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Abstract
Adult bone marrow-derived mesenchymal stem cells (MSCs) are able to differentiate into
myofibroblasts and be recruited into wound lesions and contribute to wound healing. The cellular
and molecular mechanism responsible for MSC trafficking and differentiation, however, are poorly
understood. Local resting resident fibroblasts are activated after injury and play a critical role in
recruiting MSCs. We investigated the role of platelet derived growth factor-B-activated fibroblasts
(PDGF-B-aFBs) in regulating recruitment, migration and differentiation of MSCs from GFP
transgenic mice in an in vitro wound healing assay and a novel three-dimensional (3D) model. PDGF-
B-aFBs caused significant increases in MSCs migration velocity compared to control as
demonstrated by time-lapse photography in an in vitro wound healing assay. Consistently, invasion/
migration of MSCs into 3D collagen gels was enhanced in the presence of PDGF-B-aFbs. In addition,
PDGF-B-aFBs induced differentiation of MSCs into myofibroblast. The regulatory effects of PDGF-
B-aFBs are likely to be mediated by basic fibroblast growth factor (bFGF) and epithelial neutrophil
activating peptide-78 (ENA-78 or CXCL5) as protein array analysis indicated an elevated levels of
these two soluble factors in culture supernatant of PDGF-B-aFBs. Blocking antibodies against bFGF
and CXCL5 were able to inhibit both trafficking and differentiation of MSCs into 3D collagen gels
while supplement of exogenous bFGF and/or CXCL5 promoted invasion/migration of MSCs into
3D collagen gels. Our results reveal that PDGF-B-aFBs play a key role in recruitment/migration and
differentiation of MSCs and implicate a bFGF- and CXCL5-dependent mechanism in mediating
these effects.
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Introduction
Fibroblasts play an integral role in the process of cutaneous wound healing. They coordinate
keratinocyte and endothelial cell growth and differentiation and are responsible for collagen
deposition and connective tissue remodeling[1]. They undergo transdifferentiation into
myofibroblasts and generate wound tension to reestablish skin integrity and architecture[2].
Recent evidence suggests that bone marrow-derived mesenchymal stem cells (BM-MSCs)
participate in and contribute to wound healing as well[3]. BM-MSCs are multipotent progenitor
cells that are able to differentiate into bone, cartilage, tendon, adipose, myocytes and
myofibroblasts. BM-MSCs have been isolated from the peripheral circulation and they move
to inflammatory environments, such as implanted vascular grafts, and wounds[4]. Resting
residential fibroblasts are activated after injury. Activated fibroblasts secrete a panel of soluble
factors and some of them are involved in the control of migration, proliferation and
differentiation of BM-MSCs. Although several chemokines have been implicated, specific
mechanisms driving BM-MSCs differentiation into myofibroblasts and their recruitment and
migration towards wound tissues, are not well defined. Identification of key growth factors
driving recruitment and differentiation of BM-MSCs may reveal therapeutic targets that
enhance participation of BM-MSCs in the repair of non-healing cutaneous wounds. This is
particularly important in the context of lower extremity ulcer disease caused by venous or
arterial insufficiency and diabetes. Venous disease alone is responsible for leg ulcerations in
an estimated 500,000 to 2 million Americans[5]. Early senescence and dysmotility have been
described in local skin fibroblasts from chronic wound biopsies[6,7]. Regardless of ulcer
etiology, local growth factor imbalance likely contributes to the impaired healing. Correcting
this imbalance may accelerate skin repair and avoid complications such as amputation and
lifelong disability.

