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Background: Macrophage exosomes and vascular endothelial cells (VECs) are critical to
bone healing. However, few studies explore the molecular regulation of them in the bone
fracture microenvironment.

Methods: In this study, we explored the effects of adenosine receptor A2A (ADA2AR) in
macrophage exosomes and VECs during bone healing. CGS21680 (an ADA2AR agonist)
and ZM241385 (an ADA2AR antagonist) were used. First, the effects of the ADA2AR on
VECs during bone healing were studied in vivo in a rat tibial fracture model. Second, the
effects of ADA2AR on VECs and in the regulation of VECs by macrophages were examined
in the bone fracture microenvironment. Third, the effects of ADA2AR on the regulation of
macrophage exosomes on VECs were analyzed. Finally, the genes and long non-coding
RNAs (IncRNAs) associated with the regulation of VECs by the ADA2AR were examined
by high-throughput sequencing and bioinformatics analysis.

Results: CGS21680 accelerated VEC proliferation in the early stage of bone healing and
that ZM241385 suppressed VEC proliferation in vivo. ZM241385 inhibited cell viability and
tube formation in vitro. However, CGS21680 did not promote tube formation, cell prolifera-
tion, or cell migration in vitro. The inhibition of macrophage exosomes could suppress tube
formation and VEC migration. CGS21680 had no effects on tube formation in a macrophage-
VEC co-culture. The macrophage exosomes were purified and CGS21680 promoted the
macrophage secretion of exosomes. In contrast, ZM241385 inhibited the macrophage secre-
tion exosomes. Finally, the IncRNA and mRNA involved in the activation of the ADA2AR
in VECs were analyzed. CGS21680 upregulated 3274 mRNAs and downregulated 2236
mRNAs, and upregulated 1696 IncRNAs and downregulated 1882 IncRNAs. The hub genes
involved in angiogenesis were Fltl, Fgf2, Mapkl4, Fnl, and Jun.

Conclusion: The activation of ADA2AR was essential for angiogenesis and the secretion of
exosomes by macrophages during bone healing; moreover, the inactivation of the ADA2AR
led to poor angiogenesis and bone nonunion.
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Introduction

Bone fracture is a common cause of disability and the nonunion rate is approximately 5—
10% despite patients receiving active treatment.' > Poor vascularization leads to non-
union, and vascular endothelial cells (VECs) are known to be critical to nonunion.*®

Damaged VECs release many bioactive factors, which accelerate VEC proliferation and
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migration during the initial process of angiogenesis after bone
fracture.”® If VECs become dysfunctional or their activation
is suppressed, angiogenesis is blocked.””

Macrophages act as an activator for the secretion of
a variety of growth factors, similar to damaged VECs in the
early stage of bone healing.'®'? However, few studies have
examined the molecular regulation of VECs in the bone
fracture microenvironment.

The adenosine A2A receptor (ADA2AR), a member of
the G-protein coupled receptor family, is an immunosuppres-
sive and anti-inflammatory molecule.”'*!'* There have been
no studies on the role of the ADA2AR in angiogenesis during
bone healing and the effects of ADA2AR on VECs are still
under debate.'>** Desai et al’> >* proposed that ADA2AR
agonists could promote vascular tube formation in vitro, but
some studies found that adenosine Al or A2B receptor
agonists were the receptor subtypes of adenosine that pro-
moted VEC proliferation or angiogenesis.”'** CGS21680
(an ADA2AR agonist) did not mimic the stimulatory effects
of adenosine on VECs.?""*? Ernens et al** found that adeno-
sine increased macrophage production of thrombospondin-1
(TSP-1) via the ADA2AR and the adenosine A2B receptor to
stimulate angiogenesis in myocardial infarction. Du et al*
that (NECA),

a non-selective adenosine receptor agonist, increased tube

proposed N-ethylcarboxamidoadenosine
formation in human microvascular endothelial cells via the
adenosine A2B receptor by upregulating VEGF and eNOS.
In 2020, we proposed that CGS21680 could promote fracture
healing.? However, the role of the ADA2AR in angiogenesis
and its effects on VECs in the bone fracture microenviron-
ment have not been discussed.

