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ABSTRACT

REGULATION OF PROINFLAMMATORY EXTRACELLULAR VESICLES FROM
HIV INFECTED CELLS BY CBD

Maria Cowen, MS
George Mason University, 2020

Thesis Director: Dr. Fatah Kashanchi

As of 2019, approximately 62% of the 37.9 million individuals infected with Human
Immunodeficiency Virus type 1 (HIV-1) underwent combination antiretroviral therapy
(cART) treatment, which includes a cocktail of inhibitory drugs for nearly all parts of the
viral life cycle. The lack of an FDA approved viral transcription inhibitor allows for
persistent non-processive transcription which results in the production of short non-
coding RNAs (TAR and TAR-gag). Our lab and others have shown that these RNAs are
released from the cell in extracellular vesicles (EVs), specifically exosomes, and can
induce production of proinflammatory cytokines in recipient myeloid cells; a factor that
may contribute to the neuroinflammation observed in HIV-1 infected individuals with
HIV associated neurocognitive disorder (HAND). Here, we demonstrate that EVs
released from HIV-1 infected macrophages with and without CART induce the

production of proinflammatory cytokines from astrocytes via activation of TLR3 by EV



cargo (TAR) and have identified three TAR inhibitor candidates to inhibit this
mechanism. Furthermore, we show that CBD can lower secretion of EVs and their viral
cargo potentially through intracellular viral transcription inhibition. Overall, this study
demonstrates the therapeutic potential for CBD usage on lowering EV-mediated

neuroinflammation seen in HAND.



INTRODUCTION

As of 2019, approximately 37.9 million individuals were infected with Human
Immunodeficiency Virus type 1 (HIV-1) globally with 1.7 million new global cases and
1.1 million infected patients in the United States®*. Of the globally infected patients, 62%
had access to and were undergoing combination antiretroviral therapy (CART) treatment,
which involves a cocktail of inhibitory drugs for nearly all parts of the viral life cycle
including fusion, entry, protease activity, reverse transcriptase activity, integrase activity,
and virion assembly®®. Although the invention of CART has led to the increased patient
longevity and quality of life, the increased lifespan has resulted in an increase in the
appearance of mild symptoms of HIV-1 associated neurocognitive disorders (HAND). This
is potentially due persistent viral transcription due to the lack of a HIV-1 transcription
inhibitor®. In line with this, a study by Hatano et al. showed patients undergoing cART
displayed high expression of viral transcripts inside CD4" T cells, contradictory to the
undetectable viral load circulation in the blood’. Moreover, Kumar et al., demonstrated that
these HIV-1 patients undergoing cCART treatment have viral components, specifically viral
short non-coding RNAs, accumulating in several different regions of the brain, which may
contribute to HAND?®. Over the past several years, the Kashanchi lab and others have
published several studies showing the presence of HIV-1 viral short non-coding and long

RNA transcripts, TAR and env, in extracellular vesicles (EVs), specifically exosomes,



released from HIV-1 infected cells. Furthermore, we have shown that these exosomes can
induce production of pro-inflammatory cytokines in recipient cells®°. Production of pro-
inflammatory cytokines have been shown to worsen disease progression, leading to patient
symptoms such as inflammation, tissue destruction, and death!!. Additionally, we have
shown that even in infected patients undergoing cART treatment, exosomes carry both
TAR and env viral RNA transcripts, as well as viral proteins such as p24 and nef, which
may potentially contribute to the neurodegeneration seen in HAND*2. Thus, due to the lack
a FDA-approved viral transcription inhibitor, short non-coding RNAs (such as TAR and
TAR-gag) and genomic RNAs (env) are transcribed in the nucleus, exported into the
cytoplasm where they will accumulate due a virally mediated autophagy inhibition,
resulting in cellular activation of packaging viral RNAs into extracellular vesicles to ship
out and rid the cell of viral nucleic acid build up.

EVs are membrane bound vesicles which range from 30 to greater than 1000
nanometers (nm) in size and are involved in cell-to-cell communication. EVs are
categorized into different subpopulations, including- from largest to smallest- apoptotic
bodies, microvesicles, exosomes, and exomeres, all of which populations differ in function,
biogenesis, and composition. Intriguingly, the field of extracellular vesicles is a relatively
new field in the scientific community, which results in increased blurredness between
distinguished EV populations, especially regarding exomeres. Apoptotic bodies (ranging
roughly 1000 nm and greater) are formed after an extracellular or intracellular trigger, such
as apoptotic intrinsic factors (AIFs), of the extrinsic or intrinsic apoptotic signal

transduction pathway, inducing DNA fragmentation and chromosomal condensation,



which would ultimately result in nuclear blebbing of nucleosomes into secreted vesicles to
be engulfed by recipient cells!®. Biogenesis of microvesicles (ranging from roughly 100 —
1000 nm) includes incorporation of both nucleic acids and proteins by proteins such as
ARF6, as well as budding out of vesicles from the cellular plasma lipid bilayer
membrane!*1>, Within the autophagy pathway, a cellular mechanism for lysosomal
degradation of nutrients such as proteins, includes a secretory autophagic component
allowing the release of autophagosomes into the extracellular environment to be
incorporated by neighboring cells or engulfed via phagocytosis by macrophages; often
secreted autophagosomes are included in the microvesicular EV population®®. Similarly to
microvesicles, exosomes (ranging 30-100 nm),incorporate nucleic acids and proteins into
vesicles, however, are formed and released through invagination of multivesicular bodies
in late endosomal vesicles via the endosomal complexes required for transport (ESCRT)
dependent and independent pathways'’. Exomeres (ranging less than 30 nm), newest of the
emerging EV field, have entirely unknown biogenesis and thus methods of isolation are
still being pursued®®. For analytical purposes, the standardization of isolation techniques of
these different EV populations has become critical in the EV field to provide a better
method for characterization of separate populations. The most standardized and well
accepted method across the EV field involves a series of differential ultracentrifugations at
2,000 x g (or 2K) to pellet the apoptotic bodies, 10,000 x g (or 10K) to pellet the
microvesicles, and 100,000 x g (or 100K) to pellet the exosomes from cell culture
supernatant. As EVs are involved in intracellular communication, different EV populations

have been implicated in disease pathogenesis for cancer and infectious disease, as studies



have demonstrated the implications of EVs in disease-related neurocognitive disorders®®-
21_

The central nervous system (CNS) is comprised of a heterogenous population of
cells such as astrocytes (which make up the majority), neurons, microglia, and
oligodendrocytes, which all vastly differ in structure and functionality, such as making up
and regulating the blood brain barrier (BBB), transmitting neurotransmitters through
electrochemical synapses, regulating the immune response via phagocytosis, and providing
protection of the neuronal axon sheath, respecitively?>24, In terms of neuronal disorders,
such as Alzheimer’s and Multiple Sclerosis, altered phenotypes are generally present which
can include neuronal degradation, de-myelination, and dysfunctional astrocytes, which
may may result from neuroinflammation caused by pro-inflammatory signals, such as
reactive oxygen and nitrogen species, and pro-inflammatory cytokines?2. Astrocytes, as
regulators and barriers of the CNS, are responsible for regulating pro-inflammatory
markers or agents that can cause damage or induce neuronal inflammation, which can result
in a change in morphological and functional astrocyte states such as astrogliosis, or reactive
astrocytes, or senescent astrocytes?. Reactive astrocytes often produce astrocyte scars to
increase barrier resistance, but can also, when continually exposed to CNS insults,
contribute to neuronal degeneration?®. Astrocyte senescence, or cellular aging, has also
been shown to contribute to neurodegeneration through mechanisms independent of
astrogliosis?’. Additionally, other immune cells such as T lymphocytes and macrophages
can traverse through the BBB and can potentially contribute to the secretion of pro-

inflammatory cytokines?®. In terms of HIV-1 infection and HAND, patients diagnosed with



HAND exhibit a range of symptoms including low, mild, and severe amount of
neurological impairment for daily functions, ie. motor skills, memory and speech, which
are categorized into asymptomatic neurocognitive impairment (ANI), mild neurocognitive
disorder (MND), and HIV-associated dementia (HAD)?°. Although cART treatment lowers
circulating virus, ultimately leading to decreased expression of HAD phenotypes in HIV-
1 patients, there is increased presence of the milder ANI and MND phenotypes of HAND,
with up to 69% of HIV-1 patients exhibiting mild HAND phenotypes®’. Knowing that the
CNS is susceptible to pro-inflammatory damage, potentially from EVs released from
infected cells, that can result in lowered functionality in patient daily life and that CART
has not been shown to fully inhibit this neuro-inflammation, it is important to characterize
and mitigate these symptoms seen in HAND patients.

