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Abstract

Understanding the persistence of viral reservoirs despite durable antiretroviral
therapy (ART) is essential to addressing the challenge of viral clearance and chronic
immune activation with human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV). It had not previously been demonstrated that HIV or SIV-
infected macrophage traffic out of the CNS to reseed the periphery, potentially contributing
to viral recrudescence. This thesis proposes the central hypothesis that persistent traffic of
monocytes and macrophages out of the CNS and subsequent viral reseeding of the
periphery plays a key role in viral dissemination, particularly in the context of acquired
immunodeficiency syndrome (AIDS), with ART, and following ART interruption.

In Chapter 2, utilizing Superparamagnetic iron oxide nanoparticles (SPION) as a
novel in vivo method to label CNS macrophages, we demonstrate that under normal
conditions, CNS macrophages migrate out to the deep cervical lymph nodes. However,
during SIV infection, we observe an accumulation of macrophages within the CNS and a
reduction in traffic out to the periphery. Importantly, with SIV-infection, we found that
SIV-infected macrophages traffic out to deep cervical lymph nodes. From these, we find

that under normal conditions, macrophages traffic out of the CNS. However, during SIV



infection, macrophages are retained within the CNS, contributing to inflammation in the
brain, and those that do migrate out are virally infected.

In Chapter 3, we hypothesized that ART restores CNS macrophage traffic and
prevents viral dissemination from the CNS reservoir by eliminating the traffic of virally
infected macrophage out of the CNS, as seen with AIDS and SIV-induced encephalitis
(SIVE). We also hypothesized that following four weeks of ART interruption there would
be expansion of the CNS viral reservoir with traffic out of virally infected macrophages to
the deep cervical lymph node. Utilizing a rapid AIDS model with CD8 depletion to induce
a high incidence of SIVE and intracisternal injection of SPION, we found that SIV-infected
macrophages accumulate in the perivascular space, meninges, choroid plexus, and traffic
out at a low rate to the deep cervical lymph node, spleen, and even to the dorsal root ganglia
(DRG). With ART, we found clearance of virally infected macrophages in the brain
perivascular space but not in the meninges or choroid plexus. Importantly following four
weeks of ART interruption, the perivascular space remained clear of virus but there was a
rebound in the meninges and scattered virally infected macrophages in the choroid plexus.
With ART and following a brief ART interruption, there was no traffic of CNS virally
infected macrophages out to the deep cervical lymph node, spleen, or DRGs. These data
demonstrate that ART effectively clears virus-infected perivascular macrophages and
eliminates the traffic of virus-infected macrophages out of the CNS to the deep cervical
lymph node and spleen but does not eliminate virally infected macrophages in the meninges
or choroid plexus. By using two differently colored SPION injected early and late, we
observed an increase in early SPION+ macrophages within and outside the CNS with

SIVE, ART, and ART interruption, indicating that SIV-infected perivascular macrophages



establish an early viral reservoir with ongoing seeding in the meninges and choroid plexus
throughout infection. These findings are consistent with the retention of CNS macrophages
in the presence of inflammation and viral infection, as well as the potential for viral rebound
in the CNS from sources such as the blood, meninges, and choroid plexus with ART and
following ART interruption.

In Chapter 4, we propose a novel pathway for virus-infected macrophages to traffic
out of the CNS via cranial and spinal nerves. Due to the persistence of virally infected
macrophages in the meninges with durable ART and continuity of the CNS meninges with
peripheral nerves, we hypothesize that virally infected macrophage traffic out of the CNS
via cranial and peripheral nerves with AIDS and SIVE, on ART, and following ART
interruption. To test this hypothesis, we tracked SPION+ macrophages by quantifying them
at central (spinal cord and cranial nerves) and peripheral sites (dorsal root ganglia, DRG).
Similar to our previous findings in the brain, SIV infection increased the numbers of
macrophages in the spinal cord and decreased them in peripheral sites. Staining for viral
RNA and GP41 identified virus-infected SPION+ macrophages in cranial nerves and DRG,
which were significantly reduced but not eliminated by ART. In animals with AIDS, late-
and dual-labeled SPION+ macrophages decreased, suggesting reduced macrophage
trafficking late in infection. ART appeared to restore traffic, as higher numbers of late- and
dual-labeled macrophages were observed, though this reversed to levels seen in
AIDS/SIVE upon ART interruption. Our findings reveal a previously understudied
pathway that allows CNS macrophage viral reservoirs to reseed virus to the periphery, a
process that persists despite ART.

In Chapter 5, we performed a literature review to better understand the effects of HIV



infection on aging, as age is a primary risk factor for the development of HIV-associated
neurocognitive disorders and HIV-associated sensory neuropathy. With ART extending
the lifespan of people living with HIV, they now also experience accelerated aging, leading
to earlier onset of age-related conditions like cardiovascular disease and neurocognitive
disorders. Evidence suggests this is due to chronic immune activation, co-infections, and
possibly ART itself. HIV and aging both alter immune cell populations, increasing
inflammatory markers and contributing to "inflamm-aging." While ART slows this
acceleration, it cannot prevent aging or related comorbidities.

This thesis explores the role of macrophage traffic from the CNS and its contribution
to the spread of the virus to peripheral tissues. To investigate this, we utilized a novel in
vivo labeling method to track CNS macrophages, identify migration out of the CNS, and
evaluate how ART and ART interruption influence the traffic of virally infected
macrophages to peripheral tissues. Our findings underscore the role of CNS macrophages
in the resolution of inflammation by trafficking out of the CNS, viral rebound from blood-
derived sources following ART interruption, and the role of perineural pathways in viral

dissemination even with durable ART.
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1.0 Literature Review
1.1 Human Immunodeficiency Virus (HIV), Acquired Immunodeficiency
Syndrome (AIDS), and Rapid AIDS Simian Model

A. HIV and AIDS in the ART Era

With over 40 million people worldwide infected with human immunodeficiency virus
(HIV), the virus remains a global pandemic and poses profound difficulties in healthcare
and disease prevention efforts [1]. The virus spread largely unnoticed in the 1960s for
two decades until reports from the United States of Pneumocystis carinii pneumonia and
Kaposi’s Sarcoma in young, previously healthy individuals [2]. It was not until 1983 that
researchers isolated a retrovirus—now known as human immunodeficiency virus type 1
(HIV-1)—as the cause of what has since become one of the most devastating infectious
diseases in modern history [2]. Since the discovery, genetic analysis identified that both
HIV types (HIV-1 and HIV-2) arose from multiple cross-species transmissions from
simian immunodeficiency viruses (SIVs) naturally infecting African primates [2-4]. HIV-
2 originated from SIV in sooty mangabeys, while HIV-1, the primary cause of the
pandemic, arose from SIV transmitted by chimpanzees [2-4]. HIV infects T cells,
macrophages, and dendritic cells (DCs) by binding the envelope glycoprotein (Env,
gp120) to the CD4 receptor on the cell surface [5-7]. After binding, there is interaction
with a co-receptor—primarily CCR5 on macrophages or CXCR4 on T cells—which
results in fusion of the viral envelope with the host cell membrane [5-7]. Fusion of the
HIV envelope with the host membrane is mediated by the Env glycoprotein, gp41,
binding to CD4, resulting in a conformational change to produce a coiled-coil, anchoring

the virus to the host membrane [8]. The coiled-coil has grooves that fit other gp41



subunits and essentially folds back on itself, forming a stable six-helix bundle that brings
the virus membrane closer to the host membrane [8]. Once inside, viral RNA and
enzymes are maintained in the capsid core while reverse transcription occurs and traffics
into the nucleus for DNA integration [5-7]. The virus then hijacks the host cell's
machinery to produce and release virions that can infect other cells [5-7]. Activated
CD4+ T cells are the primary producers of virions, but they are short-lived, surviving
only about a day after infection due to the cytopathic effects of HIV, which rapidly
destroys these cells [9]. In contrast, HIV infection is non-lytic in monocytes and
macrophages enabling these cells to produce virions and maintain provirus for long
periods of time [10-12]. HIV is primarily transmitted through mucosal membranes, and
infection progresses through several phases: an initial asymptomatic phase of viral
spread, acute infection with high viremia within 2-4 weeks, a decade-long period of viral
latency, and eventually development of acquired immunodeficiency syndrome (AIDS) in

the absence of effective treatment (Figure 1.1, Reproduced with permission from

Springer Nature) [2].

a A : : :

Eclipse phase
= Infection of first cells = Viral reservoir established

' '
—

Lower set point

o

8 ' v = Systemic spread via lymph nodes = Gut-associated lymphoid

o ‘ s = Interferon response tissue destruction

= i i '

E I | Acute phase Chronic phase Higher set point

@ ! ! = First detection in blood = Viral set point established = More-fit virus

o ¢ ! = Some flu-like symptoms = Progressive CD4* T cell loss = CTL escape

%_ ! ! = CTL response = Chronic inflammation = Immune dysfunction

S L = Seroconversion (binding antibodies) = Progression to AIDS = High levels of inflammation
e | e
o i

g , @

Z i

S i

2 : @

© |

= ! A

7] i

< |

= point = Poorly fit virus

= Strong immune response (HLA-B*5701 and HLA-B27)
= CCR5-A32 heterozygosity
= Low levels of inflammation

i T
0 3weeks 9weeks 4-6months Years

\

Time


https://www.nature.com/articles/nrdp201535
https://www.nature.com/articles/nrdp201535

Figure 1.1 HIV Infection and Progression to AIDS. In the early stages of HIV infection,
the virus infects T cells and macrophages within mucosal tissues and spreads throughout
the lymphoid system (Eclipse phase). Within days, HIV RNA is detectable and
exponentially rises to a peak within weeks until partial control by the adaptive immune
response (Acute phase). Rapid viral escape renders antibody responses primarily
ineffective. A set point level of viremia is established, driven by virus-host interactions,
with some individuals experiencing a lower set point due to poor viral fitness, strong host
immune response, low levels of CCRS5 coreceptor, and low levels of inflammation. Over
years, HIV-driven CD4+ T cell loss leads to immunodeficiency, chronic inflammation, and
myeloid immune activation, contributing to HIV-associated comorbidities such as HIV-
associated neurocognitive disorders (Chronic phase). Reproduced with permission from
Springer Nature (5916061484462). Deeks, S., Overbaugh, J., Phillips, A. et al., HIV
Infection, Nature Reviews Disease Primers, 1, 1-22, 2015, Springer Nature.

HIV and SIV infection initially results in rapid depletion of CD4+ T cells in the gut
associate lymphoid tissue followed by body-wide CD4+ T cell depletion inducing

systemic immune activation (Figure 1.1, Reproduced with permission from Springer

Nature) [2]. Antiretroviral therapy (ART) blocks HIV (and SIV) replication by targeting

critical steps in the virus life cycle (Figure 1.2, Reproduced with permission from

Springer Nature) [5, 13, 14]. ART medications such as reverse transcriptase inhibitors

(Tenofovir disoproxil fumarate (TDF) and Emtricitabine (FTC)) prevent the conversion
of viral RNA into DNA, while integrase inhibitors (Raltegravir and Dolutegravir) block
the integration of viral DNA into the host genome, and protease inhibitors

(Darunavir) stop the maturation of new viral proteins (Figure 1.2, Reproduced with

permission from Springer Nature) [5, 13, 14]. However, ART does not kill infected cells

or eliminate viral reservoirs; it limits viral replication, reduces viral load, and prevents

further viral spread [15].
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Figure 1.2 HIV Replication and Effects of ART. HIV infects monocytes, macrophages,
and T cells by binding to CD4 and either CCR5 or CXCR4 through its envelope (Env)
glycoprotein (step 1). After the virus fuses with the cell membrane, its RNA is reverse-
transcribed into DNA (step 2). This pre-integration complex enters the nucleus, where the
viral DNA integrates into the host genome (step 3). Subsequently, host enzymes transcribe
the integrated viral DNA into mRNAs (step 4), which are transported to the cytoplasm for
translation (step 5) into viral proteins and virions mature after budding from the host cell
membrane (step 6). Each step of the HIV life cycle—entry, reverse transcription,
integration, and protein maturation—serves as a crucial target for ART to effectively
inhibit viral replication. Abbreviations: INSTI (integrase strand transfer inhibitor), NNRTI
(non-nucleoside reverse transcriptase inhibitor), NRTI (nucleoside reverse transcriptase
inhibitor). Reproduced with permission from Springer Nature (5916061484462). Deeks,
S., Overbaugh, J., Phillips, A. et al., HIV Infection, Nature Reviews Disease Primers, 1,
1-22, 2015, Springer Nature. Original figure adapted from and reproduced with permission
from Springer Nature (5916500315550). Brenchley, J., Price, D. & Douek, D. HIV disease:
fallout from a mucosal catastrophe? Nature Immunology, 7, 235-239, 2006, Springer
Nature.



HIV-associated neurocognitive disorders (HAND) remain a challenge to eliminate
despite effective ART due to the persistence of viral reservoirs and chronic macrophage
activation [5, 10, 16-18]. The proportion of people living with HIV (PLHIV) affected by
HAND has not changed in the ART era, with roughly 60% of people experiencing

neurocognitive impairment (Figure 1.3, Reproduced with permission from Springer

Nature) [19]. However, the severity has decreased in the ART era, where the prevalence
of the most severe form of HIV-associated dementia (HAD) is less frequent, and
asymptomatic neurocognitive impairment (ANI) represents the majority of cases (Figure

1.3, Reproduced with permission from Springer Nature) [19]. Additionally, roughly

33% of PLHIV on ART experience sensory neuropathy (HIV-SN), which is linked to
chronic macrophage activation and potential toxicity from ART, resulting in numbness,
tingling, reduced sensation to temperature, and pain, all of which significantly reduce the
quality of life of PLHIV [20-27]. HIV-SN includes two main types: HIV-associated distal
sensory polyneuropathy (HIV-DSP), caused by the virus itself, and antiretroviral toxic
neuropathy (ATN), which is mainly linked to specific nucleoside reverse-transcriptase
inhibitors (NRTIs) that are no longer used [22, 23]. Since the introduction of ART in
1996, there have been significant improvements in both the quality of life and lifespan of
individuals living with HIV. Improvements to ART regimens, including increasing drug
half-life, lower toxicity, and increasing tissue penetration, have fallen short of eliminating
HAND and HIV-SN because they are not addressing immune activation or eliminating

viral reservoirs.


https://www.nature.com/articles/nrneurol.2016.27
https://www.nature.com/articles/nrneurol.2016.27
https://www.nature.com/articles/nrneurol.2016.27

PRE ART ART ERA

mNo Impairment mHAD mMND mANI

Figure 1.3 Advances in ART have reduced severity but not the prevalence of HAND.
Following the introduction of ART, the overall rate of neurocognitive symptoms among
HIV+ individuals has increased. However, cases with severe symptoms have declined,
leading to a reduced prevalence of HIV-associated dementia (HAD). As a result,
asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disorder (MND)
now comprise most cases. Reproduced with permission from Springer Nature
(5916510234532). Saylor, D., Dickens, A., Sacktor, N.et al, HIV-associated
neurocognitive disorder — pathogenesis and prospects for treatment, Nature Reviews
Neurology, 12, 234-248, 2016, Springer Nature. Original figure adapted and reproduced
with permission from John Wiley and Sons (5916501170110). McArthur, J.C., Steiner, J.,
Sacktor, N. and Nath, A., Human immunodeficiency virus-associated neurocognitive
disorders: Mind the gap. Ann Neurol., 67, 699-714, 2010, John Wiley and Sons.

B. Rapid AIDS Model

SIV native to the Old-world monkey—Sooty mangabey (STVmac)—is non-
pathogenic to the mangabey, yet infection with SIVmac of the Macaca mulatta (Rhesus
macaque) leads to the development of AIDS within 1-3 years, and roughly 30-40% of
animals develop SIV-induced encephalitis (SIVE) [4, 16, 28]. SIVE is characterized by
lymphocytic infiltration, microglial activation, myeloid accumulation, multinucleated
giant cells (MNGCs), and viral RNA within the brain [29-33]. SIV infection, with

intravenous inoculation of SIVmac251 in the rhesus macaques, is a well-established



model to study HIV pathology due to its close homology in viral targets, host immune
response, and capability to monitor the animal throughout infection closely [16, 28].
CD8+ T cells are essential for the immune defense against viral infections in humans and
non-human primates, including rhesus macaques [34-36]. Administering a chimeric
humanized mouse anti-CD8 monoclonal antibody on days 6, 8, and 12 post-infection
(dpi) depletes CD8+ lymphocytes and natural killer cells, significantly increasing plasma
viremia and resulting in a high incidence of SIVE (>75% of animals) [16, 34-37]. These
macaques exhibit cognitive, motor, and behavioral impairments due to central nervous
system (CNS, composed of the brain and spinal cord) infection, closely mirroring the
neuropsychological changes in individuals affected by HAND [38, 39]. The associated
neuropathology is strikingly similar to PLHIV pre-ART with HIV encephalitis, including
cerebral atrophy, neuronal damage, microglial nodules, MNGCs, macrophage infection,
and white matter disease [16, 19, 38, 40]. This accelerated CNS disease in macaques
infected with SIVmac251, and CD8-depleted makes them a valuable model for studying
potential therapies to treat and target viral reservoirs in the CNS.

While SIV is a valuable and well-established model to study HIV pathology, there are
some key differences in infection, genetics, and pathology. With SIV infection, generally,
a viral clone is intravenously injected to inoculate the non-human primate, whereas HIV
infection is typically a result of sexual contact or injection of a viral swarm, which can
vary genetically [28, 41]. SIVmac251 is a common viral strain used to study HIV
pathogenesis but has a different accessory protein than HIV-1 that makes viral replication
more efficient: vpx is a cytoplasmic protein in SIVmac251 and makes dNTPs readily

available for reverse transcription, while HIV-1 lacks this protein [42]. HIV-1 has vpu



which can mediate the downregulation of CD4 and promote virion release [42]. Due to
these slight differences between HIV-1 and SIVmac251, there are minor differences in
pathology, primarily in the time to progress to AIDS, where humans progress in usually
10-15 years while the disease is more rapid and severe in non-human primates with AIDS
progression in 1-3 years [4, 16, 28, 41]. Despite these minor differences, SIV is a well-

established model to study HIV pathogenesis in a shortened timeline.

1.2 Immune Privilege in the CNS

A. CNS Immune Privilege: The Role of Protective Barriers
i. Blood-Brain Barrier

The CNS has been historically regarded as immune privileged due to prolonged
graft survival, the lack of obvious draining lymphatics, and protective barriers [43-45].
Immune privilege of the CNS has been increasingly challenged due to the rediscovery of
meningeal lymphatics [46-48]. Traditionally, the brain was thought to be isolated from
systemic immune surveillance due to the blood-brain barrier (BBB) and the absence of
classical lymphatic drainage [43-45]. The discovery of the BBB traces back to the 1880s
when Paul Ehrlich observed that high molecular weight dye (Evans blue) injected into the
vascular system was promptly absorbed by all organs except the brain and spinal cord
[49, 50]. Shortly after, Edwin E. Goldman, an associate of Ehrlich, demonstrated that the
same dye (Evans blue), when injected into the CSF, stained nervous tissue exclusively,
indicating that the CNS is restricted from the bloodstream [49, 50]. These early dye
studies established the foundation that the CNS is anatomically and immunologically

segregated from the rest of the body [51]. The BBB exerts stringent control over the



passage of soluble molecules and immune cells into the CNS by specialized endothelial
cells, astrocyte end processes, and the intricate network of cadherins, adhesion molecules,
occludin, and claudins at tight junctions envelops the entire surface of brain capillaries,
controlling and limiting the passage of cells and macromolecules across (Figure 1.4,

Reproduced with permission from Springer Nature) [43, 50-57]. The BBB covers the

entire surface of brain capillaries that supply the brain and spinal cord, acting as a
selective filter to regulate the exchange of nutrients, ions, and immune cells between the

blood and neural tissue [43, 50-57].

ii. Blood-CSF Barrier

The choroid plexus—situated in the brain's ventricular system—comprises a
sophisticated network of fenestrated capillaries and epithelial cells produce and secrete
CSF [58-60]. This epithelial monolayer—particularly in the 4th ventricle—undergoes
extensive folding, forming villi that extend from the ependyma lining of the brain's
ventricles [56, 61-63]. The choroid plexus is pivotal in maintaining and regulating

exchange between the blood-CSF barrier (BCSFB) (Figure 1.4, Reproduced with

permission from Springer Nature) [49, 56, 63, 64]. Integral to its function, the epithelial

layer expresses integrins and junctional complexes, establishing a barrier that separates
the vascularized stroma from the CSF in the ventricles [63]. Protein complexes—
desmosomes, tight, adherent, and jap junctions—lining the choroid plexus create a
regulated barrier, controlling paracellular diffusion and cellular movement [56, 65-67].
The choroid plexus has a leaky CSF-brain interface as these junctions are connected

loosely by desmosomes, and tight junctions are discontinuous [63, 68]. However, this


https://www.nature.com/articles/ni.3666
https://www.nature.com/articles/ni.3666
https://www.nature.com/articles/ni.3666

tightly regulated exchange between the CNS and the blood can be disrupted by viral
infection and disease, which compromise the integrity of the BCSFB, leading to altered
permeability, neuroinflammation, and the infiltration of immune cells, allowing

pathogens and potentially harmful substances to access the CNS [49, 54, 57, 69].
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Figure 1.4 CNS Protective Barriers. (A) Barriers at the brain's surface include the dura,
arachnoid, and pia mater, with the CSF-filled subarachnoid space between the arachnoid
and pia. (B) The BBB lines all capillaries that innervate the brain parenchyma. (C) The
choroid plexus epithelium forms the BCSFB. Reproduced with permission from Springer
Nature (5916070113309). Engelhardt, B., Vajkoczy, P. & Weller, R, The movers and
shapers in immune privilege of the CNS. Nature Immunology, 18, 123-131, 2017, Springer
Nature.

iii. Blood-Nerve Barrier

Similarly to the BBB and BCSFB, the blood-nerve barrier (BNB) plays a critical

role in maintaining the specialized environment of the peripheral nervous system
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(PNS)—comprised of cranial and peripheral nerves—by limiting the passage of
molecules and immune cells from the blood [43, 56, 70, 71]. The BNB restricts the
transfer of substances and immune cells—including monocytes and macrophages—from
surrounding tissue and blood to the nerve (also called the blood-nerve interface, BNI)
(Figure 1.5, reproduced with permission and licensed under CC BY 4.0) [72, 73].
Because of the absence of astrocytes in the PNS, the BNB is relatively leakier than the
BBB surrounding the CNS and is not considered immune privileged [73]. Immune cells
and macromolecules move between blood and nerves in two main ways: primarily
through the small blood vessels in nerves or indirectly through the epineurial extracellular
space (the leaky BNB interface to blood) [72, 73]. Dye studies estimate that about 30%
of endoneurial fluid is replaced daily [73], compared to the turnover of CSF, which is

replaced roughly four times daily [74].

iv. Meninges of the CNS and PNS

The meninges consist of three protective layers surrounding the brain and spinal

cord: the dura mater, arachnoid mater, and pia mater (Figure 1.4A, Reproduced with

permission from Springer Nature) [75]. The dura mater—the outermost layer—is a

dense, fibrous membrane that provides protection and structural support [75-78]. The
arachnoid mater—beneath the dura—is a delicate, web-like structure [70, 75, 77, 79].
The pia mater—the innermost layer—closely adheres to the brain and spinal cord [70, 75,
77, 79]. The subarachnoid space (SAS) is located between the arachnoid and pia mater,
where CSF surrounds and cushions the brain and spinal cord [70, 80, 81]. Collectively,

the meninges and CSF are integral to the homeostasis and protection of the CNS.
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The meninges of the CNS (dura, arachnoid, and pia) are continuous with
connective tissues ensheathing the peripheral nerves (PNS) [72, 73, 82, 83]. The dura
mater is continuous with the epineurium, the outer layer of peripheral nerves that binds
nerve bundles together (Figure 1.5, reproduced with permission and licensed under CC
BY 4.0) [72, 73, 82, 83]. Meanwhile, the arachnoid layer combines with the outer layers
of the perineurium, the multiple layers of cells surrounding nerve bundles, and enclosing
the inner nerve space (Figure 1.5, reproduced with permission and licensed under CC
BY 4.0) [72, 73, 82, 83]. The inner layers of the perineurium are mirrored onto the nerve
roots, forming the root sheath [83] , while the outer root sheath—similar to the pia
mater—comprises loosely organized cell layers with occasional connections (collagen)
between them (Figure 1.5, reproduced with permission and licensed under CC BY 4.0)
[83]. The inner layers of the root sheath originate from part of the perineurium, forming a
direct connection where the nerve roots attach, connecting the fluid-filled SAS
surrounding the brain and spinal cord and the space inside the nerve roots and is

delineated at the subarachnoid angle (Figure 1.6, Figure adapted and reproduced with

permission from John Wiley and Sons) [73, 83]. This direct connection allows fluid

from the subarachnoid space—CSF—to flow into the endoneurial space due to pressure,
serving as a source of fluid for the nerves [73, 83]. The subarachnoid angle crucially
defines the boundary of the BBB, distinguishing the CNS from the PNS (Figure 1.6,

Figure adapted and reproduced with permission from John Wiley and Sons) [84]. The

BBB, BCSFB, BNB, and constitutive meningeal layers maintain a tightly regulated

exchange between the CNS, PNS, and surrounding tissues; however, regulated entry of
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immune cells is essential for monitoring the CNS environment and initiating appropriate

immune responses.
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Figure 1.5 Blood Nerve Barrier. (A) A cross-section of a peripheral nerve surrounded by
the epineurium contains collagen fibrils and blood vessels. Each nerve fascicle, containing
unmyelinated and myelinated axons and small blood vessels, is enclosed by the
perineurium, creating the endoneurial microenvironment. (B) An endoneurial blood vessel
surrounded by endothelial cells, pericytes, and the basement membrane. (C) The structure
of the blood-nerve barrier is formed by endothelial cells connected by tight junctions,
pericytes, and the basement membrane, protecting the endoneurium from blood-borne
toxins. (D) Endothelial cells form a barrier with tight and adherens junctions involving ZO-
1/2, claudin-5, occludin, and B-catenin. Figure reproduced with permission from
Functional and Structural Changes of the Blood-Nerve-Barrier in Diabetic Neuropathy by
Richner M, Ferreira N, Dudele A, Jensen TS, Vaegter CB and Gongalves NP (2019)
Neuropathy. Front. Neurosci. 12:1038 and is licensed under CC BY 4.0.
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Figure 1.6 Connection between the CNS and PNS. Diagram illustrating the connections
between the spinal cord meninges and connective tissue layers of the peripheral nerve. The
subarachnoid angle (*) delineates the CNS from the PNS. Critical structures: A =
arachnoid; DM = dura mater; EP = epineurium; En = endoneurium; P = pia mater; RS =
root sheath. Figure adapted and reproduced with permission from John Wiley and Sons
(5916070401589). Haller, F. R., & Low, F. N., The fine structure of the peripheral nerve
root sheath in the subarachnoid space in the rat and other laboratory animals. The American
journal of anatomy, 131(1), 1-19, 1971, John Wiley and Sons.
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B. Macrophages in the CNS
i. Microglia

Mononuclear phagocytes—including monocytes and macrophages—play a
central role in the CNS normally and in the pathogenesis of neuroinflammatory and
neurodegenerative disorders, such as HAND [10, 85-87]. Macrophages within the brain
are a heterogeneous population with diverse origins, phenotypes, and functions (Figure
1.7, Created in BioRender) [86, 87]. Parenchymal microglia are stationary, resident
CNS macrophages that survey and maintain neural tissue by retracting and extending
their processes, scanning their surroundings while their cell bodies remain stationary
(Figure 1.7, Created in BioRender) [86, 88, 89]. Microglia are derived from the yolk
sac, where a single embryonic wave of progenitors engrafts in the CNS during early
embryonic development [90-94]. Early after conception (>9 days), microglia are found in
the developing CNS (neuroectoderm) of the mouse embryo and are self-maintained at a
low rate as a stable population [92-97]. Microglia express many macrophage-associated
markers (antigen recognition, presentation, and pathogen-associated molecular patterns)
such as ionized calcium-binding adapter molecule 1 (Ibal+), CD11b, MHC II, CD68—a
pan macrophage marker—and have low to undetectable hemoglobin-haptoglobin
scavenger receptor CD163 [CD68+CD163-] [98]. Microglia have inflammatory
responses essential for identifying pathogens and promoting tissue repair; their chronic
activation can lead to sustained neuroinflammation, which is implicated in
neurodegenerative disorders such as HAND, Alzheimer's disease, and Parkinson's disease

[99-101].

15



ii. Perivascular Macrophages

Perivascular macrophages (PVM) represent a specialized group of bone marrow-
derived macrophages that are distinguished by their proximity to cerebral vasculature and
localized to the compartment surrounding arteries and veins that extend deep into the
brain, known as the perivascular space (or Virchow-Robin space) (Figure 1.7, Created
in BioRender) [102-106]. The perivascular space is bordered by the vascular basement
membrane on the side away from the lumen of the vessel and by the glia limitans
basement membrane (astrocyte foot processes) on the parenchymal side [106, 107]. PVM
migrate from the bone marrow to the perivascular space normally [86, 107-110] and at a
rate that increases with HIV and SIV infection [32, 111-113]. Importantly, PVM are the
primary cell type in the CNS infected with HIV and SIV [32, 113, 114]. Rodent studies
using bone marrow chimeras indicate that 10% of PVM are replenished from bone
marrow monthly, [110] while in non-human primates, our lab has found that almost all
PVM are replaced from bone marrow progenitors in four years [108]. PVM express the
hemoglobin-haptoglobin scavenger receptor CD163, MHC I+, and varying levels of
other co-stimulatory molecules, including CD86 and Ibal, implying their involvement in
antigen recognition and presentation [98, 103, 109, 110]. Some PVM also express with
the mannose receptor, CD206, involved in pathogen recognition and receptor-mediated

endocytosis and may have the capacity for self-renewal [115-118].

iii. Meningeal Macropahges

Meningeal macrophages (also referred to as border associate macrophages), reside

within the meninges and play critical roles in maintaining CN'S homeostasis and
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responding to pathogens (Figure 1.7, Created in BioRender) [77, 79, 104, 119, 120].
Each meningeal layer—dura, arachnoid, and pia—is populated by immune cells,
including macrophages and lymphocytes [70, 75, 76, 105, 121-123]. These specialized
meningeal macrophages (with varying expression of Ibal, CD68, CD163, and CD206)
originate from diverse sources, including embryonic yolk sac progenitors and from the
bone marrow [77, 86, 104, 120]. Meningeal macrophages are involved in immune
surveillance, antigen presentation, and tissue repair within the CNS [77, 79]. However,
dysregulated turnover and recruitment of meningeal macrophages (and lymphocytes)
have been implicated in the pathogenesis of neurological disorders, including HAND [77,
79, 104]. Meningeal macrophages are important for bringing HIV and SIV into the brain
from the blood, sharing similar Env and Pol sequences (including protease (PR), reverse
transcriptase (RT), and integrase (IN)) [124, 125]. Importantly, it has been suggested that
HIV and SIV could potentially migrate into the brain via infected macrophages through
meningeal lymphatics, even during ART when plasma and CSF viral loads are

undetectable [126]. However, this has not been directly observed.

iv. Choroid plexus Macrophages

Macrophages in the choroid plexus include stromal and Epiplexus/Kolmer
macrophages (Figure 1.7, Created in BioRender) [64, 77, 119, 127]. Stromal
macrophages are located within the choroid plexus stroma, and Kolmer cells (Kolmer
macrophages) attach to the apical side of the epithelial barrier and ventricular wall [61,
63, 105, 119]. Circulating monocytes infiltrate the choroid plexus stroma and can migrate

across the epithelial barrier to become Kolmer macrophages [63, 128]. Stromal and
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Kolmer macrophages share functional traits, such as phagocytic activity and antigen
presentation, and have often been grouped in studies due to a lack of distinguishing
markers (both expressing varying levels of Ibal, CD68, CD163, and CD206) [63, 128-
131]. While both originate from the yolk sac, stromal macrophages are continuously
replaced by circulating monocytes, while Kolmer cells can repopulate independently of
bone marrow progenitors [86, 104, 132, 133]. Importantly, stromal and Kolmer

macrophages are HIV and SIV-infected and may also be a viral reservoir [134-136].
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Figure 1.7 Macrophages in the CNS. Macrophages in the CNS are a heterogeneous
population, including microglia, meningeal macrophages, perivascular macrophages, and
choroid plexus macrophages (stromal and Kolmer macrophages). Created in BioRender.
Wallis, Z. (2024) https://BioRender.com/q50i134
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C. Other Immune Cells in the CNS

Neurons are not directly infected by HIV or SIV in the CNS; however, other immune
cells, including DCs and T cells, represent a small proportion of cells in the healthy CNS

and can become infected with HIV and SIV, potentially contributing to neuronal damage.

i. Myeloid Derived-Dendritic Cells (DCs)

In a healthy CNS, DCs are not found in the parenchyma [137] but are present in
all three layers of meninges, in the choroid plexus, scattered in perivascular spaces, and
in CSF [135, 138, 139]. DCs in the meninges play essential roles in immune surveillance
and antigen presentation and are primarily found with CNS inflammation from a

peripheral source of origin (bone marrow) [140-144].

ii. T Cells

T cells originate from hematopoietic stem cells in the bone marrow, undergo
maturation and selection processes in the thymus, and play critical roles in adaptive
immunity by recognizing and responding to specific antigens, thereby contributing to
immune surveillance, regulation, and effector functions throughout the body [145, 146].
T cells play a significant role in immune surveillance of the CNS; however, they can also
trigger significant immune responses with viral infections and autoimmunity [147]. There
are CD4+ T cells in the healthy CNS and a few CD8+ T cells in the parenchyma,
meninges, choroid plexus, and CSF [148, 149]. With viral infection, there is
accumulation and persistence of CD8+ T cells, particularly within perivascular spaces,

meninges, and the choroid plexus [149-152].
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iii. Natural Killer Cells (NK Cells)

In the healthy mouse brain, NK cells (CD56+CD3— and varying levels of CD16) are
present in the CNS but constitute a small fraction (1.1 +0.14%) of the total immune cells
and primarily reside in boundary regions such as the meninges and choroid plexus, rather
than the parenchyma [122, 123]. As NK cells do not express the CD4 receptor required
for HIV and SIV infection, they are not directly infected by the virus but play a key role

in the immune response against HIV infection [153].

iv. MAC387+

Lastly, MAC387+ macrophages are bone-marrow derived [48-50] and rarely found in
normal or noninflamed CNS tissue but are present in large numbers with CNS
inflammation [46]. These macrophages are newly produced from the bone marrow and
are rarely found to be infected with HIV and SIV [5, 19, 39, 46, 51]. Recent evidence
suggests that skull bone marrow can serve as a reservoir for immune cells—including
myeloid and lymphocytes—to migrate into the CNS [154]. These peripheral-derived
immune cells play a significant role in maintaining neural integrity and homeostasis but

also can drive CNS inflammation and neuropathogenesis.

