Discovery Medicine 2024; 36(181): 308-322

Article https://doi.org/10.24976/Discov.Med.202436181.29

Tube Formation Capability and Chemotaxis of Skin
Pericytes

Yue Cui!, Huang Lin*, Yin-hua Zhao', Jia-xing Ma!, Jia-xi Li!

IDepartment of Aesthetic Plastic Surgery and Laser Medicine, Beijing Anzhen Hospital, Capital Medical University, 100029 Beijing, China

*Correspondence: linhuang 72(@mail.ccmu.edu.cn (Huang Lin)
Published: 20 February 2024

Background: Pericytes (PCs), the critical components of vessels, are implicated in wound repair. This study aimed to explore the
roles of PCs in wound healing and angiogenesis.

Methods: Skin PCs and human dermal microvascular endothelial cells (HDMECs) were isolated from patients’ upper eyelid
skin. Immunofluorescence staining was used to characterize the morphology of PCs. Tube formation and transwell chemotaxis
assays were performed to explore PC’s tube-forming capability and chemotaxis. Finally, we investigated the effects of PCs and
endothelial cells on wound repair using skin wound of a rat model.

Results: Skin PCs exhibited a double-protrusion structure and characteristic antigen expression of neural/glial antigen 2
(NG2) " /platelet-derived growth factor receptor-3 (PDGFR-5) " /alpha-smooth muscle actin (a-SMA)™/CD31~. Skin PCs could
directly form lumen-like structures in a two dimensional (2D) culture environment, and mild hypoxia and starvation promoted
the lumen-like structure formation. Furthermore, skin PCs quickly formed more stable lumen-like structures than HDMECs in
matrigel, and they recruited HDMEC: in a three dimensional (3D) culture environment. Transwell chemotaxis assay showed that
PCs and HDMECs were chemotactic to each other. PCs could develop lumen-like structures in the skin wounds of rat models.
The number of PCs mounted in wounded skin was compared to normal skin. The ratio of PCs to endothelial cells gradually
increased after skin injury and reached its maximum on the 3rd day.

Conclusions: Skin PCs have an excellent tube-forming capability and chemotaxis to endothelial cells. PCs might promote

wound repair by recruiting endothelial cells.
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Introduction

Pericytes (PCs), also known as mural or Rouget cells,
are essential for wound angiogenesis [1,2]. These cells are
found on the outer surface of the vasculature. They tightly
wrap capillaries, arterioles, and venules [3], and hence reg-
ulate microvascular physiology, blood flow, and inflamma-
tory cell trafficking [4]. Apart from promoting the stability
and maturation of vessels, PCs can differentiate into stem
cell-like progenitor cells [5]. Existing studies have con-
firmed the importance of skin PCs for tissue regeneration
[6-8]. PCs aging is closely related to the capacity for skin
regeneration [7,9].

Sprouting is the main mode of angiogenesis [10]. Tip
and stalk cells form filamentous pseudopods, which create
a lumen and proliferate to support bud elongation. The tip
cells anastomose with cells of the neighboring buds to form
avascularring [11]. PCs can stabilize new connections with
endothelial cells, enhancing vessel maturation [12]. Dis-
ruption of PC recruitment by cytokines will lead to impaired
angiogenesis [13]. Notably, PC coverage has an important
impact on the development of diseases and wound healing
[14]. Current research has shown that PCs are potential tar-

gets for skin regeneration, and numerous histological stud-
ies have tested their ability to promote skin regeneration
[7,15]. The importance of PCs in wound healing is increas-
ingly prominent [16—18]. Therefore, it is valuable to ex-
plore the role of PCs in wound healing.

However, a variety of problems limit the therapeutic
application of PCs. For example, there are currently no
specific markers and morphological features for PCs [19].
Therefore, investigating the properties of PCs will provide
more avenues for identifying PCs.

Wound healing involves several complex processes,
including immediate hemostasis, acute inflammation, pro-
liferation, and maturation [20]. One of the key activities in
the cell proliferation phase is angiogenesis which provides
sufficient nutrition and oxygen to tissues while eliminating
waste, thereby promoting tissue repair [21]. In addition,
endothelial cells are important participants in the process
of angiogenesis. To be specific, endothelial cells secrete
matrix metalloproteinases (MMPs) to degrade the capillary
basement membrane, and meanwhile, they proliferate and
migrate outside of the original blood vessel to form new
blood vessels [22]. This study aimed to explore the roles of
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PCs in wound healing and angiogenesis. We examined the
structure and function of skin PCs in two dimensional (2D)
and three dimensional (3D) culture settings in vitro. More-
over, we explored the roles and changes of skin PCs during
wound healing in a rat skin wound model. To our knowl-
edge, this is the first study to demonstrate the tube-forming
capability and the recruitment property of PCs. This study
expands our understanding of skin PCs and the interaction
between PCs and endothelial cells.

Materials and Methods

Cell Isolation and Culture

Upper eyelid skin tissues were obtained from 12 fe-
male patients (age of 18-35 years) who received blepharo-
plasty. This study was approved by the Ethics Commit-
tee of Anzhen Hospital (Approval number: 2023087x), and
all patients signed informed consent forms. All procedures
were conducted in accordance with the approved guide-
lines and the ethical requirements of the Helsinki Declara-
tion. The skin tissues were processed to isolate PCs, human
dermal microvascular endothelial cells (HDMECs), and fi-
broblasts (FBs). The isolated cells (PCs, HDMECs, and
FBs) underwent a mycoplasma test using polymerase chain
reaction (PCR) to confirm that they were not contaminated.