In this study, we explored the effect of the ADA2AR in
macrophage exosomes and VECs during bone healing.
CGS21680 and ZM241385 (an ADA2AR antagonist)
were used. First, the effect of the ADA2AR on VECs during
bone healing was studied in vivo in a rat tibial fracture
model. Second, we examined the effects of the ADA2AR
on VECs in the bone fracture microenvironment and in the
regulation of VECs by macrophages using a cell co-culture
model. Third, we analyzed the effects of the ADA2AR on
the regulation of macrophage exosomes on VECs in vitro.
Finally, the genes and long non-coding RNAs (IncRNAs)
associated with the regulation of VECs by the ADA2AR
were examined by high-throughput sequencing and bioin-

formatics analysis.

Materials and Methods

Animals

Female adult Sprague-Dawley (SD) rats (Charles River
Laboratories, body weight 200+20 g) were used and kept in
separate sterile cages. The feeding environment was specific
pathogen free. The rats were maintained under a 12 h light/
dark cycle at 23.6°C and 35% humidity with free access to
sterilized chow diet and water. All procedures complied with
the ARRIVE guidelines and the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. This
study was approved by the Capital Medical University Ethics
Committee.

The following humane endpoints were applied: extreme
difficulty in moving to get food or water; severe wound
infection; limb necrosis; autophagia; and screaming in
response to a gentle touch. At the end of the experiment or
when humane endpoints were reached, the rats were eutha-
nized by an excessive dose of sodium pentobarbital (100 mg/
kg, intraperitoneal injection). Animal death was confirmed
by the absence of breathing or heartbeat. All the drug con-
centrations used were physiologically appropriate.

Animal Sample Size

Stata/SE 12.0 (StataCorp LP, USA) software was used to
calculate the required animal sample size. For the in vivo
experiments, the tibia fracture nonunion model was used and
the sample size was estimated by referring to previous studies
on the ADA2AR promotion of fracture healing, because
there have been no studies of how the ADA2AR accelerates
angiogenesis in bone healing. > The study showed that the
ADA2AR promoted bone healing (the rate of increase was
100%) and the fracture healing rate of the control group was
0 at 8 weeks.”? In addition, o was set as 0.05 (two-sided),
the failure rate of the model was 10%, and 1-3 was set as
0.80. Therefore, at least five rats were needed for each time
point. In the in vitro experiments, 12 rats were used to extract
the macrophages from the peripheral blood and eight rats
were used to prepare the bone fracture environment.

Cells and Reagents

Rat VECs were purchased from Procell company (CP-R075,
Procell, China) and authenticated by Procell company via
CD31 immunofluorescence assay in Supplementary
Material. Complete culture medium for rat aortic endothelial
cells (CM-RO075, Procell) was used to culture the VECs. All
the reagents

used in this study are presented in
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Supplementary Material. Cells were not pre-incubated with
CGS21680 and ZM241385 in all the experiments.

Extraction of Macrophages from the
Peripheral Blood

The method for macrophage extraction the from peripheral
blood was similar to that used in previous studies.*?’*®
Briefly, the peripheral blood of rats was collected in an antic-
oagulant tube and volume diluted 1:1 by DPBS. Then, the
diluted blood was slowly layered onto the rat lymphocyte
separation medium, and then centrifuged at 1800 rpm for 20
min. The peripheral blood mononuclear cell (PBMC) layers
were harvested and resuspended in RPMI-1640 with 10%
FBS. After incubation for 2 h, the adherent cells were
harvested.

The cells were resuspended in DPBS and incubated
with rabbit anti-CD68/Alexa Fluor 488 antibody (1:100
dilution) or with rabbit IgG/Alexa Fluor 488 (1:100 dilu-
tion, isotype control) in the dark at 4°C for 30 min. Flow
cytometry (FCM) was used to detect the ratio of positively
stained cells.

Construction of Bone Fracture

Environment Medium

The tibia fracture model was established in eight SD rats in
a similar manner to previous studies;” see also Supplementary
Material. After 7 days, the peripheral blood was collected and
centrifuged at 2500 rpm for 25 min. The rat serum was
harvested and heated at 56°C for 30 min to inactivate the
complement. Then, 5% serum and 95% low-sugar
Dulbecco’s modified eagle medium (L-DMEM, GD3104-
500ML, Genview, China) was used as the bone fracture med-
ium (BFM).

Evaluation of the Effect of the ADA2AR
on VECs During Bone Healing

The rat tibia fracture model was used to evaluate the effect
of the ADA2AR on VECs during bone healing. First,
10 mg CGS21680 or ZM241385 was dissolved in 50 pL
DMSO by shaking in an ultrasonic bath for 2 min and
1:100 diluted in normal saline.

