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Abstract

Background: Chemokine (C- Cmotif) ligand 5 (CCL5) and its receptor C-C motif chemokine
receptor 5 (CCR5), have been broadly studied in conjunction with infectious pathogens, however,
their involvement in cardiovascular disease is not completely understood. NADPH oxidases
(Noxs) are the major source of reactive oxygen species (ROS) in the vasculature. Whether the
activation of Noxs is CCL5/CCRS sensitive and whether such interaction initiates vascular injury
is unknown. We investigated whether CCL5/CCRS5 leads to vascular damage by activating Noxs.

Material and Methods: We used rat aortic smooth muscle cells (RASMC) to investigate the
molecular mechanisms by which CCL5 leads to vascular damage and carotid ligation (CL) to
analyze the effects of blocking CCR5 on vascular injury.

Results: CCL5 induced Nox1 expression in concentration and time-dependent manners, with

no changes in Nox2 or Nox4. Maraviroc pre-treatment (CCR5 antagonist, 40uM) blunted CCL5-

induced Nox1 expression. Furthermore, CCL5 incubation led to ROS production and activation of
Erk1/2 and NFkB, followed by increased vascular cell migration, proliferation, and inflammatory
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markers. Notably, Nox1 inhibition (GKT771, 10uM) blocked CCL5-dependent effects. In vivo,
CL induced pathological vascular remodeling and inflammatory genes and increased Nox1 and
CCR5 expression. Maraviroc treatment (25mg/Kg/day) reduced pathological vascular growth and
Nox1 expression.

Conclusions: Our findings suggest that CCL5 activates Nox1 in the vasculature, leading to
vascular injury likely via NFKB and Erk1/2. Herein, we place CCR5 antagonists and/or Nox1
inhibitors might be preeminent antiproliferative compounds to reduce the cardiovascular risk
associated with medical procedures (e.g. angioplasty) and vascular diseases associated with
vascular hyperproliferation.
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Introduction

Vascular smooth muscle cells (VSMC) are the most abundant component that constitute the
arterial walls and are extremely important for vascular homeostasis. These cells contribute
in regulating blood flow and vascular tonel:2, “Differentiated VVSMC display a quiescent,
contractile phenotype which is responsible for the majority of blood flow regulation within
blood vessels. In response to injury VSMC can switch their differentiated phenotype into
an undifferentiated migratory and proliferative phenotype. Such an event occurs in response
to different agonists (cytokines, chemokines, and peptides) and environments (hypertension
and post-angioplasty) which initiate proliferation and migration in VSMC3-7.

Chemokines are small chemotactic cytokines that assist leukocytes locate specific targets
by binding to receptors positioned at the target cell surface8°. Compelling evidence places
chemokines and their receptors as key regulators of several cardiovascular diseases0-14,
Among the chemokine family, chemokine (C-C motif) receptor 5 (CCR5) and its main
ligand (C-C motif) ligand 5 (CCLJ5), also called regulated upon activation, normal T cell
expressed and presumably secreted (RANTES), have been amply studied in infectious
diseases due to their participation as co-receptors for pathogens in immune cells10:15-17,
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However, CCR5 is expressed in many vascular cells including VSMC and endothelial

cells (ECs) 1820, CCR5 and CCLS5 often participate in the genesis and progression of
cardiovascular abnormalities in obesity, hypertension, and atherosclerosis!1:19.21.22 e
recently demonstrated that ritonavir, an antiretroviral drug, leads to vascular injury by
regulating CCR5 expression in the vasculature!®. However, the mechanisms downstream of
the CCR5 and CCLS5 interaction within the cardiovascular disease prognosis are still not
fully deciphered.

NADPH oxidases (Noxs) are enzymes comprised of membrane and cytosolic subunits.
Various stimuli cause the Noxs to become activated by forming an assembly among their
subunits in order to generate reactive oxygen species (ROS)2324, Noxs are divided into 7
different subunits, Nox1-5 and DUOX1 and 2. Nox1, Nox2, Nox4 and Nox5 (not expressed
in mouse or rat) are the best characterized in cardiovascular cells and have shown to be
involved in several cardiovascular events’-2%26, Whether CCL5/CCRS5 activates Noxs in
vascular cells and induces a vascular injury is still unknown.

Herein, we sought to test the hypothesis that CCL5 induces Nox1-derived ROS which
leads to vascular migration, proliferation, and inflammation. Our study has a clinical
direction by placing CCR5 and its ligand, as well as Nox1 as potential pharmacological
targets in cardiovascular diseases or in medical interventions associated with high vascular
proliferative status such as atherosclerosis and angioplasty.

