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Background. Extracellular vesicles (EVs) are membrane bound, secreted by cells, and detected in bodily fluids, including urine, and
contain proteins, RNA, and DNA. Our goal was to identify HIV and human proteins (HPs) in urinary EVs from HIV+ patients and
compare them to HIV— samples. Methods. Urine samples were collected from HIV+ (n = 35) and HIV—- (n = 12) individuals. EVs
were isolated by ultrafiltration and characterized using transmission electron microscopy, tandem mass spectrometry (LC/MS/MS),
and nanoparticle tracking analysis (NTA). Western blots confirmed the presence of HIV proteins. Gene ontology (GO) analysis was
performed using FunRich and HIV Human Interaction database (HHID). Results. EVs from urine were 30-400 nm in size. More
EVs were in HIV+ patients, P < 0.05, by NTA. HIV+ samples had 14,475 HPs using LC/MS/MS, while only 111 were in HIV—. HPs
in the EVs were of exosomal origin. LC/MS/MS showed all HIV+ samples contained at least one HIV protein. GO analysis showed
differences in proteins between HIV+ and HIV— samples and more than 50% of the published HPs in the HHID interacted with
EV HIV proteins. Conclusion. Differences in the proteomic profile of EVs from HIV+ versus HIV— samples were found. HIV and

HPs in EVs could be used to detect infection and/or diagnose HIV disease syndromes.

1. Introduction

Extracellular vesicles (EVs) are membrane bound vesicles,
between 30nm and 1ym in size, are secreted into blood,
urine, saliva, semen, and other bodily fluids, and have been
suggested as a potential source of biomarkers for disease pro-
gression [, 2]. These EVs, microparticles and/or exosomes,
are secreted by cells normally or while they are undergoing
stress or apoptosis [3] and contain proteins, mRNA, and
miRNA [4] that are involved in cell to cell communication,
transfer of antigens to cells, and intracellular communication.
EVs are described in cancer disease pathogenesis [5] in HIV
infection [6], other viral infections [7], and other disease
states such as cardiovascular, renal, liver, and metabolic
disease [8-11].

EVs from urine are an attractive noninvasive source for
biomarkers of diseases [12, 13]. In healthy individuals, protein

only accounts for 0.01% of urine components; however, in
certain disease states, the protein content and EV numbers
can increase in urine [12-16]. The glomerular capsule filters
blood that is passed into the renal tubule and accounts for
thirty percent of the urinary protein content [14-16]. The
remaining seventy percent of proteins in urine is derived from
the kidney [17], and thus, urinary EV's are comprised of both
renal and efferent components.

HIV proteins are detected in EVs of HIV+ patients and
HIV Nef is the most prevalent protein found [18-21]. Other
reports of HIV proteins in EVs are from in vitro transfected
or HIV infected cultured cells and are not from HIV+ patient
samples [6, 18,19, 22, 23].

Biomarkers in urinary EVs are suggested for use in the
diagnosis of many disease states [12, 13, 24-30]. The objectives
of this study were to determine the differences in proteins
from urinary EVs from HIV+ patients and HIV - individuals
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TABLE 1: Patient demographics.

- HIV-positive =~ HIV-negative
Characteristics (N =35) (N=12)
Age (median + IQR) 41.5 +14.25 59 +18
Sex (1, %)

Male 25 (71.4%) 7 (58.3%)
Female 10 (28.6%) 5 (41.7%)

Race (1, %)

African American/Black 28 (80%) 12 (100%)
White 7 (20%) .
Hispanic - -
Asian - -
Viral loads (copies/ml) (median
+10R) 50+ 0 -
CD4+ T cell (cells/ul) (median +
IQR) 66.5 + 46.5 -
Antiretroviral therapy (1, %) 34 (97.1%) -

using proteomics and mass spectrometry. The analysis of
more patient samples could identify specific EV urinary
proteins as biomarkers of HIV infection, treatment efficacy,
and/or disease progression.

2. Methods

2.1. Sample Collection. Urine was collected from thirty-five
(35) HIV+ patients and twelve (12) HIV— individuals in sterile
collection cups. The subjects were recruited from clinics in
the metropolitan Atlanta area, GA. Patient demographics are
described in Table 1. The study was approved by the Institu-
tional Review Board of Morehouse School of Medicine and
written informed consent was obtained from all participants.

2.2. EV Isolation. Urine samples were centrifuged at 1000 xg
to remove cells and sediment then frozen at —80°C. Samples,
4 ml, were thawed and the EVs isolated followed by centrifu-
gal filtration using Amicon Ultra-4 100 kDa centrifugal filter
unit (Millipore, Billerica, MA), at 3000 xg for 15 minutes at
4°C. The retentate, containing EVs, was collected from the
top of the filter and resuspended in 200 pl phosphate buffered
saline (PBS) for use in the transmission electron microscopy
and tandem mass spectrometry (LC/MS/MS) analysis.