1.3 CNS as a Viral Resevoir

A. Viral Infection of the CNS

In SIV-infected macaques, SIV enters the brain early in infection and is detectable
in the frontal and temporal lobes and white matter within 3-7 days post-infection [155,

156]. SIV-RNA is only detectable during acute infection and with severe disease (SIVE),
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while viral DNA persists in the brain [113]. This suggests that while active viral
replication occurs early and during severe CNS involvement, the brain remains a long-
term reservoir for viral DNA. One model for HIV and SIV to enter the brain is the
“Trojan Horse” model where virally infected macrophages and lymphocytes cross the
BBB early in infection (3-7 days) [33, 44]. Latent HIV infection persists during the
asymptomatic phase and can reactivate with AIDS progression supported by viral
sequencing data showing that quasispecies evolve independently in the CNS and are
distinct from those in plasma, spleen, and lymph nodes [136, 157-159]. Furthermore,
viral RNA in CNS lesions of patients with HAD is traced back to early brain infection
[157]. These support the early establishment of virus in the CNS that contribute to the
development of HAND in the later stages of AIDS. Meanwhile, the "Late Invasion"
model suggests that CNS disease arises from late-stage viral entry rather than the virus
already in the brain [160, 161]. This model is supported by evidence showing that distinct
viral variants from the periphery continuously seed the CNS throughout the course of the
disease [162, 163], indicating ongoing transmigration of virally infected monocytes into
the brain during HIV and SIV infection. Other mechanisms of viral infection of the CNS
include the infection of (or transcytosis through) endothelium cells and direct
transmission of free virus from the blood to CSF [164-166]. Despite the early entry of
HIV and SIV into the CNS, neurological disease occurs during the chronic phase,
indicating that sustained innate immune activation, rather than initial viral infiltration, is
the primary driver of CNS pathology.

It is generally accepted that HIV and SIV enter the CNS early after infection,

establishing a viral reservoir prior to the initiation of ART [155, 156]. Without ART,
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CNS infection is rapid and causes indirect neuronal damage primarily through immune
activation, proinflammatory cytokines, and toxicity of viral proteins (such as tat) [33, 44,
167, 168]. Prior to ART, individuals with HIV often succumbed to AIDS and
opportunistic infections before the development of neurocognitive disorders [19] (Figure

1.3, Reproduced with permission from Springer Nature). However, those who did

develop neurocognitive disorders were often severe [19] (Figure 1.3, Reproduced with

permission from Springer Nature). With ART, virus replication is inhibited, resulting in

a reduced plasma and cerebrospinal fluid viral load, yet the tissue reservoir is less well-
defined. With ART, there is less productive virus in the brain and spinal cord, but virus
persists in a latent state that is not eradicated by ART [19, 169-171]. In addition, PLHIV
are living longer on ART and more frequently experiencing a range of neurocognitive
disorders primarily to monocyte and macrophage activation [19, 85, 164, 169-172]

(Figure 1.3, Reproduced with permission from Springer Nature). Despite the use of

ART to reduce productive virus, monocyte and macrophage activation are the main

drivers of CNS disease and persistent reservoirs of virus in the brain and spinal cord.

B. Monocytes and Macrophages in the CNS as a Viral Reservoir

HIV reservoirs persist in numerous anatomical and cellular reservoirs in the body
in three states: equilibrated, compartmentalized, and clonal [17]. By the time an
individual exhibits symptoms and tests positive for HIV, latently infected cells have
already been established in key reservoirs—such as the CNS and lymphoid tissues—
rendering complete viral eradication through ART alone unfeasible [173, 174].

Anatomical reservoirs—such as the brain and gut—act as 'sanctuaries,' where virions
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remain sequestered in tissue, enabling ongoing viral replication that remains undetected
in blood for prolonged periods [175-177]. With ART interruption, plasma viral rebound
occurs within as little as two weeks and from various tissue origins, underscoring the
challenges posed by latent reservoirs [178, 179]. Macrophages play a pivotal role in HIV
and SIV persistence in the CNS (Figure 1.8, reproduced with permission and licensed
under CC BY 4.0), as they harbor the virus long-term without cytopathic effects [10-12].
Distinct viral populations between CSF and blood have been well documented even with
durable ART [17, 158, 180-182], and is suggestive of ongoing replication in the CNS
[170, 183]. Importantly, replication-competent HIV and SIV are found in monocytes and
T cells in PLHIV on ART from both the brain and peripheral tissues [114, 184, 185],
indicating that these cells can harbor a virus throughout the disease despite suppression of
viral load. The CNS viral reservoir presents a significant challenge to HIV eradication, as
it facilitates ongoing viral replication despite ART, influenced by various factors

including the BBB.
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Figure 1.8 Monocyte and Macrophage HIV Reservoir. (A) CD34+ progenitors,
including hematopoietic stem cells (HSC), multipotent progenitors (MPP), committed
myeloid progenitors (CMP), Granulocyte-monocyte progenitors (GMP), and monocyte
progenitors in the bone marrow, may become infected with HIV and differentiate into
circulating monocytes (bottom panel). Classical monocytes (CD14"CD16%™) mature into
intermediate monocytes (CD14"CD16%), entering tissues like the spleen, where they may
acquire HIV and re-enter circulation (center panel). Infected monocytes can travel to
sanctuary sites, such as the brain, where they differentiate into macrophages (¢), forming
viral reservoirs in tissues (top panel). (B) Macrophage HIV reservoirs are maintained by
infected monocyte infiltration, new infections of monocyte-derived macrophages (MDMs),
and less often, self-renewal of infected tissue-resident macrophages. (C) The HIV state
within macrophages is affected by various endogenous and external factors, such as
latency-reversing agents (LRAs) and latency-inducing agents (LIAs). Figure reproduced
with permission from The HIV Reservoir in Monocytes and Macrophages by Wong, M.
E., Jaworowski, A., & Hearps, A. C. (2019) Frontiers in immunology, 10, 1435, and is
licensed under CC BY 4.0.
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1.4 Fluid Within and Out of the CNS

A. Cerebrospinal Fluid (CSF) Within the CNS

Understanding the pathways of fluid movement within and out of the CNS is
critical for uncovering how immune cells—particularly HIV and SIV-infected monocytes
and macrophages—and antigens travel within the brain and spinal cord. Cerebrospinal
fluid (CSF)—primarily produced by the choroid plexus—bathes the entire brain and
plays a pivotal role as a medium for delivering essential nutrients, removing metabolic
waste, regulating the extracellular environment, providing mechanical support, and
maintaining neuronal function and overall brain health [62, 186-188]. On average,
roughly 150 mL of CSF circulates within the ventricles and SAS [186, 188]. CSF moves
from the lateral ventricles through the foramina of Monro, into the third ventricle and
then continues through the aqueduct of Sylvius into the fourth ventricle [186-190]. From
the fourth ventricle, CSF can leave laterally through the foramina of Lushka or medially
through the foramen of Magendie to fill the subarachnoid space in the cranium or spinal
cord [186-190]. CSF exits through the foramina of Lushka and disperses into the SAS
surrounding the cisterns and cerebral cortex [186-190]. The conventional understanding
is that CSF moves because of the forces produced by cardiac pulsations and breathing
[187-189]. Surprisingly, CSF is replaced roughly four times daily [74], indicating the
need for constant replenishment to remove waste and potentially immune cells from the

CNS.
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B. Glymphatic System

The paravascular pathway—also referred to as the “glymphatic system”—has
recently been described as a potential pathway for waste clearance from the brain [191].
The glymphatic system transports interstitial fluid (ISF) to the CSF to remove soluble
waste from the CNS [192-194]. Recent research has shown a continuous interchange
between CSF and ISF, facilitated by the convective influx of CSF along the periarterial
space [191]. Using fluorescent tracers injected into the cisterna magna, Iliff ez al.
demonstrated that CSF rapidly penetrates the brain via the cortical pial arteries [191].
This penetration is succeeded by an influx into the Virchow-Robin spaces through
penetrating arterioles [191]. Instead of random diffusion, CSF tracers enter via
periarterial pathways surrounding vascular smooth muscle cells and are confined by
astrocytic end feet [191]. Subsequent analyses revealed that the convective flow of
periarterial CSF into and across the brain parenchyma supports the removal of interstitial
solutes via perivenous drainage pathways [191]. It has been suggested that the
paravascular glymphatic pathway, facilitated by water channels (Aquaporin-4 (AQP4), is
a significant route for clearing ISF solutes from the brain parenchyma [191, 193, 195-
198]. The combined circulation of CSF and the glymphatic pathway plays a crucial role
in clearing waste from the brain, yet the understanding of the impact of fluid drainage and

traffic out of the CNS on immune activation is limited.

C. Traditional View of CSF Drainage Out of the CNS

The lack of obvious draining lymphatics in the brain limits the sites for immune cells,

fluid, and macromolecules to exit the CNS [51]. The traditional view was that CSF drains
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directly into the blood of the superior sagittal sinus through arachnoid villi and

granulations (Figure 1.9, Reprinted with permission from The Lancet Neurology)

[74]. Arachnoid granulations are clusters of arachnoid membranes that protrude into the
dural sinuses and the superior sagittal sinus [186-190], serving as entry points for CSF
into the venous system. This reabsorption occurs via a pressure-dependent gradient, with
arachnoid granulations serving as conduits for CSF return into the circulation when the
subarachnoid pressure exceeds venous sinus pressure [ 186-190]. Using injections of
macromolecular tracers into the lateral ventricle or cisterna magna, Ma et al. found that
the majority of CSF proceeds through the basal cisterns to the lymphatic outflow
pathways from the skull involving arachnoid granulations and cranial nerves to reach
extracranial lymphatic vessels [199-201]. Recent studies have found changes in
morphology and a reduction in the number of arachnoid granulations with age,
contributing to a buildup of metabolic waste and reduced solute clearance as seen with
Alzheimer’s disease [202-204]. The efficient function of CSF and ISF outflow is crucial
for maintaining proper intracranial pressure, waste clearance, and CNS homeostasis,

underscoring its significance in neurological health.

D. Perineural Drainage of CSF

In addition to arachnoid granulations, multiple pathways exist for CSF to exit across
the cribriform plate but the most widely accepted is the perineural pathways along
olfactory nerve sheaths to reach lymphatic vessels of the submucosa (Figure 1.9,

Reprinted with permission from The Lancet Neurology) [62, 205, 206]. Weller et al.

and others have used intracisternal injection of a water-soluble dye and Mircofil tracers to
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map CSF drainage from the SAS across the cribriform plate to the nasal lymphatics and
accumulation in the deep cervical lymph node [80, 207, 208]. Others found a direct
connection between the SAS and the lymphatic network that passes through the
cribriform plate—alongside the olfactory nerves—and into the nasal submucosa [80,
208]. Less well described is traffic out of the CNS via other cranial nerves, including the
optic nerve, which outflow along this route and tracks along angular and facial veins to
reach the submandibular or superficial cervical lymph node [200, 201]. CSF drainage
along the cribriform plate involves distinct pathways, with one route accumulating in the
deep cervical lymph node via olfactory nerve sheaths and another associated with the
optic nerve draining primarily to the superficial cervical lymph node, highlighting the

complexity of fluid dynamics in CNS and potential contributions to immune surveillance.

E. Meningeal Lymphatics and CSF Drainage

The discovery of lymphatic vessels in the meninges has revealed a new pathway of
fluid movement and how immune surveillance works in the CNS. Recently, Louveau and
colleagues used fluorescent dyes to identify and analyze these lymphatic vessels in the

meninges (Figure 1.9, Reprinted with permission from The Lancet Neurology) [209].

These meningeal lymphatic vessels run parallel to dural venous sinuses, superior sagittal,
and straight sinuses along branches of the meningeal artery [47, 78, 209]. Others have
described these meningeal lymphatic vessels as leaving the skull at the cribriform plate,
transverse sinuses, or with the middle meningeal artery [210]. It remains unclear
whether, in humans and nonhuman primates, these lymphatic vessels in the meninges are

draining immune cells, CSF, other macromolecules from the brain, or both.
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F. Spinal Drainage of CSF

Despite the extensive work to define fluid drainage pathways from the brain, less is
known regarding fluid drainage and the lymphatic networks in the spinal cord. Chen et al.
and others have suggested that there are several different CSF drainage pathways in the
spine, including through arachnoid villi to spinal veins [190, 196, 211-214], along spinal
nerve roots to epidural lymphatics [215, 216], and routes through the arachnoid layer to

the spinal meninges to dural lymphatics (Figure 1.9, Reprinted with permission from

The Lancet Neurology) [217, 218]. Importantly, it has been suggested that roughly 16-

25% of CSF drainage and outflow occurs through the spine [219-221]. Recently using
intracisternal injection of tracers, near-infrared, and magnetic resonance imaging (MRI),
Ma et al. identified there is a directional flow of CSF through the central canal from the
fourth ventricle to the caudal end of the spine and a cranial-to-caudal movement within
the spinal subarachnoid space [199]. In the sacral region of the spine, lymphatic-like
vessels were filled with the i.c. injected tracer that emerged from the dorsal sacral spine
and tracked caudally to the tail of the mouse [199]. On the ventral side of the spinal cord,
lymphatic vessels were found along the axis from the sacral efflux sites, draining CSF in
a rostral direction towards the caudal mesenteric and iliac lymph nodes [199]. CSF
drainage pathways in the spinal cord underscore the complexity of CSF drainage to other
lymphoid tissues in the body, contributing to immune surveillance and neurological

health.
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Figure 1.9 CSF Drainage from the CNS. CSF moves from the brain’s ventricles into the
SAS, surrounding the brain and spinal cord. CSF exits the skull (red arrows) through three
main pathways: perineural sheaths around cranial and spinal nerves, dural lymphatic
vessels, and arachnoid granulations. A primary perineural exit site in humans and rodents
is along the olfactory nerve through the cribriform plate (1) towards nasal mucosal
lymphatic vessels, which drain into the CLNs. Additional pathways include other cranial
nerves, such as the trigeminal, glossopharyngeal, vagal, and spinal accessory nerves (2).
Dural (meningeal) lymphatics also direct CSF to cervical lymphatics (3) via exits near
arteries and veins. Meningeal lymphatics are visualized in humans with MRI around the
dural sinuses and the cribriform plate. Arachnoid granulations allow CSF drainage through
the sagittal sinus, though little CSF enters the bloodstream at normal pressure. In the spinal
cord, CSF exits primarily along spinal nerves (4). Reprinted with permission
(5916070636568) from The Lancet Neurology, Volume 17 Issue 11, Rasmussen MK,
Mestre H, Nedergaard M., The glymphatic pathway in neurological disorders, 1016-1024,
Copyright (2018), with permission from Elsevier. Also Lancet special credit: Reprinted
from The Lancet, Volume 17 Issue 11, Rasmussen MK, Mestre H, Nedergaard M., The
glymphatic pathway in neurological disorders, 1016-1024, Copyright (2018), with
permission from Elsevier.
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1.5 Immune Cell Entry Into the CNS

A. Migration from the Blood and Entry to the CNS

Due to barriers restricting entry, monocyte and macrophage migration from the
periphery to the CNS is tightly regulated. The migration of immune cells across the BBB
is a multi-step process essential for CNS immune surveillance, but it can be dysregulated
during inflammation and viral infection due to altered barrier integrity [56, 57, 69, 222].
Migration of immune cells across the BBB is a well-established process that begins with
selectin-mediated vascular rolling, facilitating the initial contact between immune cells
and the endothelium [53, 223, 224]. Rolling of immune cells reduces the speed and
allows for the recognition of endothelial chemokines with their subsequent receptor [53,
223, 224]. This leads to the activation of adhesion molecules and results in firm
arrestment of the immune cell on the luminal surface of endothelial cells, allowing the
migration across the endothelial cells at endothelial junctions referred to as diapedesis
[53, 223, 224]. Integrins, chemokine receptors, and adhesion molecules—such as
vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule
(ICAM-1) bind to very late antigen-4 (VLA-4, also known as a4p1 integrin)—found on
immune cells in the blood and cells within the CNS enable immune cells to move across
the BBB. Peripheral immune cells can enter the CNS by: (i) migration directly from the
blood via postcapillary venules in the parenchyma, (ii) postcapillary venules in the
meninges, and (ii1) migration through the choroid plexus into the SAS and subsequent
CSF [51, 52, 225]. To traverse postcapillary venules in the parenchyma, immune cells

must migrate across inner and outer basement membranes, whereas meninges vasculature
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is a simple, one-layer structure [52, 53, 55, 225]. Unlike the rest of the CNS, the
endothelial cells of the choroid plexus allow immune cell entry into the CSF due to the
lack of continuous tight junctions [51, 56, 64, 225, 226], resulting in a leaky interphase
between the choroid plexus stroma and vasculature [64, 225-227]. However, the
epithelium of the choroid plexus is composed of a dense network of tight junctions and
restricts the entry of cells and molecules from the stroma into the CSF (the BCSFB)
[224]. Importantly, inflammation and viral infection can disrupt the expression of
integrins, chemokine receptors, and adhesion molecules on both immune cells circulating
in the blood, and the activation of astrocytes and endothelial cells within the CNS results

in reduced integrity of the BBB [51, 57, 69, 228].

B. Increased Monocyte Traffic to the CNS with HIV and SIV Infection

Although increased viral load in plasma and CSF correlates with viral infiltration to
the brain [229], HAND persists with ART-suppressed viremia, indicating that myeloid
activation is driving CNS pathology and HIV-SN [183]. We and others have shown that
with HIV and SIV infection, there is increased traffic of monocytes to the CNS and
subsequent accumulation in the brain [108]. CD34+ myeloid progenitor cells in the bone
marrow differentiate into CD14+ monocytes, which circulate in the blood for 3-5 days
before entering tissues to become macrophages and myeloid dendritic cells (Figure 1.8,
reproduced with permission and licensed under CC BY 4.0) [230]. Importantly, these
progenitors in the bone marrow can become infected with HIV and SIV, resulting in the
production of virally infected monocytes (Figure 1.8, reproduced with permission and

licensed under CC BY 4.0) [231, 232]. Using autologous transfer of enhanced green
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fluorescent protein (EGFP) CD34+ hemopoietic stem cells, we found a correlation
between the percentage of EGFP+ monocytes in the blood and the percentage of EGFP+
PVM in the CNS, suggesting that perivascular macrophage turnover is directly influenced
by peripheral immune activation and viral infection [108]. Using intravenous injection of
bromodeoxyuridine (BrdU+)—incorporated into DNA during S phase—we have found
that increased monocyte production from the bone marrow (BrdU+ Monocytes) is
directly correlated with HIV and SIV disease progression [29]. Furthermore, BrdU+
monocyte turnover and plasma soluble CD163 (sCD163+)—a biomarker of macrophage
activation—is a more accurate indicator of AIDS progression than plasma viral load or
CD4+ T cell count [29, 233-235], underscoring the role of monocyte and macrophage
activation in HIV and SIV pathogenesis. While the traffic of blood-derived immune cells
to the CNS is well-documented and increased during inflammation and viral infection

[107, 112, 236, 237], the fate of these cells within the CNS remains understudied.

1.6 Immune Cell Traffic out of the CNS
Drainage of fluid out of the CNS is well established, less known is the traffic of
immune cells out of the CNS and implications for immune activation and tolerance. CNS
antigens have been found in the deep cervical lymph node [192, 238] and even the
lumbar lymph nodes [239] , but whether these are drained from the CNS with fluid or
traffic out via APCs has not been well defined. It is well known that there is drainage of
CNS antigens out to the cervical lymph nodes; however, in the context of HIV infection,

it raises significant concerns about whether virally infected immune cells can traffic out
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and reseed the periphery, potentially contributing to ongoing viral dissemination and
chronic immune activation.

A. Potential Pathways of Monocytes and Macrophages Out of the Brain

Monocytes and macrophages in the CNS may utilize various pathways to exit, many
of which are similarly associated with fluid drainage (Figure 1.10, reproduced with
permission and licensed under CC BY 4.0). The basal and dorsal dural lymphatics
(meningeal lymphatics) is a network of lymphatic vessels located in the basal dura mater
and are proposed to play a crucial role in the egress of immune cells from the brain [76].
These lymphatic vessels are part of a broader dural lymphatic system to drain immune
cells and interstitial fluid from the CNS [47, 76, 240]. In this context, the glymphatic
system facilitates the flow of CSF along perivascular spaces, promoting the movement of
fluids through the brain tissue and into the SAS [47, 241]. Monocytes, macrophages, and
T cells could use these perivascular routes to migrate to dorsal leptomeningeal regions
[48, 241-245]. Once immune cells reach the SAS, they are hypothesized to traverse the
arachnoid mater and move into lymphatic vessels in the dura mater [48, 241-245]. This
migration is thought to occur particularly at "hotspots" where the arachnoid barrier is
more permeable or potentially incomplete [246-248]. The olfactory bulb-cribriform
lymphatic axis also represents a unique pathway for immune cells to migrate from the
CNS to the periphery. The olfactory nerves extend from the olfactory bulb through the
foramina in the cribriform plate of the skull [80, 205, 206, 208, 249]. Notably, the
meningeal layers surrounding these nerves are discontinuous, with possible gaps in the
arachnoid mater [80, 205]. Lymphatic vessels are closely associated with these nerve

bundles near the cribriform plate, and in mice, these lymphatic vessels extend through the
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cribriform plate into the CNS side of the skull, potentially aligning with the
discontinuities in the meningeal layers [80, 206, 250]. Immune cell migration along
spinal nerves may allow immune cells to leave the CNS from the SAS and migrate into
peripheral tissues [80, 205, 206, 208, 249].

The lack of clear lymphatic drainage pathways in the brain limits pathways that
immune cells and fluid can exit the CNS underscoring the complex process of waste
removal and immune surveillance within the brain. Goldman et al. and others have found
that T cells can exit the CNS via the cribriform plate, a bone sieve-like structure at the
base of the skull that separates the nasal cavity from the brain [251]. This process
involves the migration of T cells from the CNS into CSF, where they can then travel
along the olfactory nerve pathways [251]. As T cells traverse the cribriform plate, they
follow chemotactic signals (CCR7) [202, 239] that guide them to the deep cervical lymph
node [251]. This pathway is significant for immune surveillance and the regulation of
inflammatory responses, as it enables T cells to move from the CNS to the deep cervical
lymph nodes, resulting in activation and proliferation in response to antigens or induce
tolerance [43, 45, 147, 192, 252]. Importantly, whether there is cellular traffic out of the
CNS has not been studied in humans, non-human primates, and particularly in the context

of AIDS and with ART.
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Figure 1.10 Pathways of Immune Cells Out of the CNS. Schematic showing proposed
immune cell migration pathways (dotted lines) and common fluid movement pathways
(solid blue lines) within the brain and meningeal compartments, based on rodent studies.
Each panel highlights a different anatomical site for potential immune cell migration: (A)
Dorsal dural lymphatics and glymphatic system, where perivascular glymphatic flow may
transport immune cells to leptomeningeal spaces (Pia, SAS, Arachnoid), possibly crossing
into dural lymphatics. (B) Olfactory bulb-cribriform lymphatic axis, where immune cells
and CSF may move along the olfactory nerves through gaps in the arachnoid and exit to
nasal mucosa. (C) Rostral migratory stream (RMS), an intra-parenchymal path for neural
stem cells and DCs moving from the subventricular zone to the olfactory bulb (Note: not a
pathway discussed in this thesis because this pathway is more commonly referred to for
neuronal precursors to establish in the brain, and less likely a pathway of exit to the
periphery). (D) Basal dural lymphatics, where immune cells exit from the skull through
basal dura lymphatics. (E) Choroid plexus may facilitate immune cell egress back to the
bloodstream. Acronyms: CSF = cerebrospinal fluid; ISF = interstitial fluid; SAS =
subarachnoid space; OB = olfactory bulb; sSCLN = superficial cervical lymph node; dCLN
= deep cervical lymph node. Figure reproduced with permission from Immune cells as
messengers from the CNS to the periphery: the role of the meningeal lymphatic system in
immune cell migration from the CNS by Laaker, C., Baenen, C., Kovacs, K. G., Sandor,
M., & Fabry, Z. (2023) Frontiers in immunology, 14, 1233908 and is licensed under CC
BY 4.0.
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B. Potential Pathways of Monocytes and Macrophages Out of the Spinal Cord

Not only could immune cells leave the brain, but they could also leave via the spinal
cord. The spinal lymphatic system, comprising lymphatic vessels along the dura mater of
the spinal cord, plays a crucial role in maintaining fluid homeostasis and immune
surveillance within the CNS [253]. These vessels, extending the length of the spine,
facilitate the drainage of excess CSF and ISF [253]; they also may remove immune cells
from the CNS to larger lymphatic ducts like the thoracic duct that return these fluids and
cells to the blood [253]. In addition, spinal nerve root sheaths envelop the spinal nerve
roots as they leave the spinal cord through the intervertebral foramina [199, 253-257].
These sheaths consist of layers of connective tissue (dura, arachnoid, and pia mater)
which are continuous with the meninges surrounding the spinal cord. The interface
between the SAS and the spinal nerve root sheaths is relatively permeable, facilitating the
exchange of fluid and solutes between the CSF and the perineural space surrounding the
spinal nerves [257, 258]. In response to inflammation or injury, the permeability of the
spinal nerve root sheaths may increase [253]. This environment facilitates the movement
of immune cells, cytokines, and other inflammatory mediators from the CSF into the
perineural space and vice versa [253, 258]. Immune cells, including macrophages, T
Cells, and DCs, can traffic along the spinal nerve root sheaths [257, 258]. They may enter
the perineural space from the CSF within the subarachnoid space or migrate from the
surrounding tissues [257, 258]. Once in the perineural space and exiting from the CNS,

immune cells may access nearby lymphatic vessels or lymph nodes [253, 257, 258].
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1.7 Superparamagnetic Iron Oxide Nanoparticles to Track Immune Cell
Migration out of the CNS

A. Superparamagnetic Iron Oxide Nanoparticles (SPION)

Superparamagnetic Iron Oxide Nanoparticles (SPION) are nanoparticles with an
iron core coated with a biocompatible polymer [259]. SPION cores, made of iron oxides,
can be directed to specific areas using external magnets and exhibit superparamagnetism
and high saturation field, resulting in the absence of residual magnetism after the external
field is removed [259-261]. The SPION coating protects the magnetic particle from its
environment and can be functionalized by attaching carboxyl groups, biotin, avidin,
carbodiimide, and other molecules [259]. SPION have been widely used for in vivo
biomedical applications, such as contrast enhancement in MRI, drug delivery, and
magnetic hyperthermia [259-262]. SPION are generally viewed as biologically inert;
however, their toxicity varies based on size, concentration, surface charge, and coatings
[259-262]. In some cases, it has been shown that excess iron can promote reactive oxygen
species production, which leads to oxidative stress and potentially cell death, also known
as ferroptosis caused by excess iron [263-265]. However, other studies did not find that
SPION dissolves at low pH, and colocalization in lysosomal colocalization was not
reduced, but some dissolution in artificial lysosomal fluid was observed and could cause
stress in the endoplasmic reticulum [266]. Other studies have observed SPIONs induce
macrophage polarization towards the “pro-inflammatory M1 phenotype”, which has been
repurposed in cancer research to target tumors [267, 268]. In addition, iron oxide
nanoparticles can break down and be cleared in the spleen and liver, but it usually takes

more than 100 days, depending on their size and coating [269].
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B. SPION to Label Macropahge in vivo

The Bangs Laboratory encapsulated microspheres can be taken up by
macrophages and are coated in a proprietary material made up of polystyrene
divinylbenzene, which is more resistant to thermal degradation [270]. Within 30 minutes
to 1 hour, SPION are quickly taken up by human macrophages, and after 24 hours,
confocal microscopy showed they were mainly found in the lysosomes [265]. Factors
such as size and flow rate can influence the uptake of nanoparticles by macrophages
where the optimal size for macrophage uptake is around 1-2 um, while smaller particles
(0.4-1 um) are primarily internalized by leukocytes [271]. For smaller particles (200-500
nm), internalization was similar at low flow rates (0.1 and 1 mL/min) but increased
significantly at higher flow rates (10 mL/min) [272]. Using polystyrene particles of
various sizes, ranging from 2.9 nm, others have shown that the majority of particles were
internalized (RAW 264.7, HL-60, and human PBMCs) within 30 minutes under both
static and flow conditions [272]. For larger particles, internalized did not differ between
static and flow conditions [272]. This suggests that nanoparticles, including polystyrene
and SPIONs (~1 um), are efficiently internalized by macrophages within a specific size
range unchanged by flow rate. Macrophage uptake capacity remains consistent under
static and flow conditions, but higher flow rates may enhance the uptake efficiency of
smaller particles (<0.5 um). In macrophages, when the concentration of SPIONs exceeds
50 pg/ml, SPION can cause increased toxicity, leading to reduced cell activity, higher
ROS levels, and cell damage [273, 274]. In our study, we used a lower concentration of

SPION (30 pg/ml) to reduce potential toxicity. Importantly, using the Bangs Laboratory
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encapsulated microspheres, others have reported low toxicity within a 28-day

examination period [275, 276].
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2.2 Abstract

Studies have highlighted the significance of monocyte/macrophage traffic to the
central nervous system and accumulation within the CNS infection during HIV infection.
We asked whether CNS macrophages can leave the CNS under normal conditions, during
inflammation, or when lesions resolve. Pathways and mechanisms for this have been
suggested but are not well-defined. Less well-known is whether CNS-derived HIV
produced in the CNS can exit with such traffic. We use intracisternal (ic) injection of
fluorescent- superparamagnetic iron oxide nanoparticles (SPION) in non-infected and
SIV-infected monkeys that label CNS macrophages and measure macrophage
accumulation and exit from the CNS. SPION are readily taken up by CD68-CD163-
CD206 and Ibal perivascular, meningeal, and choroid plexus macrophages. CD163+
SPION+ macrophages are also found within the optic nerve, nasal septum, and cribriform
plate that are potential sites of macrophage exit, and outside the CNS in deep cervical
lymph node (dCLN), spleen, dorsal root ganglia (DRG), and bone marrow. CD163+
SPION+ macrophages are most abundant within 24 hours after i.c. injection in non-
infected monkeys, and decrease over time at 7, 14, and 28 days post-injection, consistent
with cell traffic out of the CNS. IL.c. injected, soluble fluorescent-dextran are found
outside the CNS in dCLN an hour after injection, but SPION+ macrophage are detected
in dCLN 24 hours post i.c injection, consistent with active uptake and traffic of SPION-
labelled cells. With SIV infection, there are increased numbers of SPION-labeled
CD163+ macrophages in the CNS as expected in inflammation but decreased numbers of
SPION-+ macrophages than expected outside the CNS. SPION+ SIV-p28 and SIV-

RNA+ macrophages are found within the CNS, and outside the CNS in the dCLN,
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spleen, DRG 7-14 days post SPION i.c. injection. These data are consistent with
populations of perivascular, meningeal, and choroid plexus macrophages that readily take
up SPION, can leave the CNS normally, and are slower to leave during SIV infection.
These data demonstrate macrophage populations traffic out of the CNS to the peripheral
circulation and are virally infected. These observations support the notion that
populations of CNS macrophages can leave the CNS via meningeal and perivascular

lymphatics and can be a source of CNS virus that reseeds the body.

Keywords: HIV, SIV, CNS macrophages, SPION, Traffic
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2.3 Introduction

The central nervous system (CNS) and CNS macrophage are known targets of HIV
infection early and late, in the pre-ART era and even with ART [1, 2]. HIV is found
early in the CNS and is associated with perivascular cuffs of macrophages and later in
CNS lesions that also consist of macrophage accumulation [1, 3, 4]. We and others have
shown that HIV and SIV are found within CNS perivascular macrophages, meningeal
macrophages, and choroid plexus macrophages [1, 5]. The biology of these
macrophages, including origin from bone marrow and traffic to the CNS normally or
sourced from embryonic stem cells (yolk sac-derived) and repopulate by cell division
within the CNS, is critical when considering the CNS as a reservoir of HIV [6-9].
Moreover, the biology of inflammation in the CNS and macrophage traffic in and out of
the CNS before and after HIV infection are of high interest.