Material and Methods

Reagents

Rat Aortic Smooth Muscle cells (RASMC) (Catalog#: R-ASM-580, Lonza Walkersville,
MD, USA); Dulbecco’s Modified Eagle Medium (DMEM) (Catalog#: 11965084 Gibco
from Thermo Fisher Scientific, Waltham, MA, USA); Fetal bovine serum (FBS)
(Catalog#: MT35010CV, Corning™, Glendale, AZ, USA); penicillin and streptomycin
(Catalog#: 15140122, Gibco from Thermo Fisher Scientific, Waltham, MA, USA);
recombinant mouse CCL5 (Catalog#: NB27623520U, R&D Systems, Minneapolis,

MN, USA); (GKT771, Genkyotex, Switzerland); Lipopolysaccharide (LPS) (Catalog#:
IAX100012M001, Adipogen Coorporation, San Diego, CA, U.S.A) Maraviroc (Catalog#
NC1746377, Princeton, NJ, USA); 2-Mercaptoethanol (Catalog#: AC125472500, Thermo
Fisher Scientific, Waltham, MA, USA) Laemmli Sample Buffer (Catalog#: 1610737,
BioRad Hercules, CA — USA); Immobilon-P poly membranes (Catalog#: S2GVU11RE,
Sigma Aldrich, St. Louis, MO, USA); Bovine serum albumin (BSA) (Catalog#: 9998
Cell Signaling, Danvers, MA, USA); Tween (Catalog#: AAJ20605AP, Fisher Scientific,
Waltham, MA, USA); anti-Nox1 (Catalog#: SAB4200097) and anti-B-actin (Catalog#:
A3854) from Sigma, St. Louis, MO, USA, anti-Nox4 (Catalog#: ab133303, Abcam
Boston, MA, USA) anti-CyclinD1 (Catalog#: 55506), anti-PCNA (Catalog#: 13110),
anti-phospho-Erk1/2 (Catalog#: 9101), and anti-Erk1/2 (Catalog#: 4695), anti-NFkB
(Catalog#: 8242), from Cell Signaling, Danvers, MA, USA); anti-p47phox (Catalog#:
sc-528334, Santa Cruz, Dallas, TX - USA), and Alexa Fluor 488 anti-rabbit secondary
antibody (Catalog#: A11008), Alexa Fluor™ 488 Phalloidin (Catalog#: A12379); enhanced
chemiluminescence luminol reagent (SuperSignal™ West Femto Maximum Sensitivity
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Substrate) (Catalog#: 34096), and NucBlue™ Fixed Cell ReadyProbes™ Reagent (DAPI),
(Catalog#: R37606, Thermo Fisher Scientific, Waltham, MA, USA); RNeasy Mini Kit
(Catalog #: 74106 Quiagen, Germantown, MD — USA); SuperScript 111 (Catalog#:
18080051, Thermo Fisher Waltham, MA USA); PowerTrack™ SYBR Green Master

Mix (Catalog #: A46111 Thermo Fisher, Waltham, MA USA); [8-amino-5-chloro-7
phenylpyridol phenylpyridol [3,4-d]pyridazinel,4(2H,3H)dione] (L012) (Catalog #: 508510,
Tocris Bioscience Minneapolis, MN, USA); Dihydroethidium (DHE) (Catalog#: D11347),
2’7’ -Dichlorodihydrofluorescein diacetate (DCFDA) (Catalog#: D399); Hanks’ Balanced
Salt Solution (Catalog#: 14025092), Mem-PER™ Plus Membrane Protein Extraction Kit
(Catalog#: 89842), Click-iT™ EdU Cell Proliferation Kit for Imaging (Alexa Fluor™ 488
dye) (Catalog#: C10337), Dimethyl Sulfoxide (DMSO) (Catalog #: J66650.K2), corn oil
(Catalog #: AC405435000), and triton X-100 (Catalog#: BP151500) from Thermo Fisher
Scientific, Waltham, MA, USA.

Vascular Smooth Muscle Cells

RASMC were maintained in DMEM containing 10% FBS, 100 U/ml penicillin and 100
pg/ml streptomycin. The complete medium was replaced by DMEM containing 0.5% FBS
before the treatments.

