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Abstract

Background—Extracellular vesicles (EVs) are cell-derived vesicles with diverse functions in
intercellular communication including disease and infection, and EVs appear to influence HIV-1
pathogenesis. EVs isolated from HIV-1-uninfected semen (SE) but not blood (BE) contain factors
that interfere with HIV-1 infection and replication in target cells. The reason for this dichotomy is
unknown. Furthermore, the effect of HIV-1 infection and antiretroviral (ARV) drugs on the anti-
HIV-1 effects of SE and BE is unknown. Here, we characterize EVs and EV-free plasma isolated
from HIV-infected donor semen and blood and their effects on HIV infection.

Methods—EVs and EV-free plasma were purified from autologous blood and semen of HIV-
negative, HIV-infected antiretroviral therapy (ART)-naive, and HIV-infected ART-treated
participants. HIV infection was assessed in TZM-bl cell reporter system. ARV concentrations
were analyzed using LC-MS/MS.

Results—SE isolated from both HIV-negative and HIV-infected, ART-naive donors inhibited
HIV-1 infection, but BE and semen and blood EV-free plasma did not. In contrast, BE, SE, and
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EV-free plasma from HIV-infected, ART-treated donors inhibited HIV-1. Importantly, exosomes
isolated from ART-treated donors contained concentrations of ARV drugs (ART-EVS) at
biologically relevant inhibitory levels.

Conclusions—The HIV-1-inhibitory phenotype of SE is independent of donor HIV-1 or ART
status, and ARV drugs and their metabolites are SE- and BE-associated in vivo.
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Introduction

HIV-1 transmission is primarily via semen which leads to ~88% of new infections in the
USAL However, the per-sexual encounter rate of sexual transmission is infrequent,
estimated to occur in only one of every 200 to 1000 sexual occurrences?. Transmission rates
per encounter depend on HIV-1 VL in semen and the availability and susceptibility of CD4+
cells in the recipient mucosal environment!. Antiretroviral therapy (ART) reduces sexual
transmission by decreasing VL in blood and semen in ART-suppressed individuals?3,
Interestingly, extracellular vesicles prepared from semen of HIV-1-negative donors are
protective against HIV infection in vitro, suggesting that semen extracellular vesicles (SE)
contribute to the low rate of seminal HIV transmission®~7.

Cells release diverse vesicles classified according to defined characteristics. Vesicle
populations are heterogenous resulting in non-specific terminology; here we refer to them as
extracellular vesicles (EVs)8. EVs are important mediators of disease pathogenesis,
including viral infections®. Although similar in physical characteristics to viruses, EVs may
facilitate or suppress viral infections®-10. The pathogenic or protective role of EVs during
viral infection is mediated by EV composition, cargo, size, and biogenesis conditions810,
and EVs from tissue culture cells may enhance susceptibility to HIV by delivering HIV co-
receptors or viral components to cells, or suppress infection by transferring anti-viral
components, altering host cell immune activation, or competing for binding leading to
physical blockage®-11.

Body-fluid EVs, including SE and blood extracellular vesicles (BE), are released from a
variety of cells in different physiological and pathophysiological states, and thus EVs
isolated from different body-fluids may facilitate or suppress viral infections depending on
the type of the exosome-originating cells®10. EV's from body-fluids such as semen, breast
milk, and vaginal fluids of HIV-negative donors inhibit HIV-1 infection®1112 Although the
mechanism(s) of inhibition is incompletely understood, HIV-1-negative SE interfere with
different stages of the HIV-1 lifecycle, including reverse transcription, proviral DNA
integration, and RNA transcription®/. The inhibitory mechanisms occur post-entry, as SE
had no effect on intracellular p24 or reverse transcriptase activity early post-infection®. SE
block HIV replication events at least in part, by targeting HIV-1 Tat, and its regulatory
mechanisms including host transcription factor recruitment, transcription initiation and
elongation®. SE inhibition is cell- and virus strain-independent as SE inhibited lab adapted
and transmitted founder HIV-1 strains in cells of cervical, lymphocytic (including primary
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blood lymphocytes), and monocytic origin as well as in a murine-AIDS model of
infectioin®-8,

