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Summary
Background Thrombo-inflammation is an important checkpoint that orchestrates infarct development in ischemic  eBioMedicine 2022;84:
stroke. However, the underlying mechanism remains largely unknown. Here, we explored the role of endothelial 104275

Caveolin-1 (Cav-1) in cerebral thrombo-inflammation. Published online xxx
https://doi.org/10.1016/j.

Methods The correlation between serum Cav-1 level and clinical outcome was analyzed in acute ischemic stroke ebiom.2022.104275

patients with successful recanalization. Genetic manipulations by endothelial-specific adeno-associated virus (AAV)
and siRNA were applied to investigate the effects of Cav-1 in thrombo-inflammation in a transient middle cerebral
artery occlusion (tMCAO) model. Thrombo-inflammation was analyzed by microthrombosis formation, myeloid cell
infiltration, and endothelial expression of adhesion molecules as well as inflammatory factors.

Findings Reduced circulating Cav-1, with the potential to predict microembolic signals, was more frequently
detected in recanalized stroke patients without early neurological improvement. At 24 h after tMCAO, serum Cav-1
was consistently reduced in mice. Endothelial Cav-1 was decreased in the peri-infarct region. Cav-1~/~ endothelium,
with prominent barrier disruption, displayed extensive microthrombosis, accompanied by increased myeloid cell
inflammatory infiltration after tMCAO. Specific enhanced expression of endothelial Cav-1 by AAV-Tie1-Cav-1 remark-
ably reduced infarct volume, attenuated vascular hyper-permeability and alleviated thrombo-inflammation in both
wild-type and Cav-1~/~ tMCAO mice. Transcriptome analysis after tMCAO further designated Rxrg as the most sig-
nificantly changed molecule resulting from the knockdown of Cav-1. Supplementation of RXR-y siRNA reversed
AAV-Tie1-Cav-1-induced amelioration of thrombo-inflammation without affecting endothelial tight junction.

Interpretation Endothelial Cav-1/RXR-y may regulate infarct volume and neurological impairment, possibly
through selectively controlling thrombo-inflammation coupling, in cerebral ischemia/reperfusion.
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Research in context

Evidence before this study

The concerted action of the thrombotic and inflamma-
tory pathway plays a pathogenic role in promoting
infarct progression in cerebral ischemic stroke. Target-
ing platelet-leukocyte interaction has been proven
effective. Endothelial dysfunction is the early prerequi-
site of thrombo-inflammatory events in cerebral I/R
injury. However, except for the published role of endo-
thelial vWF, little is known about the mechanism under-
lying the involvement of inflamed endothelium in
microthrombosis. Previous studies have suggested cav-
eolin-1 (Cav-1) is required in maintaining vascular
homeostasis.

Added value of this study

We find an important clinical association of circulating
Cav-1 level with early neurological improvement in
recanalized stroke patients. Mechanistically, endothelial
Cav-1, independent of the caveolae organelle, is respon-
sible to regulate thrombo-inflammatory activity in the
peri-infarct area. Furthermore, we designate RXR-y as a
downstream effector of Cav-1. Regulation of microvas-
cular Cav-1/RXR-y signaling selectively manipulates
microthrombus formation and vascular inflammation
without affecting microvascular permeability.

Implications of all the available evidence

In cerebral I/R injury, specific regulation of endothelial
Cav-1/RXR-y controls the coupling of thrombosis and
inflammation, which could further mediate tissue dam-
age. Our study suggests that endothelial Cav-1/RXR-y
signaling might be a specific checkpoint under ischemic
thrombo-inflammatory conditions.

unfavorable outcomes in a considerable proportion of
patients.”” * Microvascular events, which depend on the
concerted action of immune cells and platelets, are
most likely to be responsible for the ongoing infarct
development.® 7 At the sites of vascular ischemic injury,
the binding of platelets on endothelial von Willebrand
factor (VWF) triggers initial deposition and activation of
platelets, followed by coagulation system activation.® '°
The activation of coagulation throughout the microcir-
culation is always accompanied by an intense inflamma-
tory response in ischemia/reperfusion (I/R) injury."
Upregulation of endothelial cell adhesion molecules,
such as vascular cell adhesion molecule-1 (VCAM-1) and
intercellular cell adhesion molecule-1 (ICAM-1), in the
microvasculature, associated with platelet-leukocyte
adhesion, promotes the recruitment of immune cells
and guide inflammation in response to ischemia.”™ "
As thrombosis promotes inflammation, the immune
cells, in turn, could stimulate thrombus formation.'®
Several recent findings demonstrate that concurrent

targeting of both thrombotic and inflammatory pro-
cesses could afford protections for acute ischemic
stroke,”7'® suggesting that thrombo-inflammation may
be therapeutically targetable.

The endothelium is a critical regulator of thrombo-
inflammation.”® Quiescent endothelial cells in the
microvasculature have natural properties of anticoagu-
lant and anti-inflammation to maintain vascular
health.” However, following the abrupt arrest of cere-
bral blood flow, endothelial cells bear the major brunt of
injuries, such as the sudden change in shear stress and
hypoxia-associated toxicity. Dysfunctional endothelial
cells could release prothrombotic and proinflammatory
factors, which may promote the process of thrombo-
inflammation in microcirculation.***" Therefore, a bet-
ter understanding of the mechanism underlying the
perturbed function of endothelial cells after I/R injury
may result in novel therapeutics for thrombo-inflamma-
tion and subsequent brain damage.

Caveolin-1 (Cav-1) is highly expressed in endothelial
cells and is vital for caveolae biogenesis in the endothe-
lium, orchestrating signal transduction and endothelial
vesicular trafficking.”* Through regulating the degrada-
tion of matrix metalloproteinases, extracellular matrix, and
tight junction (TJ) proteins, Cav-1 could determine endo-
thelial barrier integrity following stroke.” >° In patients
with ischemic stroke, a reduced level of Cav-1 was associ-
ated with cerebral microbleeds® and symptomatic bleed-
ing® after thrombolytic therapy, suggesting an important
role of Cav-1 in disrupted endothelial permeability after
stroke. This Cav-1-dependent endothelial instability may
associate with vascular inflammation.*® Notably, except
for mediating inflammation, Cav-1 could be phosphory-
lated at Tyr14 in response to several stimuli and linked to
platelet cytoskeleton participating in focal adhesions
dynamics.>® However, to date, whether endothelial Cav-1
could participate in thrombo-inflammation after acute
ischemic stroke has remained elusive.

To address this important issue, we evaluated the
involvement of endothelial Cav-1 in thrombo-inflammation
in both human samples and a mouse model of transient
middle cerebral artery occlusion (tMCAO). It was remark-
able to note that human serum Cav-1 level, with the poten-
tial to predict microembolic signals (MES), was associated
with early neurological improvement in ischemic stroke
patients treated by EVT. In tMCAO mice, endothelial Cav-
1, not caveolae, was an important regulator of thrombo-
inflammation. Furthermore, RXR-y, which could not ame-
liorate endothelial TJ loss, was found required in Cav-1-
dependent attenuation of thrombo-inflammation.

Methods

Ethics statement
All experimental protocols were approved by the Jinling
Hospital Animal Care Committee and were conducted
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following the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publica-
tions No. 8023, revised 2011). The participants or legal
representatives who acknowledged the use of blood
samples signed an informed consent form before being
included in the study. Ethics approval was granted by
the ethics committee of Jinling Hospital and Nanjing
First Hospital (2016NZGK]J-022; 2019-695).

