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Abstract

HIV-1 enters the brain by altering properties of the blood-brain barrier (BBB). Recent
evidence indicates that among cells of the BBB, pericytes are prone to HIV-1 infec-
tion. Occludin (ocln) and caveolin-1 (cav-1) are critical determinants of BBB integ-
rity that can regulate barrier properties of the BBB in response to HIV-1 infection.
Additionally, Alix is an early acting endosomal factor involved in HIV-1 budding
from the cells. The aim of the present study was to evaluate the role of cav-1, ocln,
and Alix in HIV-1 infection of brain pericytes. Our results indicated that cav-1, ocln,
and Alix form a multi-protein complex in which they cross-regulate each other's ex-
pression. Importantly, the stability of this complex was affected by HIV-1 infection.
Modifications of the complex resulted in diminished HIV-1 infection and alterations
of the cytokine profile produced by brain pericytes. These results identify a novel
mechanism involved in HIV-1 infection contributing to a better understanding of the

HIV-1 pathology and the associated neuroinflammatory responses.
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attracted significant attention for regulating the development,
functional integrity, and the maintenance of blood-brain bar-

Pericytes are multifunctional mural cells that surround mi-
crovessels and are often in direct cellular contact with en-
dothelial cells.' They cover 30% of the abluminal surface
of endothelial cells in peripheral capillaries3 and over 90%
of brain capillaries.4 By coordinating functions with endo-
thelial cells, neurons, and astrocytes, pericytes have recently

rier (BBB).”® In addition, pericytes play a critical role in cap-
illary blood flow,” blood vessel development,9 angiogenesis,
and neuroinflammation.'®"" It was proposed that identifying
functions and the behavior of brain pericyte can be a key fac-
tor in better understanding the pathology underlying several
neurological diseases, including neuroinfections.'>"

Abbreviations: BBB, blood-brain barrier; CAV-1, caveolin-1; ESCRT, endosomal sorting complexes required for transport; HEK, human embryonic
kidney; OCLN, occludin; PRD, proline rich domain; RIPA, radioimmunoprecipitation assay; TJ, tight junction.
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HIV-1 is known to penetrate into the CNS as the result
of the systemic infection in a process that includes alter-
ations of the structural integrity of the BBB.'® One of the
most important features of the BBB is the existence of
high-resistance interendothelial tight junctions (TJs). They
are formed by integral membrane proteins, such as clau-
dins, occludin (ocln), and cytoplasmic proteins (eg, zonula
occludens proteins) that act as structural components by
limiting paracellular permeability via closing the gaps be-
tween adjacent endothelial cells."”!® While it is believed
that HIV-1 disrupts the BBB permeability by functional and
structural hindrance of TJs, recent evidence indicates that
HIV-1 can also infect brain pericytes.lg'23 Infected pericytes
can release the virus into the microenvironment, potentially
providing a previously unrecognized mechanism of HIV-1
entry into the CNS directly related to pathobiology of the
BBB.20-22

Occludin (ocln) is a transmembrane TJ protein24; how-
ever, recent evidence has shown an important role of this
protein in regulating cellular metabolism through influenc-
ing AMPK protein kinase activity, ATP production, and glu-
cose uptake.25 Importantly, ocln can control the responses
of human pericytes to HIV-1 and influence the level of in-
fection.”” Another membrane protein that is involved both in
maintaining BBB integrity and HIV-1 infection is caveolin-1
(cav-1).2?8 Cav-1 is the major structural protein of the cav-
eolae and lipid rafts, where it plays a key role in regulation
of raft-dependent endocytosis.29 As such, it is involved in
multiple cellular processes that include angiogenesis, signal
transduction, inflammation, cellular senescence, lipid regu-
lation, cancer, and apoptosis.3O'35 Studies have also related
cav-1-mediated endocytosis to epithelial TJ dynamics.36

One of the essential phases of the viral life cycle is the
budding and release of viral particles from infected cell.
Retroviruses, such as HIV-1, evolved the ability to modify
the machinery of target cells in order to promote viral egress
from the cell. While it is known that this process involves en-
dosomal sorting complexes required for transport (ESCRT)
proteins and pathways, the associated machinery of HIV-1
release is still poorly understood and has never been stud-
ied in HIV-1-infected brain pericytes. Alix is an early acting
ESCRT factor that plays a direct role in exosome biogenesis3 !
and is involved in HIV-1 budding from the cells.*®** As a
multidomain adaptor protein, Alix binds to the viral Gag pro-
tein which recruits the ESCRT factor to facilitate membrane
fission and virion release.*’