2.3. Transmission Electron Microscopy Analysis. Transmis-
sion electron microscopy (TEM) was used to identify EVs in
two HIV-1 positive and two HIV-1 negative samples. Urinary
EVs were fixed in 2.5% glutaraldehyde in 0.1M cacodylate
buffer for 2 hours at 4°C followed by 2 washes with 0.1 M
cacodylate buffer, 5 minutes each. Samples were stained with
1% osmium tetroxide in 0.1 M cacodylate buffer for 1 hour at
4°C followed by 2 washes with the cacodylate buffer and 3
washes with deionized water, 5 minutes each. Samples were
subsequently stained with 0.5% aqueous uranyl acetate for
2 hours at room temperature and subsequently viewed with
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a JEOL 1200EX transmission electron microscope (JEOL,
Peabody, MA).

2.4. Nanoparticle Tracking Analysis (NTA). Urine samples
from HIV-negative (n = 8) and positive individuals (n =
11), 15ml, were centrifuged at 300 xg for 10 min at 4°C
to remove cell debris. The supernatant was collected and
centrifuged at 16,500 xg for 20 min at 4°C and the super-
natant collected and ultracentrifuged at 120,000 xg at 4°C
for 1.5hr. The pellet was resuspended in 500 ul of PBS.
The size and quantification of the EVs were analyzed using
the NanoSight NS500 (NanoSight NTA 2.3 Nanoparticle
Tracking and Analysis Release version build 0025). Particles
were automatically tracked and sized based on Brownian
motion and the diffusion coefficient. The NTA measurement
conditions were temperature 21.0 +/— 0.5°C, viscosity 0.99
+/— 0.01cP, frames per second 24.99-25, and measurement
time 30 s. The detection threshold was similar in all samples.
Two recordings were performed for each sample.

2.5. Mass Spectrometry Analysis. Thirty-five (35) HIV+ and
twelve (12) HIV- EV samples were lysed and trypsinized
and the sequence of peptides was determined by tandem
mass spectrometry (LC/MS/MS), using an LTQ Ion Trap
Mass Spectrometer (Thermo Fischer Scientific, Waltham,
MA). Peptides were first reduced in DTT 10 mM at 56°C
for at least 30 min and alkylated with 15 mM iodoacetic acid
for 30 min at room temperature in the dark. Samples were
then digested with mass spectrometry grade trypsin 20 ng/ul
for 4 hours at 37°C. Just before analysis, the sample was
acidified by the addition of formic acid to 0.1%. Peptides
were separated by reverse phase HPLC (Agilent) on a 0.5 x
75 mm C-18 column (Michrom) at a flow rate of 500 nl/min
using a linear gradient of acetonitrile (5-35%) over 100 min.
Ions were directly introduced by nanospray and spectra
were collected using Xcalibur 2.0 software using an intensity
threshold of 200 counts. The resulting spectra were analyzed
using Bioworks 1.1 software to search a hybrid Human-HIV
database created from the complete nonredundant peptide
database from NCBI. The threshold for inclusion in the
search is a minimal S/N ratio of 3. False discovery rates were
determined and set based on the control HIV— samples. An
initial protein identification list was generated from matches
with an Xcorr score versus charge state of 1.0 (+1) 1.5 (+2) and
1.7 (+3) and consensus scores greater than 10.0.

Bioinformatics techniques for analysis of HIV EV pro-
teins were used on the LC/MS/MS detected proteins [31].
Functional enrichment analysis was performed using Fun-
Rich (Functional Enrichment analysis tool, http://funrich
.org/index.html) [32] against a human database to detect pro-
teins involved in biological processes, cellular components,
sites of expression, and biological pathways. Only processes
with a P value < 0.05, using the Benjamini-Hochberg False
Discovery rate, were reported. The human proteins detected
were compared to the top 100 EV proteins in ExoCarta
(http://exocarta.org/exosome_markers_new) [33, 34], sixty
EV proteins in the EV array [35], and proteins identified in
EVs from HIV infected lymphocytic cells [36].
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Pathway analysis comparing HIV+ samples with CD4+
T cells greater than 300 (n = 15) to those with less than
500 (n = 15) and HIV high VL, greater than 200 copies
(n = 10), compared to HIV low viral loads, less than 200
copies (n = 10), was done using Pathway Studio version
11.4 Mammal Plus (Elsevier, Inc., Atlanta, GA). Gene Set
Enrichment Analysis (GSEA) was used to identify the top 10
curated pathways for the proteins in the each of the patient
groups. No comparisons were done between patients not on
ART or undergoing ART because there was only one patient
not on ART.

The HIV proteins, Nef, Vpr, Vpu, and Vif, were searched
using the HIV-1 Human Interaction database (https://www
.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-1/inter-
actions/). This database contains all the known, published
interactions of HIV-1 gene products with human proteins
[37]. Proteins from the search were compared to the human
proteins detected in the HIV EVs.