Antibodies

Antibodies against Collagen IV (Cat# ab6586, RRID:
AB_305584), fibrinogen (Cat# abs8207, RRID:
AB_941597), serum albumin (Cat# ab1igig4,

RRID: AB_777886), ICAM-1 (Cat# abiygyo7y, RRID:
AB_2814769), VCAM-1 (Cat# abr34o47, RRID:
AB_2721053), TNF alpha (Cat# ab66s79, RRID:
AB_1310759), PAI-1 (Cat# abGG705, RRID: AB_
1310540), CD11b (Cat# ab133357, RRID: AB_2650514),
GFAP (Cat# ab53554, RRID: AB_880202), NeuN (Cat#
abrog224, RRID: AB_1oy1rogo) and vWF (Cat#
abry4290, RRID: AB_2802090) were purchased from
Abcam, UK; antibody against CD31 (Cat# 550274,
RRID: AB_393571) was purchased from BD Bioscien-
ces, USA; antibodies against S-actin (Cat# 8457, RRID:
AB_10950489), Cav-1 (Cat# 3267, RRID: AB_2275453)
and GFP (Cat# 2955, RRID: AB_1196614; Cat# 2956,
RRID: AB_1196615) were purchased from Cell Signal-
ing Technology, USA; antibody against Occludin
(R1510-33) was purchased from Huabio, China; anti-
bodies against Ly6G (Cat# 14-5931-82, RRID:
AB_467730) and, Occludin (Cat# 711500, RRID:
AB_88065) and ZO-1 (Cat# 617300, RRID:
AB_138452) were purchased from Invitrogen, USA;
antibodies against RXR-y (Cat# sc-514134, RRID:
AB_2737293), Iba-1  (Cat#  sc-32725, RRID:
AB_667733), ZO-1 (Cat# sc-33725, RRID: AB_628459),
[L-18 (Cat# sc-12742, RRID: AB_627791), Ly6G (Cat#
sc-53515, RRID: AB_783639), a-SMA (Cat# sc-53142,
RRID: AB_2273670) and PDGFRp (Cat# sc-374573,
RRID: AB_10990921) were purchased from Santa
Cruz Biotechnology, USA; antibodies against CCr
(Cat# OP8o, RRID: AB_2057371) was purchased from
Millipore, USA; antibodies against thrombocyte (Cat#
LS-C348178) was purchased from LifeSpan Bioscien-
ces, USA; antibody against mouse IgG (Cat# 115-067-
003, RRID: AB_2338586) was purchased from Jack-
son, USA. All antibodies were used at a dilution of
rso—1:1ooo for immunofluorescence, 1:500—1:1000
for immunoblotting analysis unless otherwise speci-
fied. Secondary antibodies were donkey-anti-mouse
(conjugated with Alexa 488, Cat# 715-545-150, RRID:
AB_2340846; conjugated with Alexa 594, Cat# 715-
585-150, RRID: AB_2340854, Jackson, USA; 1:400), or
anti-rabbit (conjugated with Alexa 488, Cat# 711-545-
152, RRID: AB_2313584; conjugated with Alexa 594,
Cat# 711-585-152, RRID: AB_2340621; conjugated with
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Alexa 647, Cat# 711-605-152, RRID: AB_2492288,
Jackson, USA; 1:400), or anti-rat (conjugated with
Alexa 488, Cat# 112-545-003, RRID: AB_2338351; con-
jugated with Alexa 594, Cat# 112-585-003, RRID:
AB_2338372, Jackson, USA; 1:400), goat anti mouse
(Cat# 7076, RRID: AB_330924, Cell Signaling Tech-
nology, USA; 1:5000) or rabbit (Cat# 7074, RRID:
AB_2099233, Cell Signaling Technology, USA;
1:5000) or rat (Cat# 7077, RRID: AB_10694715, Cell
Signaling Technology, USA; 1:5000) IgG HRP. Puri-
fied anti-mouse CDi6/32 Antibody (Cat# 101302,
RRID: AB_312801, Biolegend, USA), Alexa Fluor® 647
anti-mouse Ly-6G Antibody (Cat# 127609, RRID:
AB_1134162, Biolegend, USA), APC/Cyanine7 anti-
mouse Ly-6C Antibody (Cat# 128026, RRID:
AB_10640120, Biolegend, USA), PE anti-mouse CD45
Antibody (Cat# 103105, RRID: AB_312970, Biolegend,
USA), and PE/Cyanine7 anti-mouse/human CDi1b
Antibody (Cat# 101215, RRID: AB_312798, Biolegend,
USA) were used for flow cytometry.

Animals
Male adult C57BL/6] mice weighing 23—25 g were pur-
chased from GemPharmatech Co., Ltd (Nanjing,

Jiangsu, China). Cav-1~/~ mice (Cav-r"™™!/) C57BL/6
background, 007083) were purchased from the Jackson
Laboratory (Bar Harbor, Maine, USA). Animals were
housed in individual cages with a 12 h light/dark cycle
at 25 °C and relative humidity of 65% and given free
access to food and water. All animal experiments used
randomization to treatment groups and blinded assess-
ment. The sample size was decided considering the
minimal use of animals. All efforts were made to mini-
mize the number of animals killed and their suffering
in the study.

tMCAO surgery

The cerebral I/R model was induced by a 9o-min
tMCAO according to the previous methods.?" Briefly,
mice were anesthetized with 2—3% isoflurane (RWD
Life Science, China). The right common carotid artery,
external carotid artery (ECA), and internal carotid artery
(ICA) were carefully dissected. The right ECA was
ligated and a silicon-coated monofilament (diameter
0.23 £ 0.02 mm) was inserted through the ECA and
advanced into the ICA to occlude the origin of the mid-
dle cerebral artery (MCA). The cerebral blood flow
(CBF) was monitored with the Laser Doppler flowmetry
(Perimed PF5000). A reduction of > 70% of baseline
CBF was defined as successful occlusion. The filament
was withdrawn to induce reperfusion 9o min after
occlusion. During the operation, the mice’s body tem-
perature was maintained at 37 £ o.5 °C by a heating
pad during surgery. For sham operations, all procedures
were performed except that the monofilament was not
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inserted. Mice were all sacrificed 24 h after ischemic
stroke.

Infarct volume evaluation

For TTC staining, mice brains were cut into consecutive
coronal slices of 1 mm thickness. The brain sections were
incubated with 2% TTC (Sigma-Aldrich) for 15 min at 37 °
C, and further fixed in 4% paraformaldehyde (PFA). The
infarct volume was also identified by high signals acquired
from T2-weighted images and further confirmed by diffu-
sion-weighted imaging (DWI). Mice were anesthetized
with isoflurane and underwent MRI examination using a
7.0 T MRI (Bruker PharmaScan, Germany) 24 h post
stroke. Heart and respiration rates were continuously
monitored during the examination. The following
parameters of Ta-weighted images were used:
matrix = 256 x 256, field of view = 20 mm x 20 mm, rep-
etition time = 2800 ms, echo time = 50 ms, and slice
thickness = 0.5 mm (18 slices per animal). The following
parameters of DWI were used: matrix = 256 x 256, field
of view = 20 mm x 20 mm, repetition time = 5000 ms,
echo time = 22 ms, and slice thickness = 0.5 mm (18 slices
per animal).

The relative infarct volume in both TTC staining and
T2-weighted images scan was calculated according to a
previous study.* Briefly, non-infarcted volume in the
lesioned hemisphere and the volume of the contralat-
eral hemisphere were summed and multiplied by the
thickness (0.5 mm for MRI and 1.0 mm for TTC stain-
ing). Therefore, the relative infarct volume was calcu-
lated as (contralateral hemisphere volume — non-
infarcted volume in the lesioned hemisphere)/
(2 x contralateral hemisphere volume) x 100%.

Neurological function assessment

After 24 h of the surgery, the neurological function of
experimental mice was assessed by a modified neuro-
logic severity score (mNSS).»» The mNSS included a
motor functions test, sensory functions test, balancing
functions test, and reflex functions and abnormal move-
ments. The total score of mNSS ranged from o to 18,
and the higher score represents more severe deficits.
The neurological function assessment was performed
by 2 independent investigators who were blinded to the
animal groupings. In case of disagreement, the sub-
item and total score were ascertained by consensus.

