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Abstract

Neutrophils play critical roles in the evolving of brain injuries following ischemic stroke. However, how they impact the
brain repair in the late phase after stroke remain uncertain. Using a prospective clinical stroke patient cohort, we found
significantly increased cathelicidin antimicrobial peptide (CAMP) in the peripheral blood of stroke patients compared to
that of healthy controls. While in the mouse stroke model, CAMP was present in the peripheral blood, brain ischemic
core and significantly increased at day |, 3, 7, 14 after middle cerebral artery occlusion (MCAQ). CAMP™'~ mice
exhibited significantly increased infarct volume, exacerbated neurological outcome, reduced cerebral endothelial cell
proliferation and vascular density at 7 and 14 days after MCAO. Using bEND3 cells subjected to oxygen-glucose
deprivation (OGD), we found significantly increased angiogenesis-related gene expression with the treatment of recom-
binant CAMP peptide (rCAMP) after reoxygenation. Intracerebroventricular injection (ICV) of AZD-5069, the antag-
onist of CAMP receptor CXCR2, or knockdown of CXCR2 by shCXCR2 recombinant adeno-associated virus (rAAV)
impeded angiogenesis and neurological recovery after MCAO. Administration of rCAMP promoted endothelial prolif-
eration and angiogenesis and attenuated neurological deficits 14 days after MCAO. In conclusion, neutrophil derived
CAMP represents an important mediator that could promote post-stroke angiogenesis and neurological recovery in the
late phase after stroke.
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Introduction infiltrated into the ischemic brain early after stroke.*>

It has been long recognized as the major pro-
inflammatory immune cells that play critical roles in the
evolving of neuroinflammation after stroke.®® However,
recent evidence is emerging that neutrophils may

Cerebral ischemic stroke, as the leading cause of mor-
bidity and mortality worldwide,' causes cerebral blood
flow reduction and blocks the oxygen and nutrients
supply to the ischemic brain, ultimately causing cell
death and tissue damage. In response to the ischemic
injury, the brain adapts to compensate for the insuffi-
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cient oxygen supply and angiogenesis takes place as
early as 3 days afters stroke, thus promoting the
rebuiding of blood flow to support neurological recov-
ery.” Recent studies suggest that immune cells and
cytokines foundamentally participate in the regulation
of angiogenesis, which provides a novel immunological
insight for stroke recovery treatment.’

Neutrophils are the most abundant innate immune cell
type that can be recruited from peripheral blood and
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promote tissue repair after ischemic diseases.** ! ECs
are the first stop of peripheral neutrophils that adhere to
the brain vasculature following ischemic stroke and can
attract neutrophils by expressing a variety of cytokines
and chemokines.'? ¥ However, whether and how neu-
trophils affect the proliferation of ECs and promote
brain repair in the delayed stroke-damaged brain
remains unknown.

The cathelicidin antimicrobial peptide (CAMP) is
derived from neutrophils by de-granulation.'
Previous studies have shown that CAMP promotes
wound healing by stimulating epithelialization and
angiogenesis of injured tissue.'®'® The pro-healing
effects of CAMP can be mediated by altering growth
factor/receptor interactions.'®?® In addition, CAMP
can induce angiogenesis through prostaglandin E2-
EP3 signaling in endothelial cells.'® or formyl peptide
receptor-like 1 expressed on endothelial cells.'” The
above evidences suggest that CAMP plays an impor-
tant role in regulating the proliferation of ECs.

In this study, we find that neutrophil-derived CAMP
promotes the prolifereation of cerebral ECs and angio-
genesis, partially through CXCR2 receptor on ECs. We
propose that CAMP could be a potent pro-angiogenesis
factor, which may serve as a therapeutic target to pro-
mote cerebral blood flow reconstruction and improve
neurological function in the late phase of ischemic
stroke.

Materials and methods

Animals

Adult male C57BL/6 mice (6-8 weeks) were purchased
from Shanghai Jiesijie Laboratory Animal Co., Ltd
and were housed in a standard laboratory room (12-h
light/dark cycle, constant temperature and humidity
controlled, with free access to food and water).
CAMP /= mice were purchased from the Cyagen
Biosciences Co., Ltd. All mice were bred on a
C57BL/6 background. All animal experiments were
approved by the Renji Hospital Institutional Animal
Care and Use Committee and performed in accordance
with the Institutional Guide for the Care and Use of
Laboratory Animals. Animal data reporting followed
the ARRIVE 2.0 guidelines.?'

Middle cerebral artery occlusion model (MCAO)

Cerebral ischemia was induced by intraluminal occlu-
sion of the left middle cerebral artery (MCA). Mice
were anesthetized with 2% isoflurane in 70% N,/
30% O, Body temperature was maintained constantly
at 37-37.5°C with a heating pad. A silicone-coated fil-
ament was advanced through the left internal carotid

artery until it occluded the MCA. After 60 minutes
MCAQO, the filament was removed to allow reperfusion.