The balance between antiviral or proviral effects of EVs varies, and the cellular activation
state, HIV infection, and ART treatment influence the overall effect of EVs on HIV
replication. To date, the effects of donor HIV status and ART treatment on body-fluid EV
function has not been reported. Antiretroviral (ARV) drugs are detected in blood plasma and
seminal fluids3, and may modify cell culture EVs13. Thus, ARV drugs may also alter body-
fluid exosome composition and function. Although SE inhibit HIV in vitro*7, exosomes
released from HIV-infected cell cultures may contribute to a proviral phenotypel#1°, Here,
we clarify the effect of SE and BE from HIV-infected ART-naive and ART-suppressed
individuals on HIV infection.

Methods

Ethics:

This study was approved by The University of lowa and Stony Brook University
Institutional Review Boards (IRB). All experiments were completed according to approved
University regulations. Participants provided written informed consent and laboratory
personnel were blinded to clinical data. Demographics and clinical characteristics were
obtained through medical record review. Donors provided both blood and semen samples.
Plasma RNA viral load (VL) was measured (Roche Cobas), and CD4+ T-cell counts
determined using flow cytometry (University of lowa Hospitals and Clinics clinical
laboratory)16. HIV-1-negative control donors had no history of HIV-1, hepatitis B virus, or
hepatitis C virus infection. HIV-1-infected donors were classified as ART-suppressed (VL <
50 copies/ml), or ART-naive based on treatment history and VL at the time of sample
collection.

Purification of extracellular vesicles and extracellular vesicle-free plasma:

Semen and whole blood were processed for EV isolation within 4 hours. Peripheral blood
mononuclear cells (PBMCs) were purified using Vacutainer® cellular preparation tubes
(CPT) according to manufacturer’s instructions (BD Biosciences, San Jose, CA). EVs were
purified from blood and seminal plasma using Exoquick purification as previously
described®.7.17_ Previous studies found that Exoquick provided equivalent HIV-1 functional
results with alternative (ultracentrifugation and sucrose gradient ultracentrifugation) EV
purification methods®17. Further, ExoQuick does not affect HIV-1 infectivity®. Blood- or
seminal-plasma were mixed with ExoQuick reagent (SBI, Palo Alto, CA) per
manufacturer’s instructions and EVs purified by centrifugation. Blood and semen EV pellets
were re-suspended in PBS and referred to as BE or SE, while the corresponding EV-free
plasma were referred to as EFBP and EFSP, respectively. EV and EV-free plasma protein
quantification was determined by NanoDrop absorbance at 280 nm.

Cells and viruses:

TZM-bl cells (NIH AIDS Reagent Program, Germantown, MD), and 293T cells (ATCC)
were maintained in complete DMEM (Gibco-BRL/Life Technologies, Carlshad, CA)
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containing 5% EV-depleted FBS (Gibco, Carlsbad, CA) as described’. HIV-1 pNL4.3
plasmid (NIH AIDS Reagent Program) was used to generate HIV-1 NL4.3 virus in 293T
cells#-8. Virus titers were determined by TZM-bl renilla luciferase units (RLU) and
EnzChek Reverse Transcriptase Assay (Life Technologies). Cell viability was determined by
MTT assay with three replicates per donor at the time of infection analysis as described*1’.

EV Particle size and concentration:

EV and HIV-1 NL4.3 size and concentration were measured by nanoparticle tracking
analysis (NTA) with ZetaView PMX 110 (Particle Metrix, Mebane, NC) and software
(v8.04.02). All samples were measured using the same settings and data acquisition was
performed in triplicate and each replicate corresponded to 11 positions. The median number
(X50) was used to report particle size. Measured concentration was reported per milliliter of
donor plasma or virus culture. HIV-1 NL4.3 measurements were completed with
formaldehyde-fixed virus.