Forty-five rats were divided into three groups:
CGS21680 treatment, ZM241385 treatment, and DMSO
treatment (control). The rats were administered 100 pL of
diluted CGS21680, ZM241385, or DMSO using a sterile
sponge as the drug carrier, which was placed around the
fracture end. Subsequently, 100 pL of diluted CGS21680,

ZM241385, or DMSO was administered as a bone fracture
site injection every 24 h according until an endpoint was
reached (Figure 1A). At each time point, (7, 14, and 28
days after modeling), five rats from each group were
randomly selected for analysis and euthanized.

Bone tissue HE staining, von Willebrand factor (vVWF)
CD31
cence staining, and Goldner trichrome staining were used
to evaluate the effect of ADA2AR on VECs during bone
healing. Details of the analysis methods are presented in

immunohistochemical staining, immunofluores-

Supplementary Material.

Evaluation of the Effect of the ADA2AR
on VECs in the Bone Fracture

Environment

The CCK-8 assay, EAU/PI staining, cell migration assay,
vascular tube formation assay, and cell scratch assay were
used to evaluate the effects of the ADA2AR on VECs in
the bone fracture microenvironment. Each experiment was
repeated five times.

CCK-8 Assay

VECs (2000 cells/well) were seeded in a 96-well plate and
incubated overnight; then, BFM was added (200 pL/well).
The cells were divided into four treatment groups: 100 ng/
pL CGS21680, 100 ng/uL ZM241385, 0.2 uL DPBS, and
0.2 uL DMSO. After incubation for 48 h, 20 pL of CCK-8
reagent was added into each well, and the cells were
incubated for 2 h. The cell viability was proportional to
the absorbance of each well at 450 nm, as measured using
a microplate reader. (The results of different concentra-
tions CGS21680 and ZM241385 on VECs are presented in
Supplementary Material).

EdU/PI Staining

EdU/PI staining was performed as described previously.?’
Briefly, VECs (107 cells) were seeded in a 6-well plate and
incubated overnight. Then, BFM was added (2.5 mL/well)
and the cells were divided into three treatment groups: 100
ng/ul CGS 21680, 100 ng/uL ZM241385, and 1.25 pL
DMSO. The treatments were applied for 48 h. The cell-
light EAU Apollo 488 in vitro flow cytometry kit (C10338-
3, Ribobio) and propidium iodide (PI) were used to detect
the cells. The kits were used in accordance with the

manufacturer’s instructions.
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Figure | The role of ADA2AR on bone healing. (A) A schematic diagram. 45 rats were divided into 3 groups and were received fracture site injection after modeling. (B)
HE staining and Goldner trichrome staining of the fracture site. CGS21680 promoted the new bone formation at 7 days (red region, arrows) and callus formation at 14, 28
days (arrows), while ZM241385 inhibited bone formation and caused serious inflammatory reaction at |14, 28 days (arrows). Images, x25; original scale bar, 500 um. (C) half-

box graphs showed the difference between groups, *p<0.05. n=5 at each timepoint.

Cell Migration Assay

Transwell inserts (pore size: 8 um) were used. The con-
centration of VECs was adjusted to 250 cells/pL and 200
pL of the cell suspension was plated in the top chamber.
The lower chamber contained 600 pL. BFM. The cells
were divided into five treatment groups: 100 ng/pL
CGS21680, 100 ng/ul. ZM241385, 0.8 uL DMSO, posi-
tive control (complete medium in the lower chamber), and
negative control (BFM). The cells were incubated for 48

h and migration was observed;*® details of the analysis
methods are presented in Supplementary Material.

Tube Formation Assay

The vascular tube formation assay used was similar to that
described in a previous study.’' Briefly, 400 uL of melted
Matrigel was added to each well (12-well plate) and soli-
dified at 37°C for 30 min. The VECs (2x10° cells/well)
were incubated on the Matrigel-coated plate with 1.6 mL/

4 o o 4 https:;
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well BFM. The cells were divided into three treatment
groups: 100 ng/pL CGS21680, 100 ng/uL ZM 241385,
and 1.6 pL DMSO. After incubation for 12 h, the cells
were observed under a microscope, and then incubated
with a 1:20 diluted in Calcein-AM at 37°C for 30 min.
Then, the fluorescence was observed with a fluorescence
inverted microscope. Details of the analysis method are
presented in Supplementary Material.