Platelet derived growth factor (PDGF) is a polypeptide dimer released by platelets during
degranulation, but is also expressed in endothelial cells, vascular smooth muscle cells and
infiltrating inflammatory cells at the site of injury[8]. The polypeptides are connected by
disulfide bonds and exist as isoforms A, B, C and D [9]. Human platelets contain PDGF-AB,
PDGF-BB (PDGF-B) and PDGF-CC, which bind to both PDGF receptors, PDGFRα and
PDGFR.[10,11]. PDGF-B has a mitogenic effect on a variety of mature connective tissue cells,
including fibroblasts, vascular smooth muscle cells, chondrocytes and osteoblasts[12–14]. Its
chemotactic effect on fibroblasts and smooth muscle cells implicates PDGF-B as a key
regulatory molecule in wound healing, neo-intimal formation and atherosclerosis[15]. PDGF-
B is among the most potent stimuli for mesenchymal cell migration. PDGF-B-activates dermal
fibroblasts and stimulates proliferation, matrix protein production, and matrix receptor
expression[16,17]. PDGF-B also stimulates fibroblast mitogen production for keratinocytes
and endothelial cells[18]. There is evidence of deficient PDGF-B levels in non-healing diabetic
leg ulcers and increased levels in ulcers that heal completely[19]. Thus, growth factors
expressed in PDGF-B-aFBs during normal wound healing are potential candidates for wound
therapy, but little is known about the role they play in controlling recruitment, migration of
BM-MSCs, and/or differentiation into myofibroblasts.

To elucidate the molecular mechanism underlying the critical roles of both PDGF-B and
fibroblasts in wound healing, we studied the effects of PDGF-B-aFBs on controlling migration/
invasion and differentiation of BM-MSCs in a novel 3D model which has been developed to
mimic the in vivo dermis-like environment and includes the major type of extracellular matrix
in skin (type I collagen), fibroblasts and soluble factors. Our data demonstrated that PDGF-B-
aFBs are chemotactic to BM-MSCs and influence their differentiation into myofibroblasts.
Regulatory effects appear to be mediated by CXCL5 and bFGF secreted from PDGF-B-aFBs.
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Methods
Animals and Cells

Dermal fibroblasts from human foreskin were obtained from ATCC (Manassas, VA) and
cultured in Dulbecos Modified Eagle’s Medium (DMEM) with glutamine (Gibco/BRL,
Gaithersburg, MD) and fetal bovine serum (FBS) (10%; Hyclone, Logan, UT). Bone marrow
was harvested from femurs of anesthetized GFP+/FVB transgenic mice or Tie2-LacZ+/FVB
transgenic mice (Jackson Laboratories, Bar Harbor, Maine) under protocol approved by the
institutional animal care and use committee. Cells were incubated with Red Cell Lysis buffer®
(Sigma, St. Louis, MO) for 90 seconds and rinsed with isolation buffer (phosphate buffered
saline (PBS), 2% FBS, 40-µg/ml gentamycin). Total bone marrow cell population was cultured
in fibronectin-coated flasks in Endothelial Basal Medium-2 (EBM2; Cambrex, East
Rutherford, NJ) overnight. To exclude the mature endothelial cells within the isolated fresh
bone marrow, cells attaching to fibronectin overnight were discarded and the non-adherent cell
population was re-plated[20] for use in 3D assays as described below.

Adenoviral Vector Transduction
Recombinant adenoviruses carrying reporter gene beta galactosidase (LacZ/Ad5) or PDGF-B
(PDGF-B/Ad5) were a gift from Dr. M Herlyn (Wistar Institute, Philadelphia, PA). The
construction of these vectors has previously been described[21]. Fibroblasts were plated on
25-mm dishes (Falcon, BD Biosciences, San Jose, CA) and cultured in DMEM plus 10% FBS
at 37°C with 5% CO2. After reaching 80% confluence, supernatant was removed and cells
were washed with PBS. Serum free DMEM, containing 20 plaque-forming units (PFU) per
cell of either PDGF-B/Ad5 or LacZ/Ad5, was added to cells. Fibroblasts were incubated at 37°
C with 5% CO2, 4 hours before medium was aspirated and replaced with DMEM plus 10%
FBS for overnight culture.