The majority of HIV and SIV-infected cells in the CNS are blood-derived perivascular
macrophages that are located at the blood-CSF interface [1]. These macrophages are a
key component of the CNS immune defense and, when infected, can become reservoirs
for SIV and HIV [1, 10]. Once infected, CNS macrophages can facilitate viral
persistence and dissemination, contributing to neuroinflammation and the development of
neurocognitive disorders [11, 12]. The cerebrospinal fluid (CSF) serves as another route
for viral dissemination where infected cells originate from the bloodstream, migrating
into the CNS either as part of repopulation or in response to infection [3, 13, 14]. The
trafficking of SIV or HIV-infected macrophages into the CNS is well-documented, but
whether these cells can traffic out has significant implications for understanding HIV and

SIV persistence and latency, as well as the challenges in eradicating these infections.
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It is now well established that CNS fluids—and in some instances cells—drain or exit
[15-21] but that was counter to dogma that the CNS lacked or had limited draining
lymphatics [21]. Radiolabeled proteins and fluorescence dyes injected intracisternally
(i.c) and fluorescent-labeled antigen-presenting cells (APCs) transplanted into the CNS
have been demonstrated in deep cervical lymph nodes (dCLN) [22] likely trafficking via
meningeal lymphatics. These studies were done in normal, non-inflamed, or infected
animals and in brain injury or autoimmune models [23-25]. Importantly, studies in
rodents and non-human primates have demonstrated CNS myelin antigens-presenting
macrophages and dendritic cells (APC) in lymph nodes LN with CNS myelin protein,
suggesting such cell traffic out is important in the maintenance of tolerance to CNS
antigens and perhaps autoimmune responses in experimental allergic encephalomyelitis
and multiple sclerosis [26-28]. Indeed, ablation of the meningeal lymphatics reduced
clinical symptoms in EAE [24]. An alternative route for cells to exit the CNS is via the
central canal and the meninges of the spinal cord, where they connect with the inner
layers of the peripheral nerve root sheaths as they leave the spinal cord [29]. This forms a
direct connection near the root attachment, known as the subarachnoid angle, which
creates a continuous passage linking the cerebrospinal fluid-filled subarachnoid space
(SAS) surrounding the brain and spinal cord with the perineural space of the nerve roots
[29, 30]. This path communicates with the dorsal root ganglia (DRG) at the interface of
the CNS, the peripheral nervous system (PNS), and immune organs outside the CNS [30-
32]. The study of transplanted and injected fluorescent-labeled cells leaving the CNS is
important and informative, but they have the caveat of inducing CNS injury, breach of

the blood-brain barrier (BBB), or both, which can facilitate CNS inflammation.
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Importantly, such studies have not been done to date in humans or non-human primates
with HIV- or SIV- infection or using SPION injected into the CSF that are normally
taken up by cells at the blood-brain-CNS interface.

We injected superparamagnetic iron oxide (SPION) particles i.c. with internal
fluorescence in non-infected and SIV-infected monkeys and studied their uptake and
distribution in the CNS over time and cell-associated traffic out of the CNS. Because of
their size (0.86pm diameter), SPION cannot diffuse out of the CNS into the periphery but
are taken up by CNS macrophages in perivascular spaces, the meninges, and the choroid
plexus. These studies, for the first time, demonstrate labeling of macrophage populations
by SPION injected i.c., the traffic of SPION+ macrophages out, and their CNS
accumulation in infected animals. They underscore the ability of SPION+ macrophages
labeled in the CNS to traffic out to peripheral lymph organs and the peripheral nervous
system, where some of these macrophages are SIV-infected. These data are discussed in

the context of CNS inflammation and resolution of infection, and HIV viral reservoirs.
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2.4 Results

We injected SPIONs (30 ug/ml) intracisternally (i.c.) into normal non-infected and
SIV-infected animals and studied their uptake within CNS macrophages one hour
(dextran and SPION), 1 day (dextran and SPION) and 7, 14 and 28 days post injection
(Figure 2.1). SPION-labeled cells were detected by bright-field microscopy, Prussian
blue iron stain, or using the internal fluorescence of the SPION (data not shown) (Figure
2.2). Multiple SPION were taken up per labeled cells that are distributed within
perivascular spaces, the meninges, and the choroid plexus (Figure 2.2). We do not find
free (non-cell-associated) SPION in the CNS, likely due to their size (0.86pum diameter),
but free SPION are found around meninges and the DRG in the subarachnoid space
contiguous with the central canal of the spinal cord and CSF (data below).
Immunohistochemical (Prussian blue) and fluorescence (Dragon green) SPION
consistently labeled CD68, CD163, and CD206 perivascular macrophages, meningeal
macrophages, and choroid plexus macrophages (Figure 2.3). There is a consistent >2-
fold increase in the number of meningeal versus perivascular macrophages that are
SPION+, consistent with the greater number of total meningeal versus perivascular
macrophages in each respective compartment (Table 2.1). In non-infected animals, over
time there are decreased numbers of SPION+ perivascular (p=0.06) and meningeal
macrophages (p=0.09) consistent with SPION-labeled cells leaving the CNS (Table 2.1):
In contrast, in SIV-infected animals, there are increased numbers of SPION+

macrophages with CNS inflammation and macrophage accumulation (Table 2.1).

Next, we studied SPION+ macrophages exiting the CNS. We find SPION+

macrophages examined in the optic nerve, nasal septum, cribriform plate, at the interface
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border of the CNS (border associated macrophages, BAM), and outside the CNS in the
superficial and dCLN, spleen, and dorsal root ganglia (cervical, thoracic and lumbar,
DRG) 1, 7, 14 and 28 days post SPION inoculation in non-infected and SIV infected
animals (Figure 2.4). To assess the movement of cells and fluid outside the CNS we
injected (n=2) soluble fluorescence-labeled dextran and SPION together (i.c.).
Fluorescently labeled dextran dye is found in the dCLN 1 hour after i.c. inoculation in the
medullary sinuses, but SPION+ macrophages are not detected in the paracortex until 24
hr (Figure 2.5). SPION+ macrophages are found in the dCLN 24 hr. post dextran and
SPOIN i.c. they are differently located (Figure 2.5). The delay (24 hr) for traffic of
SPION+ macrophages out of the CNS is consistent with the time required for uptake of
SPION in the CNS and macrophage traffic out (Figure 2.5). In addition to dCLN,
SPION+ positive macrophages are found in the optic nerve, cribriform plate, axillary LN,
spleen, and DRG (cervical, thoracic, lumber) between 7 - 28 days post-inoculation in
non-infected animals and SIV infected animals (Table 2.2). With SIV infection there are
decreased numbers of SPION+ macrophages in peripheral sites (Table 2.2). Overall,
these data, similar to the observation in the CNS suggest that SPION-labeled
macrophages leave the CNS at a higher rate in non-infected animals but accumulate in

the CNS with SIV infection.

Using fluorescence of SPION and SIVp28 and SIV-RNA, we find SPION+ SIVp28+
and SIV-RNA+ macrophages in the CNS and outside the CNS in dCLN (Figure 2.6).
Serial section, double-label IF, SIV-gp41 show these are CD163+ SIVp28+ (Figure 2.6).
In AIDS animals with SIVE, we find SPION+ SIV-RNA+ macrophages (20 to 50

SPION+ SIV-RNA+ cells per dcLN section, 1.0 = 1.7 SPION+SIV-RNA+/mm?) inside
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of the CNS and in the dcLN (Figure 2.7). These data are consistent with SPION-labeled
macrophages that were in the CNS that are productively SIV-infected. Whether these are
SIV-infected in the CNS and carried SIV-RNA and DNA out or if they were infected

upon leaving the CNS was not determined in this study.
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2.5 Discussion

In this study we injected SPION ic and assessed their distribution within the CNS over
time in normal and SIV infected animals. We found SPIONS in perivascular
macrophages, macrophages in the meninges, and choroid plexus macrophages.
Macrophage populations were identified based on their location and co-localization with
CD163, CD206, CD68, and in some cases Ibal. There were a greater number of SPION-
labeled macrophages within the meninges than the perivascular macrophages, likely a
consequence of a greater number of total macrophages in the meninges. This may be due
both to the fluid speed and SPION interaction with macrophages in the meninges versus
the perivascular space. Also, macrophages in the meninges had much larger numbers of
SPIONS per macrophage than the perivascular macrophages, which may alter the ability
of the meningeal macrophage to traffic [33, 34]. We found that the ratio of total
macrophages and SPION+ macrophages in each compartment is relatively fixed in non-
infected and SIV-infected animals. Outside the CNS, we found SPION+ macrophages in
dCLN, far fewer in superficial LN, and found them in the spleen and DRG with the
greatest numbers in the DRG, consistent with parts of the DRG being continuous with the
subarachnoid space of the spinal cord and in contact with CSF into which the SPION
were injected. In non-infected animals, there were higher numbers of SPION+
macrophages early after injection that normalized. With SIV infection, the number of
SPION+ macrophages in the CNS increased, and fewer SPION+ macrophages were
found that trafficked out. Importantly, almost all of the SPION in the CNS and outside
were cell-associated within macrophages and not ones that simply diffused out. Others

using SPION injected ic have similar findings [17, 22]. Our findings suggest that with

72



SIV infection and macrophage accumulation in the CNS, there is an accumulation of
SPION+ macrophages. In contrast, in non-infected animals, the SPION+ macrophages
seem less likely to accumulate in the CNS and are found trafficking out. Interestingly,
with ART we find more SPION+ macrophages outside the CNS and fewer inside,
consistent with ART resolving CNS inflammation and more SPOIN+ cells trafficking out

(Wallis et al., submitted).

In SIV-infected animals, we found SPION+ macrophages in the CNS and, importantly,
outside the CNS in dCLN. The fact that the SPION+ macrophages in the dCLN have
SPION is strong evidence that they have trafficked out of the CNS. We cannot ascertain
whether they were infected within the CNS or outside. Work by our group and others use
gene flow analysis and SIV sequencing to demonstrate viral traffic from the CNS to
tissues outside late in infection [35, 36]. Such analysis would need to be done on a single

cell level, comparing CNS to peripheral viral sequences.

Studies in rodents using transplanted or injected (CSF) cells and dyes into the CNS
support the notion that immune cells, including DC, T cells, and B cells and, in some
cases, monocytes, can leave the CNS [17, 19, 22, 37-39]. Those studies, by the nature of
injection and injury, somewhat compromise the BBB and activate the brain [17, 22]. Our
study reported here is the first to study cells out in the periphery with SIV infection.
Pathways by which cells can traffic out are many and have been described and reviewed
by others [23, 39-44]. These include meningeal lymphatics and perineural pathways via
the cribiform plate. It is interesting in this study that i.c. injected dextrans are readily
found outside the CNS in dCLN hours after administration but SPION+ macrophages are

not detected until 24 hours post i.c. inoculation. This is likely because of the size
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restriction of the SPION that do not readily leak out [18, 45, 46] but are instead taken up
by macrophage before they leave in contrast to dextran dyes that readily leak out. Also,
the location of the SPION in the dCLN is different than that of dextran dye, suggesting

differential fluid pathways versus myeloid cell traffic [17, 26, 47].

We and others have previously demonstrated in HIV-infected humans and SIV-
infected monkeys that perivascular macrophages are a major site in the CNS of
productive lentiviral infection [1, 5, 48]. In other work (Wallis et al., submitted), we find
ART effectively clears the CNS perivascular macrophage SIV infection and somewhat
also CNS meninges and choroid plexus macrophages, and with 4 weeks of ART
interruption, CNS perivascular macrophages remain SIV-RNA negative, but there is a
rebound in the meningeal macrophage and choroid plexus. Similarly, in the periphery,

plasma virus is decreased, as it is in the spleen and dCLN, but not the DRG.

In this study, we now also show the macrophages in the choroid plexus also are targets.
Others have previously noted early CP macrophage infected by HIV and SIV with aseptic
meningitis but have generally not considered this to be a reservoir site [49-51]. This,
however, seems to be the case and might be a source of CSF virus as macrophages in the
choroid plexus are close to both blood and CSF production, which subsequently baths the
brain [4, 49-52]. Another site of interest is the DRG part of which is at the interface of
the CNS and the PNS. SPION are abundant in the DRG, which is in communication with
the subarachnoid space of the spinal cord and the subarachnoid angle surrounding the
nerve sheath [32, 53]. We also find SPION within macrophages in the epineurium and
with fascicles of the nerve, suggesting a novel route of possible traffic of macrophages

(Wallis et al., submitted). Importantly, macrophages with SIV in the peripheral nerve
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and DRG are less affected by ART, unlike the spleen and dCLN. Thus, the DRG and
peripheral and cranial nerves, which are still affected with HIV in PLWH on durable
ART, deserve more investigation with regard to viral reservoirs and macrophages. It is

important to note that Clements et al., show evidence of replication-competent virus in

monocytes of PLWH on ART [48, 54].

Possible shortcomings of our work include our use of CDS8 depletion for a rapid AIDS
model with high tissue pathology. Because of the CD8 depletion ART in this model, this
3-4-month time period does not lower plasma virus to non-detectable levels. That said,
many of the observations made in this model, including sCD163 correlating with CNS
and CVD pathology, SIV productive infection of PV macrophage in the CNS and CNS
tissues, and neuronal injury of the CNS with SIV infection, as well as the ability to clear
CNS infection with ART have been confirmed in humans prior to the advent of ART and

also in individuals on ART.

This study investigates the distribution of SPION-labeled macrophages within the CNS
of normal and SIV-infected animals over time. We found SPION-labeled macrophages
primarily in the perivascular space (perivascular macrophages), meninges, and choroid
plexus, identifying that meningeal macrophages had a greater accumulation of SPION
than PVM. The data suggest that SIV infection leads to increased accumulation of
SPION+ macrophages in the CNS, while in non-infected animals, these macrophages
traffic out of the CNS. We highlight the significance of SPION-labeled macrophages
found in the dCLN, indicating traffic from the CNS, and underscore the need for further
investigation into the role of macrophages in viral reservoirs and the impact of ART on

CNS inflammation and reseeding of the viral reservoir in the periphery.
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2.6 Experimental Procedures
Ethics Statement: All animal work was approved by the Tulane National Primate
Research Center Care and Animal Use Committee. The TNRPC protocol number is 3497

and the animal welfare assurance number is A4499-01.

Animals and Viral Infection: Fourteen rhesus macaques (Macaca mulatta) born and
housed at the Tulane National Primate Research Center in strict adherence to the "Guide
for the Care and Use of Laboratory Animals” were used (Figure 1). Of these, 6 are non-
infected macaques and 8 are SIV-infected. Animals were experimentally infected i.v
with a bolus of SIVmac251 viral swarm (20 ng of SIV p28) over 5 minutes. Two animals
received i.c. SPION and fluorescent dextran, and the remaining 12 macaques were
inoculated with i.c. SPION. Animals were euthanized at 2 hrs. and 1-day post dextran and

SPION injection, and 7, 14, and 28 days post SPION injection.

SPION and Dextrans: Superparamagnetic iron oxide nanoparticles (SPION) were
obtained from Bang Laboratories Inc (Fishers, IN) (PSCOOHMag/Encapsulated,
MEDGO001). SPION are iron oxide nanospheres encapsulated in an inert polymer with
inherent fluorescence. SPION used have an average particle size of 0.86um diameter and
internal fluorescence (Dragon Green [480/520]). SPION were under sterile conditions
using a 3 mL stock solution and 7 mL of sterile, low endotoxin 1XPBS. A magnet was
used to separate the SPION from liquid and 7 - 10 additional washes were done. SPION
were resuspended 1mL of sterile 1 XPBS for a final concentration of 33 mg/mL. Select
animals (n=2) also received fluorescent dextran (RITC-Dextran, 10 KD, Invitrogen, CA)

i.c at a concentration of 33 mg/mL.
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Intracisternal Inoculation: To avoid an increase in intracranial pressure, 1 mL of
cerebrospinal fluid (CSF) was removed from the cisterna magna prior to the inoculation
of SPION or RITC-Dextran. Dragon Green [480/520] SPION (33mg/mL) were injected

at 1 hour, 24 hours, and 7, 14, or 28 days prior to euthanasia.

Tissue Collection and Processing: Animals were anesthetized with ketamine-HCI and
euthanized with i.v. pentobarbital overdose and exsanguinated. Blood was collected and
Heparin Sulfate was administered i.v. and allowed 5 minutes to diffuse. Sodium
pentobarbital was administered via intracardiac stick and CSF was collected. Following
CSF collection, animals underwent perfusion with 3L of chilled 1XPBS. Postmortem
examination was performed by a veterinary pathologist as previously described [33, 34,
52, 85]. Brain (frontal, temporal, occipital, parietal, and choroid plexus) and peripheral
tissues (cranial nerves, cribriform plate, nasal septum, brachial plexus, spleen, deep
cervical lymph nodes, superficial lymph nodes, axillary lymph nodes) were: 1) collected
in zinc-buffered formalin and embedded in paraffin, ii) fixed with 2% paraformaldehyde
for 4-48 hours, sucrose protected and embedded in optimal cutting temperature (OCT)

compound for SPION analysis, or iii) snap frozen in OCT without fixation.

Immunohistochemistry: IHC was performed as previously described using antibodies
targeting CD163 (1:250, Leica (Deer Park, IL)), CD68 (1:100, DAKO (Carpinteria,
CA)), CD206 (1:1000, R&D Systems (Minneapolis, MN)), and IBA 1+ macrophages
(1:100, Wako (Osaka, Japan)) [33, 34, 85]. Briefly, formalin-fixed paraffin-embedded
sections were de-paraffinised and rehydrated followed by antigen retrieval with a citrate-
based Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA) in a

microwave (900 W) for 20 min. After cooling for 20 min, sections were washed with
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Tris-buffered saline (TBS) containing 0.05% Tween-20 for 5 minutes before incubation
with peroxidase block (DAKO, Carpinteria, CA) followed by protein block (DAKO,
Carpinteria, CA) for 30 minutes and incubation with primary antibody. Following
incubation with a peroxidase-conjugated polymer, slides were developed using a
diaminobenzidine chromogen (DAKO, Carpinteria, CA) with Harris Hematoxylin

(StatLab, McKinney, TX).

Immunofluorescence: Antibodies targeting CD163 (NCL-CD163 CE, AF568,
Invitrogen (Carlsbad, CA)) and gp41+ (KK41+, 1:100, NIH (Manassas, VA)) cells was
performed on 2% paraformaldehyde (PFA) fixed frozen sections as previously described
[5, 55, 56]. 2% PFA, fixed frozen sections were thawed for 20 minutes at room
temperature, unwrapped, submerged in a citrate-based Antigen Unmasking Solution, and
microwaved for one minute and forty-five seconds and cooled to room temperature.
Slides were permeabilized in a solution of phosphate-buffered saline with 0.01% Triton
X-100 and 0.02% fish skin gelatin (PBS-FSG-TX100) followed by a PBS-FSG wash,
transferred to a humidified chamber and blocked with 10% normal goat serum (NGS)
diluted in PBS-FSG for 40 minutes, followed by a 60-minute primary antibody
incubation, washes, and 40-minute secondary antibody incubation. Routine washes were
performed and DAPI nuclear stain added for 10 minutes. Slides were mounted using a
custom-formulated anti-quenching mounting media containing Mowiol (#475904,
Calbiochem; San Diego, CA) and DABCO (#D2522, Sigma: St. Louis, MO) and allowed
to dry overnight before being digitally imaged with a Zeiss Axio Scan.Z1. HALO
software (HALO v3.4, Indica Labs; Albuquerque, NM) was used for quantification and

analysis.
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Detection and quantification of SPION+ macrophages in tissues: SPIONs were
detected in the central nervous system (CNS) and peripheral tissues by 1) light
microscopy by morphology of the amber SPION beads, 2) Prussian blue iron staining
(Sigma Aldrich Iron Stain, St. Louis, MO), and 3) internal fluorescence of Dragon Green.
SPION+ cells in whole tissue sections were counted manually at 20x by light microscopy
(Plan-Apochromat 620/0.7, Olympus; Japan) in a blinded fashion. Whole section tiling,
and stitching was done using a Zeiss Axio Imager M1 microscope (Zeiss;Oberkochen,
Germany) with AxioVision (Version 4.8, Zeiss; Oberkochen, Germany) using Plan-
Apochromat 620/0.8 and 640/0.95 Korr objectives followed by manual annotation of the
parenchyma from the meninges into separate regions of interest (ROIs) and tissue area

reported as mm?.

Viral RNA and Detection: Ultrasensitive SIV-RNAscope with probes for SITVmac251
was used to detect SPION-containing SIV-RNA positive cells within and outside of the
CNS as previously described [56]. Tissue sections were placed in a target antigen
retrieval solution, heated, and treated with protease plus, and a hydrogen peroxide
blocker according to the manufacturer’s protocol (Advanced Cell Diagnostics, Newark,
CA). SIVmac239 RNAscope probes (Advanced Cell Diagnostics, Newark, CA) were
hybridized at 40°C in the HybEZ II Hybridization System. The RNAscope 2.5 HD Assay
amplification steps were applied according to the manufacturer’s protocol. Target RNA
was visualized through the addition of chromogenic Fast Red A and Fast Red B
(Advanced Cell Diagnostics, Newark, CA), and sections were counterstained with

hematoxylin (Sigma-Aldrich) and mounted using Vectamount (Vector Laboratories).
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2.7 Tables, Figures, and Figure Legends

Figure 2.1
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Figure 2.1 Study Design. Fourteen Indian rhesus macaques were used in this study. Six
were non-infected and eight were infected with SIVmac251. Macaques received i.c.
SPION injection and serial sacrifices with or without dextran dye 1 hour, 1 day, 7-, 14-,
or 28- days post-injection. Created in BioRender. Wallis, Z. (2024)

https://BioRender.com/a42¢e272
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Figure 2.2
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Figure 2.2 Distribution of SPION after i.c. injection. Following i.c. SPION injection,
SPION (amber beads) are cell-associated in the CNS (A&B) cerebellum meninges using
hematoxylin and eosin to stain the cell nuclei (purple) and the cytoplasm (pink), (C)
perivascular space identifying SPION-containing cells with a Prussian blue stain (blue)
and hematoxylin and eosin to stain the cell nuclei (purple) and the cytoplasm (pink), and
(D) cerebrum meninges and perivascular space identifying SPION-containing cells with a

Prussian blue stain (blue).
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Figure 2.3 SPION localizes to CNS macrophage. SPION (amber beads) localize to
Ibal+, CD68+, CD163+, and CD206+ perivascular, meningeal, and choroid plexus
macrophages in the CNS using immunohistochemistry to stain macrophages with

diaminobenzidine (DAB) forming a brown deposit.
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Table 2.1

Time with SPION

Non-Infected

SIV+

Perivascular Macrophages

0.3+£0.3 1.6+0.7

A= 652 mm? [A= 608 mm?
7 Days (155) (936)

0.6+0.8 18+1.9

A= 675 mm? [A=792 mm?
14 Days (122) (916)

0.2+0.1 0.6x0.5

A=252 mm? |A= 558 mm?
28 Days (51) (302)

Meningeal Macrophages

81+43 63 + 63

A= 18 mm? [A= 15 mm?
7 Days (1331) (1362)

36 +33 25+ 14

A=12 mm? |A=32mm?
14 Days (420) (538)

50+ 47 125 + 111—J

A=7 mm? A= 6 mm?
28 Days (85) (868)
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Table 2.1 Accumulation of SPION+ macrophage in the CNS over time. Data are cell
numbers (average+/-StDev) counted in whole tissue sections and expressed as cells per
mm?. The total area examined is indicated and expressed as tissue area per mm?. The area
of the meninges and parenchyma were obtained by tiling and hand-drawing around each
ROI. The total number of SPION+ macrophages counted is shown in parentheses. A
minimum of 4 sections per animal were examined. Prism was used for graphing and
statistical analysis Kruskal-Wallis nonparametric test. Non-infected perivascular
macropahge, p=0.61. SIV-infected perivascular macropahge, p=0.19. Non-infected to
SIV-infected perivascular macropahge, p<0.005. Non-infected meningeal macropahge,
p=0.10. SIV-infected meningeal macropahge, p<0.05. Non-infected to SIV-infected

meningeal macropahge, p=0.053.

87



Figure 2.4
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Figure 2.4 SPION+ Macrophage outside of the CNS over time. (A) SPION (Prussian
blue) in the brain and cribriform plate area, (B) SPION (green) localized to CD163+
macrophage (Red) in cranial nerves, (C) SPION (amber beads) clustered in the DRGs,

and (D) SPION (green) in the tonsils.
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Figure 2.5

A

@)

% 15 Non-Infected % 15 SIV+
£ £
& 8
@ 10- * o 10
: b $
+ L[] +
= =
O 54 s == o 54
o o
@ &l ® |%| 1
p=0.28 p=0.6
o-—i S : Kruskal-Wallis 0 ¥ - [ I Kruskal-Wallis
7 Days 14 Days 28 Days 7 Days 14 Days 28 Days

90



Figure 2.5 Traffic of SPION+ macrophage out of the CNS to the dCLN over time.
(A) SPION (Prussian blue) located in the deep CLN 7 days post i.c. SPION injection. (B)
Dextran dye (Red, white border arrow) and SPION (green, black arrow) in different
regions of the deep CLN post i.c. injection. (C) Number of SPION+ macrophages in the
deep CLN post i.c. injection in non-infected and SIV-infected macaques. Each data point
represents the cell count from the tissue section examined and is expressed as the number
of positive cells per mm?. Prism was used for graphing and statistical analysis Kruskal-

Wallis nonparametric test.
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Table 2.2

Tissue Outside

Days after SPIONs Injection in the

of the CNS Cisterna Magna

04 |1 |7 |14 |28
Non-Infected Animals
Optic Nerve+Eye nd nd |20+6.6 2728 49+ 18
Cervical Lymph Node |[nd nd [24+23" [0.35+0.63 |4.8+4.1
Nasal Septum nd nd (147 +12" |[nd 1.3+14
Cribiform Plate nd nd [60+25 nd 49 + 41
Spleen nd nd ([73+48™ 66 + 38 49+18
SIV+ Animals
Optic Nerve+Eye 0 0 nd 067+092 |3.3+3.8
Cervical Lymph Node |0 0 043+0.067(28+2.9 1.1+0.22
Nasal Septum 0 0 25+051" (0.33+x27 |0
Axiliar Lymph Node 0 0 0 17121 1.1+0.77
Spleen 0 0 0.26 £ 0.27"*|58 + 43 12+ 10
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Table 2.2 SPION+ macrophage outside of the CNS over time. Data are cell numbers
(average+/-StDev) counted in 10 fields of view at 40x and expressed as the number of
cells per mm?. Prism was used for graphing and statistical analysis Kruskal-Wallis

nonparametric test, p<0.005. **P <0.01
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Figure 2.6
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Figure 2.6 SPION localized to CD163+ gp41+ productively macrophage in the
dCLN. (A) SPION (Green) are localized to CD163+ macrophage (Red) in the dCLN

following i.c. injection and (B) serial section with SPION+ (green) gp41+ (red).
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Figure 2.7
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Figure 2.7 SIV-RNA+ SPION+ macrophage in the dCLN with AIDS. SPION( (green)
localized to SIV-RNA+ (red) macrophage in the dCLN. Image captured from scanned

dCLN section.

97



10.

11.

12.

13.

2.8 References

Williams, K.C., et al., Perivascular Macrophages Are the Primary Cell Type
Productively Infected by Simian Immunodeficiency Virus in the Brains of
Macaques: Implications for the Neuropathogenesis of AIDS. Journal of
Experimental Medicine, 2001. 193(8): p. 905-916.

Zink, M.C., et al., Simian Immunodeficiency Virus-Infected Macaques Treated
with Highly Active Antiretroviral Therapy Have Reduced Central Nervous System
Viral Replication and Inflammation but Persistence of Viral DNA. The Journal of
Infectious Diseases, 2010. 202(1): p. 161-170.

Bednar, M.M., et al., Compartmentalization, Viral Evolution, and Viral Latency
of HIV in the CNS. Curr HIV/AIDS Rep, 2015. 12(2): p. 262-71.

Lackner, A.A., et al., Localization of simian immunodeficiency virus in the central
nervous system of rhesus monkeys. Am J Pathol, 1991. 139(3): p. 609-21.

Nowlin, B.T., et al., SIV encephalitis lesions are composed of CD163(+)
macrophages present in the central nervous system during early SIV infection and

SIV-positive macrophages recruited terminally with AIDS. Am J Pathol, 2015.
185(6): p. 1649-65.

Bechmann, L., et al., Turnover of rat brain perivascular cells. Exp Neurol, 2001.
168(2): p. 242-9.

Goldmann, T., et al., Origin, fate and dynamics of macrophages at central
nervous system interfaces. Nat Immunol, 2016. 17(7): p. 797-805.

Lassmann, H., et al., Bone marrow derived elements and resident microglia in
brain inflammation. Glia, 1993. 7(1): p. 19-24.

Hickey, W.F., K. Vass, and H. Lassmann, Bone marrow-derived elements in the
central nervous system: an immunohistochemical and ultrastructural survey of rat
chimeras. J Neuropathol Exp Neurol, 1992. 51(3): p. 246-56.

Kierdorf, K., et al., Macrophages at CNS interfaces: ontogeny and function in
health and disease. Nat Rev Neurosci, 2019. 20(9): p. 547-562.

Saylor, D, et al., HIV-associated neurocognitive disorder — pathogenesis and
prospects for treatment. Nature Reviews Neurology, 2016. 12(4): p. 234-248.

Williams, K.C. and W.F. Hickey, Central nervous system damage, monocytes and
macrophages, and neurological disorders in AIDS. Annu Rev Neurosci, 2002. 25:
p. 537-62.

Clements, J.E., et al., The central nervous system is a viral reservoir in simian
immunodeficiency virus--infected macaques on combined antiretroviral therapy:

98



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

a model for human immunodeficiency virus patients on highly active
antiretroviral therapy. J Neurovirol, 2005. 11(2): p. 180-9.

Zink, M.C., et al., High viral load in the cerebrospinal fluid and brain correlates
with severity of simian immunodeficiency virus encephalitis. J Virol, 1999.
73(12): p. 10480-8.

Aspelund, A., et al., A dural lymphatic vascular system that drains brain
interstitial fluid and macromolecules. J Exp Med, 2015. 212(7): p. 991-9.

Engelhardt, B., et al., Vascular, glial, and lymphatic immune gateways of the
central nervous system. Acta Neuropathol, 2016. 132(3): p. 317-38.

Hatterer, E., et al., How to drain without lymphatics? Dendritic cells migrate from
the cerebrospinal fluid to the B-cell follicles of cervical lymph nodes. Blood,
2006. 107(2): p. 806-12.

1ift, J.J., et al., A paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including amyloid . Sci
Transl Med, 2012. 4(147): p. 147ralll.

Kida, S., A. Pantazis, and R.O. Weller, CSF drains directly from the
subarachnoid space into nasal lymphatics in the rat. Anatomy, histology and
immunological significance. Neuropathol Appl Neurobiol, 1993. 19(6): p. 480-8.

Ma, Q., et al., Outflow of cerebrospinal fluid is predominantly through lymphatic
vessels and is reduced in aged mice. Nat Commun, 2017. 8(1): p. 1434.

Proulx, S.T., Cerebrospinal fluid outflow: a review of the historical and
contemporary evidence for arachnoid villi, perineural routes, and dural
lymphatics. Cellular and Molecular Life Sciences, 2021. 78(6): p. 2429-2457.

Hatterer, E., et al., Cerebrospinal fluid dendritic cells infiltrate the brain
parenchyma and target the cervical lymph nodes under neuroinflammatory
conditions. PLoS One, 2008. 3(10): p. e3321.

Da Mesquita, S., et al., Functional aspects of meningeal lymphatics in ageing and
Alzheimer's disease. Nature, 2018. 560(7717): p. 185-191.

Louveau, A., et al., CNS lymphatic drainage and neuroinflammation are
regulated by meningeal lymphatic vasculature. Nat Neurosci, 2018. 21(10): p.
1380-1391.

Louveau, A., et al., Understanding the functions and relationships of the

glymphatic system and meningeal lymphatics. J Clin Invest, 2017. 127(9): p.
3210-3219.

99



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Laman, J.D. and R.O. Weller, Drainage of cells and soluble antigen from the CNS
to regional lymph nodes. J Neuroimmune Pharmacol, 2013. 8(4): p. 840-56.

van Zwam, M., et al., Brain antigens in functionally distinct antigen-presenting
cell populations in cervical lymph nodes in MS and EAE. ] Mol Med (Berl), 2009.
87(3): p. 273-86.

de Vos, A.F., et al., Transfer of central nervous system autoantigens and
presentation in secondary lymphoid organs. J Immunol, 2002. 169(10): p. 5415-
23.

Ma, Q., et al., Clearance of cerebrospinal fluid from the sacral spine through
lymphatic vessels. Journal of Experimental Medicine, 2019. 216(11): p. 2492-
2502.

Jacob, L., et al., Anatomy and function of the vertebral column lymphatic network
in mice. Nature Communications, 2019. 10(1): p. 4594.

Miura, M., S. Kato, and M. von Liidinghausen, Lymphatic drainage of the
cerebrospinal fluid from monkey spinal meninges with special reference to the
distribution of the epidural lymphatics. Arch Histol Cytol, 1998. 61(3): p. 277-86.

Hu, P. and E.M. McLachlan, Macrophage and lymphocyte invasion of dorsal root
ganglia after peripheral nerve lesions in the rat. Neuroscience, 2002. 112(1): p.
23-38.

Delcroix, G.J., et al., Mesenchymal and neural stem cells labeled with HEDP-
coated SPIO nanoparticles: in vitro characterization and migration potential in
rat brain. Brain Res, 2009. 1255: p. 18-31.

Jendelova, P., et al., Magnetic resonance tracking of transplanted bone marrow
and embryonic stem cells labeled by iron oxide nanoparticles in rat brain and
spinal cord. J Neurosci Res, 2004. 76(2): p. 232-43.

Salemi, M., et al., Phylodynamic analysis of human immunodeficiency virus type

1 in distinct brain compartments provides a model for the neuropathogenesis of
AIDS. J Virol, 2005. 79(17): p. 11343-52.

