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wound, suggesting enhanced chemotactic migration and 
engraftment of PDGFR-β+ MSCs into the wound. Real-Time 
PCR and immunostain analyses revealed that the expres-
sion of PDGF-B was upregulated after wounding; transwell 
migration assay showed that PDGFR-β+ MSCs migrated 
eightfold more than PDGFR-β− MSCs toward PDGF-BB. 
Intriguingly, PDGFR-β+ MSC-treated wounds showed sig-
nificantly enhanced angiogenesis compared to PDGFR-β− 
MSC- or vehicle-treated wounds. Thus, our results indicate 
that PDGFR-β identifies a subset of MSCs with enhanced 
chemotactic migration to wound injury and effect in pro-
moting angiogenesis and wound healing, implying a greater 
therapeutic potential for certain diseases.

Keywords  Mesenchymal stem cells · Subpopulation · 
PDGFR-β (CD140b) · Angiogenesis · Wound healing

Abstract  Mesenchymal stem cells (MSCs) are heterogene-
ous likely consisting of subpopulations with various thera-
peutic potentials. Here we attempted to acquire a subset of 
MSCs with enhanced effect in wound healing. We found that 
human placental MSCs expressing platelet-derived growth 
factor (PDGF) receptor (PDGFR)-β exhibited greater pro-
liferation rates and generated more colony-forming unit-
fibroblast (CFU-F), compared to PDGFR-β− MSCs. Notably, 
PDGFR-β+ MSCs expressed higher levels of pro-angiogenic 
factors such as Ang1, Ang2, VEGF, bFGF and PDGF. When 
106 GFP-expressing MSCs were topically applied into exci-
sional wounds in mice, PDGFR-β+ MSCs actively incorpo-
rated into the wound tissue, resulting in enhanced engraft-
ment (3.92 ± 0.31 × 105 remained in wound by 7 days) and 
accelerated wound closure; meanwhile, PDGFR-β− MSCs 
tended to remain on the top of the wound bed with signifi-
cantly fewer cells (2.46 ± 0.26 × 105) engrafted into the 
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Introduction

Mesenchymal stem cells (MSCs) have been considered as 
an ideal source for cell and gene therapy strategies [1, 2]. 
However, MSCs obtained in current isolation and cultivation 
regimes are heterogeneous, and often represent a mixture of 
phenotypically, functionally and biochemically diverse cells 
with distinct morphologic and functional characteristics [3, 
4]. This often leads to incomparable experimental results. 
The lack of a specific cell surface marker for prospective 
isolation of MSCs makes the isolation and identification of 
the cells difficult and inconsistent.

Platelet-derived growth factor (PDGF) receptor beta 
(PDGFR-β), also known as CD140b, is expressed on 
perivascular mesenchymal cells including pericytes and 
endothelial progenitor cells. Previous studies indicate that 
PDGFR-β signaling plays a key role in vascular mural cell 
formation. Lack of PDGFR-β leads to reduced vascular 
smooth muscle cell/pericyte proliferation and migration, 
and affects embryonic blood vessel formation in mice [5]. 
In addition, it has been demonstrated that PDGFR-β is 
involved in the recruitment and proliferation of pericytes 
during the remodeling phase of wound healing [6]. Recent 
studies suggest that PDGFR-β-mediated signaling is a 
potent regulator of MSC function, which appears to promote 
the proliferation and migration but suppress osteogenic dif-
ferentiation of the cells [7]. In addition, sorted PDGFR-β+ 
MSCs expressed some genes normally expressed in smooth 
muscle cells such as α-SMA, SM22, MYH11 [8], but direct 
contribution of MSCs to vascular smooth muscle cells is 
lacking.

Optimum healing of a cutaneous wound requires a well-
orchestrated integration of the complex biological and 
molecular events of cell migration and proliferation and 
extracellular matrix (ECM) deposition, angiogenesis, and 
remodeling [9, 10]. However, this orderly progression of 
the healing process is impaired in many chronic diseases, 
including diabetes [9]. Up to almost 50% of chronic wounds 
that have been present for more than a year remain resistant 
to treatment [9, 11, 12]. Neovascularization is a crucial step 
in the wound healing process [9, 10, 13]. The formation of 
new blood vessels is necessary to sustain the newly formed 
granulation tissue and the survival of keratinocytes. A large 
number of animal studies and several preliminary clinical 
observations indicate that MSCs enhance wound healing 
by promoting angiogenesis, decreasing inflammation, and 
reducing scarring [12, 14–17]. However, the heterogeneity 
in MSC preparations has been a significant limitation for the 
clinical application of the cells [3, 12, 16].

In this study, we showed that PDGFR-β identified a subset 
of MSCs with enhanced effect in promoting angiogenesis 
and wound healing, thus facilitating the isolation of uniform 
MSCs for repetitive effects in promoting wound repair.