Three-Dimensional (3D) Assays
3D models were designed to include BM-MSCs, Fibroblasts, type I collagen and soluble
factors. Briefly, 5 × 105 BM-MSCs harvested from GFP+/FVB transgenic mice were plated
on fibronectin-coated 24-well plates and overlaid with 150-µl cell-free collagen [type I bovine
collagen (1-mg/ml, Organogenesis Inc, Canton, MA), 50 mM sodium bicarbonate (Cambrex),
100 mM L-glutamine (BioWhitaker Molecular Applications, Rockland, ME) and M199
medium (Cambrex) supplemented with 100-U/ml heparin (American Pharmaceutical Partners
Inc, Schaumburg, IL), 50-µg/ml Vitamin C (Sigma) and 1% FBS], followed by a second 450-
µl layer of collagen (equally prepared) including various experimental conditions with and
without additional cells (as detailed below). The 3D constructs were incubated for 5 minutes
at room temperature to allow for collagen polymerization and cultured in EBM2 medium that
was changed every 48 hours. We evaluated the effects of the following study conditions on
BM-MSC invasion/migration and differentiation by removing the gel at the completion of
experiment and quantifying cell number and quantifying cell lineage that invaded/migrated
into the gel.

1. Collagen alone;

2. 40-ng/ml human recombinant PDGF-B (hrPDGF-B, R&D Systems, Minneapolis,
MN);

3. hrPDGF-B activated fibroblasts (2.5 × 105 cells/ml plus 40-ng/ml hrPDGF-B);

4. Control fibroblasts (2.5 × 105 cells/ml untransduced);

5. Human microvascular endothelial cells (HMVEC), control cell line (2.5 × 105 cells/
ml untransduced);
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6. PDGF-B/Ad5-aBFs activated fibroblasts (2.5 × 105 cells/ml transduced @ 20 PFU
PDGF-B/Ad5);

7. Control LacZ/Ad5 fibroblasts (2.5 × 105 cells/ml transduced @ 20 PFU LacZ/Ad5);

8. PDGF-B/Ad-5 activated fibroblasts plus 0.15-µg/ml anti-PDGF-B blocking antibody;

9. PDGF-B/Ad-5 activated fibroblasts plus 3.75-µg/ml anti-ENA78 blocking antibody;

10. PDGF-B/Ad-5 activated fibroblasts plus 6.25-µg/ml anti-bFGF blocking antibody

In addition, we added recombinant human CXCL5 and bFGF (R&D Systems) into the medium
in 3D assay to examine the effects of exogenous CXCL5 and/or bFGF on invasion/migration
of BM-MSCs into 3D collagen gels.

Anti-αSMA and anti-CD31 antibody stains were performed to assess BM-MSC differentiation
into either myofibroblasts or endothelial cells, by co-localizing GFP expression and either
αSMA or CD31 expression, respectively. Anti-Ki-67 stain and TUNEL assay (terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling) were used to assess BM-MSC
proliferation and apoptosis, respectively, in cells where they co-localized with GFP expression.
In experiments using Tie2-lacZ+ BM-MSCs, endothelial lineage cells were quantified by β-
gal staining.

Protein Array
Standardized 1-ml aliquots from culture supernatants collected from 3D model were analyzed
with RayBio® Human Angiogenesis Antibody Array I kit (Norcross, GA) following
manufacturer’s protocol, to characterize differential expression of potential secondary growth
factors secreted by PDGF-B-aFBs versus control fibroblasts. This array employs antibodies to
simultaneously detect protein expression levels for 20 pro-angiogenic molecules. Antibody
membranes were exposed to Kodak X-ray film (Rochester, NY). Scanned images were
analyzed with Image J software (NIH) and relative densities ratios were calculated.

Antibodies
Goat anti-human PDGF-B antibody, goat anti-human CXCL5 (ENA-78) antibody, rabbit anti-
human bFGF, and isotype matched control antibodies were purchased from R&D Systems.
Goat anti-mouse CD31 antibody was obtained from Santa Cruz Biotechnology. Murine anti-
human α-SMA antibody was obtained from Sigma. TUNEL assay was performed with
TACS™ T&T kit from R&D Systems to detect apoptotic cells. Cell proliferation was assessed
with murine anti-Ki-67 antibody (Sigma, St. Louis, MO). When anti-human antibodies were
utilized, murine cross-reactivity and blocking efficiency were confirmed with manufacturer.
Horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG and rhodamine-conjugated
goat anti-mouse secondary antibodies were purchased from Dako (Carpintaria, CA) and
Biomeda (Foster City, CA) respectively.