The goal of the present study was to evaluate the role of
proteins involved in membrane plasticity during HIV-1 in-
fection of human brain pericytes. Our results demonstrate
for the first time that cav-1, ocln, and Alix form a complex
that is affected as a result of pericytes infection with HIV-1.
Importantly, modifications of this complex can regulate the
rate of HIV-1 infection and egress from infected cells.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Primary human brain vascular pericytes (ScienCell, Carlsbad,
CA, USA, Cat# 1200) belonging to five different lots were
maintained in pericyte-specific growth medium (ScienCell,
Cat# 1201) supplemented with fetal bovine serum (FBS; 2%),
growth factors, 100 units/mL of penicillin, and 100 ug/mL of
streptomycin. Cells were used from passages 2 to 7. Human
embryonic kidney (HEK)-293T cells (ATCC, Manassas, VA,
USA, Cat# CRL-11268) were cultured in DMEM (Thermo
Fisher Scientific, Carlsbad, CA, USA, Cat#11995-065) sup-
plemented with 10% of FBS (ScienCell, Cat# 0500), penicil-
lin 100 units/mL, and 100 pg/mL of streptomycin (Thermo
Fisher Scientific, Cat# 15140-122). Cultures were main-
tained in 5% of CO, at 37°C.

2.2 | HIV-1 production, infection, and
quantitation

HIV-1 pNL4-3 was obtained from the NIH AIDS Reagent
Program (Division of AIDS, NTAID, National Institutes of
Health). HIV-1 pNL4-3 encoding interdomain green fluo-
rescent protein (iGFP) was kindly provided by Dr Mario
Stevenson (University of Miami, Florida, FL, USA). Viral
stocks were produced in HEK-293T cells by transfec-
tion with 50 pg of proviral DNA plasmid per 107 cells
using Lipofectamine 2000 (Thermo Fisher Scientific,
Cat# 11668-027). After 24 hours, medium was changed to
Opti-MEM (Thermo Fisher Scientific, Cat# 11058-021).
Two days later, supernatants were collected, filtered using
0.45 um-pore size filter (Millipore Sigma, Massachusetts,
MA, USA, cat# 430314), concentrated using weight ex-
clusion columns (Millipore Sigma, Cat# UFC905024),
aliquoted, and stored in —80°C. p24 antigen, the major
structural component of HIV-1, was analyzed in cell cul-
ture media for quantification of HIV-1 production using
HIV-1 p24 Antigen ELISA 2.0 according to the manufac-
turer's instructions (ZeptoMetrix, Buffalo, NY, USA, Cat#
0801008). Pericytes were infected by incubation with
60 ng/mL of HIV-1 p24.

2.3 | Gene overexpression and silencing

Cav-1, ocln, and Alix silencing was performance using the
following small interfering RNA (siRNA): anti-occludin
27-mer siRNA (h): Cat# SR321170, anti-caveolin-1 27-
mer siRNA (h): Cat# SR319567 (OriGene, Rockville, MD,
USA), and anti-Alix siRNA (h): Cat# sc-60149 (Santa Cruz
Biotechnology, Dallas, TX, USA). Trilencer-27 universal
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scrambled (SCR) silencer negative control siRNA Cat#
SR30004 (OriGene) was used as nonspecific control
siRNA. Pericytes were transfected by Amaxa Nucleofector
Technology with 1 ug siRNA or control siRNA per 10°
cells using the Basic Nucleofector Kit originally de-
signed for primary mammalian endothelial cells (Lonza,
Switzerland, EU, Cat# VPI-1001). Next day, cells were
washed and allowed to recover in normal pericyte medium.
For ocln overexpression experiments, ocln cDNA cloned
into the pCM V6 plasmid was obtained from OriGene (Cat#
RC206468). As a negative control, the pCMV6 plasmid
(OriGene Cat# PS100001) was used. Cells were trans-
fected with 2 g of ocln overexpressing vector per 10° cells
or negative control vector by using Amaxa Nucleofector
Technology.