Cerebral blood flow measurement

Cerebral blood flow (CBF) was measured with a laser
speckle contrast imaging (LSCI). CBF measurements
were performed under anesthesia with 2% isoflurane.
CBF values were assessed using regions of interests
(ROIs) on ipsilateral and contralateral sides of the
MCA arcas. The images were recorded while the
body temperature, heart rate was stably maintained
for 1 min. The mean values from 15 perfusion images
were chosen for quantification.”?

Assessments of neurological deficit

The evaluation of neurological deficit was performed on
1, 3, 5,7, 14 days after MCAO by investigators blinded
to experimental group assignments.

Rotarod. Mice were placed on the rotating rod (YLS-
4D) of 3.0cm diameter, and trained to stay on the rod
for 300 sec in an acerated speed from 5rpm to 40 rpm.
The latency to fall or spin around on the rungs was
recorded.

Foot-fault test. Each mouse was placed on a steel grid
floor (20 cm x 40 cm with a mesh size of 4 cm?) elevated
50 cm above the floor and videotaped. The number of
errors (when the mouse misplaced forelimb and fell
through the grid) was recorded for a S5-minute-long
observation period.

Garcia score. The modified Garcia score system was
established to evaluate sensorimotor function. The
score consists of 5 tests: body proprioception, vibrissae
touch, limb symmetry, climbing, and forelimb walking
with scores of 0-3 for each test (maximum score of 15).

Neutrophil depletion

Neutrophils were depleted using anti-Ly6G mAb
(#BE0075-1, BioXCell).?> Specifically, starting at
1 day before MCAO and 1, 3, 5, 7 days after
MCAO, mice were injected i.p. with anti-Ly6G mAb
(0.1 mg/day) to deplete neutrophils or with rat I1gG
(BP0089, BioXCell) as control. The efficiency of neu-
trophil depletion in MCAO mice was confirmed by
flow cytometry.

Immunofluorescence

Mice were intravenously injected with Lycopersicon
esculentum (Tomato) Lectin (LEL, TL), DyLight 594
(300ug/mL, Invitrogen, 1.32471) four hours before
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sacrificed. Coronal sections were incubated with 10%
normal donkey serum for 60 minutes at room temper-
ature in PBS containing 0.3% Triton X-100 (0.3%
PBST) followed by incubation with appropriate prima-
ry antibodies overnight at 4°C in the same buffer. The
anti-CAMP (1:500, Novus), anti-CD31 (1:500, R&D),
anti-NeuN (1:500, Abcam), anti-GFAP (1:500, Abcam),
anti-Ibal (1:500,  Abcam), anti-Map2  (1:500,
Abcam), anti-ZO-1 (1:500, Abcam), anti-CXCR2 (1:500,
Abcam), anti-myeloperoxidase (1:500, Abcam) primary
antibodies were used. Sections were then washed three
times with 0.3% PBST followed by incubation with appro-
priate fluorescent-labeled secondary antibodies (1:500) for
2 hours at room temperature. DAPI was incubated for
counterstaining of the nucleus. All immunofluorescence
images were captured on a laser scanning confocal
microscope (Olympus Fluoview FV3000, Olympus).

Image acquisition and analysis

EdU images were analyzed manually by using NIH
Image J (1.52a). TIFF files were converted into
binary images by setting a fixed threshold for both
CD31 and EdU signal intensity, merged edged of
close nuclei were split through the Watershed plug-in
and nuclei count was performed with the built-in par-
ticle analysis plug-in. Accepted nuclei dimension were
set in a range corresponding to the second and third
quartiles of all particles detected. Three randomly
selected microscopic fields in the cortex on each section
were analyzed for each brain by a blinded investigator.
The immune-positive cells were presented as the mean
numbers or percentage of cells per field.

Mean fluorescent intensity (MFI) is the mean of the
fluorescence intensity in the fluorescence channel (Alexa
488, etc.). The MFI of CAMP, ZO-1 or CXCR2 in each
section were averaged using NIH Image J (1.52a). MFI
(Mean)=sum of fluorescence intensity in the region
(IntDen)/Area of the region (Area)

Lectin-stained vessels were imaged with a confocal
Olympus FV3000. Confocal images were processed to
create maximum Z projections and saved as TIFF files
before analysis. We use Vessel Analysis (Fiji) plugin to
analyze the vascular density. Vessel Analysis is a plugin
to automatically calculate vascular density metrics: vas-
cular density = vessel area/total area x100% - vascular
length density = skeletonized vessel area/total area-
x 100%). Three randomly selected microscopic fields
in the cortex on each section were analyzed for each
brain by a blinded investigator.

Flow cytometry

For peripheral blood cells, single cell suspensions were
prepared using RBC lysis buffer (BD). Isolated cells

were stained with CD45-APC-Cy7 (ebioscience,
USA), CDI11b-PE (BD), Ly6G-BV421 (R&D),
hCAPI18-647 (Abcam). Flow cytometry was performed
on BD FACSVerse (BD Bioscience). Data analysis was
performed using FlowJo software (TreeStar).