Cannabidiol (CBD) is a non-psychoactive chemical component isolated from the
Cannabis sativa plant. Its anti-inflammatory properties has led to FDA-approval of purified
CBD, Epidolex, to treat two epileptic disorders called Lennox-Gastaut syndrome and
Dravet syndrome, for the purpose of seizure prevention®. One rat model study has shown
that CBD, having lowered epileptic seizures, induced increased production of early
autophagic complexes, which are involved in autophagosome formation®. Although few
studies have been conducted for analyzing the effect of CBD on HIV-mitigated
inflammation, several studies have been done in relation to cancer. EVs, specifically the
exosome and microvesicles populations, released from prostate, liver, glioblastoma and
breast cancers are reduced upon treatment with CBD3334, Mitochondrial regulation of ATP

production is a major biomarker in astrocyte dysfunction, and if CBD-mitigated reduction



in ATP is translational towards astrocytes, CBD treatment may lower astrocyte dysfunction
and neuronal degeneration. Interestingly in the case of CBD effect on glioblastomal EVs,
CBD was shown not only to lower specific microvesicular subpopulation of EVs, but to
also lower the oncogenic miRNA, miR21, cargo content, while increasing the anti-
oncogenic miRNAs, miR126, cargo®.

Taken together, this highlights a gap of knowledge in the field, which involves both
the lack of a transcription inhibitor and the lack of an inhibitor targeting EVs carrying viral
cargo, potentially contributing to HAND. Therefore, we hypothesize that cannabidiol could
be used to mitigate the inflammatory effects on astrocytes by EVs released from HIV-1

infected cells.



MATERIALS AND METHODS

Cell Culture and Reagents

U1 (HIV-1-infected promonocytic), U937 (uninfected promonocyte), CCF-STTG1
(uninfected astrocyte), PBMC (peripheral blood mononuclear) cells were cultured in
complete RPMI 1640 media with 10% fetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin/streptomycin (Quality Biological) and incubated in 5% CO2 at 37 °C). Phorbol
12-Myristate 13-Acetate (PMA; 100 nM) was used to differentiate monocytes into
monocyte-derived macrophages (MDMs) for 5 days. All cells were incubated at 37°C with
5% CO> infusion. U937 and U1 cells were treated with antiretroviral drugs, such as
Darunavir, Ritonavir, Emtricitabine and Tenofovir, for 5 days at indicated concentrations.
The U937 and U1 cells, as well as the antiretroviral drugs, were provided by the AIDS
Reagent Program (National Institutes of Health or NIH). CCF-STTG1 and U138 MG cells
were obtained from American Type Culture Collection (ATCC). CCF-STTG1 cells were
treated with the indicated concentrations of TAR inhibitor molecules (101FA, 102FA-2,
103FA-2, 104FA-2, 105FA, 106FA-2, 107FA, 108FA, 109FA, 110FA, 111FA, 112FA,
113FA, 115FA, 116FA-2, 120FA, Ral HCI; provided by Dr. Stuart LeGrice in the National
Cancer Institute of the NIH) for 3 days. U1 and U1 MDM cells were treated with varying
concentrations of Cannabidiol (2-[1R-3-methyl-6R-(1-methylethenyl)-2-cyclohexen-1-
yl]-5-pentyl-1,3-benzenediol; Cayman chemicals Cat. #90080). Peripheral blood
mononuclear cells (PBMCs) were treated with PHA and IL-2 every other day for a 7 days,

followed by infection with HIV-1 89.6 strain and re-treatment with PHA and IL-2. PBMCs



were differentiated into primary macrophages using 100 nM PMA for 5 days, followed by

treatment with a titration of CBD.

Ultracentrifugation

Infected MDMs (from 1 x 10° cells per mL culture for 5 days) were cultured in 100
mL RPMI media with 1% L-glutamine, 1% penicillin/streptomycin and 10% exosome-free
FBS per sample. The cells were pelleted via centrifugation at 2,000 x g for 5 min. The
supernatant was ultracentrifuged at 10,000 x g for 30 min at 4 °C, where cellular debris
was discarded. The supernatant was ultracentrifuged twice more at 100,000 x g for 90 min
at 4°C, where EVs were pelleted and washed with PBS. The pellets were resuspended in
PBS and used to assess particle concentration and size via Nanoparticle Tracking Analysis

(NTA).

ZetaView NTA

To assess for EV concentration and size, Nanoparticle Tracking Analysis (NTA)
was used via ZetaView Z-NTA (Particle Metrix; software: ZetaView 8.04.02). The
ZetaView was calibrated using 100 nm polystyrene nanostandard particles (Applied
Microspheres), where the sensitivity and minimum brightness setting read 65 and 20,
respectively. The pre-acquisition parameters for each sample read 23°C for temperature,
85 for sensitivity, 30 frames per second (fps) for frame rate and 250 for shutter speed. One

milliliter of diluted EV sample in deionized water was loaded in the cell. The average



diameter size and concentration of the EVs was calculated and analyzed using ZetaView

8.04.02 and Microsoft Excel 2016 (v.15.0.4849.1003).

Cell Viability

MDM, CCF-STTG1, U138, and U1 cells (at 5 x 10* per well) were plated in a 96-
well plate. Each sample was plated in triplicate and cell-free media was used for
background measurements. The cells were treated with their respective treatments and
incubated for either 1, 3, or 5 days, as indicated in the figure legends. CellTiter-Glo reagent
Luminescence Viability kit (Promega) and the GLOMAX Multidetection System
(Promega) were used to measure luminescence and assess for cell viability. Two plate

readings were taken and averages of both readings were calculated.

Preparation of Whole Cell Extracts

Uninfected and infected monocytes and macrophages were centrifuged at
15,000 x g at room temperature for 5 minutes, producing a cell pellet and supernatant. The
cell pellets were washed with 1x Phosphate Buffer Saline (PBS) without Calcium and
Magnesium and resuspended in lysis buffer, which includes: 120 mM sodium chloride
(NaCl), 50 mM Tris-hydrochloric acid (HCI)- pH 7.5, 50 mM sodium fluoride (NaF),
5mM Ethylenediaminetetraacetic acid (EDTA), 0.5% Nonidet P-40 (NP40), 0.2 mM
sodium orthovanadate (NasVOgs), 1 mM Dithiothreitol (DTT), and 1 complete protease
inhibitor cocktail tablet/50 mL (Roche Applied Science, Mannheim, Germany). The pellets

were incubated on ice for 20 min whilst vortexing every 5 minutes. The whole cell lysate



supernatants were separated from cell debris through centrifugation at 10,000 x g at 4 °C
for 10 minutes. Bradford assay (Bio-Rad) was used to determine the protein concentration

according to the manufacturer’s protocol.

Enrichment of EVs with Nanotrap Particles

Nanotrap (NT) particles (Ceres Nanosciences) were used to enrich for EVs in
relatively low volumes. A three-equal-part slurry of NT80 particles (Ceres #CN1030),
NT82 particles (Ceres #CN2010), and PBS was mixed as described previously*?. The
supernatants were nanotrapped with NT80/82 (30 uL beads/mL supernatant) and rotated
overnight at 4°C. The NT80/82 particles were pelleted at 15,000 x g at room temperature

for 5 minutes and washed with PBS.