Materials and methods

Mice

BALB/C mice (7–8 weeks old) and athymic nu/nu mice 
(6 weeks old) were purchased from the Laboratory Animal 
Centre, Guangdong province, People’s Republic of China 
(http://gdmlac.com.cn). All animals were maintained in a 
temperature-controlled environment (20 ± 1 °C) with access 
to food and water throughout the experiment. All procedures 
were performed with the approval of the Animal Ethics 
Committee of Tsinghua University. Tie2-GFP mice which 
expressed green fluorescent protein (GFP) under the direc-
tion of the endothelial-specific receptor tyrosine kinase (Tek, 
formerly, Tie2) promoter were obtained from the Jackson 
Laboratory.

Cell culture

Mesenchymal stem cells were isolated from human placenta 
as described previously [18, 19]. Briefly, term (38–40 weeks 
gestation) placentas from healthy donors were harvested 
with written informed consent and the procedure was 
approved by the Ethics Committee of Peking University 
Shenzhen Hospital. The placental tissue was washed several 
times with cold phosphate-buffered saline (PBS) and then 
mechanically minced and enzymatically digested with 0.25% 
trypsin–EDTA for 30 min at 37 °C in a water bath. The 
digest was subsequently filtered, pelleted, and resuspended 
in a growth medium consisting of Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco-Invitrogen, http://www.
invitrogen.com), 10% fetal bovine serum (FBS; Gibco-Inv-
itrogen), and antibiotics. Cells were seeded on tissue cul-
ture dishes. 24 h later, medium was changed to remove cells 
that had not attached to the plate. Subsequently medium 
was replaced every 2 days to allow cell colonies to grow 
to reach 80% confluence. Cells were then subcultured after 
trypsinization. Cells derived from four donors were used for 
experiments. To track MSCs in vivo, the cells were labeled 
with lentiviral GFP.

Flow cytometry

Mesenchymal stem cells were analyzed by flow cytometry 
as previously described [19]. Briefly, cells were suspended 
in PBS containing 1% bovine serum albumin (BSA) at 106 
per ml. 100-μl cell aliquots were incubated with anti-human 
PDGFR-β phycoerythrin (PE) (Biolegend, http://www.biole-
gend.com), anti-biotin PDGFR-β antibody (Miltenyi Biotec, 
Germany, http://www.miltenyibiotec.com) or control isotype 
IgG on ice for 30 min. 10,000 events were analyzed by flow 
cytometry (Becton-Dickinson, http://www.bd.com) using 
Cell Quest software.

http://gdmlac.com.cn
http://www.invitrogen.com
http://www.invitrogen.com
http://www.biolegend.com
http://www.biolegend.com
http://www.miltenyibiotec.com
http://www.bd.com
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Cell sorting

Cultured MSCs were prepared as single cell suspensions 
and sorted into PDGFR-β+ and PDGFR-β− cells by fluores-
cence-activated cell sorting (FACS) using a FACS Aria II 
5-LASER sorter system (BD Bioscience). Sorted cells were 
analyzed either immediately or after an indicated period of 
culture. Alternatively, MSCs were sorted into PDGFR-β+ 
and PDGFR-β− cells by magnetic-activated cell sorting 
(MACS) using magnetic beads (Miltenyi Biotec) coated with 
anti-human PDGFR-β antibody.

MSC proliferation and CFU‑F assay

Mesenchymal stem cell proliferation was examined 
by counting the cell number in each passage for seven 

successive passages. Colony-forming unit-fibroblast (CFU-
F) assay was performed as previously described with minor 
modifications [20]. PDGFR-β+ and PDGFR-β− MSCs at pas-
sage 4 were seeded in six-well culture plate at a density of 
200 cells per well in the growth medium which was changed 
every 3 days. After 14 days of culture, the cells were fixed 
with 4% paraformaldehyde (PFA, Sigma-Aldrich, http://
www.sigmaaldrich.com) and stained with 0.1% crystal violet 
solution (Sigma-Aldrich). The number of colonies (diameter 
≥2 mm) was counted.

MSC differentiation assays

Mesenchymal stem cells were incubated to differentiate into 
adipocytes, osteoblasts and chondrocytes in corresponding 
induction medium as previously described [14, 18, 21]. 