HIV-1 inhibition:

EVs (100 pg/ml) or EV-free plasma (blood and semen) were simultaneously added with
HIV-1 NL4.3 virus (100,000 RLU/100 ul) to TZM-bl indicator cells in complete DMEM
containing 5% EV-free FBS. Equivalent volume of PBS was used as vehicle control.
Infectivity was determined by RLU after 24 hours using Steady-Glo (Promega, Madison,
WI) in triplicate per donor®17. The optimal concentration of SE (100 pg/ml) used in these
studies was previously determined and does not compromise cell viability in multiple cell
types®7. Based on the EV particle concentration (particles/mL) and protein concentration
(mg/mL), 100 pg/mL BE corresponded to approximately 1.5x10°9, 3.5x10°, and 9.9x108
particles for HIV-negative (n=6), HIV+ ART-naive (n=5), and HIV+ ART-suppressed (n=13)
subjects, respectively (Supplemental Digital Content Fig. 1A). In HIV-negative subjects, 100
pg/mL SE corresponded to approximately 1.2x10°, 5.1x109, and 1.0x10° particles for HIV-
negative (n=6), HIV+ ART-naive (n=5), and HIV+ ART-suppressed (n=13), respectively
(Supplemental Digital Content Fig. 1A). There was no significant difference between BE
and SE particles/mg for each cohort of donors (Supplemental Digital Content Fig. 1A). It
should be noted that because we did not separate cell-free virus from EVs in ART-naive
samples, concentrations reflect virus and EV particle numbers. The HIV-1 pNL4.3 inocula
utilized an average of 2.6 x 108 HIV-1 NL4.3 particles per infection. Thus, there were
approximately 4-13 BE per HIV-1 particle, and 4-20 SE per HIV-1 particle depending on
donor cohort (Supplemental Digital Content Fig. 1B). Based on the semen and blood
volumes used to purify SE and BEs, 100 ug EVs represented approximately 50 ul semen and
25 ul blood as the starting volume used in experiments.

ARV LC-MS/MS:

ARV drug concentrations were quantified from 50ug of EV (approximately
5.0x108particles) or EV-free plasma by LC-MS/MS using a Shimadzu Nexera liquid
chromatography system and an AB Sciex 6500 triple quadrupole mass spectrometer.
Detailed methods for quantification of tenofovir (TFV), emtricitabine (FTC), efavirenz
(EFV), dolutegravir (DTG) and intracellular TFV-diphosphate (TFV-DP) and FTC-
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triphosphate (FTC-TP) were previously published®. ARV concentrations per EV particle
(uM/particle) were estimated from particles/mL and uM ARV/50 ug.

ARV-loaded extracellular vesicles formulation and characterization:

Two approaches were used to incorporate ARV into HIV-negative BE. Emtricitabine (50 pg
FTC) (NIH AIDS Reagent Program) was Cy3-labeled with Cy3 Fast Conjugation kit
(Abcam, Cambridge, UK) according to manufacturer’s instructions. Modifier Reagent (1 pl
per 10 pl FTC) was mixed with Cy3 Conjugate. Cy3 Quencher reagent (1 pl per 10 pl FTC)
stopped the reaction. First, HIVV-negative BE (200 ug) were combined with 50 ug FTC-Cy3
or buffer control for 90 minutes at 37°C before ultracentrifugation at 100,000 x g for 70
minutes. Pellets containing FTC-Cy3 loaded or unlabeled FTC control EVs were
resuspended in PBS to the original volume and protein was quantified by Nanodrop
absorbance before Cy3 detection and HIV inhibition studies’®. Alternatively, 200 pug HIV-
negative BE in 50 pl volume were incubated with 50 ug FTC-Cy3 in 20 pl, 10 pl ExoFect
reagent (SBI), and 70 ul PBS. Following 10 minute incubation at 37°C, ExoQuick reagent
(30 ul) was added. The transfection/ExoQuick solution was placed on ice for 30 minutes
prior to centrifugation (13,000 rpm, 3 minutes). Pelleted EVs were resuspended in the
original volume of PBS before quantification, Cy3 detection, and HIV inhibition studies20.
Both approaches were assessed in three independent donors. 100 pug/ml EVs were used for
HIV inhibition studies.