Recombinant CAMP peptide (rCAMP) and
antagonist delivery by intracerebroventricular (ICV)
injection

rCAMP (Bioss, Y-0430) (2mg/kg),*** CAMP recep-
tor antagonist: AZD-5069 (MCE, HY-19855) (10 mg/
kg)*® and JNJ-47965567 (MCE, HY-101418) (10 mg/
kg)?” were delivered via ICV injection 4 hours after
reperfusion. ICV administration was performed as pre-
viously described.”® A 1-mm cranial burr hole was
drilled at the following coordinates relative to
bregma: 0.22mm posterior, 1.0mm lateral. A 26-
gauge needle of a 10 pL Hamilton syringe was inserted
into the left lateral ventricle through the cranial burr
hole at the depth of 2.25 mm deep under dura. A micro-
infusion pump was used for ICV injection at a rate of
1 pL/min. The needle was left in place for an additional
Smin at the end of infusion and then removed slowly
during a 3-min period.

Oxygen glucose deprivation (OGD)

An in vitro OGD model was established as previously
described.?” Briefly, the culture media of bEND3 cells
were replaced with OGD media, composed of DMEM
with no glucose or serum. Cells were then transferred
to a humidified hypoxia chamber flushed with OGD
gas mixture (95% N,, 5% CO,). The oxygen level was
kept constant at approximately 0.3% throughout the
duration of the experiment by a digital oxygen control-
ler (Biospherix). Glucose containing media was applied
6 h after OGD to achieve reoxygenation.

RNA sequencing

The total RNA was extracted using RNeasy Mini Kit
(Cat#74106, Qiagen), and RNA quality was checked
using an Agilent Bioanalyzer 4200 (Agilent technolo-
gies, Santa Clara, CA, US). Sequencing libraries were
generated using VAHTS Stranded mRNA-seq Library
Prep Kit for Illumina (NR612, Vazyme, Nanjing,
China) according to the manufacturer’s instructions.
The sequencing was performed on Illumina Nova seq
platform (Illumina, San Diego, CA, USA). Genes with
P-value < 0.05 and |FC| > 2 were considered as differ-
entially expressed genes (DEGs). In order to under-
stand the biological function of differentially
expressed genes, we performed enrichment analysis
based on the Gene Ontology (GO) database.
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5-Ethynyl-2'-deoxyuridine(EdU) assay and cell
proliferation

In vitro: 50nM EdU reagent (Beyotime, C0078L) was
added into 24-well plate seeded with bEND3 cells and
incubated for 24 hours at 37°C, then tested with flow
cytometry. EdU incorporation and detection were per-
formed as described by the manufacturer’s protocol.
Briefly, 100uL of 2xworking solution of EdU was
added to the wells with bEND3 cells in the 24-well
plate during the exposure time for 24 hours with dif-
ferent TCAMP concentrations or CAMP antagonist.
After incubation, the cells were fixed with 4% parafor-
maldehyde for 15 min and then 0.3% TritonX-100 with
Phosphate Buffer Solution (PBST) for 15 mins at room
temperature. The cells in each well were washed twice
with 0.3% PBST between every two steps. Then,
100 uLL of click reaction cocktail was added to each
well for 30min and protected from light. Each well
was washed twice with PBS. Flow cytometry was per-
formed on BD FACSVerse (BD Bioscience). Data
analysis was performed using FlowJo software
(TreeStar).

In vivo: To label newly generated cerebral endothe-
lial cells in vivo after ischemia, C57BL/6 mice were
intraperitoneally injected with EdU (20 mg/kg) at 2h,
1, 3, 5, 7 days after MCAO. Mice were sacrificed 4
hours after the last injection. EQU was detected using
BeyoClick™ EdU Cell Proliferation Kit with Alexa
Fluor 488 (Beyotime, CO071S).

Enzyme-linked immunosorbent assay

CAMP serological testing was performed using the com-
mercially available human or mouse CAMP enzyme-
linked immunosorbent assay (ELISA) kit according to
the manufacturer’s instructions (E-Elabscince, EL-
H2438c; Signalway antibody, EK11115-1).

CXCR2 knock-down with recombinant
adeno-associated virus (rAAV)

In vivo gene knock-down was achieved by rAAV vec-
tors. Cerebral endothelial cells specific CXCR2-
shRNA rAAV (rAAV-Tie-EGFP-5miR-30a-shRNA
(Cxcr2) -3-miR30a-WPREs, BR1) and scramble-
shRNA rAAV (rAAV-Tie-EGFP-5miR-30a-shRNA
(scramble) -3'-miR30a-WPREs, BR1) were chemi-
cally synthesized by BrainVTACo., Ltd (Wuhan,
China). rAAV was diluted in phosphate-buffered
saline (PBS) to 2 x 10'" genome copies/100 uL. Mice
were injected intravenously with 100uL CXCR2-
shRNA or scramble-shRNA rAAV suspension three
weeks prior to MCAO.

