve as both a mediator of
pathogenesis in Alzheimer’s disease as well as a biomarker of early disease (117,118). EVs
containing amyloid-f, amyloid precursor protein, and tau transport these proteins across
the brain and initiate new accumulations (117,119,120). In addition to perpetuating
pathogenesis, brain-derived EVs in the CSF and plasma are also valuable biomarkers for
early Alzheimer’s disease (118,121-123). To date, EVs have been characterized as
mediators of pathogenesis and sources of biomarkers in several other neurodegenerative
diseases, including Parkinson’s disease, Huntington’s disease, and amyotrophic lateral
sclerosis, though many of their mechanisms of pathogenesis have yet to be discovered

(124,125).
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Recently, the functions of EVs in HIV pathogenesis have been explored. EVs have
a unique relationship with viral infections, as viruses can co-opt EV biogenesis pathways
for virion production in the host cell, mimicking intra- and intercellular trafficking and
communication (126,127). In HIV infection, the virus hijacks the host’s exosome
production machinery, the Endosomal Sorting Complex Required for Transport (ESCRT)
pathway, for virion budding (127-129) The functions and utility of EVs are of particular
interest in the neurological pathogenesis of HIV. Some EVs have been identified as drivers
of neuropathogenesis during HIV infection. Astrocyte-derived EVs containing HIV nefare
taken up by neurons in a co-culture model, decreasing neuronal action potentials (130).
EVs from HIV-infected macrophages transport viral particles and inflammatory cytokines
to nearby uninfected cells (131,132). Proteomic profiling of EV cargo from ART-
suppressed PWH reveal an upregulation of inflammatory interferon-gamma and
interleukin 1-a (133). Targeted protein analysis of plasma neuron-derived EV cargo
demonstrate differential expression of several proteins between PWH with and without
cognitive impairment (122,134,135). These genes that are upregulated in PWH
experiencing cognitive impairment are of note as potential biomarkers. A mass
spectrometry study comparing CSF EV cargo from PWH with and without cognitive
impairment found higher abundance of genes associated with stress response and
inflammation by gene ontology in PWH experiencing neurological symptoms (136). In
addition to viral and host proteins, EVs from HIV-infected cells contain significantly
different microRNA (miRNA) profiles (132). EVs isolated from HIV-infected
macrophages in vitro have several differentially upregulated miRNAs compared to their
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uninfected counterparts, including pro-inflammatory miR-29a (137). In a study profiling
EV-associated miRNAs from ART-naive PWH, two miRNAs associated with
inflammatory pathogenesis were identified (138). Lastly, multiple studies have
demonstrated an increase in cellular TNF-a production in vitro after treatment with EVs
from HIV-infected cells (139-141).

There is a strong connection between EVs and inflammation in the context of HIV
infection, but cell-specific EV production and host protein cargo over the course of a NHP
model of HIV infection has not been explored. Investigating circulating EVs in a NHP
model of ART-suppressed HIV provides the unique opportunity to study changes in EV
populations and their cargo in RM before infection and throughout viremia and ART viral
suppression.

Hypothesis and Specific Aims

In summary, HIV neurological dysfunction and cognitive decline persist in 50% of
PWH on ART. A modern biologically and clinically relevant animal model of ART-treated
HIV in the brain is necessary to elucidate the persistent neuropathogenesis that occurs
during ART suppression. Novel TF SHIV.D accurately models HIV-1 transmission
dynamics in RM, consistent CCRS tropism, and persistence during ART suppression,
showing promise as a potential model of HIV neurological persistence. Finally, EVs have
been demonstrated to promote pathologic changes and neuroinflammation during CNS
injury and disease states. Brain-derived EVs can cross the BBB into the peripheral blood
and can be investigated longitudinally over time in an animal model of HIV neurological
persistence. Therefore, we hypothesize that SHIV.D forms a brain reservoir and causes
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persistent neuropathogenesis in rhesus macaques, which is mediated by myeloid-derived
extracellular vesicles. This hypothesis is tested in the following two aims.

Specific Aim 1: Examine the persistence of the myeloid reservoir in the brain and
its associated neuropathogenesis using TF SHIV.D in rhesus macaques. This aim was
accomplished by two objectives: 1) Utilize quantitative immunohistochemistry (IHC) and
in situ hybridization (ISH) to detect and quantify replicating viral RNA, proviral DNA, and
myeloid and lymphoid cell markers in the brain, and 2) Determine CNS cell types
containing replicating and latent virus using multi-target IHC/ISH co-staining.

Specific Aim 2: Examine changes in myeloid-derived extracellular vesicle
production and cargo during SHIV.D infection and ART-mediated viral suppression. This
aim was accomplished by three objectives: 1) Isolate EVs from SHIV.D infected myeloid
cells in vitro and SHIV.D infected RM plasma to compare differences in size and
concentration, 2) Develop a cellular antigen EV flow cytometry method to determine
differential cell-specific EV production before infection, during acute viremia, and during
ART suppression, and 3) Utilize whole proteome profiling to analyze differences in EV

cargo from SHIV.D infected and uninfected myeloid cells.
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CHAPTER 2
TRANSMITTED/FOUNDER SHIV.D REPLICATES IN THE BRAIN, CAUSES
NEUROPATHOGENESIS, AND PERSISTS ON COMBINATION
ANTIRETROVIRAL THERAPY IN RHESUS MACAQUES

Adapted from Podgorski et al, Retrovirology. 2023 Aug 10;20(1):13. DOI:
10.1186/s12977-023-00628-5. (92).
Chapter Abstract

Long-lived myeloid cell types play a critical role in HIV-1 latency and cellular
dysfunction even during ART suppression (142—145). However, HIV persistence and
reservoirs in the CNS remain understudied. SIV/ SHIV infection of NHP is a biologically
relevant model to investigate HIV-1 persistence in the CNS, but the rapid pathogenic
progression of previous SIV and SHIV viruses has limitations in modeling HIV-1 (46,146).
Earlier studies utilizing SHIV/NHP model systems in the CNS were focused on SHIV/HIV
encephalitis and did not investigate the persistent effects of SHIV infection in the CNS
through ART suppression (75,79,147-149). Furthermore, earlier models did not include
TF HIV-1 envelope-containing viruses. To better understand the chronic progression of
HIV-1 neuropathogenesis on suppressive ART, a non-encephalitic CNS infection NHP
model is necessary (88). Here, we characterize the neuropathogenesis of macrophage-
tropic TF SHIV.D.191859 infection in RM to elucidate the dynamics of HIV pathogenesis
and persistence in the brain during ART. Quantitative immunohistochemistry (IHC) and
DNA/RNAscope in situ hybridization (ISH) were performed on three brain regions from
six SHIV.D-infected RMs; two necropsied while viremic, two during analytical treatment
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interruptions, and two on suppressive ART. We demonstrated myeloid-mediated
neuroinflammation, viral replication, and proviral DNA in the brain in all animals. These
results demonstrate that TF SHIV.D models native HIV-1 CNS replication, pathogenesis,
and persistence on ART in rhesus macaques.
Materials and Methods
Non-Human Primates and Ethics

Archived tissue samples from female RM infected with SHIV.D (Figure 1.1) were
obtained from the Tulane National Primate Research Center (TNPRC) and the University
of Pennsylvania. Additional brain tissue samples from male RM infected with SHIV.D
were obtained from Bioqual, Inc. (Rockville, MD). All RM were maintained in accordance
with the rules and regulations of the Committee on the Care and Use of Laboratory Animal
Resources. All experiments were approved by the Tulane/Bioqual Animal Care and Use
Committee. Monkeys were housed in pairs to promote the psychological well-being of
non-human primates. Enrichment included manipulable items in the cages (durable and
destructible objects), perches or swings, various food supplements (fruit, vegetables,
primate treats), foraging or task-oriented feeding methods and human interaction with
caretakers and research staff as dictated by The United States Animal Welfare Act.
Enrichment devices are rotated on a weekly basis and include toys, mirrors, radios,
TV/VCRs, foraging boards, and a variety of complex foraging devices. Animals were fed
a normal monkey chow. Animal care staff monitored the health and well-being of the
animals daily with physical examinations performed weekly. All possible measures were
taken to minimize discomfort of the animals. Anesthesia and analgesics were used and
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administered under the direction of a licensed veterinarian. All procedures were performed
under ketamine or telazol anesthesia. Analgesics such as buprenorphine and lidocaine were
used preemptively and following each potentially painful procedure. All animals were
sacrificed according to humane endpoints consistent with the recommendations of the
American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of
Animals.

In the study from which RM were retrospectively investigated, the protocol was for
animals to be challenged intravaginally, then if not productively infected after 4 attempts,
to be challenged intravenously. Thus, RM from the same protocol were infected with
SHIV.D vaginally (4) and intravenously (2). As described (81), plasma viral kinetics and
reservoir dynamics were similar despite the challenge route. RMs were maintained at
TNPRC according to the Association for Assessment and Accreditation of Laboratory
Animal Care standards. All experiments were approved by the Tulane Animal Care and
Use Committee. All macaques were negative for SIV controller alleles Mamu-A*01, B*08,
and B*17 with the exception of DE33, which was A*01 positive (89).

In the study from which 5 RM treated with ART for 6 months were examined,
Indian RM were housed at Bioqual, Inc. (Rockville, MD) in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care standards. RMs
were infected with 1 x 10° infectious units (IU) of SHIV.D intravenously. Following 10
weeks of viremia, all 10 RMs were initiated on combination ART of tenofovir (TDF;
5.1mg/kg), emtricitabine (FTC; 40mg/kg) and dolutegravir (DTG; 2.5mg/kg)
subcutaneously and maintained until necropsy at 6 months port-ART. Following perfusion
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and formalin fixation at necropsy, brain cortex lobes were isolated and embedded in
paraffin blocks for all RM.
Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissue blocks of the occipital, temporal,
and frontal lobes were obtained from Tulane National Primate Research Center (TNRPC).
FFPE blocks of the basal ganglia, brainstem, and occipital, temporal, frontal, and parietal
lobes were obtained from Bioqual, Inc. Tissue blocks were cut to 5 microns and placed on
charged slides. Slides were deparaffinized in xylene for 2x 10 minutes and rehydrated using
an ethanol gradient for 10 minutes in each concentration (100%, 90%, 70%). Antigen
retrieval was performed by heating slides in Antigen Unmasking Solution, citrate buffer
(Vector) diluted in water at 92°C for 20 minutes, then cooled to room temperature (RT) for
20 minutes. Following heat pre-treatment antigen retrieval, sections were washed in water
(5 min), then PBST (0.05% Tween 20) for 5 minutes. Sections were then incubated with
Bloxall Endogenous Peroxidase and Alkaline Phosphatase Blocking Solution (Vector) for
10 minutes in a humidity chamber at RT. After 2x 5 min PBST wash, sections were
incubated with Protein Block, serum-free (Dako) for 30 minutes at RT. Primary antibodies

were diluted in antibody diluent (Dako) and incubated at 4°C overnight (Table 2.1).
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Table 2.1: Immunohistochemistry antibodies and specifications.

Antigen
Primary retrieval Secondary
antibody | Source Concentration | concentration | antibody Source
Agilent HRP labelled | Dako EnVision+
CD3 (A0452) 1:800 1:100 Anti-Rabbit system (K4003)
Agilent HRP labelled | Dako EnVision+
CD68 (M0814) 1:400 1:200 Anti-Mouse system (K4001)
Agilent HRP labelled | Dako EnVision+
MAC387 | (M0747) 1:100 None Anti-Mouse system (K4001)
Millipore
Sigma HRP labelled | Dako EnVision+
IBA1 (MABN92) | 1:500 1:100 Anti-Mouse system (K4001)

HRP: horseradish peroxidase

After 2x 5min PBST washes, sections were incubated with appropriate HRP
conjugated secondary antibody (Dako) for 30 minutes in dark at RT (Table 2.1). After 2x
5 min PBST wash, antigens were detected by DAB chromogen development (1 drop DAB
chromogen per ImL DAB+ substrate buffer (Dako)) and counterstained with hematoxylin
for 30 seconds. Sections were dehydrated using an ethanol gradient for 2x 2 mins each
concentration (70%, 90%, 100%) and 2x 5 minutes xylene. Coverslips were mounted using
permanent mounting media. Slides were imaged using Keyence BZ-X700 microscope and
positively stained cell counts were quantified using accompanying Batch Analysis
Software. Cell count was quantified using Batch Analysis Software and averaged from 10
nonoverlapping 20X images per brain section of each RM. Total average values for each
cell type in each RM were calculated by taking the arithmetic mean from all representative
images from all three brain sections studied (10 per brain region). Graphs were generated

using GraphPad Prism 8.2 software.
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In Situ Hybridization

SHIV.D RNA and DNA were visualized using RNAscope and DNAscope in situ
hybridization according to the specifications of the manufacturer (ACD Bio). The probe
utilized for RN Ascope (ACD) was a SIVmac anti-sense RNA probe. RNAscope probes do
not bind to double-stranded DNA and only bind to single-stranded anti-sense RNA.
Formalin-fixed paraffin-embedded (FFPE) tissue blocks of the occipital, temporal, and
frontal lobes were obtained from Tulane National Primate Research Center (TNRPC).
FFPE blocks of the basal ganglia, brainstem, and occipital, temporal, frontal, and parietal
lobes were obtained from Bioqual, Inc. Tissue blocks were cut to 5 microns and placed on
charged slides. Slides were deparaffinized in xylene for 10 minutes, washed 2x 2 minutes
in 100% ethanol, and air dried. Sections were boiled for 15 minutes in 1X Target Retrieval
solution (ACD Bio) and removed to water. Tissue sections were treated with hydrogen
peroxide for 10 minutes at RT, then protease for 30 minutes in a humidity chamber at 40°C.
Custom probes targeting SHIV.D RNA and DNA (sense strand) were designed with ACD
Bio. RNA and DNA probes were hybridized for 2 hours in a humidity chamber at 40°C.
RNA and DNA were detected by amplification and chromogenic development using
RNAscope 2.5 High Definition — Red Assay kit (ACD Bio). Tissue sections were
counterstained with hematoxylin for 30 seconds, washed in water, then dried in a 60° dry
oven for 15 minutes. Slides were cleaned with xylene and coverslips were mounted using
permanent mounting media. Slides were imaged using Keyence BZ-X700 microscope and
the RNA area was quantified using accompanying Batch Analysis Software. The area of
positive signal (RNA) or the number of nuclei containing positive signal (DNA) was
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quantified using Batch Analysis Software and averaged from 10 nonoverlapping 20X
images per brain section of each RM. Total average values for each nucleic acid in each
RM were calculated by taking the arithmetic mean from all representative images from all
three brain sections studied (10 per brain region). Graphs were generated using GraphPad
Prism 8.2 software.
Dual Target IHC/ISH