Isolation of Skin Pericytes (PCs)

PCs were obtained referred to the method described
in a previous study [23]. Specifically, the skin flap was
washed three times with phosphate-buffered saline (PBS)
and cut into 0.5 x 0.5 x 0.1 cm sections. The sections
were treated with the dispase II (2 mg/mL, #D4693, Sigma-
Aldrich, Shanghai, China) to remove the epidermal layer
from the dermis. The dermis was then digested with colla-
genase I (1.25 mg/mL, #1148089, Sigma-Aldrich, Shang-
hai, China) for 40 minutes to obtain the cell suspension
containing PCs, and 2 mL of fetal bovine serum (FBS,
#16140071, Gibco, Carlsbad, CA, USA) was added to ter-
minate the reaction. Next, the skin flap was squeezed with
plastic forceps, and the digested skin flap was filtered using
a 40 pum filter. The filtered liquid was collected and cen-
trifuged at 500 x g for 5 minutes. After that, the cells were
suspended in 2 mL pericyte medium (PM, #1201, Sciencell,
Carlsbad, CA, USA) and incubated at 37 °C in a 5% CO-
incubator. Considering the poor adherence of PCs, the cells
growing on the culture flasks were washed with PBS, and
those easily shed were collected. The collected cells were
cultured in the PM that was changed every 3 days. After 7—
9 days, the cells reached confluence, and were digested by
trypsin and passaged. PCs with a high purity were obtained
at the 3rd passage.

309

Isolation of Human Dermal Microvascular
Endothelial Cells (HDMECs)

HDMECs were isolated in reference to the description
of our previous study [24]. The pre-processing procedure
for skin tissues was the same as the method for isolating
PCs. The obtained cell suspension was sorted twice using
magnetic beads containing CD31 (CD31 MicroBead Kit,
#130-091-935, miltenyi biotec, Bergisch Gladbach, Ger-
many) to obtain HDMECs. HDMECs were later cultured in
endothelial cell medium (ECM; #1001, Sciencell, Carlsbad,
CA, USA) with a density of 1 x 10 cells/cm?, followed by
an incubation at 37 °C in a 5% CO- incubator.

Isolation of Fibroblasts (FBs)

The isolation of FB was performed as previously de-
scribed [25]. Dermal tissues were obtained from the pa-
tients and cut into 5 mm cubes using a scalpel. After that,
the tissues were placed into a T75 flask. The flask was
inverted for 2 hours to allow the tissues to adhere firmly.
Next, the flask was turned upright, and added with 3 mL
dulbecco’s modified eagle medium (DMEM; #11965092,
Gibco, CA, USA) containing 20% FBS. After one week,
FBs began to extend out from the tissues. Another week
later, the tissues were removed. FBs continued to be cul-
tured until confluence. The cells were then digested using
trypsin and passaged.

Cell Identification

The primary PCs were identified using flow cytom-
etry and immunofluorescence staining. Neural/glial anti-
gen 2 (NG2), alpha-smooth muscle actin (a-SMA), and
platelet-derived growth factor receptor-3 (PDGFR-0) have
been considered the markers of primary PCs [26]. Flow
cytometry was used to analyze NG2 positive staining and
the purity of primary PCs, and immunofluorescence was
used to observe the NG2, a-SMA, and PDGFR-£ stain-
ing on PCs. Our previous research detected that HDMEC
purity reached 95% after the cells were treated twice with
magnetic beads containing CD31 [24]. In this study, we
identified HDMECs only by observing the immunostain-
ing of CD31, which was a marker of HDMECs [27]. FBs
can express PDGFR-/3 and vimentin [28]. Therefore, we
performed immunofluorescence staining of vimentin and
PDGFR-g to identify FBs.

Construction of a Hypoxic Environment

We created a hypoxic environment to explore the
tube-forming capability of PCs under hypoxia. Concretely
speaking, cells were placed at 37 °C in a hypoxic chamber
(90% Na, 5% O3, and 5% CO,) for 2 hours.

Flow Cytometry

Flow cytometry was adopted for the identification of
PCs. PCs (1 x 10%) were incubated with 250 pL fixa-
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Fig. 1. The identification of skin pericytes (PCs).

Flow cytometry was used to identify skin PCs.

T
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(a) Negative control and the

percentage of cells with neural/glial antigen 2 (NG2)-positive staining reached 50% at passage 1. (b) Negative control and the percentage

of cells with NG2-positive staining reached 80% at passage 2. (c) Negative control and the percentage of cells with NG2-positive staining

reached 95% at passage 3. (d) NG2-positive rates in the first, second, and third passages were represented, respectively. ***p < 0.001,

kD < 0,0001.

tion/permeabilization solution (#554714, BD Biosciences,
San Jose, CA, USA) in the dark for 20 minutes at 4 °C.
Subsequently, the cells were washed twice with wash buffer
(#554714, BD Biosciences, San Jose, CA, USA), and then
added with 100 pL primary antibody NG2 (1:50, #55027-
1-AP, Proteintech, USA) for a 30-minute incubation at 4
°C. After being washed twice, the cells were incubated with
secondary Fluorescein Isothiocyanate (FITC) labeled an-
tibody (1:200, #AS011, Abclonal, Wuhan, China) for 30
minutes at 4 °C. Following that, the cells were washed
and resuspended. BD Biosciences LSR II flow cytome-
ter (BD Biosciences, San Jose, CA, USA) and BD FACS-
DivaTM software (BD Biosciences, v8.0.1, San Jose, CA,
USA) were applied to detect PCs. Data were analyzed us-
ing FlowJo v10.0.7 software (FlowJo, Ashland, OR, USA).
Cells only added with the secondary antibody were set as
negative controls.