Scratch Assay

Briefly, VECs were incubated in a 6-well plate with
2.5 mL/well BFM and divided into three treatment groups:
100 ng/ul CGS21680, 100 ng/puL. ZM 241385, and 2.5 puL
DMSO. A 100-uL pipette tip was used to make a scratch
in the surface of the cells and the wound area was
observed under a microscope at 0 h, 24 h, and 48 h after
scratching. Details of the analysis methods are presented
in Supplementary Material.

Evaluation of the Effect of the ADA2AR
on Macrophage Regulation of VECs

in vitro

The cell migration assay and vascular tube formation assay
in the cell co-culture model were used to evaluate the
effects of the ADA2AR on the macrophage regulation of
VEC:s in vitro. Each experiment was repeated five times.

Cell Migration Assay

Transwell inserts (pore size, 8 um) were used. Macrophages
(10° cells/well) were incubated in the lower chamber with
600 uL BFM and VECs (5x10* cells/well) were incubated in
the upper chamber with 200 uL. BFM. Six treatments were
applied: 100 ng/uL. CGS21680, 100 ng/pL ZM241385, 6.58
uL DMSO, 100 ng/uL. CGS21680+10 uM GW4869, posi-
tive control (complete medium in the lower chamber), and
negative control (BFM). After incubation for 48 h, the cell
migration was observed. Detailed analysis methods are pre-
sented in Supplementary Material.

Tube Formation Assay

A vascular tube formation assay was performed in the cell
co-culture model. Briefly, Transwell inserts (pore size, 0.4
um) were used and the lower chamber was coated with
200 pL of Matrigel. The macrophages were incubated in
the upper chamber and the VECs were incubated in the
lower chamber. Four treatments were applied: 100 ng/uL
CGS21680, 100 ng/uL ZM241385, 6.58 uL. DMSO, 100

ng/uL CGS21680+10 uM GW4869. After incubation for
12 h, the extent of vascular tube formation was observed.
Details
Supplementary Material.

of the analysis methods are presented in

Evaluation of the Effect of the ADA2AR

on Macrophages Exosomes Regulation of
VEGCs in vitro

Cell fluorescence tracing, cell migration assay, and the
vascular tube formation assay were used to evaluate the
effect of the ADA2AR on the regulation of VECs by
macrophage exosomes. Each experiment was repeated
five times. Macrophage exosomes were purified by ultra-
centrifugation. The extraction methods and authentication
of exosomes are presented in Supplementary Material.

Cell Fluorescence Tracing Assay

Transwell inserts (pore size, 0.4 pm) were used.
Macrophages were stained with DiD (D4019, Yuheng)
and VECs werestained by DiO (D4007, Yuheng). The
marking process was performed in accordance with the
manufacturer’s instructions. Then, the cell co-culture
model was constructed. Macrophages (10° cells/well)
were incubated in the lower chamber with 600 uL BFM
and VECs (5x10 cells/well) were incubated in the upper
chamber with 200 uL BFM. Four treatments were applied:
100 ng/uL CGS21680, 100 ng/uL ZM241385, 6.58 pL
DMSO, and 100 ng/uL CGS21680+10 uM GW48609.
After incubation for 48 h, the upper chamber was observed
with a fluorescence inverted microscope.

Cell Migration Assay

Briefly, macrophages (10> cells/well) were incubated in
a 24-well plate with 600 uL. BFM. Four treatments were
applied: 100 ng/uL CGS21680 and 100 ng/uL CGS21680
+10 pM GW4869, positive control (complete medium),
and negative control (BFM). After incubation for 48 h,
the cell suspension was harvested and added to the lower
chamber with a Transwell insert (pore size, 8 um). VECs
(5%10* cells/well) were incubated in the upper chamber
with 200 pL. BFM. After incubation for 48 h, the migra-
tion of VECs was observed. Details of the analysis meth-
ods are presented in Supplementary Material.

Tube Formation Assay
Briefly, macrophages (2x10° cells/well) were incubated in
a 12-well plate with 1.6 mL BFM. The cells were divided
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into four treatment groups: 100 ng/uL CGS21680, 100 ng/
uL ZM241385, 13.16 puL DMSO, and 100 ng/uL
CGS21680+10 uM GW4869. After incubation for 48 h,
the cell suspension was harvested. VECs were resus-
pended in the harvested cells and added to a Matrigel-
coated 12-well plate (10° cells/well). After incubation for
12 h, vascular tube formation was observed. Details of the
analysis methods are presented in Supplementary Material.