FFPE brain tissue section slides were deparaffinized in xylene for 2x 10 minutes,
rehydrated using an ethanol gradient for 2x 2 minutes in each concentration (100%, 90%,
70%), then washed in water. For brightfield microscopy staining, antigen retrieval was
performed by heating slides in Antigen Unmasking Solution, citrate buffer (Vector) diluted
in water at 92°C for 20 minutes, then cooled to room temperature (RT) for 20 minutes.
Following heat pre-treatment antigen retrieval, sections were washed in water (5 min), then
PBST (0.05% Tween 20) for 5 minutes. Sections were then incubated with Bloxall
Endogenous Peroxidase and Alkaline Phosphatase Blocking Solution (Vector) for 10
minutes in a humidity chamber at RT. After 2x 5 minutes wash with 1X RNAscope Wash
Buffer (ACD Bio), RNA probes were hybridized for 2 hours in humidity chamber at 40°C.
RNA amplification was performed using RNAscope 2.5 High Definition — Red Assay kit
(ACD Bio) according to the specifications of the manufacturer. After 2x 5 min PBST wash,
sections were incubated with Protein Block, serum-free (Dako) for 30 minutes at RT.
Primary antibodies were diluted in Antibody diluent (Dako) at 4°C overnight. After 3x
10min PBST wash, sections were incubated with appropriate HRP conjugated secondary
antibody (Dako) for 30 minutes in dark at RT. After 2x 5 min PBST wash, antigens were
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detected by DAB chromogen development (1 drop DAB chromogen per ImL DAB+
substrate buffer [Dako]) and counterstained with hematoxylin for 30 seconds. For
fluorescent staining, antigen retrieval, blocking, and HRP-tagged fluorophore development
were performed using the Opal manual 4-color IHC kit (Akoya Biosciences) according to
the manufacturer’s protocol. RNA amplification and subsequent IHC was performed as
described above, followed by DAPI counterstaining (Akoya). Slides were washed in water
and dried in 60°C dry oven for 15 minutes. Slides were cleaned with xylene and coverslips
were mounted using permanent mounting media. Slides were imaged using Keyence BZ-
X700 microscope.
Results
SHIV.D Infection in Rhesus Macaques

Six female RMs were infected with SHIV.D intravaginally or intravenously as
previously described (Table 2.2) (89). A viral set point of >10° viral copies/mL (¢/mL) was
established for at least 24 weeks. ART (daily, subcutaneous emtricitabine, tenofovir
disoproxil fumarate, and dolutegravir) was administered for 24 weeks, followed by ATI.
Two RMs (FR55, GA67) were restarted on ART following ATI. Based on the ART status,
immunopathogenesis, and viremia, the RMs were divided into three groups: 1. progression
(n= 2), where RMs experienced plasma viremia > 106 ¢/mL and were euthanized for
clinical deterioration, 2. off ART (n= 2), where RMs underwent necropsy off ART without
overt signs or symptoms of simian acquired immunodeficiency syndrome (AIDS), and 3.
on ART (n=2), where both RMs were necropsied on ART with suppressed viremia without

signs or symptoms of simian AIDS.
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Table 2.2. TF SHIV.D infection and pathological findings at necropsy.

RM

Treatment
group

Mode of
infection

Plasma
VL at
necropsy

Months
post
infection

Reason for
euthanasia

Notable CNS
pathology

Notable
peripheral
pathology

DE33

Progression

intravaginal

10 ¢/mL

18

clinical
deterioration

Nothing of
significance.

Lymphoid
hyperplasia of
bone marrow
[3-4]. Chronic
erosive
inflammation of
ileocecal valve
[3]. Lymphoid
hyperplasia of
pancreas [2].
Lymphoid
hyperplasia of
tonsil, lymph
node [4].
Nodular
hyperplasia of
kidney [3].
Cytoplasmic
vacuolization of
hepatic
parenchymal
cells [4].
Nodular
hyperplasia of
lymphoid tissue
of lung [1].

EJ94

Progression

intravaginal

107 ¢/mL

39

clinical
deterioration

Vacuolar
degeneration,
vacuolar
lesions with
few
lymphocytes.

Chronic
inflammation of
lung with
edema and
epithelial
hyperplasia [4].
Syncytial giant
cells in lung

[3]. Chronic
inflammation of
liver [1].
Diffuse
lymphoid
hyperplasia of
lymph node [2].
Severe
endometriosis

[4].
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Table 2.2. Continued.
RM Treatment | Mode of
group infection

Months
post
infection

Reason for
euthanasia

Plasma
VL at
necropsy

Notable CNS
pathology

Notable
peripheral
pathology

off ART
(ATI)

tissue

FE43 intravaginal | 10*c¢/mL | 40 collection

off ART
(ATI)

<83
¢/mL 36

tissue

FT42 intravaginal collection

<83
¢/mL 45
<83
¢/mL 35

clinical
deterioration
tissue
collection

FR55 on ART intravenous

GA67 | on ART intravenous

Multiple small
inflammatory
fociin
occipital lobe,
subcortical
white matter,
and meninges

[1].

Predominately
perivascular
inflammation
of frontal
cortex,
temporal lobe,
and thalamus

[1].

Nothing of
significance.
Nothing of
significance.

Chronic
inflammation
of lung, liver,
and interstitial
tissue of kidney
[1]. Diffuse
lymphoid
hyperplasia of
lymph node and
splenic
lymphatic
follicle [2-3].
Perivascular
inflammation
of lung [2].
Chronic
inflammation
of stomach [3].
Perivascular
inflammation
of ileum and
cecum [1].
Focal
granulomatous
inflammation
and
histiocytosis of
lymph node [2].
Mycobacterium
avium mediated
inflammation
and necrosis of
lymph node [4].
M. avium
mediated
granulomatous
inflammation
of stomach,
jejunum, and
colon [2-3].
Nothing of
significance.

Note. Pathology finding determination and grading performed by a TNPRC veterinary
pathologist. Pathology grading degrees: [1] = minimal; [2] = mild; [3] = moderate; [4] =
severe. ART: antiretroviral therapy, ATI: analytical treatment interruption, CNS: central

nervous system, RM: rhesus macaque, VL: viral load.
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CNS and peripheral pathological findings at necropsy were recorded and scored.

Three RM had notable CNS pathological findings at the time of necropsy. EJ94
(progression) exhibited vacuolar degeneration and vacuolar lesions in the occipital lobe.
FEA43 (off ART) had small inflammatory foci in the occipital lobe, subcortical white matter,
and meninges. FT42 (off ART) had perivascular inflammation in the frontal cortex,
temporal lobe, and thalamus (Table 2.2).

SHIV.D Infection is Associated With Inflammatory Myeloid Cells in the CNS

To characterize the degree of inflammation in the brain of the SHIV.D infected RMs,
occipital, temporal, and frontal cortex sections were immunostained with antibodies
against CD68 for resident tissue macrophages, MAC387 for recently infiltrated monocyte-
derived macrophages, and CD3 for T lymphocytes and expression of each was quantified
(Figure 2.1A). Inflammatory lesions containing CD68+ and MAC387+ cells were seen in
RMs from the progression group, and an accumulation of CD68+ macrophages was found
in the off-ART group. Vacuolar lesions containing CD68+ macrophages and
multinucleated giant cells were observed in Progression RM. Infiltration of MAC387+
monocyte-derived macrophages continued in the animals in the on-ART group. However,
small inflammatory foci and perivascular inflammation persisted in the CNS of off-ART
and on-ART RMs, including FT42, a spontaneous controller of plasma viremia. The
highest levels of all quantified immune cell markers were found in the progression group
(Figure 2.1B). The mean number of CD68+ cells in the progression group was 46.6 (DE33)
and 230.6 cells/mm? (EJ94); in the off-ART group, 65.4 (FE43) and 31.1 cells/mm? (FT42)
and in the on-ART group, 39.7 (FR55) and 19.6 cells/mm? (GA67). The mean number of
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MAC387+ cells in the progression group was 5.33 (DE33) and 13.3 cells/mm? (EJ94). In
the off-ART group, there were 1.52 (FE43) and 3.13 MAC387+ cells/mm? (FT42), and in
the on-ART group, 1.27 (FR55) and 1.02 MAC387+ cells/mm? (GA67). The mean number
of CD3+ T cells in the progression group was 44.7 (DE33) and 50.9 cells/mm? (EJ94). In
the off-ART group, there were 5.60 (FE43) and 4.31 CD3+ cells/mm? (FT42). In the on-
ART group, the mean was 31.0 (FR55) and 33.3 CD3+ cells/mm? (GA67).
Viral RNA and DNA Persist in the CNS After ART suppression

Viral DNA and RNAscope, a highly specific and sensitive next generation in situ
hybridization (ISH) technique, was performed on FFPE occipital, temporal, and frontal
cortex sections and quantified (Figure 2.2). RNAscope and DNAscope have the ability to
detect single virions and transcripts, and resulting RNA- and DNA-positive signal can be
used to quantify viral nucleic acids and differentiate between active viral replication and
low-level viral RNA transcription (150). Punctate, nuclear RNA signal represents viral
particles or low-level transcription of viral RNA, while large areas of high intensity signal
amplification represent active viral replication (150). Using RNAscope, high levels of viral
RNA were found in animals in the progression group, with some localizing to vacuolar
lesions. Lower levels of viral RNA persisted in the CNS in animals from the off-ART and
on-ART cohorts. Using a probe targeting the sense strand of SHIV.D DNA, proviral DNA
was detected inside the nuclei of cells in all three treatment groups (Figure 2.2). Both
replicating SHIV.D RNA and proviral DNA were found in the CNS of RM GA67 after 6

months of ART suppression.

30



A MAC387+ CD3+
o
8
]
wn
E |
-
nn b v
o -
= o
o . Rt =l
-
E
&= il
o \
= \ L
< B
c ot :
o
;ggg ggg 233 =3 Occipital
o 750 11 . & 1ggi | | e = Temporal
E s00 £ 30 E 250 =2 Frontal
E @
8 400 f.} @ 200
S =
S 300 g % .‘? 150
@ ©
2 200 b4 8 100
] g 1 o
100 ﬁ = 50 b
0 = 0 0
DE33 EJ94 FE43 FT42 FR55 GA67 DE33 EJ94 FE43 FT42 FR55 GA67 DE33 EJ94 FE43 FT42 FR55 GA67
I Progression I off ART I on ART I I Progression off ART on ART I I Progression I off ART I on ART I
Rhesus macaque Rhesus macaque Rhesus macaque

Figure 2.1: Quantitative immunohistochemistry of immune cell markers in TF SHIV RM
brain tissue. Immunohistochemistry (IHC) staining of CD68+, MAC387+, and CD3 + cells
in brain tissue of progression, off-ART, and ART suppressed RMs (A). Representative
images from occipital, temporal, and frontal lobes at 10X magnification are shown. Scale
bar =200um. Target cells were quantified using Keyence BZ-X700 Microscope and
accompanying Batch Analysis Software to determine the average number of IHC stained
cells from 10 nonoverlapping 20X images per brain section of each RM (B). 20X frame
area=393,880um?. Box and whisker plots are presented as mean values of
counts + quartiles, with whiskers representing the range.
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Figure 2.2: Quantitative viral RNA and DNA in situ hybridization in TF SHIV.D RM brain
tissue. RNAscope (left) and DNAscope (right) in situ hybridization (ISH) of replicating
viral RNA and proviral DNA in brain tissue of progression, off-ART, and ART suppressed
RM (A). Representative images from occipital, temporal, and frontal lobes are shown at
10X (RNA) and 20X (DNA) magnification. Inserts=40X magnification. Scale bar
=200um. The area of SHIV.D RNA positive signal (um?) or the number of nuclei
containing proviral DNA/mm? were quantified using Keyence BZ-X700 Microscope and
accompanying Batch Analysis Software to determine the average area of positive signal
(RNA) or the mean number of SHIV.D DNA-containing nuclei (DNA) from 10
nonoverlapping 20X images per brain section of each RM (B). 20X frame
area=393,880um? Box and whisker plots are presented as mean values of
counts + quartiles, with whiskers representing the range.
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The mean SHIV.D RNA positive signal area in the progression group was 2.13 and 2368.7
um? for DE33 and EJ94, respectively. In the off-ART group, the mean area of RNA
positive signal was 3.20 (FE43) and 33.3 pm? (FT42). In the on-ART group, the mean area
of the SIV RNA positive signal was 12.6 (FR55) and 21.3 pm? (GA67). The mean number
of SHIV.D DNA+ nuclei in the progression group were 1.95 (DE33) and 13.7 cells/mm?
(EJ94). In the off-ART group, the mean number of SHIV.D DNA+ cells were 1.35 (FE43)
and 1.27 cells/mm? (FT42). In the on-ART group, the number of viral DNA+ cells were
2.37 (FR55) and 0.846 cells/mm? (GA67).
SHIV.D Replicates in Myeloid Cells During ART Suppression

Dual target IHC/RNAscope co-staining was performed on occipital and temporal
cortex sections (Figure 2.3). Colocalization between IBA1+ (brown) microglia and
macrophages and SHIV.D RNA (red) was frequent and present in all three treatment
groups, including RM GA67 after 6 months ART suppression (Figure 2.3). In
Progression RM (Figure 2.3A), syncytia and clusters of microglial cells and SHIV.D+
RNA were observed at the site of vacuolar lesions. Colocalization between CD3+ T cells
and SHIV.D RNA was not prevalent (Figure 2.4). This demonstrates persistent SHIV.D

viral replication inside CNS myeloid cells in the CNS during ART suppression.
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Figure 2.3: TF SHIV.D replicates and persists in myeloid cells. Dual RNAscope ISH (red)
and IBA1 IHC (brown) reveal RNA/IBA1 + microglia/macrophage co-localization
(arrows) in viremic RM EJ94 (A) and at low levels during ATI in off ART RM FE43 and
FT42 (B) and ART suppression in on-ART RM GA67 and FR55 (C). Representative
images are 40X magnification. Scale bar =200um.
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SHIV.D DNA and Myeloid-Mediated Inflammation Persist in the RM Brain After 6
Months ART

Based on pilot study data, a robust study to investigate SHIV.D in the CNS on long-
term ART in 10 RM was initiated. Five RM were necropsied after 6 months suppressive
ART. IHC-based quantification of inflammation and virus was repeated in the brains of

these RM. In this cohort, basal ganglia, brainstem, and parietal lobe were included for

Overa|

[HC/ISH staining.