2.6. Western Blot Analysis. To validate the presence of HIV
proteins in urinary EVs, western blot analysis (WB) was
performed on twenty (20) randomly selected HIV+ and
three (3) HIV- control urine samples. Recombinant HIV-1
Nef and HIV-1 p24 were used as positive controls, while
HIV-negative urine and HIV-positive filtrate were used
as negative controls. Samples were heated at 85°C for two
minutes in a tris-glycine SDS sample buffer, were loaded into
a 4-20% TGX gradient gel (Bio-Rad, Hercules, CA), and
run for 50 mins at 200 V. A semidry transfer unit (Hoefer
Scientific, Holliston, MA) was used to transfer the separated
proteins onto a PVDF membrane (Bio-Rad) at 15V for
50 mins. The filter was blocked for nonspecific binding
using 5% nonfat dry milk in Ix tris buffered saline (TBS)
with Tween 20. The membrane was incubated overnight in
pooled plasma from twenty HIV+ patients as the primary
antibody at a 1:500 dilution and rabbit anti-human IgG
conjugated HRP antibody (1:1000, Bio-Rad, Hercules, CA)
was used as secondary antibody. Super Signal West Femto
(Thermo Fischer Scientific, Waltham, MA) was used as a
chemiluminescent substrate for detection. The membrane
was developed and imaged using the LAS 4000 biomolecular
imager (GE Healthcare Life Sciences, Pittsburgh, PA).
Recombinant HIV-1 Nef and p24 WB analyses were detected
using anti-Nef and p24 monoclonal antibodies (1: 500, EMD
Millipore, Billerica, MA) and anti-mouse IgG conjugated
HRP antibodies (1:1000, Bio-Rad, Hercules, CA) were used.

2.7. HIV p24 ELISA. Twenty-six (26) HIV+ and eleven (11)
HIV- urine samples were tested for the presence of HIV p24
by ELISA (ImmunoDX, Woburn, MA).

3. Results

3.1. HIV Proteins Are Present in Urinary EVs of HIV-Positive
Patients. LC/MS/MS mass spectrometry HIV EV protein
results are presented in Table 2. Urinary EV proteins meeting
the false discovery rate and Xcorr score criteria as HIV-1
proteins included Nef, Gag, Pol, Protease, gp120, gp160, gp41,

Rev, reverse transcriptase, Tat, Vif, Vpr, and Vpu. All HIV+
urine samples (1 = 35) contained atleast one HIV-1 protein in
EVs, while no HIV proteins were found in the HIV— samples
(n = 12) (Table 3). HIV-1 Nef was detected in twenty-six
of thirty-five (26 of 35) (74.3%) HIV+ urine samples. Three
(3) patients’ urine samples, #173, #174, and #196, were tested
203, 311, and 35 days, respectively, after their first EV sample
was analyzed. No difference in the HIV proteins detected in
sample #196, 35 days after his previous sample, was found.
#173’s sample, tested 203 days after the first analysis, had a
similar profile, except that Rev and Tat were not detected. In
addition, #174’s EVs examined 311 days after the first sampling
found Rev and RT missing from the profile.

HIV p24 antigen was only detected in five of thirty-five
(5 of the 35 patient) (14%) samples by LC/MS/MS, but of the
twenty-six (26) HIV+ and eleven (11) HIV-negative samples
tested by ELISA, no p24 was detected. There was no statistical
correlation of the number of HIV proteins detected with
CD4+ T cell counts, viral loads, or ART therapy.

Validation by WB analysis using polyclonal pooled
patient serum and monoclonal antibodies against HIV Nef
and HIV p24 indicated the presence of HIV proteins. Figure 1
is a WB using polyclonal pooled HIV+ serum used as the
detection antibody. All the HIV+ patient samples contained
HIV-1 proteins and the top panel shows patient samples
reacting to anti-HIV Nef. HIV+ urine samples, 7 of 9 (77.7%),
showed HIV-1 Nef bands at 27 kD.

3.2. TEM and NTA Analysis of EVs. TEM analysis of urine
from HIV+ patients showed multiple EVs, ranging in size
from 50 nm to 300 nm (Figure 2(a)), while two HIV-negative
controls had fewer EVs present (Figure 2(b)). NTA analysis
showed that there were significantly more EVs from HIV+
patients than healthy controls, 4.96 +0.0733 and 3.69 + 0.075,
respectively (P < 0.05). No significant differences were found
in the size of the EVs, 110-227 nm for HIV-negative donors
and 54-448 nm HIV+ samples. Representative Nanosight
analyses for HIV-negative and HIV+ urine samples are
shown in Figure 3.

