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Inhibition of PDGF-BB reduces alkali-induced
corneal neovascularization in mice
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Abstract. The aim of the present study was to investigate
the role of platelet-derived growth factor (PDGF)-BB/PDGF
receptor (R)-p signaling in an experimental murine corneal
neovascularization (CrNV) model. Experimental CrNV was
induced by alkali injury. The intra-corneal expression of
PDGF-BB was examined using immunohistochemistry. The
effect of PDGF-BB on CrNV was evaluated using immuno-
fluorescence staining. The expression levels of PDGFR-f in
human retinal endothelial cells (HRECs) under normal condi-
tions or following cobalt chloride treatment, which induced
hypoxic conditions, was assessed using reverse transcrip-
tion-quantitative PCR. The effect of exogenous treatment of
PDGF-BB on the proliferation, migration and tube formation
of HRECs under normoxic or hypoxic conditions was evalu-
ated in vitro using Cell Counting Kit-8, wound healing and
3D Matrigel capillary tube formation assays, respectively.
The results indicated that the intra-corneal expression levels
of the proteins of PDGF-BB and PDGFR-[3 were detectable
on days 2 and 7 following alkali injury. The treatment with
neutralizing anti-PDGF-BB antibody resulted in significant
inhibition of CrNV. The intra-corneal expression levels of
vascular endothelial growth factor A, matrix metallopepti-
dase (MMP)-2 and MMP-9 proteins were downregulated,
while the expression levels of thrombospondin (TSP)-1, TSP-2,
a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS)-1 and ADAMTS-2 were upregulated
significantly in mice treated with anti-PDGF-BB antibody.
The expression levels of PDGFR-3 were upregulated in
HRECs under hypoxic conditions compared with those noted
under normoxic conditions. Recombinant human PDGF-BB
promoted the proliferation, migration and tube formation of
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HRECs under hypoxic conditions. The data indicated that
PDGF-BB/PDGFR-f} signaling was involved in CrN'V and that
it promoted endothelial cell proliferation, migration and tube
formation. The pro-angiogenic effects of this pathway may be
mediated via the induction of pro-angiogenic cytokine secre-
tion and the suppression of anti-angiogenic cytokine secretion.

Introduction

Ocular neovascularization is a type of vision-impairment
disorder characterized by aberrant or excessive blood vessel
formation (1). Choroidal neovascularization (CN'V) is a compli-
cation noted in the advanced stage of wet-type age-related
macular degeneration (AMD), in the retinal neovascularization
of diabetic retinopathy subjects, in retinopathy of prematurity
and in corneal neovascularization (CrNV) (2). The etiology
of the occurrence of CrNV is diverse and includes inflamma-
tion, mechanical and chemical injuries (3), as well as hypoxia
resulting from improper use of cornea contact lenses (4).
During the process of CrNV, disturbed homeostasis of avas-
cular conditions in ocular surfaces may cause persistent and
refractory keratitis, and subsequently increase the risk of
corneal graft rejection. In certain serious cases, CrNV can
lead to blindness (5). Although clinical treatment targeting
the vascular endothelial growth factor (VEGF)-A/VEGF
receptor (R)2 signaling pathway has been proven to be an effec-
tive approach for wet-type AMD and other ocular neovascular
diseases, the side effects and drug resistance, to some extent,
partially limit the application of anti-VEGF therapies (6). In
addition, it has been demonstrated that multiple other signaling
pathways are involved in the development of neovasculariza-
tion (7). These signaling pathways may exert their function
by compensating for VEGF-A pro-angiogenic effects in the
process of neovascularization when VEGF-A/VEGFR?2
signaling is blocked. Therefore, these compensating effects
may reduce the sensitivity of anti-VEGF therapy in certain
ocular neovascularization cases (8).

Platelet-derived growth factor (PDGF)-BB is a
canonical mitogenic growth factor that mediates specific
functions in mural cells, such as pericytes or smooth muscle
cells (SMCs) (9). PDGF-BB is mainly produced by the
endothelial tip cells of the sprouting new vessels. PDGF-BB
can recruit pericytes to the sites of tip cells via binding to
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the receptor of PDGF receptor (R)-f (10). The activation of
PDGF-BB/PDGFR-f signaling is initiated by the auto phos-
phorylation of PDGFR-f} and the cascade of intracellular
signal transduction is then passed through multiple pathways.
These include the PI3K pathway, which is important for
chemotaxis and actin re-organization, and the ERK MAP
kinase pathway, which is indispensable in the process of
cell proliferation (11,12). Furthermore, the AKT and signal
transducer and activator of transcription 3 pathways are also
involved in PDGF-BB/PDGFR-f signal transduction (13). At
present, the role of PDGF-BB in promoting and stabilizing
the maturation of newly formed vessels has been identified.
A previous study that utilized a laser-induced CNV model
reported that PDGFR-[} positive cells were initially located
at the site of the Bruch's membrane and were subsequently
recruited to the CNV area (14), suggesting that PDGF-BB
may be involved in the recruitment of PDGFR-f} positive
cells during CNV. It has also been reported that residual or
chemotactic cells other than endothelial cells (ECs) contribute
to the elevated expression levels of PDGF-BB (15,16). By
cooperating with VEGF-A and/or other cytokines, PDGF-BB
recruits ECs/endothelial progenitor cells (EPCs) to lesion sites
in order to form tube-like structures (17).