SHIV RNA

Progression

off ART

on ART

Figure 2.4. SHIV RNA/CD3 dual stain shows lack of colocalization. Opal (Akoya)
multiplex immunohistochemistry for CD3 (green), SHIV.D RNA (red), and DAPI (blue)
targets was performed on brain tissue sections from Progression, off ART, and on ART
RM. Co-localization between SHIV.D RNA and CD3+ was rarely observed.




After 6 months ART, there is decreased replicating viral RNA and CD3+ T cells compared
with pilot study Progression RM (Figure 2.5A, E). MAC387+ monocyte-derived
macrophages are found at lower levels after 6 months ART compared to viremic RM but
continue to infiltrate in all 6 brain regions studied (Figure 2.5D). SHIV.D DNA and CD68+
myeloid cells persist at similar levels to Progression RM after 6 months suppressive ART

(Figure 2.5B-C).
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Figure 2.5: Quantification of RNA/DNAscope and IHC staining of brain sections after 6
months suppressive ART. (A) SHIV.D RNA+ area (um?) (B) SHIV.D DNA+ nuclei/mm?,
(C) CD68+ area (um?). (D) MAC387+ cells/mm?. (E) CD3+ cells/mm?. Black: Progression
RM (n=2, SHIV.D-infected, viremic), red: SHIV.D-infected RM on ART for 6 months
(n=5).
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Interim Discussion

A NHP model of HIV persistence in the CNS is critical to elucidate viral reservoir
dynamics and studying viral pathogenesis and persistence in the brain. Because human
brain samples are scarce and available only in rare clinical scenarios requiring biopsy or
postmortem, NHP models are crucial to studying the progression of HIV-associated disease
in the CNS. Most SIV/NHP models are associated with rapid progression of disease and
onset of SIV encephalitis (46,74). Early SHIV/NHP models with less overt encephalitis
failed to consistently maintain CD4 and CCRS tropism, limiting their biological relevance
in the CNS (81,84,90). A body of work now demonstrates the relevance of SHIVs encoding
TF HIV-1 env genes, as they mirror viral kinetics, lymphoid pathogenesis, and induction
of authentic HIV-specific adaptive immune responses (81,88,90,151). Previous research
determined that TF SHIV.D.191859, specifically, recapitulates additional components of
HIV-1 infection, including ongoing viremia without frequent spontaneous control, and
rapid suppression of viremia with ART with viral persistence in the periphery and
lymphoid reservoirs (89). Here, we demonstrate that TF SHIV.D actively replicates in the
brain, causes neuropathogenesis, and persists in the CNS through antiretroviral therapy in
rhesus macaques.

Using RNAscope in situ hybridization, we demonstrate that SHIV.D replicates in
the CNS during viremia, but also at low levels during ATI and ART suppression. Large,
high-intensity areas of RNAscope signal indicating active viral replication were identified
in RM in all three treatment groups (150). Though SHIV.D is dual-tropic and known to
efficiently infect CD4+ T cells in vitro and systemically (81,84), we found replicating virus
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predominantly in myeloid cells in the CNS. This is consistent with CNS HIV-1 infection
in humans, where macrophages, microglia, and monocytes are the primary infected cell
types in the brain (23,27,28,152—155). Additionally, TF SHIV.D replication persists at low
levels in the CNS despite undetectable plasma viremia. This emulates HIV-1 CNS
pathogenesis in humans, potentially due to the inefficacy of ART drugs crossing the blood-
brain barrier (156—158), and solidifies the need for robust CNS persistence research with a
biologically relevant animal model.

Using DNAscope, we found proviral SHIV.D DNA in multiple brain regions in
animals both on and off ART. Previous SHIVs and SIV/RM model systems have been
unable to replicate continuous CCRS5 tropism in RMs, limiting infection and pathogenesis
in the brain (81,84,88,89,159,160). This further validates the potential for use of TF
SHIV.D in latency and curative research in the CNS reservoir.

Using immunohistochemistry, we found myeloid-mediated inflammation,
inflammatory foci, and vacuolar lesions and degeneration in the CNS of TF SHIV.D
progression animals. Multinucleated giant cells and clusters of microglial cells at the site
of lesions were also observed in some RM. Interestingly, lower levels of inflammation
persisted in the off~ART RMs and ART-suppressed RMs even in the absence of viral RNA
or DNA. Further research to investigate potential mechanisms of persistent inflammation
not localized in areas of high levels of SHIV.D replication is in progress.

This study has several limitations. The sample size (n= 6, 2 per group) was small,
which hindered statistical analyses. However, additional studies using this animal model
to examine CNS pathogenesis are underway. The CNS samples were from a small
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retrospective study of banked brain tissues. Since we have demonstrated that TF SHIV.D
is a biologically relevant model for HIV pathogenesis in the CNS, additional studies with
larger RM cohorts are underway. Secondly, the number of available archived tissue
samples was limited, and no fresh frozen brain tissue was available. Finally, cerebrospinal
fluid (CSF) samples were not obtained in these animals, so no CSF viral loads could be
obtained. CSF viral load levels would have been of particular interest for RM FT42, which
spontaneously controlled plasma viremia, but which nonetheless maintained CNS viral
replication.

In an ongoing study with a larger cohort of RMs infected with TF SHIV.D (n=10),
further investigation will elucidate viral kinetics, reservoir dynamics, and mechanisms of
persistent pathogenesis in the CNS. Of this cohort, five RM have been necropsied after 6
months ART suppression and were included in this study. Results of quantitative IHC and
ISH revealed that myeloid-mediated inflammation and levels of proviral DNA persist in
the brains of RM after 6 months ART. This research demonstrates that the TF SHIV.D/RM
model is valuable for investigating the dynamics of HIV neuropathogenesis and persistence

in the CNS reservoir.
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CHAPTER 3
NANOSCALE FLOW CYTOMETRY REVEALS INCREASED CIRCULATING
MICROGLIAL AND NEURONAL EXTRACELLULAR VESICLES
DURING SHIV.D INFECTION AND ART SUPPRESSION
Chapter Abstract

EVs have marked biological and clinical significance as both functional mediators
of disease pathogenesis and clinical biomarkers. Blood plasma EVs are non-invasive to
obtain and give valuable insight into several difficult to assess pathologic processes,
including neurodegeneration and neurological dysfunction, traumatic brain injury, cancer,
and viral infections (121,123,161-165). However, robust methods that phenotype
circulating plasma EVs, differentiate them by cell type of origin, and allow for
simultaneous detection of multiple parameters are lacking. Here, we investigate the relative
abundance of circulating plasma EV (PEV) populations in a SHIV.D/RM model of HIV
neuropathogenesis.

PEV from 10 RM infected with SHIV.D were isolated before infection, during
acute viremia, and during ART suppression. Using two four-parameter panels, we can
quantify the relative amounts of the following subsets of plasma EVs: tetraspanin CD81+,
CD11b+ macrophage-derived, CD 14+ monocyte-derived, TMEM119+ microglia-derived,
CD171+ neuron-derived, CD3+ T cell-derived, and CD31+ endothelium-derived EVs.
This multiplex technique allows for quantification of multiple subsets of EVs in one sample
as well as identification of EVs expressing multiple combinations of our proteins of
interest. Applying this method to RM plasma samples allows investigation of specific cell-
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derived EV populations in an animal model of HIV infection over time. Comparing
fluorescence intensity of each marker on CD81+ EVs revealed an increase in CD171+
neuron-derived EVs and TMEM1 19+ microglia-derived EVs during acute viremia that was
sustained or further increased, respectively, during ART-mediated viral suppression. These
findings enhance our understanding of EV production during HIV/SHIV infection and
demonstrate that they may play an important functional role during persistent HIV
neuropathogenesis during ART treatment. The ability to study brain- and immune cell-
derived EV populations in the plasma increases our understanding of EV functions and
behavior in the brain during HIV infection, advance our capabilities for biomarker
research, and provide insight into potential neuropathogenesis or neurological disease
processes as they are occurring in a living organism.
Materials and Methods
Rhesus Macaques

RM were maintained at Bioqual, Inc. (Rockville, MD) according to the Association
for Assessment and Accreditation of Laboratory Animal Care standards and all
experiments were approved by the Bioqual, Inc. Institutional Animal Care and Use
Committee. RM were sedated with ketamine HCI at 10mg/kg body weight for blood draws
and SHIV inoculation. Peripheral blood was drawn into EDTA anticoagulant-containing
tubes (purple top). RMs were intravenously infected with high titer SHIV.D.191859
challenge stock. After plasma viral load (VL) set point was established, daily subcutaneous
combination ART (TDF 5.1mg/kg, FTC 40mg/kg, and DTG 2.5mg/kg) administration
began 10 weeks post infection. Blood was collected before infection and at several points
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over the course of acute infection and ART-mediated viral suppression (Figure 3.1A).
Plasma and CSF viral loads were quantified using RT-qPCR by the Nonhuman Primate
Virology Core Laboratory at Duke University (Figure 3.1B-C).
Plasma EV Isolation

Blood samples were gently inverted 6-8 times then centrifuged at 2000rpm for 20
minutes at room temperature (RT) to separate plasma layer. Plasma was aliquoted into
microcentrifuge tubes (1mL/tube) and centrifuged at 17000g for 5 minutes to remove
platelets and cellular debris (Figure 2). Platelet-poor plasma samples were transferred to
new microcentrifuge tubes and stored at -80°C. Plasma from each RM (n=10) at three
timepoints (pre-infection, during acute viremia at 11 days post-infection (DPI), and during
ART-mediated viral suppression at 167 DPI) were used for analysis. Platelet-free plasma
was incubated with Thrombin (System Biosciences) at a ratio of 500uL plasma:4uL
Thrombin for 5 minutes at room temperature and centrifuged at 10000rpm for 5 minutes
to remove fibrin and fibrinogen. EVs were precipitated from 250uL fibrin-free plasma by
incubation with 63puL. ExoQuick (System Biosciences) for 30 minutes at 4°C followed by
centrifugation at 1500g for 30 minutes at 4°C. Pelleted EVs were resuspended in 400puL
sterile phosphate-buffered saline (PBS; Corning) and filtered through 0.22um
microcentrifuge tube fitted filters (Millipore Sigma) by centrifugation at 1000g for 10
minutes at RT. Purified EV preparations at this step were used for characterization by
ZetaView nanoparticle tracking analysis (NTA), EV marker antibody array, and

transmission electron microscopy (TEM).
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Figure 3.1. SHIV.D infection timeline and viral loads in RM cohort. 10 RM were infected
with high titer SHIV.D intravenously. (A) Blood, CSF, LN, and brain tissue samples were
taken at timepoints identified. Pre-bleed plasma, DPI 11 plasma, and ART suppression
plasma from identified timepoints were used for nanoparticle tracking analysis (NTA) and
flow cytometry. (B) and (C) ART administration began 12 weeks post infection, leading to
suppression of detectable viral load in the plasma and CSF. Abbreviations: antiretroviral
therapy (ART), cerebrospinal fluid (CSF), day post infection (DPI), limit of quantification
(LOQ), lymph node (LN), viral load (VL), viral RNA (VRNA).
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ZetaView Nanoparticle Tracking Analysis (NTA)

The size distribution and concentration of RM (n=10) plasma EVs from pre-
infection to acute viremia (DPI 11) was measured using ZetaView nanoparticle tracker and
analysis software (version 8.05.12 SP2; Particle Metrix). The instrument was calibrated
before analysis using 100nm polystyrene standard particles (Life Technologies) for
autoalignment and cleaned with sterile PBS and distilled water (dH20). EV suspensions
were diluted to optimal NTA concentration (50-300 particles/frame) in sterile PBS and
2mL of each sample was injected into the instrument for recording. Between each sample
recording, the instrument was flushed with PBS until <5 particles were detected. NTA
video was captured at sensitivity = 85, shutter speed = 100, and frame rate = 30f/s. 12
positions were traced for analysis.

EV Marker Detection Arrays

EVs were pelleted from pooled platelet-poor, defibrinated, and filtered RM plasma
using by incubation with ExoQuick (SBI) followed by centrifugation as previously
described. Pellet lysis was performed using Exo-Check Exosome Antibody Array lysis
buffer (SBI). Following EV pellet lysis, protein concentration was measured on a BioTek
Cytation 1 microplate reader (Agilent) using Pierce 660nm Protein Assay Reagent (Thermo
Scientific). 50ug protein lysate was incubated with Exo-Check Exosome Antibody Arrays
(SBI) according to the manufacturer’s instructions. Array containing antibodies against EV
markers CD81, CDG63, epithelial cellular adhesion molecule (EpCAM), annexin A5
(ANXAS), TSG101, FLOT]1, intercellular adhesion molecule-1 (ICAM1), and ALIX were
developed with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo
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Fisher) for 5 minutes at room temperature and imaged using an iBright FL1000 imaging
system (Invitrogen). Golgi matrix protein GM130 was included as a negative control for
cellular contaminants.
Electron Microscopy

EVs were isolated RM plasma as previously described, then fixed with 2%
glutaraldehyde (Electron Microscopy Sciences) in PBS. Negative staining transmission
electron microscopy (TEM) imaging was performed by Charles River Laboratories
(Durham, NC).
Antibodies and Targets

The goal of our research was to develop a method to quantify EVs from different
cell types of origin in the plasma. We used one common tetraspanin marker for plasma
EVs (CD81) and specific markers for six cell subsets (macrophages, lymphocytes, neurons,
microglia, monocytes, and endothelial cells) to determine EV origin (Table 3.1). The anti-
human monoclonal antibodies used in this study were CD11b-BUV 737 (clone ICRF44,
Thermo Fisher Scientific, Waltham MA), CD14-Pacific Blue (clone M5E2) and CD31-
BUV 395 (clone WM59) (BD Biosciences, Franklin Lakes, NJ), CD171/L1CAM-
AlexaFluor 488 (clone 2702C, Novus Biologicals, Centennial, CO), CD3-APC-Cy7 (clone
OKT3) and CD81-PE-Cy7 (clone 5A6) (Biolegend, San Diego, CA) and TMEM119-
AlexaFluor 700 (clone 1023426, R&D Systems, Minneapolis, MN) (Table 3.1). Marker
clones were chosen for known NHP reactivity using the Non-human Primate Reagent

Resource reactivity database (NHPRR).