3.3. Human Proteins in HIV+ and Negative EV Urine Sam-
ples. EV proteins from the HIV+ patients, 14,475, which
entered into FunRich, functional enrichment analysis soft-
ware, showed 29.44% or 1,932 proteins were associated with
exosomes (Table 4). These EV identified proteins were com-
pared to top 100 EV proteins in the ExoCarta database with
83% matching (http://exocarta.org/exosome_markers_new)
[33], 22 EV proteins in the EV array [35] were similar, and
7 of 14 EV proteins identified in exosomes from HIV infected
lymphocytes [36] were found and are highlighted in Table 4.
Exosomal proteins found in the control samples are listed in
Table 5.

The GO results of the FunRich analysis of the EVs
from the HIV+ samples are summarized in Table 6 and
Figure 4. The top five (P < 0.01) EV sites of expression
were endothelial cells, plasma, liver, serum, and kidney and
the most significant cellular components were lysosomes,
exosomes, membranes, plasma membranes, the nucleus, and
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TABLE 3: Presence of HIV-1 proteins in HIV+ patient urinary EVs.

ID ART AIDS Viral load CD4 Nef Gag Pol Protease Rev RT Tat Vif pl p24 pl7 Poly Vpu Env Vpr Vif
copies/ml cells/ul

22 No 224 X X X X X X X X X X

27 Yes AIDS <50 134 X

28 Yes AIDS 280100 22 X X X X X

30 Yes AIDS >10000 <20 X X X X X X X X X X

41 Yes 29187 440 X X X

46 Yes <50 689 X X X X

45 Yes 400 345 X X X X X

48 Yes 4974 454 X X X X

51 NA NA X X X X X

52 Yes 51 574 X X X X X X X X

61 <50 655 X X

62 Yes AIDS <50 232 X

63 No 2023 83 X

65 No NA NA X

66 No NA NA X

67 Yes 75 509 X

68 No NA NA X

69  Yes <50 187 X

70 Yes <50 399 X

71 Yes <50 456 X

74 NA NA X

86 Yes <75 1642 X X X X

103 Yes AIDS 150 560 X X X

104 Yes AIDS 77 313 X X

108  Yes AIDS <50 653 X X X

110 Yes <50 379 X X

111 Yes AIDS <50 182 X X

112 Yes AIDS >200 581 X X

142 Yes <50 487 X X X X X X X X

173-1 Yes <50 398 X X X X X X X X X X

173-2 Yes <50 398 X X X X X X

174-1 Yes 48 315 X X X X X X

174-2 Yes 48 315 X X X X

196-1 Yes AIDS <50 113 X X X X X X X X X X X X X

196-2 Yes AIDS <50 113 X X X X X X X X X X X X X

An initial protein identification list was generated from matches with an Xcorr score versus charge state of 1.0 (+1), 1.5 (+2), and 1.7 (+3) and consensus scores

greater than 10.0; NA = not available.

the cytoplasm (P < 0.01) (Figure 4). The top five ontologies
(Table 6) were protein serine/threonine kinase activity, cat-
alytic activity, GTPase activator activity, guanyl-nucleoside
exchange factor activity, and cell adhesion molecule activity
(P < 0.0001), the top biological process was regulation of
nucleobase, nucleoside, and nucleic acid (P < 0,0001), and the
most prominent biological pathway was integrin cell surface
interactions (P < 0.03).

LC/MS/MS identified 15,571 proteins in EVs from HIV+
patients with CD4+ T cells greater than 300, 2,115 from CD4+

T cells less than 300, 15,028 proteins from patients with low
VL, and 2486 from patients with high VLs. Pathway analysis
was similar between EV proteins from patients with greater
than 300 CD4+ T cells and low VLs and different between
the low CD4+ T cells and high VLs (summarized in Table 7).
The pathways found are detailed in Supplementary Material
1. Interleukin proteins detected were IL10, ILIORA, IL16,
IL17RC, IL18, IL18BP, ILIRAP, IL1IRL2, ILIRN, IL33, IL4Il,
IL6, and IL6ST. Immunomodulatory molecules, HOXB4,
CD8l, CDY, TGF-1, IDO, Notchl, ADAMI17, Rab4, and HGF,
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FIGURE 1: Detection of HIV-1 proteins by western blot. Extracellular vesicles were isolated from four ml of urine from HIV-1+ patients and
HIV-1 negative individuals by Amicon ultrafiltration (MW cutoff = 100,000 kD). The western blot is representative of 9 HIV+ and 3 HIV-
negative samples (cl, 2, and ¢3). Recombinant HIV Nef and p24 were added as positive controls (last panels on the right). Samples were
isolated in a 4-20% gradient SDS gel and transferred to a PVDF membrane. The filter was incubated with the primary antibody, pooled
HIV-1 positive plasma (bottom panels), or a monoclonal anti-HIV Nef (top panels). The secondary antibody, goat anti-mouse IgG for the
anti-Nef blots or rabbit anti-human IgG for the anti-HIV antibodies, conjugated to horseradish peroxidase. Super Signal West Femto was
used as chemiluminescent substrate for detection.
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FIGURE 2: Transmission electron microscopy of urinary extracellular vesicles. Four mls of urine was used to isolate EV's by Amicon ultrafiltration
(MW cutoff =100,000 kD). EV's were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer. Samples were stained with 1% osmium tetroxide
in 0.1M cacodylate buffer and subsequently stained with 0.5% aqueous uranyl acetate. A JEOL 1200EX transmission electron microscope
(JEOL, Peabody, MA) was used for observation and photography. 1A. EVs from HIV-1 posi.