Fig. 1   PDGFR-β+ cells in human placenta. a Flow cytometry analy-
sis indicating the fraction of PDGFR-β+ cells in single cell suspen-
sions of fresh placental tissues. b Histological images illustrating 
the structure of fetal and maternal sections of the human placenta 
(H&E stain). c Immunofluorescence staining showed the location of 

PDGFR-β+ cells (green) and their anatomical relevance to blood ves-
sels where endothelial cells were indicated by the expression of CD31 
(red). Nuclei (blue) were stained with DAPI. Samples were analyzed 
by confocal microscope. Scale bars 50 μm

http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
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Chemicals were purchased from Sigma-Aldrich except for 
indication. After 3 weeks of culture with adipogenic induc-
tion medium containing 10−6 M dexamethasone, 10 µg/
ml insulin, and 100 µg/ml 3-isobutyl-l-methylxanthine, 
cells were stained with oil red O to detect lipids. Osteo-
genic medium contained 10−7 M dexamethasone, 50 µg/ml 
ascorbic acid, and 10 mM β-glycerophosphate. Cultures at 
3 weeks were stained using Alizarin Red for calcium deposi-
tion. Chondrogenic differentiation was induced by cultured 
cells in monolayers or in pellets in a medium containing 
high-glucose DMEM with 1% penicillin–streptomycin and 
chondrogenic supplements (1× insulin–transferrin–sele-
nium, 1 μM dexamethasone, 100 μM ascorbic acid-2-phos-
phate, and 10 ng/ml TGF-β3). After 21 days, pellets were 
fixed in 4% PFA, sectioned and stained with Alcian blue to 
assess the presence of glycosaminoglycans and the expres-
sion of collagen type II.

Long‑term cell engraftment in vivo

Long-term engraftment and adipogenic and osteogenic dif-
ferentiation of MSCs were performed using a xenograft 
model [8]. Placental MSCs were sorted into PDGFR-β+ 
and PDGFR-β− cells by MACS. Cells were resuspended 
in 200 μl of ice-cold phenol red-free Matrigel (BD Biosci-
ence), and subcutaneously injected on the back of 6-week-
old male athymic nu/nu mice. To induce osteogenic differ-
entiation, BMP-2 (R&D Systems; https://www.rndsystems.
com; 2 μg/implant) was added to the cell–Matrigel mixture 
prior to implantation. Mice were euthanized and grafts 
were explanted for histological analysis after 28  days. 
The presence of adipocytes in the graft was detected after 

hematoxylin and eosin (H&E) stain, and tissue mineraliza-
tion was assessed after Von Kossa stain.

Wound healing model and cell transplantation

BABL/C mice and Tie2-GFP transgenic mice were randomly 
divided into three groups, and excisional wound splinting 
model was generated as described previously [14, 22]. In 
brief, after hair removal from the dorsal surface and anes-
thesia, two 5-mm full-thickness excisional skin wounds were 
created on each side of the midline. Each wound received 1 
million MSCs (PDGFR-β+ or PDGFR-β−) which were topi-
cally applied onto the wound bed in 20 μl of ice-cold growth 
factor-reduced Matrigel (BD Biosciences). A silicone splint 
was placed so that the wound was centered within the splint. 
Tegaderm (3 M) was placed over the wounds. The animals 
were housed individually. Digital photographs of wounds 
were taken at days 0, 3, 7, 10 and 14 and analyzed as pre-
viously described [14]. The percentage of wound closure 
was calculated as follows: (area of original wound − area of 
actual wound)/area of original wound × 100%.

Histologic examination

Mice were killed at 7 and 14 days, and skin samples includ-
ing the wound and 4-mm surrounding skin were harvested 
using a 10-mm biopsy punch. Tissues were fixed overnight 
in 4% PFA, embedded in paraffin and sectioned (8 μm thick) 
for H&E stain. For immunofluorescence staining, tissues 
were embedded in OCT and sectioned (10 μm in thickness). 
Samples were blocked with 3% BSA in PBS and stained 
with primary antibodies at appropriate concentrations at 

Fig. 2   PDGFR-β expression 
in human MSCs. a Primary 
PL-MSCs were cultured up to 
passage 8 and the expression 
level of PDGFR-β in passages 
0, 1, 4 and 8 PL-MSCs were 
assessed by flow cytometry 
analysis. PL-MSCs in passage 4 
were sorted into PDGFR-β+ and 
PDGFR-β− cells by MACS, and 
their purities (b) and surface 
expression of certain receptors 
(c, d) were determined by flow 
cytometry

https://www.rndsystems.com
https://www.rndsystems.com
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4 °C overnight: anti-mouse CD31 (Abcam, http://www.
abcam.cn/), anti-mouse α-SMA (Sigma-Aldrich), anti-biotin 
PDGFR-β (Miltenyi Biotec), anti-mouse PDGF-B (Gene-
Tex, http://www.genetex.com/). Samples were then stained 
with FITC-, Cy3-, or tetraethyl rhodamine isothiocyanate 
(TRITC)-conjugated secondary antibodies (Jackson Immu-
noresearch, http://www.jacksonimmuno.com). Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI). Sam-
ples were examined under confocal laser scanning micro-
scope (FV1000, Olympus, http://www.olympus-global.
com). To assess neovascular formation after wounding in 
Tie2-GFP mice, the entire wound and surrounding skin was 
placed on plastic (tissue culture dish) with the dermis side 
down and photographed immediately under fluorescence 
microscope [14].