45



Table 3.1: Antibodies used, their targets, and specifications.

Amount | Fluoro-

Antibody | Target per test | chrome Supplier | Catalog # Clone
macrophage-

CDl11b EVs SpL BUV 737 Thermo 367-0118-42 | ICRF44
monocyte-

CD14 EVs 2.5uL Pacific Blue | BD 558121 MSE2

AlexaFluor

CD171 neuron-EVs | SuL 488 Novus FAB7773G | 2702C
T
lymphocyte-

CD3 EVs SuL APC-Cy7 Biolegend | 317342 OKT3
endothelium-

CD31 EVs SuL BUV 395 BD 565290 WM59
EVs

CD81 (tetraspanin) | SuL PE-Cy7 Biolegend | 349512 5A6
microglia- AlexaFluor

TMEMI119 | EVs SuL 700 R&D FAB10313N | 1023426

APC: allophycocyanin, BD: BD Biosciences, BUV: brilliant ultraviolet, Cy7: cyanine 7,
PE: phycoerythrin, R&D: R&D Systems, TMEM119: transmembrane protein 119.
Instrumentation

A BD FACSymphony A5 Spectral Enabled (SE) flow cytometer (BD Biosciences)
was used to conduct the analysis. The instrument is equipped with 5 lasers: blue (488nm
excitation, 150mW power), red (637nm, 140mW), violet (405nm, 200mW), yellow-green
(561nm, 150mW), and ultraviolet (355nm, 60mW), as well as 28 filters configured as 6B-
3R-8V8UV-5YG, and square photomultiplier tubes (PMT) optimized for cascade array.
EV Flow Cytometry

Filtered EV suspensions prepared as previously described were incubated with SuL
human Fc¢ seroblock (Biorad) for 10 minutes at RT, transferred to sterile round-bottom
polystyrene tubes (Falcon), then stained with antibodies for 30 minutes at 4°C protected
from light. Following antibody incubation, 400uL EV suspensions were fixed with 125uL

4% paraformaldehyde (PFA) in PBS for a final concentration of 1% PFA. With each set of
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samples, a sterile PBS only control, negative EV control, pre-blocking EV control, sterile
PBS 1% PFA with antibody cocktail control, single stain controls, and fluorescence minus
one (FMO) controls were run in accordance with recommendations made by the
MIFlowCyt-EV reporting framework (166,167). A membrane disruption control of
unstained EVs lysed with 1% Triton X-100 (Thermo Fisher) for one hour was also used
(168).
Data Acquisition

To ensure data resolution and avoid background noise, BD FACSymphony A5 SE
was put through vigorous cleaning and system preparation. For each session, specialized
BD Detergent Solution was run through the instrument for 15 minutes followed by 15
minutes of autoclaved deionized water. The sheath fluid in the system was thoroughly
replaced with autoclaved deionized water obtained from Millipore Milli-Q Direct 16 water
purification system. A PureFlo® Capsule filter (ZenPure Americas) was added to the
fluidics line. Autoclaved deionized water was run through the instrument for one hour to
minimize bubble formation. Daily calibration was conducted with BD Cytometer Set-up
and Tracking beads. The cytometer detection threshold was optimized and set to 250. This
cleaning and calibration procedure was performed for every data acquisition run, and the
instrument was flushed by a sterile PBS run between controls and samples. Data, including
mean fluorescence intensity (MFI) of EV sub-populations, were calculated using

FlowJo v10.9.0. Graphics were generated by FlowJo or created in BioRender.com.
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Statistical Analysis

Comparisons and statistical analyses were performed using GraphPad Prism
V9.4.1. To analyze NTA data, results were first tested for normal (Gaussian) distribution
using the D’Agostino-Pearson test (P < 0.05) (169). All NTA data sets assumed normal
distribution. Descriptive statistics were calculated for each group, and parametric paired t-
tests were run to compare groups. To compare EV sub-population MFI between groups,
all experimental data sets were again tested for normality using the D’ Agostino-Pearson
test. Of the six parameters texted, two assumed a Gaussian distribution (CD171,
TMEM119), and four did not (CD11b, CD14, CD3, CD31). In data sets that did assume a
normal distribution, repeated measures one-way ANOVA were run, followed by post-hoc
paired t-tests (Dunnett’s multiple comparisons tests) compared to the pre-infection control
group. In data sets that were not distributed normally, Friedman one-way repeated measure
analysis of variance tests was run, followed by Dunn’s multiple comparisons tests. All
graphs display individual values with no exclusion of outliers. In bar graphs, the bar
represents the mean value with error bars representing the standard error of the mean.
Results
Characterization of RM Plasma EV's

Isolation of RM plasma EVs (PEV) was validated by ZetaView NTA, EV marker

antibody array, and TEM (Figure 3.2).
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Figure 3.2. Characterization of RM PEV. (A) Representative NTA images from RM
KH22 uninfected and DPI 11 PEV (above) and histograms of EV diameter (below). (B)
EV marker array incubated with pooled EV lysate demonstrates sample enrichment with
EV markers. (C) 12000X magnification image of PEV by TEM. Scale bar = 400nm.

NTA revealed the presence of appropriately sized nanoparticles (Figure 3.2A). Pooled RM
PEVs express markers CD63, EpCAM, ANXAS, TSG101, FLOTI1, ICAM, ALIX, and
CDS8]1 at higher intensity than cellular protein control GM130 (Figure 3.2B). TEM imaging
revealed presence of vesicles ranging in size approximately from 50-200nm (Figure 3.2C).
Using NTA, total PEVs showed no significant difference in concentration or size between
RM plasma before infection and SHIV.D viremia at day post infection (DPI) 11 (Figure
3.3). The mean PEV concentrations were 6.73e10 EVs/mL plasma in uninfected RM and

4.75e10 EVs/mL plasma in infected samples.
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Figure 3.3. Total circulating PEV production and size are not changed by SHIV.D
infection. NTA concentration (A) and median (B) and mean (C) diameter measurement
was taken from PEV isolated from 10 RM before infection and during acute viremia at DPI
11. PEV: plasma extracellular vesicle.

The average (arithmetic mean) of median PEV diameter was 97.37nm in uninfected RM
and 98.40nm in viremic RM. Average mean PEV diameter was 110.6nm in uninfected
RM and 115.4nm in viremic RM (Figure 3.2A, Figure 3.3).
EV Flow Cytometry Workflow, Validation, and Gating Strategies

To analyze changes in specific cell-derived EV populations in the plasma over time,
we developed a novel nanoscale multiplex conventional flow cytometry method capable

of analyzing circulating EVs by markers of cellular origin (Figure 3.4).
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Figure 3.4. PEV flow cytometry workflow. 10mL EDTA anticoagulant-treated whole
blood samples are centrifuged at 2000rpm for 20 minutes at room temperature to separate
the plasma layer. ImL aliquots of cell-free plasma is transferred into microcentrifuge tubes
and centrifuged at 17000g for 5 minutes at room temperature (RT) to obtain cell debris-
free, platelet-free plasma. For each sample, 335uL plasma is incubated with 2.68uL
Thrombin (SBI) for 5 minutes at RT, then centrifuged at 10000rpm for 5 minutes at RT to
pellet fibrin. 250uL fibrin-free plasma is transferred to a fresh microcentrifuge tube and
incubated with 67ul. ExoQuick (SBI) for 30 minutes at 4°C to precipitate EVs. After
incubation, the plasma/ExoQuick mixture is centrifuged at 1500g for 30 minutes at 4°C to
pellet EVs. The EV pellet is resuspended in 400uL sterile PBS and pipetted into a 0.22um
(220nm) filter chamber fitted in a microcentrifuge collection tube. The EV suspension is
filtered by centrifugation at 1000g for 10 minutes at RT. Following centrifugation, the
filters are discarded and S5uL Fc blocking solution is added to the EV suspension and
incubated for 10 minutes at RT. After blocking, the EV suspension is transferred to a SmL
round-bottom polystyrene tube. The appropriate antibody cocktails are added to each
sample and incubated for 30 minutes at 4°C, protected from light. 125uL 4%
paraformaldehyde (PFA) in PBS is added to each sample for fixation to reach a total PFA
concentration of 1%. Fixed, stained EV samples are analyzed on a BD FACSymphony A5
flow cytometer.
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Figure 3.5. Sub-micron reference bead detection and SSC. 100nm, 200nm, 500nm, and
1000nm particle size reference bead populations were located by fluorescence intensity on
the BB515 filter and side scatter area (SSC). Reference bead populations are shown in
elliptical gates with the percentage of total events in each population (left). Total event
counts by fluorescence intensity of each bead population are shown as 100nm: blue,
200nm: red, 500nm: orange, 1000nm: green (right). Event count peaks by fluorescence
intensity and total subpopulation counts were calculated using FlowJo 10.9.0.

To calibrate, validate, and optimize this technique, several controls were used (166,170).
FITC-conjugated sub-micron particle size reference beads (100nm, 200nm, 500nm, and
1000nm; Thermo Fisher Scientific) were used to approximate EV side scatter (SSC) and
optimize flow rate and detection threshold (Figure 3.5). Reference bead size SSC can only
be approximated, as polystyrene beads have different refractivity and complexity than EVs.
Unstained EVs were used to generate EV forward scatter (FSC) and SSC gates, and a
suspension of the antibody cocktail in PBS 1% PFA was run to ensure antibody aggregates
were not creating false positive events (Figure 3.6). Additionally, a preparation of PEVs

was treated with Triton X-100 detergent to lyse EV membranes.
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Figure 3.6. SSC/FSC gating on unstained EV control, lysed control, and antibody only
control. An unstained EV control sample was used to determine baseline side scatter
area/forward scatter area (SSC/FSC) gating (left). An unstained EV control treated with
1% Triton X-100 detergent to lyse EV membranes was recorded (center) and demonstrated
a 70% reduction in EV events. A control sample containing only the antibody cocktail
(Panel A + Panel B antibodies) suspended in sterile PBS 1% PFA was used to ensure
antibody aggregates were not being recorded as false positive events (right). Events with
appropriate EV SSC/FSC fall inside “EVs” subset gate (blue shading) and appear as red
dots. Events outside “EVs” subset gate appear as blue dots and were excluded from
compensation and analysis. The percentage of events falling inside EV gate is denoted in
bottom right corners. Event counts, gating, and figure generation were performed using
FlowJo 10.9.0.

When acquired for 5 minutes, the Triton X-100-treated sample demonstrated a 70%
reduction in events compared to an untreated sample, which is consistent with the
literature(168,171). Positive CD81+ gating was determined by comparing fluorescent
intensity between FMO control and compensation control (Figure 3.7). For each parameter,
the mean fluorescence intensity (MFI) of each channel was used to determine the relative
abundance of CD81+ EVs expressing each marker. Each sample used for FMO and
compensation controls was obtained from the same RM at the same timepoint to avoid the

natural variation in EV profiles that occurs between animals and over time.
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Figure 3.7. CD81+ EV gating. After setting EV side scatter area (SSC) and forward scatter
area (FSC) gates, CD81+ positive signal gating (black horizontal line) was determined
using single color compensation controls (blue outline) and FMO controls (red shading) in
FlowJo 10.9.0. Percentage of CD81+ positive events in the compensation control sample
is denoted in the top right corner (56.6% CD81+). Mean fluorescence intensity (MFI) of
the positive subpopulation is represented by a vertical black dotted line.

Panels and Compensation Matrices

Two panels were developed to minimize signal spillover and increase detection of
rare events (Table 3.2). Each panel contained three markers of cellular origin and one EV
marker (tetraspanin CD81). RM plasma EVs isolated as described in Figure 3.4 were used
for each single-color compensation control and fluorescence minus one (FMO) control.
Single color compensation controls were used to optimize voltages and set compensation
matrix parameters (Table 3.3). FMO controls, which contain each antibody in the panel
except one, were used in conjunction with compensation controls to determine positive and
negative gating. For each compensation control, 5,000 events were recorded. For each

FMO control, 10,000 events were recorded.
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Table 3.2. EV cellular origin marker panels A and B.

PANEL A

Antibody Target Fluorochrome Channel
CDI11b macrophage-EVs BUV737 BUV737
CD14 monocyte-EVs Pacific Blue BVv421
CD81 EVs (tetraspanin) PE-Cy7 PE-Cy7
TMEM119 microglia-EVs AlexaFluor 700 Alexa 700
PANEL B

Antibody Target Fluorochrome Channel
CD171 neuron-EVs AlexaFluor 488 BB515
CD3 T lymphocyte-EVs APC-Cy7 APC-Cy7
CD31 endothelium-EVs BUV395 BUV395
CD81 EVs (tetraspanin) PE-Cy7 PE-Cy7

Note. Two panels with minimal spectral spillover were developed using Spectra Viewer by
FluoroFinder.com. APC: allophycocyanin, BUV: brilliant ultraviolet, Cy7: cyanine 7, PE:
phycoerythrin, TMEM119: transmembrane protein 119.

Table 3.3. Compensation matrices of panels A and B.

Panel A Panel B

R [y | B |1 T s 15
?égxaﬂ“"r X 12.881 1009 | 0716 | APC-Cy7 | 0,089 0,052 33044
BUV737 | 12.933 X 0.3053 | 0.085 fggxaﬂu"r 0 X 189 0
g*l‘l‘iieﬁc 0 0.172 X 0 BUV395 | o 0265 X 0
PE-Cy7 0.228 10.61 04 | X PE-Cy7 12218 | 13392 20305 | X

Note. Compensation matrices were obtained using single color compensation EV sample
controls for each parameter. Spectral overlap between fluorochromes was calculated using
FlowJo 10.9.0. APC: allophycocyanin, BUV: brilliant ultraviolet, Cy7: cyanine 7, PE:

phycoerythrin.
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Microglia- and Neuron-Derived EVs are Significantly Increased During Viremia and
ART Suppression

Plasma samples from RM before infection with SHIV.D, during viremia, and
during ART induced viral suppression (Table 3.4) were prepared for each flow cytometry
panel and sample acquisition and analyses were performed as described above. By repeated
measures one-way ANOVA, we found that CD171+ neuron-derived EVs (P=0.01) and
TMEMI119 microglia-derived EVs (P=0.008) were significantly different between the
three groups (Figure 3.8). Post-hoc paired t-tests revealed that neuronal CD171+ EVs are
significantly increased in both viremic RM (P = 0.03, mean MFI = 1535) and ART-
suppressed RM (P = 0.04, mean MFI = 1167) compared to those of RM before infection

(mean MFI = 624.5).