Statistical analysis

Sample sizes for animal studies were determined by
power calculations for the primary parameter with
mean differences and standard deviations based on
pilot studies or the literature (power==380%,
0=0.05).7" All statistics were performed using
GraphPad Prism(v.9.0.0). Results were presented as
mean + standard deviation (SD). The Kolmogorov-
Smirnov normality test was initially performed on all
datasets. For normally distributed continuous varia-
bles, comparisons between two groups were conducted
by the two-tailed Student’s t-test (equal variances) or
Welch’s ¢ test (unequal variances), and comparisons
between multiple groups were conducted by one-way
analysis of variance (ANOVA) followed by with
Bonferroni multiple comparisons test or two-way
ANOVA. Differences in means across groups with
repeated measurements over time were analyzed using
repeated measures ANOVA. When the ANOVA
showed significant differences, pairwise comparisons
between means were tested by post hoc Bonferroni
(comparisons between all conditions), Dunnett (all
conditions compared with a control group). For con-
tinuous variables with non-normal distributions or
non-continous variables, the two-tailed Mann-
Whitney U rank sum test was used. In all analyses,
p <0.05 was deemed statistically significant.

Results

Stroke increases CAMP in patients’ circulating
neutrophils and the mouse ischemic brain

In a prospective cohort of ischemic stroke patients
within 3 days after stroke onset (Table S1, S2), we
examined the level of CAMP in the peripheral
plasma. We found CAMP was maintained at a low
level in the plasma of healthy controls, whereas
stroke led to a significant increase both in male and
female patients within 3 days (Figure 1(a) and (b)).
Using a mouse model of MCAO, we found the expres-
sion of CAMP in plasma significantly increased at 1, 3,
7 and 14 days after MCAO and the CAMP level
peaked at 3 days after MCAO in male mice, but at 7
days after MCAO in female mice (Figure 1(c) and (d)).
In addition, the number and percentage of
CAMP Ly6G™ neutrophils in the peripheral blood
of MCAO mice were remarkedly increased at 1 and
3 days after MCAO compared to that of the sham
mice (Figure 1(e) to (i)). CAMP" Ly6G™ neutrophils
were also increased in the infarct core regions at 3, 7
and 14 days after MCAO as revealed by immunofluo-
rescent staining (Figure 1(j) to (I)). We also found
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Figure I. CAMP is upregulated in circulating neutrophils and ischemic brain. (a—b) Quantification of CAMP in the plasma of male (a)
and female (b) stroke patients within 3 days by ELISA (n=17-23 per group, unpaired Student’s t-test). (c—d) Quantification of CAMP
in the plasma of MCAO male mice (c) and female mice (d) at |, 3, 7 and 14 days after MCAO (n = 6 per group, one-way ANOVA with
Bonferroni multiple comparisons test). (e) Representative flow cytometry plots for CAMP" Ly6G™ neutrophils in the peripheral
blood of MCAO mice at | and 3 days after MCAQ. (f~i) Quantification of CAMP" Ly6G™ neutrophils cell numbers and percentage,
total neutrophils prcentage and CAMP MFI in the peripheral blood at | and 3 days after MCAO (n =3 per group, one-way ANOVA
with Bonferroni multiple comparisons test). (j) Representative images showed expression of CAMP in neutrophils inflitrated in the
infarct core at indicated timepoints after MCAQO. The representative pictures of three individual mouse samples per group were
shown. Scale bar, 20pm and (k-I) Quantification of CAMP™ Ly6G™ neutrophils counts per mm? and percentage in the infarct core at
indicated timepoints after MCAO (n =6 per group, one-way ANOVA with Bonferroni multiple comparisons test). All data are
presented as means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001, ns, no significance.

CAMP" neutrophils in the peri-infarct region at 3, 7,
14 days after MCAO(Fig.S4A-B). These data suggest
that stroke increases CAMP both in circulating neutro-
phils and the neutrophils infiltrated into the ischemic
brain.

CAMP deficiency increases infarct volume and
impaires neurological recovery after ischemic stroke
Given CAMP was exclusively expressed in neutrophils