Evaluation of the IncRNAs and mRNAs
Involved in the Regulatory Effect of the
ADA2AR on VECs

High-throughput sequencing was used to determine the
IncRNAs and mRNAs involved in VEC regulation. The
methods were similar to those in previous study.*> VECs
were divided into two treatment groups: 100 ng/uL
CGS21680 and DMSO. After incubation for 48 h with
5 mL BFM, the cells were harvested and transferred to
Beijing Novogene Technology Co., Ltd., who performed
high-throughput sequencing and analysis.

DAVID Bioinformatics Resources 6.8 was used to per-
form Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGGQG) analyses.33’34 P-values of
less than 0.05 and gene enrichment of greater than 2-fold
were the criteria for both analyses. WebGestalt, a web-based
gene set analysis toolkit, was used to perform the gene set
enrichment analysis (GSEA).* The minimum number of IDs
in the category was 3 and the maximum number of IDs in the
category was 10,000. The significance level was FDR < 0.1
and the number of permutations was 1000. The STRING
11.0 database was used to construct the protein—protein inter-
action (PPI) networks.*® The confidence score for selection
was greater than or equal to 0.4. The hub genes in the PPI
networks were determined according to the degree centrality
and the betweenness centrality, as calculated by Cytoscape
3.8.0 software.*”*®

Statistical Analysis

Stata/SE 12.0 software was used to analyze the data. The
Shapiro-Wilk test was used to evaluate the normality of the
data. If the measured data were normally distributed, it was
described as the meantstandard deviation; comparisons
between two groups were performed by an independent-
sample #-test, and comparisons between more than two
groups were performed by one-way ANOVA; and least sig-
nificant difference (LSD) tests were used for post hoc analy-
sis. If the measurement data followed a skewed distribution,

it was described by the median (interquartile range); compar-
isons between two groups were performed by the Mann—
Whitney U-test, and comparisons between more than two
groups were performed using the Kruskal-Wallis H-test. The
enumeration data were represented by occurrence rate and
compared by Chi-square test or Fischer’s exact test.
A P value of <0.05 was considered to indicate a statistically
significant difference.

Full details of the image analysis methods are pre-
sented in the Supplementary Material.

Results
Effect of the ADA2AR on VECs During

Bone Healing

CGS21680 significantly increased new bone formation and
callus formation (p<0.05) (Figure 1B-D). However,
ZM241385 increased necrotic tissue and delayed bone
healing. With ZM241385 treatment, after 28 days, there
was a lot of inflammatory necrotic tissue between the
fracture ends and little new bone formation had occurred,
whereas many calluses were formed in rats treated with
CGS21680 (Figure 1B).

CGS21680 increased the vWF- and CD31-positive
areas at 7 and 14 days; these increases were statistically
significant (p<0.05) (Figure 2A-C), indicating that
CGS21680 increased the number of VECs in the fracture
site. There was little positive staining in the rats treated
with ZM241385, indicating that ZM241385 inhibited the
proliferation of VECs and angiogenesis in the fracture site
(Figure 2A).

Effect of the ADA2AR on VECs in the

Bone Fracture Environment

The cell migration results showed that neither CGS21680
nor ZM241385 increased the number of migrating cells
compared with DMSO treatment, with no statistically sig-
nificant changes observed (p=0.133 and p=0.387, respec-
tively) (Figure 3C and D).

The CCK-8 assay showed that cells treated with
ZM241385 had the lowest viability, and that this decrease
was statistically significant (p<0.01) (Figure 4A).
CGS21680 (100 ng/uL, 50 ng/uL, 25 ng/uL, 10 ng/uL, 5
ng/ul, 2.5 ng/uL, 1 ng/pL, 0.5 ng/uL, 0.25 ng/puL, and
0.05 ng/uL) did not increase viability compared with treat-
ment with DMSO or DPBS (p>0.05). The effects of dif-
ferent concentrations of CGS21680 on VEC viability are
presented in Supplementary Material.
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Figure 2 The role of ADA2AR on VECs during bone healing. (A) CD3| immunofluorescent staining and vWF immunohistochemical staining. CGS21680 promoted CD3 |
(red, arrows) and vWF (brown, arrows) expression at 7, 14, 28 days. Inmunofluorescent images, %40; original scale bar, 200 um. Immumohistochemical images, x200;
original scale bar, 100 pm. (B) Bar graphs showed the difference between groups, *p<0.05. n=5 at each timepoint.
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Figure 3 The role of ADA2AR on VECs migration in bone fracture environment in vitro. (A) CGS21680 and ZM241385 could not promote cell migration at 48h. (B) The
violin plots showed the the difference between groups, *p<0.05. Transwell images, %50; original scale bar, 200 pm. n=5 for each group.