Table 3.4. RM plasma samples used for EV isolation and analysis.

Group A (uninfected) Group B (acute viremia) | Group C (ART suppression)
KMO08 PRE-BLEED KMO08 DPI-11 KMO08 DPI-167
JV72 PRE-BLEED JV72 DPI-11 JV72 DPI-167
MLO2 PRE-BLEED MLO02 DPI-11 MLO02 DPI-167
MD86 PRE-BLEED MD&86 DPI-11 MD86 DPI-167
LB53 PRE-BLEED LB53 DPI-11 LB53 DPI-167
KR39 PRE-BLEED KR39 DPI-11 KR39 DPI-167
KH22 PRE-BLEED KH22 DPI-11 KH22 DPI-167
KD48 PRE-BLEED KD48 DPI-11 KD48 DPI-167
LI76 PRE-BLEED LI76 DPI-11 LI76 DPI-167
MJ45 PRE-BLEED MJ45 DPI-11 MJ45 DPI-167

ART: antiretroviral therapy,
macaque.

DPI: day post infection, EV: extracellular vesicle, RM: rhesus
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Post-hoc paired t-tests comparing TMEM119+ microglial EV MFI also demonstrated a
significant increase in viremic RM (P < 0.05, mean MFI = 285.6) and ART-suppressed
RM (P= 0.004, mean MFI = 290.8) compared to pre-infection RM (mean MFI = 229.0).
There were no differences between TMEM119+ or CD171+ EVs between viremic and
ART suppression, so even with controlled ART these EV populations were elevated. While
the average CD171 MFI between groups was highest in the viremic RM, average
TMEMI119 MFI was highest in the ART-suppressed RM. Though not statistically
significant, CD11b pan myeloid/macrophage-derived EVs and CD3 T cell-derived EVs
also showed an increase in average MFI during viremia and ART suppression compared to
their pre-infection control samples (Figure 3.8).
Interim Discussion
Analysis of SHIV.D RM PEVs

Our significant findings of sustained increases in circulating neuron and microglia
derived EVs during ART suppression are the first of their kind, due to the distinctive ability
to investigate EV production before infection and over time in an NHP model of HIV.
These findings reinforce the importance of EVs in HIV infection but lead to further
questions about their roles. From these data alone, it is unknown if the increase in
circulating microglial and neuronal EVs are due to an increase in their production, an
intentional increase in their release into the periphery, or a result of BBB injury and
increased permeability. Nevertheless, each of these possibilities demonstrate that EVs act
as either a mediator of disease via cargo release or cell signaling, or a biomarker of ongoing
neuropathogenesis.
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Figure 3.8. Neuronal and Microglial EVs are increased during viremia and ART
suppression. (A) CD11b channel MFI of CD81+ EVs, (B) CD14 MFI, (C) CD31 MFI, (D)
CD3 MFI, (E) CD171 channel MFI is significantly different between groups (ANOVA,
P=0.01). MFI of viremic and ART-suppressed PEVs are both significantly increased
compared to pre-infection (Tukey’s multiple comparisons test). (F) TMEM119 channel
MFT is significantly different between groups (ANOVA, P=0.008). MFI of viremic and
ART-suppressed PEVs are both significantly increased compared to pre-infection (Tukey’s
multiple comparisons test). *= P<0.05, **=P<0.01. Repeated measures one-way ANOVA
followed by post-hoc paired t-tests (Tukey’s multiple comparisons). MFI: Mean
fluorescence intensity.
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Previous research has compared CD171+ neuron-derived EVs from PWH with and
without cognitive impairments, and found no change in the number of EVs between these
groups (172). However, the cargo of neuronal EVs has been demonstrated to contain
proteins associated with neurodegeneration, inflammation, and neuronal injury
(122,134,135,172). Our matched analysis of cell-specific EVs throughout the course of
infection and treatment in the same RM is a more robust technique than unpaired analysis,
but further research is necessary to determine if the sustained increase in neuronal and
microglial EVs during ART suppression will be recapitulated in a larger study size, or in
PWH. Interestingly, 4/10 uninfected RM produced no detectable CD171+ neuronal EVs.
Of all parameters and groups tested, these were the only undetectable markers. This unique
finding reinforces the importance of neuron-derived EVs in neurodegenerative disease
states and demonstrates basis for further investigation into neuron-derived EVs and their
cargo during HIV/SHIV infection and ART suppression.

Unlike CD171/LICAM+ EVs, TMEMI119+ microglial derived EVs are
infrequently studied, and their relationship to HIV infection is novel. One study found a
significant increase in circulating TMEM119+/CD14+ dual-positive EVs in rats after
stroke (173). When TMEMI119+/CD14+ dual-positive EVs were analyzed in our
experiment, we found no difference between the groups. The significant increase in
TMEMI119+ EVs during acute infection and additional increase during ART suppression
is a novel finding and indicates that microglial and other myeloid-derived EVs should be

further investigated in the contexts of HIV and chronic neurological dysfunction.
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Statistical analysis of each flow cytometry parameter data set revealed outliers by
the ROUT method for outlier identification. Because the nature of these outliers is
unknown, they were not excluded from the analysis. This decision likely decreased the
statistical power of some analyses by increasing the variation between readings. The two
statistically significant parameters by ANOVA, CD171+ and TMEM119+ EVs, had no
outliers identified by the ROUT method.

There are limitations to this study. First, the use of RM tissue limited our choice of
anti-human antibodies, and anti-monkey antibodies are limited. Some anti-human
antibodies do not cross react with NHP receptors or lack sensitivity and were excluded
from this study. Some more rare plasma EV populations, such as astrocyte-derived GFAP+
EVs, were lower than the quantity needed for accurate compensation and were excluded
from this study. Finally, while the time- and cost-effective ExoQuick polymer-based EV
precipitation method used has been reported to capture the greatest number of EVs in a
sample compared with other isolation methods, it is also reported to result in lipoprotein
and other small protein contamination in the EV sample (174). This is consistent with the
detectible debris found in our Triton X-100 lysed control sample. Lastly, the use of CD81
as a “backbone” EV marker likely excluded many EVs from analysis, as not all EVs
express all tetraspanins. CD81 was selected as our backbone EV marker because it was the
most prevalent tetraspanin in our RM plasma EV samples, is expressed on more subsets of
brain and immune cell derived EVs compared to CD63 and CD9, and is not frequently
expressed by platelet-derived EVs (175,176). An EV-specific backbone filter is critical in
flow cytometric analysis of plasma EVs, as lipoproteins are a common contaminant of EV
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precipitations. Though lipoproteins can mimic EVs on NTA and unstained EV flow
cytometry, they do not express tetraspanins and can be reliably excluded when gated on
CD81+ (177,178).

EV Flow Cytometry

This is a novel application using a conventional flow cytometer/cell sorter to
perform multiplex flow cytometry on bead-free sub-micron extracellular vesicles. Bead-
free multiplex EV flow cytometry allows for quantification and analysis of multiple EV
surface antigens at once. Additionally, multiple populations of EVs derived from specific
cells of origin can be quantified using a single aliquot of plasma. EV-associated
tetraspanins CD81 and CD63 are both readily detected using this method, but CD81 was
more prevalent in our RM plasma EV samples and therefore was selected to use in both
panels as internal control to maintain consistency. Additionally, CD81 is expressed on
more subsets of brain and immune cell derived EVs, and is not commonly expressed on
platelet-derived EVs (175,176). The markers of cellular origin were detected at expected
frequencies relative to cell type of origin abundance and activity, and rare events such as
CD171/L1CAM+ neuron-derived EVs are also detectable in the plasma (179).

At present, the majority of EV flow cytometry methods rely on capturing EVs on
antibody- or streptavidin-coated beads to increase particle size for easier detection by
conventional flow cytometers, or the use of laboratory-made or highly specialized nano-
cytometry instruments optimized for detecting sub-micron particles (167,180—184).
However, there are several limitations to these methods. Accurate EV quantification and
phenotyping is impeded when multiple EVs are captured on a single bead (167,183). Total
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capture of all EVs in a sample is hindered by tetraspanin CD63, CD9, or CD81 antibody-
conjugated bead capture, as all EVs do not uniformly express these markers (175,185,186).
Lastly, quantifiable single EV analysis of multiple surface markers is not possible with
traditional bead-based EV flow cytometry. Bead-free EV flow cytometry offers several
advantages. It is both time- and cost-effective and utilizes traditional commercially
available antibodies for flow cytometry. It allows for detection and quantification of both
tetraspanin EV markers and multiple membrane proteins in multiplex panels. Additionally,
it increases the number of potentially detectable analytes in a single biofluid aliquot, critical
for precious human samples and scarce small animal samples.

The aim of this study was to design a protocol that can be used to quantify
subpopulations of different cell-derived EVs in the plasma that could give insight into
difficult-to-assess disease processes, such as brain-derived EVs. For this reason, our
parameters focus on brain and immune cell-derived EV surface markers. This protocol
improves upon existing methods by combining plasma separation and defibrination,
polymer-based EV precipitation, and nanoparticle filtration to enrich and purify the EV
fraction. Through these enhancements, we detected a greater percentage of each EV
subpopulation than similar methods. This protocol was developed in accordance with
guidelines recommended by both the minimum information for studies of EVs (MISEV)
framework and the minimum information about a flow cytometry experiment standard in
an EV-specific framework (MIFlowCyt-EV) (166,170).

In summary, this is a novel and sensitive technique for multi-parameter plasma EV
flow cytometry on a conventional flow cytometer. This protocol is useful for quantification
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of several unique subsets of specific cell-derived EVs that are clinically and scientifically
relevant during disease and injury. Though the samples in this study were macaque in
origin, all antibodies and reagents used target human antigens, and we anticipate that this
protocol will be effective using human PEVs as well. It is also scalable and adjustable to
different organisms and EV populations of interest and allows subset sorting and
downstream analysis. Finally, our results demonstrate that circulating brain-derived EV
populations hold promise as biomarkers or mediators of sustained neuropathogenesis

during treated HIV infection.
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CHAPTER 4
MYELOID-DERIVED EXTRACELLULAR VESICLES ARE OVERPRODUCED
DURING SHIV.D INFECTION AND CARRY PROTEIN MEDIATORS
OF NEUROPATHOGENESIS

Chapter Abstract

Extracellular vesicles (EVs) have been identified as mediators of pathogenesis in
several neurological diseases, including HIV-associated neurological dysfunction. Some
populations, like CD171+ neuron-derived EVs, have been examined for cargo that may
serve as biomarkers for HIV neuropathogenesis or drivers of CNS inflammation and
toxicity. However, the protein cargo of myeloid EVs in HIV infection has not been
described. In Chapter 3, we demonstrated that microglial EVs were significantly increased
in the plasma of viremic RM infected with SHIV.D, and further increased during ART
suppression. Here, we investigate myeloid EV production in vitro and conduct proteomic
analysis on the cargo of EVs produced by uninfected or SHIV-infected monocyte-derived
macrophages (MDM). We found that MDM significantly increased EV production after
SHIV.D infection. From bioinformatics analysis of proteomics data, we found several
significant changes in the protein profiles of SHIV-infected and uninfected MDM EVs.
MEVs from SHIV+ cells carry protein mediators of inflammation, neuronal injury, and
HIV pathogenesis including lipocalin-2 (LCN2), T Cell Immunoglobulin and Mucin
Domain Containing 4 (TIMD4), insulin-like growth factor binding protein 1 (IGFB1), and
indoleamine 2,3-dioxygenase 1 (IDO1) (187—-195). Gene ontology and gene set enrichment
analysis revealed the biological pathways overrepresented in EV-associated proteins.
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Taken together, we found evidence that MEVs from SHIV+ myeloid cells perpetuate
neuropathogenesis.
Materials and Methods
Primary Macrophage Culture and SHIV.D Infection

SHIV.D.191859 was cloned and viral stock was generated as previously described
(81,90,91,196). Infectivity of the viral stock was calculated by serial stock dilution and
infection of Ghost(3) reporter cells, which express GFP upon HIV/SIV-Tat activation of
transcription, followed by GFP flow cytometry using Guava easyCyte (197). RM
peripheral blood mononuclear cells (PBMCs) were isolated from EDTA whole blood using
a Ficoll (Cytiva) gradient and plated in RPMI medium (Gibco) + 10% exosome-depleted
FBS (Gibco) + gentamicin (Corning) across 6-well plates at a density of 1 million cells/mL.
After 24hrs in culture, differentiation into monocyte-derived macrophages (MDM) was
stimulated with 50ng/mL recombinant human macrophage colony stimulating factor (M-
CSF [R&D Systems]). Half media changes with M-CSF were performed on days 4 and 7
after plating. On day 8, cells were washed 2X with PBS (Corning) and adherent
macrophages were infected with SHIV.D.191859 viral stock at an MOI of 0.1-1.0 for 24
hours. Following 24 hours incubation with virus, infection media was removed, cells were
washed 2X with PBS, and 2mL fresh working media (RPMI with 10% exosome-depleted
FBS, gentamicin, and M-CSF) was added per well. Working media changes were
performed every 24-48 hours after initial infection. Cell culture supernatant from each
media change was centrifuged for 5 minutes at 1500rpm to remove cells and cellular debris,
then stored at -80°C for downstream EV or vRNA isolation.
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Immunocytochemistry

To wvalidate differentiation of primary PBMC into mature myeloid cells,
immunocytochemistry (ICC) for pan-macrophage marker CD68 was performed. Primary
MDMs were fixed in-well with 4% PFA in PBS for 30 minutes at RT, then washed 3X
with PBS. Following fixation, cells were permeabilized with PBST (0.1% Tween-20
[Fisher]) + 0.1% Triton-X100 (Acros Organics) for 15 minutes, then washed 3X 2 minutes
with PBST. Blocking was performed with PBST + 2% BSA (Fisher) + 5% FBS (Gibco)
for 30 minutes. Cells were incubated with anti-CD68 primary antibody (Dako M0814,
1:50) or mouse IgG negative isotype control (Dako, 1:50) diluted in blocking solution
overnight at 4°C. Cells were then washed 3X 5 minutes with PBST and incubated with
anti-mouse secondary antibody (Invitrogen A32744, 1:1000) for one hour at RT. Following
secondary incubation, cells were washed 3X 5 minutes in PBST, then stained with DAPI
(Akoya Biosciences, 1 drop:1mL PBST). Residual antibody, tween, and salts were
removed with 2X 5 minutes PBS wash followed by 2X 5 minutes H2O wash. Cover slips
were fixed to plates using ProLong Gold Antifade Mountant (Fisher) for storage at 4°C
and cells were imaged using Keyence BZ-X700 microscope.
qPCR and RT-qPCR

Productive SHIV.D infection of primary RM MDMs in vitro was validated by
quantitative polymerase chain reaction (qQPCR) of SHIV.D proviral DNA and reverse-
transcription qPCR (RT-qPCR) of viral RNA isolated from cell culture supernatant.
Double stranded DNA was isolated from pelleted MDMs using DNA miniprep kit (Zymo)
and quantified using Qubit dSSDNA BR Assay (Invitrogen). Viral RNA was isolated from
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cell-free supernatant using QIAmp Viral RNA mini kit (Qiagen). Eluate was treated with
RNase-free DNase I (Qiagen) for 10 minutes at 37°C, then heat inactivated for 15 minutes
at 70°C. Following DNase treatment, RNA was purified using the Monarch RNA Cleanup
kit (NEB). Purified RNA eluate was quantified by Nanodrop. Primers and probes were
designed using Integrated DNA Technologies PrimerQuest tool (IDT) for RM
housekeeping gene telomerase reverse transcriptase (fert) and SHIV.D pol, gag, and env
and checked for specificity, dimers, and hairpins using MFEprimer 3.1 (iGeneTech).
Primer and probe sequences used for SHIV.D are as follows (Table 4.1). gPCR was
performed using Luna Universal qPCR Master Mix (New England Biolabs [NEB])
according to the manufacturer’s recommendations at the following cycling conditions: 1

minute denaturation at 95°C, 40 cycles of denaturation (15 seconds at 95°C) and extension

(30 seconds at 60°C), followed by plate reading.