Real‑time PCR analysis

Total RNA was extracted from PDGFR-β+ or 
PDGFR-β− MSCs with TRIzol (Invitrogen) following the 
manufacturer’s instructions. First-strand cDNA was pre-
pared by reverse transcription with Superscript II reverse 
transcriptase (Invitrogen) and oligo(dT) primers and stored 
at −20 °C. Real-time polymerase chain reaction (PCR) was 
performed using SYBR® Premix Ex Taq™ II on an ABI 
7300 QPCR System. As an internal control, levels of glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were quan-
tified in parallel with target genes. Normalization and fold 
changes were calculated using the ∆∆Ct method. Primer sets 
are indicated in Appendix Table 1.

Fig. 2   (continued)

http://www.abcam.cn/
http://www.abcam.cn/
http://www.genetex.com/
http://www.jacksonimmuno.com
http://www.olympus-global.com
http://www.olympus-global.com
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Chemotaxis assay

Chemotaxis assay of PDGFR-β+ and PDGFR-β− MSCs 
was performed in 24-well plates containing 8-μm poros-
ity inserts (Corning, http://www.corning.com/). The 
cells were washed twice with serum-free DMEM and 
suspended as 5 × 105/ml in DMEM containing 0.5% 
BSA. Cells (2.5 × 104) in 50 μl were loaded onto the top 
well. Serum-free DMEM containing 10 ng/ml PDGF-
BB, or fresh extracts of day-2 wound tissues were added 
to the bottom chamber with a total volume of 0.6 ml. In 
some experiments, PDGFR-β+ MSCs were pre-treated 
with a functional blocking antibody against PDGFR-β 
(R&D Systems, UK) at 30 μg/ml. After 4 h of incu-
bation, the non-migrating cells were completely wiped 
from the top surface of the filters, and the migrating 
cells adhering to the undersurface of the filters were 
stained with DAPI and quantified with an imaging soft-
ware (Image J).

Enzyme‑linked immunosorbent assay (ELISA)

Equal numbers of PDGFR-β+ or PDGFR-β− MSCs were 
seeded in six-well tissue culture dishes in DMEM and incu-
bated for 24 h. Media were collected, centrifuged and stored 
at −80 °C. Human fibroblast growth factor basic (bFGF), 
vascular endothelial growth factor (VEGF)-a, interleu-
kin (IL)-10 and IL-4 in the media were measured using 
ELISA kits (R&D system) following the manufacturer’s 
instructions.

Statistical analysis

All data were expressed as mean ± SD. Data were com-
pared using unpaired Student’s t tests. Comparisons between 
multiple groups were performed by ANOVA. P < 0.05 was 
considered statistically significant.

Results

PDGFR‑β+ cells in human placenta

To determine the abundant PDGFR-β+ cells in human pla-
centa, fresh placental tissues were enzymatically dispersed 
to form single cell suspensions. Analysis of the single cell 
suspensions by flow cytometry indicated that approximately 
2.94 ± 0.21% of total placental cells expressed PDGFR-β 
(n = 4; Fig. 1a). To determine the location of PDGFR-β+ 
cells in the placenta, we dissected the placenta horizontally 
into three equal sections, the fetal side section, the middle 
section and the maternal side section. Histological analy-
sis showed that the fetal side section was largely composed 
of blood vessels and connective tissues, while the material 
side section mainly consisted of villi (Fig. 1b). Immuno-
fluorescence analysis of the placental tissue revealed that 
PDGFR-β+ cells were present in clusters with relatively 
higher incidences in the fatal side section and were in close 
adjacency to blood vessels (Fig. 1c).

PDGFR‑β+ MSCs exhibit increased multipotency

Placental cell suspensions were seeded on tissue culture 
plates in MSC growth medium. After 24 h, the majority 
of the cells which remained in suspension were removed 
by changing medium. Cell colonies appeared after approxi-
mately 7 days. When reaching 80 confluence, colonies were 
harvested and pooled. Flow cytometry analysis showed that 
the cells were negative for lineage cell markers such as CD34 
and CD45, and over 95% of the cells were strongly positive 
for CD105, CD73 and CD90, exhibiting typical immunophe-
notypic features of MSCs [18]. Notably, approximately 45% 
of the cells in early passages expressed PDGFR-β on the sur-
face, and with successive culture the proportion of PDGFR-
β-expressing MSCs decreased to approximately 20% in pas-
sage 4 (Fig. 2a), suggesting that the surface expression of the 
receptor was unstable in current culture system, like many 
other receptors [3, 23].