as revealed by Mariana et al,?'*? together with the sec-
ondary analysis of the single cell RNA sequencing
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Figure 2. Neutrophil-derived CAMP deficiency increases infarct volume and impairs neurological recovery after ischemic stroke.
(a) Representative images of cerebral blood flow (CBF) of WT and CAMP '~ mice before MCAO (baseline), during ischemia,
10 minutes, 3 days and 7 days after reperfusion. (b) Quantitative measurements of CBF of Sham, WTand CAMP ™/~ mice at indicated
timepoints. Results were expressed as percent change from baseline (n =8 per group, one-way ANOVA with Bonferroni multiple
comparisons test). (c) Representative MAP2 staining of brain infarct and endogenous mouse IgG staining of BBB leakage of WT and
CAMP '~ mice 7 days after MCAQ. Scale bar, | mm. (d) Quantification of infarct volume and endogenous IgG positive area of WTand
CAMP '~ mice 7 days after MCAO (n = 8 per group, one-way ANOVA with Bonferroni multiple comparisons test). (¢) Quantification
of CAMP in the plasma of WT and CAMP~'~ male mice 7 days after MCAO (n =6 per group, one-way ANOVA with Bonferroni
multiple comparisons test). (f) Representative MAP2 staining of brain infarct and endogenous mouse IgG staining of BBB leakage of
Continued.
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dataset (GSE174574), which suggested that CAMP
expressed mainly in neutrophils®® (Fig. S2B), we next
used CAMP knock-out mice (CAMP /™) to examine
the role of neutrophil-derived CAMP in ischemic brain
injury, we found that the CBF of CAMP~/~ mice was
lower than WT mice at 7 days after MCAO(Figure 2(a)
and (b)). In addition, compared to WT mice, CAMP "/~
mice exhibited significantly increased infarct volume,
aggravated BBB damage as quantified by the extrava-
sation of plasma-derived IgG 7 days after MCAO
(Figure 2(c) to (e)). We next compared the above
parameters in the neutrophil depleted mice with those
in the CAMP '~ mice. We found neutrophil depletion
successfully reduced the neutrophil counts and CAMP
peptide in the peripheral blood of WT mice 7 days after
MCAO (Fig.S1A-D). In addition, sustained depletion
of neutrophils until late phase increased infarct volume
with the extent similar to CAMP '~ mice (Figure 2(f) to
(). In terms of the neurological function after MCAO,
we found that the modified Garcia score and time-
to-fall off an accelerating rotating rod (rotarod test)**
were both significantly decreased in the CAMP ™/~ mice
compared to the WT mice 7 days after MCAO (Figure 2
(h)). In the grid-walking test, the percentage of forelimb
foot fault (right impaired forelimb foot fault/total
amount of right forelimb step) were significantly
higher in CAMP~/~ mice compared to WT mice
(Figure 2(h)) during 14 days after MCAO. These results
suggested that CAMP deficiency in neutrophils
increased infarct volume and impaired late-phase neu-
rological recovery after ischemic stroke.

CAMP promotes proliferation of cerebral ECs and
angiogenesis following OGD in vitro and ischemic
stroke in vivo

To examine the mechanism underlying the protective
role of CAMP in the ischemic brain injury, we sub-
jected bEND3 cells to OGD for 6 hours, and treated
with rCAMP (5 pg/mL) or PBS for 24 hours after reox-
ygenation. We performed RNA sequencing on cell
lysates of TCAMP or PBS treated bEND3 cells and
found markedly changed transcriptional profile
between the above two groups (Figure 3(a)). The
gene expression heatmap revealed higher expression
of angiogenesis-related genes such as vascular endothe-
lial growth factor B (Vegfb), vasohibin 1 (Vashl), and
catenin beta 1 (Ctnnbl) in rCAMP treated bEND?3

cells compared to PBS group (Figure 3(b)). GO analy-
sis on DEGs of rCAMP vs PBS group revealed enrich-
ment in positive regulation of angiogenesis
(G0O:0045766) and vasculature development
(GO:1904018) (Figure 3(c)). In addition, we found sig-
nificantly decreased ZO-1 and lectin™ vascular density
in the brain of CAMP ™/~ mice compared to that of WT
mice(Figure 2(d) to (g)). To validate the pro-angiogenic
effect of CAMP after stroke, we examined the cerebral
ECs’ uptake of EdU after intraperitoneal injection of
EdU 2 hours, 1, 3, 5 and 7 days following MCAO. We
found a significant decrease in the number of Ki67" or
EdU™" nuclei within cerebral ECs from CAMP~/~ mice
compared to those from WT mice 7 and 14 days after
MCAO(Figure 2(h) to (i), Fig.S3A). We also evaluated
the proliferation of different cell types in neurovascular
unit, and found significantly higher uptake of EdU in
cerebral ECs compared to neurons, microglia, and
astrocytes 7 days after MCAO (Fig.S3B-F). The
above evidence supports that CAMP can promote cere-
bral EC proliferation and angiogenesis after ischemic
stroke.

CAMP promotes cerebral EC proliferation after
ischemic injury in vivo and in vitro

To explore how CAMP promotes the proliferation of
cerebral ECs, we treated bEND?3 cells with different
concentrations (1, 5, 10, 100 pg/mL) of rCAMP for
24 hours after reoxygenation (Figure 4(a)). EdU™
cells were detected by flow cytometry (Figure 4(b)).
The dose-response experiment determined that 5pg/
mL of CAMP peptide administrated for 24 hours
after OGD was the optimal regimen promoting cell
proliferation (Figure 4(c) and (d)). Thus, 5ug/mL of
CAMP was used in all subsequent experiments. Since
CAMP could combine to multiple receptors, including
purinergic receptor P2X7, CXC chemokine receptor 2
(CXCR?2), and formyl-peptide receptor-2 (FPR2).*>*!
We thus treated bEND3 cells with 5pg/mL rCAMP
together with antagonists of the above three receptors,
including: AZD-5069 (antagonist of CXCR2); JNIJ-
47965567 (antagonist of P2X7); WRW4 (antagonist
of FPR2) for 24 hours after reoxygenation. We found
that AZD-5069 (1 mM) and JNJ-47965567 (1mM)*’
significantly inhibited EAU uptake of bEND3 cells 24
hours after 6 hour-OGD compared to the PBS treated
bEND?3 cells (Figure 4(e) and (f)), suggesting CAMP