Immunohistochemistry
Harvested collagen gels were fixed with Prefer® (Anatech LTD, Battle Creek, MI), containing
glyoxal, ethanol and buffer, for 4 hours at room temperature, proceeded as whole-mount or
embedded in paraffin and serially sectioned for staining. Immunohistochemistry was
performed after sections were deparaffinized and rehydrated. For α-SMA stains, sections were
subsequently incubated with Target Retrieval buffer (Dako) and Dual Endogenous Enzyme
Block (Dako), followed by an overnight incubation with primary antibody at 4°C. Secondary
antibody and Hoechst (Sigma) stain were added the next morning. For CD31 stains, tissue
sections were treated as above, except following the secondary antibody incubation, DAB
(3,3’-diaminobenzidine tetrahydrochloride)/Metal Concentrate (Pierce) diluted in Stable
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Peroxide Substrate Buffer (Pierce) was added to each section. Harris Modified Hematoxylin
(Fisher Scientific, Pittsburg, PA) was used for nuclear identification.

Staining for β-galactosidase
After medium was removed, harvested collagen gels were fixed in 0.5% glutaraldehyde for 10
minutes at room temperature, washed with PBS/MgCl solution twice for 10 minutes and
incubated with X-gal at 37°C overnight. The following day, gels were fixed with Prefer® before
embedding in paraffin. Nuclear Fast Red (Sigma) was used for nuclear identification.

In vitro Wound Healing Assay
In vitro wound healing assay was used to measure cell traffic. Direction and velocity of BM-
MSC migration toward fibroblasts were studied using co-culture and time-lapse photography.
Glass coverslips placed upright into fibronectin-coated 35 mm culture dish wells were secured
with paraffin to create a partition for each well. 2.5 × 105 GFP+-BM-MSCs harvested from
GFP+ transgenic mice were cultured on one side and incubated for 4 hours at 37°C with 5%
CO2 for cell adherence. 2.5 × 105 PDGF-B-aFBs (transduced PDGF-B/Ad5 @ 20 PFU) were
cultured for 4 hours, on the other side. After 24 hour-incubation at 37°C with 5% CO2, partitions
were removed creating a gap between cell populations. Fibroblasts, transduced with LacZ/Ad5
@ 20 PFU, were used as control. Co-cultures were observed using contrast phase and
fluorescence inverted microscopy and time-lapse photography at 10-minute intervals, for 20
hours. ImagePro 5.0 software (MediaCybernetics, Silver Spring, MD) tracked 15 randomly
selected individual cells per dish. This program has 3D measurement features and analysis
tools specifically designed for in vivo studies.

Results
The chemotactic effect of PDGF-B-aFBs on BM-MSCs

To determine if PDGF-B-aFBs influence BM-MSC migration velocity and direction, we used
time-lapse photography to track and measure cell trafficking in a modified scratch assay (in
vitro wound healing assay) where two cell types were co-cultured, but separated by a
standardized cell-free gap. GFP+-BM-MSCs were co-cultured with PDGF-B/Ad5-transdued
fibroblasts or LacZ/Ad5-transduced fibroblasts (control). Direction and velocity of individual
BM-MSC crossing the gap were tracked, recorded and analyzed by computer software. The
average distance traveled of BM-MSC toward the fibroblast population was greater at all time
points when co-cultured with PDGF-B-aFBs versus control (Fig 1A). Direction of individual
BM-MSC migration (as measured by serial motion vectors) was not significantly different
between groups and indicated a motion vector from the BM-MSC side to the fibroblast side
(quantitative data not shown), representative photos shown in Fig 1B–E.