IgG purification:

Statistics:

Results

1gG was depleted from HIV-infected ART-suppressed EVs and plasma by incubation with
Protein G-coated magnetic beads (Dynabeads® Protein G, Life Technologies) (2 hours,
room temperature [RT], 1 ug protein/1 ul beads) with rotation. 1IgG was removed from
supernatant fluids magnetically as recommended by the manufacturer. IgG-bound beads
were exposed to 0.2 M glycine pH 2.0 (20 ul) and incubated at RT for 5 minutes to facilitate
IgG elution, and beads removed from IgG magnetically. The eluted 1gG was neutralized with
10% volume 1 M phosphate buffer pH 7.5 before 1gG quantitation and HIV inhibition
studies. 1gG quantitation was determined by human IgG antigen ELISA according to
manufacturer’s instructions (Molecular Innovations, Novi, MI). 1gG studies were repeated
with four independent donors.

Data are reported as the mean and standard deviation (SD). Paired two-tailed student’s t test
p-value determined statistical significance P<.05=*, P<.01=**, P<.001=*** P<.0001=****
ns=not significant (GraphPad Prism, San Diego, CA).

Extracellular vesicles isolated from semen but not blood of HIV-infected ART-naive donors
inhibit HIV-1 in vitro

Previous studies showed that EVs purified from HIV-negative donor semen inhibit HIV
infection whereas blood EVs do not*7-17. However, the effect of donor HIV-infection on the
inhibitory function of body-fluid EVs has not been described. We evaluated SE and BE
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isolated from HIV-infected ART-naive donors. To determine if our observations relate to EV-
specific effects, the HIV-inhibitory effect of EV-free plasma (EFBP, EFSP) was evaluated.
EVs and their cognate EV-free plasma were isolated from blood and semen from donors
with and without HIV-1 infection, including HIV-infected ART-naive viremic, and HIV-
infected ART-suppressed. Characteristics of HIV-positive donors are shown in Table 1. As
expected, HIV-negative SE inhibited HIV replication in TZM-bl cells while BE did not (Fig.
1A) while HIV-negative EFBP and EFSP did not inhibit HIV-1. EFBP enhanced replication
while EFSP had no effect (Fig. 1A). These findings were recapitulated in HIV-infected ART-
naive fractions (Fig. 1A, shaded). The effect of SE and EFBP was independent of cell
viability (Supplemental Digital Content Fig. 2A-B). Since HIV replication was inhibited by
SE obtained from either HIV-negative or HIV-infected, ART-naive donors, donor HIV status
did not appear to affect the anti-HIV property of SE.

Extracellular vesicles and extracellular vesicle-free plasma isolated from HIV-infected ARV-

suppressed

HIV-specific

donors inhibit HIV

ARV drugs alter cell-culture EV content in HIV infected cell supernatants’3. To determine
the effect of ARV treatment on anti-HIV properties of EVs, BE and SE were isolated from
HIV-infected ART-suppressed donors (Table 1; ART therapy average > 5 years,
Supplemental Digital Content Table 1). BE and SE from these subjects are referred to as
ART-extracellular vesicles (ART-BE, ART-SE), and their EV-free plasma referred to as
ART-EFBP and ART-EFSP. All fractions (ART-BE, ART-SE, ART-EFBP, ART-EFSP)
robustly inhibited HIV infection without affecting cell viability (Fig. 1B, Supplemental
Digital Content Fig. 2C). There were no discernable size or concentration difference in EVs
between the three clinical study groups, though donor-dependent variation was observed
(Supplemental Digital Content Fig. 3). Thus, differences in HIV inhibition did not appear to
be related to the physical characteristics of the EVs. Since the cell environment and EV
function may differ amongst the three clinical groups, the HIV inhibitory potency of SE was
assessed. Direct comparison of SE activity revealed no significant differences in inhibition
efficacy (46.5% HIV-negative SE, 59.6% ART-naive SE, and 69.2% ART-SE) (Fig. 1C).