Lamers, S.L., et al., HIV-1 phylogenetic analysis shows HIV-1 transits through
the meninges to brain and peripheral tissues. Infect Genet Evol, 2011. 11(1): p.
31-7.

Goldmann, J., et al., T cells traffic from brain to cervical lymph nodes via the
cribroid plate and the nasal mucosa. J Leukoc Biol, 2006. 80(4): p. 797-801.

Karman, J., et al., Initiation of immune responses in brain is promoted by local
dendritic cells. J Immunol, 2004. 173(4): p. 2353-61.

100



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Laaker, C., et al., Immune cells as messengers from the CNS to the periphery: the
role of the meningeal lymphatic system in immune cell migration from the CNS.
Front Immunol, 2023. 14: p. 1233908.

Raper, D., A. Louveau, and J. Kipnis, How Do Meningeal Lymphatic Vessels
Drain the CNS? Trends Neurosci, 2016. 39(9): p. 581-586.

Lamers, S.L., et al., The meningeal lymphatic system: a route for HIV brain
migration? J Neurovirol, 2016. 22(3): p. 275-81.

Frederick, N. and A. Louveau, Meningeal lymphatics, immunity and
neuroinflammation. Curr Opin Neurobiol, 2020. 62: p. 41-47.

Kanamori, M. and J. Kipnis, Meningeal lymphatics "drain" brain tumors. Cell
Res, 2020. 30(3): p. 191-192.

das Neves, S.P., N. Delivanoglou, and S. Da Mesquita, CNS-Draining Meningeal
Lymphatic Vasculature: Roles, Conundrums and Future Challenges. Front
Pharmacol, 2021. 12: p. 655052.

Daneman, R. and A. Prat, The blood-brain barrier. Cold Spring Harb Perspect
Biol, 2015. 7(1): p. a020412.

Chen, H. and E.E. Konofagou, The size of blood-brain barrier opening induced
by focused ultrasound is dictated by the acoustic pressure. J Cereb Blood Flow
Metab, 2014. 34(7): p. 1197-204.

Girard, J.-P., C. Moussion, and R. Forster, HEVs, lymphatics and homeostatic
immune cell trafficking in lymph nodes. Nature Reviews Immunology, 2012.
12(11): p. 762-773.

Abreu, C., et al., Brain macrophages harbor latent, infectious simian
immunodeficiency virus. Aids, 2019. 33 Suppl 2(Suppl 2): p. S181-s188.

Falangola, M.F., B.G. Castro-Filho, and C.K. Petito, Immune complex deposition
in the choroid plexus of patients with acquired immunodeficiency syndrome. Ann
Neurol, 1994. 36(3): p. 437-40.

Hanly, A. and C.K. Petito, HLA-DR-positive dendritic cells of the normal human
choroid plexus: a potential reservoir of HIV in the central nervous system. Hum
Pathol, 1998. 29(1): p. 88-93.

Chen, H., C. Wood, and C.K. Petito, Comparisons of HIV-1 viral sequences in
brain, choroid plexus and spleen: potential role of choroid plexus in the
pathogenesis of HIV encephalitis. ] Neurovirol, 2000. 6(6): p. 498-506.

101



52.

53.

54.

55.

56.

Liu, Y., et al., Analysis of human immunodeficiency virus type 1 gp160 sequences
from a patient with HIV dementia: evidence for monocyte trafficking into brain. J
Neurovirol, 2000. 6 Suppl 1: p. S70-81.

McCabe, J.S. and F.N. Low, The subarachnoid angle: An area of transition in
peripheral nerve. The Anatomical Record, 1969. 164(1): p. 15-33.

Veenhuis, R.T., et al., Monocyte-derived macrophages contain persistent latent
HIV reservoirs. Nature Microbiology, 2023. 8(5): p. 833-844.

Soulas, C., et al., Recently infiltrating MAC387(+) monocytes/macrophages a
third macrophage population involved in SIV and HIV encephalitic lesion
formation. Am J Pathol, 2011. 178(5): p. 2121-35.

White, K.S., et al., Simian immunodeficiency virus-infected rhesus macaques with

AIDS co-develop cardiovascular pathology and encephalitis. Front Immunol,
2023. 14: p. 1240946.

102



2.9 Chapter Overview and Next Steps

Our study investigated whether CNS macrophages can exit the CNS under normal
conditions and with SIV infection to examine their potential for CNS virus dissemination.
Using intracisternal injection of fluorescent-SPION in both non-infected and SIV-
infected macaques, we found that CNS macrophages exit the CNS to draining lymphatics
including the dCLN, spleen, and DRG. Notably, in SIV-infected animals, we observed an
increase in CNS macrophages and reduced traffic to peripheral sites, whereas there was
traffic out over time in non-infected macaques. SPION-labeled macrophages outside the
CNS contained SIV-RNA and gp41+ in SIV-infected macaques, indicating that CNS-
derived virally infected macrophages can exit and reseed the periphery. Our next steps
were to determine the effects of AIDS, ART, and following ART interruption on

macrophage traffic out of the CNS (Chapter 3).
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3.2 Abstract

The effects of antiretroviral therapy (ART) and therapy interruption on myeloid traffic
out of the central nervous system (CNS) with human immunodeficiency virus (HIV) and
simian immunodeficiency virus (SIV) infection are understudied. Using intracisternal
(i.c.) injection of dual-colored fluorescent superparamagnetic iron oxide nanoparticles
(SPION) in SIV-infected macaques early (12-14 dpi) and late (30 days before sacrifice)
we studied CNS macrophage viral reservoirs, turnover, and traffic out. SPION are
preferentially taken up by perivascular, meningeal, and choroid plexus macrophages. In
non-infected macaques, SPION+ macrophages traffic out of the CNS to the periphery
(deep cervical lymph node (dCLN), spleen, and dorsal root ganglia (DRG)) but
accumulate in the CNS with SIV infection. ART reduces the accumulation of CNS
SPION+ perivascular macrophages but not meningeal or choroid plexus macrophages.
Four weeks after ART interruption, SPION+ perivascular and choroid plexus
macrophage numbers remain the same, but the numbers of SPION+ meningeal
macrophages increase. ART eliminates SIV-RNA perivascular macrophages, but few
scattered SIV-RNA macrophages remain in the meninges and choroid plexus. Four weeks
after ART interruption, perivascular macrophages remain SIV- and scattered SIV+
meningeal and choroid plexus macrophages remain. Normally, SPION+ macrophages
leave the CNS trafficking to dCLN, spleen, and DRG at a rate that is decreased with SIV
infection and AIDS. SIV-RNA+ SPION+ macrophages that traffic out of the CNS are
eliminated by ART and do not rebound with ART interruption. Using two different
colored SPION to study the establishment of CNS SIV viral reservoirs, we find greater

numbers of early SPION+ macrophages within and outside of the CNS with SIVE, ART,
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and ART interruption. These data are consistent with SIV-infected perivascular
macrophages establishing an early viral reservoir and continual viral seeding of the
meninges and choroid plexus during infection. They are consistent with ART reducing
the CNS perivascular macrophage viral reservoir, preventing traffic of infected
macrophages out of the CNS, but less so SIV-RNA macrophages in meninges and

choroid plexus that can rebound following ART interruption.

Keywords: HIV, SIV, AIDS, SIVE, ART, ART Interruption, Traffic, CNS Macrophages

107



3.3 Introduction

Antiretroviral therapy (ART) has reduced the incidence of severe human
immunodeficiency virus (HIV)-associated neurocognitive disorders (HAND), yet the
prevalence of mild and asymptomatic HAND and HIV-associated neuropathy has
increased [1]. While durable ART diminishes HIV and simian immunodeficiency virus
(SIV) infection, latently infected myeloid cells persist in the CNS and may be a source of
viral recrudescence where macrophage traffic out of the CNS could result in viral
redistribution [2-8]. Distinct CNS macrophages, some of which originate from bone
marrow derived monocytes, can be infected by HIV and SIV and establish the CNS viral
reservoir [9-11]. These include perivascular macrophages, meningeal macrophages, and
macrophages in the choroid plexus. CNS perivascular macrophages monitor the interface
between cerebrospinal fluid (CSF) and blood [12-15], are HIV and SIV-RNA+ and
DNA+ as early as 3-7 days post-infection the periphery [16, 17], and make up the CNS
viral reservoir [6, 9, 10, 16]. Resident meningeal macrophages, derived from mesodermal
precursors in the yolk sac, are repopulated from the bone marrow at a slow, consistent
rate [13, 18-21]. Whereas, the choroid plexus contains bone marrow-derived stromal and
Kolmer macrophages that turnover continuously [22, 23] and are HIV and SIV-RNA+
and DNA+ [24-28]. The resident CNS macrophage—microglia—with a minimal capacity
for self-renewal are thought to be a viral reservoir less so than perivascular macrophages
[13, 29, 30]. In normal and HIV-infected humans and SIV-infected non-human primates,
there is CNS inflammation and both turnover and an accumulation of bone marrow-
derived perivascular, meningeal, and choroid plexus macrophages [31-34]. Less well-

studied and more pressing is the effect of ART and ART interruption on CNS

108



macrophage with HIV and SIV infection, accumulation, and their potential to traffic out

of the CNS.

Minimally, there are three entry routes of bone marrow and blood-derived
monocytes/macrophage into the CNS, including (i) migration directly from the blood via
postcapillary venules in the parenchyma (perivascular macrophage), (ii) migration from
postcapillary venules in the meninges (meningeal macrophage), and (iii) migration to and
through the choroid plexus (stromal and Kolmer macrophage) into the CSF and
subarachnoid space (SAS) (meningeal and perivascular macrophage) [35-37]. Using
CD34+ autologous hematopoietic stem cell transplant in rhesus macaques, we found
perivascular macrophages are continuously renewed from the bone marrow, similar to
what others have shown in humans [12, 14, 15, 38-42]. We and others have shown early
traffic (3-7 days) of virally infected monocytes into the CNS seeds the brain with HIV
and SIV [43-45] and blocking traffic with the anti-a4[1 antibody (Natalizumab) alone
blocks CNS virus and resolves neuronal injury [43-45]. While previous efforts have
focused on blocking the migration of bone marrow-monocytes/macrophages to the CNS,
whether macrophages leave the brain and traffic out to the periphery normally and with
HIV and SIV infection has not been determined. That CNS macrophage populations are
reservoirs of HIV and SIV is established; their ability to reseed the periphery with CNS-

derived virus has been suggested but, to date, not investigated.

Potential pathways, effects of immune cells and fluid leaving the CNS, the dynamics
of viral infection and ART, and the resolution of inflammation are understudied.
Historically, this was in part due to the belief in a lack of CNS-draining lymphatics [35].

Using intracisternal and intraparenchymal injection (i.c.) of dyes and fluorescently
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labeled antigen-presenting cells (APCs), traffic of APCs and drainage of CSF to the deep
cervical lymph nodes (dCLN) is documented to occur normally and at a rate that is
increased with inflammation [19, 46-51]. Importantly, ablation of meningeal lymphatics
and the dCLN reduces such traffic and effectively reduces clinical symptoms in
experimental autoimmune encephalomyelitis (EAE) [19, 46-51]. In addition, CSF flows
from the fourth ventricle into the central canal and through the lateral and median
apertures to the SAS along the entirety of the spinal cord. This pathway also allows for
the exchange between the CSF in the central canal, the CSF enveloping the spinal cord in
the SAS via perivascular spaces, and is crucial for the traffic of cells out of the CNS [52].
While eloquent, experimental injection or transplantation of labeled cells and fluid into
the CNS parenchymal can result in CNS injury and/or disruption of the blood-brain
barrier (BBB) and CNS parenchymal immune cell activation. Additionally, these studies
have largely been done in rodents. To date, it is unknown whether macrophages leave the
CNS in humans or non-human primates normally and with HIV or SIV infection.
Similarly, the effects of ART on CNS macrophage viral reservoirs, macrophage traffic
out, CNS inflammation, viral recrudescence, and CNS viral redistribution to the

periphery are not known.

We used i.c. injection of fluorescently labeled superparamagnetic iron oxide
nanoparticles (SPION) to study perivascular, meningeal, and choroid plexus
macrophages accumulation, traffic, and infection with acquired immunodeficiency
syndrome (AIDS) and SIV-encephalitis (SIVE), ART, and ART interruption. We
previously showed SPION preferentially labeled these macrophages in non-infected

macaques in the CNS and can migrate out to secondary lymphoid organs including the
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dCLN, spleen, and DRG (Alverez ef al., in prep). With SIV infection, there was an
accumulation of SPION+ macrophage in the CNS, which reduced traffic out (Alverez et
al., in prep). In the current study, we analyzed CNS macrophage accumulation, traffic out
with SIV infection in animals with AIDS and SIVE, on ART, and 4 weeks post ART
interruption. We find retention of SPION+ macrophages in the CNS with AIDS and
SIVE and decreased traffic out. ART reduces SPION+ macrophages in the CNS and
increases their numbers in the periphery. We find SIV-RNA+ SPION+ macrophages in
the CNS and periphery (dCLN, spleen, and DRG) that are eliminated with ART. ART
clears SIV-RNA+SPION+ perivascular macrophages but not SIV-RNA+SPION+
meningeal and choroid plexus macrophages. There is a rebound of plasma virus, SIV-
RNA+SPION+ meningeal, and choroid plexus macrophages, but not CNS perivascular
macrophages with ART interruption. These findings are discussed in the context of CNS
macrophage inflammation, accumulation, infection, and a viral rebound with ART

interruption.
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3.4 Results
ART reduces SPION+ perivascular macrophages but not meningeal or choroid
plexus macrophages.

We analyzed SIV-infected animals that were untreated and developed AIDS and

SIVE (n=5), that were on ART and did not develop AIDS or SIVE (SIVnoE) (n=10) and
had ART interruption for four weeks and were sacrificed (n=4) (Table 3.1, Figure 3.1).
We analyzed the number of SPION+ perivascular, meningeal, and choroid plexus
macrophages in SIVE, ART, and ART interruption (ART Off) animals (Figure 3.1A).
Overall, there are reduced numbers of SPION+ perivascular macrophages than SPION+
meningeal macrophages (50-195x) and SPION+ choroid plexus macrophages (1-5x)
(Figure 3.2A-C). Because there are greater numbers of total macrophages in the
meninges than perivascular macrophages in the parenchyma that could take up SPION,
we determined the ratio of total CD163+ and CD68+ SPION+ macrophages to the total
number of CD163+ and CD68+ macrophages for perivascular, meningeal, and choroid
plexus macrophages to compare the ratio in each compartment and importantly the ratio
did not change (Figure 3.2). Animals with AIDS and SIVE have 0.66+0.13
SPION+/mm? SPION+ perivascular macrophages that were reduced (p=0.054) to
0.1840.02 SPION+/mm? with ART and did not change with ART interruption
(0.2140.20 SPION+/mm?) (Figure 3.2A). SIVE animals had 28+5.8 SPION+/mm?
SPION+ meningeal macrophages and no decrease with ART (224+4.9 SPION+/mm?)
and significantly (p<0.05) increased numbers with ART interruption compared to ART
(ART Off: 39+8.6 SPION+/mm?) (Figure 3.2B). There were 18+13 SPION+/mm?

SPION+ macrophages in the choroid plexus of SIVE animals that slightly increased with

112



ART (26425 SPION-+/mm?) and a significant decreased with ART interruption (8.0+3.7
SPION+/mm?) (p<0.05) (Figure 3.2C). This decrease in the number of SPION+
macrophages in the choroid plexus following ART interruption may correspond with the
increase in the number of SPION+ macrophages in the meninges, indicative of
macrophage traffic into the CNS. These data are consistent with the accumulation of
perivascular macrophages with SIVE that is reduced with ART and an accumulation of

SPION+ meningeal and choroid plexus macrophages that are unaffected by ART.

ART decreases perivascular, meningeal, and choroid plexus macrophages.

We next assessed the effects of ART and ART interruption on the accumulation
of CNS macrophage. SIVE animals have 13+1.5 CD163+/mm? CD163+ perivascular
macrophages that significantly decrease with ART (4+£0.26 CD163+/mm?,p<0.0001) and
significantly increase compared to ART after ART interruption (7.740.66 CD163+/mm?
p<0.001) (Figure 3.2A). Similarly, ART significantly (p<0.0001) decreases meningeal
and choroid plexus macrophages (2-fold) (Meninges SIVE: 91+12 CD163+/mm?; ART:
54+3.3 CD163+/mm?) (Choroid plexus SIVE: 622+441 CD68+/mm?; ART: 246+192
CD68+/mm?) (Figure 3.2B-C). There is a 1.5-fold increase in the number of meningeal
macrophages compared to ART that did not reach statistical significance and no increase
in the numbers of choroid plexus macrophages (meninges ART: 5443.3 CD163+/mm?;
ART Off: 70+5.5 CD163+/mm?) (choroid plexus ART: 246+192 CD68+/mm?; ART
Off: 293+167 CD68+/mm?) (Figure 3.2B-C). Our data suggest there is an increased
accumulation of perivascular, meningeal, and choroid plexus macrophages with SIV

infection and AIDS that is reduced with ART and does not significantly change in the
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meninges and choroid plexus but increases in perivascular macrophages following 4

weeks of ART interruption.

There is increased traffic of SPION+ macrophages out of the CNS with ART.
Following i.c. SPION inoculation, we found SPION+ macrophage in the optic
nerve and eye, nasal septum, cribriform plate, and in peripheral draining lymphatics,
including dCLN, spleen, and DRG (Alverez et al., submitted). In contrast to the CNS and
consistent with our previous findings, animals with AIDS and SIVE have fewer numbers
of SPION+ macrophages in the periphery and increased numbers with ART (dCLN
SIVE: 0.284+0.15 SPION+/mm?; ART: 1.3+0.39 SPION+/mm?) (spleen SIVE:
0.9543.5 SPION+/mm?; ART: 3.0+8.6 SPION+/mm?) (DRG SIVE: 420+104
SPION+/mm?; ART: 947+400 SPION+/mm?) (Figure 3.2D-F). With ART, there are
significantly (p<0.005) increased numbers of SPION+ macrophages in the dcLLN and
spleen that trended to decreases following ART interruption (dCLN ART: 1.3+0.39
SPION+/mm?; ART Off: 0.5340.18 SPION+/mm?) (spleen ART: 3.0+8.6
SPION+/mm?; ART Off: 0.051+0.070 SPION+/mm?) (Figure 3.2D&E). Interestingly,
the numbers of SPION+ macrophages in the DRG increase with ART (2.3x) and with
ART interruption (3.5x) compared to animals with AIDS and SIVE but did not reach
statistical significance (DRG ART: 9474400 SPION-+/mm?; ART Off: 1458+398
SPION+/mm?) (Figure 3.2F). With ART interruption, the number of SPION+
macrophages did not significantly increase (p=0.06) in the DRG, yet there was a reduced
ratio of CD163+ to CD163+SPION+ macrophages in the DRG (SIVE 1:42, ART 1:213,

ART Off 1:304), suggestive of an increased in SPION+ macrophage leaving the CNS via
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the DRG with ART interruption. These data are consistent with SPION+ macrophages
being retained in the CNS with viral infection and inflammation, and increased CNS
macrophages trafficking out to the periphery with ART and resolution of CNS

inflammation.

ART decreases the number of CNS macrophages in the periphery.

In parallel with studies of SPION+ macrophages in the periphery, we assessed
numbers of macrophages in the same tissue with ART and ART interruption. In the
dCLN, SIVE animals have 69+4.8 CD163+/mm? CD163+ macrophages significantly
decrease with ART (45+7.0 CD163+/mm?, p<0.05) and that are similar to ART after
ART interruption (ART Off 45+5.6 CD163+/mm?) (Figure 3.2D). Similarly, ART
reduces macrophages in the spleen and significantly (p<0.005) decreases macrophages in
the DRG compared to animals with AIDS and SIVE (Spleen SIVE: 1190+348
CD163+/mm?; ART: 1041+40 CD163+/mm?) (DRG SIVE: 10+0.89 CD163-+/mm?;
ART: 4.540.45 CD163+/mm?) (Figure 3.2E-F). There are no differences in the number
of macrophages in the spleen and DRG between ART and ART interruption (Spleen
ART: 1041+40 CD163+/mm?; ART Off 1008+270 CD163+/mm?) (DRG ART:
4.5+0.45 CD163+/mm?; ART Off 4.9+0.51 CD163+/mm?) (Figure 3.2E-F). Our data
demonstrate there is an increased accumulation of macrophages in the dCLN, spleen, and
DRG with SIV infection and AIDS that is reduced with ART and does not rebound with

ART interruption.
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ART reduces SPION+ and total SIV-RNA+ macrophages and gp41+ cells in the
CNS and periphery.

Using ultrasensitive SIV-RNAscope with IHC for macrophages and IHC for
gp41+ cells we counted the number of viral RNA+ macrophage and gp41+ cells with and
without SPION in the CNS and periphery to assess the effects of ART and ART
interruption on virus in the CNS and the periphery (Table 3.2, Figure 3.3). Overall,
animals with AIDS and SIVE have large numbers of SIV-RNA+ macrophages with and
without SPION and gp41+ cells in the CNS and periphery that are significantly reduced
with ART (Table 3.2, Figure 3.3). Within the CNS, there are greater numbers of SIV-
RNA+SPION+ meningeal (25x) and choroid plexus macrophages (3.2x) versus SIV-
RNA+SPION+ perivascular macrophages in animals with AIDS and SIVE (Table 3.2,
Figure 3.3). There are large numbers of gp41+ cells, including MNGC, localized
primarily in CNS lesions—some of which contain SPION—and scattered SIV-DNA+
cells that are also primarily localized to lesions (Table 3.2, Figure 3.4). With ART, there
are few, scattered SIV-RNA+ macrophages and gp41+ perivascular macrophages
(CD163+ p<0.005; CD68+ p<0.0001), meninges (CD163+ p<0.005; CD68+ p<0.005),
and choroid plexus (CD68+ p=0.17) that are significantly reduced compared to SIVE
(Table 3.2). ART fully eliminates SIV-RNA+SPION+ perivascular macrophages while
few scattered SIV-RNA+SPION+ meningeal (1 SPION+SIV-RNA+ macrophage) and
choroid plexus macrophages (10 SPION+SIV-RNA+ macrophages) persist (Figure 3.3,
Table 3.2). With ART interruption, there is a slight increase although not statically
significant in the number of SPION+SIV-RNA+ macrophages (4 SPION+SIV-RNA+

macrophage) and gp41+ cells in the meninges, but not SPION+SIV-RNA+ or SIV-RNA+
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perivascular macrophages or in the choroid plexus (Table 3.2). These data show ART
reduces the number of infected CNS macrophages but there is a persistence of SPION+
macrophage with SIV-RNA in choroid plexus and a rebound in the meninges with ART

interruption.

ART eliminates SPION+ SIV-RNA+ macrophages in the periphery with no rebound
following ART interruption.

Outside the CNS, there are large numbers of SPION+ SIV-RNA+ and SIV-RNA+
macrophages with AIDS and SIVE that are significantly reduced with ART (p<0.05) that
not significantly rebound with ART interruption (Table 3.2). There are few scattered
CD163+ and CD68+ SIV-RNA+ macrophages in the dCLN, spleen, and DRG in SIVE
animals that are eliminated with ART and did not rebound with ART interruption. (Table
3.2). These data are consistent with ART reducing the number of virally infected
macrophages in the CNS and periphery, where virus rebounds in the meninges, choroid
plexus, dCLN, and spleen but not in CNS perivascular macrophages with ART

interruption.

ART reduces early SPION+ perivascular macrophages in the CNS which
corresponds to an increase in EARLY SPION+ macrophages in the periphery.

To better define the timing and establishment of CNS macrophage viral reservoirs
and the effect of ART and ART interruption on CNS macrophage retention and traffic
out, we injected two different colored SPION. Green, fluorescent SPION were injected

12-14 days post-infection (Early), and red fluorescent SPION were injected 30 days prior
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to sacrifice (between 3-28 days prior to sacrifice, Late) (Table 3.1, Figure 3.1). Our
preliminary studies and work by others demonstrated SPION are internalized by
macrophages within 30 minutes and remain intact in animals for greater than 120 days or
the duration our experiments [53, 54]. We analyze the labeled cells in terms of ones that
have Early, Late, or Dual Labeled with both SPIONs. There are significantly (p<0.0001)
greater numbers of early versus late and dual-SPION+ perivascular macrophages in SIVE
animals, ART, and with ART interruption (Figure 3.5A, Table 3.3). In contrast, there are
equivalent numbers of early, late, and dual SPION+ meningeal macrophages in SIVE,
ART, and ART interruption animals (Figure 3.5A-B, Table 3.3). The distribution of
early and late SPION+ choroid plexus macrophages is similar to the meninges with
equivalent numbers of early, late, and dual SPION+ macrophages. There are slightly
greater numbers of early (SIVE: 3-fold, ART 4-fold, ART Off 4.6-fold) versus late or
dual choroid plexus macrophages (Table 3.3). Overall, these data suggest the CNS
perivascular macrophage viral reservoir is established early in infection. In contrast, these
data suggest that meningeal and choroid plexus macrophages have ongoing recruitment

that increases upon the development of AIDS and SIVE.

ART animals have increased Early SPION+ macrophage in the periphery compared
to animals with SIVE.

Outside of the CNS in the dcLN, spleen, and DRG, there are greater numbers of
early SPION+ macrophages than late or dual with SIVE, ART, and ART interruption,
although these did not reach statistical significance (Figure 3.5C, Table 3.3). With ART,

there are greater numbers of early SPION+ macrophages in the spleen and few to no late
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or dual (Figure 3.5D, Table 3.3). In the DRG, there are greater numbers of early and
dual SPION+ macrophages compared to late in animals with AIDS and SIVE, ART, and
following ART interruption (Figure 3.5E, Table 3.3). These data support the early
establishment of the CNS macrophage viral reservoir, ART resolving CNS inflammation
by inducing traffic of macrophages out early, and increased traffic of virally infected
macrophages out of the CNS occurs late during infection with AIDS and SIVE. The
SPION+SIV-RNA+ perivascular macrophages in SIVE animals are primarily labeled
with Early SPION, which are eliminated with ART, and do not rebound with ART
interruption (Table 3.4). In contrast to perivascular macrophages, SIVE animals have
greater numbers of Dual SPION+ SIV-RNA+ meningeal macrophages than Early or Late
SPION (Table 3.4). SPION+ SIV-RNA+ choroid plexus macrophages are primarily

labeled with Late SPION that are not eliminated with ART (Table 3.4).

SPION+ SIV-RNA+ macrophages that traffic out of the CNS to the periphery are
eliminated with ART and do not rebound with ART interruption.

The majority of SPION in SIVE animals with SIV-RNA+ macrophages in the
dcLN are Late (Table 3.4). The SPION+SIV-RNA+ macrophages in the dCLN are
eliminated with ART and do not rebound with ART interruption (Table 3.4). In the
spleen of SIVE animals, there are equivalent numbers of early and late injected
SPION+SIV-RNA+ macrophages that are eliminated with ART and do not rebound

following ART interruption (Table 3.4).
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3.5 Discussion
Few studies have investigated CNS macrophage accumulation and traffic out

normally, with HIV and SIV infection, or ART, and ART interruption. Using i.c.
injection of SPION that labeled CNS perivascular, meningeal, and choroid plexus
macrophages we found animals with AIDS and SIVE had increased CNS SPION+
macrophages. There was a differential distribution of SPION+ macrophages with 50 to
200-fold greater numbers of SPION+ meningeal macrophages than SPION+ perivascular
macrophages and 1 to 5-fold greater numbers of meningeal than choroid plexus
macrophages. These results are consistent with greater numbers of total meningeal versus
perivascular macrophages, and interestingly, the ratio of total macrophages versus
SPION+ macrophages in the two compartments did not change between SIVE, ART, and
ART Off animals. ART reduced the numbers of SPION+ perivascular macrophages
within the CNS, whereas macaques with SIVE have approximately 4x more SPION+
perivascular macrophages than ART animals. ART did not affect the numbers of
SPION+ macrophages in the meninges and choroid plexus. Following ART interruption,
there were increased numbers of SPION+ meningeal macrophages and decreased
SPION+ choroid plexus macrophages. Increased numbers in the meninges may account
for decreased choroid plexus macrophages, where increased traffic of BM macrophages
from the choroid plexus to the CSF could result in a corresponding increase in the
SPION+ meningeal macrophages. We note that SPION+ macrophages in the perivascular
space, dCLN, and the spleen typically contain fewer SPION per cell compared to
macrophages in the meninges and DRG that contain more SPION per macrophage (data

not shown). The differential numbers are likely due to the fluid-SPION interface in the
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different macrophage compartments [18, 55, 56]. Additionally, the kinetics of turnover of
these cells normally, and once they have taken up SPION, is also likely a factor. It is
possible that once a macrophage is sufficiently loaded with SPION, certain egress routes,
such as passing through the cribriform plate, are less feasible. SPION uptake by
macrophages could ultimately slow their exit from the CNS and potentially contribute to
the accumulation of these cells in different compartments, for example, the meninges.
Alternatively, macrophages that are more able to traffic out of the CNS might do so once
they take up fewer SPION. An assumption of our studies, supported by the work of
others, is that SPIONS, unlike dextrans, [33, 47, 57-59] do not leak out of the CNS. This
is supported by the SPION size in our studies and also our lack of finding single, non-cell
associated SPION inside and outside the CNS. These data are consistent with a
differential turnover of CNS perivascular, meningeal, and choroid plexus macrophages
and a reduction primarily in CNS perivascular macrophages with ART.

Macrophage turnover in the CNS has been shown to occur normally at a rate that
increases with inflammation[38]. Less well known is the effect of ART and the
contribution of early versus late macrophage accumulation with inflammation with regard
to viral infection. Using two different colored SPION injected Early and Late, we found
greater numbers of Early versus Late or Dual labeled macrophage in all tissues examined
regardless of treatment. Perivascular macrophages are primarily labeled with early
SPION, suggesting they are a resident, low-turnover macrophage population with SIV
infection. A greater number of Early SPION-labeled macrophages may occur due to a
limited capacity for SPION uptake. Regardless, this data is consistent with our previous

reports of early recruitment of CD163+ bone marrow-derived perivascular macrophages
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to the CNS with SIV infection [33, 60, 61] and that perivascular macrophage turnover
occurs at a low rate that is increased with SIV infection [12, 38, 41, 60, 61]. In contrast,
meningeal macrophages had equivalent numbers of Early and Late injected SPION+
macrophages in SIVE, ART, and following ART interruption suggesting these are a more
static locally maintained macrophage population that is unchanged with ART or
following ART interruption. Fluid dynamics in regions such as the meninges and even
DRG may contribute to the even distribution of Early, Late, and Dual-labeled
macrophages in these compartments, as these cells are continuously exposed to CSF-
containing SPION. Choroid plexus macrophages also had equivalent numbers of Early
and Late but few Dual SPION+ macrophages in SIVE, ART, and ART interruption
animals, consistent with a high rate of traffic and turnover of monocytes/macrophages.
The continuous turnover and exit of CNS macrophages to the periphery may occur with
CNS lesion resolution and provide a mechanism to prevent chronic inflammation and
tissue damage with SIV and HIV infection, similar to findings in recent rodent
studies[62, 63]. Overall, our data using SPION to label CNS macrophages to investigate
turnover shows the traffic of CNS macrophages out to the periphery (dCLN, spleen, and
DRG). In the periphery, we typically observed more Early-labeled macrophages, which
may indicate a delay in the clearance of SPION+ cells from the CNS rather than the rapid
drainage of free SPION. It is a valid question whether SPIONs could be broken down and
exit the CNS as others have previously shown [64, 65], though this is unlikely in our
timeframe examined (<1 year) and beads used due to the stability of their encapsulated
synthetic polymer coating [59, 66-68]. A more likely outcome in our study is the

clearance of SPION through the kidneys or the induction of iron-programmed cell death
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due to high levels of iron ions and reactive oxygen species, leading to lipid peroxidation
and eventual cell death [59, 66-69]. In this study, we did not directly measure traffic of
specific SPION+ CNS macrophage populations out of the CNS, nor did we define
specific pathways of exit. Furthermore, specific studies would be required to better
understand specific macrophage populations that can leave the CNS. Such future studies
are likely critical to understanding CNS inflammation and the resolution of inflammation.
Pathways by which macrophages can exit the CNS have been proposed and
described [19, 23, 46, 47, 51, 62, 63, 70-82] , including i) dorsal and basal dural
lymphatics, ii) the olfactory bulb-cribriform lymphatic axis, ii) the choroid plexus, and ii)
egress via spinal pathways [50, 74, 83]. More recently, discontinuities in the arachnoid
barrier at bridging veins are another path underscoring immune cell and CSF drainage
into the dura and egress via dural lymphatics [84]. Perivascular and meningeal
macrophages could exit with CSF via meningeal lymphatics or cranial nerve routes to
reach the dCLN [49, 50, 85]. We find increased numbers of SPION+ macrophages in the
dCLN, which likely exited the CNS via nasal and meningeal routes rather than in the
superficial cLN, which would likely be drainage for cranial nerve egress [49, 86].
Choroid plexus stromal macrophages exit via perivenous routes and/or migrate through
the choroid plexus to the CSF and to the subarachnoid space. Choroid plexus Kolmer
macrophages could likewise leave via pathways of CSF drainage [19, 47, 48, 73].
Additionally, immune cells could exit the CNS via CSF drainage pathways in the spine
including arachnoid villi to spinal veins [87-89], along spinal nerve roots (DRG) to
epidural lymphatics [90, 91] , and routes through the arachnoid layer to the spinal

meninges to dural lymphatics [92, 93]. The egress of macrophages, some of which can be
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infected, is crucial for understanding CNS reservoir resolution and possible redistribution
of CNS virus.