PDGF-B-aFBs promote invasion/migration of BM-MSCs into 3D collagen gels
A 3D model was developed to study invasion and migration of BM-MSCs in response to
fibroblasts embedded within an in vitro dermis-like environment (Fig 2A). The presence of
fibroblasts within the construct was enough to cause significant increases in BM-MSC
invasion/migration into type I collagen, as compared to collagen alone, hrPDGF-B or HMVEC.
BM-MSC invasion/migration was most significantly increased in the PDGF-B-aFBs group
versus controls (Fig 2B). Formation of large BM-MSC clusters occurred in the presence of
PDGF-B-aFBs (Fig 2G), to a lesser extent in fibroblast control groups (Fig 2F) but was absent
in the other control groups (Fig 2C–2E). To determine if increases of BM-MSCs in the collagen
gel were caused by proliferation in response to PDGF-B-aFBs rather then cell invasion/
migration, tissue sections were assessed with anti-Ki-67 antibody. Additionaly, a TUNEL
assay was conducted to detect potential cell apoptosis in the collagen gel. BM-MSC
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proliferation and apoptosis were consistent between groups and lacked statistically significant
differences (data not shown), implicating that the increased number of BM-MSCs observed in
the 3D collagen gels was due to enhanced invasion/migration of BM-MSCs from the bottom
monolayer into the gel.

PDGF-B-aFBs induce BM-MSC differentiation into myofibroblast in 3D model
To examine the effect of PDGF-B-aFBs on regulating differentiation of BM-MSCs, we probed
for αSMA expression co-localizing to GFP+ cells to identify BM-MSCs that had differentiated
into myofibroblast. We also probed for CD31 co-localizing to GFP+ cells to identify BM-MSCs
that differentiated into endothelial cell (EC) lineage (including endothelial progenitor cell
(EPC)). Additional experiments were conducted to confirm EC lineage differentiation by
testing BM-MSCs from transgenic Tie-2/LacZ mice (in which the LacZ reporter gene is linked
to Tie2 promoter expression, labeling all cells of endothelial lineage[22]). 3D assays were
performed using BM-MSCs harvested from Tie2-LacZ+/FVB transgenic mice, instead of that
from GFP+/FVB transgenic mice. Collagen gels were stained for β-galactosidase (β-gal)
activity and EPC/EC were identified as β-gal+ cells. BM-MSCs that differentiated into
myofibroblasts (GFP+/αSMA+) were significantly increased in the presence of PDGF-B-aFBs
(Fig 3A). In contrast, endothelial lineage differentiation was decreased under the same
conditions (Fig 3B and 3C), indicated by reduced numbers of endothelial lineage cells within
the collagen gels containing PDGF-B-aFBs versus control fibroblasts. These results indicated
that PDGF-B-aFBs favorably induce BM-MSC differentiation into myofibroblast, but not
endothelial cell lineage, in the 3D collagen model.

PDGF-B induces fibroblasts to produce CXCL5 and bFGF
Based on the fact that only PDGF-B-aFBs were able to enhance migration/invasion of BM-
MSCs into collagen gels and to induce differentiation into myofibroblasts, while application
of PDGF-B alone failed to exert the same effects, we hypothesized that the regulatory effects
of PDGF-B-aFBs on BM-MSCs are likely mediated through secondary factor(s) produced by
fibroblasts following PDGF-B stimulation. To test this hypothesis, cell culture supernatants
from PDGF-B-aFBs and control fibroblasts were collected and assessed with a protein array
to detect potential cytokines and chemokines involved in the wound healing cascade. Of twenty
candidates in the protein array membrane, CXCL5 (ENA-78) and bFGF were elevated 8-fold
and 5-fold in the PDGF-B-aFBs group, respectively, compared to the control fibroblast group
(Fig 4). CXCL5 is an inflammatory chemokine belonging to the CXC subfamily and bFGF is
a well-known mitogen[23,24]. Our data demonstrated that PDGF-B induces fibroblasts to
secrete CXCL5 and bFGF.