Western Blot

For Western blot assays, Laemmli buffer (Tris Glycine SDS and fB-
mercapomethanol) was added to whole cell lysate samples and NT pellet samples. Samples
were heated at 95 °C for 3 minutes. Samples were loaded into 4-20% Tris-glycine gels
(Invitrogen) with a Precision Plus Protein™ Standard (BioRad) and gel electrophoresis
was run at 150 V until completion. The gels were transferred onto Immobilon
Polyvinylidene fluoride (PVDF) membranes (Millipore) at 50 milliamps overnight. Five
percent milk in PBS containing 0.1% Tween-20 (PBS-T) was used to block the protein
membranes for 2 hours at 4°C. Primary antibody in PBS-T was added to the membranes to

incubate overnight at 4°C; primary antibodies include: a-p24 (Cat: 4121, NIH AIDS

10



Reagent Program), a-Nef (Cat: 3689; NIH AIDS Reagent Program), a-gp120 (Cat: 522;
NIH AIDS Reagent Program), a-CD81 (Cat: EXOAB-CD81A-1; SBI), a-VPS4 (Cat: sc-
32922; Santa Cruz Biotechnology), a-CHMP6 (Cat: sc-67231; Santa Cruz Biotechnology),
and a-Actin (ab-49900), as well as senescence antibodies such as p21/Wafl, p16, p-H2AX,
Lamin B1, IL-6, MMP-3, and HMGB1 from the Senescence Marker Antibody Sampler Kit
(Cat: 56062T; Cell Signaling Technology), TLR3 (Cat: 6961S; Cell Signaling Technology)
and reactive gliosis marker GFAP (Cat: sc-33673; Santa Cruz Biotechnology). The
membranes were washed three times with PBS-T for 5 minutes per wash. Complementary
HRP-conjugated secondary antibodies were added to the membranes and incubated for 2
hours at 4°C. The membranes were washed two times with PBS-T and one time with PBS,
5 minutes per wash. HRP luminescence was activated with Clarity Western ECL Substrate
(Bio-Rad). The membranes were developed using the Molecular Imager ChemiDoc Touch

system (Bio-Rad).

Kinase Assay

Purified Src antibody (Cat: sc-19; Santa Cruz Biotechnology; 10 ng), TLR3
antibody (100 ng), TAR RNA (100 ng), and TAR inhibitor drugs (101FA, 102FA-2,
103FA-2, 104FA-2, 105FA, 106FA-2, 107FA, 108FA, 109FA, 110FA, 111FA, 112FA,
113FA, 115FA, 116FA-2, 120FA, Ral HCI; 1 uM) were washed with TNEso buffer (Tris
(pH7.5), NaCl, EDTA) and kinase buffer, followed by 1-hour incubation period at 37°C
with y-32P ATP and purified histone H1. The samples (50%) were loaded and run through

SDS-PAGE on a 4-20% Tris-Glycine gel, followed by staining with Coomassie blue,

11



destained with destain buffer, and a 2-hour drying period. The dried gels were exposed to
a Phosphorimager Cassette, followed by analysis via Molecular Dynamic’s ImageQuant

Software.

Densitometry Analysis

Densitometry analysis was performed using ImageJ software. Densitometry data
were normalized using a two-stop process to control for both exposure and loading. First,
background measurements for each membrane were subtracted from the measurement of
interest. Next, each protein band was normalized to the corresponding Actin. The
normalized counts are represented as an increase or decrease relative to the untreated
control (lane 1 set to 100%). Reduction trends were calculated by subtracting the

normalized treated lane counts from the normalized control lane counts.

RNA Isolation, Reverse Transcription, and Quantitative Polymerase Chain
Reaction (RT-gPCR)

For the isolation of total RNA from cell pellets, cells were harvested, washed once
in 1x PBS without Calcium and Magnesium and resuspended in 50 pL of 1x PBS without
Calcium and Magnesium. For the isolation of total RNA from EVs, Nanotrap particles
were incubated and harvested as described above, then resuspended in 50 pL of 1x PBS
without Calcium and Magnesium. Total RNA was isolated from cell pellets and NT80/82
pellets bound with EVs using Trizol Reagent (Invitrogen) as described by the

manufacturer’s protocol. cDNA was generated using GoScript Reverse Transcription

12



Systems (Promega) using Envelope Reverse: (5'-TGG GAT AAG GGT CTG AAA CG-
3", Tm=58°C), and TAR Reverse: (5-CAA CAG ACG GGC ACA CAC TAC-3,
Tm =58 °C) primers. Serial dilutions of DNA from a CEM T-cell line containing a single
copy of HIV-1 LAYV provirus per cell (8E5 cells) were used as the quantitative standards.
RT-gPCR conditions were as follows: one cycle for 2 minutes at 95 °C, followed by 41
cycles of 95°C for 15 seconds and 58 °C for 40 seconds. Reactions were performed in
triplicate using the BioRad CFX96 Real Time System. Quantitation was determined using
cycle threshold (Ct) values relative to the 8E5 standard curve using the BioRad CFX
Manager Software. Analysis of generated raw data was analyzed using Microsoft Excel

2016.

Statistical Analysis
Standard deviations were analyzed using Microsoft Excel software for quantitative
experiments. Two-tailed Student’s t-test was used to calculate p-values, where analysis was

determined statistically significant when * = p <0.05, ** = p<0.01, and *** = p <0.001.
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RESULTS

CART increases release of EVs secreted from HIV-1 infected monocytes

Since our lab and others have previously shown that EVs released from HIV-1
infected cells carry high amounts of viral RNAs, such as TAR RNA, despite antiretroviral
therapy treatment, we decided to further investigate the role of these EVs in HAND?*?. To
pursue this, we first sought to confirm that the administration of CART drugs, which are
recommended for the treatment of HIV-1 in individuals with CNS infection, could elicit
an increase in the release of EVs from infected myeloid cells. U1 and U937 were treated
for 5 days with Darunavir, Ritonavir, Emtricitabine, Tenofovir, or a combination thereof
and resulting supernatants were analyzed via Nanotracking analysis (NTA; Fig. 1). Data
in Fig. 1A demonstrates that Ritonavir (lane 3), Tenofovir (lane 6), and to a lesser extent
Darunavir (lane 2) alone, caused a statistically significant increase in EV release from HIV-
1 infected cells (58%, 31%, and 11% increase, respectively). Furthermore, when all four
CART drugs were used in combination, as would be used in the treatment of patients, there
was a 45% increase in EV release (lane 7), suggesting this recommended regimen could
potentially contribute to chronic inflammation in CART treated patients. Conversely, in the
absence of HIV-1 infection, Darunavir (lane 2), Ritonavir (lane 3), and Tenofovir (lane 6)
alone decreased EV production (Fig. 1B). However, similar to U1, treatment of U937 cells
with a combination of drugs (lane 7) increased EV release by 69%, potentially contributing

to reactivation of the latent viral reservoirl3,
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Figure 1. Antiretrovirals increase the release of EVs from HIV-1 infected monocytes. U1 (HIV-1 infected monocytes) and
U937 (uninfected monocytes) cells were treated twice with Darunavir (10 uM), Ritonavir (5 uM), Darunavir/Ritonavir (10 uM/
5 uM), Emtricitabine (10 puM), Tenofovir (10 uM), or a combined regimen for 5 days in exosome-free media. Supernatants were
analyzed using NTA to assess for drug mediated changes in released EV numbers in treated U1l (A) and U937 (B) cells.
Additional analysis investigated change in EV median diameter from U1 (C) and U937 (D) cells. Statistical significance was
assess using a Student’s t-test comparing treated samples (lanes 2-7) to untreated control (lane 1). *p < 0.05, **p < 0.01, #**p <
0.001.
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The results in Fig. 1C show an increase in the median diameter size of EVs released
from HIV-1 infected monocytes following treatment with every tested CART drug (lanes
2-7) and a significant increase when treated with Ritonavir (lane 3), Darunavir/Ritonavir
(lane 4), Emtricitabine (lane 5), Tenofovir (lane 6), and a combination (lane 7). However,
in the treatment of uninfected U937 cells, CART did not cause a significant change in the
mean diameter of released EVs (Fig. 1D). Overall, these findings suggest there may be an
increase in the release of larger vesicles from HIV-1 infected monocytes post-CART while

EVs released from uninfected cells maintain their EV size distribution.