2.4 | Immunoblotting

Pericytes were washed with phosphate-buffered saline
(PBS) and lysed using Radioimmunoprecipitation Assay
(RIPA) buffer (Santa Cruz Biotechnology, Germany, EU,
Cat# sc-24948a) with protease inhibitors. Protein con-
centration was measured using BCA Protein Assay Kit
(Thermo Fisher Scientific, Cat# 23223). All samples were
separated on a 4%-20% Mini-PROTEAN TGX Stain-Free
Protein Gels (Bio-Rad Laboratories, Hercules, CA, USA
Cat# 4568094) and electrotransferred onto PVDF mem-
brane using the Trans-Blot Turbo Transfer System (Bio-
Rad Laboratories, Cat# 170-4159). The blots were blocked
with 5% of bovine serum album (BSA, Sigma-Aldrich,
San Luis, MO, USA, Cat# A7906-500G) and incubated
overnight at 4°C with the following primary antibodies
(1:1000): mouse anti-Alix (Bio-Rad Laboratories, Cat#
VMAO00273); rabbit anti-Alix (Invitrogen, Carlsbad, CA,
USA, Cat # PAS5-52873); rabbit anti-occludin (Thermo
Fisher Scientific, Cat# 71-1500); mouse anti-occludin
(Thermo Fisher Scientific, Cat# 33-1500); rabbit anti-ca-
veolin-1 (Thermo Fisher Scientific, Cat# PA1-064); and
mouse anti-caveolin-1 (BD Biosciences, San Jose, CA,
USA, Cat# 610058) in 5% of BSA-TBS. The next day, sam-
ples were washed three times with TBS-0.05% of Tween
20 for 5 minutes and incubated for 1 hour with secondary
antibody (1:20 000, LI-COR, Lincoln, NE, USA, Cat# 926-
32210, Cat# 926-68070, Cat# 926-32211, cat# 926-68071)
in 5% of BSA-TBS. After three times washes with TBS-
0.05% of Tween 20, immunoblots were visualized by Licor
CLX imaging system. Image Studio 4.0 software (LI-
COR) was used for signal quantification. Target protein
levels were normalized to anti-GAPDH (1:20 000, Novus
Biologicals Cat# NB600-502FR or Cat# NB600-5021R) or
rabbit polyclonal anti-a-tubulin antibody (1:1000, Thermo
Fisher Scientific, Cat# 11224-1-AP).

= 16321
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2.5 | Immunoprecipitation

Pericytes were lysed in NP-40 buffer containing fresh
added protease and phosphatase inhibitor cocktail solution
(Roche, Basel, Switzerland, EU, Cat# 11697498001). A
total of 600 pg of protein lysate was incubated with 1 pug of
rabbit anti-caveolin-1 antibody (Thermo Fisher Scientific,
Cat# PA1-064) with gentle rotation. After 24 hours rota-
tion, the samples were incubated for 1 hour with 25 pL
protein A/G PLUS-Agarose (Santa Cruz Biotechnology,
Cat# sc-2003). To collect the immune complex, samples
were centrifuged at 5000 rpm for 3 minutes, and both the
pellets and the supernatants were collected. The immuno-
precipitates were washed three times in NP-40 lysis buffer
and analyzed by immunoblotting. GAPDH was analyzed
as control.

2.6 | Immunofluorescence

Pericytes were grown on a glass coverslip coated with
10 mg/mL of poly-L-lysine (Millipore Sigma, Cat#
P8920). To visualize cellular membranes, cells were in-
cubated for 20 minutes at 37°C with the CellBrite DiB
Blue Cytoplasmic Membrane Dye (Biotium, Fremont, CA,
USA, Cat# 30024), followed by washing three times with
pericytes growth medium. Cells were fixed with 4% of
paraformaldehyde for 15 minutes and permeabilized with
PBS containing 0.2% of Triton X-100 for 15 minutes. To
prevent nonspecific binding, cells were washed with PBS
and blocked for 1 hour with 3% of BSA in TBS. Coverslips
were then incubated with rabbit anti-caveolin-1 antibody
(Thermo Fisher Scientific, Cat# AP1-064), or mouse anti-
Alix (Bio-Rad Laboratories, Cat# VMAO00273), over-
night at 4°C in a humidified atmosphere. All antibodies
were diluted at 1:100 in 3% of BSA in TBS. After the
excess of the primary antibody was removed, the slides
were washed three times with PBS and incubated for
1 hour with Alexa Fluor 488- (Thermo Fisher Scientific,
Cat# A12379) or 647- (Thermo Fisher Scientific, Cat#
A31571) secondary antibodies (1:400 in 3% BSA in TBS,
Thermo Fisher Scientific). Next day, coverslips were in-
cubated with mouse anti-occludin 594 conjugate antibody
(1:100, Thermo Fisher Scientific, Cat# 331594) overnight
at 4°C in a humidified atmosphere. The coverslips were
washed three times with PBS and mounted with ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific,
Cat# P36961) or Vectashield Antifade Mounting Medium
with DAPI to visualize the nuclei (Vector laboratories,
Burlingame, CA, USA, Cat# H-1500). The images were
captured with Olympus FLUOVIEW 1200 Laser Scanning
Confocal Microscope (Olympus, Center Valley, PA, USA).
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2.7 | Multiplex cytokine assay ELISA