Cell isolation and culture conditions

As previously published,** cerebral blood vessel seg-
ments were isolated by layered centrifugation from
6—8-week-old wild-type mice. The pallet of fragments
was digested in collagenase/dispase (1 mg/ml, Roche)
and DNase I (1o wg/ml, Roche) at 37 °C. The dissociated
BMECs were seeded onto coated plates in DMEM/F12
media with 20% FBS, 1% PS, 1% endothelial cell growth

supplement (SclenCell), 1% l-glutamine, 1% heparin,
and 2 ng ml™" bFGF (Biolegend). Mixed glial cultures
from 1- to 2-day-old pups were grown for 7 days. Cells
were maintained in DMEM/F12 medium with 10% FBS
and 1% PS. Primary mouse oligodendrocyte precursor
cells (OPCs) were isolated as reported.’> The rest of the
adherent cells were collected for astrocyte culture. For
OPCs proliferation, cells were cultured in DMEM/F12
with 20 ng/ml PDGF (Biolegend), 20 ng/ml bFGF
(Biolegend), 2ong/ml ITSS (Roche) and 1% BSA
(Gibco). For OPCs differentiation, the medium was
switched to DMEM/F12 containing 40 ng/ml T3
(Sigma), 20 ng/ml CNTF (Protein specialists), T x N-
acetyl-L-cysteine (NAC, Sigma), 20 ng/ml ITSS and 1%
BSA. Microglia were shaken off and seeded onto plates
after the mixed glial culture was maintained for 14 days.
The neurons were isolated and cultured from female
mice at 16—18 days of pregnancy.’® The neuron mainte-
nance medium was neurobasal (Gibco) containing 2%
B2y (Gibco), and 1% GlutaMAX (Gibco).

Immunofluorescence

Anesthetized mice were successively perfused intracardi-
ally with 0.9% sodium chloride and 4% PFA. The brains
were fixed in 4% PFA for 4—6 h and then dehydrated in a
gradient sucrose solution (10%, 20%, and 30%) at 4 °C.
After being embedded in an optimal cutting temperature
compound (Sakura Finetek, USA), the mouse brains were
sliced into 18 pm sections. For staining, sections were
blocked with 0.3% Triton, 3% goat serum, and 1% bovine
serum albumin for 60 min and then incubated with the
indicated primary antibodies at 4 °C overnight. The pri-
mary antibodies were used at a dilution of 150—1:1000
unless otherwise specified. On the second day, the sec-
tions were incubated with a secondary antibody and DAPI
(Sigma-Aldrich, USA). Secondary antibodies were donkey-
anti-mouse, anti-rabbit, or anti-rat conjugated with either
Alexa 488 or Alexa 594, or Alexa 647 (Jackson, USA;
1:400). Images were captured with LSM8oo confocal
microscope (Zeiss, Germany) and Olympus BX51 micro-

scope (Olympus, Japan).

Hematoxylin-eosin (HE) staining

Frozen sections were stained with hematoxylin for
4 min and eosin for 1 min. After gradient washed with
ethanol and xylene, the slides were covered lipped with
permount, and assessed by a light microscope. The
number of occluded microvessels was calculated in the
per-infarct area (including cortex, corpus callosum, and
striatum). Data were presented as the number of
occluded microvessels per mm? area.

Microvascular perfusion and permeability assessment
To assess the microvascular perfusion, 5.0 mg per
mouse of fluorescein isothiocyanate (FITC)-dextran
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(2000 kDa, Sigma, St. Louis, MO, USA) was dissolved
in 200 pl PBS and injected through the tail vein. To
illustrate the microvascular permeability, another FITC-
dextran with a small molecular weight (3 kDa, Sigma,
St. Louis, MO, USA) was used. The brains were rapidly
removed and placed in 4% PFA for 4—06 h. The coronal
sections of 50-pm thick from each mouse were used for
immunofluorescence. To label the microvascular endo-
thelium, sections were incubated with anti-CD31, fol-
lowed by incubation with the secondary antibody.
Images were acquired by a BXs51 microscope (Olympus,
Japan). Data were presented as the numbers of FITC
pixels divided by the numbers of CD31 pixels per mm?®.

Flow cytometry analysis

The infarct hemisphere was extracted and further proc-
essed as previously described.”® Cells were washed and
incubated with the dead cell marker (Fixable Viability
Dye eFluor™ 506, Invitrogen, 65-0866) on ice. Cell
suspensions were then incubated with flow cytometry
antibodies. Sample analysis was performed using BD
Aria II (Becton Dickinson). Data were analyzed using
Flow]o software.

Transmission electron microscopy (TEM)

The peri-infarct tissue (1 x 1 X 1 mm) was fixed in 2.5%
glutaraldehyde and then processed as previously
described.*” The sections were scanned using Hys500
Transmission Electron Microscope (Hitachi, Japan) and
were calculated using Image ] software (NIH, USA).

RNA-sequencing (RNA-seq) analysis and real-time PCR

Total RNA of peri-infarct tissue from the tMCAO model
and sham-operated mice of both wild-type and Cav-17/~
mice (n = 4/group) was extracted using TRIzol Reagent
(Invitrogen, USA) according to the manufacturer’s pro-
tocol. The quantity and integrity of RNA yield were eval-
uated using the Ks500 (Beijing Kaiao, China) and
Agilent 2200 TapeStation (Agilent Technologies, USA).
Briefly, the mRNA was enriched by oligo dT according
to instructions of NEB Next® Poly(A) mRNA Magnetic
Isolation Module (NEB, USA). The RNA fragments
were subjected to the first strand and second strand
cDNA synthesis followed by adaptor ligation and enrich-
ment with a low-cycle according to the manufacturer’s
protocol (NEBNext® Ultra™ RNA Library Prep Kit for
Ilumina®, USA). The purified library products were
assessed by the Agilent 2200 TapeStation and Qubit
(Thermo Fisher Scientific, USA). The libraries were
sequenced by Illumina ([llumina, USA) with paired-end
150 bp at Ribobio Co. Ltd (Guangzhou, China). An
adjusted P value of < 0.05 was set to detect differentially
expressed genes with at least a two-fold change of
expression. Quantitative real-time PCR was performed
on a Stratagene Mx3o000P real-time PCR system
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(Agilent Technologies, USA) using SYBR Premix ExTaq
kit (ComWin Biotech, China) for detection. The condi-
tion for amplification were pre-denaturation at 95 °C for
30 s, 35 cycles of denaturation at 95 °C for 5 s, and
annealing/extension at 6o °C for 20 s.” The level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
of each sample was used for normalization. The primer
pairs are listed in Supplemental Table 1.

Immunoblotting

The peri-infarct tissue from wild-type and Cav-17/~
mice was extracted 24 h after tMCAO surgery. The
brain peri-infarct region was determined according to
the previous study.'®® Briefly, a longitudinal cut (from
dorsal to ventral) with a width of approximately 2 mm
from the midline was made in the right infarct hemi-
sphere and the brain tissue was abandoned. Then,
another longitudinal cut was performed to separate the
peri-infarct region from the white ischemic core. The
homogenate of the peri-infarct brain tissue was centrifu-
gated at 1200 rpm for 5 min at 4 °C. The pallet was then
resuspended in 15% dextran solution (mol wt
60,000—76,000, Sigma-Aldrich) and centrifugated
twice at 2000 rpm for 10 min to isolate microvessels.
The supernatant and upper myelin debris were dis-
carded, while the microvascular segment at the bottom
was resuspended in RIPA lysis buffer (Cell Signaling
Technology, USA) with 1% PMSF. The concentration of
protein was quantified by BCA Protein Assay Kit (Beyo-
time, PR China). An equal amount of protein samples
was loaded, separated by SDS-PAGE, and incubated
with primary antibodies overnight at 4 °C at a dilution
of :500—1:2000 unless otherwise specified. After incu-
bation with secondary antibodies on the other day, the
protein signals were detected by Immobilon Western
Chemiluminescent HRP substrate (Millipore, USA),
and were quantified by Image ] software (NIH, USA).
The expression of B-actin served as the internal control.