RASMC treatments

RASMC were stimulated with recombinant mouse CCL5 (50-300ng/mL) for 15-60 minutes
for rapid events measurements and for 8-24h for other experiments. To study the impact

of Nox1-derived ROS on CCL5-induced vascular damage, RASMC were pre-incubated
with a specific Nox1 inhibitor?® (GKT771, 1uM) 30 min prior to CCL5 incubation. LPS
(500 ng.mlI-1 for 1h)%7 was used as a positive control for NFKB activation measurement.
Maraviroc (CCR5 antagonist, 40 uM) was used to analyze whether CCL5 mediates its
effects via CCRS.

Western Blot analysis

RASMC samples were directly homogenized using 2x Laemmli Sample Buffer and
supplemented with 2-Mercaptoethanol (f-mercaptoethanol) (BioRad Hercules, California
— USA). Proteins were separated by electrophoresis on a polyacrylamide gel and
transferred to Immobilon-P poly (vinylidene fluoride) membranes. Non-specific binding
sites were blocked with 5% skim milk or 1% BSA in Tris-buffered saline solution

with Tween for 1h at 24 °C. Membranes were then incubated with specific antibodies
overnight at 4 °C. Antibodies were as follows: anti-Nox1 (1:1000), anti-Nox4 (1:1000),
anti-CyclinD1 (1:1000), anti-PCNA (1:1000), anti-phospho-Erk1/2 (1:1000), anti-Erk1/2
(1:1000), and anti-B-actin (1:10000) which was used as a loading control to ensure that
sample loading was consistent. After incubation with secondary antibodies, the enhanced
chemiluminescence luminol reagent was used for antibody detection.

Real time RT (reverse transcription)-PCR

mRNA from carotid arteries and RASMC was extracted using RNeasy Mini Kit.
Complementary DNA was generated by reverse transcription polymerase chain reaction
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(RT-PCR) with SuperScript 111. Reverse transcription was performed at 58 °C for 50 min;
the enzyme was heat inactivated at 85 °C for 5 min, and real-time quantitative RT-PCR was
performed with the PowerTrack™ SYBR Green Master Mix. Sequences of genes as listed
in the table. Experiments were performed in a QuantStudio™ 5 Real-Time PCR System,
384-well (Thermo Fisher, Waltham, MA USA). Data were quantified by 2AA Ct and are
presented by fold changes indicative of either upregulation or downregulation.

ROS measurement in RASMC

Cells were seeded in specific well plates and incubated overnight in DMEM with 0.5% FBS.
Cells were stimulated with recombinant mouse CCL5 (100ng/mL, 60 min) followed by ROS
quantification through the following methods:

L012: Cells were cultured on white clear-bottom 96-well culture plates and then were
stimulated with CCL5. The media was replaced with PBS (pH 7.4) supplemented with
CaCl, (0.9 mM) and MgS0O4 (0.49 mM) and chemiluminescence enhancer L012 (400

mM) was added and chemiluminescence measured in a LUMIstar OPTIMA Microplate
Luminometer (BMG LABTECH, Cary, NC, USA). Superoxide production was quantified as
relative light units and presented by % versus the average from the control group.

DHE: After the stimulus in 24-wells plates, RASMC were washed twice with Phosphate
Buffered Saline (PBS) and incubated with Hanks’ Balanced Salt Solution (HBSS)
containing DHE (10 uM) for 30 min in a dark and humidified container at 37°C. The
cells were then washed twice with PBS. The fluorescence signals were obtained with
fluorescence microscopy (Revolve, Echo, San Diego, California USA)’.

DCFDA: After the stimulus in 24-wells plates, RASMC were washed twice with PBS and
incubated with HBSS containing DCFDA (20 pM) for 45 min in a dark and humidified
container at 37°C. The cells were then washed twice with PBS. The fluorescence signals
were obtained with fluorescence microscopy (Revolve, Echo, San Diego, California USA).

Cytosol and membrane fractions

To evaluate the Nox1 activation, RASMC were cultured in T25 flasks and stimulated with
CCL5 (100ng/mL for 30 and 60 minutes). Cytosol and membrane fractions were isolated
by using membrane protein extraction kit following the manufacturer instructions (please
see reagents list). Western blot was utilized to detect the p47phox content in both fractions
(anti-p47phox, 1:500, Santa Cruz, Dallas, TX - USA)26:28,

Immunofluorescence for NFkB activation

RASMC were cultured on glass coverslips in DMEM, then incubated with CCL5 for 1h
either with or without GKKT771. LPS was used as a positive control. After washed, cells
were fixed and permeabilized for 10 min at room temperature with PBS containing 2%
paraformaldehyde and 0.3% Triton X-100, and then blocked with PBS/2% BSA. Anti-NFkB
antibody (1:500) incubation was performed for 1 h at room temperature in PBS/2% BSA
followed by incubation with Alexa Fluor 488 anti-rabbit secondary antibody plus phalloidin
staining solution for 60 minutes at room temperature. PBS was used to wash residual
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solution between each different step. DAPI staining was used to determine cell nuclei.
Images were acquired with a Revolve, Echo microscope (Echo, San Diego, California USA).