Tube Formation Assay

Tube formation assay was adopted to evaluate the
tube-forming capability of PCs in a 3D culture environ-
ment. The day before the assay, a matrigel (#354248, Corn-
ing, NY, USA) was placed at 4 °C to thaw the substrate
gel. Meanwhile, a u-Slide Angiogenesis (#81506, Ibidi,
Munich, Germany) and pipette tips were cooled at 4 °C.
Next, 10 uL of matrigel was added to the lower well of

the p-Slide Angiogenesis. The p-Slide Angiogenesis was
later placed in an incubator at 37 °C with 5% CO- for at
least 30 minutes to allow matrigel polymerization. Subse-
quently, 50 uL of cell suspension (2 x 10° cells/mL) was
added to each well. It was then incubated in the incubator
at 37 °C with 5% COs, and tube formation in it was exam-
ined [29]. The branch point in tube formation assay was
analyzed using the Angiogenesis analysis module in Image
J v1.8.0 software (Media Cybernetics, Silver Spring, MD,
USA).

The procedure for the co-forming tube assay was sim-
ilar to the tube formation assay. After the matrigel was
added into the lower well of the pu-Slide Angiogenesis, PCs
or HDMECs were seeded individually into the matrigel.
The cells were cultured before they adhered to the surface
of the matrigel and not suspended. Next, another kind of
cell (PCs or HDMECs) was inoculated into the matrigel for
continued culture.

Animals

Twelve healthy male Sprague-Dawley rats weighing
250-300 g were purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. (Beijing, China). All
rats were housed in a standard laboratory. Sodium pento-
barbital at a dose of 30 mg/kg was injected into a peripheral
ear vein for anesthesia. To construct a skin wound of rat
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model, 4 circular wounds of 6 mm diameter were created
on the abdominal area of all rats using a biopsy punch. The
wounds were covered with Omiderm (Omikron Scientific
Ltd., Rehovot, Israel). All rats showed no significant in-
fection, and the regenerated tissues were collected on day
1, day 3, day 5, and day 7, respectively. Meanwhile, nor-
mal skin was collected from all rats. Normal skin refers
to skin tissues without wounds prior to sampling. All ani-
mal experiments were approved by Ethics Committee of In-
stitute of Zoology Chinese Academy of Science (approval
ID: I0Z-IACUC-2023-007), and they also complied with
the approved ethical guidelines. Specialized surgeons per-
formed all surgeries, and all efforts were made to minimize
the distress of the animals.

Immunofluorescence Staining

Cells were inoculated onto 24-well plates contain-
ing coverslips. After 1-2 days of cultivation, the cov-
erslips were washed 3 times with PBS and fixed in 4%
paraformaldehyde (#G1101, Servicebio, Wuhan, China) for
20 minutes at 25 °C. The cells were permeabilized us-
ing 0.3% Triton X-100 (#T8200, Solarbio, Beijing, China)
for 10 minutes and incubated with 5% bovine serum al-
bumin (BSA, #A8010, Solarbio, Beijing, China) for 1
hour. Following that, the cells on coverslips were incu-
bated for 24 hours at 4 °C with primary antibodies. The pri-
mary antibodies included NG2 (#A3592, Abclonal, Wuhan,
China), PDGFR-/ (#A19531, Abclonal, Wuhan, China),
CD31 (#GB12064, Servicebio, Wuhan, China), vimentin
(#GB111308, Servicebio, Wuhan, China) and a-SMA
(#GB13044, Servicebio, Wuhan, China). The dilution of
the antibodies was 1:100. Again, the cells were washed
with PBS for 15 minutes at room temperature and then con-
jugated with secondary antibodies (FITC or Cy3; 1:500 di-
lution) for 1 hour. Finally, 10 uL anti-fluorescence quench-
ing mounting medium containing 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI) (#p36966,
Thermofisher, CA, USA) was added to the cells.

The skin tissues were extracted from the rats. The epi-
dermis of the skin was removed, while the dermal tissues
were retained. The dermal tissues were initially fixed in 4%
paraformaldehyde (#G1101, Servicebio, Wuhan, China)
and subsequently embedded in paraffin. Thin sections with
a thickness of 5 pm were obtained using a microtome. Tris-
EDTA (#G1203, Servicebio, Wuhan, China) was used for
the antigen retrieval on paraffin sections. Blocking was
accomplished by incubating the sections with 5% BSA
(#A8010, Solarbio, Beijing, China) to minimize nonspe-
cific antibody binding. Next, the sections were incubated
with primary antibodies for 24 hours at 4 °C, followed
by another incubation with corresponding fluorescent sec-
ondary antibodies. Finally, fluorescence signals on the sec-
tions or cells were visualized using the Eclipse TE2000-s
fluorescent microscope (Nikon, Melville, NY, USA), and
image acquisition and analysis were conducted accordingly
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by NIS-Elements BR Analysis software (v5.20.00, Nikon,
Melville, NY, USA).

Transwell Chemotaxis Assay

Transwell assay was performed referring to a previous
study [30]. A transwell with membrane pores of 8 um di-
ameter (#3464, Corning, NY, USA) and cell suspensions (5
x 10° cells/mL) were prepared. The upper chamber of the
transwell was introduced with 200 pL cell suspensions (1
x 10° cells), and the lower chamber with 600 uL of culture
medium or medium containing cells. The cells were cul-
tured for 48 hours at 37 °C in a 5% COs incubator. Cotton
swabs were used to wipe off the cells remaining on the up-
per surface of the upper chamber. The cells in the lower side
of the upper chamber were fixed with 4% paraformaldehyde
and then stained with 0.1% hematoxylin solution (#H8070,
Solarbio, Beijing, China) for 20 minutes. Five visual fields
were randomly examined and counted.