The increased proliferation and migration of vascular
ECs is considered an early stage of angiogenesis. A previous
study conducted on the overexpression of PDGFR-f in
spleen-derived EPCs revealed that the proliferation, migra-
tion and tube formation of these EPCs were enhanced by
stimulation with recombinant PDGF-BB (18). This finding
suggested that the interaction between PDGF-BB and
PDGFR-f contributed to the induction of angiogenesis of
EPCs at an early stage. Accumulating evidence has revealed
that infiltrated macrophages exert an important role in the
early stage of angiogenesis (19). Macrophages can be recruited
by hypoxia or inflammatory cytokines, such as hypoxia
inducible factor-1 subunit oo (HIF-1a), C-C motif chemokine
receptor (CCL)3, CCL4, tumor necrosis factor a, interferon y
and interleukin-6 (20,21). The infiltrated macrophages then
secrete a series of pro-angiogenic cytokines, such as VEGF-A,
PDGF-BB and basic fibroblast growth factor (bFGF) (22).
These cytokines exhibit chemotactic effects and recruit ECs
from pre-existing vessels (tip cells), which in turn increases
the proliferation of ECs (stalk cells) for the formation of new
vascular vessels (23). The role of PDGFs that are released
by macrophages has predominantly been studied in fibrotic
diseases, such as pulmonary, liver, kidney and cardiac
fibrosis (24,25). In these pathological conditions, the activated
macrophages are the main source of PDGFs, which promote the
proliferation of mesenchymal cells (MCs) (26). It is commonly
known that PDGFs are also released by ECs and are involved
in modulating the process of angiogenesis (27). It is also
well-known that Cobalt chloride (CoCl,) is a hypoxia-mimic
agent that is capable of stabilizing the expression level of
HIF-1a by inhibiting prolyl hydroxylases (PHD) (28). CoCl,
can replace Fe?* with Co** on PHD enzymes and block
degradation of HIF-la and hence facilitate the establishment
of hypoxia conditions in vitro (29). The protocol of inducing
hypoxic conditions by CoCl, is frequently used in related
in vitro cellular assays (30-32). Besides, there are also some
other hypoxia-mimic agents that can induce and stabilize

HIF-la expression, such as desferrioxamine and nickel
chloride (33). In the present study, an alkali burn-induced
corneal neovascular model was used to investigate the role of
PDGF-BB in CrNV in vivo and CoCl, was employed to induce
hypoxic conditions in order to assess the proliferation, migra-
tion and tube formation of vascular ECs in vitro.

Materials and methods

Reagents and antibodies. Human retinal endothelial cells
(HRECs) were purchased from Shanghai Yaji Biological
Technologies Inc. DMEM and FBS were obtained from
HyClone (Cytiva). Cobalt chloride hexahydrate (CoCl,-6H,0)
and lipopolysaccharides (LPS) were provided by Sigma-Aldrich
(Merck KGaA). AG 1296 (cat. no. S8024) was obtained from
Selleck Chemicals. Matrigel Matrix was purchased from
BD Biosciences. Cell Counting Kit-8 (CCK-8) was obtained
from Dojindo Molecular Technologies, Inc. Rat anti-mouse
CD31 antibody (cat. no. MEC13.3) was purchased from
BD Pharmingen (BD Biosciences). Alexa Fluor 488-conjugated
secondary donkey anti-rat (H+L) antibody (cat.no. A-21208) and
Alexa Fluor 594-conjugated secondary goat anti-rabbit (H+L)
antibody (cat. no. R37117) were purchased from Invitrogen
(Thermo Fisher Scientific, Inc.). Goat anti-human PDGF-BB
antibody (cat. no. abl0845) was purchased from Abcam. Rat
anti-mouse F4/80 antibody (cat. no. NB600-404) was from
Novus Biologicals, LL.C. Rabbit anti-mouse PDGF-BB antibody
(cat. no. abs135848) was purchased from Absin Bioscience,
Inc. The AxyPrep Multisource Total RNA Miniprep Kit was
purchased from Axygen (Corning, Inc.). PrimeScript RT Master
Mix and DRRO41A SYBR Premix Ex Taq (Perfect Real Time)
were purchased from Takara Biotechnology Co., Ltd. Primers
were synthesized by Genewiz, Inc.

Induction of CrNV. All animal experiments followed the
Guideline for the Care and Use of Laboratory Animals of
the Chinese Medical Academy (34) and were approved by
the Soochow University Animal Care Committee (Suzhou,
China), and were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research (35). Specific pathogen-free 8-week-old male C57B/6
(n=130; weighing 20-25 g) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. The mice were anesthetized with
an intraperitoneal injection of 250 mg/kg of 1.8% Avertin
(Sigma-Aldrich; Merck KGaA). The left eye was treated topi-
cally with 0.4% Benoxil [Santen Pharmaceutical (China) Co.,
Ltd] and 2x2 mm filter paper saturated with 1N NaOH solution
was placed on the center of the cornea for 40 sec. Subsequently,
the corneas were immediately rinsed with balance solution for
15 sec. The central epithelia of the corneas were scraped with iris
restorer and the layers were immediately treated with ofloxacin
eye ointment [Santen Pharmaceutical (China) Co., Ltd.]. The
alkali injured mice were divided into 2 groups, namely the
vehicle group, which contained mice treated with PBS, and the
PDGF-BB antibody group, which included mice treated with
an antibody against PDGF-BB. This antibody was dissolved in
2% hyaluronic acid at a concentration of 50 pg/ml. Either PBS
or anti-PDGF-BB was applied topically onto the alkali-injured
corneas 3 times per day from day 1 to 7 following alkali injury.
Each experiment was repeated at least three times. Mice were
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Table I. Sequences of the primers used for reverse transcription-quantitative PCR.