Phalloidin fluorescence

Cells were plated on coverslips overnight and incubated with CCL5 for 24h either with or
without GKKT771. After this period, RASMC were fixed in 3.7% formaldehyde solution
in PBS for 15 minutes at room temperature, permeabilized in 0.1% Triton™ X-100 in PBS
for 15 minutes, blocked in solution containing 1% BSA for 45 minutes at room temperature
and incubated with phalloidin staining solution for 60 minutes at room temperature. PBS
was used to wash residual solution between each different step. DAPI staining was used

to determine cell nuclei. Images were obtained using a fluorescence microscope (Revolve,
Echo, San Diego, California USA).

Cell migration assay

Cells were incubated overnight in DMEM with 0.5% FBS. Cells were stimulated with
recombinant mouse CCL5 (100ng/mL, 12h). The RASMC migration was evaluated by
boyden chamber assay. Using Transwell 24-well cell culture inserts with 8 um pores
(Thermo Fisher Scientific, Waltham, MA, USA), RASMC were harvested and added to the
insert (5 x 104 cells/well). Culture medium with or without CCL5 was added to the chamber.
In some experiments, Nox1 inhibitor was added 30 min prior to CCL5 stimulation. After 12
h, non-migrating cells were removed from upper filter surfaces, and the filter was washed,
fixed, and stained”2°. Six randomly selected filters were photographed and the number of
cells that migrated in each was determined. 0.5% FBS was used during the experiment. A
group was treated with 10% FBS was used as a positive control.

Cell proliferation assay

Animals

Click-iT™ EdU Cell Proliferation Kit for Imaging was used to measure the proliferative
status of RASMC. Cells were plated on coverslips overnight. Afterwards, they were
incubated with CCL5 for 24h with or without GKKT771. After 24h, EdU (at final
concentration of 10 pM) was incubated for 2h in a humidified container at 37°C. The
following steps of the protocol were performed according to manufacturer instruction.
DAPI staining was used to determine cell nuclei (Thermo Fisher Scientific, Waltham, MA,
USA). Images were obtained using a fluorescence microscope (Revolve, Echo, San Diego,
California USA).

12-week-old male C57BL6/J mice were used. All mice were fed with standard mouse chow
and tap water was provided ad libitum. Mice were housed in an American Association

of Laboratory Animal Care—approved animal care facility in Rangos Research Building at
Children’s Hospital of Pittsburgh of University of Pittsburgh. Institutional Animal Care and
Use Committee approved all protocols (IACUC protocol # 19065333). All experiments were
performed in accordance with The Care and Use of Laboratory Animals Guide.
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Vascular Injury model

Vascular injury was performed using the carotid artery ligation model3°. Under isoflurane
anesthesia (3%), the left common carotid artery was ligated with 6-0 suture just proximal
to the first carotid bifurcation. Carotid arteries were collected at 7 days after ligation. The
unmanipulated right carotid artery served as a control. A group of mice were treated with

a specific CCRS5 antagonist compound (Maraviroc, 25mg/Kg/day i.p)17:31. Maraviroc was
diluted in 10% DMSO and 90% corn oil. Approximately 50uL of this solution was injected
in each mouse daily.

Morphometric analysis of the vascular wall

At 7 days after ligation, ligated arteries and their respective intact counterparts were
collected, cleaned of connective tissue, immediately fixed in 4% phosphate-buffered
paraformaldehyde at pH 7.4 and embedded in paraffin blocks. Four micrometer-thick slices
were stained with hematoxylin and eosin. The lumen area (LA), lumen diameter external
diameter (ED), and internal diameter (ID) of the arteries were calculated in millimeters
using the ImageJ software. Media area/lumen area ratio was calculated as following: [(ED-
ID)/LA]. Stained sections were examined with light microscopy (Revolve, Echo, San Diego,
California USA).

Statistical Analysis

Results

For comparisons between multiple groups, one-way or two-way analysis of variance
(ANQOVA) followed by the Tukey post-test was used. Analyses were performed using Prism
9.0 software (GraphPad). A difference was considered statistically significant when P <
0.05.