We sorted MSCs in passage 4 into PDGFR-β+ and 
PDGFR-β− subpopulations (Fig. 2b). Immunophenotypic 
analysis of the cells revealed that the two cell subsets 
expressed similar levels of CD105, CD90 and CD73, and did 
not express CD45 and CD34 (Fig. 2c, d). We next examined 
whether PDGFR-β+ MSCs differed from PDGFR-β− MSCs 

Fig. 3   Multipotency of PDGFR-β+ MSCs. a, b PDGFR-β+ cells and 
PDGFR-β− cells were seeded, respectively, in six-well culture plate 
at a density of 200 cells per well and incubated for 14  days. Then 
the culture was fixed with 4% PFA and stained with crystal violet 
solution. Triplet wells were used for the assay (a). The number of 
colonies (diameter ≥2 mm) in each well was counted (b). c Growth 
curves of PDGFR-β+ cells and PDGFR-β− MSCs. d Real-time PCR 
analysis of the expression of Nanog, Oct4 and Sox2 in PDGFR-β+ 
and PDGFR-β− MSCs. e Differentiation of MSC. PDGFR-β+ MSCs 
and PDGFR-β− MSCs were examined for their differentiation into 
osteoblasts, chondrocytes and adipocytes in monolayer culture upon 
appropriate inductions. For osteogenic differentiation the culture was 
examined after Alizarin Red S stain; for chondrogenesis the culture 
was assessed after Alcian blue stain; for adipogenic differentiation 
the cells were analyzed after oil red stain. f Chondrogenesis in pel-
let culture was determined for their expression of proteoglycans after 
Alcian blue stain and their expression of collagen II after immunoflu-
orescence stain. g, h In in vivo differentiation analysis, equal numbers 
of PDGFR-β+ or PDGFR-β− MSCs in Matrigel were implanted sub-
cutaneously in nude mice (for osteogenesis BMP-2 was added to the 
implants, 2 μg/implant). After 28 days, the grafts were removed for 
histological analysis. In assessing osteogenesis, tissue sections were 
stained by Von Kossa and H&E (g, n = 4); adipogenesis in the grafts 
were determined for the presence of cells with adipocyte morphology 
after H&E stain (f, n = 4). ***P < 0.001, **P < 0.01, *P < 0.05

◂

http://www.corning.com/
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in differentiation potency. When equal number of PDGFR-β+ 
MSCs and PDGFR-β− MSCs were seeded in low density, 
PDGFR-β+ MSCs formed significantly more colonies 
(CFU-F) than PDGFR-β− MSCs (Fig. 3a, b). Consistently, 
PDGFR-β+ MSCs grew faster and showed higher expression 
levels of pluripotent genes Nanog, Oct4 and Sox2, compared 
to PDGFR-β− MSCs, as determined by real-time PCR analy-
sis (Fig. 3c, d).

In vitro differentiation analysis indicated that PDGFR-β+ 
MSCs exhibited enhanced osteogenic, chondrogenic and adi-
pogenic differentiation upon incubation with corresponding 
induction media, compared to PDGFR-β− MSCs (Fig. 3e). 
After osteogenic induction, PDGFR-β+ MSCs showed 
more abundant calcium deposition than PDGFR-β− MSCs, 
as determined after Alizarin red staining. Similarly, upon 
chondrogenic induction, PDGFR-β+ MSCs exhibited higher 

glycosaminoglycan production as determined by Alcian blue 
stain (Fig. 3e). Consistently, in spheroid culture, PDGFR-β+ 
MSCs showed higher levels of collagen II expression than 
PDGFR-β− MSCs as determined by immunofluorescence 
analysis (Fig.  3f). In addition, more PDGFR-β+ MSCs 
differentiated into oil red O-positive adipocytes than 
PDGFR-β− MSCs upon induction (Fig. 3e).

We further examined whether PDGFR-β+ MSCs had 
enhanced osteogenic and adipogenic differentiation ability 
in vivo. To assess osteogenic differentiation, 106 PDGFR-β+ 
MSCs or PDGFR-β− MSCs in Matrigel were implanted sub-
cutaneously in nude mice in the presence of 2 μg/implant 
BMP-2. 28 days later, grafts were removed for histologi-
cal analysis. Von Kossa stain showed that PDGFR-β+ MSC 
grafts had evidently larger areas of mineralization com-
pared to PDGFR-β− MSC grafts (Fig. 3g). To determine 

Fig. 3   (continued)



555Platelet‑derived growth factor receptor beta identifies mesenchymal stem cells with enhanced…

1 3

adipogenic differentiation, subcutaneous implants of 106 
PDGFR-β+ MSCs or PDGFR-β− MSCs in nude mice were 
examined at day 28 for the presence of adipocytes; the 
results showed much more adipocytes in the PDGFR-β+ 
MSC grafts (Fig. 3h).