TaBLE 5: Exosomal proteins found in urinary EVs from uninfected controls.

Genes in our Genes in the FunRich Percentage of genes Fold enrichment
analysis database
Exosomal proteins 37 2001 72.54 5.26

AlBG, ACTAIL, ACTA2, ACTB, ACTBL2, ACTCI, ACTGI, ACTG2, ALB, AMBP, APOAL, APOD, AZGP1, B2M, CDHI, CLU, CP, CRNN, DCTN2, EGE HP,
HPR, HSPBI, ITTH4, KNGI, LAMA3, LMAN2, POTEE, POTEF, POTEI S100A8, SERPINA1, SERPINGI, TE, TTR, UMOD, and VASN.
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TaBLE 6: Functional enrichment analysis of HIV+ EV proteins.

Genes in the Genes in the Percentage of Fold enrichment Corrected P
dataset Bkg. database genes value (BH FDR)
Molecular function
Pro'te.m serine/threonine kinase 273 5,602 30 118 1.04-%8
activity
Catalytic activity 456 827 4.9 11 1127%
GTPase activator activity 131 836 4.7 1.2 8.147"
Guanyl—m'xc'leomde exchange 105 614 36 12 3,540
factor activity
Cell adhesion molecule activity 307 531 33 11 0.0001
Biological process
Regulation of nucleobase, 2,236 4,658 2438 1.05 3247
nucleoside, and nucleic acid
Biological pathway
Integrin cell surface interactions 69 1,366 233 1.2 0.03
TaBLE 7: Comparison of pathways between HIV+ groups from Pathway Studio 11.4.
HIV group Pathway
Natural killer cell inhibitor receptor signaling
Intermediate filament polymerization
Ca2+ flux regulation
G1/S phase transition
CD4+ T cells greater than 300 G2/M phase transition
n=15 S/G2 phase transition

Protein folding

Golgi to endosome transport
Endosomal recycling
Kinetochore assembly

Neutrophil chemotaxis

Vascular motility

Platelet activation via GPCR signaling

Insulin influence on protein synthesis

mTOR signaling overview

EDNRA/B — vascular motility

Proplatelet maturation

Natural killer cell activation through ITAM-containing
receptors

Taste sensor receptors activates mTOR signaling
Natural killer cell activation

CD4+ T cells less than 300
n=15

Intermediate filament polymerization
Natural killer cell inhibitory receptor signaling
golgi to endosome transport
Ca+ flux regulation
Low VLs HRHI/3 — synaptic transmission
n=14 Vascular motility
Endosomal recycling
GU/S phase transition
Golgi transport
G2/M phase transition

Metaphase/anaphase phase transition
S/G2 phase transition
Spindle assembly

High VLs Natural killer cell activation

n=10 Histone ubiquitylation
Eosinophil survival by cytokine signaling
Protein folding
G2/M phase transition
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FIGURE 3: Nanosight analysis (representative analysis). (a) NTA analysis of an HIV-negative urine sample had 0.4 x 10° particles per ml (left
panel) while (b) depicts an urine sample from a HIV+ patient that had 8.7 x 10° particles per ml and has a greater relative intensity profile
(right panel (a) and (b)) when compared to the HIV-negative sample. The Rank Sum T test showed that HIV+ patient urine samples had

more particles per ml than the negative control urine (P < 0.05).

were also found by LC/MS/MS in addition to MHC Class I
and II antigens.

The HIV-1 Human Interaction database search found that
HIV Nef interacted with 559 EV proteins of 770 total human
proteins (72.6%); HIV Vpr interacted with 437 EV of 598
human (73.1%); HIV Vif interacted with 162 EV of 310 human
(52.2%); and HIV Vpu interacted with 165 EV of 244 human
proteins which were found in the HIV+ EVs (67.6%) (see
Supplementary Material 2, including PMIDs for references).

Functional analysis of the control EVs are listed in Table 8.
The major sites of expression were cervicovaginal fluid,
neutrophils, and gastric juice (P < 0.0001). The most signif-
icant ontologies were molecular function of the proteins and
defense/immunity protein activity and principal biological

processes were immune response, signal transduction, cell
communication, and antigen presentation (P < 0.0073).