EdU (FITC)/PI staining showed that CGS21680 did not
significantly increase the proportion of FITC-stained cells
compared with DMSO treatment (p=0.249) but decrease the
proportion of Pl-stained cells (p=0.038), whereas cells trea-
ted with ZM241385 had lower FITC- and PI-stained cells
than the other groups (Figure 4B and C). The results of the
EdU with PI assay showed that CGS21680 did not

accelerate the proliferation of VECs proliferation and that
ZM241385 treatment inhibited VEC proliferation.

The results of the cell scratch assay showed that
ZM241385 treatment inhibited the wound closure com-
pared with CGS21680 or DMSO treatment, and that this
difference was statistically significant (p<0.01) (Figure 4D
and E). However, CGS21680 treatment did not enhance the
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Figure 4 The role of ADA2AR on VECs viability and proliferation. (A) The box plots showed the CCK-8 assay results. ZM241385 suppressed the VECs viability but
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wound closure compared with DMSO treatment at 24 hand  and DMSO treatments, and that this difference was statis-
48 h (p=0.173 and p=0.527, respectively) (Figure 4E). tically significant (p<0.05) (Figure 5B and C). CGS21680

The results of vascular tube formation showed that treatment did not increase the number of branch points and
ZM241385 treatment decreased the number of branch capillary length compared with DMSO treatment (p=0.075
points and capillary length compared with CGS21680 and p=0.344, respectively).
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Effect of the ADA2AR on the

Macrophage Regulation of VECs in vitro
CGS21680 treatment and ZM241385 treatment increased
the number of migrated cells compared with DMSO treat-
ment and CGS21680+GW4869 treatment; these differ-
ences were statistically significant (p<0.05) (Figure 6A
and B). However, there was no statistically significant
difference in the number of migrated cells between
CGS21680 and ZM241385 treatments (p=0.463).
ZM241385 decreased the number of branch points and
capillary length compared with CGS21680 treatment,
CGS21680+GW4869 treatment, and DMSO treatment; for
all comparisons, the difference was statistically significant
(p<0.05) (Figure 6C and D). However, CGS21680 treatment
did not increase the number of branch points or capillary

length compared with DMSO treatment (p=0.892 and
p=0.579, respectively) (Figure 6C and D). The CGS21680
+GW4869 treatment decreased the number of branch points
and capillary length compared with CGS21680 treatment,
and these differences were statistically significant (p<0.05).

Effect of the ADA2AR on Macrophages

Exosomes Regulation of VECs in vitro
CGS21680 accelerated exosome secretion by macrophages
compared with ZM241385 treatment and DMSO treatment
(Figure 7C). GW4869 reversed the effects of CGS21680
on the induction of exosome secretion by macrophages
(Figure 7C).

GW4869 inhibited exosome secretion by macrophages
and reversed the effects of CGS21680 on the macrophage
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regulation of VECs migration (p<0.05) (Figures 7C and  associated with exosome secretion by macrophages than the

8A). However, the inhibition of exosome secretion by  activation of the ADA2AR. The results showed that macro-

macrophages reversed the macrophage regulation of tube  phages increased tube formation in VECs, likely in an

formation in VECs (p<0.05) (Figure 8B and C), suggesting ~ADA2AR-independent manner, but through a vesicle-

that tube formation in VECs appeared to be more closely  based mechanism.
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Evaluation of the IncRNAs and mRNAs
Involved in the Regulatory Effect of

ADA2AR on VECs
CGS21680 upregulated 3274 mRNAs and downregulated
2236 mRNAs (Supplementary Material) and upregulated
1696 IncRNAs 1882 IncRNAs
(Supplementary Material).

and downregulated

The GO analysis of differentially expression mRNAs
showed that 369 GO terms in the biological process category
were enriched, 99 terms in the cellular component category
were enriched, and 122 terms in the molecular function
category were enriched. Moreover, 63 KEGG pathways
were enriched, encompassing 61 genes related to the regula-
tion of cell proliferation, 58 genes related to the positive

regulation of cell migration, 56 genes relate to cell migration,
and 275 genes related to metabolic pathways.