The quantitative determination of inflammatory cytokines in
culture medium was performed using a Bio-Plex Pro Human
Cytokine 27-plex Assay with a Bio-Plex MAGPIX multi-
plex reader (Bio-Rad Laboratories, Cat# M5S00KCAFOQY).
The assay was conducted in a 96-well plate according to the
manufacturer's instructions, and the levels of cytokines were
calculated in pg/mL.

2.8 | Statistical analysis

Statistical analyses were performed with GraphPad Prism 6
(GraphPad Software, La Jolla, CA, USA). Statistical signifi-
cance between the control and experimental group in vitro
analyses was performed by using the two-way ANOVA fol-
lowing by Turkey's multiple comparisons test or Student's #-
test. The significance level was set at P < .05.

3 | RESULTS
3.1 | HIV-1 infection affects cav-1, ocln, and
Alix expression in brain pericytes

We first evaluated the impact of HIV-1 infection on expres-
sion of cav-1, ocln, and Alix in brain pericytes. The cells were
mock-infected or infected with HIV-1 for 48 or 72 hours, and
the expression of targeted proteins was evaluated by immu-
noblotting. These experimental time points were based on
earlier results from the laboratory that demonstrated that HIV
infection in brain pericytes results in a dual-stage response
pattern influenced by occludin expression levels and picks at
48 hours.'""?° After 48 hours infection, a significant decrease
in ocln levels and an increase in the expression levels of Alix
were observed. No changes, however, were found in cav-1
expression (Figure 1A). Conversely, the levels of cav-1, ocln,
and Alix were all elevated when pericytes were infected by
HIV-1 for 72 hours (Figure 1B), indicating that the levels of
these proteins fluctuate in the course of infection. The kinetics
of ocln, cav-1, and Alix changes were confirmed by immu-
nostaining 48 and 72 hours post HIV-1 infection (Figure 1C).

3.2 | Cav-1, ocln, and Alix form a multi-
protein complex in mock-infected and HIV-1-
infected brain pericytes

Taking into consideration that a) the expression of cav-1,
ocln, and Alix is modified by HIV-1, b) all three proteins
are involved in HIV-1 infection, and c) all three proteins
also play a role in membrane plasticity, we investigated if

they could interact among themselves and form a complex.
Indeed, Alix is an all-helical protein with multiple charged
patches. It is likely that these charged patches may allow
Alix binding to tyrosine motifs in helical bundles in ocln and
cav-1 (Figure 2A).

The lysates of mock-infected pericytes were incubated
with cav-1-antibody, and the precipitates were probed for
the presence of ocln and Alix. The results of these co-im-
munoprecipitation studies strongly suggested that cav-1,
ocln, and Alix can form a multi-protein complex (Figure 2B).
Indeed, both ocln and Alix were found in cav-1 precipitates.
Moreover, no traces of ocln or Alix were determined in the
supernatants post co-immunoprecipitation, indicating a
high-efficiency binding with cav-1 (Figure 2B). In the next
series of experiments, we evaluated if this complex can be
affected in pericytes infected with HIV-1. Brain pericytes
were infected with HIV-1 for 48 hours, followed by immu-
noprecipitation of cell lysates with anti-cav-1 antibody and
probing the precipitates for ocln and Alix. As indicated in
Figure 2C, the formation of the cav-1-ocln-Alix complex
was not affected by HIV-1 infection, mirroring the results
from mock-infected pericytes. To support these results, we
next performed immunostaining assay on both mock-infected
and infected pericytes (Figure 2D,E). As illustrated, several
focal colocalization spots between cav-1, ocln, and Alix were
identified, confirming spatial interactions between these pro-
teins (arrows in Figure 2D,E). The complex is localized pri-
marily to the membrane and submembrane compartments in
mock-infected cells. Following HIV-1 infection, the colocal-
ization spots between cav-1, ocln, and Alix appear also in the
cytoplasm, potentially reflecting the intracellular movements
of these proteins during the infection (Figure 2E).