Only sixty-four (64) proteins overlapped between the
HIV+ and control EV samples and are listed in Table 8.
The top fourteen (14) GO ontologies for cellular components
include extracellular exosome, extracellular region, extracel-
lular space, hemoglobin complex, and blood microparticle
(P < 0.001, Table 9), GO ontologies for molecular function
were heparin binding, ion gated activity, and oxygen trans-
porter activity, and the most significant biological processes
found were response to yeast, defense response to fungus,
macrophage chemotaxis, negative regulation of growth of
symbiont in host, oxygen transport, and hydrogen peroxide
catabolic process.
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FIGURE 4: Percentage of proteins found in HIV+ urinary EVs. FunRich analysis of the LC/MS/MS proteins from HIV+ EVs determined the
most likely tissue expressing the proteins, site of expression, and the cellular component from which the protein is derived. Data is graphed

as the percentage of proteins found. ** denotes significance, P < 0.01.

TaBLE 8: Functional enrichment analysis of control EV proteins.

Genes in the Genes in the Bkg.  Percentage of Fold enrichment Corrected P value
database database genes (BHFDR)

Site of expression

Cervicovaginal fluid 16 544 12.0 42 2.59E - 06

Neutrophils 13 392 9.7 4.8 6.68E — 06

Gastric juice 9 222 6.7 6.1 4E - 05
Molecular function

Defense/immunity protein activity 5 52 3.7 15.7 3.96E - 05
Biological process

Immune response 13 561 9.8 3.4 0.00026

Signal transduction 43 3907 325 L5 0.0026

Cell communication 41 3687 311 15 0.0028

Antigen presentation 1 0.7 134.4 0.0073

4. Discussion

This is the first report of the detection of urinary EVs
containing HIV and human proteins from HIV+ patients by
mass spectrometry and western blot. EVs provide intercel-
lular communication to cells through the delivery of their
cargo, nucleic acids, miRNAs, and proteins, to recipient cells
reviewed in [3]. Previous studies have found EVs in plasma of
HIV+ patients but did not describe HIV or human proteins
within them. Others have described EVs containing HIV
proteins but these results were from in vitro HIV infected cell
cultures and not from HIV+ patients [18, 20, 22, 23, 36, 38-
47]. This study details both the HIV and human proteins
found in urinary EVs from HIV+ patients.

According to the International Society for Extracellular
Vesicles (ISEV), the minimal requirements for EVs or their
presence in samples includes the simultaneous detection of
transmembrane proteins and cytosolic proteins with mem-
brane/receptor binding abilities, while major cell organelles
are absent [48]. LC/MS/MS analysis identified these proteins
and functional enrichment analysis determined a significant
number which were of exosomal origin in both the EVs in

HIV+, 1,932, and HIV—, only 37. TEM analysis of HIV+ and
HIV- urine showed pleiotropic membrane bound vesicles in
both groups’ urine samples and NTA analysis showed parti-
cles ranging in size from 50 nm to 300 nm in both groups,
although the HIV+ samples had significantly more particles
than uninfected samples. Other studies have found increased
numbers of EVs in the plasma of HIV+ patients [43, 49].
Proteins from both the HIV+ and HIV- individuals were sig-
nificantly associated with exosomal proteins, further substan-
tiating our hypothesis that urine from HIV+ patients contains
EVs (Table 10). The FunRich analysis of the sites of expression
showed that a significant number of proteins were associated
with the endothelium, plasma, serum, kidney, liver, and lung.
These findings suggest that EVs from HIV+ patients may be
filtered from these sites and concentrated in urine.

HIV has previously been detected in the urine of HIV+
patients; however, it was shown that HIV virions are associ-
ated with cell pellets and not in centrifuged urine [50, 51].
p24 is found in replicative HIV infectious virions but was
not found in twenty-six of our HIV+ samples by ELISA
and only five of thirty-five HIV+ EV urine samples had
detectable p24 by LC/MS/MS analysis. p24 in urine pellets
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TaBLE 9: Overlapping EV proteins from HIV+ and HIV— samples, LC/MS/MS analysis.