CCLS5 increases Nox1 expression and activation in RASMC

To study whether CCL5 triggers Nox1 activation and expression, RASMC were stimulated
with CCL5 and Nox1 expression/activity and ROS production were analyzed. First, we
found that CCL5 incubation (50-300ng/ml for 8-24h) increased the protein and gene
expression of Nox1, with not changes in Nox2 or Nox4 (gene and protein) (Fig. 1A-D). We
also observed that CCL5 increased the p47phox protein content in the membrane fraction
after 15-30 minutes of incubation (Fig. 1E) Antagonism of CCR5 with maraviroc inhibited
CCL5-induced Nox1 expression (Fig. 1F). We measured the expression of CCR1, 3, and

5 (well-documented receptors that recognize CCL5) and CCL5 by RT-PCR to examine
whether positive feedback regulation was present and no difference was observed in any
CCRs or CCL5 (Fig. 11).

Furthermore, CCL5increased ROS production, which was analyzed by DHE and DCFDA
staining and GKT771 pre-treatment abrogated CCL5-induced ROS production (Fig. 2A-C),
suggesting that CCL5 activates Nox1 and leads to ROS production in RASMC.
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CCL5 induces vascular migration, proliferation, and cytoskeleton rearrangement via
Nox-1-dependent mechanisms

Pathological vascular remodeling is characterized by high migratory rate30:32, To identify
whether CCL5 induces vascular migration via Nox1, we stimulated RASMC with CCL5
and studied the migratory profile via scratch and Boyden chamber assays. We observed
that CCL5 induced vascular migration (Fig. 3A), cytoskeletal reorganization, and Erk1/2
phosphorylation, which were blunted by inhibiting Nox1 (Fig. 2B—C). Another aspect
involved in vascular remodeling is the elevated cell proliferation levels in the injury site.
Herein, we found that CCL5 increased the Edu+ cells, as well as PCNA, Cyclin D1,

and Ki67 (all markers for proliferation and cell cycle progression), whereas GKT771 pre-
treatment blocked CCL5-induced vascular proliferation (Fig. 4A-E).

CCLS5 activates NFKkB and increases inflammatory genes dependent on Nox1 activation

NFkB participates in inflammatory responses in multiples cardiovascular risks 33-35 we
investigated whether CCL5 induces NFKB activation dependent on Nox1 and whether such
interaction might be leading to an inflammatory response in RASMC. We first used LPS
(NFkB inducer) to validate our method of fluorescence, LPS treatment (60 min) induced
more NFkB (green) migration to the nucleus (blue). Next, we found that CCLS5, in a

manner similar to LPS, also induced NFkB translocation into the nucleus (Fig. 5A), whereas
GKT771 inhibited CCL5-induced NFkB activation. We also observed that CCLS5 treatment
increased the IL1B, TNFa, VCAM, and ICAM gene expression and Nox1 inhibition blunted
the inflammatory genes expression caused by CCLS5 (Fig. 5B).

CCR5 blockage attenuates Nox1 and CL-induced vascular remodeling and inflammation

To investigate our /n vitro findings /in vivo, we analyzed whether CCR5 may be involved in
pathological vascular remodeling and vascular inflammation in a well-characterized model
of vascular injury (carotid artery ligation, CL). 7 days post-injury, we first observed that CL
significantly elevated CCR3 and CCR5 with a pronounced increase in CCR5. No changes
were observed for CCR1 (Fig. 6). Next, we blocked CCR5, by treating mice with maraviroc
(CCRS5 antagonist), and observed a significant protection from CL-induced vascular injury,
characterized by reduction in the lumenal area and medial/lumenal areas ratio, as well

as increase in the lumen diameter (Fig. 6A-D). Furthermore, we observed that 2 mice

from ligated group developed neointima formation, whereas none in ligated + maraviroc
group did. Multiple studies have shown that 7 days of injury is not enough to induce a
consistent neointima formation3%-38, CL induced vascular inflammatory markers followed
by an increase in Nox1 gene expression with no changes in Nox2 and Nox4 (Fig. 7).
Interestingly, CCRS5 antagonist treatment minimized the vascular inflammation and blocked
elevation of injury-induced Nox1 expression.

Discussion

Vascular remodeling is a complex process that involves physical, biochemical and genetic
components3240, \/SMC migration and proliferation are key phenomena in the processes of
vascular remodeling associated with vascular disease, medical procedures, and therapeutic
treatments. Changes in vascular structure are typically triggered by alterations to blood flow,
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growth and apoptotic factors, inflammation, or fibrotic stimulus®49-43. Although it is well
known that these events and mediators lead to vascular structural changes, understanding the
mechanisms by which such abnormality occurs is still to be elucidated.