Small interfering RNA (siRNA) transfection and adeno-
associated virus (AAV) injection

Cav-1 siRNA, RXR-y siRNA, and negative control (N.C.)
siRNA were synthesized by Ribo Bio, Co., Ltd (Guang-
dong, China). A total of 100 g siRNA was injected into
mice via tail vein every 3 days for 5 injections (20 pg per
injection). Endothelial-specific adeno-associated virus
(AAV) was conducted by GeneChem co., Ltd (Shanghai,
China). The AAV vector with Tie: promoter (AAV-Tiei-
MCS-EGFP-3Flag-SV40 PolyA) was employed to induce
the expression of Cavr in the endothelium. Briefly, the
mouse Cavi (NM_o07616) was constructed on the AAV
vector to generate the recombinant plasmid. AAV-293
cells were transfected with the recombinant plasmid.
Three days after transfection, the recombinant AAVg
virus was assembled in the packaged cells. Then the
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AAV-293 cells were lysed to collect the virus superna-
tant, followed by CsCl density gradient centrifugation
and ultrafiltration. Finally, viral titers were verified
using quantitative PCR. The obtained Cavi-overexpress-
ing AAV was named AAV-Tie1-Cav-1. The viral vectors
were stereotaxically injected into the lateral ventricles
(0.5 mm anterior—posterior, 1.0 mm medial-lateral,
—2.0 mm dorsal-ventral relative to bregma) 3 weeks
before tMCAO surgery. All mice received 3 wl of either
AAV-Tie1-C (1.13 x E13 v.g/ml) or AAV-Tie1-Cav-1
(1.95 x E13 v.g/ ml).

Study patients and baseline data collection

The ischemic stroke receiving EVT were prospectively
enrolled in Jinling Hospital and Nanjing First Hospital
during September 2019 and July 2021. The inclusion
criteria were as follows: (1) treated with successful EVT
[modified Thrombolysis in Cerebral Infarction score of
2b or 3,439 (2) aged > 18 years; (3) had a pre-stroke mod-
ified Rankin Scale score < 2; (4) had occlusion of ICA or
MCA confirmed by computed tomographic angiogra-
phy, magnetic resonance angiography, or digital sub-
tracted angiography. Patients with a malignant tumor,
autoimmune disease, hematological disease, and active
or chronic inflammatory diseases were excluded from
this study. Demographic characteristics, medical his-
tory, clinical and laboratory data, stroke characteristics,
and procedural characteristics were collected after
admission using a standardized case report form.

Measurement of serum Cav-1

In ischemic stroke patients, blood samples were
obtained after EVT, usually within 24 h of stroke onset.
In tMCAO mice, blood samples were obtained at 24 h
after the surgery. The blood specimens were centrifuged
at 1200 rpm for 10 min and the isolated serum frozen
was at —8o °C for further analysis. Enzyme-linked
immunosorbent assay (ELISA) was conducted to mea-
sure the serum Cav-1 levels (Human Cav-1 ELISA Kit,
Cat# EK1494, Sabbiotech, USA; Mouse Cav-1 ELISA
Kit, Cat# LS-F35458-1, LSBio, USA).

MES detection

The bilateral main trunk of the middle cerebral artery
segments was insonated using a 2-MHz pulsed-wave
probe, fixed to a probe-holder with a sample volume of
5 mm. The range of insonation depth was 55—60 mm.
According to the international consensus,*® MES was
identified if a signal met these criteria: (1) duration <
300 ms, (2) amplitude > 3 dB concerning underlying
flow signal, (3) unidirectionality, and (4) typical sound
(snap or chirp). The measurement of MES was per-
formed by an experienced observer who was blinded to
the clinical data.

Clinical outcome assessment

The evaluation of neurological deficits was performed
using the NIHSS at admission and 24 h after EVT. In
our study, we used early neurological improvement
(ENT) to assess the development of neurological deficits
in the acute phase of stroke. ENI was defined as a reduc-
tion of total NTHSS score within 24 h after EVT > 6
points compared with the initial NIHSS.#'

Statistical analysis

Continuous variables were presented as mean + SD or
median (interquartile range), and categorical variables
were summarized as counts and percentages. Categori-
cal variables were compared by chi-square test or Fisher
exact test and continuous variables by unpaired t-test,
Mann-Whitney U test, or one-way ANOVA followed by
Tukey post hoc test. We further performed the spline
regression model to explore the shape of the association
between serum Cav-1 and clinical outcomes, fitting a
restricted cubic spline function with 3 knots (at sth,
soth, and gsth percentiles).** Results were indicated as
odds ratio (OR) with a 95% confidence interval (CI).
Analyses were performed using GraphPad Prism soft-
ware, statistical software SPSS version 24.0 (SPSS Inc.,
Chicago, IL, USA), and R version 3.6.1. P value < 0.05
was considered as statistically significant difference.

Role of the funders

The funders did not involve in study design, data collec-
tion, data analyses, interpretation of data, or writing of
the report.

Results

Circulating Cav-1 level is associated with the early
outcome of EVT patients
We firstly evaluated the clinical significance of Cav-1 in
ischemic stroke patients. We prospectively recruited
270 stroke patients with successful recanalization by
EVT (mean age, 68.4 + 12.4 years; 63.3% male). One
hundred patients (37.0%) experienced ENI during hos-
pitalization. The baseline characteristic of the study
sample stratified by the clinical outcome was demon-
strated in Supplemental Table 2. Compared to patients
with ENI, those without it had a reduced level of serum
Cav-1 (Figure 1a). In addition, restricted cubic spline
regression further confirmed a dose-response associa-
tion of serum Cav-1 concentration with ENI (Figure 1b).
Among the 270 patients with EVT, 81 received MES
evaluation by TCD monitoring. MES was detected in
35.8% of patients (29/81). Compared to patients without
MES, those with it had a trend of reduced serum Cav-1
(Figure 1c). Furthermore, the Spearman correlation coeffi-
cient showed a negative trend between serum Cav-1
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concentration and the number of MES in stroke patients
after EVT treatment (Figure 1d).

Endothelial and serum Cav-1 levels are both decreased
at tMCAO-24h

tMCAO steadily yielded about 31.7% infarct volume at
24 h post-surgery in our model (Supplemental Figure
1a and 1b). Neurological function was significantly
destroyed, as the mNSS score climbed to 8.0 + 1.1 (Sup-
plemental Figure 1c). For the immunostaining image
acquisition and analysis, eight fields in the peri-infarct
region were chosen in every sample (Supplemental
Figure 1d). We probed Cav-1 expression to examine
whether Cav-1 was involved in tMCAO. Co-stained with
CD31, immunostaining intensity of endothelial Cav-1
was remarkably reduced in the peri-infarct regions than
in the sham-operated mice (Supplemental Figure 1e
and 1f). In the extracted brain microvascular segments
from the peri-infarct tissue, we confirmed the enrich-
ment of endothelial cells through light microscopy and
Claudin-5 expression (Supplemental Figure 1g—i).
Immunoblotting of endothelial Cav-1 protein also
showed a significant decline at tMCAO-24 h (Supple-
mental Figure 1j and 1k). Consistently, serum Cav-1
level was reduced to 0.75 £ 0.25 ng/mL 24 h after sur-
gery (Supplemental Figure 11). Regarding the important
role of Cav-1 in caveolae maintenance,*** we then
determined whether the alteration of Cav-1 was associ-
ated with a change in caveolae. Through TEM assess-
ment, we noted a concomitant loss of caveolae in the
arteriole (Supplemental Figure 2a and 2b). Moreover,
the expression of vascular PTRF, a selective marker for
mature caveolae at the plasma membrane,* was like-
wise reduced in the peri-infarct area (Supplemental
Figure 2c—f).