An important consideration is whether CNS SIV or HIV virally infected
macrophages can traffic out of the CNS to the periphery. We found SIVE animals had
SIV-RNA+ SPION+ perivascular macrophages, meningeal, choroid plexus macrophages,
and SIV-RNA+ SPION+ macrophages in the dCLN, spleen, and DRG. With ART, SIV-
RNA+ SPION+ macrophages were eliminated in the CNS parenchyma (perivascular
macrophages) and periphery, but not meninges and choroid plexus. With ART
interruption, there was a rebound of SIV-RNA+ SPION+ and SIV-RNA+ meningeal
macrophages, choroid plexus macrophages, macrophages in the spleen, and plasma virus
but not SIV-RNA+SPION+ perivascular macrophages. We did not find any SIV-DNA+
macrophage with SPION within or outside the CNS with ART which is most likely due
to the reduced sensitivity of the DNAscope assay compared to SIV-RNAscope. Clements
et al. recently found that virologically suppressed people living with HIV have persistent,
replication-competent virus in monocyte-derived macrophages in blood using a
quantitative viral outgrowth assay [11]. Although we did not find SIV-RNA+SPION+
macrophages with ART in the peripheral tissue sections, Clements and colleagues
recently showed despite low levels of viral DNA, replication-competent virus persists in
monocyte-derived macrophages despite ART [11]. Importantly, with ART interruption,
we find a rebound of virally infected macrophages in CNS meninges, choroid plexus,
plasma virus, and spleen, but not in the CNS perivascular macrophages or cell-associated
SIV-RNA and DNA in PBMCs (data not shown). These data suggest that with AIDS and

SIVE, there is ongoing reseeding of the periphery from the CNS viral reservoir that is
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eliminated with ART, and with ART interruption, virus rebounds from the plasma,
meninges, and spleen. While the CNS has been historically regarded as an immune-
privileged site with restricted immune cell trafficking and controlled egress of immune
cells—particularly macrophages—is critical for controlling inflammation. Our data
underscores the dynamic nature of macrophages in the CNS that can migrate from the
bone marrow to the CNS and traffic antigens out with inflammation or viral infection.
The egress of macrophages from the CNS with ART results in the resolution of
inflammation and reduced macrophage infection. While macrophage traffic out of the
CNS challenges the conventional notion of CNS immune privilege, it is critical for the
regulation of neuroinflammation.

We used two different colored, fluorescently labeled SPION i.c. injected Early
(12-14 days post-infection) and Late (30 days prior to sacrifice) to study CNS
macrophage viral reservoir establishment, including the timing and location. We found
significantly more Early SPION+ SIV-RNA+ perivascular macrophages compared to
Late or Dual in AIDS and SIVE animals that were eliminated with ART and did not
rebound with ART interruption. This suggests and agrees with our previous data [33] that
the CNS perivascular macrophage viral reservoir is established during early infection.
Conversely, in the meninges, we found equal distribution of SIV-RNA+ Early, Late, and
Dual-labeled SPION+ macrophages in animals with AIDS and SIVE that were eliminated
with ART but rebounded with ART interruption. This suggests ongoing recruitment of
SIV-RNA-+ macrophages in the meninges with AIDS and SIVE that is eliminated with
ART and rebounds following ART interruption. In the choroid plexus, we found greater

numbers of Late SPION+ SIV-RNA+ macrophages in SIVE animals that were not
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eliminated with ART. This data is consistent with the choroid plexus being a site of entry
for BM-derived monocytes to the CNS, which has a high rate of turnover that is increased
with SIV infection [33, 38]. It is important to note in CD8-depleted macaques, we do not
reduce plasma viral load to undetectable levels with ART (1x10* logio copies/mL). Thus,
it would be expected to find viral RNA+ monocytes in the blood, possibly even
containing SPION (not examined). These data support the early establishment of the CNS
macrophage viral reservoir, ART resolving CNS inflammation by inducing traffic out
early, differential rates of viral seeding in the parenchyma, meninges, and choroid plexus,
and increased traffic of virally infected SPION+ macrophages out to the periphery with
AIDS.

One site of particular interest to the CNS with regards to neuroimmune
modulation is the choroid plexus, as it is viewed as an immune cell gateway to the brain
[22, 26, 27, 36, 94]. HIV and SIV-infected cells have been found in the choroid
plexus[26, 27, 95] but whether it is a viral reservoir has not been established. We found
an accumulation of SPION+ macrophages within the choroid plexus, which could have
been labeled via diffusion of SPION with CSF across the epiplexus, recirculation of
SPION or SPION+ monocytes/macrophage. Previously, we used an anti-A4B1 antibody
to block the traffic of monocytes and macrophages to the CNS and prevent the
establishment of the CNS viral reservoir, and reduce neuronal injury [43]. Because A4
integrin is expressed on both sides of the choroid plexus, anti-A4B Itreatement could
prevent cellular traffic via both sides of the choroid plexus and determine if there is
recirculation of monocytes/macrophages to the CNS. By blocking the traffic of immune

cells out of the CNS by ablation of meningeal lymphatics, Louveau et al. found there is a
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reduction in clinal symptoms from EAE while conversely improving the function of
meningeal lymphatics and increasing traffic of immune cells out of the CNS in aged mice
improved clinical symptoms [19, 46-51]. Our SPION data indicates that traffic of CNS
macrophages out to the dcLLN, spleen, and DRG occurs normally, with SIV infection, and
is increased with ART with the resolution of CNS inflammation. Using anti-A4B1
antibody in conjunction with ART to block the accumulation of macrophages in the CNS
could prevent viral recrudescence of SPION+ macrophages we found in the CNS
meninges and choroid plexus with ART interruption.

The results of this study suggest myeloid traffic within and outside the CNS with
HIV and SIV infection plays a major role in the resolution of CNS inflammation. Our
study found that animals with SIVE had more SPION+ macrophages in the CNS
compared to those without infection or those treated with ART. In contrast, the ART
animals had fewer SPION+ CNS macrophages but more SPION+ macrophages that
moved out of the CNS to the periphery, suggestive of inflammation resolution. This
situation creates a paradox because historically, the CNS has been seen as a place where
the immune system is restricted, and the movement of immune cells, especially
macrophages, is tightly controlled to manage inflammation. Our findings emphasize how
macrophages recruited into the CNS are dynamic as they migrate from the bone marrow

and respond to CNS inflammation and viral infections.
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3.6 Experimental Procedures
Ethics Statement: All animal work was approved by the Tulane National Primate
Research Center Care and Animal Use Committee. The TNRPC protocol number is 3497
and the animal welfare assurance number is A4499-01.
Animals and Viral Infection: A total of 20 adult rhesus macaques (Macaca mulatta)
born and housed at the Tulane National Primate Research Center in strict adherence to
the "Guide for the Care and Use of Laboratory Animals” were used in this study (Figure
3.1, Table 3.1). CD8+ lymphocytes were depleted to achieve rapid AIDS (3 to 4 months)
with >75% incidence of SIVE, as previously described [33, 34, 60, 96]. CD8+ T
lymphocyte depletion was monitored longitudinally by flow cytometry and all macaques
were persistently depleted (>28 days). Animals were experimentally infected
intravenously (i.v) by inoculation with a bolus of SIVmac251 viral swarm (20 ng of SIV
p28) provided by Dr. Ronald Desrosiers, over 5 minutes. At 21 days post-infection, n=14
macaques began a 12 - 15-week regimen of antiretroviral therapy (ART) consisting of
Raltegravir (Merck, 22 mg/kg) given orally twice daily, and Tenofovir (Gilead, 30
mg/kg) and Emtricitabine (Gilead, 10 mg/kg) combined in a sterile solution given once-
daily, s.c. Ten animals were euthanized on ART and 4 were removed from ART for 4
weeks to allow for viral rebound. Animals were euthanized based on the
recommendations of the American Veterinary Medical Association Guidelines for the
Euthanasia of Animals upon developing signs of AIDS, which included: a >15% decrease
in body weight in 2 weeks or >30% decrease in body weight in 2 months; documented
opportunistic infection; persistent anorexia>3 days without explicable cause; severe,

intractable diarrhea; progressive neurological symptoms; or significant cardiac or
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pulmonary symptoms. SIV encephalitis (SIVE) was defined by the presence of
multinucleated giant cells (MNGC) and the accumulation of macrophages [60].
Longitudinal plasma viral load (PVL) was assessed as previously described [97-99] to
monitor viral suppression during treatment and rebound following ART interruption
(Figure 3.1B). For PVL, 500uL of EDTA plasma was collected and plasma virions were
pelleted by centrifugation (20,000 x g for 1 hour). The sensitivity threshold of the assay
was 100 copy Eq/mL with an average intra-assay coefficient variation of less than 25%.
Log-transformed PVLs below the limit of detection were set to 0 for statistical analysis.
SPION: Superparamagnetic iron oxide nanoparticles (SPION) were obtained from Bang
Laboratories Inc. (PS-COOH Mag/Encapsulated, MEDGO001, and MEFRO0O01, Fishers,
IN). SPION have internal fluorescence (Dragon Green [480/520] and Flash Red
[660/690]) and are iron oxide nanospheres encapsulated in an inert polymer with an
average particle size of 0.86um diameter. SPION were prepared in a class 2 biosafety
cabinet. 3 mL of stock solution and 7 mL of sterile, low endotoxin 1XPBS were added to
a 15 mL conical tube and gently mixed. A magnet was used to separate the SPION from
the liquid and an additional 7 mL of 1XPBS was added for a second wash. This process
was repeated 7 - 10 times to ensure all original buffer was removed and the SPION were
resuspended in a sterile 1XPBS solution. SPION reconstituted in ImL of sterile 1XPBS,
at a final concentration of 33 mg/mL.

Intracisternal Inoculation Procedure: To avoid an increase in intracranial pressure, 1
mL of cerebrospinal fluid (CSF) was removed from the cisterna magna prior to the

inoculation of SPION or RITC-Dextran. Dragon Green [480/520] SPION (33 mg/mL)
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were administered 2 weeks post-inoculation at 12 or 14 dpi. Flash Red [660/690] SPION
(33 mg/mL) were injected late during infection prior to euthanasia (Range 3-22 days).
Tissue Collection and Processing: Animals were anesthetized with ketamine-HCI and
euthanized with i.v. pentobarbital overdose and exsanguinated. Blood was collected and
Heparin Sulfate was administered i.v. and given 5 minutes to diffuse. Sodium
pentobarbitol was administered via intracardiac stick and CSF was collected. Following
CSF collection, animals underwent perfusion with 3L of chilled 1XPBS. Postmortem
examination was performed by a veterinary pathologist that confirmed the presence of
AIDS-defining lesions as previously described [33, 34, 60, 96]. Brain (frontal, temporal,
occipital, parietal, and choroid plexus) and peripheral tissues (cervical lymph nodes,
spleen, and DRG) were: 1) collected in zinc-buffered formalin and embedded in paraffin,
i1) fixed with 2% paraformaldehyde for 4-48 hours, sucrose protected and embedded in
optimal cutting temperature (OCT) compound for SPION analysis, or iii) snap frozen in
OCT without fixation (spleen).

Immunohistochemistry: IHC was performed as previously described using the
antibodies targeting CD163 (1:250, Leica (Deer Park, IL)), CD68 (1:100, DAKO
(Carpinteria, CA)), CD206 (1:1000, R&D Systems (Minneapolis, MN)), and IBA1+
macrophages (1:100, Wako (Osaka, Japan)) [33, 34, 96]. Briefly, formalin-fixed paraffin-
embedded sections were deparaffinized and rehydrated followed by antigen retrieval with
a citrate-based Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA) in a
microwave (900 W) for 20 min. After cooling for 20 min, sections were washed with
Tris-buffered saline (TBS) containing 0.05% Tween-20 for 5 minutes before incubation

with peroxidase block (DAKO, Carpinteria, CA) followed by protein block (DAKO,
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Carpinteria, CA) for 30 minutes and incubation with primary antibody. Following
incubation with a peroxidase-conjugated polymer, slides were developed using a
diaminobenzidine chromogen (DAKO, Carpinteria, CA) with Harris Hematoxylin
(StatLab, McKinney, TX).

Immunofluorescence: Immunofluorescence for CD163+, CD68+, IBA1+, and gp41+
macrophages was performed using antibodies and fluorochromes using CD163 (NCL-
CD163 CE, AF568, Invitrogen (Carlsbad, CA)), CD68 (DAKO, AF568 (Carpinteria,
CA)), IBA1+ macrophages (Wako, DISCOVERY OmniMap Anti-Rb HRP (Osaka,
Japan)), and gp41+ (KK41+, 1:100, NIH (Manassas, VA)) on 2% paraformaldehyde
(PFA) fixed frozen sections. 2% PFA, fixed frozen sections were thawed for 20 minutes
at room temperature, unwrapped, submerged in a citrate-based Antigen Unmasking
Solution, and microwaved for one minute and forty-five seconds and cooled to room
temperature. Slides were permeabilized in a solution of phosphate-buffered saline with
0.01% Triton X-100 and 0.02% fish skin gelatin (PBS-FSG-TX100) followed by a PBS-
FSG wash, transferred to a humidified chamber and blocked with 10% normal goat serum
(NGS) diluted in PBS-FSG for 40 minutes, followed by a 60-minute primary antibody
incubation, washes, and 40-minute secondary antibody incubation. Routine washes were
performed and DAPI nuclear stain added for 10 minutes. Slides were mounted using a
custom-formulated anti-quenching mounting media containing Mowiol (#475904,
Calbiochem; San Diego, CA) and DABCO (#D2522, Sigma: St. Louis, MO) and allowed
to dry overnight before being digitally imaged with a Zeiss Axio Scan.Z1. HALO
software (HALO v3.4, Indica Labs; Albuquerque, NM) was used for quantification and

analysis.
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Viral RNA and DNA Detection: Ultrasensitive SIV-RNAscope with probes for
SIVmac251 was used to detect SPION-containing SIV-RNA positive cells within and
outside of the CNS as previously described [96]. Tissue sections were placed in a target
antigen retrieval solution, heated, and treated with protease plus, and a hydrogen peroxide
blocker according to the manufacturer’s protocol (Advanced Cell Diagnostics, Newark,
CA). SIVmac239 RNAscope probes (Advanced Cell Diagnostics, Newark, CA) were
hybridized at 40°C in the HybEZ II Hybridization System. The RNAscope 2.5 HD Assay
amplification steps were applied according to the manufacturer’s protocol. Target RNA
was visualized through the addition of chromogenic Fast Red A and Fast Red B
(Advanced Cell Diagnostics, Newark, CA), and sections were counterstained with
hematoxylin (Sigma-Aldrich) and mounted using Vectamount (Vector Laboratories).
Viral RNA processed sections were subsequently stained for CD163+ or CD68+
macrophages using primary antibodies and IHC methods described above. Prussian blue
iron staining and/or the internal fluorescence of SPION was used to detect
VRNA+SPION-containing CD163+ macrophage. DNAscope was performed, as
previously described [96, 100, 101]. SIV-DNA was detected in situ using an SIV-DNA
sense probe (Advanced Cell Diagnostics, Newark, CA) for RNAscope® Assay on 3 —4
CNS cortical sections and 1 peripheral tissue (dcLN, spleen, and DRG) per animal. To
reduce non-specific signal, brain tissues were pre-treated with 2N HCL for 30 min at
room temperature.

Detection and quantification of SPION-containing macrophages in tissues: SPION
were detected in the central nervous system (CNS) and peripheral tissues by 1) light

microscopy by morphology of the amber SPION beads, 2) Prussian blue iron staining
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(Sigma Aldrich Iron Stain, St. Louis, MO), and 3) internal fluorescence of Dragon Green
or Flash Red. The number of SPION-containing macrophages with IHC for macrophages
with CD163+ or CD68+ was counted. SPION+ macrophages in whole tissue sections
were counted manually at 20x by light microscopy (Plan-Apochromat 620/0.7, Olympus;
Japan) in a blinded fashion. Whole section tiling and stitching was done using a Zeiss
Axio Imager M1 microscope (Zeiss; Oberkochen, Germany) with AxioVision (Version
4.8, Zeiss; Oberkochen, Germany) using Plan-Apochromat 620/0.8 and 640/0.95 Korr
objectives followed by manual annotation of the parenchyma from the meninges into
separate regions of interest (ROI) and tissue area reported as mm?.

For analysis of early versus late SPION+ macrophages and virally infected
SPION+ macrophages, whole slide fluorescent images of stained sections were scanned
using a Zeiss AxioScan Z.1 (Carl Zeiss Microlmaging, Inc., Thornwood, NY). Scanned
sections were analyzed with HALO modular analysis software (HALO v3.4, Indica Labs;
Albuquerque, NM). The parenchyma and meninges were first annotated into separate
ROI/annotation layers and the number of early, late, and dual SPION-containing
macrophages and VRNA-FISH early, late, and dual SPION-containing macrophages were
counted using the FISH v.3.2.3 module (HALO v3.4, Indica Labs; Albuquerque, NM)
and reported as the number of cells per mm?.

Statistical Analysis: Statistical analyses were performed using Prism version 10.0
(GraphPad Software; San Diego, CA). Comparisons between animals with SIVE, ART,
and following ART interruption were made using a nonparametric one-way analysis of

variance (Kruskal-Wallis, GraphPad Software; San Diego, CA) with Dunn’s multiple
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comparisons. Statistical significance was accepted at p< 0.05 and all graphing was done
using Prism (GraphPad Software; San Diego, CA).
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3.7 Tables, Figures, and Figure Legends

Table 3.1
Animal DPlat |CNS Days with |Days with
Cohort D Treatment Death |Pathology Green Red
SPIONs |SPIONs
IK28 Untreated 100 SIVE 86 3
JE87 |Untreated 119 SIVE 105 14
SIVE [JD29 |Untreated 126 SIVE 112 7
(n=6) |KN69 [Untreated 83 SIVE 69 6
KT79 |Untreated 119 SIVE 105 22
LB12 |Untreated 115 SIVE 101 10
JJ86 |ART 105 SIVnoE 89 26
KD67 |(ART 105 SIVnoE 89 26
KM38 |(ART 105 SIVnoE 90 27
LK25 |(ART 105 SIVnoE 93 28
ART |JH68 |[ART 118 SIVnoE 108 28
(n=10) |JI15 ART 118 SIVnoE 108 28
Gl68 |ART 119 SIVnoE 109 29
JB07 |ART 119 SIVnoE 109 29
GH18 |[ART 120 SIVnoE 110 30
JF58 |ART 120 SIVnoE 110 30
KD12 |ART Interruption |133 SIVnoE 119 28
ART Off |JV76 |ART Interruption |132 SIVnoE 118 27
(n=4) (JV78 |ART Interruption [133 SIVnoE 119 28
KE98 |ART Interruption [133 SIVnoE 119 28
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Table 3.1 Animals used in the study. Twenty SIV-infected, CD8+ T-lymphocyte-
depleted rhesus macaques were used in this study. Sections of cortical CNS tissue were
examined blindly by a veterinary pathologist, and the presence of SIV-induced
encephalitis (SIVE) was defined by productive viral replication, the presence of MNGC,
and macrophage accumulation or the presence of SIV with no encephalitis (SIVnoE). All
macaques received i.c. SPION injection early (12-14 dpi, Green Early SPION) and late
(26-30 days before sacrifice, Red Late SPION). ART animals began treatment daily at 21

dpi, and four animals had ART interrupted (ART Off) for 4 weeks prior to sacrifice.
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Figure 3.1
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Figure 3.1 Study design and plasma viral load. (A) Nineteen rhesus macaques were
infected with SIVmac251 (black arrow) and CD8 T lymphocytes depleted on 5, 7, and 12
dpi (red arrows). Fourteen macaques were treated with ART twice daily starting 21 dpi
until 105 — 119 dpi where animals were sacrificed on ART treatment (n=10) or had ART
interruption (n=4) for 4 weeks before sacrifice. Macaques received i.c. SPION injection
early (12-14 dpi, Green Early SPION) and late (30 days prior to sacrifice, Late SPION).
All untreated macaques were sacrificed upon progression to AIDS between 83—126 dpi.

Created in BioRender. Wallis, Z. (2024) https://BioRender.com/a42¢272 (B) Plasma viral

load was measured longitudinally in SIV-infected animals (n=6), SIV-infected animals
with ART (n=9), and SIV-infected with ART and following ART Off (n=4). Prism was
used for graphing and statistical analysis using Kruskal-Wallis nonparametric test

followed by Dunn’s post-hoc test, with significance accepted at p <0.05.
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Figure 3.2
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D. Deep Cervical Lymph Node
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Figure 3.2 ART reduces the number of SPION+ perivascular macrophages and
increases traffic out. Single-label immunohistochemistry for CD163 with Prussian Blue
staining for SPION (black) or macrophage alone (grey) in non-treated SIV-infected
animals with encephalitis (SIVE), SIV-infected macaques sacrificed on ART (ART), and
SIV-infected macaques with 4 weeks of ART interruption (ART Off) in (A) perivascular
space, (B) meninges, (C) choroid plexus, (D) dcLN, (E) spleen, and (F) DRG. Each data
point represents the cell count from the cortical tissue section examined and is expressed
as the number of positive cells per mm?. The numbers above each graph are the average
ratio of CD163+SPION+/ CD163+ macrophages or CD68+SPION+/CD68+ in the
choroid plexus. Prism was used for graphing and statistical analysis Kruskal-Wallis
nonparametric test was followed by Dunn’s post-hoc test, *P < 0.05, *+xP < 0.01, and

*xsx%xP < 0.0001.
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Figure 3.3
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Figure 3.3 SPION+ SIV-RNA+ macrophages in the parenchyma, meninges, choroid
plexus, dCLN, spleen, and DRG of animals with AIDS and SIVE. SIV-RNA (red)
was detected in the CNS perivascular space, meninges, choroid plexus, and outside of the
CNS in the dCLN, spleen, and DRG using RNAscope in situ hybridization. Early (green)
SPION were i.c. injected 12-14 dpi and Late (pseudo-colored blue) SPION were i.c.
injected 30 days prior to sacrifice. Images were captured from scanned sections. Nuclei

are stained with Dapi (grey).
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Table 3.2

A.

SIV-RNA+ Macr
Tissue Cohort CD163+VRANA+ |CD68+VRNA+ | SPION+ gpa1+ Cells
Untreated [4.8+1.9 95+6.4 0.018 £ 0.0337 7 0.32+0.52 7 7
(SIVE) [4784] ], W [4052) ] W [38] ] [7148) L
B3 452 mm? 1885 mm? R
ART 00120017 [; 0 2 7 | 0022001 7 ¢
Parenchyma [10] [0] [0] [27]
396 mm* 539mm* 1308 mm* 1810mm?
ARTOff |0 001001 1 0 0.02+0.02
[0] [3] [0] [63]
199 mm? 892mm* 1843 mm? 2761mm?*
Untreated |71+48 7 383%1347 7 120+258 7 7 118495 7 1
(SIVE) [2683] ], [313] 1 [965] ], [1474) k
(72) oo 7.5mm? 103mm? 122mm?
= ART 0.13+0.14 - [t 0 4 |+ 0.00420.0117 [* 0 ] i
© |Meninges [8] [0] [ [0]
19mm? 20mm? 78 mm* 68 mm?
ARTOff [0 R 1 0.08+013 0.15+024
[0] [0] (4] [12]
9mm? 17mm? 71mm? 78 mm?
Untreated |NA 7.1%£6.5 7 3.0+ 46 NA
(SIVE) [55) ]g [120]
10mm* = 31 mm?
Choroid ART NA [ e I 040:033 NA
Plexus [0] [10]
14mm* 71 mm?
ARTOff  |NA 0 1 0.04+008 NA
[0] (1]
39mm? 49 mm?
SIV-RNA+ Macrophage
Tissue Cohort SIV-RNA+Cells [CD163+VRNA+ |CD68+VANA+ | SPION+ gpa1+Cells
Untreated |962+819 - 15747 N 4872257 7 1.0%17 70.0£74.0 7 7
(SIVE) [165,745] ; [352] [146] ], [70] [20382] l
343 mm? 0.75mm? __|*| 3mm? 172 mm? 226 mm?
ART 0.80+0.66 1 |3 33253 - [1 0 T lo 0.1420.24 7 [+
dcLN [116] [22] [0] [0] [22]
307mm?__ |* | 2.5mm? 2.5 mm? 185 mm? 127 mm?
ARTOff  [|122205 J 1 85466 L) 0 1.3£25 E
[2031] [19] [0 [0] [16]
567mm? 0.75mm? 0.75 mm? 323 mm? 223 mm?
Ei Untreated |1.04+15 7 9738 71 19.4+286 0.008+0.02 76.0+68.0
Q (SIVE) [6865] [218] l- [43] [8] [2745] ].
=~ 1717 mm? 0.75mm? 2mm? 610mm? 36 mm?
o ART 0312033 7 0 0 0 0.72+0.90
‘a= | Spleen [17) [0] [0 [0] [13]
[}) 1611mm? 1.5mm? 4.5mm* 738mm”* 18 mm?
a. ARTOff  [2.3+15 85124 1 045077 0 16+14
[44) [19] 1] [0] [394]
2168 mm? 0.75mm? 2 mm? 516 mm* 24 mm?
Untreated [214%53 ] 7 16+17 0.23+0.11 0.03£0.08 7 7 1.0+1.0 1 7
(SIVE) [112,333] Q‘ [259] [17] [157] ] [364] }
128mm? 36mm? 73 mm? 110mm? 303mm?
ART 0.120.04 © [« 0 0 0 B ) R
DRG [37] [0] [0] [0] [0]
87 mm? 99mm? 64 mm* 79 mm? 147mm?
ARTOff 14221 R 0 0 I
[5273] [0] [0 [0] [0]
122 mm? 48 mm* 58 mm* 107mm* 242 mm?
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Table 3.2 SPION+ SIV-RNA+ macrophages and gp41+ cells are reduced with ART
but not in the meninges and choroid plexus which rebound following ART
interruption. SIV-RNA+ macrophages and cells were detected using ultrasensitive SIV-
RNAscope with double-labeled CD163+ and CD68+ and GP41+ was detected using
IHC. Whole tissue sections were analyzed and the number of positive cells assessed using
fluorescence. A minimum of 2 CNS cortical regions and an average of 3 peripheral tissue
sections were analyzed per animal. Counts are the mean £ SEM of the number of viral
RNA+ cells, macrophages, SPION-labeled viral RNA+ macrophages, and gp41+ cells.
Prism was used for graphing and statistical analysis Kruskal-Wallis nonparametric test

was followed by Dunn’s post-hoc test, *P < 0.05, **P < 0.01, and ****P < 0.0001.
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Figure 3.4
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Figure 3.4 GP41+ SPION+ MNGC in the CNS of an animal with AIDS and SIVE.
SPION (Green and Blue) localizes to a gp41+ (red) MNGC in the cerebellum. Nuclei are

stained with Dapi (grey).
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Figure 3.5

A. Perivascular Macrophages
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Figure 3.5 SPION-containing macrophages in and outside of the CNS are primarily
labeled with SPION from early injection. Distribution of early, late, and dual-labeled
SPION-labeled macrophage within the CNS (A) parenchyma, (B) meninges, (C) choroid
plexus, and in the periphery including (D) dCLN, (E) spleen, and (F) DRG. Data points
are the number of positive cells detected in one tissue section per animal and a minimum
of 2 tissue sections were analyzed per animal. Prism was used for graphing and statistical
analysis Kruskal-Wallis nonparametric test was followed by Dunn’s post-hoc test, *P <

0.05, **P < 0.01, and *=***P < 0.0001.
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Table 3.3

EARLY LATE DUAL
Tissue Cohort SPION+ Macrophage | SPION+ Macrophage | SPION+ Macrophage
(mm2) (mm2) (mm2)
Untreated
0.05 +0.02 0.02 £ 0.003
(SIVE) 0.24 £ 0.04 §|
Parenchyma ART 0.12 £0.03 _J 0.06 + 0.02 0.05 + 0.02
ART Off 0.19 £ 0.05 0.06 + 0.02 0.02 £ 0.01
2] Untreated
9.5%26 13154
5 (SIVE) 19%4.0
Meninges ART 44+£10 28+9.8 35+13
ART Off 44 12 11£33 206.7
Untreated 7.9%1.7 73%15 1.6£0.5
(SIVE)
Choroid ART 17443 78423 21£0.70
Plexus
ART Off 4.8 £0.51 24+042 0.67 £0.09
EARLY LATE DUAL
Tissue Cohort SPION+ Macrophage | SPION+ Macrophage | SPION+ Macrophage
(mm2) (mm2) (mm2)
Untreated
0.06 * 0.04 0
(SIVE) 0.06 £ 0.03
dcLN ART 0.13%0.05 0.05+0.03 ~| 0.003 + 0.003
ART Off 0.51+0.24 0.64 £ 0.30 _J 0.02 £ 0.01
=
_‘:ICJ Untreated
7 0.03 £ 0.02 0
= (SIVE) 0.2+0.08 *
e *
v *
o Spleen ART 12+30 0.0007 £ 0.0007 0
*
ART Off 0.05%0.02 (% 0 0
Untreated 25567 9027 35222
(SIVE)
DRG ART 352120 177 £ 68 419 + 238
ART Off 836 + 186 128 £ 50 494 + 237
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Table 3.3 Distribution of early, late, and dual SPION+ macrophage in the CNS and
periphery. Whole tissue sections were analyzed and the number of positive cells were
identified using fluorescence. A minimum of 2 CNS cortical tissues were analyzed and an
average of 3 peripheral sections were examined per animal, per tissue region. Counts are
the mean + SEM of the number of SPION+ macrophages (Early, Late, or Dual (both
early and late) SPION). SIVE, SIV encephalitis; dCLN, deep cervical lymph node; DRG,

dorsal root ganglia.
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Table 3.4

SIV-RNA+SPION+ Macrophage (mm?2)
Cohort Tissue
EARLY LATE DUAL
0.012 # 0.027 0.005 * 0.008 0.002 + 0.003
Parenchyma 122] [13] 131
Untreated : 21%3.0 3t6 717
(SIVE) Meninges [191] [250] [524]
Choroid 0.61  0.62 19£35 0.50 % 0.68
Plexus [23] [77] [20]
2 barench 0 0 0
O arenchyma [0] [0] [0]
Menin 0 0.004 £ 0.01 0
ART eninges 0] ] [0]
Choroid 0 0.29 + 0.52 0.18 £0.27
Plexus [0] [71 [3]
0 0 )
Parenchyma [0] [0] [0]
] 0.01 + 0.04 0.01 % 0.04 0.03 % 0.07
ART OFF Meninges M] [ 21
Choroid 0 0 0.042 +0.084
Plexus [0] [0] [1]
SIV-RNA+SPION+ Macrophage (mm?2)
Cohort Tissue
EARLY LATE DUAL
0.07 + 0.14 0917 0
deLN [20] [50] [0]
Untreated o 0.0025 £ 0 0.004 £ 0.000 0
(SIVE) pleen [3] [5] [0]
> *0.03 0.086
s DRG NA NA [157]
<
o 0 0 0
= detN [0] [0] [0]
g ART 0 0 0
Spleen [0] [0] [0]
0
NA NA
DRG 0]
0 0 0
detN [0] [0] [0]
0 0 0
ART OFF
Spleen [0] [0] [0]
DRG NA NA o.oo1f3]: 0.008
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Table 3.4 ART eliminates SPION+SIV-RNA CNS perivascular macrophages and
SPION+SIV-RNA macrophages outside of the CNS but SPION+SIV-RNA+
meningeal and choroid plexus macrophages persist. SIVE, SIV encephalitis; dCLN,
deep cervical lymph node; DRG, dorsal root ganglia. Counts are the mean + SEM of the
number of viral RNA+ cells and SPION-labeled viral RNA+ macrophages. Whole tissue
sections were analyzed to obtain the number of positive cells based on the detection of
fluorescence. A minimum of 2 cortical CNS tissues and an average of 3 peripheral

sections were examined per animal, per tissue region.
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3.9 Chapter Overview and Next Steps

In this study, we used i.c. injection of SPION to investigate the accumulation, traffic,
and infection of perivascular, meningeal, and choroid plexus macrophages in animals
with AIDS and SIVE, on ART, and following ART interruption. Our findings show that
SPION-labeled macrophages are retained in the CNS with AIDS and SIVE, with limited
traffic out to the dcLN, spleen, and DRGs. We found that ART reduced the number of
SPION-labeled macrophages in the CNS while increasing traffic out to the dcLN, spleen,
and DRG. Additionally, ART clears SIV-RNA+, SPION-labeled perivascular
macrophages in the CNS but not in the meningeal and choroid plexus macrophages,
which show a viral rebound—but not perivascular macrophages—after ART interruption.
These results highlight the role of CNS macrophage in inflammation, infection, and the
dynamics of viral rebound with ART interruption from a blood-derived source.
Interestingly, some ART-treated animals did not show increased numbers of SPION-
labeled macrophages in the dcLN, despite a reduction of macrophages in the brain,
suggesting alternative, non-lymphatic routes of egress. Based on these findings, we
sought to explore perineural pathways, particularly cranial and spinal nerves, as possible

routes for macrophage migration from the CNS to the periphery.
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4.2 Abstract

One of the major challenges to the eradication of human immunodeficiency virus
(HIV) and simian immunodeficiency virus (SIV) is the central nervous system (CNS)
viral reservoir and our lack of understanding of the mechanisms by which it contributes
to viral rebound and reseeding both on and off antiretroviral therapy (ART). To better
understand the role macrophage traffic plays in reseeding the periphery both on and off
ART, we used intracisternal (i.c.) injection of superparamagnetic iron oxide nanoparticles
(SPION), to label CNS macrophage, early and late in macaques with acquired
immunodeficiency syndrome (AIDS), on ART, and 4 weeks after ART interruption. We
then tracked SPION+ macrophages by quantifying them at different central (spinal cord
and cranial nerves) and peripheral (dorsal root ganglia, DRG) sites. Similar to our prior
work in the brain, SIV infection resulted in increased numbers of macrophages in the
CNS and a decrease in peripheral sites. Staining for viral RNA and GP41 identified virus-
infected, SPION+ macrophages in cranial nerves and DRG that was significantly
reduced, but not eliminated on ART. Animals with AIDS had reduced numbers of late-
and dual-labeled SPION+ macrophages, indicating reduced macrophage trafficking late
in infection. ART appeared to restore traffic with higher numbers of late- and dual-
labeled macrophages, which, when ART was interrupted, returned to levels similar to
AIDS/SIVE. Our findings reveal a newly discovered perineural pathway through which
CNS macrophage viral reservoirs can redistribute virus, a process that persists despite

ART.