EVs released from HIV-1 infected monocyte-derived macrophages (MDMSs) induce
intracellular changes in astrocytes

As HAND poses a threat to the quality of life of adequately suppressed HIV-1
patients, we next wanted to evaluate the role EVs had from infected macrophages on
recipient CNS cells, specifically astrocytes. As we have previously shown that EVs
released from infected cells can cause an increase in the production of proinflammatory
cytokines in uninfected recipient cells'® and that these EVs can be found within the CSF of
individuals infected with HIV-1%¢, we hypothesized that treatment with infected
macrophage-derived EVs could elicit changes in astrocytes. To test this, U1 HIV-1 infected
monocytes were differentiated into macrophages using PMA and treated twice with CART
(10 pM; Darunavir, Ritonavir, Tenofovir, and Emtricitabine) for 5 days. Donor cell
viability was assessed to determine optimal drug concentrations (data not shown).

Following incubation, total EVs were isolated using ultracentrifugation and EV

16



concentration was normalized to control numbers (Fig. 2A). These EVs were used to
optimize EV treatment of two astrocyte cell lines, CCF-STTG1 and U138, at a 1:10,000
ratio of cell:EVs over the course of either 1, 3 and 5 days for cell viability assessment.
These data demonstrated that both EV treatments from HIV-1 infected MDMs with and
without CART treatment resulted in lowered ATP production and, thus, lowered astrocyte
proliferation (Fig. 2B). The data also showed all three incubation periods resulted in
lowered astrocyte proliferation, with the latter two being the most statistically significant.
Therefore, 3- day incubation periods on astrocytes were used for the remaining experiments
because it demonstrated lowered, yet intermediate decline in cell death.

Astrocytes have been shown to respond to injury and infection by inducing
phenotypic and functional changes to enter an activated state or a senescent state. The
former is termed reactive astrogliosis, by which the intracellular rise of calcium influx
causes the astrocytes to be activated and undergo glial scar formation for reparation of
injury and neuroprotection®”®, To further assess for changes in astrocyte functionality,
senescence markers and astrogliosis markers were examined upon EV treatment. EVs
released from U1 MDMs that were treated with CART were treated on astrocytes (CCF-
STTG1 and U138) at a 1:10,000 ratio for 3 days. Cells were lysed and used for Western
blot analysis of senescence (cell cycle regulators, nuclear damage, and secreted
inflammatory markers) and astrogliosis markers. The results in Fig. 3A show in a reduction
in the presence of p21/Wafl, a cell cycle regulator, in both CCF-STTG1 (48% reduction,
lane 1 vs. 2) and U138 cells (28% reduction, lane 3 vs. 4) as determined by densitometry

analysis (data not shown). The decrease in p21/Waf1l upon treatment suggests a reduction
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Figure 2. EVs from HIV-1 infected MDMs downregulate astrocyte ATP. A) U1 cells were differentiated into macrophages
using PMA and treated with cCART (10 uM; Emtricitabine, Tenofovir, Darunavir, and 5 uM Ritonavir) for 5 days. EVs were
isolated using ultracentrifugation and assessed for concentration and particle size using ZetaView. T-statistical analysis was
taken and was non-significant. B) EVs from panel A were treated onto U138 and CCF-STTGL cells at a 1:10,000 concentration
(cell/EV ratio). Viability assays were taken at 1, 3, and 5 days post-treatment. Statistical significance was assess using a Student’s
t-test comparing treated samples (lanes 2-3, 5-6) to untreated control (lane 1 and 4). *p < 0.05, **p < 0.01, ***xp < 0.001.
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Figure 3. EVs from HIV-1 infected MDMs do not induce senescence or reactive astrogliosis. U1 cells were cultured for 5
days. U1 monocytes were differentiated into MDMs using PMA (100 uM) and treated with + CART cocktail (10 uM; Darunavir,
Emtricitabine, Tenofovir, and 5 uM Ritonavir) for 5 days. A) EVs were treated at a 1:10,000 (cell/EV) ratio on CCF-STTG1 and
U138 cells (1 x 10°) for 3 days. Cells were lysed, run through SDS-PAGE, and Western blotted for senescence markers (p21,
pl6, p-H2AX, Lamin B1, IL-6, MMP-3, and HMGBL1), astrogliosis marker (GFAP), and Actin. B) EVs were treated at a 1:10,000
(cell/EV) ratio on CCF-STTG1 and U138 cells (5 x 10%) for 3 days. Cell viability was assessed using Cell-Titer Glo reagent as
per manufacturing (Promega) protocol. C) Plated cells from panel A were imaged using light microscopy, where scale bar = 200
um. Statistical significance was assess using a Student’s t-test comparing treated samples (lanes 2-3, 5-6) to untreated control
(lane 1 and 4). *p < 0.05, **p < 0.01, **xp < 0.001.
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in the inhibition of cyclin-dependent kinases (CDKs) which would, in turn, release cells
from arrest, pushing them towards the next stage of cell cycle and eventually increased
proliferation®®. However, Stein et al. has shown the increase in p21 commonly associated
with cellular senescence to be a transient phenotype to establish senescence. Furthermore,
their data suggests that while elevated p21 is associated with early senescence, the
maintenance of senescence is associated with an increase in p16"*2, a protein which is also
involved in cell cycle regulation®. Interestingly, p16 levels showed very little change in
CCF-STTG1 cells (30% reduction, lane 3 vs. 4) and zero presence in both U138 astrocytes
samples. These findings suggest that the EV-treated astrocytes are potentially in transition
between early senescence and maintained senescence at 3 days post-treatment.

It is well established that the DNA-damage response can result in cell cycle arrest
and cellular senescence****. To determine if the EV-mediate senescent phenotype was
initiated by DNA damage we next examined the levels of phosphorylated histone H2A (p-
H2AX), a marker of DNA damage. The data in Fig. 3A shows a reduction in p-H2AX, by
54% in CCF-STTG1 cells and by 44% in U138 cells compared to the untreated control
lanes (data not shown). These data suggest that a DNA-damage-independent mechanism
of senescence induction. Alternatively, recent studies have shown that histones can be
secreted from the cell in/fon EVs or as free protein and can contribute to activation of the
innate immune system. Along these lines, a reduction in the presence of p-H2AX within
the cell may potentially indicate an additional pathway by which EVs from infected cells

can contribute to chronic inflammation by causing the release of extracellular histones*>-

48
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The loss of Lamin B1, a nuclear protein involved in regulating nuclear transport as
well as chromosomal structure, is a marker of cellular senescence both in vitro and in vivo
and a reduction of Lamin B1 has been associated with chronic neuroinflammatory diseases
such as Amyotrophic Lateral Sclerosis*®>2. The results in Fig. 3A show a slight decrease
in Lamin B1 (68 kDa) upon EV treatment in CCF-STTG1 (5% reduction, lane 1 vs. 2) and
in U138 (19% reduction, lane 3 vs. 4). Although the reduction in Lamin B1 is minimal,
these findings are in line with levels of p21 and p16, suggesting, again, that the treated
astrocytes are potentially entering the maintenance stage of senescence. Interestingly, the
loss of Lamin B1 has been found to be elicited by activation of p53/RB pathway*’,
potentially suggesting a mechanism by which EVs may induce cellular senescence.
Additionally, during apoptosis, Lamin B1 can be cleaved by caspases to form cleavage
products. The data in Fig. 3A shows no change in the 45 kDa Lamin B1 cleavage product
in CCF-STTG1 (1 % increase, lane 1 vs. 2) and a decrease in Lamin B1 cleavage product
in U138 (33% reduction, lane 3 vs. 4) suggesting the cells are not undergoing apoptosis.

Finally, cellular senescence is often characterized by an increase in secreted
inflammatory markers such as Interleukin 6 (IL-6), matrix metalloproteinase-3 (MMP3),
and cytokine high-mobility group protein 1 (HMGB1)%3-%6, The results in Fig. 3A show an
increase in IL-6 both U138 (12% increase, lane 3 vs. 4), indicating an inflammatory state,
and an absence of IL-6 in both CCF-STTGL1 intracellular samples. Analysis of
inflammatory marker matrix metalloproteinase-3 (MMP3) showed decreased levels in
CCF-STTG1 (27% reduction, lane 1 vs. 2) and in U138 cells (59% reduction, lane 1 vs. 2).