Figure 2. Continued.

neutrophil depletion, IgG control and CAMP '~ groups. (g) Quantification of infarct volume and endogenous IgG positive area of
neutrophil depletion, IgG control and CAMP ™'~ groups 7 days after MCAO (n=3-5 per group, one-way ANOVA with Bonferroni
multiple comparisons test) and (h) Sensorimotor function was assessed using Garcia score, rotarod, and foot-fault test for CAMP ™/~
vs WT mice after MCAO (n = 8 per group, two-way repeated measures ANOVA and post hoc Dunnett’s test). All data are presented
as means =+ SD, *P < 0.05, **P < 0.01, **P < 0.001, ¥****P < 0.0001, ns, no significance.
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Figure 3. CAMP promotes proliferation of cerebral ECs and angiogenesis after ischemic stroke. (a) Volcano plot indicating tran-

scriptomic changes between rCAMP and PBS group. (b) Heatmap showed the scaled expression of angiogenesis-related genes. (c) Bar
plot showing the top enriched GO terms using the significantly upregulated genes in rCAMP treated bEND3 cells compared to PBS
group. The color gradient indicates the number of genes per term. (d) Representative confocal images of lectin and CD3 1 double
immunostaining in the penumbra regions of WT or CAMP~'~ mice 7 and 14 days after MCAO or sham surgery. Scale bar, 50pm. (e)
Quantification of CD317" lectin™ vascular density in the penumbra regions of WT or CAMP™'~ mice 7 and 14 days after MCAO or
sham surgery (n=6 per group, one-way ANOVA with Bonferroni multiple comparisons test). (f) Representative confocal images of
Continued.
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could induce proliferation of cerebral ECs by binding
to CXCR?2 receptor or P2X7 receptor. In order to fur-
ther differentiate the receptor which is responsible for
the EC proliferation following CAMP treatment in
vivo, we treated mice with CXCR2 receptor antagonist
AZD-5069 (10mg/kg),”® P2X7 receptor antagonist
JNJ-47965567 (10 mg/kg)*’ or PBS via ICV injection
4 hours after MCAO. We found that compared to
the PBS or JINJ-47965567 treated mice, AZD-5069
treated mice exhibited significantly increased infarct
volume and aggravated BBB disruption 7 days after
MCAO (Figure 4(g) to (i), suggesting CXCR2 recep-
tor could be the major receptor that mediated EC pro-
liferation after rTCAMP treatment in the delayed phase
of stroke. In addition, the expression of CXCR2 recep-
tor on CD31" EC was significantly higher in the 14
days after MCAO (Figure 4(j) and (k)). In addition,
we examined the infiltration of CAMP*Ly6G™ neutro-
phils in the ischemic brain of mice injected with vehicle
or AZD-5069 (antagonists of CXCR2 receptor), and
found no significant difference between the vehicle
and AZD-5069 group in the peri-infarct area at 7
days after MCAO (Figure 4(l) and (m)).

CXCR2 mediates the CAMP associated angigenesis
and neurological recovery after ischemic stroke

In order to confirm that CAMP could promote angi-
genesis and neurological recovery via CXCR2, we
knockdown CXCR2 receptor of cerebral ECs specifi-
cally using rAAYV in vivo. We found that compared to
scramble-shRNA group, CXCR2-shRNA group exhib-
ited increased infarct volume and aggravated BBB
damage as quantified by the extravasation of plasma-
derived IgG 7 days after MCAO (Figure 5(a) and (b)).
Meanwhile, we detected significantly decreased ZO-1
density in the brain of CXCR2-shRNA group com-
pared to that of scramble-shRNA group (Figure 5
(c)). The CBF of CXCR2-shRNA group was lower
than scramble-shRNA group at 3, 7 days after
MCAO(Figure 5(d)). In addition, the modified
Garcia score and time-to-fall off an accelerating rotat-
ing rod were both significantly decreased in the
CXCR2-shRNA group compared to the scramble-
shRNA group 7 days after MCAO (Figure 5(e)).
Taken together, these data suggest that CAMP

promotes cerebral EC proliferation via binding to
CXCR2 receptor.

rCAMP promotes cerebral EC proliferation and
neurological repair after ischemic stroke

We next examined whether rCAMP could provide ther-
apeutic effect to improve neurological recovery after
ischemic stroke. We administered TCAMP (2mg/kg)
to the MCAO mice via ICV injection 4 hours, 1, 3,
and 7 days after reperfusion®® and found that
rCAMP treated mice showed significantly reduced
infarct volume as compared to the PBS treated mice
7 days after MCAO ((Figure 6(c) and (d)). In addition,
rCAMP treatment increased the density of CD317
cerebral blood vessels and the number of CD31°
EdU™ cells in the ischemic brain (Figure 6(¢) to (h)).
To examine the role of rCAMP treatment on the long-
term neurological outcome, We found that the Garcia
score of rTCAMP treated mice were significantly higher
than that of the PBS treated mice 14 days after MCAO.
Meanwhile, time-to-fall off an accelerating rotating rod
of the rCAMP treatment mice was significantly longer
than that of the PBS treated mice 14 days after stroke
(Figure 6(i)). Collectively, these data suggest that
rCAMP treatment could induce cerebral EC prolifera-
tion, promote angiogenesis and attenuate neurological
deficits during the late phase of stroke.