CCRS5 is a chemokine receptor broadly studied in infection diseases research?4-46. However,
its participation in cardiovascular disease is not fully understood. Studies in obesity,
hypertension, and antiretroviral treatment have shown that CCR5 plays important roles

in each process, making it a pleiotropic receptor with the ability to govern cardiovascular
structure and function119.2247 Recently we found that ritonavir, an antiretroviral drug
used in HIV infection3448:49 which was recently shown to reduce the viral load in
COVID-19°0, increases CCR5 expression in the vasculature and induces endothelial
dysfunction, seemingly mediated by Nox1-derived ROS19. Herein, we pursued experiments
to better understand whether CCR5 has any role in vascular remodeling and whether CCR5
leads to Nox1 activation.

Generally, chemokines and their receptors are potent oxidant agents that stimulate different
sources of ROS and regulate antioxidant machinery. 5156, The Nox family has been
implicated in several cardiovascular alterations, including endothelial dysfunction, vascular
inflammation and vascular growth?:19:25.26.28,57 \we found that CCL5 also has the capability
of activating the Nox family, particularly Nox1, by elevating its expression and increasing
p47phox translocation from the cytosol to the membrane (index to measure oxidase
activity)7:26.28,

Although numerous reports have shown that diverse chemokines and their receptors induce
changes in vascular profile, there is a lack of knowledge regarding their downstream
signaling?4:647. Nox1 propagates cellular responses in cardiovascular disease inducing a
high migratory and proliferative profile in VSMC328, Besides CCRS5, other chemokines
receptors recognize CCLS5 including CCR1 and CCR347:59, In this study, CCL5 regulated
Nox1 expression via CCR5, since maraviroc (CCR5 antagonist) blunted CCL5-induced
Nox1 expression. Interestingly, CCL5 seems to orchestrate the vascular profile, increasing
the migration and proliferation rates, changing the cytoskeleton organization, as well as
increasing Erk1/2 phosphorylation levels — (key protein on vascular cells profile) by
activating CCR5 and Nox1 enzyme. Multiple studies including our own 69617 haye
demonstrated the key participation of Erk1/2 in the establishment of VSMC profile.
These data suggest that CCL5 triggers a vascular injury by inducing vascular migration,
proliferation, and cytoskeleton arrangement likely via Nox1-derived ROS.

In obesity, hypertension, and atherosclerosis, chronic low-grade inflammation is a

condition frequently observed in blood vessels22:40.62.63 CCRS5 seems to be an attractive
pharmacological target to minimize vascular inflammation!1.19.22 however it is not clear by
which downstream mechanisms CCL5/CCR5 induces such change. Herein, we found that
CCL5 promotes vascular inflammation via activating Nox1, this oxidase plays a major role
in adjusting vascular inflammation in obesity, acquired or congenital lipodystrophies, and
hypertension19:25.26:57.64 |n our study we also demonstrate that CCL5 activates NFKB, a
complex that regulates transcription of inflammatory genes and cell survival®®-67, via Nox1.
Some studies have shown that NFkB is a ROS-and-Nox-sensitive complex®5:66, whereas
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others have presented that NFkB promotes Nox expression/regulation®®, indicating that

a positive feedback loop between Noxs and NFkB may exist in inflammatory diseases.

In the present study, we did not study whether NFkB inhibition confers protection from
CCL5-induced vascular inflammatory and/or injury, but others have reported that blocking
NFkB blunts the inflammatory effects under diverse environments and treatments®5:67. In
our future studies, we will seek to fill this gap.

Interestingly, we observed that CL-induced vascular injury is partially dependent on CCRS5,
as maraviroc treatmentpartly inhibited pathological vascular remodeling and inflammation
induced by CL. The role of CCR5 on vascular remodeling has been previously reported

in abdominal aortas of mice exposed to high-fat diet which was attributed to the diet-
induced hyperlipidemia®’. Here, our study focused local blood flow disturb caused by CL.
Furthermore, we observed that vascular remodeling was associated with upregulation of
Nox1 gene expression and that maraviroc treatment blunted the Nox1 expression. Using
balloon injury, Xu et al. 2012 observed an increase in Nox1 expression and activity

in VSMCT0. In another study, Lee et al 2009, showed that inhibition or loss of Nox1

was protective for injury-induced neointimal formation and stretch-induced phenotypic
modulation of VSMC38. In our study it appears that CCR5 antagonism confers vascular
protection by attenuating Nox1 expression and activity. Further investigations are necessary
to confirm such speculation.