A similar trend was observed for high-mobility group protein 1 (HMGB1) which decreased
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in CCF-STTG1 (56% reduction, lane 1 vs. 2) and in U138 cells (17% reduction, lane 3 vs.
4). The intracellular decrease in both MMP3 and HMGB1 in EV-treated astrocytes
suggests an increase in the release of these products into the extracellular space.
Interestingly, the same trend was not observed for IL-6 potentially suggesting that secretion
of MMP3 and HMGBL1 could be associated with early senescence induction while secretion
of IL-6 may be indicative of a maintained senescent state.

As reactive astrogliosis in a hallmark of HAND and is also associated with an
increase in secreted inflammatory markers, we also analyzed the levels of glial fibrillary
acidic protein (GFAP), an astrocyte protein that elevated during astrogliosis. The data in
Fig. 3A shows a decreased expression in CCF-STTG1 (8% reduction, lane 1 vs. 2) and
U138 cells (29% reduction, lane 3 vs. 4). These findings suggest that the EV-mediated
changes in secreted inflammatory proteins are not due to state of reactive astrogliosis.
Given these findings, cell proliferation was assessed to confirm cell cycle inhibition and a
senescent state. The results in Fig. 3B show that cellular ATP was significantly decreased
in cells treated with EVs from untreated, HIV-1 infected donor MDMs (lanes 2 and 5; p<
0.001). Similarly, cART treated, HIV-1 infected donor MDM EVs (lanes 3 and 6) also
elicited a reduction in cellular ATP in recipient cells (p<0.001 and p<0.01, respectively)
albeit to a lesser extent, which suggests that CART can potentially alter EV cargo loading,
as we have shown previously®. Although CellTiter-Glo assay is typically used as an
indicator of cell viability, microscopy of EV-treated cells showed no change in morphology
of the treated astrocytes (Fig. 3C). Therefore, these results suggest an EV-mediated non-

proliferative state.
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EVs secreted from HIV-1 infected MDMs elicit production of proinflammatory
cytokines in astrocytes

Since a decrease in intracellular inflammatory proteins was seen in astrocytes upon
EV treatment, we hypothesized that the data would correlate with an increased extracellular
secretion of inflammatory proteins. To investigate this, astrocytes were either treated with
EVs isolated from MDMs treated with cCART or a senescence drug inducer, sodium
butyrate, and incubated for two timepoints (24 and 72 hours) to examine protein expression
over time. Supernatants were collected and EV's were Western blotted for IL-6 and MMP3.
The data in Fig. 4A demonstrates very high EV-mediated IL-6 secretion in CCF-STTG1
astrocytes with an 72% increase compared to the untreated control (lane 2 vs 1). Overtime,
EV-mediated IL-6 secretion increased by 40%, while the sodium butyrate-mediated IL-6
secretion increased by 137% (lanes 2 and 5; 3 and 6). Similarly, U138 astrocytes showed
an 13% (24 hour) and 20% (72 hour) increase in IL-6 secretion upon EV treatment
compared to the untreated control, although it (Fig 4B; lanes 1 and 2; 4 and 5). Both cell
lines showed varied extracellular levels of MMP3 expression with EV treatment compared
to untreated lanes (Fig. 4A-B; lanes 1 and 2). Taken together, these findings imply that
there indeed is secretion of proinflammatory cytokines, IL-6 and MMP3, from astrocytes

induced by EVs released from HIV-1 MDMs, despite antiretroviral treatment.

TAR inhibitors lower EV-mediated TLR3 activation and downstream

proinflammatory cytokine production
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Figure 4. EVs from HIV-1 infected MDMs induce secretion of proinflammatory cytokines from Astrocytes. U1 cells were
cultured for 5 days. U1 monocytes were differentiated into MDMs using PMA (100 uM) and treated with + CART cocktail (10
uM; Darunavir, Emtricitabine, Tenofovir, and 5 uM Ritonavir) for 5 days. A) CCF-STTG1 and (B) U138 cells (1 x 10° each)
plated and treated with EVs released from MDMs treated with CART (1:10,000 cell to EV ratio) and Sodium butyrate (1 mM).
Supernatants were collected at 24 and 72 hours and enriched for EVs using NT80/82 beads, followed by SDS-PAGE and Western
Blot analysis for pro-inflammatory markers (IL-6 and MMP3) and Actin.
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Our previous studies have found that EVs released from HIV-1 infected cells
contain TAR RNA, a 59-nucleotide, small, non-coding RNA that is produced in infected
cells as a result of non-processive transcription'®*¢’, The presence of TAR RNA within
EVs has been confirmed in patient biofluids, including CSF, despite suppressive
antiretroviral therapy®®. Additional studies by our lab showed that EV-encapsulated TAR
RNA can bind Toll-like Receptor 3 (TLR3), a receptor of the innate immune system
involved in the sensing of double-stranded RNA, in recipient myeloid cells to elicit an
increase in the production of proinflammatory cytokines through activation of the NF-xB
pathway®. TLR3 is expressed in numerous cell types including several within the CNS
such as glia (microglia, astrocytes and oligodendrocytes) and neurons, therefore, we
questioned whether EV-mediated TLR3 activation could play a role in chronic
neuroinflammation observed in long-term, cART-treated patients®® . To ensure the
relevance of this question, we first examined several cell types involved in HIV-1
pathogenesis. Cell lysates from T-cells (CEM and Jurkat), uninfected and infected
monocytes (U937 and U1), astrocytes (CCF-STTG1), and neurons were analyzed via
Western blot for the presence of TLR3. The data in Fig. 5A shows the presence of TLR3
in all cell types investigated, which suggests that EV-mediated TLR3 activation could
potentially occur in the aforementioned cell types.

In order to confirm TLR3 activation by TAR RNA, we utilized an in vitro kinase
assay. The results in Fig. 5B show a dose-dependent increase in TLR3 phosphorylation
upon the addition of TAR RNA, validating our previous findings. These results were

guantitated using densitometry analysis (Fig. 5C) which showed an 83-94% increase in
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Figure 5. HIV-1 TAR RNA inhibitors block TLR3 activation.
monocytes (U937), infected monocytes (U1), astrocytes (CCF-STTG1) and neurons were lysed and analyzed via Western blot
to confirm the presence of TLR3 with Actin as a control. B) Confirmation of TLR3 activation by src kinase in presence of double
stranded TAR RNA was assessed using an in vitro kinase assay which utilized purified TLR3 protein (100 ng), purified Src
kinase (10 ng), and TAR RNA (10 and 100 ng) and run through SDS-PAGE. The blot was then imaged with phosphor-imager.
C) Densitometry analysis of in vitro kinase assay was performed using ImageJ software to obtain raw densitometry counts
relative to background. The counts are shown as relative expression of the protein relative to highest phosphorylation levels (lane

3; set to 100%). D) Follows a similar experimental design as panel C coupled with a panel of TAR inhibitors (1 uM). E) Chemical
structures of TAR inhibitor compounds.
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phosphorylation of TLR3 in the presence of TAR RNA. To inhibit this phosphorylation
and subsequent activation, we utilized a panel of 17 small molecules which have previously
been found to bind HIV-1 TAR RNA®!, and screened them for their ability to inhibit TLR3
activation using an in vitro kinase assay. The results in Fig. 5D identified three potential
candidates, 103FA-2, 111FA, and Ral HCI, that were effective in reducing the
phosphorylation of TLR3.

As activation of the TLR3 pathway can result in downstream production of
proinflammatory cytokines, such as IL-6, we hypothesized based on our previous findings
that the TAR inhibitors can also lower downstream production of proinflammatory
cytokines. To confirm this, CCF-STTGL1 astrocytes were treated with EVs from U1 MDMs
treated with CART, as well as a titration of the same TAR inhibitors that lowered TLR3
activation (103FA-2, 111FA, Ral-HCI; 100, 10, 1 nM) for 3 days. EVs from the
supernatants were enriched using NT80/82 beads and Western blotted for IL-6. The data
in Fig. 6 shows that drastic increase in production of IL-6 from the U1 MDM treated with
CART EV, compared to the untreated control and U937 EV treatment (98% and 85%; lane
3 vs 1and 2). Additionally, all three TAR inhibitor compounds showed similar trends of a
decrease in IL-6 production as concentration increases (maximum 51% reduction),

indicating that there is lowered IL-6 production with TAR inhibitor treatment.