immunoglobulin (IgG) does not mediate HIV inhibition by ART-BE or ART-SE

HIV-specific IgG antibodies may limit HIV infection under some circumstances?L. It is
unknown whether HIV-neutralizing 1gG are EV-associated or if they play a role in EV-
mediated inhibition of HIV. 1gG was co-precipitated from ART-BE and ART-SE (Fig. 2A,
2B), and ART-EFBP and ART-EFSP (Fig. 2B). 1gG purified from BE and SE (ART-BE-IgG,
ART-SE-IgG) or ART-EFBP and ART-EFSP did not inhibit HIV infection compared to IgG-
depleted BE and SE (Fig. 2C, shaded). As expected, 1gG treatments did not alter cell
viability (Supplemental Digital Content Fig. 4). Of note, IgG neutralizing antibodies from
human specimens are donor HIV strain-specific. Thus, human-derived IgG may not
neutralize the laboratory-adapted HIV strain used in these studies. Nonetheless, the data
suggests that 1gG present in ART-extracellular vesicles is not responsible for the observed
inhibitory phenotype.
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Inhibitory levels of ARVs are detected in ART-extracellular vesicles

The finding that HIV was inhibited by all ART-BE, -SE, -EFBP, and -EFSP fractions (Fig.
2C) suggests that ARV drugs may be present in all compartments, explaining the inhibition
by all fractions (Fig. 2C). Although ARV drug concentrations are reported for semen,
testicular tissues, and blood in HIV-infected donors®:22-24, previous studies have not
evaluated body-fluid EVs for ARVs. As expected, ARVS were detectable in ART-EFBP and
ART-EFSP (Supplemental Digital Content Table 2). Interestingly, ARVs were also detected
in ART-BE and ART-SE (Supplemental Digital Content Table 2, Fig. 3A-D). TFV (given as
disoproxil fumarate and alafenamide; TDF, TAF) and FTC were included in the ARV
regimen of all donors, and were detected in all compartments from all donors. The active
metabolites TFV-DP and FTC-TP were also detected in ART-BE and ART-SE, although
there were donor-specific differences (Supplemental Digital Content Table 2). Detection of
EV-associated TFV-DP and FTC-TP was significant, since intracellular phosphorylation
traps these metabolites in the cell lipid membrane, making them susceptible to degradation
by phosphatases in the extracellular environment2°. Encasement of these ARVs in EV's may
allow an evasion mechanism of the extracellular phosphatases although it is also possible
that the TFV-DP and FTC-TP detection results from cellular disruption during sample
isolation and processing. EFV and DTG were detected in all fractions obtained from
subjects taking the medication (Supplemental Digital Content Table 2, Fig. 3C-D).

ARV levels in 50 ug ART-BE and ART-SE (approximately 5.0x108 particles) were greater
than FDA-half maximal HIV inhibitory concentrations (ICsg) (DTG=0.02 to 2.14 nM,
FTC=0.0013 to 0.64 uM, EFV= 1.7 to 25 nM, TAF=2.0-14.7 nM) (Supplemental Digital
Content Table 2, Fig. 3B-D)26-29, TDF levels were above the ICsq (0.04-8.5 uM)30 in SE
obtained from all donors, but below the 1Csq in BE (Supplemental Digital Content Table 2,
Fig. 3A). Estimated ARV levels per individual ART-BE and ART-SE particle did not reach
ICsq levels, thus individual EV particles carry very small amounts of ARV drugs; however,
EVs may accumulate in cells and directly deliver ARVs (Supplemental Digital Content Fig.
5). Although limited by sample size, trends of ARV compartmentalization in EVs are
suggested. TDF/TAF and FTC accumulated more in SE than BE while EFV and DTG
appeared higher in BE compared to SE (Supplemental Digital Content Table 2, Fig. 3A-D)
consistent with findings that nucleoside and nucleotide reverse transcriptase inhibitor
concentrations are higher in semen than blood, while non-nucleoside reverse transcriptase
inhibitors and protease inhibitors are not31-36, These results are the first to show that ARVs
are body-fluid EV-associated and suggest that ARVs may be selectively compartmentalized
into different body-fluid fractions. The data also suggest that the HIV-inhibitory phenotype
of ART-extracellular vesicles and ART-EV-free plasma are likely due to the presence of
ARVs.