Rodriguez et al32. suggest that oxidant enzymes, other than Nox1, might also be controlling
the vascular status under stretch-induced phenotypic modulation of VSMC. Thus, we cannot
exclude that Nox2 and/or Nox4 are involved in CCL5-induced vascular changes. Based on
our ex vivo model, we found a trending increase in Nox2 and a decrease in Nox4 in carotid
arteries after injury. In our study, we did not confirm the direct effects of CCL5 on Nox2
expression/activity in RASMC due to its lack in this cell line32. Furthermore, Nox4 has
shown vascular protective effects on vascular phenotype control®271, which suggests that
Nox4 downregulation might also participate in CL-induced vascular injury. Further studies
are necessary to determine whether reduced Nox4 has any involvement on CL-induced
vascular remodeling.

In summary, these findings show a new signaling pathway originated by CCL5 and
CCRS5 which stimulates Nox1-derived ROS, NFkB, and Erk1/2 phosphorylation to cause
a migratory and proliferative VSMC phenotype. We provide new insight into vascular
proliferative mechanisms and place CCR5 and Nox1 as possible therapeutic targets

for vascular diseases associated with uncontrolled vascular growth. In addition, CCR5
antagonists or Nox1 inhibitors might be useful as anti-proliferative agents in drug-eluting
stents to ameliorate the vascular damage following angioplasty procedures.
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Figure 1. CCLS5 induces Nox1 expression and activation via CCR5 in vascular cells.
Nox1, 2, and 4 gene expression from Rat Aortic Vascular Smooth Muscle Cells (RASMC)

treated with CCL5 (100ng/mL, 8h and 24h) (A); Nox1 (B) and Nox4 (C) protein expression
from RASMC treated with CCL5 (100ng/mL, 8h and 24h); Nox1 protein expression

from RASMC treated with CCL5 (30-300ng/mL for 24 (D); p47phox protein content in
membrane and cytosol fractions isolated from RASMC treated with CCL5 (100ng/mL,
30min and 60min) (E); Nox1 protein expression from RASMC treated with CCL5
(100ng/mL) in presence of maraviroc (40uM) (F); CCR1, 3, 5, and CCL5 gene expression
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from RASMC treated with CCL5 (100ng/mL, 8h and 24h). N=4-12. Data are presented as
mean = standard error of the mean (SEM). *P<0.05 vs vehicle; #P<0.05 vs CCL5+GKT771.
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Figure 2. CCL5 induces Nox1-derived ROS in vascular cells.

Reactive Oxygen Species analyzed by Dihydroethidium (DHE) (A), 2°,7" —
dichlorofluorescin diacetate (DCFDA) (B), and L012 (C) from RASMC treated CCL5
(100ng/mL, 60min) in presence of GKT771 (10uM); N=4-12. Data are presented as mean +
standard error of the mean (SEM). *P<0.05 vs vehicle; #P<0.05 vs CCL5+GKT771.
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Figure 3. CCLS5 induces vascular migration dependent on Nox1.

+

Effects of CCL5 (100ng/mL, 12h) on Rat Aortic Vascular Smooth Muscle Cells (RASMC)

migration analyzed by boyden chamber assay (A). Phalloidin staining (red) in RASMC
treated with CCL5 (100ng/mL for 24h) (B); Erk1/2 phosphorylation levels in RASMC
treated with CCL5 (100ng/mL for 30min and 60min). Nox1 was inhibited by GKT771

(10uM). N=4-8. White arrows mean changes in F-actin organization. Data are presented as
mean + standard error of the mean (SEM). *P<0.05 vs vehicle; #P<0.05 vs vehicle. #P<0.05

vs CCL5+GKT771.
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Figure 4. CCL5 induces vascular proliferation by activating Nox1.
Rat Aortic Vascular Smooth Muscle Cells (RASMC) staining for Edu (red) and nuclei (blue)

after 24h of CCL5 treatment (100ng/mL) (A, B); PCNA (C) and Cyclin D1 (D) protein
expression from RASMC treated with CCL5 (100ng/mL, 8h and 24h); Ki67 gene expression
from RASMC treated with CCL5 (100ng/mL, 8h and 24h). Nox1 was inhibited by GKT771
(10uM). N=4-6. Data are presented as mean + standard error of the mean (SEM). *P<0.05
vs vehicle; #P<0.05 vs vehicle. #P<0.05 vs CCL5+GKT771.
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Figure 5. CCL5 induces vascular inflammation and NFkB activation via Nox1.
NFKB activation analyzed by immunostaining NFkB (green), phalloidin (red), nuclei (blue)