Gene Primer sequences (5'-3") Product size (bp) Annealing temperature (°C) PCR cycles

VEGF-A F: CTGTCTAATGCCCTGGAGCC 124 60 40
R: ACGCGAGTCTGTGTTTTTGC

PDGF-BB F: TTGGACCTGAACATGACCCG 101 60 40
R: ATGGCCGGCTCAGCAATGGTC

PDGFR-p F: AGACACGGGAGAATACTTTTGC 126 60 40
R: AGTTCCTCGGCATCATTAGGG

TSP-1 F: TGCTATCACAACGGAGTTCAGT 108 60 40
R: GCAGGACACCTTTTTGCAGATG

TSP-2 F: GACACGCTGGATCTCACCTAC 156 60 40
R: GAAGCTGTCTATGAGGTCGCA

ADAMTS-1 F: TTCCACGGCAGTGGTCTAAAG 100 60 40
R: CCACCAGGCTAACTGAATTACG

ADAMTS-2 F: GTGCATGTGGTGTATCGCC 191 60 40
R: AGGACCTCGATGTTGTAGTCA

MMP-2 F: GATACCCCTTTGACGGTAAGGA 112 60 40
R: CCTTCTCCCAAGGTCCATAGC

MMP-9 F: GGGACGCAGACATCGTCATC 139 60 40
R: TCGTCATCGTCGAAATGGGC

B-actin F: GCCGTCTTCCCCTCCATCGTG 102 60 40

R: TCTCTTGCTCTGGGCCTCGTC

All primers used were purchased from Genewiz, Inc. The amplification was performed on iCycler iQ™ Multi-Color Real Time PCR Detection
System (cat. no. 170-8740; Bio-Rad Laboratories, Inc.). F, forward primer; R, reverse primer; VEGF, vascular endothelial growth factor;
PDGF, platelet-derived growth factor; TSP, thrombospondin; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs;

MMP, matrix metalloproteinase.

housed in the animal facility under specific pathogen-free condi-
tions at 23+3°C and 60+10% relative humidity and in a 12/12 h
day/night cycle with regular lab chow and water available ad
libitum. At the indicated time intervals (days 2, 4 and 7 after
alkali injury), mice were sacrificed with an intraperitoneal injec-
tion of sodium pentobarbitone (Virbac Australia) at a dose of
300 mg/kg body weight. Mice whose breathing and heartbeat had
stopped were considered to be dead. The corneas were removed
from the experimental eyes for reverse transcription-quantitative
(RT-q)PCR. The corneas were placed immediately into RNAlate
(Qiagen GmbH) and stored at -86°C until total RNA extrac-
tion. For another series of experiments to quantify CrNV and
the double-color immunofluorescence analysis, the mice were
sacrificed with an intraperitoneal injection of sodium pentobar-
bitone at a dose of 300 mg/kg body weight at the indicated time
intervals (days 2,4 or 14 after alkali injury), and the corneas were
immediately removed from the alkali-injured eyes.

Quantitation of CrNV. Briefly, the clear corneas from the
aforementioned alkali-injured eyes were removed rapidly along
the limbus with a microscissor. A total of three or four radial
relaxing incisions of each cornea were made. The excised
corneas from the CrNV assay were rinsed in PBS and fixed
in 100% acetone for 20 min at room temperature. Following
washing and blocking with 2% BSA (Merck KGaA) in PBS for
1 h at room temperature, the corneas were stained overnight at

4°C with aratanti-mouse CD31 antibody (1:100). Onday 2,CD31
was detected with an Alexa Fluor 488-conjugated secondary
donkey anti-rat antibody (1:50) that was incubated for 1 h at
room temperature in the dark. The corneas were transferred
to slides, covered with fluorescent mounting medium (Dako;
Agilent Technologies, Inc.) and stored at 4°C in the dark. The
stained whole mounts were analyzed with a fluorescence micro-
scope (MZ16; Leica Microsystems GmbH). Each whole mount
image was captured at x25 magnification. The areas covered
with neovascular tubes were determined with ImagelJ software
(available at http://rsb.info.nih.gov/ij/index.html), version 1.62
(National Institutes of Health). The mean vascularized area of
the control whole mounts was defined as 100%; vascularized
areas were then related to this value (vessel ratio).

RT-gPCR. Total RNA from the corneas and/or HRECs was
isolated using the AxyPrep miniprep kit and cDNA was
synthesized with the PrimeScript™ RT Master Mix (Takara
Biotechnology Co., Ltd.) according to the manufacturer's
protocols. The mRNAs encoding PDGF-BB, PDGFR-p,
VEGF-A, matrix metallopeptidase (MMP)-2, MM P-9, throm-
bospondin (7SP)-1, TSP-2, a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS)-1 and ADAMTS-2
were amplified using the appropriate primers. The sequences
of the PCR primer pairs are listed in Table I. DRR0O41A SYBR
Premix Ex Taq (Perfect Real-Time) was used for qPCR. The
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assay was performed using an iCycler iQ™ Multi-Color Real
Time PCR detection system (Bio-Rad Laboratories, Inc.).
The PCR thermocycling conditions were as follows: Initial
denaturation at 95°C for 1 min, followed by 40 cycles of dena-
turation at 95°C for 5 sec and annealing at 60°C for 30 sec.
Each sample was assayed in triplicate for both the target and
internal control (f3-actin) genes. Relative quantitative gene
expression was calculated using the 2244 method (36).