Keywords: HIV, SIV, CNS macropahge, cranial nerves, DRG, perineural, traffic
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4.3 Introduction

Human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV)
persist in the central nervous system (CNS) [1-3] yet the extent to which virally infected
macrophages can exit the CNS is unclear. Previous studies have elegantly detailed the
pathways by which myeloid cells (monocyte-derived-dendritic cells and macrophages), T
cells, and antigens drain from the CNS to the cervical lymph nodes (cLN) in rodents [4-
10]; however, investigation in SIV-infected macaques, with acquired immunodeficiency
syndrome (AIDS) and SIV-induced encephalitis (SIVE), and the impact of antiretroviral
therapy (ART) have been limited. We recently used intracisternal (i.c.) injection of
superparamagnetic iron oxide nanoparticles (SPION), which are internalized by and label
CNS macrophages [11, 12], to study CNS macrophage kinetics and found traffic to the
periphery in non-infected animals. SIV infection resulted in the accumulation of SPION+
macrophages in the CNS and reduced macrophage traffic to the periphery (Alvarez et al.,
in prep) (Figure 4.1). ART reduced the number of SPION+ macrophages in the CNS and
simultaneously increased the number of SPION+ macrophages detected in the periphery,
consistent with macrophage traffic out of the CNS with resolution of inflammation
(Wallis et al., in prep). Importantly, SIV-RNA+ SPION+ macrophages could be found in
the deep cervical lymph node (dCLN) of animals with AIDS, indicating traffic of virally
infected macrophages from the CNS to peripheral lymph node, which was effectively
eliminated with ART (Wallis et al., in prep). Although our data indicated increased traffic
of SPION-labeled macrophages out of the CNS in animals on ART, the dCLN did not
contain increased numbers of SPION-labeled macrophages, implying an alternative

egress pathway for these cells. Given these findings, we sought to investigate
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macrophage trafficking in and around cranial and spinal nerves, which transverse the

boundary between the CNS and PNS, providing another avenue for CNS egress.

The CNS has long been perceived as anatomically and immunologically segregated
from the rest of the body, primarily due to tight junctions, lack of draining lymphatics,
and the blood-brain barrier (BBB) [13, 14]. However, the connection between the CNS
and the peripheral nervous system (PNS) is often disregarded and poorly understood. The
meninges of the CNS merge with connective tissues ensheathing the peripheral nerves:
the dura mater is continuous with the epineurium, the arachnoid layer combines with the
outer layers of the perineurium, and the inner layers of the perineurium are mirrored onto
the nerve roots, forming the root sheath [15-18]. The inner layers of the root sheath
originate from a part of the perineurium, creating a continuous connection between the
subarachnoid space surrounding the CNS and the space inside the nerve roots (the
endoneurium) [19]. This connection allows fluid from the subarachnoid space—CSF—to
flow into the endoneurial space due to pressure, serving as a source of fluid for the nerves
potentially carrying immune cells (and antigens) out of the BBB, which is delineated by
the subarachnoid angle [20, 21]. Given that the dorsal root ganglion (DRG) is located
outside of the BBB [22], it is crucial to investigate whether CNS macrophages,
particularly those infected with SIV, are trafficking from the CNS to the DRG and other
peripheral nerves, including cranial nerves, to better understand the immune dynamics

and viral spread at this critical interface.

Macrophage accumulation in the CNS, PNS, and DRG are associated with peripheral
nerve damage and neuropathy [23, 24]. However, the origin of these macrophages—from

the CNS or the periphery—has not been demonstrated. We have previously found that
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SIV-infected macaques have increased macrophage accumulation (CD68, CD163, and
MAC387) in the DRG, and therapy with methyl-bis-guanylhydrazone (MGBGQG)
decreased accumulation and reduced myeloid activation of these cells [23, 24]. Warfield
et al. found persistent inflammation in the DRG of SIV-infected macaques (elevated
cytokine profile and macrophage accumulation) that was not reduced with ART [25].
However, neither we nor Warfield determined the origin (CNS versus peripheral) of these
macrophages. This of particular importance because potential migration of SIV-infected
macrophages from the CNS to the PNS, particularly during and after ART interruption, is
critical to better understand viral recrudescence. A direct connection between the CNS
and the PNS has recently been described and supports the hypothesis that macrophages
can exit the CNS, potentially facilitating the spread of HIV and SIV to peripheral tissues

[19].

We used i.c. injection of two different-colored SPION in macaques to label
macrophages within the CNS at the time of injection, once early (12-14 days post
infection) and once late in infection (3-28 days prior to endpoint). We utilized three NHP
cohorts: 1) AIDS and SIVE (SIVE, n=6), 2) ART (n=4), and 3) four weeks following
ART interruption (n=4) to investigate the impact of SIV infection and ART on CNS
macrophages traffic via cranial and spinal nerves to the DRG and periphery. In non-
infected animals, we found CD163+ SPION+ macrophages accumulated in the DRGs
and cranial nerves. This accumulation increases with SIV infection and persists despite
ART, in contrast to the brain and spinal cord wherein ART effectively reduces the total
number of macrophages. This persistence in the face of decreasing numbers at other CNS

sites (brain and spinal cord) indicates redistribution from other CNS sites to the cranial
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nerves and DRG, typical of a route of traffic. In animals with AIDS and SIVE, we found
SIV-RNA+ and GP41+ SPION+ macrophages in cranial nerves, suggesting that infected
macrophages can use cranial nerves as a pathway of egress from the CNS, a process that
was not entirely eliminated by ART. Macrophages are labeled primarily with early
SPION in animals with AIDS and SIVE compared to more equal early and late labeling
with ART, indicating ongoing migration out of the CNS under ART and retention within
the CNS during SIVE late in infection. Our findings underscore the potential for CNS
macrophage viral reservoirs to redistribute virus to the periphery via perineural pathways

around and within cranial and spinal nerves.
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4.4 Results
ART and CNS inflammation resolution: the role of macrophage traffic.

We and others have shown that CSF and CNS macrophages can be labeled using
dextran dye and SPIONs, respectively. This is due to physiochemical properties that
prevent them from crossing the BBB. Instead, like CSF, dextran is absorbed by lymphatics
and eventually joins systemic circulation, whereas SPIONSs, due to their larger size, require
trafficking in phagocytes to exit the CNS. Consistent with this, we have found that
following a single i.c injection of dextran and SPIONs, dextran can be found in the dcLN
within hours of injection, whereas the earliest SPION-containing cells are observed 1 day
after injection (Alvarez et al., in prep) (Figure 4.1). Using these tracers, we found SIV
infection resulted in the accumulation of macrophages in the brain and that these
macrophages were capable of trafficking out of the CNS to the dcLN (Alvarez et al., in
prep) (Figure 4.1). With ART, we found increased numbers of SPION-labeled
macrophages in the deep cervical lymph node and a reduction in the number of
macrophages within the brain, consistent with increased traffic out of the CNS with
resolution of inflammation (Wallis et al., in prep) (Figure 4.1). Interestingly, in some
animals treated with ART, we were unable to find increased numbers of SPION-labeled
macrophages in the dcLN despite a similar reduction of macrophages in the brain
suggesting alternative (non-lymphatic) routes of egress from the CNS. Therefore, we
sought to investigate perineural pathways as potential routes of macrophage traffic to the
periphery, focusing on cranial and spinal nerves that provide a direct connection between

the CNS and PNS.
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Accumulation of SPION+ macrophage in the spinal cord is similar to the brain.

Our previous work showed an accumulation of macrophages within the meninges
and brain parenchyma following SIV infection with resolution and increased trafficking
following ART therapy. Therefore, we first sought to investigate if these macrophage
kinetics could be explained by redistribution within the CNS, to the spinal cord (Figure
4.2). We quantified SPION+ macrophages in the spinal cord and compared it to the
accumulation in the spinal cord meninges (Figure 4.2B). In agreement with our work in
the brain, there is no difference in the number of SPION+ macrophages in the spinal cord
in animals with AIDS and SIVE compared to ART (SIVE: 2.6+2.8 SPION+/mm?: ART:
1.2+0.83 SPION+/mm?; ART Off: 2.3+3.3 SPION+/mm?) (p=0.36) (Figure 4.2B). In the
spinal cord meninges, there is a decrease in the number of SPION+ macrophages with
AIDS compared to ART and following ART interruption that was significant (SIVE:
275+164 SPION+/mm?; ART: 441+245 SPION+/mm?; ART Off: 210+183 SPION+/mm?)
(p<0.05) (Figure 4.2B). Due to the large accumulation of SPION+ macrophages in the
meninges compared to the spinal cord (33 to 80-fold increase), we hypothesize that within
the CNS SPION+ macrophage traffic primarily traffic within the subarachnoid space. The
subarachnoid space along the spinal cord provides a potential pathway for egress of
SPION+ macrophages to the DRG and distal nerve, through the subarachnoid angle, as
others have suggested occurring in rodents [20]. Additionally, we quantified the total
number of macrophages in the spinal cord and found a decrease with ART that did not

reach statistical significance (Figure 4.7).
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SPION localizes to macrophage in DRG and cranial nerves following i.c. injection.
Following i.c. SPION injection, we find SPION in the DRG primarily cell-
associated to macrophage (CD163+) (Figure 4.3A-C). Likewise, within cranial nerves, we
find SPION primarily cell-associated with macrophage (CD163+), and few free SPION in
CSF-filled areas (Figure 4.3D-E). Localization of SPION+ macrophages within the DRG
and cranial nerves indicates the potential trafficking of SPION+ macrophages and SPIONs

out of the CNS through CSF outflow pathways.

SPION+ macrophages in DRG accumulate over time and are unchanged with ART.
SPION+ macrophage accumulates in the DRG over time.

We next assessed the kinetics of SPION+ macrophage accumulation within the
DRG in non-infected macaques with serial sacrifices following i.c. inoculation of SPIONs
at 7-, 14-, and 28 days (Figure 4.4A). In non-infected macaques, we found that SPION+
macrophages gradually accumulate within the DRG for the first 14 days following a single
ic injection of SPIONs and appear to remain stable for 28 days post. (n=2, p=0.13) (7 days:
0.86+0.37 SPION+/mm?; 14 days: 2.2+0.64 SPION+/mm?; 28 days: 2.4+0.75
SPION+/mm?) (Figure 4.4A). In addition, we analyzed the normal distribution of SPION+
macrophages at different levels of the spinal cord (cervical, thoracic, lumbar, and sacral)
and found no statistical differences in the DRG between levels (p=0.14) (Figure 4.8).
These findings suggest that following a single i.c. injection of SPION, SPION+
macrophages gradually and evenly distribute throughout all levels of the spinal cord with
traffic out of the CNS to the DRG at all levels of the spinal cord under normal conditions

(uninfected).
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Accumulation of SPION+ macrophage in the DRG with SIV infection and on ART.

To better understand the impact of SIV infection on CNS macrophage dynamics
and traffic out to the PNS at the DRG and the effect of ART and ART interruption, we
injected two fluorescently labeled SPION, early (green, 12-14 days post-infection) and late
(red, 3-28 days prior to sacrifice). In the DRG, SIVE animals had the lowest total number
of SPION+ macrophages with higher numbers in ART and ART interruption, but these
differences did not achieve statistical significance (SIVE: 420+105 SPION+/mm?; ART:
947+400 SPION+/mm?; ART Off: 1458+399 SPION+/mm?). When comparing early- to
late-labeled SPION+ macrophages, early-labeled SPION+ macrophages predominated in
all three groups, but varied, non-significantly, in proportion (AIDS and SIVE: 2.8-fold,
ART: 2-fold, and ART interruption: 6.5-fold) (Figure 4.4B). ART animals have increased
numbers, although not statistically significant, of dual SPION+ macrophages in DRG
compared to AIDS and SIVE animals and there is no change with ART interruption (Dual
SIVE: 74 + 84 SPION+/mm?; Dual ART: 419 & 752 SPION+/mm?; Dual ART interruption:
494 + 821 SPION+/mm?) (Figure 4.4B). Additionally, we examined the total number of
macrophages in the DRG, and consistent with our previous work, we found a significant
decrease with ART (Figure 4.9). These data suggest that there is continual traffic of
SPION+ macrophages out of the CNS to the PNS with ART that is reduced with the

development of AIDS and SIVE.

172



SPION+ macrophages accumulate in cranial nerves with SIV infection and is
unchanged with ART.

With the identification of perineural trafficking to the DRG, we sought to
investigate another potential pathway that transverses the junction between the CNS and
PNS, the cranial nerves. we quantified the number of early, late, and dual-labeled SPION+
macrophages in SIV-infected animals with AIDS and SIVE (n=5), on ART (n=4), and
following ART off (n=4) (Figure 4.5). AIDS and SIVE animals have significantly
(p<0.01) higher numbers of early SPION+ macrophage compared to late and dual SPION+
macrophage in cranial nerves (Early: 23+34 SPION-+/mm?; Late: 2.1+2.8 SPION+/mm?;
Dual: 3.3+5.5 SPION+/mm?) (Figure 4.5). Conversely, ART animals have significantly
(p<0.001) increased numbers of late and dual SPION+ macrophages in cranial nerves
compared to AIDS and SIVE animals (Late SIVE: 2.1+2.8 SPION+/mm?; Late ART:
38460 SPION+/mm?; Dual SIVE: 5.740.7 SPION+/mm? Dual ART: 129+74
SPION+/mm?) (Figure 4.5). Following ART interruption, there are significantly (p<0.001)
fewer late- and dual-SPION-labeled macrophages compared to ART which is a shift
towards the AIDS phenotype with fewer late and dual-labeled macrophages (Early: 29+18
SPION+/mm?; Late: 5.244.6 SPION+/mm?; Dual: 8.6+6.0 SPION+/mm?). These
macrophage kinetics mirror those observed in the DRG, but at the cranial nerves, achieved
statistical significance. These kinetics suggest that with AIDS and SIVE, there is retention
of macrophages with reduced trafficking, especially late in infection, whereas ART

facilitates trafficking of macrophages, consistent with the resolution of inflammation.
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Trafficking of virally infected SPION+ macrophages persists despite ART in cranial
nerves, but not DRG.
ART eliminates virally infected SPION+ macrophages within the DRG.

To investigate whether SIV-infected macrophage are trafficking out of the CNS via
perineural pathways, we performed ultrasensitive SIV-RNAscope and staining for GP41+
and quantified the number of SPION+ macrophages that were also positive for virus.
Animals with AIDS and SIVE had scattered SIV-RNA+ macrophage (CD163+ and
CD68+) with and without SPION in the DRG (data not shown). With ART, virally infected
macrophages were no longer seen within the DRG nor did they rebound following 4 weeks
of ART interruption (Figure 4.6., Table 4.2). Scattered SIV-RNA+ cells without SPIONs
(possibly T cells) were noted in the DRG in animals on ART and none were found in
animals following 4 weeks of ART cessation (Figure 4.6., Table 4.2). These data suggest
virally infected macrophages traffic out of the CNS to the PNS at the DRG with AIDS and
SIVE, and although ART effectively eliminates viral replication, it promotes macrophage

trafficking which has the potential to redistribute virus especially if ART is interrupted.

Virally infected SPION+ macrophage traffic out to cranial nerves with AIDS and SIVE.
We found animals with AIDS and SIVE have early, late, and dual SPION+SIV-
RNA+ macrophages SPION+GP41+ macrophages within cranial nerves that are not
eliminated with ART and do not rebound following ART interruption (Figure 4.6., Table
4.2). The majority of SPION+SIV-RNA+ macrophages in cranial nerves in animals with
AIDS and SIVE have dual-labeled SPION and equal numbers of SIV-RNA+ early and late

SPION+ macrophages (Figure 4.6., Table 4.2). SPION+SIV-GP41+ macrophages in

174



cranial nerves of animals with AIDS and SIVE are primarily early and late, no dual SPION
(Figure 4.6., Table 4.2). Our findings show that ART does not eliminate SIV-RNA+ and
GP41+ SPION+ macrophages in cranial nerves and there is no immediate rebound

following four weeks of ART interruption (Figure 4.6., Table 4.2).
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4.5 Discussion

Traffic of immune cells and drainage of antigens out of the CNS to secondary lymphoid
organs is critical for the initiation and regulation of immune responses in the CNS. Using
i.c. SPION injection, we found macrophage traffic out of the CNS in non-infected animals.
SIV infection results in a reduced rate of traffic out of the CNS leading to the accumulation
of macrophages within and low numbers of CNS macrophages detected at peripheral sites;
whereas, ART restores traffic following the resolution of inflammation characterized by a
reduction in the number of macrophages in the CNS, and increased numbers of CNS
macrophages detected in the periphery (dcLN, spleen, and DRG) (Wallis, et al., 2024). We
found large numbers of CNS macrophages within perineural pathways (cranial nerves,
spinal nerves, and the DRG) in animals with AIDS and SIVE that either remained stable
or increased following ART. In the current study, we found that animals with AIDS and
SIVE have fewer late SPION+ macrophage in cranial nerves and the DRG than ART
animals, suggestive of reduced trafficking late during AIDS and SIVE versus continual
traffic out with ART. With ART interruption, we found a reduction of late SPION+
macrophages in cranial and spinal nerves compared to ART, suggesting a reduction in
trafficking and a return to the SIVE phenotype with ART off. Importantly, with AIDS and
SIVE, we found CNS macrophages in cranial and spinal nerves that were virally infected
(SIV-RNA+ and GP41+) and persisted with ART. Our findings highlight that the
perineural pathway, well known for CNS antigen drainage, remains active irrespective of
SIV infection or ART, with significant macrophage accumulation in cranial and spinal

nerves and DRG.
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The CNS is well described as a critical reservoir for lentiviruses, with PVM being
the primary HIV and SIV-infected cells in the CNS [1]. Our recent work (Wallis et al., in
prep) demonstrates that ART clears SIV from PVM within the CNS and scattered virally
infected meningeal and choroid plexus macrophages persist and infection returns in these
latter sites following a four-week interruption in ART. While viral levels in peripheral
tissues such as plasma, spleen, and dCLN decrease with ART, the DRGs and cranial nerves
remain infected. In animals with AIDS and SIVE, infected macrophages (SIV-RNA+ and
GP41+) containing SPION were found within cranial and spinal nerves, suggesting that
virally infected macrophages may travel out of the CNS via perineural pathways. Although
ART significantly reduces SIV-RNA+ cells in the CNS, it does not fully eliminate SIV-
RNA+ SPION+ macrophages within cranial and spinal nerves. These findings underscore
the role of myeloid cells as viral reservoirs within the CNS, with the potential to traffic
virus out to peripheral sites even on ART.

Whether virally infected CNS macrophages could traffic out of the CNS had not
previously been determined, and our study reveals a newly discovered pathway by which
virus can be redistributed, a process that remains unaffected by ART. We found that ART
did not reduce the number of SPION+ macrophages in cranial and spinal nerves or the
DRG. Animals with AIDS and SIVE have fewer late SPION+ macrophages in the cranial
nerves and DRG compared to those on ART, indicating reduced trafficking of macrophages
during AIDS and SIVE, as opposed to continuous trafficking out of the CNS while on
ART. Importantly, ART did not fully eliminate virally infected CNS macrophage in cranial
nerves, potentially enabling viral redistribution to the periphery. Our study is not the first

time that traffic out of the CNS along perineural pathways has been shown, as others have
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eloquently described this pathway for fluid [26, 27], antigen [4, 6], T cells [10], and DCs
[28, 29] to leave the CNS and initiate an immune response in the dcLN. These studies
support our finding that macrophage can traffic out of the CNS within and along cranial
and spinal nerves with the potential to traffic HIV and SIV out to the periphery with AIDS
and SIVE and even on ART.

Macrophages that traffic out of the CNS via cranial and spinal nerves would likely
migrate to lymph nodes and terminal sites associated with these nerves. For cranial nerves,
macrophages would primarily drain into cervical lymph nodes, such as the deep (dcLN)
and superficial cervical nodes, where they could interact with peripheral immune cells and
initiate an immune response, similar to what others have shown with DCs [28, 30].
Similarly, macrophages exiting via spinal nerves would travel to lymphatic structures near
the spinal cord, including the lumbar lymph nodes [7]. Additionally, these cells may reach
terminal sites in peripheral tissues where nerves innervate target organs, allowing further
immune signaling and possibly contributing to localized inflammation. Importantly, a
reduction in clinical symptoms of EAE with surgical ligation of cervical and lumbar lymph
nodes [31] further highlights the involvement of macrophage traffic out via perineural
pathways in CNS immune modulation and inflammation. Although we did not perform
electron microscopy (TEM or Cryo-EM) for detailed anatomical analysis for the exact
location of SPION+ macrophages within nerves, it is clear from our H&E staining that
there are SPION+ macrophages primarily within the perineurium and endoneurium (Figure
3). As the perineurium is continuous with arachnoid mater, it forms a direct connection
with the subarachnoid space surrounding the CNS and merges at the subarachnoid angle in

the spine where SPION and SPION+ macrophage could traffic directly from the CSF filled-
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subarachnoid space to the endoneurial fluid filled perineurium. Alternatively, SPION+
macrophage within the endoneurium within nerve fascicles could traffic from i) the dorsal
horn, ii) from the subarachnoid angle, or iii) transmigration from perineurium to
endoneurium as previously shown with increased inflammation [16]. Regardless, the
localization of SPION+ macrophages within cranial and spinal nerves suggests a direct
path for macrophages to leave the CNS to the PNS and contribute to persistent
inflammation.

Our results underscore the importance of the connection between central and
peripheral nerves in immunity, particularly the impact of macrophage traffic on persistent
myeloid activation in the DRGs and peripheral nerves. In SIV-infected rhesus macaques,
increased numbers of CD68+, CD163+, and MAC387+ macrophages are observed in DRG
compared to uninfected controls. Even with ART, Burdo et al. report persistent
neuroinflammation in the DRGs and dorsal horn, marked by elevated IL-1p levels and
activated CD68+ macrophages. This chronic inflammation is linked to ongoing nociceptor
sensitization, potentially explaining sustained neuropathic pain in treated animals. Our
findings suggest that this inflammation may result from continued immune cell traffic from
the CNS to the DRG via perineural pathways, promoting macrophage activation in the
DRG. Importantly, it was recently found that macrophage expansion in the DRG, but not
at the site of injury, was required for initiation of the nerve injury-induced mechanical
hypersensitivity [32]. Our findings suggest that macrophage trafficking from the CNS and
subsequent accumulation in the DRG may be a significant contributor to neuropathic pain,

even in animals receiving ART.
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Our findings show that in animals with AIDS and SIVE, CNS macrophages
accumulate in perineural pathways (cranial and spinal nerves and the DRG), persisting and
even increasing with ART. Animals on ART had more SPION+ macrophages in these
pathways than those with AIDS, suggesting active macrophage traffic from the CNS to the
periphery during ART. Even with ART, virally infected (SIV-RNA+ and GP41+)
macrophages were found in cranial nerves, indicating macrophages have the potential to
carry HIV and SIV from the CNS to peripheral sites, contributing to viral persistence. This
study underscores that the perineural pathway facilitates continual macrophage migration

from the CNS, reseeding virus and sustaining inflammation even on ART.
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4.6 Experimental Procedures
Ethics Statement: All animal work was approved by the Tulane National Primate
Research Center Care and Animal Use Committee. The TNRPC protocol number is 3497
and the animal welfare assurance number is A4499-01.
Animals and Viral Infection: A total of 21 adult rhesus macaques (Macaca mulatta)
born and housed at the Tulane National Primate Research Center in strict adherence to
the "Guide for the Care and Use of Laboratory Animals” were used (Figure 1. Table 1).
SPION injection controls consisted of one SIV infected macaque that received SPION
injection 2 hours prior to sacrifice and six, non-infected macaques that received SPION
injection 7 (n=2), 14 (n=2), or 28 (n=2) days before sacrifice. For the SIV+ study cohorts,
CD8+ lymphocytes were depleted to achieve rapid AIDS (3 to 4 months) with >75%
incidence of SIVE, as previously described [2, 33-35].CD8+ T lymphocyte depletion was
monitored longitudinally by flow cytometry and all macaques were persistently depleted
(>28 days). Animals were experimentally infected intravenously (i.v) with a bolus of
SIVmac251 viral swarm (20 ng of SIV p28) over 5 minutes. At 21 days post-infection,
n=8 macaques began a 12-week regimen of antiretroviral therapy (ART) consisting of
Raltegravir (Merck, 22 mg/kg) given orally twice daily, and Tenofovir (Gilead, 30
mg/kg) and Emtricitabine (Gilead, 10 mg/kg) combined in a sterile solution given once-
daily, s.c. Four animals were euthanized on ART and 4 were removed from ART for 4
weeks to allow for viral rebound. Animals were euthanized at the study completion or
based on the recommendations of the American Veterinary Medical Association
Guidelines for the Euthanasia of Animals upon developing signs of AIDS, which

included: a >15% decrease in body weight in 2 weeks or >30% decrease in body weight
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in 2 months; documented opportunistic infection; persistent anorexia>3 days without
explicable cause; severe, intractable diarrhea; progressive neurological symptoms; or
significant cardiac or pulmonary symptoms. SIV encephalitis (SIVE) was defined by the
presence of multinucleated giant cells (MNGC) and the accumulation of macrophages
[33]. Longitudinal plasma viral load (PVL) was assessed as previously described [36-38]
to monitor viral suppression during treatment and rebound following ART cessation
(Data not shown).

SPION: Superparamagnetic iron oxide nanoparticles (SPION) were obtained from Bang
Laboratories Inc. (PS-COOH Mag/Encapsulated, MEDGO001, and MEFRO0O01, Fishers,
IN). SPION are iron oxide nanospheres encapsulated in an inert polymer with an average
particle size of 0.86 diameters and internal fluorescence (Dragon Green [480/520] and
Flash Red [660/690]). SPION were prepared in a class 2 biosafety cabinet by gently
mixing 3 mL of stock solution and 7 mL of sterile, low endotoxin 1XPBS. A magnet was
used to separate the SPION from the liquid and an additional 7 mL of 1XPBS was added
for a second wash. This was repeated 7 - 10 times and the SPION were resuspended ImL
of sterile IXPBS, at a final concentration of 33 mg/mL.

Intracisternal Inoculation Procedure: To avoid an increase in intracranial pressure, 1
mL of cerebrospinal fluid (CSF) was removed from the cisterna magna prior to the
inoculation of SPION. Dragon Green SPION (33 mg/mL) were administered 2 weeks
post-inoculation at 12 or 14 dpi. Flash Red SPION (33 mg/mL) were injected late during

infection prior to euthanasia (Range 3-22 days).
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Tissue Collection and Processing: Animals were anesthetized with ketamine-HCI and
euthanized with i.v. pentobarbital overdose and exsanguinated. Blood was collected and
Heparin Sulfate was administered i.v. and given 5 minutes to diffuse. Sodium
pentobarbitol was administered via intracardiac stick and CSF was collected. Following
CSF collection, animals underwent perfusion with 3L of chilled 1XPBS. Postmortem
examination was performed by a veterinary pathologist that confirmed the presence of
AIDS-defining lesions as previously described [2, 33-35]. CNS (frontal, temporal,
occipital, parietal, and spinal cord) and PNS (cranial nerves, DRG, and spinal nerves)
were: 1) collected in zinc-buffered formalin and embedded in paraffin and/or ii) fixed
with 2% paraformaldehyde for 4-48 hours, sucrose protected and embedded in optimal
cutting temperature (OCT) compound for SPION analysis.

Immunohistochemistry: IHC was performed as previously described using the
antibodies listed: CD163 (1:250, Leica (Deer Park, IL)), CD68 (1:100, DAKO
(Carpinteria, CA)) [2, 34, 35]. Briefly, formalin-fixed paraffin-embedded sections were
deparaffinized and rehydrated followed by antigen retrieval with a citrate-based Antigen
Unmasking Solution (Vector Laboratories, Burlingame, CA) in a microwave (900 W) for
20 min. After cooling for 20 min, sections were washed with Tris-buffered saline (TBS)
containing 0.05% Tween-20 for 5 minutes before incubation with peroxidase block
(DAKO, Carpinteria, CA) followed by protein block (DAKO, Carpinteria, CA) for 30
minutes and incubation with primary antibody. Following incubation with a peroxidase-
conjugated polymer, slides were developed using a diaminobenzidine chromogen

(DAKO, Carpinteria, CA) with Harris Hematoxylin (StatLab, McKinney, TX).
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Immunofluorescence: Immunofluorescence for CD163+ and GP41+ macrophages was
performed using antibodies and fluorochromes targeting CD163 (NCL-CD163 CE,
AF568, Invitrogen (Carlsbad, CA)) and gp41+ (KK41+, 1:100, NIH (Manassas, VA)) on
2% paraformaldehyde (PFA) fixed frozen sections. 2% PFA, fixed frozen sections were
thawed for 20 minutes at room temperature, unwrapped, submerged in a citrate-based
Antigen Unmasking Solution, and microwaved for one minute and forty-five seconds and
cooled to room temperature. Slides were permeabilized in a solution of phosphate-
buffered saline with 0.01% Triton X-100 and 0.02% fish skin gelatin (PBS-FSG-TX100)
followed by a PBS-FSG wash, transferred to a humidified chamber and blocked with
10% normal goat serum (NGS) diluted in PBS-FSG for 40 minutes, followed by a 60-
minute primary antibody incubation, washes, and 40-minute secondary antibody
incubation. Routine washes were performed and DAPI nuclear stain added for 10
minutes. Slides were mounted using a custom-formulated anti-quenching mounting
media containing Mowiol (#475904, Calbiochem; San Diego, CA) and DABCO
(#D2522, Sigma: St. Louis, MO) and allowed to dry overnight before being digitally
imaged with a Zeiss Axio Scan.Z1. HALO software (HALO v3.4, Indica Labs;
Albuquerque, NM). The internal fluorescence of SPION was used to detect
CD163+SPION+ and GP41+SPION+ macrophages.

QuPATH Analysis for IHC Spinal Cord Macrophage Accumulation: Whole slide
brightfield images of IHC with DAB and hematotoxin counterstained sections were
scanned using a Zeiss AxioScan Z.1 (Carl Zeiss Microlmaging, Inc., Thornwood, NY).
Files were converted (.tiff) and loaded into QuPATH for analysis. Macrophage markers

and SPION analysis were performed separately and whole slide images were imported to
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the corresponding projects. Stain vector (i.e. color) and background estimates were
applied for each IHC analysis project to improve stain separation within QuPath using
color deconvolution, by selecting a representative area containing an area of background
along with examples of strong hematoxylin and DAB staining, as previously described
[39]. Tissue regions in QUPATH were manually annotated by drawing to separate the
spinal cord parenchyma from the meninges and DRG with distal nerves into separate
regions of interest (ROISs) and tissue area reported as mm?. Analysis of CD68+ and
CD163+ macrophage was performed using Fast Cell Count commands [39]. Briefly,
individual cells were identified by separating stains using color deconvolution and
identifying peaks in either the hematoxylin channel (CD68 or CD163 negative cells) or
the sum of the hematoxylin and DAB channels (CD68 or CD163 positive macrophage)
and assigning these as positive or negative cells. The number of positive cells and area
detected were used to calculate the average number of positive cells per mm? [39].
Viral RNA: Ultrasensitive SIV-RNAscope with probes for SIVmac251 was used to
detect SPION-containing SIV-RNA positive cells in cranial nerves and DRG as
previously described [85]. Tissue sections were placed in a target antigen retrieval
solution, heated, and treated with protease plus, and a hydrogen peroxide blocker
according to the manufacturer’s protocol (Advanced Cell Diagnostics, Newark, CA).
SIVmac239 RNAscope probes (Advanced Cell Diagnostics, Newark, CA) were
hybridized at 40°C in the HybEZ II Hybridization System. The RNAscope 2.5 HD Assay
amplification steps were applied according to the manufacturer’s protocol. Target RNA
was visualized through the addition of chromogenic Fast Red A and Fast Red B

(Advanced Cell Diagnostics, Newark, CA), and sections were counterstained with
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hematoxylin (Sigma-Aldrich) and mounted using Vectamount (Vector Laboratories). The
internal fluorescence of SPION was used to detect VRNA+SPION+ macrophage.
Detection and quantification of SPION-containing macrophages in tissues: SPION
were detected in the central nervous system (CNS) and peripheral tissues by 1) light
microscopy by morphology of the amber SPION beads, 2) Prussian blue iron staining
(Sigma Aldrich Iron Stain, St. Louis, MO), and 3) internal fluorescence of Dragon Green
or Flash Red as previously described (Alvarez, et al., 2024) (Wallis, et al., 2024).