Statistical Analysis

Each experiment was conducted at least three times
(technical replicates). Data were presented as the mean +
standard deviation (SD). Statistical analysis was done using
GraphPad Prism v9.0 (GraphPad Software Inc., La Jolla,
CA, USA). Analyses were conducted by one-way analysis
of variance (ANOVA) or Student’s 7-test. The data among
groups at different time points were compared by repeated-
measures ANOVA. p < 0.05 was considered statistically
significant.

Results

Morphological Characterization and Identification
of Skin Pericytes

First, we observed and identified the primary skin PCs.
Flow cytometry was used to analyze the purity of primary
skin PCs. The results showed that PCs were identified by
NG2-positive staining (Fig. 1), and the percentage of NG2-
positively stained PCs reached 95% at passage 3 (Fig. lc),
and that high-purity PCs were successfully obtained.

We subsequently identified PCs, HDMECs, and FBs
using immunofluorescence. It was observed that PCs
expressed NG2, a-SMA, and PDGFR-g (Fig. 2a—d,i-1),
which were the primary markers of PCs. Moreover, PCs
showed CD31-negative staining (Fig. 2a—d). The pro-
portion of PCs expressing NG27/CD3~ was more than
95% (Fig. 2a—d). Collectively, skin PCs mainly expressed
NG2*T/PDGFR-1/a-SMAT/CD31~. CD31 is a specific
marker of HDMECs. HDMECs exhibited CD31-positive
staining (Fig. 2e-h). FBs displayed the PDGFR-$ and
vimentin-positive staining (Fig. 2m—p, Supplementary
Fig. 1).

Because different cells have different markers, we dis-
tinguished PCs from HDMECs and FBs by double staining.
CD31 and NG2 double staining was used to distinguish PCs
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Fig. 2. Skin PCs specifically express NG2*/platelet-derived growth factor receptor-3 (PDGFR-/3)"/alpha-smooth muscle actin

(a-SMA)T/CD31~. (a—h), Immunofluorescence staining was adopted to detect the expression of CD31 (red) and NG2 (green) in

PCs (a—d) and human dermal microvascular endothelial cells (HDMECSs) (e-h). Nuclei were stained with 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) (blue). Scale bar = 10 um. (i—p) The expression levels of a-SMA (green) and PDGFR-(
(red) in PCs (i-1) and fibroblasts (FBs) (m—p) were also detected by immunofluorescence staining. Nuclei were stained with DAPI (blue).

Scale bar = 10 pm.

(NG2%/CD317) from HDMECs (NG2~/CD317") (Fig. 2a—
h). The results of PDGFR-3 and a-SMA double staining
showed that PCs expressed PDGFR-37/a-SMA™, while
FBs expressed PDGFR-31/a-SMA™ (Fig. 2i-p). Overall,
we identified and distinguished FBs, PCs, and HDMEC:s.

Then, we observed the morphological characterization
of skin PCs. Skin PCs exhibited a double cell protrusion
shape (Fig. 3a,b). Due to the elongated cell protrusion on
both sides, the length of skin PCs reached 80 um. The
length of cell protrusion on one side of some PCs reached 50
pum (Fig. 3b), and the whole cell length was 100 pum. When
PCs were cultured in the matrigel, we could observe a cell
protrusion (Fig. 3c). Compared with PCs, HDMECs have
a shorter diameter of about 10—15 um [31]. We observed

under a microscope that one PC was wrapped around mul-
tiple HDMECs (Fig. 3d). A similar phenomenon was also
found when PCs and HDMECs were cultured together in
the matrix (Fig. 3e).

The Tube-Forming Capability of Skin Pericytes in a
2D Culture Environment

Next, we observed the tube-forming capability of dif-
ferent types of cells in a 2D culture environment. The 2D
culture environment is defined as direct inoculation in cul-
ture flasks. We found that HDMECSs appeared cobblestone-
like rather than lumen-like structures in in vitro culture
(Fig. 4a—c). The PCs did not form obvious lumen-like struc-
tures on the first day (Fig. 4d). After 3 days of cultivation,
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Fig. 3. Skin PCs exhibit a double protrusion structure. (a) The double cell protrusion shape of skin PCs (yellow arrows) was observed

using immunofluorescence staining. Scale bar = 10 um. (b) The cell protrusion on the one side of the skin PCs was up to 50 pm. Scale

bar = 10 um. (c) The cell protrusion of skin PCs (red arrow) was observed after being cultured in the matrigel. (d) One skin PC (green)

was wrapped around multiple HDMECs (red) under immunofluorescence staining. The nucleus displayed blue fluorescence. Scale bar
=10 um. (e) The matrigel distribution of PCs and HDMECs was observed after culturing PCs and HDMECs together in a matrix. The
green arrow represents that PCs were wrapped around multiple HDMECs.

PCs formed a distinct lumen-like structure (Fig. 4¢). How-
ever, the lumen-like structure of PCs struggled to maintain
due to high density after 5 days of cultivation (Fig. 4f). FBs,
with a morphology similar to that of PCs, were evenly ar-
ranged and grew in a spiral pattern (Fig. 4g—i). Even on
day 5, FBs could not sustain a lumen-like structure; instead,
they proliferated all over the bottom of the flask (Fig. 41).