3.3 | Cav-1,ocln, and Alix regulate each
other expression

After noting that cav-1, ocln, and Alix form a complex in
human brain pericytes, we investigated the molecular in-
teractions between these proteins and their impact on each
other's expression. We also evaluated if interactions between
these proteins could be affected in HIV-1-infected pericytes.
Pericytes were transfected either with cav-1 siRNA, an ocln
expression vector, or Alix siRNA. Cells were then either
mock-infected or infected with HIV-1 for 48 hours, and the
expression of individual proteins was evaluated by immuno-
blotting (Figures 3-5).

Cav-1 silencing was effective in both mock and HIV-1-
infected cultures, decreasing cav-1 expression by 81% and
80%, respectively (Figure 3A,B). In mock-infected cells,
cav-1 knockdown significantly increased ocln levels by 99%;
an effect that was significantly attenuated upon infection with
HIV-1 (an increase by only 31%) (Figure 3C). Conversely,
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HIV-1 infection alters cav-1, ocln, and Alix expression in brain pericytes. Pericytes were either mock-infected or infected with

60 ng/mL HIV-1 p24 for 48 h (A) or 72 h (B). The expression of cav-1, ocln, and Alix was evaluated by immunoblotting. GAPDH was used as a
loading control. C, Representative immunostaining images of cav-1 (green), ocln (red), and Alix (purple) in mock-infected or HIV-1-infected for
48 or 72 h. Alix expression intensity was increased by the same factors in all groups to allow for better visualization. Graphs show the mean + SD
from three independent experiments. ****P < .0001, **P = .003, *P < .0449, n = 4-9 per group; scale bars, 20 um

cav-1 silencing was ineffective in changing Alix expression

in both mock and HIV-1-infected pericytes (Figure 3D).
Effectiveness of ocln overexpression is illustrated in

Figure 4A,B. Upon transfection with ocln expression vector,

ocln levels increased by 1200% in mock-infected cells and
by 900% in HIV-infected cultures. Ocln overexpression
significantly decreased protein expression of cav-1 by
32% (Figure 4C) in mock-infected pericytes. Importantly,
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Immunostaining of cav-1 (green), ocln (red), and Alix (purple) in mock-infected or HIV-1-infected for 48 h. E, Cellular localization of the cav-1,
ocln, and Alix complex in mock-infected or HIV-1-infected for 48 h. Cell membranes are visualized by blue fluorescent dye DiB (left panel).
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this impact on downregulation of cav-1 was not observed
in ocln-overexpressing pericytes upon HIV-1 infection
(Figure 4B). Ocln overexpression did not affect Alix expres-
sion (Figure 4C).

Silencing of Alix decreased its protein level by 51% in
mock-infected and by 62% in HIV-1l-infected pericytes
(Figure 5A,B). Alix downregulation significantly decreased
ocln protein expression in mock-infected cells by 26%; how-
ever, this effect was not observed when pericytes were in-
fected with HIV-1 (Figure 5C). Silencing of Alix did not
affect cav-1 protein levels in both mock-infected and HIV-1-
infected cells (Figure 5D).

3.4 | Modifications of the cav-1,
ocln, and Alix complex regulates HI'V-1
infection and egress

In order to address the importance of the cav-1-ocln-
Alix complex in HIV-1 pathology, we evaluated whether
its modifications could modulate HIV-1 infection.
Specifically, p24 was analyzed as the marker of active HIV
replication in the supernatants of cell cultures with silenced
cav-1, overexpressed ocln, and/or silenced Alix, and in-
fected with HIV-1. The results indicate that all employed
manipulations of the cav-1-ocln-Alix complex resulted in
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downregulation of p24 levels in cell culture media, indi-
cating diminished HIV-1 replication (Figure 6A). When
all three factors were employed together (the last bar on
Figure 6A), there was no potentiation of the effect as com-
pared to treatments with these agents alone. However, indi-
vidual siRNA and occludin-overexpression construct were
employed at half concentrations in this combined treatment
(0.5 pg cav-1 and Alix siRNA each, plus 1 pg pCDNA-
occludin per 10° cells) as compared to single treatments in
order to avoid cell toxicity (1 pg siRNAs and 1 ug pCDNA-
occludin per 10° cells).