Discussion

In this study, we report, for the first time, that the host
defensive peptide CAMP, released from neutrophils,
promotes angiogenesis following ischemic stroke,
which represents a novel therapeutic target to improve
neurological recovery after stroke. The current finding
proposes a novel neuroprotective role of neutrophils in
the late phase of ischemic stroke.

CAMP, a cathelicidin-related antimicrobial peptide
is generally considered to have anti-bactericidal
effects.*> We measured the level of CAMP protein
both in the peripheral blood of stroke patients and
MCAO mice by ELISA. To further confirm the pres-
ence of CAMP in the ischemic brain, we detected
CAMP*Ly6G" neutrophils in the ischemic brain of
MCAO mice. However, since we mainly focused the

Figure 3. Continued.

tight junction protein ZO-| and CD31 in the penumbra regions of WT or CAMP™'~ mice 7 and 14 days after MCAO or sham
operation. Scale bar, 50um. (g) Quantification of ZO-1 MFI of CD31" cerebral endothelial cells in the penumbra regions of WT or
CAMP '~ mice 7 and 14 days after MCAO or sham surgery (n = 6 per group, one-way ANOVA with Bonferroni multiple comparisons
test). (h) Representative confocal images of CD31" Ki67" cells in the penumbra regions of WT or CAMP~/~ mice 7 and 14 days after
MCAO or sham operation. Scale bar, 50pm and (i) Quantification of CD3 1" Ki67" cells in the penumbra regions of WT or CAMP ™/~
mice 7 days after MCAO or sham surgery (n = 6 per group, one-way ANOVA with Bonferroni multiple comparisons test). All data are
presented as means + SD, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.
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Figure 4. CAMP/CXCR?2 mediated cerebral EC proliferation in vivo and in vitro after ischemic stroke. (a) Experimental design
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role of CAMP in the ischemic brain, the
CAMPTLy6G™ neutrophils in the peripheral blood of
stroke patients were not examined. The current study
demonstrated that CAMP regulated the proliferation
of cerebral ECs and promoted angiogenesis, thus
might serve as an important intrinsic mechanism that
neutrophils promote brain repair after ischemic stroke.
Our finding is consistent with the previous literature
that showed CAMP were highly expressed during
wound healing.*?

Angiogenesis is a critical step for functional recovery.
When reperfusion is restored after transient ischemia,
damage to the vascular endothelium and blood-brain
barrier ensues, which represents one of the major mech-
anism underlying the no recurrent flow of blood vessels
following revasculature therapy, such as thrombectomy
and thrombolysis.***> According to the previous find-
ings, new blood vessels start to appear on the 3rd day
after stroke onset,*® and angiogenesis is coupled with
axonal outgrowth/neurogenesis, which together con-
tribute to the functional recovery after cerebral ische-
mia.*” In order to examine whether the angiogenesis
induced by CAMP is functional in vivo, we injected
Lycopersicon esculentum Tomato Lectin to mice intra-
venously 4 hours before sacrifice. The density of lectin-
positive and CD31-positive cells (indicating functional
blood vessels with blood flow perfusion) and CBF as
measured by laser speckle contrast imaging of
CAMP '~ mice were significantly lower than that of
the WT mice at 7 days after MCAO.

Mechanistically, we found CAMP promoted angio-
genesis by activating the CXCR2 receptor on cerebral
ECs, while inhibition of CXCR2 suppressed CXCR2-
promoted angiogenesis. The CXC chemokine receptor
family belongs to the seven-transmembrane superfam-
ily of G protein-coupled receptors.*> CXCR?2 is origi-
nally the high-affinity receptor on murine neutrophils,
which is related to adhesion and rolling of neutro-
phils.* Interestingly, accumulating evidence suggests
that CXCR?2 expression is not only limited on neutro-
phils, but can also be found on other cells including
endothelial cells. The interaction between CXCL/
CXCR?2 was considered to induce leukocyte migration,

angiogenesis and other functions.’®>' It was reported
that CXCR2 on microvascular endothelial cells was
activated by IL-8, which could contribute to the
increased vascular permeability observed in acute
inflammation and during the angiogenic response.”!
In addition, CAMP may act as a functional ligand
for CXCR2 on human neutrophils.41 The current
study showed for the first time that CAMP released
from neutrophils could promote angiogenesis by acti-
vating the CXCR2 receptor on cerebral EC in late
phase of ischemic stroke.