Double-color immunofluorescence analysis. For immunofluo-
rescence analysis, the eyes were harvested and rinsed twice
with PBS and fixed in 4% paraformaldehyde for 24 h at 4°C
on day 4 following alkali injury. The eyes were subsequently
placed in 30% sucrose for 24 h and frozen in Tissue-Tek®
O.C.T.™ Compound (Sakura Finetek Japan Co., Ltd.). The
samples were cut on a Leica CM3050 S cryotome (8-xm thick).
All sections were blocked in 5% BSA (MP Biomedicals, LLC)
for 1 h at room temperature and subsequently incubated
with rat anti-mouse F4/80 (1:100) and rabbit anti-mouse
PDGF-BB (1:50) antibodies at 4°C overnight. Following
rinsing with PBS, the sections were incubated with Alexa
Fluor 488-conjugated secondary donkey anti-rat (H+L) anti-
body (1:100) and Alexa Fluor 594-conjugated secondary goat
anti-rabbit (H+L) antibody (1:100) antibodies for 1 h at room
temperature in the dark. Finally, the sections were washed
with PBS, mounted on VECTASHIELD® mounting medium
(Vector Laboratories, Inc.) and incubated with DAPI at room
temperature for 10 min. Immunofluorescence was visualized
with a Nikon Eclipse Ti fluorescence microscope (Nikon
Corporation). The images were processed using graphics
software (Adobe Photoshop; version 7.0; Adobe Systems, Inc.).

Cell culture. HRECs (3-5x10°) were cultured in DMEM
containing 4.5 mM glucose supplemented with 10% (v/v)
FBS, 100 U/ml penicillin and 10 pg/ml streptomycin . The
cells were maintained in a humidified incubator with 5% CO,
atmosphere at 37°C and were used for all experiments at a
passage number of 2 to 6.

Proliferation assay. To evaluate the effect of exogenous
PDGF-BB on the proliferation of HRECs under normal or
hypoxic conditions, a CCK-8 assay was carried out. HRECs
were seeded in a 96-well plate (2x10° cells per well), and the
hypoxic conditions were induced using 200 uM of CoCl, for
12 h. The cells were then treated with recombinant human
(rh)-PDGF-BB (Cell Signaling Technology, Inc.) in the pres-
ence and/or absence of AG 1296, which is a selective inhibitor
of PDGFR-f. Following incubation for 24 h at 37°C, the
medium was replaced with fresh DMEM containing CCK-8
(10 pl per well). The cells were subsequently incubated for an
additional 2 h. The absorbance was measured at 450 nm using
a microplate reader (Thermo Fisher Scientific, Inc.).

Wound healing assay. The HRECs were cultured in DMEM
supplemented with 10% FBS, pretreated with CoCl, (200 M)
and were seeded into 6-well plates at a density of 2x105 cells
per well for 24 h. A control, which was not treated with CoCl,,
was included. When HRECSs reached 80% confluence, the cells
in each well were scratched perpendicularly using a 200-ul
pipette tip at the center of the wells. Briefly, the monolayer of

cells was gently and slowly scratched with a new 200-ul pipette
tip across the center of the well. While scratching across the
surface of the well, the long-axial of the tip should always be
perpendicular to the bottom of the well. The resulting gap
distance is therefore equal to the outer diameter of the end of
the tip. A straight line was scratched in one direction. Then,
the other two straight lines in parallel with the first line were
scratched according to the same protocol. A total of three
straight lines were made per well. After scratching, the well
was gently washed twice with PBS to remove the detached
cells. Fresh serum-free medium (DMEM) was then added into
each well. The cells were then treated with PBS (for control
and vehicle group) or th-PDGF-BB protein with or without
AG 1296 at 37°C for 24 h. The cells were grown at 37°C for
48 h, during which images were captured by an Olympus TMS
inverted phase contrast microscope (Olympus Corporation) at
0 and 24 h. The width of the gap was evaluated quantitatively
using Imagel] software. The analysis of the distance of migra-
tion was performed relative to the starting wound width (O h
time-point). The assessment of each experimental group was
repeated three times.

Tube formation assay. The in vitro cord formation of HRECs
was assessed using Corning Matrigel® Matrix (Coring, Inc.),
as described in a previous report with some modifications (37).
Briefly, a 96-well plate was incubated on ice and coated with
50 pl per well of fully thawed Matrigel for 10 min. The samples
were centrifuged at 300 x g for 10 min at 4°C to remove the air
bubbles. The samples were subsequently incubated at 37°C for
30 min in order to cause Matrigel solidification. HRECs that
were pretreated with CoCl, (200 pM) were cultured in different
medium with or without rh-PDGF-BB and/or AG 1296. A
control, which was not treated with CoCl,, was included. The
cells were seeded on the solidified Matrigel immediately at
a density of 1.5x10* cells per well. The plates were placed
in a humidified atmosphere of 5% CO, and 95% air at 37°C
for 12 h to allow the formation of capillary-like structures.
Angiogenesis is the formation of capillary tubes and was
assessed following 12 h of cultivation. The tube-like capillary
structures were examined under an Olympus TMS inverted
phase contrast microscope (Olympus Corporation). The
micrographs were captured using an Olympus digital camera.