However, not all primary PCs showed good tube-
forming capability in the 2D culture environment (Fig. 5a).
This may be attributed to PCs’ rapid proliferation or qui-
escent state, making it difficult to observe the lumen-like
structure. It has been reported that PCs exist in one of two
states — quiescent or active — each with a characteristic cell
shape and structure [28]. An improved tube-forming ca-
pacity of PCs could be achieved through specific induction
methods. In our study, we compared the tube-forming ca-
pability of PCs from 12 patients in the 2D environment. As
aresult, the PCs isolated from 5 patients (40%) found it dif-
ficult to form lumen-like structures without induction.

We found that starvation and mild hypoxia could pro-
mote the tube-forming capability of PCs. In this study, we
cultured skin PCs in PM with 0.2% pericyte growth factor
(PGF) and 1% FBS. Due to the lack of nutrients, the exces-
sive proliferation of PCs was inhibited. Meanwhile, PCs
formed pronounced lumen-like structures (Fig. 5b). We
also investigated the tube-forming capability of PCs un-
der mild hypoxia. The results showed that the mild hy-
poxic condition did not significantly reduce the number of
PCs but enhanced their tube-forming capacity (Fig. 5¢). It
suggested that hypoxia enhanced their tube-forming capa-
bility. In addition, when PCs were cultured under both

mild hypoxia and starvation, many small lumen-like struc-
tures were formed, and the number of PCs was not reduced
(Fig. 5d). Overall, mild hypoxia and starvation improved
the efficiency of lumen-like structure formation in PCs.

Furthermore, the effects of cell passage on the tube-
forming capability of primary skin PCs were assessed. No-
tably, the lumen-like structure of PCs was most apparent
in the 4th—7th generation. After the 9th generation, the
PCs had difficulty forming stable and continuous lumen-
like structures (Fig. 5¢). The tube-forming capability of
PCs gradually decreased with the increase of cell passage
times. Through immunofluorescence staining, the tube-
forming structure of PCs could be clearly observed in 2D
(Fig. 5f). In short, PCs could form a distinct lumen-like
structure in the 2D culture environment, and mild hypoxia
and starvation promoted the formation of lumen-like struc-
tures. It was evident that the viability and status of PCs
influenced the tube-forming capability.

The Tube-Forming Capability of Skin Pericytes in a
3D Cultivation Environment

We further investigated the tube-forming capability of
skin PCs in a 3D culture environment. PCs formed appar-
ent lumen-like structures with intact walls and clear lumens
within 1 hour after the addition of the cell suspensions to
the matrigel (Fig. 6a). The lumen structures remained un-
changed after 4 hours of incubation (Fig. 6b). However, the
lumen-like structures formed by PCs began to degrade at 8
hours (Fig. 6¢). At 16 hours, most of the lumen-like struc-
tures were degraded (Fig. 6d), and PCs hardly maintained
their morphology at 24 hours (Fig. 6e). In terms of quanti-
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Fig. 4. PCs form lumen-like structures in a two dimensional (2D) culture environment. (a—c) The morphology of HDMEC:sS cultured
for 3 days in the 2D culture environment. (d—f) The morphology of PCs after the incubation for 1 (d), 3 (e), and 5 (f) days in the 2D
culture environment. Yellow arrows represent lumen-like structures; red arrows represent the degradation of lumen-like structures. (g—i)

The morphology of FBs cultured for 1 (g), 3 (h), and 5 (i) days in the 2D culture environment. Scale bar = 100 pm.

tative analysis results, the number of branch points was sig-
nificantly reduced after 4 hours of culture in the PCs group
(Fig. 6p).

In comparison with PCs, the rate of tube formation
was slower in HDMECs. At 1 h, HDMECs did not form
the luminal structure (Fig. 6f). HDMECs started to form
intermittent lumen-like networks at 4 hours (Fig. 6g), and
a better lumen formation was achieved at 8 hours (Fig. 6h).
Compared to the lumen-like structure of skin PCs, the in-
tegrity of the tubular wall formed by HDMECs was poorer,
and the lumen morphology was slightly worse (Fig. 6h).
At 16 h, the lumen structure of HDMECs was degraded
(Fig. 61). At 24 h, the lumen structure could not be seen

(Fig. 6j). The number of branch points in HDMECs was
lower than that in PCs at 1 hour, increased significantly at
8 hours, and rapidly decreased at 16 and 24 hours (Fig. 6p).

The above results indicated that it was difficult for
a single type of cell to maintain lumen-like structures for
more than 24 hours. Therefore, we speculated that mixed
cells can prolong the maintenance time of the lumen-like
structure. When the PCs and HDMECs were mixed, the
tube-forming time was shorter than that in HDMECs alone
but not as short as that for PCs alone. At 1 hour, the mixed
cells formed the lumen-like structure (Fig. 6k), and the
structure could be observed at the 4h, 8 h and 16 h (Fig. 61—
n). Even at 24 hours, the lumen-like structure was not de-
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Fig. 5. Starvation and mild hypoxia promote the tube-forming capability of PCs in a 2D culture environment. (a) Some PCs

routinely cultured in the 2D environment did not form obvious lumen-like structures. Scale bar = 100 um. (b) The large-diameter

lumen-like structures of PCs were formed under starvation conditions. Scale bar = 100 um. (¢) PCs formed lumen-like structures under

mild hypoxic conditions. Scale bar = 100 um. (d) PCs formed numerous small lumen-like structures under mild hypoxia and starvation

conditions. Scale bar = 100 pm. (e) PCs had difficulty forming stable and continuous lumen-like structures after the 9th generation.