PDGFR‑β+ MSCs express higher levels 
of pro‑angiogenic cytokines

We examined whether PDGFR-β+ MSCs were better 
involved in angiogenesis. Real-time PCR analysis indicated 
that PDGFR-β+ MSCs expressed higher levels of pro-angi-
ogenic genes such as VEGFA (encoding VEGF-a), FGF2 
(encoding bFGF), PDGFA (encoding PDGF-A) and PDGFB 
(encoding PDGF-B), compared to PDGFR-β− MSCs 
(Fig. 4a). Moreover, ELISA analysis of MSC-conditioned 
media indicated that PDGFR-β+ MSCs secreted greater 
amounts of bFGF (Fig. 4b), VEGF-a (Fig. 4c) and IL-10 
(Fig.  4e), and similar amounts of IL-4, compared to 
PDGFR-β− MSCs (Fig. 4d).

PDGFR‑β+ MSCs promote angiogenesis

We next examined if PDGFR-β+ MSCs exerted an 
enhanced effect on angiogenesis. One million PDGFR-β+ 
or PDGFR-β− MSCs in Matrigel were applied to excisional 
wounds in Tie2-GFP transgenic mice; wounds treated with 
Matrigel alone (Sham) were used as a control. Fluorescence 
microscopic analysis of the whole skin-mounted wounds at 
day 7 showed that in PDGFR-β+ MSC-treated wounds fine 
blood vessels extended into the wound bed from the sur-
rounding tissues, while much fewer vessels were detected in 
PDGFR-β− MSC-treated wounds or in Sham wounds (Fig. 5a).

To track MSCs in wounds, GPF-labeled MSCs were 
implanted into wounds in BABL/C mice. Immunofluo-
rescence analysis of day-7 wounds showed that GFP+/
PDGFR-β+ MSCs migrated down into the wound bed tis-
sue, while GFP+/PDGFR-β− MSCs largely remained in the 
top layer of the wound bed tissue (Fig. 5b). Immunostaining 
for α-smooth actin (α-SMA) or endothelial protein CD31 
in day-7 and day-14 wound tissues demonstrated that the 
vasculature density was markedly higher in PDGFR-β+ 
MSC-treated wounds, compared to PDGFR-β−MSC-treated 
wounds or Sham wounds (Fig. 5b, c). Notably, GFP-labeled 
PDGFR-β+ MSCs were in close association with the new 
vasculature in the wound tissue (Fig. 5d). Some of the 
PDGFR-β+ MSCs in the vasculature expressed α-SMA 
(Fig. 5d).

PDGFR‑β+ MSCs accelerate wound healing

To examine whether PDGFR-β+ MSCs were superior to 
PDGFR-β− MSCs in wound healing, one million PDGFR-β+ 

or PDGFR-β− MSCs in Matrigel were transplanted into exci-
sional wounds in BALB/C mice; Sham control wounds were 
treated with Matrigel alone. Wound sizes were monitored at 
days 3, 7, 10 and 14, and the result indicated that PDGFR-β+ 
MSCs were superior to PDGFR-β− MSCs in accelerating 
wound closure at all time points (Fig. 6a, b). Histological 
analysis of day-7 wounds indicated that the re-epithelializa-
tion in PDGFR-β+ MSC-treated wounds was enhanced com-
pared to PDGFR-β− MSC-treated wounds or Sham wounds. 
In addition, PDGFR-β+ MSC-treated wounds exhibited 
increased cellularity and thicker granulation tissues at day 7 
and day 14, compared to PDGFR-β− MSC-treated wounds or 
Sham wounds (Fig. 6c). To determine MSC engraftment, the 
percentages of GFP+ MSCs in wound single cell suspensions 
were analyzed by flow cytometry, and the number of MSCs 
per wound was calculated. At day 7, the average number 
of MSCs per wound was 3.92 ± 0.31 × 105 in PDGFR-β+ 
MSC-treated wounds (n  =  3), and 2.46  ±  0.26  ×  105 
in PDGFR-β− MSC-treated wounds (n = 3) (Fig. 6d, e, 
P < 0.05). Taking the initially implanted 1 million MSCs per 
wound as 100%, after calculation, the engraftment rates were 
39.2 and 24.6% for PDGFR-β+ MSCs and PDGFR-β− MSCs, 
respectively (P < 0.05).