We then exposed new cultures of mock-infected peri-
cytes to the conditioned media obtained from HIV-1-infected
pericyte cultures from Figure 6A. As shown in Figure 6B,
exposure to conditioned media increased p24 production,
indicating that HIV-1 particles generated in Figure 6A were
released to cell culture media and retained their infectivity.
The most pronounced infection was observed when brain
pericytes were exposed to the conditioned medium collected
from HIV-1-infected wild-type pericytes. Conditioned media
collected from infected pericyte cultures subjected to silenc-
ing of cav-1, overexpression of ocln, and/or silencing Alix
were less infectious (Figure 6B), largely mirroring the results
from Figure 6A.

We also infected wild-type pericytes and pericytes with
silenced cav-1, overexpressed ocln, and/or silenced Alix
with HIV-1 pNL4-3 engineered to encode interdomain GFP

as a transcriptional reporter (Figure 6C). Then, HIV-1 tran-
scription efficiency was quantified by GFP fluorescence
(Figure 6D). The results indicate a significant reduction in
HIV-1 transcriptional efficiency as the outcome of the em-
ployed cav-1, ocln, or Alix modifications. Similar to the re-
sults in Figure 6A,B, Acombined exposure to all three factors
did not potentiate the effect on HIV-1 infection as compared
to single treatments. However, like Figure 6A, siRNAs and
the ocln overexpression construct were used at half concen-
trations in the combined experiments in order to avoid cell
toxicity.

3.5 | HIV-1infection and/or
modulation of the cav-1-ocln-Alix complex
affect cytokine production by brain pericytes

HIV-1 infection and/or disruption of the BBB integrity pro-
mote neuroinflammatory responses; processes that are con-
sistent with the observations that patients living with HIV-1
suffer from inflammatory conditions.*! Therefore, we evalu-
ated the impact of the modification of the cav-1, ocln, Alix
complex on pro-inflammatory responses in mock-infected
and HIV-1-infected pericytes. A total of 27 inflammatory
cytokines were analyzed in cell culture media using a cus-
tomized Cytokines Multi-Analyte ELISArray Kit. The lev-
els of IL-13, GM-CSF, IL-1, IL-4, IL-8, and MIP-1a were
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FIGURE 5 HIV-1 infection obliterates Alix-mediated regulation of ocln expression. Pericytes were transfected with 1 pg Alix siRNA per 10°
cells and either mock-infected or HIV-1-infected with 60 ng/mL HIV-1 p24 for 48 h. The expression of Alix, ocln, and cav-1 was evaluated by
immunoblotting (A) and compared among groups. GAPDH was used as a loading control. Alix silencing (B) resulted in downregulation of ocln

in mock-infected pericytes and this effect was obliterated in HIV-1-infected pericytes (C). Alix silencing did not affect cav-1 levels (D). Graphs
indicate the mean + SD from three independent experiments. ****P < .0001, **P = .003, *P < .0449, n = 4-9 per group

non-detectable in the media. In addition, no significant dif-
ferences were found in IL-12, IL-17A, IL-1ra, IL-5, IL-7,
and VEGF among the employed experimental groups. The
levels of anti-inflammatory INF-y, IL-10, IL-15, and G-CSF
were significantly decreased in cell culture media of HIV-
I-infected pericytes (Figure 7A-D, respectively), while
the levels of pro-inflammatory IL-6, MCP-1 (CCL2), and
RANTES (CCL5) significantly increased after HIV-1 in-
fection (Figure 7E-G, respectively). Overall, infection for
72 hours produced more advanced changes as compared to
48 hours post infection. In addition, media levels of INF-y,
G-CSF, RANTES, MIP1-f, and IP-10 significantly increased
as the result of ocln overexpression (Figure 7A,D,G-I, re-
spectively), while MCP-1 levels significantly decreased
(Figure 7F).

4 | DISCUSSION

Prominent alterations of the BBB integrity that occur during
HIV-1 infection*** may contribute to the development of
neurocognitive disorders in infected individuals. However,
the direct interactions of HIV-1 with cells composing the
BBB, and especially with BBB pericytes, are not well un-
derstood. Our group reported that brain pericytes express the
main HIV-1 receptor, CD4, HIV-1 co-receptors CCR5 and
CXCR4, and that these cells are prone to HIV-1 infection.'
Several studies confirmed these results, identifying brain

pericytes as an important player in HIV-1 infection. 11.20.22.23.44

We recently proposed that pericytes might be HIV-1 reser-
voir cells in the CNS, as they can alternate from productive
HIV-1 infection to latent steps of the viral cycle.22 The im-
portance of these findings stems from the fact that infection
of pericytes may provide a gateway for HIV-1 to enter brain
parenchyma. To support this notion, we demonstrated that
HIV-1 is released from infected pericytes and can effectively
infect new cell populations20 (Figure 6).