Cannabidiol inhibits the release of EVs from HIV-1 infected monocytes

We and other colleagues have previously shown that EVs released from virally

infected cells contain viral products which can contribute to viral pathogenesis, specifically
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Figure 6. HIV-1 TAR inhibitors lower proinflammatory cytokine production in astrocytes. U937 and U1l cells were
cultured for 5 days. U1 monocytes were differentiated into MDMs using PMA (100 uM) and treated with + CART cocktail (10
MM; Darunavir, Emtricitabine, Tenofovir, and 5 uM Ritonavir) for 5 days. EVs were isolated using ultracentrifugation and
assessed for concentration and particle size using ZetaView to equilibrate EV concentrations. EVs were used to treat astrocytes
(CCF-STTG1; 1 x 10°) at a 1:10,000 concentration (cell/EVs ratio). CCF-STTG1 cells were treated with + EVs from U937 cells,
as well as ULMDMs that were treated with cART (10 uM; Darunavir, Emtricitabine, Tenofovir, and 5 pUM Ritonavir) at a
1:10,000 concentration (cell/EVs ratio), and + titration of TAR inhibitors (1, 10, and 100 nM; 103FA-2, 111FA, and Ral HCL)
for 3 days. Supernatants from the cells were nanotrapped and western blotted for pro-inflammatory markers: IL-6 and Actin.
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inflammation in those with long-term, chronic infections such as HIV-11%12, Furthermore,
we have shown that EVs released from infected cells contain viral proteins and RNAs
despite treatment with HIV-1 specific antiretrovirals as well as general antivirals such as
interferon-a'?, suggesting a potential gap in standard of care treatments. Therefore, we
reasoned that CBD, which has previously been found to have significant anti-inflammatory
properties®?, could mitigate the enhanced inflammation observed in long-term HIV-1
patients through modulation of EV release from infected cells. To this end, HIV-1 infected
monocytes (U1) were treated twice with a titration of CBD (1, 5, and 10 uM) over 5 days
with no reduction in cell viability (data not shown). Supernatants were harvested and
analyzed using ZetaView NTA. The data in Fig. 7A suggests that treatment with CBD
results in a significant reduction in the number of EVs released from virally infected cells,
specifically, treatment with CBD (1, 5, and 10 uM; lanes 2-4) resulted in a 44, 76, and 79%
decrease in EVs, respectively, as compared to an untreated control.

To verify that the observed decrease in EVs was not the result of modifications in
packaging of various cargos into larger EVs, the mean diameter size (Fig. 7B), median
diameter size (Fig. 7C), and peak diameter size (Fig. 7D) were also analyzed. Treatment
with either concentration of cannabinoid (1, 5, and 10 uM or pg/mL, respectively) resulted

in little to no change in diameter.

Cannabidiol decreases EV-associated viral proteins
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Figure 7. CBD lowers EVs released from HIV-1 infected monocytes. HIV-1 infected U1 monocytic cells (1 x 10°) were
treated with a titration of CBD (1, 5, and 10 uM) every day for 5 days (Temple). Cells were pelleted and supernatant was used
for Zetaview NTA analysis to determine (A) EV concentration, (B) median size, (C) mean size, and (D) peak size. Each bar
represents an average of three independent replicates. Student T-test was used for statistical analysis comparing treated (lanes 2-
4) with untreated control (lane 1), where * p-value < 0.05; ** p-value < 0.01, *** p-value <0.001.
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We have previously shown that, despite CART, EVs released from HIV-1 infected
cells contain viral protein and RNA which can elicit detrimental effects in uninfected
recipient cells®*¢, To verify that cannabinoid treatment not only results in a reduction in
EV number, but also a reduction in the presence of viral products, cells were treated twice
with a titration of CBD and incubated for 5 days. Following incubation, supernatants were
collected and EVs were enriched using NT80/82 particles, which have previously been
shown to be effective in enriching EVs from low volume culture supernatants®-®1066-68,
Enriched samples were then analyzed by Western blot for the presence of EV marker
proteins and HIV-1 viral proteins. The data in Fig. 8A confirm the findings in Fig. 7A, as
the levels of CD81, a tetraspannin protein associated with EVs, specifically exosomes,
were decreased upon addition of CBD (1, 5, and 10 uM; lanes 2-4). The most drastic
decrease in CD81 expression was achieved by low titer CBD, which resulted in an 80%
reduction as indicated by densitometry analysis (data not shown).

The viral protein, Nef, has previously been found to be incorporated into EVs by
numerous cell types, including those of the CNS such as astrocytes and microglia. Further
evidence has identified Nef as a potential contributor to HIV-1 pathogenesis through
various mechanisms including the promotion of secreted proinflammatory cytokines, the
suppression of neuronal action potentials, and disruption of the blood-brain barrier
(BBB)®%9-72 Data in Fig. 8A illustrates a dose-dependent decrease in EV-associated Nef

(30 kDa) and its membrane-associated myristoylated Nef dimer (70 kDa) upon treatment
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Figure 8. CBD decreases secretion of viral proteins and RNA from HIV-1 infected monocytes. U1 cells (1 x 10%) were
treated with a titration of CBD (1, 5, 10 uM) every day for 5 days (Temple). Cellular supernatant was collected, exosomes were
enriched with nanoparticles (NT80/82) beads overnight at 4°C, (A) pelleted, run through SDS-PAGE, and western blotted for
exosomal (CD81) and HIV-1 viral markers (myr-Nef, Nef, gp160, gp120), as well as actin. B) Following the same experimental
design as (A), cellular supernatant was nanotrapped and pelleted. RNA was isolated from the samples, followed by RT-gPCR
analysis for HIV-1 viral transcripts, TAR and (C) env. Student T-test was used for statistical analysis comparing treated (lanes
2-4) with untreated control (lane 1), where * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001.
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with CBD. Densitometry analysis (data not shown) suggests there is a more drastic
decrease in the lower molecular weight form of Nef (up to 79%, lane 3) as compared to the
myristoylated dimer (up to 37%, lane 7).

Gp120 can contribute to enhanced HIV-1 infection of the CNS and the
corresponding neuroinflammation through disruption of the BBB, increased cytokine
secretion, specifically Tumour Necrosis Factor alpha (TNFa), a proinflammatory cytokine,
via activation of microglia and astrocytes, and increased neuronal sensitivity to calcium
fluctuation”®°, Numerous studies have shown the potential of endogenous cannabinoids,
or endocannabinoids, to alleviate gp120-induced neuroinflammation in HIV-1 infection
(Reviewed in 8%). Therefore, we reasoned that CBD, which target the same receptors as
endocannabinoids, could also result in a reduction in EV-associated gp120. Results in Fig.
8A show a reduction in EV-associated gp120 ranging from 39-58% with CBD treatment,
suggesting a potential to mitigate the gp120-induced neuropathogenesis. Interestingly, the
titration of both cannabinoids elicited an increase in the presence of gp160, the HIV-1
precursor glycoprotein. However, CBD induced an increase in gp160 by up to 125% (lane
4), as measured by densitometry (data not shown). This is in line with a corresponding
decrease in the presence of the processed envelope glycoprotein, gp120, suggesting that
both cannabinoids could potentially interfere with the proteolytic cleavage of HIV-1
precursor polyproteins, potentially through modulation of intracellular Ca?* levels as the
primary endoprotease responsible for cleavage is a calcium-dependent enzyme®?.
Therefore, CBD may also contribute to the levels of EVs containing unprocessed