To validate the cell-type specificity of Cav-1 expres-
sion, we evaluated the Cav-1 mRNA and protein expres-
sion in primary cultured microvascular endothelial
cells, glial cells (OPCs, oligodendrocytes, microglia, and
astrocytes), and neurons. In vitro analysis revealed that
Cav-1 was mainly expressed by microvascular endothe-
lial cells (Supplemental Figure 3a—c). In vivo staining
disclosed that in physiological conditions about 80.7%
of vascular endothelial cells (CD31"), whose expression
was significantly higher than other neural cells (Supple-
mental Figure 3d—g and 3j). Perivascular cells, includ-
ing vascular smooth muscle cells (VSMCs) and
pericytes, also expressed Cav-1 in normoxia (Supple-
mental Figure 3h—j). However, at 24 h after tMCAO,
only the proportion of Cav-1 and CD31 co-positive cells
significantly dropped. The level of Cav-1 in either peri-
cytes or VSMCs was not statistically changed at tMCAO-
24 h, suggesting that Cav-1 in pericytes and VSMCs
might not be involved in the acute injury after tMCAO.
Collectively, these results suggest that tMCAO-induced

www.thelancet.com Vol 84 October, 2022

- ©
2 . B
=
? ' ®
. D * [Te} >
g8 -3 8
¥ o - e
won é
* % Q o O
£ T %
[ 1
g ' 3
o
n
Q
[
I
I | | T
o n o w
~ - -
S3N 40 I3quinN
S, [
R %@%\\
S % @
e RN
n >
Q e, @
T,
ZONIN
R4
N
&3 &4 4 e o v
° e < - - o
s|aAs| |-Ae) o
i o
.~ X pk
S h
L . <+ T
- \‘_\ ' o %)
g Y ' o £
o © & ) —
0 A \ o [0}
=1 N
>0 N\ %
o RY N =
8 > ISEATY
£ T o P4
58y 3]
c£3538 . [ o
- I\
Q ; ! i =
o
© N -~
IN3 104 4O
P
4%,
[} /,) A
= OQ/(Q
o .
1} P @
o (7
/ 0
Y v
Y
| I I
©! b a S
[oA9)] (L-AeQ)Bo

Figure 1. Association between serum Cav-1 and ENI or cerebral microembolic signals in ischemic stroke patients despite successful recanalization. (a) Comparison of the serum Cav-
1 levels in patients with and without ENI. (b) A restricted cubic spline model was performed to explore the shape of the association between serum cav-1 and EN|, fitting a restricted cubic

spline function with 3 knots (at 5% 50t and 95t percentiles). (c) Comparison of the serum Cav-1 levels in patients with and without positive MES. (d) Spearman’s correlation analysis evalu-

ated the association between serum cav-1 and the number of MES.
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reduction of Cav-1 mostly resulted from endothelial Cav-
1 loss in the peri-infarct area.

Cav-1 deficiency aggravates post-stroke infarction
progression and microvascular breakdown

We firstly compared microvascular structure and per-
meability in Cav-1/~ mice with wild-type mice under
normal conditions. The physiological parameters of WT
and Cav-17/~ mice were demonstrated in Supplemental
Table 3 and revealed no significant differences. The total
and average length of Collagen IV and CD31 co-stained
microvessels were significantly decreased in Cav-17/~
mice (Supplemental Figure 4a—c). However, no signifi-
cant change was found in vessel density between wild-
type and Cav-1/~ mice (Supplemental Figure 4d). As
for microvascular permeability, mice with the deletion
of Cav-r exhibited slight extravasation of albumin
around CD31" microvessels (Supplemental Figure 4e
and 4f), suggesting that Cav-1 was required not only in
vasculature development but also in the endothelial bar-
rier. To ask whether Cav-1 was involved in platelet adhe-
sion, we used thrombocytes to label platelets and found
a sparse deposition of platelets in brain microvessels
(Supplemental Figure 4g and 4h). After tMCAO, invali-
dation of Cav-1 induced an enlarged infarct volume to
40.6% £ 2.0%, as defined by T2-weighted images (Sup-
plemental Figure 5a and 5b). Consequently, Cav-1~/~
tMCAO mice exhibited worse neurological function
with a higher mNSS score and mortality 24 h after the
surgery (Supplemental Figure sc and Supplemental
Table 3). To better depict the microscopic view of endo-
thelial leakage, we combined albumin and IgG staining
with CD31. The amount of extravasated albumin and
IgG at the peri-infarct area was both substantially
increased in tMCAO-treated Cav-1/~ mice (Supple-
mental Figure 5d—f). As evaluated by TEM, the mor-
phology of TJ was significantly altered in Cav-1~/
tMCAO mice, characterized by an increased fraction
of T] with increased gaps than wild-type tMCAO
mice (Supplemental Figure 5g—i). The level of TJ
elements, such as zonula occludens-1 (ZO-1) and
occludin, was significantly decreased under genetic
ablation of Cav-1 after tMCAO (Supplemental Figure

5i—p)-

Cav-1 deficiency exacerbates post-stroke microvascular
thrombo-inflammation

We performed thrombocyte and fibrinogen staining to
display the presence of microvascular thrombi after
cerebral I/R injury. As a result, Cav-1~/" tMCAO mice
had more extensive co-localization of platelets, as well
as fibrinogen, in CD31-positive microvessels at peri-
infarct regions (Figure 2a—d). Furthermore, HE stain-
ing discovered that deletion of Cav-1 increased the per-
centage of occluded vessels by thrombi, which was

averagely 2.46 times higher than wild-type mice sub-
jected to tMCAO (Figure 2e and 2f). The FITC-dextran
of 2000-kDa was used as a fluorescent tracer to illus-
trate the function of these seemingly occluded microves-
sels after tMCAO. As shown in Figure 2g and 2h, the
number of perfused vessels was reduced by 1.7-fold in
the peri-infarct region of Cav-1~/~ tMCAO mice. Micro-
vascular segments of the peri-infarct area were extracted
and examined by immunoblotting to confirm the pro-
tein expression of thrombosis-related molecules, includ-
ing vWF and plasminogen activator inhibitor-1 (PAI-1).
As expected, these factors were both increased under
Cav-1 deficiency (Figure 2i—k).

We next asked whether Cav-1 deletion could affect
microvascular inflammation and immune cell recruit-
ment under cerebral ischemic injury. The expression of
microvascular ICAM-1 and VCAM-1 was markedly
increased in the Cav-17/~ ischemic brain (Figure 3a—d).
The protein level of adhesion molecules as well as
inflammatory cytokines, including ICAM-1, VCAM-1,
IL-18, and TNF-«, was consistently up-regulated in Cav-
17/~ microvessels (Figure 3e—i). Immunostaining and
flow cytometry were then used to explore the adhesion
and infiltration of immune cell recruitment. Dual-label
immunofluorescence analyses demonstrated that the
number of Ly6G* neutrophils adhering to vessels and
migrating to the parenchyma was increased in Cav-1~/~
tMCAO mice than wild-type tMCAO mice 24 h after the
surgery (Figure 3j and 3k). Illustrated by flow cytometry
analysis (Supplemental Figure 6), Cav-1~/" microvessels
allowed increased recruitment of myeloid cells
(CD45™e"CD11b™8") (Figure 31—n). Of these infiltrating
myeloid cells, neutrophils (CD45"€"CD11b"e"Ly6G")
and monocytes (CD45"8"CD1rb™"Ly6C") were both
increased, which were significantly higher in Cav-1~/"
peri-infarct brains compared to wild-type mice
(Figure 30 and 3p).

Specific expression of endothelial Cav-1 reduces infarct
volume and thrombo-inflammation after cerebral I/R
injury

To confirm the function of endothelial Cav-1 after
tMCAO, we utilized a genetic approach to express Cav-1
specifically in endothelial cells. AAV-Tie1-GFP carrying
cDNAs encoding control or Cav-1 gene was stereotaxi-
cally injected into the lateral cerebral ventricle 3 weeks
before tMCAO modeling (Figure 4a). Based on T2
images, specific restoration of endothelial Cav-1 signifi-
cantly induced a reduction of infarct volume by 9.8% in
wild-type tMCAO mice and by 7.7% in Cav-1/~ tMCAO
mice (Supplemental Figure 7a and 7b). Importantly,
reduced stroke size translated into improved functional
outcomes as assessed by the mNSS score (Supplemen-
tal Figure 7c). Microscopically, under the Tie1 promoter,
the viruses with GFP signals were predominantly
observed in CD31" microvessels, whose Cav-1 level was
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Figure 2. Cav-1 deficiency exacerbates the formation of microvascular thrombi 24 h after cerebral I/R injury. (a, c) Represen-
tative confocal images of thrombocytes (red) and fibrinogen (red) in the CD31* cerebral microvessels (green) in the peri-infarct area
from WT and Cav-1""" mice 24 h after tMCAO [quantified in (b, d); n = 6 in each group; mean £ S.D; **P < 0.01 vs. WT tMCAO mice
by unpaired t-test]. (e, f) HE staining and quantification showing occluded microvessels (indicated by black arrowheads) 24 h after
the surgery. Results are expressed as the number of occluded vessels relative to the area (n = 6 in each group; mean + S.D; *P <
0.05 vs. WT tMCAO mice by unpaired t-test). (g, h) Representative images of immunofluorescence staining and quantification of
FITC-dextran perfusion in the CD31* cerebral microvessels (red) 24 h post-stroke. Data are presented as the percentage of perfusion
vessels relative to the area (n = 6 in each group; mean =+ S.D; **P < 0.01 vs. WT tMCAO mice by unpaired t-test). (i—k) Immunoblot-
ting and quantification showing the expression of vVWF and PAI-1 in brain microvessels from the peri-infarct region 24 h post-tMCAO
(a pool of 2 mice per sample, n = 5 samples in each group; mean =+ S.D; **P < 0.01 vs. WT tMCAO mice by unpaired t-test). Scale bar:
20 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