1

Gene
ABCBI ATP-binding cassette, subfamily B (MDR/TAP), member 1
ANXAS Annexin A8
ASICL Acid-sensing (proton-gated) ion channel 1
ASIC2 Acid-sensing (proton-gated) ion channel 2
AUTS2 Autism susceptibility candidate 2
AzZU1 Azurocidin 1
BCATI1 Branched chain amino acid transaminase 1, cytosolic
BRD4 Bromodomain containing 4
CCL5 Chemokine (C-C motif) ligand 5
CEACAMS Carcinoembryonic antigen-related cell adhesion molecule 8
CFH Complement factor H
CHIT1 Chitinase 1 (chitotriosidase)
CLDN7? Claudin 7
COLI16A1 Collagen, type XVI, alpha 1
CPB2 Carboxypeptidase B2 (plasma)
CRADD CASP2 and RIPKI1 domain containing adaptor with death domain
CTSG Cathepsin G
CYP4All Cytochrome P450, family 4, subfamily A, polypeptide 11
DEFA1 Defensin, alpha 1
DNAH17 Dynein, axonemal, heavy chain 17
DUSP9 Dual specificity phosphatase 9
EIF4Al Eukaryotic translation initiation factor 4A1
ELANE Elastase, neutrophil expressed
v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2
FARP1 FERM, RhoGEF (ARHGEF), and pleckstrin domain protein 1 (chondrocyte-derived)
GDF15 Growth differentiation factor 15
GNAI12 Guanine nucleotide binding protein (G protein) alpha 12
GNL1 Guanine nucleotide binding protein-like 1
GRIN2A Glutamate receptor, ionotropic, N-methyl D-aspartate 2A
HAAO 3-Hydroxyanthranilate 3,4-dioxygenase
HAL Histidine ammonia-lyase
HBA1 Hemoglobin, alpha 1
HBB Hemoglobin, beta
HBD Hemoglobin, delta
IGKC Immunoglobulin kappa constant
LGALS3 Lectin, galactoside-binding, soluble, 3
MEF2C Myocyte enhancer factor 2C
MLLT4 Myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 4
MPO Myeloperoxidase
MRC2 Mannose receptor, C type 2
MYBPC3 Myosin binding protein C, cardiac
NCAM1 Neural cell adhesion molecule 1
NKTR Natural killer-tumor recognition sequence
NUP93 Nucleoporin 93 kDa
PDEIC Phosphodiesterase 1C, calmodulin-dependent 70 kDa
PDLIM5 PDZ and LIM domain 5
PIK3RI1 Phosphoinositide-3-kinase, regulatory subunit 1 (alpha)
RAB31 RAB31, member RAS oncogene family
RAPIGAP RAP1 GTPase activating protein
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TaBLE 9: Continued.

Gene

REGIA Regenerating islet-derived 1 alpha

RNASE2 Ribonuclease, RNase A family, 2 (liver, eosinophil-derived neurotoxin)

RNASE3 Ribonuclease, RNase A family, 3

RPS14 Ribosomal protein S14

RUNX2 Runt-related transcription factor 2

SHBG Sex hormone-binding globulin

SLC22A5 Solute carrier family 22 (organic cation/carnitine transporter), member 5

SLC6A6 Solute carrier family 6 (neurotransmitter transporter), member 6

TACC2 Transforming, acidic coiled-coil containing protein 2

TAF6L TAF6-like RNA polymerase II, p300/CBP-associated factor (PCAF)-associated factor, 65 kDa

TNIK TRAF2 and NCK interacting kinase

TRAPPCI2 Trafficking protein particle complex 12

TRIM58 Tripartite motif containing 58

WNT2B Wingless-type MMTYV integration site family, member 2B

WNT6 Wingless-type MMT'YV integration site family, member 6

TaBLE 10: Functional analysis of overlapping HIV+ and HIV- EV proteins.

Genesinthe  Genesinthe Bkg.  Percentage of Fold enrichment Corrected P value
data set database genes (Bonferroni method)
Site of expression
Urine 31 3202 51.7 3.0 6.85E — 07
Cervicovaginal fluid 12 544 20.0 72 5.33E - 05
Neutrophils 392 15.0 77 1.56E - 03
032403_BALF4_glypep 43 6.7 35.0 3.53E-03
Neutrophil 19 1979 31.7 3.0 3.67E - 03
Monocyte 23 2786 38.3 2.6 3.90E - 03
Cellular component
Extracellular 22 1808 379 31 4.61E - 05
Stored secretory granule 3 19 5.2 51.0 3.27E-03
Lysosome 17 1609 29.3 2.8 7.73E - 03
Extracellular space 8 399 13.8 5.6 1.05E - 02
Exosomes 19 2001 32.8 2.5 1.14E - 02
Azurophil granule 2 6 34 108.9 1.35E - 02

is derived from mononuclear cells but was found in only 3
of 80 analyzed samples [51]. This represents a low sensitivity,
primarily because the HIV-1p24 protein is not always present
during advanced stages of HIV infection. To further confirm
that these HIV proteins were from EVs, we tested the filtrate
from ultracentrifugation (MW cutoff 100,000 kD) of HIV-
positive urine, and no HIV proteins were present. We did
not, however, perform an HIV infectivity assay, MAGI, on the
isolated urinary EV's, and thus cannot be totally confident that
HIV virions were not present in the EVs. HIV proteins in uri-
nary EVs may be the result of a nonproductive HIV infection
in the kidney [52-56] and/or EV:s filtered from blood [21, 49,
57]. The type of HIV protein in the EVs remained relatively
constant as demonstrated by the resampling of two patients,

203 and 311 days, after the first sample that had similar results.
The identification of HIV proteins in urinary EVs may be a
potential noninvasive diagnostic tool to monitor HIV disease
states as well as treatment efficacy.