glycoprotein or also defective viral particles.
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Similar to viral proteins, HIV-1 infections lead to the incorporation of viral RNAs
into EVs released from infected cells. HIV-1 TAR RNA is a short, non-coding RNA
produced in infected cells as a result of non-processive transcription. We and other
colleagues have found TAR RNA to be incorporated into EVs released from infected cells
and can be detected in several biofluids at high copy numbers'®'?5’, TAR within EVs has
been shown to expand viral pathogenesis through down-regulation of apoptosis, increased
susceptibly to HIV-1 infection, and activation of TLR3 to subsequently stimulate the
production of pro-inflammatory cytokines within uninfected recipient cells!®®’. To
determine if cannabinoids possessed the potential to limit the incorporation of such RNAS
into EVs, the same supernatants were enriched for EVs using NT80/82 particles, total RNA
was isolated and subjected to RT-qPCR for the presence of TAR RNA, a short non-coding
HIV-1 RNA, and viral full-length genomic RNA, env. The results in Fig. 8B show a dose-
dependent decrease in the presence of EV-associated TAR RNA following addition of
CBD (lanes 2-4). All doses of CBD elicited a reduction in TAR RNA as compared to the
control (lane 1). A statistically significant decrease in TAR RNA within EVs was observed
in the two highest concentrations (5 and 10 uM), which produced an average of 55%, and
86% reduction, respectively, from two replicates. Similarly, treatment with CBD resulted
in the reduction of env RNA within EVs (Fig. 8C). Taken together, these results indicate
that CBD decreases the number of EVs released from HIV-1 infected cells, which leads to
a decrease in the amount of viral products (protein and RNA) available to contribute to

chronic inflammation.
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Although the effects of CBD seem optimal at a cell line in vitro model, it is
important to analyze and determine whether similar results could be obtained in human
cells, such as primary macrophages, for clinical relevancy. To examine whether the same
trend could be observed in a primary cell model, three independent replicates of HIV-1
infected primary macrophage cells were treated with a titration of CBD (1, 5, and 10 uM).
EVs were enriched from the extracellular supernatant using NT80/82 beads and analyzed
for HIV-1 TAR and env (Fig 9). Data in Figure 9A demonstrates a correlation between
increased CBD treatment and statistically significant decrease in TAR RNA within EVs
from all three infected primary macrophages. Additionally, a similar statistically
significant decreasing trend is observed with the amount of env RNA in secreted EVs

released from two out of three infected primary macrophages (Fig. 9B).

Cannabinoids inhibit HIV-1 transcription in monocytes

Given that our results indicate a reduction in EV release and EV-associated HIV-1
viral RNAs and proteins, we hypothesized that the observed reduction could be the result
of changes in viral transcription resulting a decreased production of viral products available
for release from the cell in EVs. Therefore, U1 monocytes were treated with a titration of
CBD (1, 5, 10 uM) every day for 5 days. RNA was isolated from the harvested cell pellets,
followed by RT-gqPCR analysis of 3 independent replicates for TAR and env RNAs. Both
TAR and env viral RNAs exhibited a dose-dependent decrease in response to CBD

treatment (Figure 10A,; lanes 2-4 vs lane 1), with the highest dose (lane 4; 10 uM) resulting
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Figure 9. CBD lowers viral RNA secreted from HIV-1 infected primary macrophages. HIV-1 infected primary
macrophages (1 x 106) were treated with a titration of CBD (1, 5, 10 uM) every day for 5 days. Supernatant was then isolated
and exosomes were enriched using NT80/82 beads overnight at 4 °C. The NT80/82 beads were then pelleted, RNA was isolated,
followed by RT-gPCR analysis for A) TAR and (B) env viral RNA transcripts. These are an average of 3 replicates. Student T-
test was used for statistical analysis comparing treated (lanes 2-4) with untreated control (lane 1), where * p-value < 0.05; ** p-

value < 0.01, *** p-value < 0.001.
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in a 95% and 96% decrease as compared to the untreated control. This potentially indicates
that the reduction in secreted EV-associated viral TAR and env RNAs may be the result of
CBD-mediated transcription inhibition. Furthermore, the reduction in both TAR and full
length genomic (env) RNA suggest that CBD has the potential to inhibit viral transcription
at the level of transcription initiation.

To verify that the CBD-mediated transcription inhibition resulted in a decrease in
the production of viral proteins within HIV-1 infected cells, U1 cells were treated with a
titration of CBD (1, 5, 10 uM) every day for 5 days and intracellular lysate was used for
Western blot analysis of specific viral proteins, Nef, Pr55, and p24. As expected,
intracellular levels of Nef, Pr55, and p24 proteins were downregulated post-CBD treatment
in a dose dependent manner (Figure 10B). The most significant reduction in all three viral
proteins Pr55 (99%), p24 (76%), and Nef (62%) was observed with the 10 puM
concentration of CBD (densitometry data not shown). This is potentially due innate
differences in the abundance of these mRNAs. Overall, there are typically fewer gag
(Pr55/p24) mRNA transcripts within HIV-1 infected cells as compare to compared to nef
MRNAs, which account for nearly 50% of all HIV-1 doubly spliced RNA in infected

cells®,

Cannabinoids lower EV-mediated inflammation from astrocytes
Previously we have shown that EVs released from HIV-1 infected MDMs
cause astrocyte- mediated inflammation through TLR3 activation, which mechanism and

subsequent effects can be lowered using TAR inhibitors (Fig. 4-6). To examine the

37



A) B)

Intracellular HIV-1 RNA e —
_— CBD
1OE+08 - mTAR ur -+ + + + .
0 eny 55 kiDa- L Prs5s
8.0E+07 - _
3 o — |
& G0E+07 o .
8 30 kDa- [ - w— < }cf
o 40E+07 o _
E .-"'.':Ik'_'la-l" - . — --l-d— WS4
2OE+07
37 kD | — -—.-| +— cHmps | BOCRT
0UOE+00 . ) -~ ; - p I —
42 kDa- Acti
Ui + ¥ + + N [_ I‘ "
CBD = e ———————— 8 i 2 3 4

Figure 10. CBD lowers intracellular viral RNA and proteins in HIV-1 infected monocytes. U1 cells (1 x 10°) were treated
with a titration of CBD (1, 5, 10 uM) every day for 5 days (Temple). A) Intracellular RNA was isolated and analyzed through
RT-gPCR for HIV-1 viral transcripts TAR and env. Each bar represents an average of three independent biological replicates.
B) Cells pellets were lysed, run through SDS-PAGE, and western blotted for EV biogenesis marker VPS4, viral markers (gp120,
Nef, pr55, and p24), and Actin. Student T-test was used for statistical analysis comparing treated (lanes 2-4) with untreated
control (lane 1), where * p-value < 0.05; ** p-value < 0.01, *** p-value < 0.001.
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anti-inflammatory effects of CBD, in terms of HIV-1 infection, on EV-mediated CNS
inflammation, CCF-STTG1 astrocytes were treated with a titration of CBD (1, 5 10 uM)
and U1 MDM EVs (1:10,000 ratio; cell/EV) for 3 days. EVs from supernatants were
enriched using NT80/82 particle beads and Western blotted for expression of extracellular
IL-6. The data in Fig. 11 demonstrates that IL-6 secretion was decreased with increasing
concentrations of CBD with the maximum reduction at 123% and 211% (lane 3 vs lane 5
and 6; normalized densitometry not shown), similar to the trend seen with TAR inhibitor
treatment (in Fig. 6). This suggests that CBD can be used to reduce EV-mediated

inflammation produced by astrocytes.
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Figure 11. CBD reduces proinflammatory effects induced by EVs released from HIV-1 infected MDMs. EVs from U937
and U1 MDMs were treated onto CCF-STTG1 astrocytes (5 x 10°) at a 1:10,000 (cell/EV) ratio for 3 days. Supernatants were
isolated and EVs were enriched using NT80/82 beads, followed by SDS-PAGE and Western blotted for 11-6 and Actin.
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DISCUSSION