Statistical analysis. All data are expressed as the mean + SEM.
Data was analyzed using a Student's t-test (two-tailed) between
two groups or by one-way ANOVA with Tukey's multiple
comparison within multiple groups using SPSS software
version 18.0 (SPSS, Inc.). P<0.05 was considered to indicate
a statistically significant difference. Each experiment was
independently repeated at least 3 times.

Results

CrNV is attenuated via inhibition of PDGF-BB in vivo.
Initially the role of PDGF-BB in CrNV was explored using a
topical treatment of neutralizing anti-PDGF-BB antibody on
alkali burned corneas. The area of CrN'V was recorded under
a slit-lamp microscope and under a fluorescence microscope
following whole mount immunofluorescent staining with
an anti-CD31 antibody and an Alexa Fluor 488-conjugated
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Figure 1. Murine CrNV was suppressed following inhibition of PDGF-BB. CrNV was induced in 8-week old male C57/B6 mice with alkali. Neutralizing
PDGF-BB antibody was topically applied from day 1 to day 7 and the gross observation of CtNV was captured by a digital camera under slit-lamp microscope
on day 14. Subsequently, corneal flat mount was performed and the vessels were labelled by CD31. (A and B) The percentage of CrNV area was calculated
by comparison to the whole cornea area. The CrNV area was reduced following inhibition of PDGF-BB by anti-PDGF-BB (68.37+3.85 vs. 82.85+4.66%,
n=6). Magnification, x25; scale bars, I mm. (C) Number of tip cells was reduced in the anti-PDGF-BB group (5.8+0.5 vs. 7.8+0.7). (D) Vessel branch points
were reduced in the anti-PDGF-BB group (13149 vs. 164+12). Magnification, x40 and x100; scale bars, 500 gm. The data are presented as mean + SEM.
“P<0.05 vs. vehicle. PDGF, platelet-derived growth factor; CrNV, corneal neovascularization.

secondary antibody (Fig. 1A). The results indicated that the
area of CrN'V was reduced in anti-PDGF-BB-treated groups
in comparison with the vehicle-treated group, 2 weeks
following alkali injury (68.37+3.85 vs. 82.85+4.66%; Fig. 1B).
The density of the neovascular in the two groups was also
compared (Fig. 1C). The number of branching points and tip
cells were also reduced in the anti-PDGF-BB-treated group
(131£9 vs. 164+12; 5.8+0.5 vs. 7.8+0.7; Fig. 1D). The data
suggested that the inhibition of PDGF-BB suppressed CrNV
and reduced the proliferation of tip cells.

Intra-corneal angiogenesis-related gene expression in the
CrNV model. To investigate the effects of PDGF-BB on CtN'V,
the expression levels of the angiogenesis-related cytokines
were examined at the indicated time-points using RT-qPCR
assays. Both PDGF-BB and PDGFR-[} were expressed at the
early stage of CrNV (days 2, 4 and 7 following alkali injury).
At these indicated time-points, the results showed that the
expression levels of PDGF-BB and PDGFR-f (both in vehicle
and anti-PDGF-BB groups) were highest on day 4 after alkali
injury compared with the expression levels of PDGF-BB
and PDGFR-{ on days 2 and 7, and the expression levels of
PDGF-BB and PDGFR-3 (both in vehicle and anti-PDGF-BB
groups) were downregulated on day 7 compared with expres-
sion levels of PDGF-BB and PDGFR-f on day 4. The dynamic
intracorneal expression of PDGF-BB and PDGFR-f} suggested
the possible involvement of PDGF-BB/PDGFR-f3 interactions
in alkali-induced CrN'V. The intra-corneal expression levels of
VEGF-A, MMP-2 and MM P-9 were reduced, while the expres-
sion levels of TSP-1, TSP-2, ADAMTS-1 and ADAMTS-2 were
increased in the anti-PDGF-BB-treated group compared with

those of the vehicle-treated group (Fig. 2). These data suggested
that the inhibition of PDGF-BB decreased the expression levels
of the pro-angiogenic factors VEGF-A, MMP-2 and MMP-9
and increased the expression levels of the anti-angiogenic
factors TSP-1, TSP-2, ADAMTS-1 and ADAMTS-2.

Intra-corneal infiltrated macrophages produces PDGF-BB.
Subsequently, the types of cells responsible for the secretion
of PDGF-BB were examined. It is commonly known that
infiltrated inflammatory cells, such as macrophages, play an
important role in the early stages of angiogenesis by secreting
a series of angiogenic cytokines (38,39). Therefore, the number
of intracorneal macrophages were detected and it was deter-
mined whether PDGF-BB was expressed by macrophages
using immunohistochemical assays. The results indicated
that PDGF-BB was detectable in F4/80 positive cells on day 4
following alkali injury (Fig. 3). This finding suggested that
intra-corneal macrophages may express PDGF-BB and that
they could be one of the sources of PDGF-BB secretion.

Expression of PDGFR-§ is upregulated in HRECs under
inflammatory or hypoxic conditions. The expression of
PDGFR-f in HRECs under different conditions was also
examined. RT-qPCR indicated that PDGFR-3 was expressed
in HRECs at a low level and that the expression levels of
PDGFR-f in HRECs increased in a concentration-dependent
manner when the cells were treated with LPS or CoCl, to
induce inflammatory or hypoxic conditions (Fig. 4A).