Different proteins and pathways were found in EVs from
(1) CD4+ T cell > 300 versus <300 and (2) VLs < 200 versus
>200 copies. It is interesting that EVs from HIV+ patients
with low VLs and high CD4+ T cells, usually indicative of
better health, had more proteins detected than EVs from
high VLs and low CD4+ T cells (high VLs = 2486 vrs low
= 15028; low CD4+ T cells = 2115 versus high CD4+ =
15761). These groups also had overlapping pathway results;
however, proteins from high VLs and low CD4+ T cells did
not have similar pathway results. Further comparison and



Advances in Virology

analysis of the EV protein profile between the low VL/high
CD4+ T cells and high VL/low CD4+ T cells may reveal
more mechanisms involved in the evolving pathology of HIV
infection.

Proteins contained in EV's can both enhance and inhibit
host responses from innate, inflammatory, and adaptive
reactions. Proteins from HIV+ patients showed a predom-
inantly immunosuppressive profile. IL10 is a Th2 cytokine
that downregulates macrophage function and inhibits T cell
proliferation while IL6 can stimulate IL10 production and
inhibit the effects of TNF-a and IL1. Both these cytokines
were present in the EVs from HIV+ patients while TNF-«
and IL1 were not detected suggesting an immunomodulatory
effect may be elicited by the EVs. Other immune downregu-
lating factors, IDO, HOXB4, HGFE, and TGFJl, were found.
IDO [58], HLA-G [59], and HGF [60] can inhibit natural
killer cell activation which was one of the top biological
processes found in the pathway analysis of the EV proteins
in patients with high CD4+ T cells and low VLs. TGFf3-1, an
inhibitor of immune function, is induced by HIV Tat [61] and
is a mediator of immune suppression in HIV infection [62-
64]. These proteins were found in EVs from HIV+ patients
while proinflammatory cytokines were not. New studies show
that HIV+ nonprogressors have lower plasma TGFf3-1 and
IL10 than patients with progressive disease [65] and it is
possible that EVs may sequester TGFf3-1and IL10 and remove
them from circulation. The presence of over 16 different
MHC Class I and II antigens in the EVs from HIV+ patients
may support the hypothesis that this mechanism is used
by intracellular pathogens to evade the immune response
by decreasing cytotoxic T cell activity [66]. Herpes Simplex
Virus-1binds to HLA-DR inhibiting antigen presentation that
leads to immune evasion [67]. Future studies should focus on
the correlation of the concentration of these factors to HIV+
patients’ clinical status.

In this study, we showed that structural, regulatory, and
accessory HIV proteins could be detected in urinary EVs of
HIV+ patients. Our WB analysis using polyclonal and mon-
oclonal antibodies confirmed the presence of HIV proteins
in the EVs from HIV+ patients. The most prevalent protein
was HIV Nef. EVs from both in vitro and patient samples
have been previously reviewed in [6]. HIV Nef induces an
alternative pathway for TNF induction utilizing Notch-1,
ADAMLI7, and Rab4+, all found in EVs from HIV+ patients,
which leads to high plasma TNF levels [68]. Whether the
isolation of these factors in EVs represents a diminishing or
enhancement of TNF production remains to be examined.

The HIV Human Interaction database found significant
interactions between HIV Nef, Vpr, Vif, and Vpu and human
proteins. Serine/threonine protein kinases are important in
T cell receptor signaling [69]. These kinases as well as CD4
and MHC antigens were found in EVs from the HIV+
samples; however, further studies are needed to determine the
mechanisms involved with EV function in HIV infections.
Cell adhesion molecules, ICAM, VCAM, and PECAM, were
also found in the EVs from patients. Others have reported
these molecules are present in HIV+ blood samples and may
represent biomarkers from inflamed endothelium due to HIV
infection [70].
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One of the limitations of this study was a small sample
size of specific HIV syndromes such as comorbidities, AIDS,
HIV-associated nephropathy, and HIV-associated dementia
as well as patients on or naive to antiretroviral therapy.
Increasing the numbers of HIV+ patients in these categories
may allow us to determine whether specific HIV proteins as
well as human proteins in urinary EVs could be associated
with these conditions. Future studies will also quantify the
amount of HIV proteins as well as human proteins to deter-
mine if a correlation exists between different HIV conditions
and the amount of proteins detected.

HIV infection is usually detected by antibodies to HIV
and can take up to three months to develop or by measuring
VLs in blood whereas we can detect HIV-1 proteins in
urinary EVs. In summary, urinary proteins in EVs from
HIV+ patients may allow a noninvasive method to (1) rapidly
screen for infection and identification of patients eligible for
antiretroviral treatment (ART); (2) monitor ART treatment
efficacy; and (3) diagnose HIV comorbidities.
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includes the gene symbol, human protein name, interaction
keywords, protein accession ID, and PMID of references
citing the interaction.
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