in Rat Aortic Vascular Smooth Muscle Cells treated with CCL5 (100ng/mL, 60 min).
Lipopolysaccharides (500ng/mL, 60 min) was used as a positive control (A); IL1f, TNFa,
VCAM, and ICAM gene expression from RASMC treated with CCL5 (100ng/mL, 60 min).
Nox1 was inhibited by GKT771 (10uM). N=3-4. Data are presented as mean + standard
error of the mean (SEM). *P<0.05 vs vehicle.
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Figure 6. Vascular injury elevates CCR5 and CCL5 gene expression.
CCR1, CCR3, CCR5, and CCL5 gene expression in non-ligated carotid arteries and ligated

carotid arteries (7 days of ligation) from the same animal. N=4. Data are presented as mean
+ standard error of the mean (SEM). *P<0.05 vs non-ligated.
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Figure 7. CCR5 antagonist treatment alleviates vascular injury.

Representative images from non-ligated and ligated carotid arteries from animals treated
or not with maraviroc for 7 days (20mg/kg/day, i.p) (A); Quantification is presented by
lumen area (B), Lumen diameter (C), and media area/lumen area. N=5. Data are presented
as mean = standard error of the mean (SEM). *P<0.05 vs non-ligated; #P<0.05 vs ligated +

maraviroc.
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Figure 8. CCR5 antagonist treatment reduces vascular inflammatory genes and Nox1 expression.
IL1B, TNFa, VCAM, and ICAM gene expression (A); Nox1, Nox2, and Nox4 gene

expression (B) in non-ligated and ligated carotid arteries from animals treated or not with
maraviroc for 7 days (20mg/kg/day, i.p) N=4. Data are presented as mean + standard error of
the mean (SEM). *P<0.05 vs non-ligated; #P<0.05 vs ligated + maraviroc.
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Table 1.
List and sequence of primers
Target gene | Primers
Mouse Rat
Nox1 FW GGGTCAAACAGAGGAGAGCT TTCCCTGGAACAAGAGATGG
RV ATGCCTGCAACTCCCCTTAT GACGTCAGTGGCTCTGTCAA
Nox2 FW CAAGATGGAGGTGGGACAGT CAAAGCCTGTGGCTGTGATA
RV GCTTATCACAGCCACAAGCA TCCCAGCTCCCACTAACATC
Nox4 FW TGTTGCATGTTTCAGGTGGT CGGGTGGCTTGTTGAAGTAT
RV AAAACCCTCGAGGCAAAGAT AAAACCCTCCAGGCAAAGAT
CCR1 FW GCCAAAAGACTGCTGTAAGAGCC AAAGGCATGTGGCTATACCG
RV GCTTTGAAGCCTCCTATGCTGC ATCAGAAGCCCCCAGAAAGT
CCR3 FW CCACTGTACTCCCTGGTGTTCA CAGCAGAGCATACACCTGGA
RV GGACAGTGAAGAGAAAGAGCAGG | CTGTGGAAAAAGAGCCGAAG
CCR5 FW GGTTCCTGAAAGCGGCTGTAAATA | CTGCCTCAACCCTGTCATCT
RV CTGTTGGCAGTCAGGCACATC GTGTTTGCAGAAGCGTTTGA
CCL5 FW AGATCTCTGCAGCTGCCCTCA ATATGGCTCGGACACCACTC
RV GGAGCACTTGCTGCTGGTGTAG TGACAAAGACGACTGCAAGG
IL1 FW TGACGGACCCCAAAAGATGA CACCTTCTTTTCCTTCATCTTTG
RV GCTCTTGTTGATGTGCTGCT GTCGTTGCTTGTCTCTCCTTGTA
TNF FW AATGGCCTCCCTCTCATCAG GCTGTCGCTACATCACTGAACCT
RV CCTAACTGCCCTTCCTCCAT TGACCCGTAGGGCAATTACA
VCAM FW TGACAAGTCCCCATCGTTGA CGGTCATGGTCAAGTGTTTG
RV ACCTCGCGACGGCATAATT GACGGTCACCCTTGAACAGT
ICAM FW ATCACATGGGTCGAGGGTTT GGTATCCATCCATCCCACAG
RV AACCACTGCCAGTCCACATA CTCGCTCTGGGAACGAATAC
Ki67 FW CTTTGCGCCATGCTGAAACT
RV ATGACGACCTGGAACATCGG®
GAPDH FW GAGAGGCCCTATCCCAACTC GAGAGGCCCTATCCCAACTC
RV TCAAGAGAGTAGGGAGGGCT TCAAGAGAGTAGGGAGGGCT
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