In contrast, the expression of interferon-γ, RANTES (regulated upon activation, normal T-cell
expressed, and presumably secreted) and thrombopoietin were marginally decreased by 1 to
2-fold in the culture supernatant of PDGF-B-aFBs. All three factors are proinflammatory
chemokines[25–27]. We elected to investigate CXCL5 and bFGF further, as they showed the
most pronounced change in expression.

CXCL5 and bFGF were responsible for mediating the effect of PDGF-B-aFBs on BM-MSC
trafficking

Protein array data suggested that CXCL5 and/or bFGF might function as a mediator to control
invasion/migration of BM-MSCs observed in the 3D collagen model. To test whether the
regulator effect of PDGF-B-aFBs on BM-MSC trafficking is mediated by CXCL5 and/or
bFGF, we applied functional blocking antibodies against CXCL5 and bFGF into 3D assays.
Additionally, blocking antibody against PDGF-B was also tested. Not surprisingly, addition
of anti-PDGF-B blocking antibody to the PDGF-B-aFBs group resulted in complete inhibition
of BM-MSC invasion/migration in 3D assays. Interestingly, application of either anti-CXCL5
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or anti-bFGF blocking antibody, caused a very similar inhibitory effect on BM-MSC invasion/
migration into collagen gels as that induced by anti-PDGF-B blocking antibody (Fig 5 A, B),
while isotype matched control antibodies had no effect (data not shown). In contrast, we also
tested the effects of exogenous CXCL5 and bFGF on invasion/migration of BM-MSCs into
3D collagen gels. Supplement of recombinant human CXCL5 (40 ng/ml) and/or bFGF (50 ng/
ml) in a 3D setting, in which FBs were not activated by PDGF-B, significantly promoted
invasion/migration of BM-MSCs into 3D collagen gels (Fig 5C). Taken together, these results
suggested that the effect of PDGF-B-aFBs on BM-MSC trafficking in 3D assays is mediated
by CXCL5 and bFGF.

Regulatory effect of PDGF-B-aFBs on BM-MSC differentiation into myofibroblasts is also
CXCL5- and bFGF-dependent

Similarly, to test whether the regulator effect of PDGF-B-aFBs on BM-MSC differentiation
into myofibroblasts is mediated by CXCL5 and/or bFGF, we tested the effect of functional
blocking antibodies against CXCL5 and bFGF in 3D assays. We observed that addition of anti-
PDGF-B blocking antibody caused complete inhibition of mesenchymal differentiation, while
anti-CXCL5 and anti-bFGF neutralizing antibodies resulted in partial, but significant inhibition
of the PDGF-B-aFBs-induced pro-mesenchymal differentiation effect (Fig 6A and 6B). The
inhibitory effects were specific as isotype matched control antibodies had no effect (data not
shown). Thus, our data indicated that the regulatory effect of PDGF-B-aFBs on BM-MSC
differentiation into myofibroblasts in 3D collagen assays is CXCL5- and bFGF-dependent.

Discussion
To our knowledge, this is the first report demonstrating that PDGF-B-aFBs are chemotactic to
BM-MSCs in type I collagen and influence their differentiation into myofibroblasts, but not
into endothelial cell lineage. Although PDGF receptors are present in BM-MSCs and can be
upregulated by exogenous PDFG-B[28], we observed that the addition of soluble PDGF-B
alone into collagen gel had a slight effect on induction of the observed effects. The presence
of fibroblasts was a required component. The fact that PDGF-B-aFBs are requisite may be
explained by secretion of secondary growth factors. Expression of CXCL5 (ENA-78) and
bFGF was dramatically upregulated when fibroblasts were stimulated with PDGF-B. More
importantly, CXCL5 and bFGF were shown to have significant and likely overlapping roles
in promoting BM-MSC invasion/migration into collagen gel and in the induction of
myofibroblast differentiation, as blocking antibodies against both CXCL5 and bFGF inhibited
completely the BM-MSC invasion/migration into collagen gel and partially the differentiation
into myofibroblasts. These observation strongly suggested that the regulatory effects of PDGF-
BaFBs on BM-MSC trafficking and differentiation are mediated by CXCL5 and bFGF,
although additional factor(s) or mechanism(s) may also be required in the control of
myofibroblast differentiation. Additionally, since the addition of blocking antibody to PDGF-
B resulted in complete inhibition of BM-MSC differentiation into myofibroblast, it is also
possible that PDGF-B itself plays a specific and direct role in this event. Overall, this data
indicates that a balanced collection of secondary soluble factors, secreted by PDGF-B-aFBs,
may be necessary to induce BM-MSC invasion/migration into collagen, as well as specific
differentiation cascades that favor myofibroblast differentiation.