For analysis of early versus late SPION+ macrophages and virally infected
SPION+ macrophages, whole slide fluorescent images of stained sections were scanned
using a Zeiss AxioScan Z.1 (Carl Zeiss Microlmaging, Inc., Thornwood, NY). Scanned
sections were analyzed with HALO modular analysis software (HALO v3.4, Indica Labs;
Albuquerque, NM). The spinal cord parenchyma, meninges, and DRG+distal nerve were
first annotated into separate ROI/annotation layers. The number of early, late, and dual
SPION-containing macrophages and virally infected (SIV-RNA or GP41+) early, late,
and dual SPION-containing macrophages were counted using the FISH v.3.2.3 module
(HALO v3.4, Indica Labs; Albuquerque, NM) and reported as the number of cells per
mm?.
Statistical Analysis: Statistical analyses were performed using Prism version 10.0
(GraphPad Software; San Diego, CA). Comparisons between animals with SIVE, ART,
and following ART cessation were made using a nonparametric one-way analysis of
variance (Kruskal-Wallis, GraphPad Software; San Diego, CA) with Dunn’s multiple
comparisons. Statistical significance was accepted at p< 0.05 and all graphing was done

using Prism (GraphPad Software; San Diego, CA).
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4.7 Tables, Figures, and Figure Legends

Figure 4.1
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Figure 4.1 ART and CNS Inflammation Resolution: The Role of Macrophage
Traffic. In our previous studies (Alvarez et al., in prep)(Wallis et al., in prep) we
performed intracisternal injection (i.c.) of Superparamagnetic iron oxide nanoparticles
(SPION) to label macrophage in the CNS and found traffic out to the CNS in non-
infected animals that increased over time. We next assessed the effects of AIDS and
SIVE and found reduced traffic out of SPION+ macrophage to the deep cervical lymph
node (dcLN). We found that SPION+ macrophages within and outside of the CNS were
SIV-RNA+. Animals on ART had increased numbers of SPION+ macrophage in the
dcLN and no SPION+ SIV-RNA+ perivascular macrophage or macrophage in the
periphery. Importantly, following ART cessation, there was a reduction in macrophage

traffic to the dcLLN and a rebound in SIV-RNA+ SPION+ meningeal and choroid plexus

macrophage. Created in BioRender. Wallis, Z. (2024) https://BioRender.com/f671783
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Table 4.1

Survival Days with | Days with
Monkey SIV Status & Animal [ Age at Degree of SIV- v v
Cohort | . After . . Green Red
Group Size Treatment Number | Euthansia R induced Encephalitis
Infection SPIONs SPIONs
n=1 SIV+, Untreated HI67 497 358 SIVnoE 2hr none
. GT17 6.3 n/a n/a 7 none
n=2 Non-infected
SPION JP34 6.36 n/a n/a 7 none
Injection . JE4A2 7.41 n/a n/a 14 none
n=2 Non-infected
Controls HEO8 10.44 n/a n/a 14 none
. 1K15 8.46 n/a n/a 28 none
n=2 Non-infected
1C61 4.87 n/a n/a 28 none
1K28 10.34 100 Moderate SIVE 86 3
JE87 9.37 119 Mild SIVE 105 14
AIDS and =6 SIV+, Untreated, CD8 | JD29 9.37 126 Mild SIVE 112 7
SIVE - Depleted KN69 6.32 83 Severe SIVE 69
KT79 6.23 119 Mild SIVE 105 22
LB12 5.46 115 Mild SIVE 101 10
1186 7.87 105 SIVnoE 89 26
ART 4 SIV+, CD8 Depleted, KD67 6.77 105 SIVnoE 89 26
n=
ART (21-105 dpi) KM38 5.67 105 SIVnoE 90 27
LK25 6.18 105 SIVnoE 93 28
KD12 7.47 133 Mild SIVE 119 28
SIV+, CD8 Depleted, |07 7.52 132 SIVnoE 118 27
ART Off n=4 ART (21-105 dpi),
. V78 7.53 133 SIVnoE 119 28
ART Off (105-133 dpi)
KE98 7.29 133 SIVnoE 119 28
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Table 4.1 Animals used in the study. SPION injection controls consisted of one SIV+
rhesus macaque was intracisternally injected (i.c.) with green, fluorescent SPION 2 hours
prior to sacrifice and 6 non-infected rhesus macaques were i.c. injected 28 (n=2), 14
(n=2), or 7 days (n=2) prior to sacrifice. Fourteen rhesus macaques were infected with
SIVmac251 and CD8 T lymphocytes depleted on 6, 8, and 12 dpi. SIV+ macaques
received i.c. SPION injection early (12-14 dpi, green SPION) and late (30 days prior to
sacrifice, red SPION false-colored blue). Eight macaques were treated with ART twice
daily, starting at 21 dpi until 105 dpi, where animals were sacrificed on ART treatment
(n=4) or had 4 weeks of ART interruption prior to sacrifice (n=4). All untreated

macaques were sacrificed upon progression to AIDS between 83—126 dpi.
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Figure 4.2

(A) A Potential Pathway for Egress of CNS Macrophages to the PNS
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Figure 4.2 Accumulation of SPION in the spinal cord is similar to accumulation in
the brain. (A) Diagram of the connection between the CNS and the PNS made with
BioRender, highlighting the possible pathway for SPION+ macrophages egress. Created

in BioRender. Wallis, Z. (2024) https://BioRender.com/p44b504 (B) The number of

SPION+ macrophages (mm?) in the cervical spinal cord and spinal cord meninges. Each
point represents one tissue section counted and each color is a different animal analyzed.
The mean + SEM are shown and p values were calculated using a Kruskal-Wallis (KW)
one-way analysis of variance and Dunn’s multiple comparison test. *P < 0.05,

*xP <0.01, *%+P < 0.001.
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Figure 4.3 SPION+macrophage in the DRG and cranial nerves following i.c.
injection. (A) SPION (amber beads) within the perineurium of the DRG. (B) Fluorescent
SPION are primarily localized within the perineurium. (C) Green, fluorescent SPION
localized to CD163+ macrophage (red) within the perineurium of cranial nerves. (D)
SPION (amber beads) within the endnurium and perineurium of cranial nerves. (E)

SPION (green and blue) are cell-associated with (F) CD163+ macrophage (red).
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Figure 4.4

(A) SPION+ Macrophages in the DRG of Non-infected Macaques Over Time
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Figure 4.4 SPION+ macrophage accumulates in the DRG over time and is
unchanged with ART. (A) The number of SPION+ macrophage (mm?) in the DRG of
non-infected macaques 7, 14, and 28 days after i.c. injection of SPION. (B) Distribution
of early, late, and dual SPION+ macrophages in the cervical DRG. Each point represents
one tissue section counted and each color is a different animal analyzed. The mean

+ SEM are shown and p values were calculated using a Kruskal-Wallis (KW) one-way
analysis of variance and Dunn’s multiple comparison test. *P < 0.05, **P < 0.01,

*xxk P < (0.001. **x*xxP < 0.0001.
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Figure 4.5
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Figure 4.5 Accumulation of SPION+ macrophage in cranial nerves. Accumulation
and distribution of early, late, and dual SPION+ macrophage within cranial nerves of
non-infected, SIVE, and ART animals. The mean + SEM are shown, and p values were
calculated using a Kruskal-Wallis (KW) one-way analysis of variance and Dunn’s
multiple comparison test. A representative image of a cranial nerve section analyzed from

each treatment group is shown. *P < 0.05, **P < 0.01, ***P < 0.001, ***xP < (0.0001.
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Figure 4.6
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Figure 4.6 ART does not eliminate virally infected SPION+ macrophages in cranial
nerves. SPION (green and blue) localized to SIV-RNA+ (red) and SIV-gp41+ (red)
macrophages in cranial nerves and DRG. Image captured from scanned cranial nerve and

DRG sections.
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Table 4.2

A. Cranial Nerves SIV-RNA GP41
Early SPION+ Late SPION+ Dual SPION+ Early SPION+ Late SPION+ DualSPION+
SIV-RNA+/mm? SIV-RNA+/mm” SIV-RNA+/mm” SIV-RNA+/mm? |GP41+/mm® GP41+/mm’ GP41+/mm® GP41+/mm’
SIVE 8.2+7.3 0.6+0.6 09+1.2 16+23 25+3.7 0.04+0.09 0.01+0.02 0.0+0.0
Total # of Cells Counted 311 2720 26 50 50 2 1 0
ART 0.15+0.30 0.03+0.06 0.02+0.04 0.09+0.18 0.23+0.44 0.0+0.0 0.0+£0.0 0.0+0.0
Total # of Cells Counted 8 2 1 5 2 0 0 0
ARTOff 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0
Total # of Cells Counted 0 0 0 0 0 0 0 0
B. DRG SPION+
SIV-RNA+/mm? SIV-RNA+/mm*
SIVE 214 +53 0.03+0.08
Total # of Cells Counted 112333 157
ART 0.1+0.04 0.0+0.0
Total # of Cells Counted 37 0
ARTOff 0.0+0.0 0.0+£0.0
Total # of Cells Counted 0 0
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Table 4.2 ART eliminates virally infected SPION+ macrophages within the DRG
but not cranial nerves. (A) SIV-RNA+ and SIV-GP41+ SPION+ macrophages within
cranial nerves of animals with AIDS and SIVE, on ART, and following ART cessation.
(B) Number of SIV-RNA+ and SIV-GP41+ SPION+ macrophages within the DRG of
animals with AIDS and SIVE, on ART, and following ART cessation. SIVE, SIV
encephalitis; cLN, cervical lymph node; DRG, dorsal root ganglia. Early SPION were i.c.
injected 12-14 days post-infection; Late SPION were i.c. injected 30 days prior to
sacrifice; Dual SPION+ contains both early and late injected SPION. Whole tissue
sections were analyzed to obtain the number of positive cells based on the detection of
fluorescence. A minimum of 2 cortical CNS tissues were analyzed per animal, and an
average of 3 sections were examined per animal, per tissue region. Counts are the means
+ SEM of the number of viral RNA+ cells or GP41+ and SPION+ macrophages with

virus.
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Figure 4.7
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Figure 4.7 Macrophage accumulation in the spinal cord. (A) CD68+ macrophages and
(B) CD163+ macrophages. Data are cell numbers (average+/-StDev) counted in whole
tissue sections at 20x and expressed as the number of cells per mm?. Each color
represents a different animal analyzed. Prism was used for graphing and statistical

analysis Kruskal-Wallis nonparametric test.
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Figure 4.8
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Figure 4.8 SPION+ Macrophage accumulation in each level of the DRG over time.
Data are cell numbers (average+/-StDev) counted in whole tissue sections at 20x and
expressed as the number of cells per mm?. Each color represents a different animal
analyzed. Prism was used for graphing and statistical analysis Kruskal-Wallis

nonparametric test.
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Figure 4.9
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Figure 4.9 Macrophage accumulation in the DRG. (A) CD68+ macrophages and (B)
CD163+ macrophages. Data are cell numbers (average+/-StDev) counted in whole tissue
sections at 20x and expressed as the number of cells per mm?2. Prism was used for
graphing and statistical analysis Kruskal-Wallis nonparametric test. A representative

image for each cohort analyzed is shown on the left.
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4.9 Chapter Overview and Next Steps

In this study, we explored a route by which SIV-infected macrophages contribute to
viral persistence and reseeding of the CNS viral reservoir, a critical barrier to viral
eradication. Using intracisternal injections of SPION in macaques with AIDS, with ART,
and following ART interruption, we labeled and tracked CNS macrophages over time.
Our results revealed a novel perineural pathway, where SIV-RNA-+SPION+ macrophages
traffic from the CNS to cranial and peripheral nerves, essentially bypassing the BBB.
Importantly, ART significantly reduced but did not eliminate the traffic of these virus-
infected macrophages to cranial nerves. Interestingly, while AIDS progression reduced
late-stage macrophage traffic out of the CNS, ART restored it, and there was a reduction
in traffic following ART interruption. These findings provide new insights into
macrophage-mediated viral dissemination outside the CNS, even with ART. As our next
step through a comprehensive literature review (Chapter 5), we investigated the effects of

HIV on aging, particularly since age is a primary risk factor for HIV-SN.
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5.2 Abstract

Before the antiretroviral therapy (ART) era, people living with HIV (PLWH)
experienced complications due to AIDS more so than aging. With ART and the extended
lifespan of PLWH, HIV co-morbidities also include aging—most likely due to
accelerated aging—as well as cardiovascular, neurocognitive disorders, lung and kidney
disease, and malignancies. The broad evidence suggests that HIV with ART is associated
with accentuated aging, and that the age-related comorbidities occur earlier, due in part to
chronic immune activation, co-infections, and possibly the effects of ART alone.
Normally the immune system undergoes alterations of lymphocyte and monocyte
populations with aging that include diminished naive T and B lymphocyte numbers, a
reliance on memory lymphocytes, and a skewed production of myeloid cells leading to
age-related inflammation, termed “inflamm-aging”. Specifically, absolute numbers and
relative proportions of monocytes and monocyte subpopulations are skewed with age
along with myeloid mitochondrial dysfunction resulting in increased accumulation of
reactive oxygen species (ROS). Additionally, an increase in biomarkers of myeloid
activation (IL-6, sCD14, and sCD163) occurs with chronic HIV infection and with age
and may contribute to immune-senescence. Chronic HIV infection accelerates aging
where ART treatment may slow the age-related acceleration, but it is not sufficient to
stop aging or age-related comorbidities. Overall, a better understanding of the
mechanisms behind accentuated aging with HIV and the effects of myeloid activation and

turnover is needed for future therapies.

Keywords: HIV/SIV; Aging; Monocytes; Macrophage; Inflammaging.
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5.3 Introduction

Antiretroviral therapy (ART) has enabled people living with HIV (PLWH) to live
longer yet a high risk of developing HIV- and age-associated comorbidities that are
cumulative remains. In 2018, the Centers for Disease Control (CDC) reported that over
half (51%) of people living with HIV in the United States were age 50 or older [1, 2].
This aging group of PLWH stems from a larger aging population with an estimated
12.5% increase in the number of people over the age of 65 in the next 20 years [1, 2].
Although not well understood, aging leads to alterations in the immune system and
responses to HIV infection and co-infections. This review focuses on the biology of
monocytes and macrophages with HIV and simian immunodeficiency virus (SIV)
infection and HIV infection and aging.

Monocytes and macrophages are important components of the innate immune system
that link innate immunity with acquired immunity. They are involved in the first line of
defense against pathogens including retroviruses like HIV and SIV and their clearance, as
well as toning of the immune response to balance tissue inflammation, tissue injury and
repair. Monocytes are derived from the bone marrow (BM) as well as fetal liver, and
spleen and can replace tissue macrophages under normal physiologic conditions, during
inflammation, and with pathology [3, 4]. Within the central nervous system (CNS) there
exist four-to-five macrophage populations normally, and the cardiovascular system and
heart have several subpopulations, all of which change with aging, HIV, and disease [5,
6]. Resident macrophages can be replaced by recruitment of inflammatory monocytes
from blood as well as repopulation within the organ [5, 6]. Resident tissue macrophage

populations are yolk sack derived and present in tissues at the embryonic stage, and at
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birth. BM derived-monocytes, monocyte-derived macrophages, and yolk-sack derived
macrophages are diverse phenotypically and physiologically in different tissues [3, 4].
These cells are thought to be repopulated in normal physiology at a rate that is augmented
with HIV and SIV infection, inflammatory responses, and aging. Monocyte and
monocyte/macrophages as well as resident tissue macrophages are critical in immune
responses to retroviruses - and by definition can be infected by them—but also play
important roles amplifying and toning immune responses, mediating lesion resolution,
wound healing and repair [7, 8]. With continued long-term immune stimulation by HIV
and SIV in response to cell- and tissue- injury and death signals, and importantly aging,
these cells contribute to chronic immune activation termed “inflammaging” seen with
aging and HIV [9-12]. This review focuses on the biology of monocytes—and sometimes
macrophages—with HIV infection and aging and how these somewhat contradictory
responses are not well understood but likely critical in aging populations with HIV and
AIDS. Many of the studies described in this review are from the results of SIV infection
of rhesus macaques. SIV is the premier model of HIV infection because of the genetic
similarity of the virus, SIV’s defined tropism for myeloid, dendritic and lymphocytes,
and the similarities on pathogenesis of SIV-infected monkeys with AIDS in lymph nodes,
blood, and tissues including the CNS and cardiovascular system [5, 13, 14]. Itis
interesting to note that SIV has the accessory gene Vpx in place of Vpr in HIV which can
result in a higher level of monocyte and macrophage infection [15]. SIV has similar
stages of plasma viral expansion in plasma and tissues, and a latent period of infection.
Importantly, antiretroviral agents used in HIV-infected humans are used in SIV-infected

monkeys where ART leads to non-detectable plasma and tissue virus. Some of the

218



pioneering work on monocyte and macrophage infection, and their role in viral traffic,
and CNS and cardiac pathology, came from studies in SIV-infected monkeys [13, 14, 16-

18].
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5.4 Monocytes and Macrophages in HIV and SIV

With normal physiology in humans and non-human primates, monocytes comprise 2-
10% of total white blood cells (WBC) in blood. They are continually produced by BM
hematopoiesis by hematopoietic stem cells (HSC) [19, 20]. The kinetics in blood of the
different monocyte populations are distinct [21-24] where the rate of production and
turnover are increased with HIV and SIV infection, aging, and HIV and aging [13, 19, 23,
25-28]. He, et al. found the production and differentiation of HSCs and monocytes was
increased, but the circulating half-life was decreased with age [19]. Although the
production of monocytes is increased with age which would seem to imply increased
numbers of monocytes in the blood, a decrease in half-life of monocytes results in the
total percentage of monocytes in the blood not changing. In addition to the skewed output
of monocytes in blood, differentiation of HSCs is altered in BM. With aging, HSCs
exhibit an intrinsic myeloid bias thought to result in part due to increased IL-6 production
[29, 30].

Historically, monocytes were described by Ehrlich and Metchnikoff [24, 31, 32]
where they were originally considered to be two populations based on CD14 and CD16
expression [24]. Currently in humans and non-human primates there are thought to exist
three populations that include classical (CD14"CD16°), non-classical (CD14%™°CD16"),
and intermediate (CD14"CD16") monocytes [33-35]. In general, it is considered that
classical monocytes in humans—and their equivalents in mice—differentiate and may
give rise to some tissue macrophages and dendritic cells (DC) where they are involved in

inflammation and repair [32, 34, 36, 37]. Early studies using *H-Thymidine
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demonstrated classical monocytes gave rise primarily to intermediate and non-classical
monocytes [38]. We performed similar studies in normal and SIV infected rhesus
macaques using bromo-deoxyuridine (BrdU), a thymidine analogue taken-up by myeloid
precursor cells that can be detected in classical monocytes within 24 hours, followed by
intermediate monocytes (24 hours later), and then non-classical monocytes (found 24
hours later) [13, 26]. These observations are similar to *H-Thymidine studies in humans
that also suggest intermediate and non-classical cells are a continuum of cells originating
from classical monocytes that have undergone maturation and/or activation in blood [13,
26, 39]. Using BrdU uptake by monocytes it was found that the magnitude of monocyte
expansion in blood and output from BM are good indicators (better than plasma virus and
CD4+ T cell nadir) of the rate of AIDS development and the severity of tissue
pathogenesis in SIV infected monkeys [13, 19, 26]. Moreover, Kuroda et al. found an
age-dependent increase in the turnover of monocytes (discussed below). While the
continuum of monocytes from classical to non-classical cells in blood is an attractive
model, it likely is not absolute, where subsets may also arise from other non-BM
compartments including spleen [40]. Overall, the intermediate monocytes are thought to
be an activated, more mature phenotype with potential antigen presentation (APC)
functions that are susceptible to HIV and more-so SIV infection [34, 37, 41-45]. The
percentage of intermediate monocytes increases with HIV and SIV infection and in fact
correlates with the incidence of AIDS dementia complex (ADC)(pre ART) [46] and CVD
with HIV and SIV infection [5, 14, 47]. Non-classical monocytes are thought to function
as patrolling cells that interact with parenchymal tissue endothelium including those

involved with viral responses [32]. Changes in the proportion and absolute numbers of
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monocyte subsets are seen in HIV and SIV infection, HIV and SIV infection with aging
(discussed below). Differences are also observed in the proportion of monocyte subsets
between sexes with aging and HIV infection [32, 48-50]. Overall, this general model
helps when considering immune phenotype of these cells in normal conditions, and with
HIV and SIV infection, with HIV and SIV infection, and aging: it is clear there is a skew
towards intermediate monocytes with both, as well as altered monocyte turnover in the
blood. Lastly, while the exact signal(s) for monocyte production in BM are not defined,
they are likely in part driven by monocyte/macrophage turnover and death in tissues, their
response to monokines and trafficking chemokines, HIV and SIV viral antigens, and
immune activating factors in plasma, many of which are increased with aging.

It has been shown that the magnitude of BrdU+ monocytes in blood 24 hours after
BrdU pulse, correlates with the rate of development of AIDS in SIV infected monkeys
where a greater magnitude of BrdU+ labeled monocytes correlated with increased
histopathogenesis [13]. Interestingly animals with 10% or greater BrdU+ monocytes,
detected as early as 21 days pi, are predicted to develop rapid AIDS [13, 51]. And, the
higher the percentage of BrdU+ monocytes correlates with how rapidly animals succumb
to AIDS and the severity of brain and cardiac pathology [13]. Additionally, sCD163—a
biomarker for myeloid activation—in these monkeys positively correlated with the
number of BrdU+ monocytes in a near linear fashion [13]. Soluble CD163 in HIV
infected individuals correlated with the degree of neurologic dysfunction and non-
calcified vulnerable plaque [17, 52-54] suggesting the degree of monocyte activation and
expansion from bone marrow were good biomarkers of HIV and SIV comorbidities. It

has been subsequently determined that sCD163 and another marker of activated
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monocytes, sSCD14, are associated with HIV all cause morbidity and mortality [55, 56].
While the exact signals for this expansion of monocytes and increased sCD163 are not
defined, Kuroda et al. has shown that macrophage death and turnover in tissues are
highly correlated [26]. It is interesting to note these markers are also increased with
aging, and aging with HIV. We recently found studying ART interruption, the
percentage of BrdU+ monocytes also goes up and down with plasma virus in SIV
infected macaques, suggesting plasma virus also plays a role (Williams et al.,
unpublished data). Additionally, it is reasonable to postulate that monocyte activation
and turnover occurs as these cells compensate for loss of the acquired immune response
caused by CD4 T memory destruction in early HIV and SIV infection, and perhaps aging
[5]. Using math modeling algorithms, Kuroda et al. showed that the expansion of
monocyte production with SIV infection (based on BrdU) likely occurs with aging [57].
Again, while the signal for such production, in addition to replacing injured and dying
macrophages in tissues, are not well defined, they likely also include dying signals in

tissues and tissue microenvironments, both of which are likely increased with aging.
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5.5 Chronic Monocyte/Macrophage Activation, Inflammation, and "Inflamm-

aging"

Numerous groups have found that monocytes isolated from aged individuals have
reduced activation, proliferation, or altered signaling and delayed responses that result in
increased cytokine production compared to young controls, which is further discussed
below [58, 59]. Additionally, at the transcriptomic level, there is an impact of aging on
interferon signaling from all monocyte subsets following TLR stimulation [60, 61].
Alterations in monocyte activation and cytokine production with aging and HIV infection
results from dysregulation of HSCs production and differentiation leading to chronic
inflammation and older immunophenotypes, respectively [48, 62]. Similar changes were
found when comparing ART women with HIV versus viremic individuals where the
latter were similar to controls who were 12 years older [48]. While overall it is tempting
to think ART may reverse immune activation and innate immune responses by decreasing
plasma and tissue virus, how long individuals have been on ART and when ART was
initiated post infection is an important consideration. We studied the effect of durable
ART on plasma sCD163 of individuals with acute infection (ART treatment less than one
year of HIV infection) and chronic infection (ART treatment after more than one year of
HIV infection) and found plasma sCD163 levels decreased after 3 months to levels found
in uninfected controls [52]. This was in contrast to individuals who received ART after
more than a year of HIV infection, where after 3 months of ART, sCD163 decreased but
not to levels found in acute infection and non-infected controls [52]. It is tempting to

speculate these differential responses are informative with regard to the preprogrammed
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genetics of the innate immune response to HIV, but also they are as likely linked to the
acquired immune response that include antibodies, CD4" T cell depletion by HIV, as well
as CD8" T cell responses and HIV-repertoire breadth, all of which importantly are
affected by HIV infection and aging [11]. Lastly, it is also important to consider the
effects of ART alone, aside from the effects of decreasing plasma and tissue virus, that
might also result in premature or accelerated aging, which further complicates the picture
[63-66].

Signaling molecules including TLRs, mannose receptors, and scavenging receptors are
altered with aging and may contribute to changes in immune populations. Changes in
monocyte/macrophage immune phenotype with HIV and SIV infection and accelerated
aging are likely also due to increased soluble factors in plasma as well as the effects of
translocation of bacteria across the gut, and metabolic effects of this, and co-infections
including CMV with aging [67-69]. Additionally, the role of monocyte responses to
surface receptor ligation including TLRs to LPS, endocab and viral antigens should be
considered. Recent studies showed changes in the cytokine production of monocytes
isolated from aged individuals where following stimulation there was an increase in TNF,
IL-1 and IL-6 that are associated with non-AIDS defined comorbidities with PLWHIV
[70]. Monocytes isolated from aged individuals have increased cytokine production
including IL-6, TNF-alpha, IL-1 alpha and beta that drive alterations in circulating
monocyte populations [71-74]. Hearps and colleagues found that plasma cytokines
specific to monocyte activation—sCD163 and sCD14—are increased with age [49].
Additionally, wide-spread alterations in expression and function of toll like receptors are

impaired with age and contribute to the dysregulation of innate immunity—specifically
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production of myeloid cells [75]. It is unknown and more research is necessary to
determine whether aging is the cause of alterations in signaling molecules thus resulting
in downstream effects on myeloid populations; or, if inherent skewing of HSCs towards a
myeloid shift result in changes of myeloid signaling molecules and alterations to myeloid
phenotype, or both.

Changes in the proportion of monocyte subsets, their response to immune stimulation
by cell surface receptor ligation, and function are reported in PLWHIV and SIV-infected
monkeys, but overall, extensive studies have not been done. Hearps and colleagues in a
study of HIV infection versus healthy aging, focused on immune phenotype and function
in a cross-sectional study, and showed that young viremic HIV+ males had monocyte
phenotypes similar to aged controls that include increased CD11b on CD14+CD16+
monocytes and down regulation of CD62L and CD115 [49]. Additionally, they found
innate immune markers sCD163 and CXCL10 increased in both young viremic and
virologically suppressed individuals to levels similar to that seen in elderly controls.
They also found decreased phagocytic function and telomere shortening compared to
young controls [49]. Overall, there are similarities in men versus women in age
associated changes with increased proportions of intermediate and classical monocytes,

but found women were phenotypically different than men [50].
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5.6 Monocytes and Macrophage Traffic to Tissues with HIV, SIV, and Aging

Monocytes are produced in the bone marrow in response to colony stimulating factors
(CSF) and cytokines and migrate towards specific sites of infection or injury.
Extravasation of monocytes and subsequent differentiation into macrophages is beneficial
in normal physiology to assist in clearing infections and promoting tissue repair.
However, chronic accumulation of macrophages leads to inflammation and subsequent
tissue damage. “Age-associated inflammation” is thought to be induced by increased
inflammatory activated monocytes, IL-6 and higher CCR2 production, which could lead
to excess monocyte production and macrophage accumulation [73]. With age, there are
increased plasma concentrations of inflammatory mediators (IL-6, IL-10, SICAM-1,
sVCAM-1, and MCP-1) that promote monocyte extravasation and subsequent tissue
inflammation [76]. Additionally, studies have focused on monocyte and macrophage
cytokine dysregulation and NF-kB pathway activation (discussed below) as drivers of
inflammation [77-79] in the context of HIV and SIV, and HIV and SIV and aging.

The NF-kB pathway is a key mediator of cellular damage and stress response and is
impaired with age [79]. A murine bone marrow study identified the largest fraction of
cells with increased NF-kB expression as myeloid cells [80]. Activation of the NF-kB
pathway in macrophages leads to production of proinflammatory cytokines IL-6 and
TNF-alpha. An analysis of monocytes from hospitalized individuals (elderly vs young)
showed higher NF-kB activation but reduced responses to TLR stimulation in elderly
populations versus younger controls [79]. Importantly, these studies found that with age

continued stimulation of the NK-kB pathway may lead to immune tolerance and reduced
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response to subsequent stimuli. There are multiple stimulatory ligands and factors that
signal through the NF-kB pathway including TLRs via viral ligands, ROS stimulation,
and more recently identified miRNA. Grants, et al., attributes one driver of age-related
inflammation and myeloid skewing as the loss of miRNA-146a resulting in upregulation
of the NF-kB pathway followed by upregulation of IL-6; yet more research is necessary
to determine other contributors to age-related inflammation with chronic HIV infection

[77].
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5.7 Immunosenescence and Aging

Immunosenescence is the gradual decline of the functionality of the immune system
commonly seen in conditions of chronic immune stimulation including HIV-1 infection,
and HIV-1 infection and aging, and aging alone [70, 81]. Aging is thought to impair the
ability of monocytes and macrophages to clear senescence cells due to reduced
phagocytosis, chemotaxis, and accumulation of age-related inflammation. With aging,
there is an increase in the expression of markers of senescence including P16™%4 TL-1,
and NF-kB [82, 83]. Additionally, adults with HIV+ had increased biomarkers of
immune-senescence including TNF-alpha, IL-6, sCD163 and sCD14. The
proinflammatory nature of nonclassical monocytes alone—including higher P16™42 |
NK-kB activity, and IL-1 alpha production—are considered markers of cellular
senescence [82, 84]. P16™NK42 expression is a marker of cellular senescence and is
expressed by macrophages from response to external stimuli [84]. Myeloid derived
suppressor cells (MDSCs) are thought to be immunosuppressors that act primarily on T
and B cells to drive a senescence phenotype. MDSCs are significantly increased with
aging and may be potent influencers of immunosenescence, however they are not well
understood and their role in aging and disease is unclear [81]. Studies have found that the
elimination of senescent cells can extend lifespan by inhibiting pathways of inflammation
and senescence [85]; yet, the exact role of myeloid cells in this or the effects of aging and

immunosenescence in people living with HIV is not well understood.
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5.8 Myeloid Mitochondria Dysfunction and Contribution to Immunosenescence

Dysfunction of macrophage mitochondria with aging can increase oxidative stress,
susceptibility to DNA damage and viral infections. This in turn promotes a senescence,
proinflammatory microenvironment. Bauer and Fuente describe how aging of
macrophage mitochondria leads to dysfunction and expression of proinflammatory
cytokines (IL-6, TNF-alpha, and IL-1) resulting in increased inflammation and an overall
decline in physiological functions [86]. Specifically, with aging, there is higher
production of reactive oxygen species (ROS) from macrophages, mitochondrial
dysfunction, increased tissue inflammation, and mutagen susceptibility [87]. Causes of
mitochondrial dysfunction with aging are unknown; but believed to be associated with
reduced mitochondrial respiratory capacity of myeloid cells [88]. Dysfunction of
mitochondrial respiratory chain complexes in macrophages can result in mitochondrial
membrane potential changes, which in turn can be used as a determinant of the
contribution of a myeloid bias with aging [89]. In addition, there is increasing evidence of
mitochondrial dysfunction in PLWHIV [90-92] . This includes treatment for HIV where
there are potential adverse effects of nucleoside reverse transcriptase inhibitors (NRTIs)
that have been found to induce the accumulation of mutations in mitochondrial DNA
(mtDNA) [92]. Alterations to mtDNA can result in changed mitochondrial morphology,
energy, and ROS production [91]. Thus, age-related associations in reduced
monocyte/macrophage mitochondrial function, the potential effect of HIV treatment on
mitochondrial function, and increased oxidative stress with aging and aging with HIV,

may be a main contributor to an increased inflammation [93].
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Myeloid cells can release ROS in circulation which might be amplified by the inherit
HSCs myeloid shift with aging; however, their exact contribution with HIV and HIV and
aging is not fully understood [94]. Transmission electron microscopy revealed age-
associated changes in the overall number and density of mitochondria in macrophages of
aged mice compared to young controls [95]. Additionally, macrophages use tryptophan to
generate NAD+ de novo through the Kynurenine Pathway (KP). The loss of KP
metabolites results in reduced production of NAD+ and disrupts macrophage
mitochondrial respiration leading to alterations in morphology and phagocytosis [96].
Overall, age-related and HIV and aged related changes in HSCs could affect the number
of mitochondria in monocytes/macrophage, mitochondrial function, and regulation of
ROS production [29, 97]. Multiple mechanisms link oxidative stress and aging including

mitochondrial dysfunction, microRNA dysregulation, and cellular senescence.

231



5.9 Accelerated Aging with HIV Infection

Chronic immune stimulation caused by HIV-1 infection results in heighted production
of pro-inflammatory mediators and likely contributes to accelerated aging [48, 70].
Hearps, et al. and others have found that individuals with HIV-1 have similar myeloid
immune profiles as elderly individuals with increased CD16+ monocyte and activation
markers comparable to controls that were 10-14 years older [50]. Specifically, they
found elevated CD16+ monocytes, sCD163, sCD14, and CXCL10 [48, 50]. Analyzing
CD14+ monocytes from young HIV+ individuals, Hearps et al. found impaired
phagocytic function consistent with aged CD14+ monocytes [50]. In all, HIV infection
may contribute to premature and accelerated aging of the immune system likely due to
chronic stimulation.