Table 4.1. Primers and probes for SHIV.D/RM qPCR and RT-qPCR.

Target Forward primer Reverse primer Probe
5’-GAG CTG AGA 5’-/SHEX/CCA GCA CAG
TTG TGC CCT TG- 5’-CCA TTT GCT ATC CTG GTC CCG
RM-tert 3’ CTC TGC TC-3’ T/3BHQ-1/-3°
5’-CAC TTA CCA 5’-CTT ACT AGT 5’-/56-FAM/ACC TGC CAA
GTT GAG AGG GAT | GGT GGT GTT /ZEN/TAG TCT GTC CAC
SHIV-pol | G-3° GAG ATA A-3° CAC /31ABKFQ/-3’
5’-GAA AGC CTG 5’-CCA GAT GAC 5’-/56-FAM/TAG CTC CAT
TTG GAG AAC GCA GAC AGT /ZEN/TAG TGC CAA CAG
SHIV-gag | AAA G-3’ ATT A-3’ GCT /31ABKFQ/-3
5’-CCA CCA AGG 5’-CTT CCT GCT 5’-/56-FAM/AGA GCA ATA
CAA AGA GAA GA- | GTT CCC AAG AA- | /ZEN/GGA CTA GGA GCC
SHIV-env | 3’ 3’ CTG T/3IABKFQ/-3°
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RT-gPCR was performed using Luna Universal One-Step RT-qPCR Kit (NEB) according
to the manufacturer’s recommendations at the following cycling conditions: 10 minutes
reverse transcription at 55°C, 1 minute denaturation at 95°C, 40 cycles of denaturation (10
seconds at 95°C) and extension (30 seconds at 60°C), followed by plate reading. qPCR and
RT-gPCR reactions were run on a Roche LightCycler 96 and analyzed on LC96 v.
1.1.0.1320.
MDM EV Isolation

EVs were isolated from the cell culture supernatant of primary myeloid cells in
vitro. Supernatant was collected and centrifuged as described above. Cell free supernatant
was incubated with ExoQuick-TC (SBI) at a ratio of SmL supernatant:ImL ExoQuick
overnight at 4°C. Following incubation, EV/ExoQuick mixtures were centrifuged for 10
minutes at 3000g to pellet EVs for downstream applications. Centrifugation was repeated
if necessary to remove residual ExoQuick and cell culture media.
EV Infectivity Assay

Ghost (3) (G [3]) reporter cells, which express GFP upon HIV/SIV-Tat activation
of transcription, were cultured for 5 days in selection media (DMEM [Gibco] 10% FBS
[Gibco] with puromycin, Hygromycin B [Invitrogen], and G418 geneticin [Gibco]) and
maintained in DMEM supplemented with 10% FBS (Gibco) and gentamicin (Corning).
Primary MDMs were differentiated and infected as previously described. EVs were
isolated from uninfected MDM and SHIV+ MDM and counted using ZetaView NTA. EVs
suspended in sterile PBS were added to plated G (3) cells in maintenance media at a
concentration of 500 EVs/cell in triplicate. As a positive control, G (3) cells were infected
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with SHIV.D at an MOI of 0.5 in triplicate. After 24hr, G (3) cells were collected for flow
cytometry and DNA lysis. For GFP flow cytometry, cells were pelleted and resuspended
in PBS with 2% PFA. GFP+ cells were counted using Guava easyCyte. Cell pellets were
lysed for SHIV DNA qPCR and DNA extraction was performed using DNA miniprep kit
(Zymo). Double stranded DNA was quantified using Qubit dsSDNA BR Assay (Invitrogen).
qPCR was performed and analyzed as described above.
ZetaView Nanoparticle Tracking

Isolated EV size distribution and concentration was measured using ZetaView
nanoparticle tracker and analysis software (version 8.05.12 SP2; Particle Metrix). The
instrument was calibrated before analysis using 100nm polystyrene standard particles (Life
Technologies) for autoalignment and cleaned with sterile PBS and dH20. EV suspensions
were diluted to optimal NTA concentration (50-300 particles/frame) in sterile PBS and
2mL of each sample was injected into the instrument for recording. Between each sample
recording, the instrument was flushed with PBS until <5 particles were detected. NTA
video was captured at sensitivity = 85, shutter speed = 100, and frame rate = 30f/s. 12
positions were traced for analysis. To account for increased cell death and decreased
proliferation in the SHIV.D-infected cells, total EV concentration/mL was normalized for
all samples by dividing EV concentration/mL by the qPCR endpoint fluorescence of
housekeeping gene RM fert cellular DNA (198).
EV Marker Detection Arrays

Macrophage EVs (MEV) were pelleted using ExoQuick-TC as previously
described and lysed using Exo-Check Exosome Antibody Array lysis buffer (SBI).
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Following lysis, protein concentration was measured on a BioTek Cytation 1 microplate
reader (Agilent) using Pierce 660nm Protein Assay Reagent (Thermo Scientific). 50ug
protein lysate was incubated with Exo-Check Exosome Antibody Arrays (SBI) according
to the manufacturer’s instructions. Arrays were developed with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Fisher) for 5 minutes at room temperature and
imaged using an iBright FL1000 imaging system (Invitrogen).
Statistics and Analyses

Comparisons and statistical analyses were performed using GraphPad Prism
V9.4.1. For MEV NTA data set, the N value was insufficient to determine normal
distribution by the D’ Agostino-Pearson test. Therefore, nonparametric Wilcoxon matched-
pairs signed rank tests were used to compare groups. Descriptive statistics were also
calculated for each group. NTA graphs display individual values. In bar graphs
representing PCR and flow cytometry data, the bar represents the mean value of technical
replicates. Error bars represent the standard error of the mean.
Protein Extraction for Mass Spectrometry

Protein extraction for mass spectrometry (MS), MS, and subsequent bioinformatics
analysis was performed by the University of Pennsylvania/Children’s Hospital of
Philadelphia Proteomics Core (Philadelphia, PA). EV pellets were solubilized in 50uL of
extraction buffer containing 5% sodium dodecyl sulfate (SDS, Affymetrix), 5S0mM TEAB
(pH 8.5, Sigma), and protease inhibitor cocktail (Roche complete, EDTA free). To shear
DNA and ensure complete solubilization, samples were sonicated for 10 minutes at 20°C
in a Covaris R230 focused-ultrasonicator with the following settings: Dithering: Y=3.0,
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Speed=20.0, peak incidence power: 360.0, duty factor: 30, cycles per burst: 200. Samples
were centrifuged at 3000g for 10 minutes to clarify lysate. Protein concentration was
determined by intrinsic tryptophan fluorescence, excited at 280nm and read at 350nm,
against an in-house generated E. coli lysate standard curve on a Synergy H1 microplate
reader (BioTek).
In-Solution Digestion

10ug of each sample was digested per the S-Trap Micro (Protifi) manufacturer’s
protocol (199). Briefly, proteins were reduced in SmM TCEP (Thermo), alkylated in 20mM
iodoacetamide (Sigma), then acidified with phosphoric acid (Aldrich) to a final
concentration of 1.2%. Samples were diluted with 90% methanol (Fisher) in 100 mM
TEAB, then loaded onto an S-trap column and washed three times with 90% methanol in
100 mM TEAB. A 1:10 ratio (enzyme: protein) of Trypsin (Promega) and LysC (Wako)
suspended in 20uL. 50mM TEAB was added, and samples were digested for 18 hours at
37°C in a humidity chamber. After incubation, peptides were eluted with an additional
40uL of 50 mM TEAB, followed by 40uL of 0.1% trifluoroacetic acid (TFA) (Pierce) in
water, and finally 40uL of 50/50 acetonitrile: water (Fisher) in 0.1% TFA. Eluates were
combined and organic solvent was dried off via vacuum centrifugation. Samples were then
desalted using an Oasis HLB pElution plate (30um, Waters). Wells were conditioned two
times with 200uL of acetonitrile and equilibrated three times with 200pL of 0.1% TFA.
Samples were applied, washed three times with 200uL 0.1% TFA, and eluted directly into
autosampler vials in three increments of 65uL of 50:50 acetonitrile: water. Eluates were
then dried by vacuum centrifugation and reconstituted in 0.1% TFA containing iRT
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peptides (Biognosys, Schlieren, Switzerland). Peptide concentration was determined at
OD280 using a Synergy HI1 microplate reader (BioTek), and samples were adjusted to
400ng/uL for injection.

Mass Spectrometry Data Acquisition

Samples were randomized and analyzed on an Exploris 480 mass spectrometer
(Thermo Fisher Scientific San Jose, CA) coupled with an Ultimate 3000 nano UPLC
system and an EasySpray source. 5ul of sample was loaded onto an Acclaim PepMap 100
75um x 2cm trap column (Thermo) at Sul./min and separated by reverse phase (RP)-HPLC
on a nanocapillary column, 75um id x 50cm 2um PepMap RSLC C18 column (Thermo).
Mobile phase A consisted of 0.1% formic acid and mobile phase B of 0.1% formic
acid/acetonitrile. Peptides were eluted into the mass spectrometer at 300nL/min with each
RP-LC run comprising a 105-minute gradient from 3% B to 45% B.

Data independent acquisition (DIA) mass spectrometer settings were as follows:
one full MS scan at 120,000 resolution, with a scan range of 350-1200 m/z and normalized
automatic gain control (AGC) target of 300%, and automatic maximum inject time. This
was followed by variable (DIA) isolation windows, MS2 scans at 30,000 resolution, a
normalized AGC target of 1000%, and automatic injection time. The default charge state
was 3, the first mass was fixed at 250 m/z, and the normalized collision energy for each
window was set at 27.

Quality Analysis/Quality Control (QA/QC) and System Suitability

The suitability of Exploris 480 instrument was monitored using QuiC software

(Biognosys; Schlieren, Switzerland) for the analysis of the spiked-in iRT peptides. As a
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measure for quality control, we injected standard E. coli protein digest in between samples
(one injection after every four biological samples) and collected the data in data dependent
acquisition (DDA) mode. The collected DDA data were analyzed in MaxQuant (200) and
the output was subsequently visualized using the PTXQC (201) package to track the quality
of the instrumentation.
Database Searching

The DIA raw files were processed using Spectronaut 18.7 in direct DIA mode
(202). We utilized a RM database comprising canonical and reviewed isoforms from
UniProt, supplemented with a list of 245 common protein contaminants and iRT peptides.
Enzyme specificity was set to trypsin with allowance for two potential missed cleavages.
Fixed modification was specified as carbamidomethyl of cysteine, while protein N-
terminal acetylation and oxidation of methionine were considered variable modifications.
To ensure high confidence, a false discovery rate limit of 1% was applied for precursors,
peptides, and proteins identification, while the remaining search parameters were
maintained at their default settings.
Bioinformatics Analysis for Proteomics

Proteomics data processing and statistical analysis were conducted in R. The MS2
intensity values generated by Spectronaut were utilized for analyzing the entire proteome
dataset. The data underwent log2 transformation and normalization by subtracting the
median value for each sample. To ensure data integrity, we filtered it to retain only proteins
with complete values in at least one cohort. To compare proteomics data across groups, we
employed a Limma paired t-test to identify proteins with differential abundance, and we
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visualized the impact of these differences through volcano plots. Lists of differentially
abundant proteins were generated based on criteria of P value <0.05, resulting in a
prioritized list for subsequent bioinformatics analysis.
Results
Characterization of MEV's

Following differentiation, MDM express tissue macrophage marker CD68 and
display typical elongated M2 morphology (203,204)(Figure 4.1A-B). MDM infection with
SHIV.D resulted in production of viral RNA in the cell culture supernatant, as well as the
presence of proviral DNA in the cells (Figure 4.1C). Pooled MEVs express markers CD63,
ANXAS, TSG101, FLOTI1, ICAM, ALIX, and CD81 at higher intensity than cellular
protein control GM130 (Figure 4.1D). NTA revealed nanoparticles of appropriate size
(Figure 4.1E).
MEVs are Differentially Produced During SHIV.D Infection

MEV concentration determined by NTA normalized to RM tert endpoint
fluorescence (EPF) demonstrated a significant increase in MEV production in the SHIV+
MDM (P=0.0313, n=6) (Figure 4.2). In uninfected MDM, the average (arithmetic mean)
EV concentration relative to RM tert expression was 8.77e8 EVs/mL. From SHIV.D+ RM,
the average EV concentration was 1.82e¢9 EVs/mL. From SHIV.D+ RM, the average EV
concentration was 1.82¢9 EVs/mL. There was no change in EV size between SHIV.D-/+
groups (Figure 4.2). The average median MEV diameter was 128.5nm from uninfected
MDM and 127.6nm from SHIV.D+ MDM. Average mean MEV diameter was 143.6nm in
uninfected cells and 141.4nm in viremic cells.
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Figure 4.1: Characterization of MEVs. (A) Primary RM MDM express tissue macrophage
marker CD68 (red). (B) MDM display elongated morphology in vitro. (C) MDM infected
with SHIV.D contain proviral DNA. (D) MEV express EV markers CD63, ANXAS,
TSG101, FLOTI, ICAM, ALIX, and CDS81. (E) Representative images from NTA (top)
and EV diameter histograms (bottom) from uninfected and infected MDM EV.
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Figure 4.2. MEV production is significantly increased during SHIV.D infection. (A) MEV
concentration (EVs/mL) normalized to RM TERT endpoint fluorescence (EPF) is
significantly increased in SHIV.D+ MDM (Wilcoxon paired t-test, P=0.0313, N=6). There
was no difference median (B) or mean (C) in EV size.