Retroviruses such as HIV-1 evolve to modify the machin-
ery of the host cell in order to promote all phases of viral
life cycle, including egress from the cell. While HIV-1 entry
and replication are relatively well understood, HIV-1 egress
and the role of host cellular machinery in this process are
understudied. In particular, no studies were performed on the
mechanisms regulating HIV-1 egress from infected pericytes.
The current study closes this gap and it is built on the premise
that proteins involved in membrane plasticity, such as cav-1,
ocln, and/or Alix can be subjected to HIV-1-mediated regu-
lation, and in turn, influence HIV-1 life cycle and active in-
fection. Indeed, a correlation between the time lapsed HIV-1
infection of pericytes and the expression levels of cav-1, ocln,
and Alix was found in the present study. Specifically, ocln ex-
pression significantly decreased 48 hours after infection, fol-
lowed by elevated levels at the later stages of infection, such
as 72 hours. Cav-1 expression levels were found to be unal-
tered 48 hours following HIV-1 infection; however, they were
significantly increased at 72 hours. Finally, Alix expression
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FIGURE 7 HIV-I infection and/or modifications of the cav-1/ocln/Alix complex affect anti- and pro-inflammatory cytokine profile in

pericytes. Pericytes were transfected with cav-1 siRNA (Cav-1-), ocln expression vector (Ocln+), or Alix siRNA (Alix-) as in Figure 5 and either
mock-infected or HIV-1-infected for 48 or 72 h. Cytokine levels were analyzed in cell culture media by Bio-Plex Pro Human Cytokine assay

kit. INF-y levels decreased to non-detectable (#) concentrations after HIV-1 infection in control, cav-1-, and Alix- pericyte cultures. The data are
mean + SEM from two independent experiments. ****P < .0001, ***P = .0002, **P = .003, *P < .0449, n = 4 per group

levels demonstrated a direct correlation with the time lapsed
following HIV-1 infection as they steadily increased both 48
and 72 hours after infection (Figure 1).

Taking into consideration the coordinated responses of
cav-1, ocln, and Alix in response to HIV-1 infection, we next
hypothesized that they may form a structural and/or func-
tional complex that plays a role in HIV-1 life cycle. Our novel
results indicate that cav-1, ocln, and Alix co-immunoprecip-
itate with each other and colocalize in human brain pericytes
(Figure 2). These findings agree with the report that cav-1
can co-immunoprecipitate with ocIn®*® in MDCK 1I cells
and that these proteins also associate in T84 monolayers.47
Studies have also indicated that cav-1-dependent endocytosis
may play an important role in epithelial TJ dynamics, partic-
ularly in the regulation of ocln endocytosis. It was demon-
strated that this process followed myosin light-chain kinase
(MLCK) activation and appeared to be necessary for TNF-
induced regulation of TJ composition and function.*** In
addition, cav-1 was shown to be involved in ocln recycling
in brain endothelial cells.*’ However, the formation of the
cav-1-ocln complex in non-barrier forming cells, such as
pericytes, as well as the presence of Alix in this complex are
novel observations.

Our novel results indicated that cav-1, ocln, and Alix not
only form a multi-protein complex, but also cross-regulate
each other's expression (Figures 3-5). Specifically, the lev-
els of cav-1 influenced ocln expression but not Alix levels.
Ocln levels had a strong regulatory impact on cav-1 expres-
sion but did not affect Alix. On the contrary, Alix expression
influenced cellular ocln levels. HIV-1 infection diminished
the regulatory abilities of the individual components of this
complex to influence each other's expression. Nevertheless,
the cav-1-ocln-Alix complex was preserved even in infected
pericytes.

In order to further clarify the role of the cav-1, ocln, and/
or Alix in HIV-1 infection, we investigated if modification
of the expression of these proteins can impact viral replica-
tion and production of the HIV-1 capsid protein p24, the in-
dicator of active HIV-1 infection. Our compelling and novel
data indicates that silencing cav-1 can attenuate the transcrip-
tional efficiency and the active production of p24 by HIV-1-
infected pericytes (Figure 6). These results support the notion
that the multifaceted functions of cav-1 may be involved in
the pathogenesis of HIV-1 infection. For example, it has been
reported that HIV-1 infection upregulates the expression
of cav-1 in macrophages.50 Cav-1 could serve as an early,
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critical modulator responsible for signaling pathways that re-
sults in the disruption of TJs proteins. Contrasting our results,
selected reports have demonstrated that cav-1 overexpression
inhibits HIV-1 replication in macrophages.28 Other studies,
however, have suggested that cav-1 may serve as an effective
target for protecting against HIV-1-related disruption of the
BBB.' Silencing the cav-1 gene has also been described as
having a key role in protecting against HIV-1 by defending
against HIV-1 Tat-induced downregulation of ocln.>?