We and others have previously shown that, despite effective viral suppression by
CART, viral reservoirs, including the CNS, are transcriptionally active, resulting in the
production of short, non-coding and full length genomic RNAs via non-processive and
basal transcription, respectively. This is evident by a number of studies which report the
persistence of approximately 1x102 copies of cell-associated RNA in both circulating CD4*
T-cells "# and myeloid cells from several brain regions®. Furthermore, we have found that
these RNAs and their respective proteins can be packaged into EVs and released from the
cell to elicit changes in uninfected recipient cells®®>7_ In line with this, we have shown
here that cCART, specifically those drugs that are utilized in the treatment of individuals
with CNS infection, caused an increase in the secretion of larger vesicles from monocytes
(Fig. 1), which may suggest the alteration of other mechanisms such as the autophagy
pathway and, in turn, increased secretion of autophagosomes. Autophagy, specifically
mitophagy (a form of selective mitochondrial autophagy), is essential for basal turnover in
cells and is of particular importance in maintaining neuronal homeostasis. Disruption of
autophagy and/or mitophagy has been implicated in many chronic neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, Multiple Sclerosis,
Amyotrophic Lateral Sclerosis, and transmissible spongiform encephalopathies (i.e. prion

diseases)®%7, suggesting the potential for elevated EV release. Along these lines, EVs have
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been shown to contribute to propagation of these diseases via the transfer of various cargos,
including misfolded proteins, from diseased cells to healthy cells®-°. It follows that the
induction of autophagy through inducers, such as those used in this study, could be
explored as potential therapeutics to prevent or slow the progression of neurodegenerative
diseases beyond HIV-1 neurological pathologies. Given the pivotal role of basal
autophagy, including selective autophagy, in cellular homeostasis and quality control, it is
not surprising that excessive reduction in these processes can elicit and contribute to
disease. It follows that viruses, including HIV-1, have evolved ways to either circumvent
degradation of viral proteins through these processes, and that drugs used in the treatment
of infection could potentially exacerbate these effects. Considering the many forms of
autophagy and the diverse changes in these processes regarding disease, further research is
needed to develop more specific modulators of autophagy to allow for precise targeting of
the disease mechanism.

Previous studies from our lab have shown that EVs containing TAR RNA can
promote HIV-1 pathogenesis in recipient uninfected cells by eliciting an increase in
proinflammatory cytokines and susceptibility to infection in recipient circulating immune
cells!®36:57 Here, we show for the first time that EVs from HIV-1 infected myeloid cells
can elicit change in recipient astrocytes in terms of alteration in cell cycle progression and
increased production of pro-inflammatory proteins (Fig. 3-4), which could have broad
implications for HIV-1 patients including a reduction in the maintenance and support of
neurons. More specifically, our findings suggest that EVs potentially can induce the

inflammatory response mechanism of astrocyte senescence and the associated secretory
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phenotype through TLR3-mediated activation (Fig. 3-5). The secretory phenotype elicited
by EV-treatment can multiply the inflammatory state of the CNS. For example, HMGB1
has been found to be involved in several neurodegenerative diseases including
demyelinating diseases like multiple sclerosis®®®, non-demyelinating neurological

100 “and epilepsy*®. Furthermore, HMGB1

diseases such as Amyotrophic Lateral Sclerosis
can contribute to BBB dysfunction'®? and therefore may exacerbate BBB leakiness in HIV-
1 infection.

The high abundance of HIV-1 TAR RNA in patient biofluids and tissues as well as
the presence of TAR RNA in the majority of tested patient materials suggests that the
impacts of TAR RNA could potentially have far-reaching effects. Our data confirms our
previous studies by our lab which demonstrate that EV-associated HIV-1 TAR RNA can
activate TLR3 in recipient cells thereby contributing to chronic immune activation (Fig.
5A-B). In general, the TLR3 signaling cascade can stimulate the transcription of Type |
Interferons via IRF3 and can activate the NF-kB pathway to produce pro-inflammatory
cytokines. The data presented here suggests that activation of TLR3 by EVs from infected
myeloids may activate the IRF3 signaling cascade to promote cell cycle arrest and
senescence in astrocytes (Fig. 5). However, EV-mediated activation could also activate the
NF-kB pathway. NF-kB transcription factors are abundant within the CNS and can play
both a protective and toxic role depending on the type of signaling'®. While constitutive
NF-kB signaling can provide neuroprotection, induction of NF-xB through various stimuli,

such as TLR3 activation, has been found to contribute to neurological damage through

several mechanisms. Induced NF-kB signaling can exert its effects on endothelial,
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neuronal, and glial cells. This induction leads to vascular inflammation and increased
permeability of the BBB, neuronal cell death, as well as neurodegeneration and
inflammation in glial cells, all of which are hallmarks of HAND. Furthermore, NF-«kB has
been implicated in the induction of senescent phenotypes in a number of different models
and senescent astrocytes have been associated with chronic neurocognitive disorders such
as Alzheimer’s disease!®® 10 Overall, astrocytes play a vital role in the support and
maintenance of heathy neurons and play a pivotal role in the progression of CNS
dysfunction in chronic diseases. Therefore, this potential EV-mediated TLR3 activation
mechanism requires further investigation, specifically in the context of other CNS cell
types or brain models.

To combat this EV-mediated mechanism, we have screened a panel of small
molecule TAR RNA binding compounds for their ability to bind TAR RNA and inhibit
activation of TLR3 in recipient cells. Our findings show three compounds, 103FA-2,
111FA, and Ral HCI could be utilized to selectively inhibit TLR3 activation by TAR RNA
while maintaining innate immune function due to targeting of the ligand rather than the
receptor (Fig. 5B-C). Furthermore, findings involving small TAR-binding molecules
suggest that the changes in astrocyte are likely due to the activation of TLR3 by EV-
associated TAR RNA (Fig. 5D). TLR3 is abundant in multiple CNS cell types and some
evidence suggests that TLR3 is localized to the cell surface in astrocytes, potentially
making them more vulnerable to TAR RNA-containing EVs®®. However, EVs possess a
wide array of RNA cargo including numerous cellular RNAs and, as such, the possibility

of cellular RNA contributions to TLR3 activation cannot be ruled out. In line with this,
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TLR3 expression has been found to be enhanced in the brains and spinal cords of
individuals with chronic neuroinflammation, such as those with Multiple Sclerosis or

S8.11L112 “gyggesting these findings could potentially be applied to

Alzheimer’s disease
cellular RNAs encapsulated in EVs and their contributions to other chronic neurocognitive
disorders.

In addition, CBD has been FDA-approved for preventative treatment of epileptic
seizures and has also shown promising implications in lowering inflammation in several
cancer diseases, as aforementioned above. From this, we rationalized and demonstrated
that, in the context of HIV-1, CBD could be used as a potential treatment option for
countering inflammation by lowering the release of proinflammatory EVs released from
HIV-1 infected monocytes, as well as their viral contents (Fig. 7-9). We briefly identified
a potential mechanism by which CBD may cause the over lowering of secretion of EVs
and production of viral non-coding and genomic RNAs, which is through lowering viral
transcription (Fig. 10A). The decreased transcription of TAR and env RNAs may lead to
lowered viral products being transcribed (Fig. 10B). Additionally, the lack of decrease in
exosomal biogenesis, or ESCRT, markers from CBD treatment, despite decrease in EV
release, requires more investigation as to the mechanism that CBD may potentially use to
lower EV release, such as looking at other EV biogenesis markers such as microvesicle
biogenesis or autophagy pathways. Although CBD lowers the transcription of intracellular
viral RNAs, there are still high RNA copies with treatment, which may suggest that CBD

may lower transcription indirectly through mechanisms such as polymerase Il activity

inhibition or inducing chromosome closed formation by preventing phosphorylation of
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histone, H1, which would inhibit transcription of viral RNAs. Furthermore, the direct
inhibition of IL-6 production from proinflammatory EV treatment in astrocytes by CBD
directly highlights the anti-inflammatory prospects of CBD in a viral in vitro model, as
well as an in vitro CNS model (Fig. 11). Overall, we determined that CBD and TAR
inhibitors shows promise in lowering inflammation seen in HAND, while antiretroviral
therapy contributes to the inflammation in HAND (Fig. 12). Although astrocytes consist
of the predominant part of the CNS, it would be interesting to inquire as to whether CBD
can lower inflammation in other CNS cells such as microglia and neurons, as well as in
HAND patients. Since CBD has already been approved for treatment of epilepsy, it could

potentially be repurposed for HAND patients based on our promising results.
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Figure 12. Summary of effects of proinflammatory EVs released from HIV-1 infected myeloids on astrocytes.
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