Reporter cell treatment with MEV from SHIV-/+ MDM demonstrated that EVs
isolated from SHIV-infected cells do not contain competent virions and are not infectious
themselves (Figure 4.3). gqPCR did not detect SHIV proviral in cells treated with SHIV+
MEV, and reporter cells did not yield GFP expression above baseline (Figure 4.3).

MEYV Protein Cargo is Significantly Changed With SHIV.D Infection

Primary MDM were differentiated from the PBMCs of 6 healthy RM, and half of
the MDMs from each RM were infected with SHIV.D at an MOI of 1 (Table 4.2). 10mL
of pooled cell culture supernatant from DPI 2-8 was harvested at the same time from
SHIV.D-/+ MDM and used for EV isolation and proteomic analysis as described above. In
analysis, proteins that were detected in at least 4 of the 6 replicates of at least one condition

were included.
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Figure 4.3. EVs isolated from SHIV.D+ MDM are not infectious. Flow cytometry for GFP
indicating SHIV infection (left) indicated no GFP expression above baseline untreated
expression (dotted horizontal line) in Ghost (3) (G [3]) reporter cells treated with SHIV+
MEV. Proviral SHIV DNA was absent in G (3) cells treated with SHIV+ MEV (right).

Table 4.2. Primary RM MDM for EV proteomics.

Uninfected SHIV.D+
KC99- (UNINF 1) KC99+ (SHIV 1)
MC43- (UNINF _2) MC43+ (SHIV_2)
MMO90- (UNINF 3) MMO90+ (SHIV _3)
IM96- (UNINF _4) IM96+ (SHIV _4)
KB56- (UNINF 5) KB56+ (SHIV_5)
MJ21- (UNINF_6) MJ21+ (SHIV_6)

Note. RM PBMC donors, conditions, and identifiers for proteomic analysis. RM: rhesus
macaque, MDM: monocyte-derived macrophage, PBMC: peripheral blood mononuclear
cel, EV: extracellular vesicle, UNINF: uninfected, SHIV: simian-human
immunodeficiency virus (D).

Quantification of filtered identified an average (arithmetic mean) of 1739 proteins per

sample in the SHIV.D+ condition and 1907 proteins per sample in the uninfected condition

(Figure 4.4A). 2094 of the total proteins identified and qualified for analysis were present
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in both conditions (Figure 4.4B). 25 proteins were found only in the uninfected cohort, and

2 proteins were exclusive to the SHIV.D+ cohort (Figure 4.4B, Table 4.3).
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Figure 4.4. Proteins per sample and condition exclusive proteins. (A) Number of proteins
detected in each sample after removal of proteins that were found in fewer than 4/6 samples
per condition. (B) Number of proteins detected in 4/6 samples in both conditions (2094),
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UNINF only (25), and SHIV only (2).

Table 4.3. UniProt GenelD

proteins exclusive to each condition.

Exclusive to UNINF Exclusive to UNINF (cont.) Exclusive to SHIV
AIFMI1 LOXL3 HMGN3
ASPH LYVEI1 TIMD4
BAGS MANBA

CCDC126 MGAT4A

CD151 SDF2L1

CYBRDI SIPAI1

EIF2B2 ST8SIA4

EIF4EBP2 STATS5A

GLDN TMEM97

GNPTAB TRIM47

GPR107 TSPAN33

IGFBPLI VTAI

ITGAX.1
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Data were prepared by log2 transformation, filtering, normalization, and data imputation
for correlation analysis, principal component analysis (PCA), differential abundance
analysis, overrepresentation analysis, and gene set enrichment analysis (GSEA).
Correlation analysis generally demonstrated stronger correlation between samples of the
same condition as well as between SHIV.D-/+ samples from the same donor RM (Figure
4.5A). PCA compares the variances in peptide makeup of each sample in a two-

dimensional plot of the two most significant principal components.
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Figure 4.5. Correlation analysis and PCA. (A) Correlation between samples after data
filtering and normalization. Orange tones indicate a higher level of correlation than blue
tones. (B) Two-dimensional PCA plot of the first two principal components with ellipses
indicating clustering between paired samples from the same RM donor. (C) PCA plot with
rectangles indicating clustering between samples of the same condition. SHIV+ samples
are highlighted in red, and uninfected samples are highlighted in blue.
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PCA analysis shows that generally, samples from the same RM donor cluster together
(Figure 4.5B), as do samples from the same condition (Figure 4.5C). Differential
abundance analysis was performed as described comparing the SHIV condition to the

uninfected condition (UNINF). The most significantly differentially abundant peptides are

described (Table 4.4) and plotted by normalized intensity in each condition (Figure 4.6).

Table 4.4. Significantly differently abundant proteins between conditions.

Gene logFC AvgExpr t P value adj.P value | B

LCN2 3.655438 | -0.547926 | 9.4125355 | 0.0000205 | 0.0285549 | 3.287348
PLEKHB2 | -3.190891 | -0.8254686 | -8.730479 | 0.0000346 | 0.0285549 | 2.8399919
MMP7 -3.363916 | -0.2085002 | -8.535004 | 0.0000404 | 0.0285549 | 2.704196
COCH -2.635825 | 0.6983779 | -7.866633 | 0.0000704 | 0.0307947 | 2.2102459
LDLR -1.95001 | 2.0987059 | -7.831565 | 0.0000726 | 0.0307947 | 2.183
SNRPA -2.572535 | -2.1176433 | -7.47828 0.0000991 | 0.0327808 | 1.9006804
CD36 -2.476447 | -0.4186557 | -7.380335 | 0.0001082 | 0.0327808 | 1.8198191
CD63 -1.846775 | 2.2530424 | -6.9303935 | 0.0001641 | 0.0404983 | 1.4336796
PRCP -1.624058 | 0.0601066 | -6.845243 | 0.0001781 | 0.0404983 | 1.3571346
COLEC12 | -2.452713 | 0.7369188 | -6.763647 | 0.0001927 | 0.0404983 | 1.2833531
RALA -1.70828 | -2.9713985 | -6.675185 | 0.00021 0.0404983 | 1.2023623
ITGAX -1.472674 | 2.3712421 | -6.535937 | 0.0002409 | 0.0425833 | 1.0727348
ARRDC1 -1.769798 | 1.0675878 | -6.249813 | 0.0003216 | 0.0471465 | 0.7979477
HTRAI1 -1.348342 | 3.6647814 | -6.157305 | 0.0003538 | 0.0471465 | 0.706618
ITGB2 -1.47168 | 3.6831326 | -6.01934 0.0004087 | 0.0471465 | 0.5680996
HMGN3 3.866067 | -2.0630072 | 5.949581 0.00044 0.0471465 | 0.4969932
WDRS30S | -4.266097 | -0.9657041 | -5.871243 | 0.0004783 | 0.0471465 | 0.4162768
LPL -2.151474 | 5.357892 -5.823097 | 0.0005037 | 0.0471465 | 0.3662111
CD53 -1.401456 | 1.8475491 | -5.814905 | 0.0005082 | 0.0471465 | 0.3576577
MRC1 -2.39218 | 4.6909445 | -5.794167 | 0.0005197 | 0.0471465 | 0.3359531

Gene: UniProt GenelD, logFC: log2 fold-change, t: t-statistic, P value: raw P value, adj.P
value: adjusted P value (g-value), B: log-odds that the gene is differentially expressed.
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Figure 4.6: Normalized intensities of differentially abundant proteins between conditions.
Normalized intensity of each significantly differentially abundant protein in each sample
was plotted to compare affected proteins in UNINF (blue) and SHIV (red) conditions.

Only 2 of the 25 most significantly differentially abundant proteins were upregulated in
the SHIV condition: lipocalin-2 (LCN2) and high mobility group nucleosome-binding
domain-containing protein 3 (HMGN3) (Figure 4.6). A volcano plot was generated to
visualize differentially abundant proteins between groups by log2 fold change and P value

(Figure 4.7).
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Figure 4.7. Volcano plot of differentially abundant proteins. Differentially abundant
proteins are plotted by log2 fold change (FC) of SHIV vs. Uninfected conditions. Proteins
that are significant by P value (P<0.05) and log2 FC are denoted in red. Green: log2 FC
only, blue: P value only, grey: not significant (ns).

With LCN2 and HMGN3, other significantly overabundant proteins in SHIV EVs
include T Cell Immunoglobulin and Mucin Domain Containing 4 (TIMD4), neuroblastoma
suppressor of tumorigenicity 1 (NBLI1), insulin-like growth factor binding protein 1
(IGFB1), and indoleamine 2,3-dioxygenase 1 (IDO1). Proteins with a significant negative
fold change in a SHIV vs. UNINF comparison are differentially overabundant in the
UNINF EVs. Differential abundance analysis identified a greater number of
overrepresented proteins in the UNINF condition overall. Lastly before pathway analysis,
437 significant proteins were organized in a heatmap, where unbiased relational protein

clustering was observed between SHIV and UNINF groups (Figure 4.8).
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Figure 4.8. Heatmap of total significant proteins. An annotated heatmap clusters samples
by fold change of significant proteins. The heatmap generated demonstrates clustering by
condition.
Gene Ontology Pathway and Component Associations of EV Proteins

The proteins associated with specific biological processes (BP), cellular
components (CC), and molecular functions (MF) were identified using a gene ontology
database. A P value cutoff of <0.0005 was used to generate a list of genes of interest. Gene
ontology analysis identified the BP, CC, and MF associated with the most significantly
differentially abundant proteins between conditions (Figure 4.9). Of the BP pathways,
proteins associated with vesicle-mediated transport, endocytosis, receptor-mediated

endocytosis, and receptor internalization were the most abundant and most significantly
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different. Proteins associated with positive regulation of reactive oxygen species (ROS)
were also represented. Of CC, membrane, vacuole, and lysosome components were
overrepresented. Of MF, signaling receptor binding was the most abundant pathway. Other
signaling and receptor activity, cytokine activity, and cargo receptor activity were also MF
pathways of proteins differentially abundant among MEVs. Proteins associated with
glycosaminoglycan catabolic processes and glycosyl bond hydrolysis pathways were also

overrepresented among the significant data (Figure 4.9).
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Figure 4.9. Gene ontology analysis of total overrepresented proteins. Biological processes
(BP), cellular components (CC), and molecular functions (MF) with associated proteins
that were overrepresented in the total data set are identified. GeneRatio: percentage of
differentially abundant proteins in each GO term.
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An enrichment map network was generated to visualize the fold change of proteins
associated with the most significantly overrepresented gene ontology (GO) pathways
(Figure 4.10). Several proteins associated with glycosaminoglycan and aminoglycan
catabolic processes were downregulated in SHIV EVs compared to the UNINF condition.
The pathway with the most differentially abundant proteins was endocytosis. Of the
relevant proteins with the most significant negative fold change from UNINF to SHIV,
several are associated with positive immune regulation and cell proliferation. The most
significantly overexpressed protein in SHIV EVs associated with the endocytosis GO
pathway is TIMD4, which was also one of the most significantly overrepresented proteins
in the SHIV condition overall (Figure 4.10). Lastly, GSEA using human GO terms was
conducted using the entire data set and plotted with the fold change of each pathway
comparing the SHIV condition to the UNINF (Figure 4.11). GSEA revealed GO pathways
of the entire data set (unbiased to proteins with differential abundance) are primarily
downregulated in SHIV EVs compared to UNINF. The most pathways with the most
significant negative fold change are largely associated with vesicle, vacuole, and plasma
membranes. The only GO pathway with a significant positive fold change in the SHIV

condition was negative regulation of epithelial cell proliferation (Figure 4.11).
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Figure 4.10. Enrichment map network of overrepresented GO pathway proteins. GO
pathways with the largest number of associated proteins were plotted in a map network.
Fold change of proteins associated with each GO term (SHIV vs. UNINF) are indicated by
dot color. Blue: negative fold change, red: positive fold change.
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Interim Discussion

Our previous findings that myeloid EVs are increased in the plasma of RM during
SHIV.D infection and ART suppression necessitated further study. Using an in vitro
primary RM myeloid cell model, we investigated EV production and protein cargo changes
after SHIV.D infection. Paired SHIV.D-/+ replicates from RM donor PBMCs increased
the statistical power of analyses. By nanoparticle tracking analysis, we demonstrate that

myeloid cells increase EV production after SHIV.D infection. Because SHIV.D forms a
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reservoir in myeloid cells in the CNS and is associated with myeloid-mediated
neuropathogenesis, we hypothesized that EVs produced by SHIV-infected myeloid cells
may carry protein mediators of pathogenesis as cargo.

Bioinformatics analysis of mass spectrometry proteomics data revealed valuable
information about the proteomic makeup of MEVs as well as key differences between the
proteins found in EVs derived from uninfected and SHIV-infected myeloid cells. First, data
filtering and QC/QA demonstrated high-quality protein samples. There were 25 peptides
unique to the uninfected cohort and 2 (TIMD4 and HMGN3) both unique and abundant in
the SHIV+ cohort. Correlation and principal component analysis revealed appropriate
clustering between conditions and samples from the same RM donor. Differential
abundance analysis highlighted the top 25 most significantly differentially abundant
proteins between the two groups. Of those 25, only 2 were increased in the SHIV+ EVs
(HMGN3 and LCN2). Plotting the most significantly differently abundant proteins against
the log fold change revealed a more complete picture of proteins that are significantly
increased in SHIV+ MEVs. The most differentially abundant proteins in the SHIV
condition with the highest fold change are TIMD4, HMGN3, LCN2, NBL1, IGFBI1, and
IDO1. Nearly all these proteins have demonstrated neuropathogenic effects or roles in HIV
pathogenesis.