It has been previously reported that resident skin fibroblasts are activated by PDGF-B and
secrete secondary growth factors that recruit and organize keratinocyte and endothelial cell
activity[17,29]. Our findings extend the potential biological effects of PDGF-B-aFBs in
cutaneous wound healing by unveiling a novel role of PDGF-B-aFBs in controlling BM-MSC
recruitment and differentiation. Our findings are consistent with prior reports indicating PDGF-
B as a potent mitogen for cells of mesenchymal origin, including fibroblasts, monocytes, and
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granulocytes[30]. However, our herein reported effects on BM-MSCs have not been previously
studied. The importance of PDGF-B-activated resident wound fibroblasts is underscored by
reports showing that decreased PDGF-B levels[19], incomplete fibroblast activation,
dysmotility and early senescence occur in lower extremity chronic non-healing wounds,
resulting in growth factor imbalance and non-healing[31–33]. Our findings may provide
guidance for the development of effective therapeutic protocols in the treatment chronic and
diabetic wounds as the effects of PDGF-B and its downstream mediators, CXCL5 and bFGF,
identified in this study are highly relevant to the wound-healing cascade. The novel role of
PDGF-B-aFBs in the induction of myofibroblast differentiation is particularly interesting,
because myofibroblasts are key cells in wound contraction, which accounts for the rapid closure
of full thickness wounds[2,34]. Myofibroblasts are also major sources for the production of
extracellular matrix, such as collagen, which determines tissue tension in wound tissues. Our
findings open a new potential approach for developing a clinical regime which may include
targeting the adult bone marrow stem cells for clinical therapy in wound healing.

Fibroblast progenitors have been identified in circulation and healing wounds[4].
Theoretically, poor recruitment of these remote myofibroblast progenitors may play a role in
wound dysregulation, particularly in pathologic conditions where local mature cells are unable
to effectively mediate healing. Identification and application of key growth factors involved
in progenitor cell recruitment and differentiation may provide novel clues to potential targets
for therapeutic intervention. Our study identifies three potential targets; PDGF-B-aFBs,
CXCL5, and bFGF. We have demonstrated that BM-MSCs respond to PDGF-B-aFBs with
enhanced invasion/migration into collagen and greater velocity toward the chemoattactant
signal. Differentiation appears be preferentially stimulated toward the mesenchymal lineage,
fibroblast, myofibroblast cascade with relative decrease in endothelial lineage differentiation.
Our work suggests that PDGF-B acts directly and via subsequent secretion of multiple
secondary growth factors by PDGF-B-activated dermal fibroblasts. It is likely, that the balance
of these factors is as important as the presence of any one of them individually, with the
exception of the major switch, PDGF-B. These findings suggest that independent manipulation
of these factors in a fibroblast delivery system (PDGF-B, CXCL5, bFGF) could be utilized to
affect not only recruitment of BM-MSCs, but their ability to contribute to wound contraction
and healing.

Fibroblasts express both PDGFRα and β chains and PDGF-B is able to bind with both
PDGFRα and PDGFRβ. It is unclear at present which receptor isoform mediates the observed
effects of PDGF-B. It also remains unknown whether different isoforms of PDGF family
members have the same effects as that of PDGF-B. Further studies are required to address these
questions.