Scale bar = 100 um. (f) The lumen-like structures of PCs were observed by immunofluorescence staining. Scale bar = 10 pm.

graded (Fig. 60). We observed that the number of branch
points in the mixed group at 1 hour was lower than in the
PCs group but higher than in the HDMECs group. Sub-
sequently, the number of branch points in the mix group
decreased at 8 hours (Fig. 6p). Our results suggested that a
mixture of skin PCs and HDMECsS could prolong the main-
tenance time of lumen-like structures.

FBs could aggregate into clusters directly in the ma-
trigel (Fig. 6q). Some of the active FBs formed den-
dritic structures but could not form lumen-like structures
(Fig. 6r). At 24 hours after incubation, the FBs still had
no obvious lumen-like structures. In contrast, PCs formed
many lumen-like structures with intact and uniform walls
(Fig. 6s).

Mutual Chemotaxis of Skin Pericytes and
Endothelial Cells

The transwell assay explored the interactions between
HDMECs and PCs. We designed multiple groups for the
transwell assay (Fig. 7a). When cells in the lower chamber
were chemotactic to cells in the upper chamber, the cells in
the upper chamber could pass through the membrane to the
lower side of the upper chamber (Fig. 7a). To analyze the

cell chemotaxis, we observed and counted the cells in the
lower side of the upper chamber. The results are displayed
in Fig. 7b-h.

First, HDMECs were introduced into the upper cham-
ber, and PCs or PM (no cell) into the lower chamber
(Fig. 7b,c). Compared to PM, the cell number was higher
in the lower chamber with PCs (p < 0.05, Fig. 7h). It sug-
gested that PCs in the lower chamber could recruit more
HDMECs than PM without PCs. Similarly, we placed the
PCs in the upper chamber and HDMECs or ECM (no cell) in
the lower chamber (Fig. 7d,e). The cell number was higher
in the HDMECs group than in the ECM group (p < 0.05,
Fig. 7h). This indicated that HDMECSsS also recruited PCs.
Finally, the upper chamber was added with HDMECs, and
the lower chamber with FBs or DMEM (no cell) (Fig. 7f,g).
Consequently, there was no significant difference between
the two groups (Fig. 7h). In summary, PCs and HDMECs
were chemotactic to each other.

The co-forming tube assay examined the mutual
chemotaxis of these two types of cells. PCs and endothe-
lial cells were added to the matrigel in a different order:
(1) PCs-HDMECs: PCs were added first, and then HD-
MECs were added for co-culture with PCs; (2) HDMECs-
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Fig. 6. Skin PCs form lumen-like structures in a three dimensional (3D) culture environment. (a—p) The tube-forming capability
of PCs (a—e), HDMECs (f—)), and their mixed cells (k—0) was assessed by tube formation assay. Cells were observed after 1 h, 4 h, 8 h,
16 h, and 24 h of culture. Scale bar = 100 um. The branch points in the tube formation assay were subjected to quantitative analysis (p),

n = 3. (q-s) The tube-forming capability of FBs (q,r) and PCs (s) was detected by tube formation assay. Some FBs were aggregated into

clusters (q) or formed dendritic structures (r) in matrigel, while PCs formed lumen-like structures (s) in matrigel. Scale bar = 50 um.

PCs: HDMECs were added first, and then PCs followed.
First, the PCs (Fig. 7i) or HDMECs (Fig. 71) were indi-
vidually seeded in matrigel. Next, another cell type (PCs
or HDMECs) was added into the matrigel. We found that
the cells added later to the matrigel were initially randomly
distributed (Fig. 7j,m). These cells were later gradually at-
tracted to the location of the cells previously cultured in the
matrigel. Eventually, there were almost no discrete cells
(Fig. 7k,n). It was clear that PCs and endothelial cells also
recruited each other in the co-forming tube assay.

We directly examined the chemotaxis of PCs to HD-
MEC:s in the matrigel. The following two groups were set:
(1) In the experimental group, PCs were first inoculated
in the matrigel, followed by HDMECs; (2) In the control
group, HDMECs were directly added in the matrigel. HD-
MEC:s floated uniformly at first in the experimental group.
Subsequently, HDMECs were recruited and accumulated
near PCs (Fig. 70-t). In contrast, HDMECS in the control

group remained uniformly discrete during this period, and
no aggregation or attraction occurred, the cell morphology
remained stable without significant changes at 15 and 20
min (Fig. 7u—z). Briefly speaking, PCs could recruit HD-
MEC:s in a 3D culture environment.