Extracellular vesicle-associated ARV drugs protect against HIV

Unlike SE whose anti-HIV activity is conserved and independent of donor HIV and ART
status (Figure 1C), BE do not inhibit HIV replication unless the subject is receiving ART
(79.3% inhibition) (Fig. 1A-B). To validate that BE may carry ARVS, we incorporated ARV
into BE in vitro, and examined if this inhibited HIV infection. Two independent methods
were assessed for incorporating fluorescently labeled FTC into HIV-negative BE (Fig. 4A)
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and both methods incorporated FTC into BE (Fig. 4B), and led to HIV-1 inhibition (Fig.
4C). Control, HIV-negative BE or HIV-negative BE loaded with the fluorescent marker did
not inhibit infection (Fig. 4C) or cell viability (Supplemental Digital Content Fig. 6). These
results support the conclusion that donor-ART contributes to the inhibitory phenotype of
ART-BE and demonstrate that non-inhibitory BE can deliver functional ARV therapy to
inhibit HIV infection.

Discussion

SE from HIV-negative humans inhibit HIV replication in vitro*’; however, no prior studies
examined the impact of HIV infection on the HIV-inhibitory effect of SE in the presence or
absence of ARVs. Using autologous BE and SE and paired EFBP and EFSP, we found that
donor HIV infection did not alter SE anti-HIV function, and that ARV drugs are associated
with circulating BE and SE. Further, since IgG purified from ART-SE and ART-BE was not
inhibitory, the anti-HIV effect of EVs does not appear to be due to virus neutralization by
IgG antibodies. The observation that BE isolated from HIV-negative and HIV-infected ART-
naive donors do not inhibit while SE from the same donors inhibit HIV replication indicates
that donor HIV status does not influence SE or BE HIV inhibitory properties. This further
supports the hypothesis that SE may function to reduce the efficiency of HIV sexual
transmission in vivo. Although amyloid fibrils in semen enhance HIV infectivity in
vitro37:38  our data and those published previously indicate that semen-derived EVs inhibit
replication of HIV and another enveloped virus (Zika) in vitro*=":39, Of note, the factor(s)
contributing to SE-mediated HIV-1 inhibition are not yet identified, and virions and other
cellular products may be present in the EV preparation. Thus, we are cautious to attribute
these effects exclusively to EVs. Nevertheless, SE purified by gradient centrifugation
methods demonstrated the same inhibitory effect, and residual purification reagent
(ExoQuick) had no effect on HIV-1, indicating a purification-independent inhibitory
factor®8. Identification of the inhibitory component(s) is needed, and proteomic studies to
identify potential factors are underway.

In contrast, BE from individuals treated with ART inhibited HIV, unlike BE from HIV
negative and HIV-infected ART-naive donors. Donor ARV use did not alter ART-SE-
inhibitory potential, suggesting that the inhibition by SE in these individuals was not solely
dependent on ART. It is notable that ART-BE and ART-SE contained therapeutic levels of
ARV and were able to inhibit HIV infection. This is the first report to show an association of
body-fluid EVs with ARVs. The levels of DTG, FTC, EFV, and TAF in 50 ug
(approximately 5.0x108 particles) BE and SE reached accepted ICsq concentrations for
HIV26-29 SE-TFV (from TDF or TAF administration) reached I1Csq values (TDF=0.04-8.5
UM, TAF=2.0-14.7 nM) for all donors while BE-TFV (from TDF/TAF) from two donors
reached these 1Csq values2930, Together, these data provide strong evidence that EVs can
carry and deliver ARV drugs to mediate protection against infection. It is not known whether
EV-associated ARVs are surface-associated or enwrapped as luminal cargo, nonetheless, the
ART-extracellular vesicles are functionally active.