In our study of the clinical cohort and the mice
MCAO model, we found male and female mice exhib-
ited remarkable difference in the CAMP peptide levels
in the peripheral blood as examined by ELISA at indi-
cated timepoints after stroke. The peak time of CAMP
in male mice was 3 days after MCAO, while the peak of
CAMP level in female mice was delayed until 7 days
after MCAO.>* In human patients, the average level of
CAMP in the peripheral blood of female was higher
than that of men. It was previously shown that ovarian
hormones could exert a potential effect on neutrophils,
which could explain the CAMP discrapency in neutro-
phils between genders.> For example, male neutrophils
showed higher responsiveness to stimulation with LPS
and IFN-y and higher expression of TLR4 compared
to female neutrophils.’* However, the gender difference
of change in CAMP level has not been reported in lit-
erature so far, which needs further studies in this
regard.

Despite the novelty of CAMP in angiogenesis in
ischemic stroke, there were several limitations in our
study. For example, the parameters examined for
angiogenesis were relatively limited, such as the blood
vessel density and the co-labeling of EAU, ZO-1, lectin
and CD31" ECs. Another limitation of our study was
that we were not able to distinguish the neurological
deficits observed in CAMP ™/~ mice was due to exacer-
bated early brain injury or attenuated angiogenesis.
Our results suggested that CAMP ™/~ mice had already
showed subtle difference of neurological scores and
behaviors from WT mice early after stroke. However,
it was not specifically explored whether CAMP plays

Figure 4. Continued.

with rCAMP and CAMP receptor antagonist: AZD-5069, JNJ-47965567, WRW4 (ImM) or PBS after 6-hour OGD. (g) Representative
MAP2 staining of brain infarct and endogenous mouse IgG staining of BBB leakage 7 days after MCAO in mice treated with AZD-5069,
JNJ-47965567 or vehicle via ICV injection. (h—i) Quantification of infarct volume and endogenous IgG positive area of mice treated
with AZD-5069, ]NJ-47965567 and vehicle 7 days after MCAO (n =6 per group, one-way ANOVA with Bonferroni multiple

comparisons test). (j) Representative confocal images of CXCR2 and CD3| double immunostaining at 3, 7, |4 days after MCAO or
sham operation. Scale bar, 50um. (k) Quantification of CXCR2 MFI of CD317 cerebral endothelial cells (n =3 per group, one-way
ANOVA with Bonferroni multiple comparisons test). (j) Representative confocal images of CAMP and Ly6G double immunostaining in
mice injected with vehicle or AZD-5069 at 7 days after MCAO or sham operation. Scale bar, 20pum. (k) Quantification of CAMP MFl in
Ly6G ™ neutrophils (n = 3 per group, one-way ANOVA with Bonferroni multiple comparisons test). All data are presented as means +

SD, *P < 0.05, P < 0.01, *P < 0001, *P < 0.0001.
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Figure 5. Knockdown of CAMP receptor CXCR2 increases infarct volume and impairs neurological recovery after ischemic stroke.
(a) Representative MAP2 staining of brain infarct and endogenous mouse IgG staining of BBB leakage of scramble-shRNA and CXCR2-
shRNA group 7 days after MCAQ. (b) Quantification of infarct volume and endogenous IgG positive area of scramble-shRNA and
CXCR2-shRNA group 7 days after MCAO (n =6 per group, one-way ANOVA with Bonferroni multiple comparisons test). (c)
Representative confocal images and quantification of tight junction protein ZO-| and CD31 in the penumbra regions of scramble-
shRNA and CXCR2-shRNA group 7 days after MCAO or sham operation. Scale bar, 50um. Quantification of ZO-1 MFI of CD317
cerebral endothelial cells. (d) Quantitative measurements of CBF of sham, scramble-shRNA and CXCR2-shRNA group at indicated
timepoints. Results were expressed as percent change from baseline (n =6 per group, one-way ANOVA with Bonferroni multiple
comparisons test) and (e) Sensorimotor function was assessed using Garcia score and rotarod for scramble-shRNA and CXCR2-
shRNA group after MCAO and sham group (n =6 per group, two-way repeated measures ANOVA and post hoc Dunnett’s test). All
data are presented as means £ SD, **P < 0.01, **P < 0.001, ***P < 0.0001.
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other roles in the early stage of ischemic stroke.
Further studies are warranted to identify the signaling
activated by CAMP leading to proliferation of endo-
thelial cells.

In summary, the current study demonstrates that
neutrophil-derived CAMP significantly enhances cere-
bral angiogenesis and improved neurological functions
in the late phase of ischemic stroke. Our findings may
shed light on an endogenous neuroprotective mecha-
nism of neutrophils, from which granular proteins
released not only play a role in bactericidal function
and tissue damage, but also promote tissue repair
during the late phase of stroke. Furthermore, this
study suggests that CAMP could serve as an attractive
therapeutic target to improve neurovascular recovery
in the pursuit of better neurological function after
stroke.
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