PDGFR‑β+ MSCs exhibit enhanced chemotactic 
migration

We observed that GFP+ PDGFR-β+ MSCs were pre-
sent deep into the wound bed tissue at day 7, while GFP+ 
PDGFR-β− MSCs remained on the surface of the wound bed 
after topical application (Fig. 5b, d). This phenomenon sug-
gests that PDGFR-β+ MSCs might have enhanced chemo-
tactic migration to certain chemoattractants in the wound 
tissue. To test this hypothesis, we examined the migration 
of MSCs to PDGF-BB, the ligand of PDGF-β. Transwell 
migration analysis indicated that the number of PDGFR-β+ 
MSCs migrated toward PDGF-BB was eightfold more, and 
the number of PDGFR-β+ MSCs migrated in response to 
fresh day-2 wound tissue extracts was threefold higher, than 
PDGFR-β− MSCs (Fig. 7a, b). Pre-treatment of PDGFR-β+ 
MSCs with a functional blocking antibody against PDGFR-β 
significantly reduced their migration toward PDGF-BB or 
the fresh wound tissue extracts (P < 0.01). We then exam-
ined the expression of PDGF-B in the skin after wounding. 
Real-time PCR analysis showed that the expression level 
of PDGFB was upregulated after wounding, which peaked 
at day 2 (fivefold increase), and returned to basal level at 
day 7 (Fig. 7c). In consistence, immunofluorescence analy-
sis showed that the level of PDGF-B in the wound tissue 
was markedly higher than that in the unwounded skin tis-
sue (Fig. 7d). Taken together, these results suggest that 
PDGFR-β plays a crucial role in chemotactic migration and 
engraftment of MSCs into the wound.
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Discussion

Mesenchymal stem cells are defined as multipotent stem 
cells. However, previous studies suggest that MSC culture 
contains cells with different differentiation potencies, from 
unipotent to multipotent [3, 24]. In this study, we found that 
PDGFR-β+ MSCs exhibited enhanced differentiation poten-
tial towards osteogenesis, chondrogenesis and adipogenesis, 
indicating superior multipotency over PDGFR-β− MSCs. In 
consistence, PDGFR-β+ MSCs showed enhanced growth 
rate and clonogenesis. Our results are in line with two recent 
studies where PDGF-AB in combination with 5-azacytidine 
(AZA) converted osteoblasts into multipotent stem cells with 
multi-germ layer differentiation potential [25], and PDGF-
A was involved with the reprogramming of fibroblasts into 
cardiovascular progenitor cells [26]. These data suggest that 
PDGF signaling is involved in the gain and maintenance of 
stem cell potency. Meanwhile, a previous study showed that 

pharmaceutical inhibition of PDGFR (which suppressed the 
phosphorylation of both PDGFR-α and PDGFR-β) in human 
bone marrow-derived MSCs upregulated the expression of 
pluripotent factors Oct4A and Nanog [27], implying that a 
simultaneous suppression of the two receptors may lead to 
different outcomes.

The pro-angiogenic effect of MSCs has been reported 
in several previous studies [14, 28, 29]. Recently, a study 
showed that VCAM-1+ MSCs derived from placental cho-
rionic villi, which accounted for 68% of MSCs in culture, 
exhibited enhanced effect in angiogenesis [29]. Interestingly, 
a previous study showed that the proliferation potential and 
CFU-F-generating capacity of bone marrow-derived MSCs 
were negatively associated with donor ages in humans, while 
the level of VCAM-1 in MSCs increased with donor ages, 
which was likely due to increased inflammation levels in the 
elderly as the expression of VCAM-1 could be upregulated 
by proinflammatory cytokines [30]. In the present study, we 

Fig. 4   Expression of endothe-
lial genes and angiogenic 
cytokines. a Real-time PCR 
analysis of the expression of 
CD31, VE-cadherin, VEGF-
a, Ang1, bFGF, PDGF-A, 
PDGF-B, IL-4, IL-10 and 
IL-4 in PDGFR-β+ MSCs and 
PDGFR-β− MSCs. ELISA assay 
determining the levels of bFGF 
(b), VEGF-a (c), IL-4 (d) and 
IL-10 (e) in PDGFR-β+ MSC- 
or PDGFR-β− MSC-conditioned 
medium (n = 3, ***P < 0.001, 
**P < 0.01, *P < 0.05)
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found that PDGFR-β, a receptor highly expressed in perivas-
cular MSCs [5, 31], identified a subset of placental MSCs 
with substantially superior effect in promoting neovascu-
larization in the wound. In addition, the expression level 
of PDGFR-β decreased progressively in adherent culture 

upon passaging, indicating that the expression of the recep-
tor in current culture regime is unstable. Similarly, several 
other receptors have been found with declining expression in 
MSCS upon successive passages such as CXCR4, CCR1 and 
CCR7 [3, 23, 32]. In accordance, MSCs exhibited decreased 