successfully increased by AAV-Tie1-Cav-1 in wild-type
and Cav-17/~ mice (Figure 4b—e). We then asked
whether there was a change in the number of caveolae
after the Cav-1 level was elevated. AAV-Tiei-Cav-1 did
not promote the formation of caveolae after I/R injury,
as supported by the results of PTRF/CD31 staining that
no significant differences were presented between the
two AAYV transfected groups of two genotypes (Supple-
mental Figure 8). Microvascular structure was resumed
by TJ with smaller gaps after endothelial Cav-1 was
restored (Figure 4f—h). TJ level of ZO-1 and occludin
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was also increased (Supplemental Figure 9). As a result,
I/R-caused IgG leakage was substantially inhibited
(Figure 4i and 4j).

We subsequently sought to determine whether spe-
cific over-expression of endothelial Cav-1 could attenuate
post-stroke thrombo-inflammation. We noted that the
amount of FITC-dextran-perfused microvessels at the
peri-infarct area 24 h after tMCAO was substantially ele-
vated by increased endothelial Cav-1 levels in both wild-
type and Cav-1~/~ tMCAO mice (Figure 5a and 5b). Com-
pared to the null GFP reporter virus, AAV-Tie1-Cav-1
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Figure 3. Cav-1 deficiency aggravates post-stroke microvascular inflammation and immune cell recruitment 24 h after
tMCAO. (a, b) Representative immunofluorescent images showing the expression of microvascular ICAM-1 and VCAM-1 in the peri-
infarct area of tMCAO mice of two genotypes 24 h after tMCAO [quantified in (¢, d); n = 6 in each group; mean + S.D; **P < 0.01 vs.
WT tMCAO mice by unpaired t-test]. (e—i) Immunoblotting and quantification showing the expression of ICAM-1, VCAM-1, TNF-«,
and IL-18 in brain microvessels from the peri-infarct region 24 h after surgery (a pool of 2 mice per sample, n = 5 samples in each
group; mean =+ S.D; **P < 0.01 vs. WT tMCAO mice by unpaired t-test). (j, k) Representative immunofluorescent images and quantifi-
cation showing the Ly6G* cells adhering to CD31* vessels and migrated into the parenchyma at the peri-infarct area 24 h after
tMCAO (n = 6 in each group; mean =+ S.D; **P < 0.01 vs. WT tMCAO mice by unpaired t-test). (I, m) Representative flow cytometry
graphs showing myeloid cell infiltration in the ischemic hemisphere of WT tMCAO and Cav-17~ tMCAO mice. High expression of
CD45 and CD11b (upper right quadrant), indicative of myeloid cells, were further subdivided into Ly6G-positive neutrophils and
Ly6C-positive monocytes [quantified in (n—p); n = 5 in each group; mean =+ S.D; *P < 0.05 vs. WT tMCAO mice by unpaired t-test)].
Scale bar: 20 pm.
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Figure 4. Specific enhanced expression of Cav-1 in endothelial cells attenuates microvascular breakdown at tMCAO-24 h. (a)
Experimental flow chart. (b) Representative fluorescent images of transfection of AAV with GFP (green) reporter into CD31* micro-
vessels (red) with enforced Cav-1 (light blue) expression at the peri-infarct tissue 24 h after surgery [quantified in (c); n = 6 in each
group; mean =+ S.D; **P < 0.01 vs. AAV-TieT-C-transfected mice by one-way ANOVA with Tukey post hoc test]. (d, e) Inmunoblotting
and quantification showing the expression of Cav-1 in microvascular segments of peri-infarct area 24 h after surgery (a pool of 2
mice per sample, n = 5 samples in each group; mean + S.D; **P < 0.01 vs. AAV-Tiel-C-transfected mice by one-way ANOVA with
Tukey post hoc test). (f) TEM images and quantifications showing TJ gaps (red arrows) in the peri-infarct area [quantified in (g, h);
n =5 mice in each group. Sixteen capillaries were randomly chosen in each mouse; mean + S.D; *P < 0.05 vs. AAV-Tie1-C-transfected
mice by one-way ANOVA with Tukey post hoc test]. The red arrows indicate gaps between endothelial cells. The red asterisks indi-
cate gaps between endothelial cells and basal membrane. (i-j) Representative images and quantification showing the IgG leakage
at the peri-infarct tissue (n = 6 in each group; mean + S.D; **P < 0.01 vs. AAV-Tiel-C-transfected mice by one-way ANOVA with
Tukey post hoc test). Scale bar: 20 wm in (b, i) and 500 nm in (f). BM, basal membrane. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. Specific enhanced expression of Cav-1 in endothelial cells ameliorates thrombus formation at tMCAO-24 h. (a, b)
Representative images of immunofluorescence staining and quantification showing the FITC-dextran perfusion in the CD31" cere-
bral microvessels (red) at the peri-infarct tissue 24 h after surgery. Data are presented as the percentage of perfusion vessels relative
to the imaged area (n = 6 in each group; mean + S.D; **P < 0.01 vs. AAV-Tiel-C-transfected mice by one-way ANOVA with Tukey
post hoc test). (¢, e) Representative images of immunofluorescence staining showing the positive for fibrinogen (red) and thrombo-
cytes (red) in the CD31% cerebral microvessels (green) of the peri-infarct area 24 h after surgery [quantified in (d, f); n = 6 in each
group; mean =+ S.D; **P < 0.01 vs. AAV-Tiel-C-transfected mice by one-way ANOVA with Tukey post hoc test]. Insets showing a
higher magnification view. (g—i) Immunoblotting and quantification showing the expression of vWF and PAI-1 in microvascular seg-
ments of the peri-infarct region 24 h after surgery (a pool of 2 mice per sample, n = 5 samples in each group; *P < 0.05, **P < 0.01 vs.
AAV-Tie1-C-transfected mice by one-way ANOVA with Tukey post hoc test). Scale bar: 20 wm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

transfection suppressed the accumulation of fibrinogen  regulating cerebral thrombo-inflammation independent
and blood platelets in the microcirculation after I/R  of caveolae.

injury (Figure 5c—f), which may be resulted from the

inhibited expression of endothelial vWF and PAI-1

(Figure 5g—i). Similarly, the enforced expression of endo-  Decreased endothelial Cav-1 contributes to the

thelial Cav-1 profoundly reduced the recruitment of circu-  reduction of RXR-y

lating myeloid cells by the attenuation of microvascular ~ To explore the downstream effector in Cav-1 function,
ICAM-1, and VCAM-1 level, and mitigated vascular  high-throughput mRNA sequencing was employed. We
inflammation by diminishing the generation of IL-1f  screened out 15 mRNAs that were significantly altered
and TNF-w (Figure 6). These findings suggest (with a fold change >= 2) by the tMCAO model and
that endothelial Cav-1 could play a pivotal role in  were with a more significant fold change in Cav-1/~
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Figure 6. Specific enhanced expression of Cav-1 in endothelial cells reduces post-stroke immune cell recruitment at tMCAO-
24 h. (a—d) Representative flow cytometry graphs showing the myeloid cell infiltration in the ischemic hemisphere of WT tMCAO
and Cav-1~"~ tMCAOQ mice pre-treated with AAV-Tie1-C or AAV-Tiel-Cav-1. High expression of CD45 and CD11b (upper right quad-
rant), indicative of infiltrated myeloid cells, were further subdivided into Ly6G-positive neutrophils and Ly6C-positive monocytes
[quantified in (e—g); n = 5 in each group; mean + S.D; *P < 0.05, **P < 0.01 vs. AAV-Tiel-C-transfected mice by one-way ANOVA
with Tukey post hoc test). (h—I) Immunoblotting and quantifications showing the expression of ICAM-1, VCAM-1, TNF-¢, and IL-18
in microvascular segments of peri-infarct area at tMCAO-24 h (a pool of 2 mice per sample, n = 5 samples in each group; *P < 0.05,
**P < 0.01 vs. AAV-TieT-C-transfected mice by one-way ANOVA with Tukey post hoc test).