More recently, researchers investigating epigenetic patterns in DNA found increased
age-associated methylation in PLWH that is consistent with premature aging [11, 98, 99].
DNA methylation in PLWHIV revealed an accelerated methylation pattern by
approximately 14 years [98]. Individuals living with HIV-1 who had over four years of
ART treatment did not have significant epigenetic age-related alterations, yet there were
still patterns of increased age-associated methylation [100, 101]. HIV-1 infection may
accelerate aging where ART treatment may slow the age acceleration but does not stop it.
Thus, while ART treatment extends life expectancy of PLWH there remains an increase
of age-associated comorbidities like HAND and cardiovascular disease due to overall

dysregulation of systemic inflammation.
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In a study comparing the mean telomere length of HSCs and monocytes from healthy
controls (26 years old) and elderly (65 years old), the telomeres in elderly HSCs and
monocytes were significantly shorter than the younger controls [102]. Likewise,
individuals with HIV-1 have significantly shorter telomeres in HSCs, monocytes
(CD14+), and leukocytes than in noninfected aged-matched controls [50, 103, 104].
Additionally, researchers found an inverse relationship between myeloid activation
(sCD163) and telomere length indicating that immune activation may be the cause of
telomere shortening [104]. Premature aging is present with apparent telomere shortening
even in young individuals with HIV and a study investigating children with HIV-1 (and
treated with ART) revealed multiple age-associated alterations including higher
percentages of activated cells (CD16+ monocytes), accelerated telomere shortening in
HSCs, and higher percentages of senescent cells [103, 105]. Although still not well
understood, studies on telomere length show that constant immune stimulation caused by
HIV-1 infection may lead to accelerated aging. It is also possible that lack or dysfunction

of normal DNA repair within the BM in HSC may also contribute to telomere shortening.
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5.10 Conclusion

Changes in the activation, proportion, migration, and phenotype of monocyte subsets
are apparent with aging and results in alterations of systemic immune physiology.
Similarly, HIV and SIV viral RNA, even if not infectious, contribute to myeloid
stimulation and activation. Due to immune senescence and loss of the acquired immune
responses to HIV and SIV, as well as other co-infections in including CMV, likely
require an expanded role of myeloid cells in blood and tissues to aid in pathogen patrol,
controlling tissue injury, and repair. It is known with aging augmented hematopoietic
production of BM HSC occurs that skews toward increased monocytes and likely
preferential phenotypes seen with HIV and SIV and aging, as well as altered functional
effects of stimulation of monocytes following ligation of immune molecules including
TLR’s and phagocytosis. This is including increased monocyte activation, increased
inflammatory cytokines and markers of senescence, reduced monocyte/macrophage
mitochondrial function, and increased oxidative stress all of which are contributors to

chronic inflammation.
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5.11 Figure and Figure Legend
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Figure 5.1 Altered myeloid production with aging and HIV infection contributes to
chronic inflammation. Aging monocyte populations are skewed towards a
proinflammatory phenotype and there is an overall decline in naive CD4+ and CD8+
lymphocyte production [63,69,72,80]. Additionally, HIV/SIV infection causes an
increase in the rate of production and turnover of myeloid cells [19, 28]. Age-induced
mitochondrial dysfunction increases reactive oxygen species (ROS) which also
contributes to tissue inflammation [84-87]. Elderly adults and adults living with HIV both
have persistent inflammation caused by myeloid cells in response to chronic immune

activation. Figure reproduced with permission from Monocytes in HIV and STV Infection

and Aging: Implications for Inflamm-Aging and Accelerated Aging by Wallis, Z. and

Williams, K. (2022) MDPI. Viruses. 14(2):409 and is licensed under CC BY 4.0.
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6.0 Discussion and Summary

6.1 Discussion

This thesis aimed to define the role of macrophage traffic from the CNS and its
contribution to the spread of HIV and SIV to peripheral tissues. The central hypothesis of
this thesis is that macrophage traffic from the CNS results in viral dissemination and
recrudescence in peripheral tissues such as cervical lymph nodes, the spleen, cranial
nerves, DRGs, and peripheral nerves. To investigate this hypothesis, we utilized a novel
method to label CNS macrophages in vivo. We identified the migration of macrophages
out of the CNS and evaluated the impact of ART and ART interruption on the traffic of
virally infected macrophages to peripheral tissues. In this study we examined: i) whether
macrophage traffic out of the CNS in non-infected (normal) non-human primates and the
effects of SIV infection (Chapter 2), ii) the impact of AIDS, ART, and following ART
interruption on traffic of virally infected macrophage out of the CNS (Chapter 3), and iii)
explored a understudied pathway for CNS macrophage to traffic out and redistribute virus
to the periphery with AIDS, on ART, and following ART interruption (Chapter 4).

Since the introduction of combination ART in 1996, there have been significant
improvements in both the quality of life and lifespan of PLHIV, yet comorbidities such as
HAND and HIV-SN remain prevalent [1-6]. In the ART era, HAND persists in over half
of PLHIV on ART [7], with the most severe form (HAD) less prevalent, while less severe
forms (MND and ANI) are more prevalent than pre-ART [7]. HIV-SN remains the most
common neurologic disorder linked to HIV infection [8, 9]—caused by chronic innate
immune activation—affecting over one-third of PLHIV on ART, even with viral load

suppression and improved CD4+ T cell counts [8, 9]. With age being one of the primary
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risk factors associated with HIV-SN, the growing population of older individuals with
HIV is likely to face increasing rates of this condition. These HIV-associated
comorbidities are a direct result of chronic immune activation driven by monocytes and
macrophages. In this thesis, we briefly explored the aging population of PLHIV and the
numerous health challenges they encounter due to chronic myeloid activation (Chapter
5). Importantly, many diseases and conditions typically associated with advanced age
appear earlier in people with HIV, as their immune systems undergo accelerated aging,
even though they are living longer than ever before [10]. With currently 50% of PLHIV
over 50, this percentage is only expected to increase over the next 20 years [11, 12].
Understanding the role of macrophage traffic, CNS viral dissemination and
recrudescence, and the role of chronic myeloid activation in PLHIV on ART is essential
to addressing chronic neurocognitive disorders and neuropathy to bridge the health gap

between PLHIV and the general population.

6.2 What immune cells can traffic out of the CNS?

In this thesis, we showed for the first time (Chapter 2) that macrophages can
traffic out of the CNS normally in non-human primates and SIV-infected macaques;
however, this is not the first evidence of immune cells trafficking out of the brain.
Limited work performed in rodents has shown that myeloid-DCs migrate from the brain
to cervical lymph nodes to trigger an immune response [13, 14]. Subsequent work has
shown that DCs injected into the CSF migrate to the cervical lymph nodes while injection
of DCs directly into the brain parenchyma remained confined to the brain [15, 16]. As we

labeled all CNS macrophages in vivo with SPION, our study does not distinguish which
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macrophages are leaving the CNS (perivascular or meningeal), but we hypothesize that
perivascular macrophages must first migrate to the meninges to leave via meningeal
lymphatics or perineural pathways, as perivascular pathways are too small for
macrophages to leave the CNS [17]. In rodents, CD4+ T cells injected into a lesion site—
even T cells injected into a non-lesioned parenchyma—migrate to the deep cervical
lymph node via the cribriform plate and nasal mucosa [18]. Thus, regardless of the
injection site, T cells can migrate through the cribriform plate and accumulate primarily
in the dCLN, whereas only DCs in the CSF migrate out [18]. Even B cells injected into
the CSF have been shown to migrate to the dCLN node via dural lymphatics [19]. Recent
evidence using single-cell sequencing has implied that microglia-like cells are found in
the CSF and may traffic out via dural lymphatics [20]; we did not study this as SPION
are not taken up by microglia. In a spinal cord injury model, it has been suggested that
microglia exit the spinal root to the periphery, where they clear debris at the injury site
and then carry that debris back into the CNS [21]; however, there has been limited
research on this topic. Building on previous rodent research, we were the first to
demonstrate macrophage traffic out of the CNS in a non-human primate model (Chapter
2), to better understand the dynamics of macrophage traffic out of the CNS with AIDS,
on ART, and following ART interruption (Chapter 3), and potential pathways of this

migration out of the CNS (Chapter 4).

6.3 What evidence supports viral traffic out of the CNS?

In this study, for the first time, we have provided direct evidence that with AIDS,

SIV-RNA+ CNS macrophage can traffic out to reseed virus in the dCLN and spleen
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(Chapter 2) and cranial and peripheral nerves (Chapter 3), potentially resulting in viral
recrudescence. Importantly, we found that ART eliminates the traffic of virally infected
macrophages to the dCLN and spleen (Chapter 2) but does not eliminate the traffic of
virally infected macrophages via cranial nerves (Chapter 3). This is in parallel with
molecular work done by our lab (unpublished data) and others to demonstrate the
reseeding of the CNS viral reservoir in the periphery [22, 23]. It is well known that CNS
compartmentalization emerges within the first years after HIV infection and persists [24-
26]. In addition, it has been eloquently demonstrated that macrophages in the brain
harbor latent HIV and SIV capable of reactivation and possible infection of new cells [27,
28]. Using phylogenetic analysis, we identified significant differences in sequence
diversity across peripheral tissues, meninges, and even within distinct brain regions [29].
Viral Env and Pol sequences from cortical brain regions showed significantly lower
diversity than those in the meninges (p < 0.05) [29]. In turn, the meninges exhibited
significantly lower diversity (p < 0.001) than the combined peripheral tissues and cell
populations [29]. The lower diversity of viral Env and Pol sequences in cortical regions—
compared to the meninges—suggests limited viral traffic to and from these cortical
regions. However, the meninges exhibit higher diversity than the cortical tissues,
indicating some degree of continual viral traffic, though less extensive than that observed
in peripheral tissues. This suggests that while cortical areas are relatively isolated, the
meninges have moderate viral exchange, likely an intermediate for viral dissemination
with limited but notable viral migration relative to the periphery. Our findings in Chapter
3 show a rebound of SIV in the meninges following ART interruption, which is in

agreement with previous work [29] and supports a viral rebound from the blood that
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disseminates in the CNS meninges. Others have found and suggested that the choroid
plexus is a distinct viral reservoir in the CNS, harboring viral strains that were a mixture
of those found in the brain and spleen [30], suggestive of viral migration from the blood
to the brain. In our study (Chapter 3), we also found persistence of SIV in the choroid
plexus with ART and a rebound following ART interruption, further supporting viral
dissemination in the CNS from the blood. An in-depth analysis of viral populations
revealed that CSF viral escape stems from continuously replicating viral populations—
likely macrophages—within the CNS over 3 years of ART [31]. This underscores the
likelihood that infected cells continue to traffic between the CNS and other viral
reservoirs, even with durable ART [25, 31]. Recently using barcoded virus, the Ling lab
has found that mesentery lymph nodes, inaugural lymph nodes, and the spleen shared
viral populations with plasma, suggesting these tissues may contribute to viral
reactivation and rebound after ART interruption [32]. Although the authors only found
low numbers of barcoded virus in the brain (and thus no similar clonal types detected in
peripheral tissues), this does not rule out the possibility of viral migration from the brain
to the periphery (and known vice versa phenomenon), especially considering these
animals did not develop SIVE and only had a short period of ART interruption (3 weeks)
[32].

In this study, we provide the first direct evidence in the context of AIDS that
virally infected CNS macrophages migrate out and reseed peripheral tissues and remain
persistent within cranial and peripheral nerves with ART (Chapters 2-4). Our findings
demonstrate that while ART effectively stops the traffic of virally infected macrophages

to the dCLN and spleen (Chapter 3), it does not prevent their migration via cranial nerves
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(Chapter 4). Although we did not sequence the virus in our study to confirm its origin,
our results align with molecular data from our lab (unpublished) and other studies that
support the reseeding of the CNS viral reservoir in the periphery. This work strengthens
our understanding of the interactions between the CNS and peripheral tissues in the

contribution to viral persistence.

6.4 What is the effect of ART on CNS macrophage and rebound following ART Off?
In Chapter 3—and in agreement with our previous work [33, 34]—we found that
with AIDS and SIVE, there is an increase in the number of CD163+ PVM in the brain
and a significant decrease with ART. Importantly, we found that with ART interruption,
there was a significant increase in CD163+ PVM compared to durable ART (Chapter 3).
As CD163+ PVM are bone marrow-derived, this increase in CD163+ PVM in the brain
correlated with an increase in the percent of newly produced monocytes in the blood
(data not shown). In our study, animals began ART on day 21 post-infection, and all
animals had over 10% of newly produced monocytes in the blood at this time (data not
shown). We previously determined this timepoint (21 dpi) to be an accurate predictor of
CNS disease severity, with these newly produced monocytes migrating to the brain,
resulting in accumulation and inflammation if left untreated [35]. We propose that the
resolution of inflammation in the brain could be a result of macrophage traffic out as
animals on ART had increased numbers of macrophages that trafficked out of the CNS to
the periphery, and fewer SPION-labeled PVM remained in the brain. As these animals
were predisposed to develop CNS disease, this novel finding underscores the role of

macrophage traffic out of the CNS and the resolution of CNS inflammation.
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In our previous work using dextran dye, we found that SIVE lesions are
composed primarily of macrophages present early in infection [34], supporting the early
establishment of the CNS viral reservoir. Similarly, in this study, we found that SIV-
RNA+ PVM were primarily labeled with early injected SPION, consistent with the early
establishment of the CNS viral reservoir (Chapter 3). Interestingly, in Chapter 3, we
found only a slight decrease in the number of CD163+ meningeal macrophages with
ART compared to animals with AIDS and no change following ART interruption. We
found with AIDS that SIV-RNA+ meningeal macrophages were primarily labeled with
dual- and late-SPION, more so than early alone. Moreover, SPION+ SIV-RNA+
meningeal macrophages in animals on ART and following ART interruption only
contained late-SPION, further supporting the rebound of SIV from the blood with chronic
infection. With AIDS, we found that SIV-RNA+ macrophages trafficked out of the CNS
to peripheral tissues primarily containing late-injected SPION, underscoring the role of
macrophage traffic out of the CNS and viral dissemination during chronic infection.
Importantly, we found that ART eliminated the traffic of SIV-RNA+ macrophages from
the CNS to the dCLN, spleen, and DRG but did not eliminate the traffic of SIV-RNA+
macrophages to cranial nerves, primarily labeled with dual SPION. This suggests that
these macrophages were in the CNS early during infection but did not traffic out to
cranial nerves until late infection, further underscoring the role of viral dissemination
during chronic infection, even with ART. Our study highlights the importance of better
understanding the contribution of macrophage traffic out of the CNS in viral

dissemination and the resolution of CNS inflammation.
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6.5 What is the effect of CNS macrophage traffic on immune activation, tolerance,
and pathogenesis?

Macrophage traffic out of the CNS may play a crucial role in immune activation,
tolerance, and pathogenesis by bridging the CNS and the peripheral immune responses.
When macrophages migrate from the CNS to peripheral tissues, they can present
antigens—such as HIV and SIV—to other immune cells to stimulate local immune
responses and drive immune activation. Rodent studies using antigen-loaded (ovalbumin,
OVA) DCs injected into the CSF found traffic out to the dCLN to induce activation of
CD8+ T cells with subsequent migration of Ag-specific T cells to the brain [13].
Surprisingly, intravenously injected GFP-labeled DCs did not trigger the accumulation of
antigen-specific T cells in the brain [13]. This suggests that intravenous administration is
ineffective at inducing an immune response within the brain, likely due to CNS entry
barriers or differences in antigen presentation, highlighting the critical role of CSF and
cellular traffic from the brain in activating CNS immune responses. The recruitment of T
cells into the CNS occurs only when brain-derived DCs migrate to the peripheral
lymphoid tissues, suggesting that migration of brain-resident DCs is absolutely necessary
to initiate antigen-specific T cell homing to the CNS [13]. This is consistent with the
initiation of immune responses in peripheral tissues where APCs capture, process, and
present antigens via MHC molecules to naive T cells in secondary lymphoid organs,
triggering their activation, proliferation, and differentiation into effector T cells such as
cytotoxic (CD8+) or helper (CD4+) T cells [14, 36]. Although the CNS is immune-
privileged, engagement in immune surveillance and responses by traffic of CNS myeloid-

DCs and macrophages out of the CNS results in T cell activation to HIV and SIV.
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The migration of macrophages from the CNS to the periphery can also potentially
induce disease and/or tolerance, as macrophages present antigens and modulate immune
responses in peripheral tissues. A series of eloquent studies by Laman, Weller, and others
have detailed the drainage of soluble antigens from the CNS to the dCLN [37-39]. Much
of this drainage of soluble antigen out of the CNS is along the perivascular pathway
through basement membranes of capillaries and arteries, a pathway too small for APCs to
traffic out [40]. Importantly, the perivascular pathway has been described to drain
amyloid-beta out of the brain which builds up in perivascular spaces of aging individuals
with Alzheimer's disease (see Alzheimer's disease section for more details) [41, 42].
Within 15-20 hours of injecting serum albumin into the rabbit brain, it drains to the
dCLN [43]. Likewise, when human serum albumin is injected into the rat brain or CSF,
antibodies are produced in the CLNs and spleen [44-46]. Importantly, ablation of
lymphatic drainage from the CNS to the CLNs fails to produce a humoral response [44-
46]. Drainage of soluble antigens and/or traffic of antigen-loaded APCs suggests that the
CLNs play a key role in initiating B cell and T cell-mediated immune responses to CNS
antigens. A better understanding of the balance between immune activation and tolerance
by macrophage traffic out of the CNS is crucial to understanding CNS disease
pathogenesis, especially in chronic conditions like HIV and other neuroinflammatory

disorders.
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6.6 Can macrophage traffic out of the CNS play a role in neurodegenerative diseases
such as HAND, HIV-SN, Multiple sclerosis, Alzheimer’s disease, and normal aging?
Macrophage traffic out of the CNS could have important implications for HAND,
HIV-SN, Multiple Sclerosis, Alzheimer’s disease, and even the effects of normal aging
[10, 47-51]. Understanding how macrophages traffic out of the CNS is crucial, as it could
lead to new treatments that target their activation and movement, offering better ways to

manage these diseases.

HAND

The term HAND encompasses the spectrum of neurocognitive impairments linked
to HIV infection (HAD, MND, and ANI), with affected individuals often experiencing
issues in executive function and memory [7, 52, 53]. This spectrum includes notable
disruptions in attention, multitasking, impulse control, judgment, and memory and
retrieval [7, 52, 53]. HAND can also involve motor impairments, such as bradykinesia,
coordination loss, and gait instability [7, 52, 53]. While motor skill and psychomotor
speed deficits were the primary HAND symptoms before ART, today, in the ART era,
impairments in learning, memory, and executive function are more frequently observed
[7, 52, 53]. The processes leading to neuronal injury as a result of HIV and SIV infection
remain poorly understood; however, the presence of activated and productively infected
macrophages in the CNS is the strongest correlate of neurocognitive decline and further
supports the role of monocytes and macrophages in driving CNS pathogenesis [35, 54-
56]. We have found that soluble CD163—produced by activated CD163+ monocytes and

macrophages—correlates better with neurocognitive decline than traditional predictors
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(CD4+ T cell count or viral load) [54, 55]. Additionally, increased production of bone
marrow-derived monocytes with HIV and SIV infection is correlated with neuronal
injury [35, 57]. Importantly, with HIV and SIV infection, there is an increased rate of the
traffic of bone marrow-derived monocytes to the CNS and subsequent accumulation and
retention [34, 58, 59], supported by our SPION studies (Chapters 2-4). Similar to
previous discussions, we hypothesize that the resolution of inflammation is influenced by
macrophage traffic out, and with AIDS and SIVE, there is a reduction of macrophage
traffic out, resulting in an accumulation of CNS macrophages and subsequent neuronal
damage. Our findings indicate that the resolution of CNS inflammation may be mediated
by macrophage traffic out of the CNS. In conditions such as AIDS, SIVE, and potentially
HAND, reduced traffic out of CNS macrophages leads to their accumulation within the

CNS, exacerbating neuronal injury and contributing to neurocognitive decline.

HIV-SN

Macrophage accumulation in the DRG and peripheral nerves contributes to HIV-
SN by promoting local inflammation and neuronal damage, exacerbating sensory
dysfunction and pain [60, 61]. Importantly, it was found that macrophage accumulation
in the DRG, but not at the injury site, was required to initiate the nerve-induced
mechanical hypersensitivity [62]. In our study (Chapter 4), we found that CNS
macrophages migrate to the DRGs normally and at a rate that is unchanged with AIDS, in
animals on ART, and with ART interruption. We hypothesize that this macrophage
migration from the CNS to the DRGs may contribute to HIV-SN. Following nerve injury,

there is an influx of CCR2+ macrophages to the injury site, some of which result from
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local proliferation [62] but also could result from macrophage traffic from the CNS.
Previously, we observed that rhesus macaques infected with SIV had a significant
increase of CD68+, CD163+, and MAC387+ macrophages in the DRG compared to non-
infected macaques [61, 63, 64]. Recently, Burdo ef al. found that substantial
neuroinflammation persisted in the DRG and the dorsal horn of SIV-infected macaques,
even while on ART [65]. The ongoing inflammation in these regions was associated with
the sustained sensitization of nociceptors, which may account for the ongoing
neuropathic pain experienced despite ART treatment [65]. Our results indicate that the
persistent activation of myeloid cells in the DRG during ART might be due to the

continuous migration of macrophages out of the CNS through the perineural pathway.

Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic autoimmune disease where the immune
system targets the protective myelin sheath covering nerve fibers in the CNS [50, 66].
This leads to inflammation, nerve damage, and symptoms such as muscle weakness,
impaired coordination, vision problems, and fatigue [66]. Experimental autoimmune
encephalomyelitis (EAE) is a common rodent model used to study MS pathogenesis with
similar pathological features: CNS inflammation, demyelination, axonal loss, and gliosis
[67]. When EAE is induced by injecting antigen (such as myelin basic protein or adoptive
transfer of pathogenic, myelin-specific CD4 T cells) into the footpad of rats or mice,
inflammation primarily affects the spinal cord, causing hind limb paralysis in about two
weeks while the brain remains less affected, unlike in cyrolesion-induced EAE where the

brain is primarily affected [50, 68, 69]. In rodent studies examining the traffic of DCs
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from the CNS, it was found that DCs migrated to the CLNs and enhanced the response
against myelin oligodendrocyte glycoprotein, a major immunogenic myelin antigen [15].
Ablation of CLNs in EAE animals reduces brain inflammation by up to 40% and
likewise, the removal of lumbar lymph nodes reduces EAE symptoms in the spinal cord
[68, 70]. Although the CNS is considered immunologically privileged, cervical and
lumbar lymph nodes play a significant role in initiating immune responses in MS and
EAE. Understanding the mechanisms underlying antigen drainage and APC traffic to

these lymph nodes could improve therapeutic strategies for MS.

Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder, with the main
pathological hallmark being the accumulation of amyloid-beta (AP) deposits in the brain
[51, 71]. This results in cognitive decline, memory loss, confusion, and difficulty with
daily tasks over time [51, 71]. AD is the leading cause of dementia, affecting an
estimated 6 million Americans aged 65 and older [72]. In older adults, AP is deposited as
insoluble plaques in the brain and accumulates in the walls of cerebral arteries and
capillaries [51]. AP is cleared from the brain through several mechanisms, including
degradation by neprilysin and insulin-degrading enzymes [73], absorption into the blood
via the low-density lipoprotein receptor protein-1 pathway [74, 75] and P-glycoprotein
[76], and elimination through the perivascular lymphatic drainage pathway [40, 42, 77].
Importantly, PVM play a major role in clearing vascular AP deposited from the brain
parenchyma [78]. Ablation of PVM in AD mice leads to worsened AP plaque deposition,

while increasing PVM turnover (with chitin) reduces plaque accumulation [79, 80].
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Others found that the CCR2 is required for CNS homing of PVM and that this CNS
homing is essential for brain AP removal [81]. In AD mice, nonspecific deletion of CCR2
led to increased accumulation of A plaques, fewer microglia and macrophages around
these plaques, worsened cognitive deficits, and a reduced lifespan [81-83]. The drainage
of AP and its clearance by PVM are crucial for eliminating plaques and mitigating AD
pathology; however, whether these macrophages in AD migrate from the CNS to the

CLNs remains unknown but could potentially worsen disease.

Macrophage Traffic and Aging

Meningeal lymphatics are important for draining antigens and traffic of immune
cells out of the CNS; however, recent studies have found that with age, these lymphatic
vessels' efficiency declines, resulting in reduced clearance of waste and antigens from the
CNS [84, 85]. This diminished drainage can lead to a buildup of neurotoxic substances,
potentially worsening neurocognition, such as those seen in AD [84, 85]. Additionally,
individuals living with HIV age faster than aged-matched non-infected individuals [10,
86-89], yet the impact of HIV on meningeal lymphatic function remains unknown. In our
study, we found that with AIDS, there is an accumulation of SPION+ PVMs in the brain
compared to animals treated with ART (Chapter 2). This accumulation of PVM with
AIDS and SIVE could be a result of impaired meningeal lymphatic function to clear
virally infected PVMs whereas with ART there is clearance from the parenchyma.
Importantly, there is no difference in the number of SPION+ meningeal macrophages
with AIDS compared to ART-treated animals, whereas in non-infected macaques, there is

gradual clearance over time. This suggests impairment in clearance via meningeal
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lymphatics with SIV infection that is not restored with ART. Further research is needed
to understand how HIV (and SIV) affects the function of meningeal lymphatics,
especially considering that individuals living with HIV experience accelerated aging,
which is known to contribute to the impairment of these lymphatic vessels. The impaired
function of meningeal lymphatics can restrict immune cell movement, hindering response
to disease and inflammation in the brain and leading to accumulation [90-94].
Understanding how HIV and aging affect meningeal lymphatics could help develop
treatments that improve lymphatic function and clear adverse pathogens and proteins in

the brain with aging and neurodegenerative diseases.

6.7 Signals that could initiate or prevent macrophage traffic out of the CNS.
Chemokines and cytokines are signaling molecules that may regulate immune cell
migration out of the CNS. CC-chemokine receptor 7 (CCR7)—expressed by various
immune cells—is involved in the homing of various subpopulations of T cells and APCs
to the lymph nodes, which highly express its ligands, C-C motif chemokine ligand 19
(CCL19) and C-C motif chemokine ligand 21 (CCL21) [95]. Louveau and Herz et al.
found that the loss of CCR7 significantly impaired T cells and DCs' ability to migrate to
both the dural lymphatics and the dCLN [94]. Others have also shown that sphingosine-1-
phosphate receptor (S1PR) is required for the egress of DCs from the brain [96]. The
process by which monocytes and macrophages reach the CLNs from the CNS and the
receptors they use are not fully understood, though they may rely on a CCR7-mediated
mechanism similar to T cells and DCs. A recent study on nasal inflammation showed that

antigen-loaded monocytes lacking CCR7 can use the C-C motif chemokine receptor 5
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(CCRS)- C-C motif chemokine ligand 5(CCL5) signaling pathway to reach lymph nodes
[97]. The authors found that a CCL5 gradient from CCR7+ migratory DCs guides
CCR5+ monocytes through the lymphatic system [97]. It's unclear whether this pathway
also plays a role in monocyte/macrophage trafficking out of the CNS and meninges, but
if so, it could be a mechanism used to enhance antigen clearance from the CNS [97].
Investigating the molecular signals that regulate the clearance of CNS immune cells—
such as monocytes and macrophages—and their interactions in initiating antigen-specific

responses is crucial for better understanding CNS disease pathogenesis.

6.8 How to target macrophage activation and traffic out of the CNS?

Despite the use of ART, HIV-SN and HAND remain prevalent due to chronic
immune activation. Our lab has found that monocyte activation and increased monocyte
production are better predictors of neurocognitive disorders than CD4+ T cell count or
viral load [35, 54, 55, 98]. This underscores the need for therapies that specifically target
the activation and traffic of monocytes and macrophages. By reducing chronic activation,
it may be possible to reduce the neuroinflammation associated with HAND and HIV-SN.
While ART is essential for managing viral loads, the underlying causes of chronic
inflammation needs to be addressed through therapies aimed at monocyte and
macrophage activation could improve cognitive function, pain relief, and an overall better
quality of life for PLHIV.

Monocyte and macrophage activation drives inflammation, thus therapies to target
myeloid activation, in conjunction with ART, may aid in reducing inflammation in the

CNS and peripheral nerves. Using an oral form of the polyamine biosynthesis inhibitor
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methylglyoxal-bis-guanylhydrazone (MGBG) alone, we have reduced the percentage of
monocyte turnover and prevented the development of SIVE (unpublished data). MGBG,
in conjunction with ART, reduced the percentage of monocyte turnover, reduced
monocyte activation, and macrophage accumulation in the CNS, but there is no additive
effect (unpublished data). Importantly, despite treatment interruption, the number of SIV-
RNA+ cells in the brain was reduced with MGBG in conjunction with ART compared to
the interruption of ART alone (unpublished data). MGBG treatment significantly reduced
histopathological damage in the DRG and lowered the number of CD68+ and CD163+
macrophages [64], essential to reducing neuropathic pain [62, 99]. Additionally, MGBG
significantly decreased the number of newly trafficked BrdU+ cells in the DRG [64].
However, despite the reduced DRG pathology, intraepidermal nerve fiber density did not
recover following MGBG treatment [64]. When combined with ART, MGBG's ability to
limit macrophage infiltration and reduce DRG inflammation may help lower the
incidence of HIV-SN, although further research is needed.

Bone marrow-derived monocytes traffic to the CNS normally and at an increased
rate with viral infection and inflammation [1, 4, 48]. Targeting monocyte and
macrophage traffic to the CNS could not only prevent the establishment of the CNS viral
reservoir but also reduce inflammation in the CNS. An anti-a481 antibody (natalizumab)
can be used to block the trafficking of lymphocytes to the CNS by preventing interaction
with its ligand, vascular cell adhesion molecule-1 (VCAM-1), which is expressed on the
endothelial cells of the BBB [100]. We have previously used an anti-A4B1 antibody at
the time of infection to block the traffic of monocytes and macrophages to the CNS,

prevent the establishment of the CNS viral reservoir, and reduce neurological injury
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[101]. Additionally, we have highlighted the role of monocyte traffic and activation in
HIV-SN, as histopathology showed that natalizumab treatment reduced DRG
inflammation and pathology, including fewer BrdU+, MAC387+, CD68+, and SIVp28+
macrophages, while CD3+ T lymphocyte numbers remained unchanged and VCAM-1
levels were decreased [63]. These data indicate that blocking monocyte—but not T cell—
traffic to the DRG is key to reducing inflammation [63]. Regarding the traffic of SPION+
macrophages, we find large numbers of SPION+ macrophages in the choroid plexus
(Chapter 3), but the origin is not well known whether the traffic of SPION+ macrophages
is from the CSF, diffusion of SPIONs across the epithelium, or recirculation of SPION+
macrophages. As the A4 integrin is expressed on both sides of the choroid plexus,
treatment with anti-a4p1 antibody would prevent cellular traffic via both sides of the
choroid plexus to elude how macrophages became labeled with SPIONs and implications
for recirculation of monocytes/macrophages to the CNS.

Fingolimod is an FDA-approved drug for MS that prevents the egress of immune
cells from lymphoid tissues by downregulating the sphingosine-1 phosphate receptor
(S1PR) [102, 103]. S1PR and its ligand, S1P, modulate immune cells in circulation by
controlling the exit of immune cells from lymphoid tissue. S1PR is expressed on all
immune cells, including T cells, macrophages and monocytes, and DCs. It has been
demonstrated that roughly 77% of MS patients using Fingolimod had reduced relapses,
and over 90% did not experience disability progression [104]. Other studies have found
that with Fingolimod there are reduced brain lesions and reduced brain atrophy in MS
patients [105] indicating a direct role for immunomodulation and development of CNS

disease. It has also been shown that DCs rely on S1PR to migrate from the CNS to CLNs
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[96]. In a mouse model of EAE, administering Fingolimod into the ventricles led to the
buildup of CD11c+ cells in the olfactory bulbs near the cribriform plate, which impaired
drainage to the CLNs [96]. Similarly, when DCs were treated with Fingolimod before
being injected into the brain, their migration to the CLNs was reduced [96]. As S1PR is
involved with DC migration from the CNS to CLNs, we propose that blocking SIPR
signaling could also inhibit the traffic of monocytes and macrophages out of the CNS in
HIV infection, potentially reducing peripheral immune activation, similar to what has
been observed in models of EAE and MS.

Despite ART, chronic immune activation persists, contributing to HAND and
HIV-SN. We have demonstrated that monocyte activation and production are stronger
predictors of neurocognitive decline than traditional markers, highlighting the need for
therapies targeting monocyte and macrophage activation and traffic. Specifically, the
polyamine inhibitor MGBG, in combination with ART, reduced monocyte turnover, CNS
macrophage accumulation, and DRG inflammation, lowering neuropathy indicators in
SIV models (unpublished). Additionally, therapies like the anti-a4p1 and Fingolimod
show promise by limiting macrophage trafficking into the CNS, blocking monocyte
migration, and reducing inflammation. This suggests that targeting CN'S macrophage and
monocyte activation and traffic could improve HAND symptoms, reduce HIV-SN, and
prevent CNS viral reservoir reseeding and dissemination, though further research is

needed.
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6.9 Summary

This thesis examines the persistence of macrophage viral reservoirs in the CNS
and how infected macrophages contribute to viral recrudescence and dissemination by
migrating from the CNS to peripheral tissues, even with durable ART. Using a novel in
vivo labeling method, we studied and tracked CNS macrophages and found that, under
normal conditions, macrophages migrate to the dCLN, but during SIV infection, they
accumulate in the CNS, and virally macrophages migrate out, contributing to
inflammation. With ART, there was increased traffic of CNS macrophages out to the
periphery, resulting in the resolution of CNS inflammation. ART was shown to clear
infected perivascular macrophages and virally infected macrophages that traffic out to the
dCLN and spleen but not meningeal and choroid plexus macrophages. Following ART
interruption, virus rebounded in meningeal and choroid plexus macrophages, plasma, and
the spleen, supporting viral rebound from the blood. The thesis also identified an
understudied pathway for infected macrophages to exit the CNS via cranial and spinal
nerves with AIDS and SIVE that persists despite ART. Additionally, we explored how
HIV and ART influence accelerated aging and contribute to neurocognitive disorders.
Overall, our findings highlight that CN'S macrophages play a critical role in viral
persistence, dissemination, and resolution of inflammation in the CNS by trafficking out

to peripheral tissues.
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