GSEA analysis of the mRNAs showed that the enrich-
ment score was 0.75 for the apoptotic signaling pathway,
0.75 for the regulation of cellular response to stress, and
0.95 for the response to IL-6. The STRING 11.0 database
was used to construct the PPI and the hub genes involved
in the regulation of cell migration were Thbsl, Erbb4, and
Flt1, which were downregulated, and Nt¢f3, Mmp3, Hras,
and Pdgfrb, which were upregulated. The hub genes
involved in metabolic pathways were Acoxl, CypZel,
and Ugcrfsl, which were downregulated, and Ugtlal
and PldI, which were upregulated.

The target genes of the differentially expressed IncRNAs
were investigated and 7914 genes were determined as target
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genes by the co-location method (Supplementary Material).

In the GO analysis, 269 terms in the biological process
category were enriched, 89 terms in the cellular component
category were enriched, and 112 terms in the molecular
function were enriched. Moreover, in the KEGG analysis,
66 pathways terms were enriched; 60 genes were associated
with vesicle-mediated transport, 77 genes were associated
with angiogenesis, and 53 genes were associated with the cell
cycle. The hub genes involved in angiogenesis were Fltl,
Fgf2, Mapkl4, Fnl, and Jun. The hub genes involved in
vesicle-mediated transport were Vamp2, Vamp7, Vamp§,
Cltc, and Bnip1 (Figure 9).

Discussion

Our studies were the first to examine the role of the
ADA2AR in angiogenesis during bone healing. CGS21680
was used to activate the ADA2AR and ZM241385 was used
to inactivate the receptor. First, we verified that CGS21680
promoted new bone formation and callus formation, and that
ZM?241385 inhibited new bone formation and callus forma-
tion by Goldner trichrome staining. In 2020, we proposed
that CGS21680 promoted bone healing and ZM241385
inhibited bone healing in a rat tibial fracture model,” as
previous studies found that CGS21680 accelerated bone
regeneration in a mouse model of skull bone defects.'”"?
However, we used a gelatin sponge and administered the
drug every 24 h in this study, a different method from the
previous study, in which a fibrin gel drug delivery system
was used and the rats did not receive the drugs after the
model was established.”

There has been no previous investigation of the effect of
the ADA2AR on angiogenesis during bone healing. We used
CD31 immunofluorescence and vWF immunohistochemical
staining to evaluate the effect of the ADA2AR on angiogen-
esis during bone healing. The immunofluorescence and
immunohistochemical analyses showed that CGS21680 pro-
moted angiogenesis during bone healing and ZM241385
inhibited angiogenesis in the early stage of bone healing.
Angiogenesis is essential for bone healing.>® If angiogenesis
does not occur in the early stage of fracture healing bone
nonunion will occur, even if vascularization occurs in the late
stage of fracture healing.

In this study, we used a model of periosteum damage, as it
is described in the previous studies to cause bone nonunion in
rats.>** We found that the activation of the ADA2AR was
essential for angiogenesis in the early stage of bone healing.
ZM241385 suppressed angiogenesis and caused excessive
inflammatory responses. However, it was not determined if