tMCAO mice (Figure 7a). After excluding the altered
mRNAs resulting from the genetic difference between
wild-type and Cav-1/~ sham-operated mice, 11 mRNAs
were chosen at the peri-infarct region (Figure 7b). Real-
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time PCR was used to confirm these data. Of note, com-
pared to Cav-1~/~ peri-infarct brain, Rxrg mRNA was
the most significantly changed mRNA with an approxi-
mate reduction of 4.97-fold (Figure 7c—e). Besides, the
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Figure 7. Endothelial RXR-y is significantly decreased in the peri-infarct area of Cav-1~'~ tMCAO mice at 24 h. (a, b) System-
atic screening of factors resultant from Cav-1 loss after tMCAO (n = 4 in each group). (c—e) Real-time PCR for validation of 11 mRNAs
in the peri-infarct area (n = 8 experiments in each group; mean + S.D; *P < 0.05, **P < 0.01 by one-way ANOVA with Tukey post hoc
test). (f) Immunofluorescence staining showing the expression of RXR-y (violet) in the CD31* vascular endothelium (green) at the
peri-infarct area of 4 groups at tMCAO-24 h [quantified in (g); n = 6 in each group; mean £ S.D; *P < 0.05, **P < 0.01 by one-way
ANOVA with Tukey post hoc test]. Scale bar: 20 um. N.S., no significance.
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protein expression of microvascular RXR-y was consis-
tent with its mRNA level. Immunofluorescence demon-
strated that cerebral RXR-y was mostly expressed by
CD31" microvessels. In mice subjected to tMCAO,
microvascular RXR-y was decreased, whose reduction
was more significant under the Cav-1-deficient condi-
tion (Figure 7f and 7g).

We then introduced Cav-1 siRNA into wild-type mice
to intuitively determine the relationship between Cav-1
and RXR-y. N.C. or Cav-1 siRNA was intravenously
injected in mice at intervals of three days for five injec-
tions (Supplemental Figure 10a). A robust uptake of
Cys-labeled N.C. and Cav-1 siRNA was captured in the
microvessels (Supplemental Figure 1ob). Compared to
mice injected with N.C. siRNA, mice that received Cav-1
siRNA exhibited significantly lower expression of endo-
thelial Cav-1 and RXR-y (Supplemental Figure 1oc—e).
Similar results were obtained by immunoblotting for
the extracted brain microvessels (Supplemental Figure
1of—h). These data collectively suggest that Cav-1 reduc-
tion could lead to RXR-y decrease, which may function
as a downstream effector of endothelial Cav-1 in cerebral
I/R injury.

RXR-vy is an important intermediary in Cav-1-induced
protection in cerebral I/R injury

Given the upstream regulation of Cav-1 on RXR-y in
cerebral microvessels, we asked whether suppression of
RXR-y could overcome the AAV-Tie1-Cav-1-induced sal-
utary effects after tMCAO. N.C. or RXR-y siRNA was
injected every three days for five injections, starting at
one week after AAV-Tie1-Cav-1 transfection (Figure 8a).
Compared to N.C. siRNA, RXR-y siRNA aggravated
neurological deficits with increased mNSS score in
tMCAO mice transfected with AAV-Tiei-Cav-1
(Figure 8b). Microscopically, the microvascular capture
of Cys-labeled N.C. or RXR-y siRNA was identified in
the peri-infarct brain (Figure 8c). RXR-y siRNA
markedly reduced RXR-y expression, but did not affect
microvascular Cav-1 level increased by AAV-Tie1-Cav-1
(Figure 8d—f). Similarly, the PTRF expression was not
altered (Supplemental Figure 11). As shown in
Figure 8g—j, administration of RXR-y siRNA exacer-
bated the adhesion of thrombocytes as well as fibrino-
gen in the microvessels, which were once ameliorated
by enhanced expression of endothelial Cav-1. Addition-
ally, RXR-y knockdown reversed Cav-1-induced inhibi-
tion on myeloid cell infiltration. As illustrated by Ly6G
and Ly6C staining, the number of leukocytes was signif-
icantly increased at the peri-infarct tissue in RXR-y
siRNA-treated tMCAO mice, though endothelial Cav-1
was rescued (Figure 8k—m). Elevated protein expres-
sion of thrombo-inflammation-related molecules was
also detected in tMCAO mice receiving RXR-y siRNA
(Figure 8n—t). Most importantly, knockdown of
RXR-y did not induce any effects on endothelial TJ
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with gaps and TJ proteins expression (Supplemental
Figure 12), suggesting that the RXR-y might not be
involved in manipulating microvascular hyper-perme-

ability.

Discussion

Endothelial Cav-1 has been well-characterized in main-
taining microvascular homeostasis. This study opens a
new area of research on the role of Cav-1 in cerebral
thrombo-inflammation. A positive and significant corre-
lation existed between reduced serum Cav-1 and poor
outcomes in acute ischemic stroke patients with suc-
cessful EVT treatment. In tMCAO mice, acute cerebral
I/R injury reduced endothelial Cav-1 as well as circulat-
ing Cav-1. Specific enhanced expression of endothelial
Cav-1 inhibited infarct growth, rescued endothelial
breakdown, and attenuated thrombo-inflammation
independent of caveolae reservation. The consistent
findings in the cohort and the animal study indicate the
possibility of translation of laboratory findings to
human biology. As the most significant downstream
effector of Cav-1, RXR-y selectively manipulated cere-
bral thrombo-inflammation, as knockdown of RXR-y
reversed Cav-1-induced suppression on the microthrom-
bus formation and vascular inflammation without
affecting microvascular T] expression. Taken together,
though endothelial Cav-1 per se was strongly involved in
the integrated microvascular function, its downstream
RXR-y may be a specific regulator for cerebral thrombo-
inflammation after acute I/R injury.

Both animal studies***’ and the clinical trial*® con-
cluded that anti-platelet aggregation was not effective to
delay/stop stroke progression after recanalization.
Therefore, a simple secondary thrombotic event could
not explain post-stroke reperfusion injury. The closely
intertwined action of thrombotic, as well as inflamma-
tory mechanisms, may concertedly drive post-ischemic
cerebral infarct progression, leading to the tempting
concept of ischemic stroke being a thrombo-inflamma-
tory disease.® Numerous attempts have been conducted
to find novel targets engaged in the thrombo-inflamma-
tory activity for stroke treatment. The plasma fibronec-
tin-splicing variant containing extra domain A*9°° and
plasma kallikrein* were recently recognized as systemic
targets for thrombo-inflammation and potential stroke
therapies. Some investigations have reported that target-
ing platelet Glycoprotein Ib"/*"°* and platelet AnxA1>®
was effective in ameliorating vascular occlusion, inhibit-
ing inflammatory cell recruitment, and reducing post-
stroke tissue damage. It is remarkable to note that endo-
thelial dysfunction is the early prerequisite of thrombo-
inflammatory events in cerebral I/R injury. Intact endo-
thelium regulates vascular tone and maintains vascular
homeostasis, including normal permeability and non-
inflammatory, anti-thrombotic surface.* After the
ischemic injury, thrombus formation and pro-
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Figure 8. RXR-y is required in Cav-1-induced protection in cerebral I/R injury at 24 h. (a) Experimental flow chart. (b) The mNSS
score of control or RXR-y siRNA-transfected wild-type tMCAQO mice at 24 h (n = 20 in each group; mean =+ S.D; *P < 0.05 vs. control
siRNA-injected mice by unpaired t-test). (c) Representative images showing the co-localization of siRNA (cyan), RXR-y (red) and cav-
1 (gray). (d—f) Immunoblotting and quantifications showing the expression of RXR-y and Cav-1 in the microvascular segments 24 h
after surgery (a pool of 2 mice per sample, n = 5 samples in each group; **P < 0.01 vs. control siRNA-injected mice by unpaired t-
test). (g, h) Representative orthogonal views of Z-stack images showing the fibrinogen (red) and thrombocyte (red) in the CD31*
cerebral microvessels (green) 24 h after tMCAO [quantified in (i, j); n = 6 in each group; mean + S.D; **P < 0.01 vs. control siRNA-
treated mice by unpaired t-test]. (k) Representative immunofluorescent images showing the recruitment of Ly6G* neutrophils and
Ly6C*" monocytes at the peri-infarct area 24 h after tMCAO [quantified in (I, m); n = 6 in each group; mean % S.D; **P < 0.01 vs. con-
trol siRNA-treated mice by unpaired t-test). (n—t) Immunoblotting and quantification showing the expression of vWF, PAI-1, ICAM-1,
VCAM-1, TNF-« and IL-18 in brain microvascular segments 24 h after tMCAO (a pool of 2 mice per sample, n = 5 samples in each
group; *P < 0.05, **P < 0.01 vs. control siRNA-injected mice by unpaired t-test). Scale bar: 10 wm. (For interpretation of the referen-
ces to color in this figure legend, the reader is referred to the web version of this article.)
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inflammatory action concomitantly take place at the
sites of damaged or activated endothelial cells.>