PDGF-BB promotes proliferation, migration and tube forma-
tion of HRECs. Subsequently, it was investigated whether
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Figure 2. Expression levels of pro-angiogenic genes were downregulated and the expression levels of anti-angiogenic genes were upregulated following
inhibition of PDGF-BB in the CrNV model. Total mRNA was extracted from corneas on days 2, 4 and 7 following treatment with alkali. The expression
levels of the angiogenic genes were detected by reverse transcription-quantitative PCR. The levels of PDGF-B, PDGFR-f3, VEGF-A, MMP-2 and MMP-9
were downregulated in the anti-PDGF-BB group, whereas the expression levels of T7SP-1, TSP-2, ADAMTS-1 and ADAMTS-2 were upregulated. The data are
presented as mean + SEM. "P<0.05, “P<0.01, “"P<0.001. PDGF, platelet-derived growth factor; PDGFR-f, platelet-derived growth factor receptor; CrN'V, cor-
neal neovascularization; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase; TSP, thrombospondin; ADAMTS, a disintegrin and

metalloproteinase with thrombospondin motifs.
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Figure 3. PDGF-BB was partially derived from infiltrated macrophages in the
CrNV model. The eyes of the animals from the induced CrNV model were
enucleated on day 4, and the expression levels of F4/80 and PDGF-BB were
detected using immunohistochemistry. The sections were fixed in 4% para-
formaldehyde and incubated with primary anti-mouse F4/80 and anti-mouse
PDGF-BB antibodies for staining. Alexa Fluor 488 (green) and Alexa
Fluor 594 (red) secondary antibodies were used to bind to the anti-F4/80
and anti-PDGF-BB antibodies, respectively, whereas the nuclei were coun-
terstained with DAPI. On day 4, F4/80 positive cells were detected in the
stroma of cornea, and part of F4/80 positive cells were co-localized with
PDGF-BB (white arrows). Magnification, x10 left panel, x200 right panel.
Representative images from 3 independent experiments are shown. Scale
bar, 50 um. Arrows indicate the double-positive cells. PDGF, platelet-derived
growth factor; CrNV, corneal neovascularization.

PDGF-BB/PDGFR-f} signaling affects the proliferation of
vascular ECs. The results indicated that the proliferation of
HRECs was increased in the th-PDGF-BB treated group, in
which cells were pretreated with CoCl, compared with the
PBS-treated control and the rh-PDGF-BB-treated groups
that were not exposed to CoCl, (1.675+0.75 vs. 1.103+0.11).

This effect was inhibited when the cells were treated with the
PDGFR-f inhibitor, AG 1296 (1.232+0.09; Fig. 4B).

To assess the effects of rh-PDGF-BB on the migra-
tion of HRECs, the distance of migration was compared
between vehicle and experimental groups using a wound
healing assay. The mobility of HRECs that were pretreated
with CoCl, was increased by treatment with rth-PDGF-BB
(232+10.32 vs. 185+6.43 pm) compared with that of PBS-treated
cells following 24 h incubation from the scratch (Fig. 5A). This
positive effect was inhibited by administration of AG 1296
(210+10.60 um; Fig. 5B).

To further evaluate the effects of the PDGF-BB/PDGFR-f3
signaling pathway on the biological function of HRECs in
the formation of vascular cells, a tube formation assay was
performed using rh-PDGF-BB and AG 1296. The results
indicated that th-PDGF-BB (20 ng/ml) increased tube forma-
tion of HRECs, while this effect was abrogated when the cells
were further treated with AG 1296 (Fig. 6A). It was evident
by the formation of additional branch points (vehicle group
was 117.3+5.94, rh-PDGF-BB group was 153.0+4.30 and
rh-PDGF-BB+AG1296 group was 127.5+7.01; Fig. 6B),and total
tube length (vehicle group was 14,064+404.3 ym, rh-PDGF-BB
group was 18,604+738.7 ym and rh-PDGF-BB+AG1296 group
was; 15,957+488.4 ym; Fig. 6C). The results suggested that
PDGF-BB could promote proliferation, migration and tube
formation of HRECs in vitro under hypoxic conditions.