this was due to drug toxicity or receptor antagonism and this
remains an important question for future studies. The activa-
tion of the ADA2AR by CGS21680 promoted angiogenesis.
The serum from rats with a tibial fracture was used to
simulate the fracture microenvironment for an investigation
of the regulatory mechanism of the ADA2AR on VECs in
bone healing. Unexpectedly, we found that no dose of
CGS2680 tested (from 100 ng/pL to 0.05 ng/ul) increased
VEC proliferation, as shown by the CCK-8 test. Moreover,
ZM?241385 significantly suppressed cell proliferation, which
was similar to the in vivo results. The scratch assay and
vascular tube formation assay were performed to verify the
results of CCK-8 tests and similar results were obtained.
EdU/PI staining also confirmed the CCK-8 results.
CGS21680 did not enhance VEC proliferation and
ZM241385 inhibited VEC proliferation. We found that
ZM241385 resulted in fewer Pl-expressing cells but more
nonadherent cells, which we believed confirmed that there
was no significant change in the cell membrane integrity of
VECs. The reason for the significant decrease in adherent
cells and decreased cell activity may be attributable to the
increased cell permeability caused by programmed cell
death. This result needs to be confirmed in future studies.
The migration of VECs is important for angiogenesis,
but CGS21680 did not promote VEC migration in vitro.
This contrasted with the in vivo results, so we hypothe-
sized that there may be a lack of key regulatory cells in the
in vitro environment. Macrophages are one of the most
important activators of VECs in the early stages of bone
healing, so we used a cell co-culture model to explore the
effects of the ADA2AR on VECs.'”'? We found that
CGS21680 enhanced VEC migration and ZM?241385
inhibited vessel formation in the cell co-culture model.
We thought that the effects of CGS21680 on macrophage-
VECs were related to exosomes, therefore we used
GW4869 to inhibit exosome secretion.*” Both the inhibi-
tion and activation of the ADA2AR had a similar effect on
VEC migration in cell co-culture, showing that the induc-
tion of the VEC migration by macrophages was not attri-
butable to the ADA2AR. The effect appears to be more
closely associated with the release of vesicles by macro-
phages than the activation of the ADA2AR. Furthermore,
we analyzed the supernatant of the stimulated macro-
phages. We found that the inhibition of exosome secretion
by macrophages could significantly weaken tube forma-
tion. These results suggested that exosome secretion from
macrophages was important for the effect of the ADA2AR
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on angiogenesis during bone healing and that the inactiva-
tion of ADA2AR would suppress angiogenesis.

We analyzed the mechanism of the activated ADA2AR
on VECs during bone healing from a genetic perspective.
We found that CGS21680 upregulated 3274 mRNAs and
downregulated 2236 mRNAs, and upregulated 1696
IncRNAs and downregulated 1882 IncRNAs. Moreover,
the most affected pathway was metabolism, with the
expression of 275 mRNAs altered. The hub genes in the
metabolic pathways were Ugtlal, Pldi, Ugcrfsl, Cyp2el,
and AcoxI. A few studies have discussed the involvement
of the above genes in VEC metabolism.*'*? Zhang et al*’
proposed that Pld1-dependent PKCy activation was essen-
tial for the development of pathologic retinal neovascular-
ization. Chakkalakal et al*? analyzed Cyp2el in metabolic
pathways in the liver during bone healing. However, they
analyzed Cyp2el to evaluate the influence of excessive
alcohol consumption on the liver in the process of fracture
healing, and the influence of Cyp2el on fracture healing
and bone metabolism has not been discussed.*?
Unfortunately, no studies have explored the effect of
Ugtlal, Pldl, Ugcrfsl, Cyp2el, and Acoxl in bone meta-
bolic pathways during bone healing.

From the bioinformatic analysis, we found that Fnl,
Mapkli4, Jun, Fltl and Fgf2 may be the key genes
involved in the effect of the ADA2AR on angiogenesis
during bone healing. Ji et al** proposed that FitI was the
key regulator of fetoplacental endothelial cell migration
and angiogenesis. Nesmith et al** found that blood vessel
endothelial sprout anastomosis was regulated by F/¢/ dur-
ing angiogenesis. Gao et al*> proposed that microRNA-
613 exerted an anti-angiogenic effect on nasopharyngeal
carcinoma cells through the inactivation of the Akt signal-
ing pathway by downregulating Fn/. Although the above
studies have the involvement of Fnl, Mapkl4, Jun, Fltl,
and Fgf2 in angiogenesis, the effect of these genes in
angiogenesis during bone healing have not been studied.

Overall, the activation of the ADA2AR is essential for
angiogenesis during bone healing. ADA2AR agonists may
be the next potential pharmaceutic preparation for bone
fracture when the local blood supply is disturbed.

Conclusions

We explored the effect of the activated ADA2AR on VECs
and macrophages in the bone fracture environment in vivo and
in vitro. We found that the inactivation of the ADA2AR
suppressed VEC proliferation during bone healing. It also
inhibited VEC migration, tube formation, and the macrophage

regulation of VECs. In the in vivo experiments, the activated
ADA2AR promoted VEC proliferation during bone healing,
but did not increase VEC viability, migration, or tube forma-
tion in vitro. This may be attributable to the complex regula-
tory network present in vivo. CGS21680 promoted exosome
secretion by macrophages. The hub genes involved in the
activation of ADA2AR on angiogenesis were Fltl, Fgf2,
Mapkl4, Fnl, and Jun.
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