TIM proteins, including TIMD4, promote HIV entry into the host cell
(190,205,206). One study revealed TIMD4+ EVs promote HIV entry into host cells, and
blocking with anti-TIMD4 antibodies significantly impeded HIV infection (190). There is
no known connection between HMGN3 and HIV or neuropathogenesis, but one report
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connected elevated neuronal EV-associated levels of a different high mobility group
protein, HMGBI1, to neuropsychologically impaired PWH (207). LCN2 is a known
mediator of neurotoxicity and neuroinflammation (187,188). A recent report found that
LCN2 drives neuronal injury and behavior deficits in a humanized mouse model of HIV
(189). Increased levels of plasma IGFBP1 are associated with greater levels of
inflammation and more severe disease in PWH (191,192). IDOI1 is a known mediator of
HIV neuropathogenesis (193,194). IDO1 promotes HIV pathogenicity by inhibiting the
differentiation of TH17 cells, and higher levels of plasma IDOI1 are associated with larger
CNS viral reservoirs (195,208). These significantly overabundant pathologic proteins in
SHIV+ MEVs give insight into potential mechanisms of MEV-mediated
neuroinflammation and CNS pathology.

Interestingly, one of the proteins that was downregulated in SHIV EVs compared
to UNINF EVs was matrix metalloproteinase 7 (MMP?7). In general, proteins in the MMP
family have been associated with neuronal injury in HIV, but MMP7 specifically is shown
to be inversely correlated with viral load (209). The majority of GO pathways identified in
both overrepresentation analysis and GSEA that had increased abundance in the uninfected
group were associated with vesicle formation, structure, release, and uptake. Further
validation of these overrepresented proteins is necessary to substantiate these findings. If
validated, this may indicate that EVs produced by SHIV/HIV-infected cells may be
formed, released, or execute their functions differently than EVs produced by healthy cells.
The only GO pathway associated with overrepresented proteins in the SHIV-infected
cohort by GSEA was negative regulation of epithelial cell proliferation. This is a novel
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finding that requires validation and further investigation. Other GO pathways
overrepresented and more abundant in the uninfected group include proteins associated
with glycosaminoglycan binding and catabolic processes. Glycosaminoglycans have been
associated with HIV entry into myeloid cells (210). The finding that proteins associated
with the breakdown of glycosaminoglycans are increased in uninfected EVs compared to
SHIV+ MEVs demonstrates a potential connection between SHIV+ EVs and increased
myeloid-SHIV virulence or pathogenesis.

There was an insignificantly greater number of total proteins in the uninfected
group compared to the SHIV.D+ group. This is likely due to an increase in cell death or
decrease in proliferation over the period of SHIV.D infection in MDM, as the SHIV.D+
wells visually appeared less confluent than the uninfected cell wells. However, this brings
about a limitation to this study. First, the low amount of total protein in MEV samples
likely excluded proteins from bioinformatics analysis simply due to low abundance.
Because of the data filtering parameters, including the condition that each protein in
analysis must be detected in 4/6 samples of a particular group, proteins could have been
lost to filtering and normalization rules. Additionally, this could have contributed to the
observation that the vast majority of differentially abundant proteins were overrepresented
in the uninfected EV group. If there are more reads in the uninfected group, it is more likely
that peptides would be detected in 4/6 samples. There are also inherent limitations to data
imputation, which could influence fold change of proteins between groups. Finally, EV
sample contamination with co-precipitated lipoproteins is a common obstacle that is
difficult to avoid in EV isolation from cultured cells. Peptides derived from co-precipitated
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lipoproteins may account for the prevalence of proteins associated with the cellular
response to lipoprotein stimulus GO pathway (177,178).

Overall, these findings demonstrate that EVs produced by SHIV+ myeloid cells are
increased in production and carry protein mediators of neuropathogenesis and neuronal
injury. These data support the hypothesis that MEVs perpetuate neuropathogenesis during

SHIV/HIV infection.
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CHAPTER 5
DISCUSSION AND FUTURE DIRECTIONS

Summary and Key Conclusions

The aim of this dissertation is to address the roles of EVs in a novel NHP model of
HIV neurological persistence and pathogenesis. We hypothesized that TF env SHIV.D
forms a brain reservoir and causes persistent neuropathogenesis in rhesus macaques, which
is mediated by myeloid-derived extracellular vesicles. Combining historical SHIV.D-
infected RM FFPE brain tissue, biofluids from an ongoing cohort of SHIV.D-infected RM,
and a primary RM MDM infection model, we determine 1) SHIV.D replicates in the brain,
causes neuropathogenesis, and persists on ART in RM, 2) microglia- and neuron-derived
EVs are increased in RM blood plasma during viremia and ART suppression, and 3) protein
cargo of EVs produced by myeloid cells infected with SHIV.D are significantly changed
from those produced by uninfected cells, and contain inflammatory and neuropathogenic
proteins. Altogether, these findings contribute to our proposed mechanisms of myeloid EV-
mediated SHIV neuropathogenesis (Figure 5.1). Infected myeloid cells, particularly
microglia experiencing persistent low levels of viral replication in the brain, produce EVs
which carry protein mediators of neuropathogenesis. Through interactions with recipient
cells, these EVs increase BBB permeability, decrease epithelial cell proliferation, increase

neuronal injury, and increase neuroinflammation.
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Figure 5.1. Proposed mechanisms of myeloid EV-mediated SHIV neuropathogenesis.

SHIV.D Replicates in the Brain, Causes Neuropathogenesis, and Persists on ART in RM

From a pilot study of RM necropsied while viremic, experiencing ATI, or on
suppressive ART, we showed for the first time that SHIV.D replicates inside myeloid cells
in the brain, forms a viral reservoir, and causes persistent myeloid-mediated inflammation
on ART. These findings were further corroborated by IHC/ISH quantification data from a
larger cohort of SHIV.D+ RM that experienced 6 months of continuous ART treatment.
After 6 months of suppressive ART, the proviral DNA reservoir in the brain remained, and
myeloid-mediated inflammation persisted.
Microglial and Neuronal Brain-Derived EVs are Increased in the Plasma of Viremic
and ART-Suppressed RM

Using flow cytometry-based analysis of circulating EVs, we determined the relative
amount of relevant cell-derived EV populations in the plasma in a cohort of 10 RM before
infection, during SHIV viremia, and during ART-mediated viral suppression. Nanoparticle

tracking showed no significant changes in gross plasma EV concentration. However, cell-
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specific marker EV flow cytometry revealed that TMEM119+ microglia-derived EVs and
CD171+ neuron-derived EVs are significantly increased in the plasma during viremia and
ART suppression.
Protein Cargo of EVs Produced by SHIV.D+ Myeloid Cells are Significantly Changed
From Those Produced by Uninfected Cells, and Contain Inflammatory and
Neuropathogenic Proteins

In an in vitro cohort of primary RM monocyte-derived macrophages, we found that
myeloid cells significantly increase EV production after SHIV.D infection. Proteomic
analysis of MEVs produced by infected and uninfected cells demonstrated that EV protein
content is significantly changed with SHIV infection. Notably, EVs produced by SHIV+
myeloid cells carried significantly increased levels of proteins associated with HIV cellular
entry, neuroinflammation, pathogenesis, and neuronal injury.

In summary, this dissertation brings together characterization of a novel model of
HIV, evidence that SHIV.D causes persistent myeloid-mediated inflammation and viral
reservoir formation in the CNS, the discovery that microglial EVs are significantly
increased in the plasma during ART suppression, and the recognition of several
neuropathogenic proteins upregulated in EVs from SHIV-infected macrophages.
Altogether, these findings solidify the belief that EVs are biologically active mediators of
neuropathogenesis during SHIV/HIV infection. Our results are consistent with the
literature on the roles of EVs during HIV neuropathogenesis, the identification of increased
circulating TMEM119+ EVs during SHIV viremia and ART suppression add to the body
of research on the behavior and roles of EVs during persistent HIV neuroinflammation. In
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addition, the identification of LCN2, TIMD4, and IDO1 advance our understanding of

mechanisms of EV-mediated neuropathogenesis. Finally, the identification of novel

proteins upregulated in SHIV+ MEVs gives rise to targets for further investigation on new

potential drivers of persistent HIV neuropathogenesis.

Unanswered Questions and Future Directions

Our novel findings and the limitations of our studies leave questions to be

investigated in future studies of the roles of myeloid EVs in HIV neuropathogenesis. Key

questions and proposed future directions follow:

1.

Does SHIV.D continue to recapitulate HIV-1 brain reservoir formation, viral
kinetics, and neuropathogenesis after years of ART suppression?

In both the historical brain tissue samples utilized in Chapter 2 and the ongoing
SHIV.D RM cohort described in Chapter 3, the longest continuous ART
suppression period before necropsy was six months. After six months ART, we see
a stable reservoir of proviral DNA in the brain and persistent myeloid-mediated
inflammation. Five RM from the ongoing SHIV.D cohort will be maintained on
ART for an additional 18 months before necropsy, allowing examination of the
SHIV.D reservoir and persistent pathogenesis in the brain after two years of ART
suppression. The SHIV.D viral stock used in this challenge also contains a random
10 nucleotide genetic barcode between the vpx and vpr accessory genes, which is
preserved in viral progeny and will be used to track reservoir formation dynamics

and viral replication in the brain over time.
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2. Are brain-derived EVs overrepresented in the blood during disease due to increased
production, increased trafficking out of the CNS, or increased BBB permeability?
These explanations are not mutually exclusive, and all may be true. Both previous
research (211-213) and our MEV production data described in Chapter 4 conclude
that cells do increase EV production in response to infection, stress, or injury. There
is also some evidence that circulating CNS-derived EVs may serve as a biomarker
for BBB permeability (214). Elucidating the regulatory mechanism that determines
how and why cells differentially produce EVs in response to these stimuli is critical
to understanding EV-cell signaling and its effects. Further study to determine
regulatory mechanisms of EV production and trafficking is necessary.

3. Are TMEM119+ EVs in the plasma elevated in PWH experiencing neurological

symptoms?

Previous research has demonstrated that CD171+ neuron-derived EV production is
not different in PWH with and without cognitive impairment (122,172). However,
levels of circulating microglia-derived EVs in PWH have not been explored. Our
results suggest that abundance of plasma TMEM 119+ EVs should be investigated
in human samples without HIV and PWH with and without neurological symptoms.
4. How do cell-specific EV populations in the CSF change during SHIV/HIV

infection and ART treatment?

Investigating cell-specific EV populations in the CSF may yield more information

on EV production behaviors during SHIV/HIV infection and ART treatment. Some
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populations, such as GFAP+ astrocyte-derived EVs, may be identified in relatively
greater abundance in the CSF, leading to better flow cytometry compensation and
better statistical analysis. However, EV concentration in the CSF is generally low,
the amount of CSF in NHP is much less than that of blood plasma, and CSF is
substantially more invasive to obtain (215-217). Further studies are necessary to
determine specific cell-derived EV production dynamics in the CSF during
SHIV/HIV infection and ART suppression.

. Do antiretroviral drugs alone change the release patterns or cargo of EVs?

Several antiretroviral drugs are known to have adverse side effects, including
neurotoxicity. The current front-line ART drugs, including those used in our
studies, have not been found to have any adverse neurocognitive effects (218). We
do not anticipate that ART alone would alter the release or cargo of EVs, though
further investigation is warranted.

. Do levels of circulating brain-derived EVs or their specific protein cargo correlate
with the amount of persistent myeloid-mediated inflammation or the viral reservoir

size in the brains of RM?

To access specific populations of brain cell-derived EVs in the plasma as potential
biomarkers of ongoing neuroinflammation, levels of circulating microglial and
neuronal EVs must be tested for correlation with the amount of inflammatory
markers in the brain tissue after necropsy. This will be possible after the ongoing

SHIV.D RM study is complete, and all 10 RM have been necropsied using
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quantitative THC for markers of myeloid-mediated inflammation. Determining
correlation between EV cargo proteins and degree of persistent neuroinflammation
is also possible by quantification of specific proteins of interest using enzyme-
linked immunosorbent assay or Quanterix Simoa assay compared with IHC results.
The same comparisons can be made between circulating brain-derived EV levels
of specific cargo of interest and SHIV.D DNAscope, IPDA, or digital droplet PCR
to determine if those data correlate with the size of the CNS viral reservoir.

What is the biological significance of downregulation and exclusion of several
proteins in MEVs following SHIV.D infection?

Bioinformatics analysis of EV MS proteomics results yielded several proteins that
were exclusively found in the uninfected EV cohort, and many more that were
significantly downregulated in the SHIV.D+ EV cohort compared to uninfected.
An initial database search determined that these exclusive and differentially
abundant proteins had a variety of associated pathways. Further experiments are
necessary to determine why EVs from SHIV/HIV+ myeloid cells alter their protein
cargo after infection.

Do EVs produced during SHIV.D infection that contain protein cargo associated
with inflammation, pathologic changes, or neuronal injury cause cell damage or

disease?

Due to currently unknown mechanisms of specificity, not all cells internalize or
interact with all EVs. Likewise, inflammatory or pathologic EV uptake or

interaction may not necessarily cause inflammation or injury in the interacting cell.
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Therefore, further investigation is required to determine the pathologic effects of
EVs containing potentially harmful differentially abundant proteins on different
cell types in the brain, as well as their mechanisms of action.

9. Does myeloid EV cargo change during ART suppression?
The protein content of myeloid EVs underwent significant change after SHIV.D
infection. In addition to secondary validation of proteomics results and a larger
study size, EVs produced by ART-treated myeloid cells must be assessed to

determine what changes, if any, occur during ART suppression.

This dissertation ties together in vivo and in vitro investigations of EV responses to
HIV infection in a novel, clinically relevant SHIV.D/RM model of HIV neurological
persistence. We demonstrate evidence that myeloid EVs mediate pathogenesis in a SHIV.D
model of HIV. By identification of microglial and neuronal EVs increased in the circulation
during SHIV infection and ART suppression combined with the discovery of LCN2,
TIMD4, and IDO4 overrepresentation in SHIV+ myeloid EVs, we advance our

understanding of the role of myeloid EVs in HIV neuropathogenesis.
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