Discussion

Corneal transparency is required for optimal vision. The inva-
sion of new vessels from the corneal limbus to the normal
avascular corneal stroma, causes the impairment of the avas-
cular state of the cornea, which can result in visual damage
and even lead to blindness (40). Angiogenesis is a complex
process involving interactions of multiple ligand/receptor
signaling pathways and cell types, as well as the modulation
of various cytokines (41). The process consists of two stages of
vessel bud formation resulting from migration and prolifera-
tion of vascular ECs, and the maturation of vascular tubes (42).
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Figure 4. Expression of PDGFR-f3 in HRECs and the effect of rh-PDGF-BB on the proliferation of HRECs. (A) PDGFR-3 was expressed at low levels in
HRECs and was upregulated significantly following induction with LPS (2.54-fold increase at 2.5 pg/ml, 4.70-fold increase at 5 ug/ml) or CoCl, (6.47-fold
increase at 200 xM). (B) Normoxic and hypoxic HRECs (treated with 20 mM CoCl,) incubated with rh-PDGF-BB (20 ng/ml) with or without AG 1296 (1 uM).
rh-PDGF-BB promoted the proliferation of HRECs when the expression of PDGFR-f§ was upregulated under hypoxia (1.675+0.75 vs. 1.103+0.11), and the
increased proliferation was inhibited by AG 1296 (1.232+0.09). The data are presented as mean + SEM. "P<0.05, “P<0.01, "“P<0.001. PDGFR, platelet-derived
growth factor receptor; HRECs, human retinal endothelial cells; LPS, lipopolysaccharide; CoCl,, Cobalt chloride; rh, recombinant human.
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Figure 5. Effects of rh-PDGF-BB on the migration of HRECs. (A) HRECs were pretreated with 200 mM CoCl, and were seeded into a 6-well plate at a
density of 2x10° cells per well. A scratch was made at 80% confluence. The vehicle group was incubated with fresh medium containing equivalent amounts
of solvent (acetic acid), whereas 20 ng/ml rh-PDGF-BB with or without AG 1296 (1 uM) were added to the experimental groups and the migrated distance
was recorded at 0 and 24 h. Magnification, x100; scale bar, 500 ym. (B) Corresponding histogram showing that the distance of the rh-PDGF-BB group was
increased compared with that of the vehicle group at 24 h (233+10.32 vs. 185+£6.43 ym) and no difference was found between the vehicle and the rh-PDGF-BB
plus AG 1296 groups (210+10.60 xm). Representative images from 3 independent experiments are shown and the data are presented as mean = SEM, "P<0.05.
n.s., no significance; PDGF, platelet-derived growth factor; rh, recombinant human; HRECs, human retinal endothelial cells.

This process includes an event of recruiting mural cells from
pericytes and/or SMC (43). PDGF-BB is a well-characterized
trophic factor that is crucial for biological functions, such
as survival and proliferation of various cells including
pericytes and SMC (10). Furthermore, it has been shown
that PDGF-BB is produced by vascular ECs and contributes
to maintaining the maturity of newly formed vessels (27).
Studies have demonstrated that during fibrosis, MCs, such as
pericytes and SMCs, are recruited and further differentiated
into fibroblasts by PDGF-BB, these cells promote the forma-
tion of local fibrosis and lesion scars (26,44). Furthermore,
the expression of PDGFR-f, the receptor of PDGF-BB, has

been reported in EPCs, which are the precursor cells for
vascular ECs (45). A previous study has also shown that the
expression of PDGFR-f in EPCs promotes the migration and
proliferation of vascular ECs and angiogenesis by interacting
with PDGF-BB (46). Exogenous PDGF-BB was shown to
promote early migration of cells following wound healing in
arat rotator cuff repair model (47). Previous studies have indi-
cated that PDGF-BB/PDGFR-{ signaling is very important
in maintaining the maturity of vessels via the recruitment of
pericytes in the advanced stages of angiogenesis (10,44,48).
However, the PDGF-BB/PDGFR-f3 signaling has not yet
been well characterized during CrNV. In the present study,
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Figure 6. Effects of th-PDGF-BB on tube formation of HRECs. (A) HRECs were pretreated with 200 mM CoCl, and were seeded on a Matrigel coated 96-well
plate at a density of 1x10* cells per well. Digital microphotographs were obtained from 5 randomly selected high-power fields following 6 h of incubation in dif-
ferent cultures (vehicle, 20 ng/ml, rh-PDGF-BB with or without 1 xM AG 1296). Magnification, x100; scale bar, 200 zm. (B) Branch points and (C) tube lengths
in the rh-PDGF-BB group were increased compared with those of the vehicle group (153.0+4.30 vs. 117.3+£5.94, 18,604+738.7 vs. 14,064+404.3 ym), and this
increase was inhibited with AG 1296 treatment (127.5+7.01, 15,957+488.4 ym). The data are presented as mean + SEM, "P<0.05, “'P<0.01. n.s., no significance;
PDGF, platelet-derived growth factor; rh, recombinant human; HRECs, human retinal endothelial cells; CoCl,, Cobalt chloride.

the intra-corneal expression of PDGFR-f3 and the role of
PDGF-BB/PDGFR-p signaling in CrNV following alkali
injury were investigated.

The results indicated that PDGFR-f was dynamically
expressed in corneas in a murine CrNV model on days 2 and 7
following alkali injury, suggesting the possible involvement
of PDGF-BB/PDGFR-f signaling in the process of CrNV.
Further analysis revealed that CrNV was suppressed when the
corneas were topically treated with neutralizing anti-PDGF-BB
antibody, suggesting that blockage of PDGF-BB could inhibit
neovascularization of the cornea. The intra-corneal dynamic
expression of angiogenesis-associated cytokines, such as
the pro-angiogenic factors VEGF-A, MMP-2 and MMP-9,
and the anti- angiogenic factors 7SP-1, TSP-2, ADAMTS-1
and ADAMTS-2, was assessed between the vehicle and the
neutralizing anti-PDGF-BB antibody-treated groups. The
data indicated that the mRNA expression levels of VEGF-A,
MMP-2 and MMP-9 were increased and that the expres-
sion levels of TSP-1, TSP-2, ADAMTS-1 and ADAMTS-2
were reduced when the biological function of PDGF-BB
was blocked by the neutralizing anti-PDGF-BB antibody,
suggesting that PDGF-BB was involved in the regulation of
the expression of these cytokines. The results were in agree-
ment with a previous study by Park et al (49), which showed
that the pro-angiogenic effect of PDGF-BB was impaired
by inhibition of PDGF-BB/PDGFR-f signaling, resulting in
suppressed expression of MMP-2 and MMP-9. The data from
the present study and previous reports supports the hypothesis
that PDGF-BB/PDGFR-f3 may have an important role in the
early stages of CrN'V.