Functions and Changes of Skin Pericytes in
Angiogenesis

We established skin wounds of rat models to assess the
capacity of skin PCs in vivo. Complete lumen-like struc-
tures are crucial for wound repair. We discovered that neo-
vascularization covered by PCs had good morphology and
could develop lumen-like structures (Fig. 8a). However,
the tissues only containing endothelial cells (without PCs)
failed to form the lumen-like structures (Fig. 8b). Addition-
ally, endothelial cells partially encapsulated by PCs formed
part of the lumen (Fig. 8c). The different lumen types de-
scribed above were often simultaneously present in skin
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Fig. 7. PCs recruit HDMECs in a 3D cultivation environment. (a—h) The chemotaxis between HDMECs and PCs was explored
by transwell assay. The design diagram of transwell assay (a), the grouping design and results (b—g), and the quantitative analysis of
transwell (h) were displayed. Yellow arrow indicates the cells passing through the membrane (a); the red arrow represents the HDMECs
passing through the membrane (g), and the green arrow represents the pores on the membrane (g). Scale bar = 100 um. In (h), the group
names represent the corresponding numbers in the transwell result images, ****p < 0.0001, and ns indicates no significant difference.
N = 3. (i-n) The co-forming tube assay examined the mutual chemotaxis between PCs and HDMECs. (i—k) PCs-HDMECs: PCs were
cultured alone in matrigel (i), and then HDMECs were added into the matrigel and co-cultured with PCs (j,k); (1-n) HDMECs-PCs:
HDMECs were seeded to matrigel first alone (1), and PCs were next added for co-culture (m,n). Red arrows indicate independent cells.
Scale bar = 50 um. (0—z) The chemotaxis of PC to HDMECSs was evaluated in the matrigel. In the experimental group (o-t), PCs were
first inoculated in the matrigel, and HDMECs were subsequently added. In the control group (u—z), HDMECs were directly added to the
matrigel. Scale bar =20 pm.

wounds (Fig. 8d). We also observed lumen-like structures To verify this hypothesis, the pericyte/endothelial cell
on the trauma surface, primarily with PCs and a few en- ratio was analyzed in a rat skin wound model by calculat-
dothelial cells on their inner side (Fig. 8e). This may be a  ing the green/red immunofluorescence area ratio. The pro-
lumen formed by scattered PCs. From the above descrip-  portion of PCs was significantly lower in the normal skin

tion, PCs were important for the formation of lumen-like dermis, and PCs encapsulated only a few vessels (Fig. 9a).
structures during the repair of skin wounds. Furthermore, During trauma healing, however, we found a noticeable in-
we speculated that controlling the ratio of PCs to endothelial crease in the number of green fluorescent NG2 staining-
cells might promote the formation of lumen-like structures. labeled PCs (Fig. 9b—f). On the first day of wound heal-

ing, the number of PCs significantly increased, but it was
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Fig. 8. Skin PCs maintain the formation of neovascular lumens during the skin wound repair in rats. (a—¢) Immunofluorescence

staining observed the tissue structure and cell type in skin wounds. PCs, endothelial cells, and cell nuclei were stained with NG2

(Green), CD31 (Red), and DAPI (Blue), respectively. Scale bar = 10 um. (a) Functional vessels completely encapsulated by PCs easily

formed lumen-like structures. (b) Non-functional vessels only containing endothelial cells failed to create lumen-like structures. (c)

Neovascularization containing endothelial cells and PCs formed part of the lumen. (d) Multiple types of vessels existed in skin wounds

at the same time. The yellow arrow indicates the luminal structure formed only by HDMECs. The red arrow indicates the luminal

structure formed by the combination of PCs and HDMEC:s. (e) PCs-dominated lumen-like structures comprised primarily PCs and a few

endothelial cells on their inner side.

difficult to help the vessels form stable lumen-like struc-
tures (Fig. 9b). On day 3, many blood vessels wrapped
by PCs formed stable lumen structures (Fig. 9c). Besides,
the pericyte/endothelial cells ratio peaked at seven times
that of normal skin. On day 5, the pericyte/endothelial
cell ratio began to decrease (Fig. 9d) and appeared to in-
crease on day 7 (Fig. 9¢). Fig. 9f showed the statistics
of immunofluorescence area change of pericyte/endothelial
cells. The above results revealed that the number of PCs
significantly increased during wound healing. Neverthe-
less, the change fluctuated, resulting in the formation of
well-structured neovascularization encapsulated by PCs. In
Fig. 9g, the left side of the white line showed the regener-
ated tissue vascular staining of the wound, while the right
side of the white line showed normal skin staining. In ad-
dition, we observed an increased number of PCs in healing
skin.

Discussion

Wound angiogenesis is a complex physiological and
pathological process. However, the role of PCs in wound
angiogenesis is still unclear, and in-depth research is lack-
ing. This study looked at the role of skin PCs in angiogen-
esis during wound healing from the perspectives of their
morphology, function, and chemotaxis.

PCs are tissue-specific in terms of both morphology
and function. Existing research on PCs has focused on the
nervous system and the retina [32,33]. The blood-brain
barrier or blood-retinal barrier shows a 1:1 PC/endothelial
cell ratio [34]. The presence of PCs is vital to the nor-
mal function of the barriers [35,36]. In contrast, the peri-
cyte/endothelial cell ratio in human lungs and skin is esti-
mated to be 1:10 [37]. The a-SMA expression in cerebral
vasculature is unstable and often difficult to detect [38]. In
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Fig. 9. The balance of the pericyte/endothelial cell ratio promotes wound repair in rats. (a—e) Immunofluorescence staining was
adopted to observe PCs and endothelial cells in normal skin and wound tissues. PCs, endothelial cells, and cell nuclei were stained with
NG2 (green), CD31 (red), and DAPI (blue), respectively. Scale bar = 50 um. (a) The vasculature of normal skin consisted mainly of
endothelial cells and a small number of PCs. (b) On the first day of wound healing, the number of PCs increased significantly, but both
PCs and endothelial cells were disorganized. (c) On day 3 of wound healing, the lumen-like structures of vessels gradually formed. (d)
On day 5 of wound healing, the lumen of vessels wrapped by pericytes was in good shape, but the vessels containing only endothelial
cells had difficulty forming lumen-like structures. (¢) On day 7 of wound healing, the vessels without PCs gradually degenerated and
disappeared, and the intact vessels with PCs were observed. (f) The ratio of pericyte/endothelial cells was analyzed in a rat skin wound
model by calculating the ratio of green/red immunofluorescence area. N = 12. (g) The normal skin (right side of the white line) and new

wound-healing tissues (left side of the white line) were observed using immunofluorescence staining. Scale bar = 100 pm.

our study, we detected a high positive expression level of It has been reported that PCs in the cerebral vascula-
a-SMA and a low ratio of PCs to endothelial cells in the ture and retina usually exhibit a reticular or stellate struc-
skin. These different results may be related to different  ture with multiple contacts and display a round structure in
functions of various tissues, which indicates that PCs have the kidney [34]. In this work, human skin PCs harbored
tissue specificity. a structure of double protrusions, with thin and long cell
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protrusions extending on both sides of the skin PCs. This
demonstrates that the morphological structure and number
of PCs vary in different tissues.