Fig. 5   PDGFR-β+ MSCs 
in neovascularization. a 
Wounds were generated in 
Tie2-transgenic mice and 
treated with vehicle medium 
(Sham), PDGFR-β− MSCs, or 
PDGFR-β+ MSCs. Fluorescence 
microscopic examination of 
whole skin-mounted wounds at 
day 7 showed new vasculature 
in the wound, which was more 
evident in PDGFR-β+ MSC-
treated wounds. b–d Immu-
nofluorescence analysis of the 
wound tissue sections at day 7 
(upper panel, scale bars 60 µm) 
and day 14 (lower panel, scale 
bars 30 µm) in wild-type 
BALB/C mice whose wounds 
received topical application of 
GFP-labeled MSCs (green) or 
vehicle medium (Sham). To 
detect vasculature, sections 
were stained with anti-α-SMA 
antibody (day-7 wounds, red) 
or anti-CD31 antibody (day-14 
wounds, red) (b). Capillary 
densities in the day-7 and day-
14 wounds were assessed (c, 
n = 6; **P < 0.01, *P < 0.05). 
In the day-7 wounds, GFP-
labeled PDGFR-β− MSCs 
(green) remained on the top of 
the wound bed, while GFP-
labeled (green) PDGFR-β+ 
MSCs migrated into the wound 
tissue (b) and formed close 
association with α-SMA+ cells 
in the neovasculature; some of 
them co-expressed α-SMA (d). 
Nuclei were stained with DAPI. 
Scale bars 30 µm



558	 S. Wang et al.

1 3

differentiation potency and therapeutic efficacy after culture 
expansion [18, 33–35].

Our results indicate that PDGFR-β is necessary for 
MSCs migration and engraftment into the wound. Previ-
ous studies indicated that PDGFs bound to PDGFRs on 
the surface of MSCs, and PDGFR-β was the major recep-
tor for PDGF-AA- and PDGF-BB-induced MSC migration 
[36, 37]. A recent study showed that co-transplantation of 
endothelial colony-forming cells enhanced the survival and 
engraftment of bone marrow-derived MSCs largely through 
secretion of PDGF-BB [8]. In consistence with these find-
ings, we showed that PDGFR-β+ MSCs migrated toward 
PDGF-BB or wound tissue extracts was several fold more 
than PDGFR-β− MSCs, and MSCs lacking PDGFR-β failed 
to migrate into the wound tissue after topical application, 
resulting in reduced engraftment, angiogenesis and wound 
healing effect. PDGF-B was upregulated after wounding to 

the skin. These data suggests that PDGFR-β is important for 
the recruitment of MSCs to the site of tissue injury where 
neovascularization occurs.

Previous studies indicate that MSCs promote angiogen-
esis largely through secretion of pro-angiogenic factors [14, 
17, 38, 39]. In agreement with these findings, we found 
that PDGFR-β+ MSCs expressed higher levels of cytokines 
known to promote angiogenesis such as VEGF-a, bFGF and 
IL-10 in association with enhanced angiogenesis. In addi-
tion, we showed that PDGFR-β+ MSCs migrated into the 
wound and contributed to α-SMA-expressing smooth muscle 
cells in the neovasculature. Our data are in line with obser-
vations, where MSCs were induced to differentiate into cells 
with smooth muscle cell properties in vitro [40, 41]. Taken 
together, our results suggest that PDGFR-β+ MSCs enhance 
angiogenesis through releasing pro-angiogenic factors and 
direct contribution to vascular wall cells.

Fig. 6   PDGFR-β+ MSCs in 
wound healing. a, b Excisional 
wounds in BALB/C mice 
received topical application of 
one million PDGFR-β− MSCs, 
PDGFR-β+ MSCs, or vehicle 
medium (Sham). Representa-
tive images of the wounds at 
days 7 and 14 were shown (with 
transparent Tegaderm dressing) 
(a). Quantitative evaluation of 
wound closure rates in Sham 
wounds (n = 9), PDGFR-β− 
MSC-treated wounds (n = 12), 
and PDGFR-β+ MSC-
treated wounds (n = 12) (b). 
PDGFR-β+ MSCs versus 
Sham or PDGFR-β− MSCs, 
**P < 0.01, *P < 0.05. c 
Histological analysis of wounds 
at days 7 and 14 (H&E stain) 
showed increased cellularity 
in PDGFR-β+ MSC-treated 
wounds. W wound. d, e The 
number of cells per day-7 
wound was assessed by count-
ing the cells in the single cell 
suspension of the wound, and 
the percentage of GFP+ cells in 
the single cell suspension was 
determined by flow cytometry 
(d), cells from Sham wounds 
were used as negative controls 
and for gate setting. The number 
of cells per wound was calcu-
lated (e, n = 4, *P < 0.05)
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Conclusions

Our study demonstrated that the PDGFR-β+ MSC subpopu-
lation displayed a superior angiogenic property and exerted 
enhanced therapeutic efficacy on cutaneous wound healing 

in comparison with the PDGFR-β− MSC subpopulation. 
The study may provide a novel strategy to achieve enhanced 
effect for MSC-based therapies for ischemic diseases.
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