Modification of the cav-1-ocln-Alix complex by over-
expression of ocln also resulted in a prominent decrease in
p24 levels in HIV-1-infected pericyte cultures (Figure 6).
These findings are consistent with our reports® in which we
characterized ocln as a novel NADH oxidase that inhibits
HIV-1 transcription by controlling SIRT-1 expression and
activation in human brain pericytes. The inverse relationship
between ocln and HIV-1 transcription was further substan-
tiated when it was shown that occludin silencing resulted in
75% and 250% increase in viral transcription in human pri-
mary macrophages and differentiated monocytic U937 cells,
res.pectively.25

Like cav-1, silencing Alix also resulted in a decrease
in p24 release and HIV-1 egress by infected pericytes
(Figure 6). Alix is a part of ESCRT machinery, and its inter-
action with HIV-1 has been described.”? However, the exact
role and function of Alix in HIV-1 life cycle remain elusive.
Some studies suggested that Alix has only a minor effect on
HIV-1 budding.54'56 However, other reports described an in-
tegral role of Alix in HIV-1 release and increased virus pro-
duction.’”® The results of the current study are consistent
with the latter observations. Indeed, among the components
of the cav-1-ocln-Alix complex, the most prominent impact
on decreasing p24 levels was observed upon Alix silencing.

Patients living with HIV-1 suffer from inflammatory
conditions“; therefore, we evaluated the expression level
of cytokines produced by pericytes upon modification of
the cav-1-ocln-Alix complex in mock-infected and HIV-1-
infected pericytes. Our results indicated that the levels IL-10,
IL-15, INF-y, and G-CSF were lower in HIV-1-infected peri-
cytes in comparison to mock-infected pericytes. In contrast,
IL-6, MCP-1/CCL-2, and RANTES exhibited elevated lev-
els when pericytes were infected with HIV-1. These results
concur with the well-established anti-inflammatory role of
IL-10 and the pro-inflammatory impact of IL-6, MCP-1, and
RANTES,60’61 whose expression has been correlated with
HIV-1 replication.62 In the case of INF-v, several studies sug-
gested its anti-inflammatory role in the CNS,* and G-CSF
has been described either as an anti- or pro-inflammatory cy-
tokine, and/or immunomodulatory factor that suppresses the
production of pro-inflammatory cytokines.64'66

In addition to changes in cytokine profiles due to HIV-1
infection, we also observed profound alterations of cyto-
kine production upon modification of the cav-1-ocln-Alix

complex. Specifically, ocln overexpression resulted in eleva-
tion of RANTES, INF-y, G-CSF, MIP1-b, and IP-10, as well
as a decrease in MCP-1/CCL-2. These patterns of change re-
flect both strong anti- and pro-inflammatory responses. The
role of RANTES, INF-y, MCP-1/CCL2, and G-CSF in HIV-1
infection was addressed above. MIP1 plays a role as an HIV-
1-suppressive factor®’; contrarily, IL-10 is pro-inflammatory
and induces chemotaxis, apoptosis, cell growth, and angiosta-
sis by binding to the CXCR3 receptor. These results confirm
the impact of both HIV-1 infection and the cav-1-ocln-Alix
complex on the cytokines profile, which includes stimulation
of both anti- and pro-inflammatory cytokines, and, as such, is
likely to modulate the overall neuroinflammatory responses
in HIV-1-infected brains.

In conclusion, we have described for the first time that
cav-1, ocln, and Alix form a multi-protein complex in
human brain pericytes. These proteins can regulate each
other, and their interactions are affected upon HIV-1 in-
fection. Additionally, we presented evidence that modula-
tion of the cav-1-ocln-Alix complex results in diminished
HIV-1 replication. These findings provide novel cellular
mechanisms involved in HIV-1 infection of brain pericytes
that contribute to a better understanding of the pathology
of brain infection by HIV-1 and the associated neuroin-
flammatory responses.
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