Angiogenesis is critical for wound healing. Vessels
act as channels for the transportation of nutrients and wa-
ter, and the luminal structure of vessels serves as the foun-
dation for their function. According to prior studies, hu-
man brain vascular PCs do not migrate and proliferate under
serum-free conditions in 3D matrices [12,39]. But the co-
culture of PCs with human umbilical vein endothelial cells
(HUVECs) promotes the activity of PCs, indicating that
PCs are elongated and recruited to the surface of HUVECs
[40]. Herein, HDMECs were arranged in a cobblestone-
like shape and failed to form a lumen in 2D. HDMECs only
formed lumen-like structures in a 3D environment, which
could not last longer than 24 hours. In contrast, skin PCs
could form lumen-like structures in both 2D and 3D en-
vironments, which differed from the previously reported
characterization of PCs. This may be attributed to the dif-
ferent sources of PCs, indicating that PCs have tissue speci-
ficity. Previous studies have mostly focused on cerebrovas-
cular PCs [41,42], and we concentrated on the tube-forming
ability of skin PCs in this study.

Interestingly, we discovered that hypoxia or starvation
could induce PCs to form lumen-like structures in a 2D cul-
ture environment. If not induced, about 40% of the PCs had
difficulty forming lumen-like structures in our study. Hy-
poxia has been shown to promote PC proliferation and dif-
ferentiation by stimulating the production of cytokines such
as hypoxia-inducible factor-1 (HIF-1) [43]. The explana-
tion for this may be that hypoxia promotes the tube forma-
tion of PCs. To our knowledge, no endothelial cells have
been documented to have such a function. Limited reports
of pluripotent stem cells that could form lumens have been
documented [44], and no differentiated cells have exhibited
such a function. An earlier study found that PCs promote
skin regeneration by inducing epidermal cell polarity [15].
Our study concluded that PCs may promote skin regenera-
tion by facilitating vascular lumen formation.

The relationships between endothelial cells and PCs
have been the subject of certain investigations. For ex-
ample, it has been reported that endothelial cells can re-
cruit PCs, which promotes vascular maturation and main-
tains vascular stability [39]. Platelet-derived growth factor-
B (PDGF-B), endothelin-1 (ET-1), transforming growth
factor-3 (TGF-/3), heparin-binding epidermal growth factor
(HB-EGF), and other chemotactic regulators are involved
in this recruitment [12,40,45]. In this study, we revealed
the mutual chemotaxis between HDMECs and skin PCs.
This further expands our understanding of the interactions
between PCs and endothelial cells.

PCs have been shown to aid in wound healing by re-
ducing the recruitment of inflammatory cells and collagen
deposition while promoting wound closure and tissue repair
[46]. Our investigation yielded similar results. We found

that PCs contributed to the formation of lumen-like struc-
tures in the rat model of skin wounds, which is beneficial
for wound healing.

Furthermore, we found that the balance between PCs
and endothelial cells is important for wound repair. A sig-
nificant rise in the number of PCs was observed during the
early stage of wound angiogenesis, and only vascular struc-
tures containing both PCs and endothelial cells stably ex-
isted during the late stage. We also noticed that the ratio
of pericyte/endothelial cells began to decline on day 5 of
wound healing. This may result from the fact that some
cells can secrete vascular endothelial growth factor (VEGF)
during wound healing [47,48], which gradually leads to
the proliferation of endothelial cells. However, the ratio
of pericyte/endothelial cells appeared to increase on day 7.
It might be argued that the lack of nutritional assistance
caused the eventual deterioration of the endothelial cells
that make up the vascular structures. In order to promote
wound healing, the pericyte/endothelial cell ratio should
be balanced. To sum up, this study described the struc-
ture and function of skin PCs and clarified the important
role of PCs during skin wound healing and angiogenesis. It
is the first study to demonstrate that skin PCs have excel-
lent tube formation capability and chemotactic effect on en-
dothelial cells. However, there are still some limitations in
this study. For instance, there is no direct evidence that skin
PCs can guide angiogenesis. Therefore, further exploration
and analysis through in vivo imaging or other technologies
are required. The direct role of PCs in wound repair has
not been fully studied, either. In addition, it is necessary to
investigate the mechanism of mutual chemotaxis between
PCs and endothelial cells and determine whether any re-
lated chemokines are involved.

Conclusions

In summary, skin PCs have a special structure of dou-
ble protrusions and excellent tube-forming capability. PCs
could form lumen-like structures in 2D and matrigel. Fur-
thermore, skin PCs have chemotaxis to endothelial cells and
can recruit endothelial cells to accelerate the formation of
lumen-like structures. The wound repair may benefit from
balancing the pericyte/endothelial cell ratio in rat models of
skin wounds. PCs might promote wound repair by recruit-
ing endothelial cells.
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