The expression levels of PDGFR-f3 in HRECs were
further investigated under different conditions, and the
effects of th-PDGF-BB on proliferation, migration and tube
formation of these cells were explored in vitro. Although
PDGF-BB/PDGFR-f} signaling was reported to exert a
significant role in embryonic and pathological vascular forma-
tion (50), the expression levels of PDGFR-f in ECs were not
determined. During the course of embryonic development,
PDGFR-f expression is ubiquitous and is noted in several
cell types, including ECs and pericytes. However, PDGFR-f3
expression levels are downregulated postnatally (51). The
upregulation of the expression levels of PDGFR-3 on EPCs
is also reported under some pathological conditions, such as
inflammation, wound healing and tumorigenesis. Upon acti-
vation of PDGF-BB/PDGFR-f signaling, the infiltration of
EPCs is facilitated and leads to differentiation from progenitor
cells into ECs. Moreover, the proliferation and mobility
of ECs are also enhanced (52). In addition to the effect of
PDGF-BB/PDGFR-f signaling on EPCs, this pathway exerts
proliferative and chemotactic effects on lymphatic ECs (53). In
the present study, it was demonstrated that the expression levels
of PDGFR-f3 on HRECs were significantly increased in a dose
dependent manner when HRECs were stimulated with LPS or
CoCl,, indicating that the expression levels of PDGFR-f} could
be regulated under specific conditions, such as inflammation or
hypoxia, which are common causes for postnatal pathological
angiogenesis (43). Furthermore, the proliferation, migration
and tube formation of HRECs were also increased when the
cells were pretreated with CoCl, and further treated with
rh-PDGF-BB. In contrast to rh-PDGF-BB, the aforementioned
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biological functions of HRECs were suppressed when the cells
were pretreated with CoCl, and further treated with AG 1296,
an inhibitor used for the PDGF-BB receptor. These in vitro
results suggested that the interactions between PDGF-BB
and PDGFR-f can promote angiogenesis in CoCl,-stimulated
HRECs.

A previous study demonstrated that ECs can be activated
by inflammatory cells, such as macrophages, via the secretion
of pro-angiogenic factors (54). PDGF-BB is a pro-angiogenic
factor with the ability to activate ECs, and is also possibly
secreted by inflammatory cells in alkali-injured corneas (55).
In the present study, the intra-corneal expression levels of
PDGF-BB were examined. Considering that macrophages
are an important source for the secretion of pro-angiogenic
factors, such as VEGF-A, bFGF and MMP-9 (39), the expres-
sion levels of PDGF-BB in F4/80 positive macrophages were
investigated using immunohistochemical methods. The results
indicated that PDGF-BB was expressed in F4/80 positive
macrophages in alkali-injured corneas, suggesting that F4/80
positive macrophages can be considered an important source
for PDGF-BB. The secretion of this growth factor activates ECs
by binding with its receptor and therefore serving a significant
role in CrNV (56). To the best of the authors' knowledge, it is
still unclear whether PDGF-BB is derived from macrophages.
In the present study, the data suggested that PDGF-BB could
be secreted from infiltrated macrophages in the CrN'V model.
This is a novel finding that may be useful to further understand
the underlying mechanism of macrophage regulation during
CrNV.

In the present study, the results demonstrated that CrNV
was suppressed in vivo via the inhibition of PDGF-BB at the
early stages of angiogenesis. The expression levels of the
angiogenic genes, namely VEGF-A, MMP-2 and MMP-9
were enhanced, while the expression levels of TSP-1, TSP-2,
ADAMTS-1 and ADAMTS-2 were reduced following treat-
ment with the rh-PDGF-BB protein. In addition, exogenous
PDGF-BB promoted proliferation, migration and tube forma-
tion of hypoxic-HRECsS in vitro and provided evidence that
PDGF-BB may exert a critical role in experimental CrN'V.
However, there are some limitations of the present study.
First, the mechanism of increased intra-corneal expression
of PDGF-BB/PDGFR- after alkali injury is still unclear and
needs to be further explored. Second, it would be more useful
to additionally apply PDGFR-f3 knockout mice to examine
the effects of PDGF-BB/PDGFR-f in alkali-burned CrNV
by comparing groups among vehicle (wild-type)-treated
mice, anti-PDGF-BB-treated mice and PDGFR-[3 knockout
mice. Third, it would be more suitable to choose a vascular
EC line that originated from corneal neovascular in this study
when performing the relevant in vitro experiments. However,
considering that there are still no vascular EC lines originating
from CrNV worldwide, HRECs had to be used to perform
in vitro experiments.

In summary, the present study demonstrated that the
PDGF-BB/PDGFR-f signaling pathway exerts multiple activi-
ties, including mitogenesis, angiogenesis and macrophage
activation (57). The data indicated that endogenous PDGF-BB
is partially derived from infiltrated macrophages and that the
PDGF-BB/PDGFR-f pathway played an important role in the
early stages of angiogenesis in the CrNV model. The findings

of the present study may aid the understanding of the role of
PDGF-BB in angiogenesis and could provide novel options to
target PDGF-BB in the treatment of angiogenesis.
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