Cav-1 is a ~20-kDa protein that is required for the
formation of caveolae.’° It has been reported to express
in all types of cells in the CNS.> According to our data,
tMCAO-induced Cav-1 reduction was dominantly found
in endothelial cells of the peri-infarct brain 24 h after
the surgery. Firstly, the reduction might be attributed to
the inhibition of Cav-1 expression. Dysregulation of
non-coding RNAs, including microRNAs and circular
RNAs, has been found in the pathophysiology of cere-
bral vascular endothelium in the brain’s response to
ischemic stimuli.”*° In the ischemic stroke model, the
level of miR-126, miR-98, circ-Memo1, and circ-
DLGAP4 were reported to be altered in vascular endo-
thelial cells.®> ®* Meanwhile, these non-coding RNAs
could regulate Cav-1 expression by potentially targeting
the 3” UTR region of Cav-1 mRNA. Secondly, the reduc-
tion might be attributed to an increase in Cav-1 degrada-
tion. Reactive oxygen species after stroke onset could
activate ZNRF1, which could promote Cav-1 ubiquitina-
tion and degradation.®* Consistently, a previous study
on the rat tMCAO model obtained similar results of
decreased Cav-1 expression at 24 h in the ipsilateral
hemisphere.** Other preclinical studies, on the con-
trary, have reported an increased Cav-1 level after ische-
mic insult.°> 7 This Cav-1 elevation was reported at
either the hyperacute phase of MCAO-12h®” or the
chronic phase of MCAO-48h, MCAO-72h, or even 2
weeks post-ischemia.®*®® The discrepancy could be
explained by a time-course change of Cav-1 expression
after stroke. It was reported that the level of Cav-1 was
upregulated between 6 and 12 h, and decreased between
12 and 24 h, while increased again between 24 and 48 h
post-tMCAO.®® Other variations in the experimental
protocols, such as the stroke model, the occlusion time,
the methods evaluating Cav-1, and different ways of
quantification, should also be taken into consideration.
Cav-1 could act as an important mediator of anti-inflam-
matory effects by inhibiting the expression of the proin-
flammatory cytokine, such as Nuclear Factor-«B (NF-
kB) and Activating Protein-1, and inducing the produc-
tion of the anti-inflammatory cytokine, such as IL-10.°?
Furthermore, the Cav-1-dependent TLR4-MyD88-NF-xB
pathway in endothelial cells could regulate endothelial
barrier breakdown,* which could in turn exacerbate the
inflammation after stroke. However, except for mediat-
ing inflammatory responses, little is known about the
potential mechanism underlying the involvement of
endothelial Cav-1 in thrombo-inflammation in the con-
text of ischemic stroke. In our study, genetic delivery of
AAV-Tie1-Cav-1 was introduced, aiming to enhance Cav-
1 expression exclusively in endothelial cells. AAV-Ties-
Cav-1 reduced microvascular breakdown via reservation
on TJ protein, which was in accordance with previously
published literature.”*7" Furthermore, microthrombi,
represented by fibrinogen deposition and platelet
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adhesion, and neutrophil infiltration were remarkably
attenuated by AAV-Tie1-Cav-1, suggesting an endothelial
cell-autonomous function of Cav-1 on microvasculature
and thrombo-inflammation. Consistent with the previ-
ous study,”” over-expression of Cav-1 did not contribute
to an increase in caveolae number, suggesting that the
role of Cav-1 in thrombo-inflammation might be inde-
pendent of the caveolae organelle. Therefore, our data
suggest that the protection induced by increased Cav-1
may be ascribed to the regulatory function of non-caveo-
lar Cav-1.

Downstream of endothelial Cav-1, we identified RXR-
y as an important factor generated from microvascular
endothelium. RXR-y was reported to be abundantly
expressed in the CNS.7>74 RXR-y signaling is a critical
regulator of CNS homeostasis, such as controlling
behavioral abnormalities” and promoting remyelina-
tion.”® We further broadened the effects of RXR-y in
the field of brain ischemic injury. Acute cerebral I/R
injury decreased Rxrg mRNA and protein levels in the
peri-infarction area. A more prominent decrease of
RXR-y was observed with the ablation of Cav-1 under
tMCAO conditions. Moreover, knockdown of RXR-y
could overcome the salutary effects of Cav-1, indicating
RXR-y may be an important downstream executor of
endothelial Cav-1. RXR-y was implicated in micro-
thrombus formation, as RXR-y siRNA induced upregu-
lation of endothelial vWF and PAI-1 and permitted in
situ aggregations of fibrinogen with platelets. We also
found that RXR-y knockdown could exaggerate inflam-
matory response by promoting endothelial expression
of adhesion molecules (VCAM-1 and ICAM-1) and
inflammatory cytokines (IL-18 and TNF-«), which may
be corrected by the findings from RXR agonist.”” There-
fore, we speculated that Cav-1 may regulate cerebral
thrombo-inflammation through the RXR-y signaling in
microvascular endothelial cells. Mechanistically, RXR,
as a transcription factor, is known to form heterodimers
with different nuclear receptors, such as peroxisome
proliferator-activated receptors (PPARs). Except for reg-
ulating different metabolic pathways,”® the PPAR-RXR
heterodimeric complex is also reported to be involved in
vascular biology, including anti-clotting through inhibit-
ing endothelial thromboxane receptors’®*° and control-
ling inflammatory responses.*>®" Therefore, acute
ischemia-induced ~disruption in Cav-r expression
decreased RXR-y, which may then destroy the anti-
thrombo-inflammation of stable heterodimers com-
posed of RXR-y.

However, several limitations should be addressed in
the present study. Firstly, all outcomes in tMCAO mice
and stroke patients with EVT were measured at 24 h.
This time point was chosen to specifically investigate
the early and acute thrombo-inflammatory response
after stroke. Studies are needed to investigate the devel-
opment of thrombo-inflammation at later time points.
Secondly, the global Cav-17/~ mice were used, causing
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Cav-1 depletion before tMCAO. Though Cav-1 was domi-
nantly expressed and changed in endothelial cells, other
cells expressing Cav-1 cannot be excluded. Thirdly, sys-
temic siRNA delivery was not with high specificity. Peri-
vascular uptake of off-target siRNA may exert
confounding effects. Taken together, the results should
be treated and interpreted with caution.

In summary, we showed a new mechanism engag-
ing in cerebral thrombo-inflammation. Regulation of
this complex interplay between blood coagulation and
inflammation could prevent infarct development and
alleviate tissue damage. In cerebral I/R injury, specific
regulation of endothelial Cav-1/RXR-y controlled the
microvascular expression of molecules involved in
thrombus formation and inflammatory action. As such,
our study may shed light on a specific role of endothelial
Cav-1/RXR-y signaling in diseases involving thrombo-
inflammatory circuits.
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