It appears that ARV are preferentially compartmentalized in ART-BE and ART-SE, although
the sample size precludes confidence in this observation. Although TFV (TDF or TAF) and
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FTC were present in both ART-BE and ART-SE, the concentration was more abundant in
ART-SE compared to ART-BE. In contrast, EFV and DTG levels were higher in ART-BE
than ART-SE. There were donor differences in the detection and concentrations of the active
metabolites TFV-DP and FTC-TP (Supplemental Digital Content Table 2), suggesting EV-
specific differential ARV bio-distribution and/or half-life (Figures 2C and 4D). Although our
findings are supported by previous reports showing higher levels of NRTIs in semen31:33-36,
further studies with increased sample size, different ARV drugs, and controlled
experimentation in model systems are needed to determine if TFV and FTC are
preferentially concentrated in genitourinary system EVs, and to evaluate the significance of
such accumulation to HIV transmission and ARV-toxicities*?-43. Although there are few
data on EV and ART association!3, nanoparticle-encapsulated ARVs are being studied as
vehicles to deliver ARV therapy*4. In our study, we demonstrated for the first time that
body-fluid EVs deliver ARVs at concentrations sufficient to inhibit HIV replication, and that
BE can carry ARVs in functionally relevant concentrations.

In summary, these results confirm that SEs inhibit HIV replication, and show that this is
independent of donor HIV-infection status®":9-12 This is mediated through multiple
mechanisms®~":11.12 and identification of the inhibitory components in SE may inform
interventions to mitigate HIV replication and sexual transmission. Further, BE-loaded with
ARVs were capable of carrying ARVs at HIV-inhibitory concentrations. These findings
suggest that ART-extracellular vesicles may deliver therapy to specific sites in vivo. Taken
together, our data highlight the importance of understanding the role of EVs and EV-
associated ARVs during HIV infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Donor HIV and ART status do not alter HIV-inhibitory function of semen extracellular
vesicles.
(A-C) Vehicle PBS or 100 pg/ml BE, SE, EFBP, and EFSP isolated from HIV-negative

(n=6), HIVV-positive ART-naive (n=5), and HIV-positive ART-suppressed (n=13) donors
were added simultaneously with 100,000RLU of HIV-1 NL4.3 virus to TZM-bl indicator
cells for 24 h. TZM-bl infectivity was measured by luciferase reporter activity. Vehicle
treated cells are set as reference at 100% (broken line). (A) Infectivity of HIV-1 treated with
BE, SE, EFBP, and EFSP from HIV-negative and HIV-positive ART-naive (shaded) donors.
(B) Infectivity of HIV-1 treated with BE, SE, EFBP, and EFSP from HIV-positive ART-
suppressed donors. Statistics was determined by comparing infectivity values from all
donors to vehicle control for each treatment (A-B), and by comparing infectivity values
between treatments (B). (C) Infectivity of HIV-1 treated with SE from HIV-negative, HIV-
positive ART-naive, and HIV-positive ART-suppressed donors. Statistics was determined by
comparing infectivity values between donor cohorts (C). Significance was determined by
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student’s t test. *=P<0.05, **=P<0.01, ***=P<0.001. Error bars are SD of biological
replicates from the mean of triplicate measurements. ns= not significant.
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Figure 2: HIV-1-specific IgG does not contributeto HIV inhibition.
(A) A series of immuno-capture techniques purified 1gG from HIV-infected ART-suppressed

EV-free plasma and EVs (n=4). (B) Concentration of purified IgG was measured by IgG-
specific ELISA. IgG purification from HIV-infected ART-suppressed unfractionated serum
was used as controls. (C) HIV-1 infectivity measured by incubation of 100,000RLU HIV-1
NL4.3 virus with purified and depleted IgG fractions, IgG controls, or vehicle PBS on TZM-
bl cells for 24 h. Infectivity was measured by TZM-bl luciferase reporter activity. \ehicle
treated cells are set as reference at 100% for infectivity (broken line). Statistics was
determined by comparing infectivity values from all donors to vehicle control for each IgG
fraction. Significance was determined by student’s t test. *=P<0.05, **=P<0.01,
***=p<(.001. Error bars are SD of biological replicates from the mean of triplicate
measurements. ns= not significant.
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Figure 3: Extracellular vesicles from HIV-infected ART-suppressed donors contain ARV drugs.
EVs were isolated from HIV-positive ART-suppressed donors’ plasma (ART-BE) and semen

(ART-SE). Drug concentrations were measured by LC-MS/MS from 4 donors with similar
drug regimen. ARVs are denoted as (A) TFV (tenofovir), (B) FTC (emtricitabine), (C) DTG
(dolutegravir), (D) EFV (efavirenz). Broken lines indicate FDA-half maximal inhibitory
concentrations (ICsq) for HIV-1.
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Figure 4: BE functionalized with ART inhibit HIV-1 infection.
(A) 200 ug BE from HIV-negative donors (n=3) were loaded with 50 g Cy3 labeled

emtricitabine (FTC) by two methods (ExoFect vs. Ultra). (B) Cy3 was detected in the EV
pellet and supernatant to determine loading efficiency. Supernatant Cy3 was set at 100% for
each donor and loading method. (C) HIV-1 infectivity of 100,000RLU HIV-1 NL4.3 virus in
the presence of 100 ug/ml FTC-loaded BE from (A-B), BE-loading controls, or vehicle PBS
control on TZM-bl indicator cells for 24 h. TZM-bl infectivity was measured by luciferase
reporter activity. Vehicle treated cells are set as reference at 100% (broken line).Statistics
was determined by comparing infectivity values of FTC-loaded BE to relevant controls.
Significance was determined by student’s t test. *=P<0.05, **=P<0.01, ***=P<0.001. Error
bars are SD of biological replicates from the mean of triplicate measurements. ns= not
significant.
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HIV-infected donor clinical characteristics.

Table 1:

Donor  Blood Plasma (ml)  Seminal Plasma (ml) Viral load (GE/ml) ARV Therapy CD4 count*  ART yrs*
1 3 1.0 120,000 Therapy-naive 39 N/A
2 3 1.0 34,000 Therapy-naive 295 N/A
3 3 1.0 1,318,000 Therapy-naive 6 N/A
4 3 0.6 35,000 Therapy-naive 453 N/A
5 3 0.65 16,000 Therapy-naive 489 N/A
6 4 1.2 ND ABC, 3TC, EFV 1,037 >5
7 4 12 ND ABC, 3TC, DTG 545 >5
8 4 0.9 ND TAF, FTC, DTG 944 >5
9 3 1.0 ND ABC, 3TC, EFV 597 >5
10 3 0.4 ND ABC, 3TC, EFV 568 >5
11 3 0.6 ND ABC, 3TC, DTG 564 >5
12 3 0.6 32 TAF, FTC, DTG 361 1
13 3 0.7 ND TAF, FTC, DTG 915 >5
14 3 0.6 ND TDF, FTC, EFV 721 >5
15 3 1.0 ND TAF, FTC, DRV/rit 395 >5
16 3 1.0 ND TAF, FTC, DTG 416 0.17
17 3 1.0 ND TDF, FTC, EFV 1,159 >5
18 3 1.0 ND ABC, 3TC, DTG 452 0.67

Page 17

GE = genome equivalents; ARV — antiretroviral; CD4 count in cells/mm3; yrs = duration in years; NA = not applicable; ND = below limit of
detection; ABC = abacavir; 3TC = lamivudine; EFV = efavirenz, DTG = dolutegravir, TAF = tenofovir alafenamide; FTC = emtrictabine; TDF =
tenofovir disoproxil fumarate; DRV/r = ritonavir boosted darunavir
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