Cellular apoptosis and proliferation did not appear to contribute to the variance observed in
the number of BM-MSC between experimental conditions. Therefore, the presence of large
clusters of BM-MSCs that occurred in response to PDGF-B-aFBs suggests that these cells
express adhesion molecules that promote the formation of cell clusters. The nature of these
adhesion signals requires further study. It is known however that acute wound healing requires
the upregulation of adhesion molecules in wound cells (e.g OB-cadherin in myofibroblasts)
[35].

The nature of our in vitro 3D model is designed to allow for dissection of very complex and
densely interconnected primary and secondary signals that impact BM-MSC invasion/
migration and differentiation in type I collagen. It provides an alternative experimental model
to study complicated biological process in which multiple elements, such as different types of
cells and the interaction between them, soluble factors and extracellular matrix, are involved.
This novel system is uniquely powerful by virtue of its ability to unravel otherwise highly
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complex processes, that contribute to wound healing. It bridges the complex in vivo and simple
in vitro assays and can be applied to study cell invasion, migration, differentiation,
proliferation, and survival in a variety of processes in which cell-cell communication, cell-
matrix interaction and soluble factors are involved.
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Figure 1. BM-MSC velocity toward co-cultured PDGF-B-aFBs
(A) BM-MSC migration was faster at all time points when co-cultured with FB-PDGF-B/Ad5
versus FB-LacZ/Ad5 (P<0.05). The migration of 15 individual cells were tracked over time in
each experiment and presented in (A) as mean ± standard deviations (SD) of three
independently performed experiments. Representative 40X magnification still pictures of
GFP+-BM-MSC migration in the presence of FB-LacZ/Ad5 at time zero (B), FB-LacZ/Ad5
at hour 20 (C), FB-PDGF-B/Ad5 at time zero (D), and FB-PDGF-B/Ad5 at hour 20 (E). The
open spaces between the dash lines represent gaps. Experiments were repeated three times,
independently. Differences in mean BM-MSC velocity toward the two different fibroblasts
groups (PDGF-B/Ad5 vs. LacZ/Ad5) at various time points were calculated using ANOVA
and student t-test (Excel, Microsoft).
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Figure 2. GFP+-BM-MSC invasion/migration into 3D collagen gel is increased by PDGF-B-aFBs
(A) Schematic illustration of 3D collagen model. (B) Average number of BM-MSC invasion/
migration into 3D collagen gels per high power field (HPF). Increase in BM-MSC migration
was greater in the PDGF-B-aFB group versus fibroblast control (**P<0.05) and hrPDGF-B
groups (†P<0.05). Representative sections of GFP+-BM-MSC 3D gels at 40X magnification
under various conditions; collagen only (C), rhPDGF-B (D), HMVEC (E), fibroblasts (100X
magnification insert of BM-MSC cluster indicated by white arrow) (F) and rhPDGF-B-aFBs
(G). Nuclei were stained with Hoesht. All experiments were performed in duplicate and
repeated three times, independently. Means ± SD were compared by ANOVA or student t-test.
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Figure 3. Preferential enhancement of differentiation of BM-MSCs into myofibroblast, but not
endothelial lineage, by PDGF-B-aFBs
(A) Average percent α-SMA+-BM-MSCs per HPF in the presence of FB-LacZ/Ad5 versus
FB/PDGF-B/Ad5 in 3D assay. Mesenchymal differentiation was increased in the presence of
FB-PDGF-B/Ad5 versus FB-LacZ/Ad5. (B) Representative sections at 40X magnification of
α-SMA+-BM-MSCs co-cultured with FB-LacZ/ Ad5 (upper) and FB-PDGF-B/Ad5 (lower).
(C) Average percent CD31+-BM-MSCs per HPF in the presence of FB-LacZ/Ad5 versus FB-
PDGF-B/Ad5 in 3D assay. (D) Representative sections at 100X magnification of CD31+-BM-
MSCs co-cultured with FB/LacZ/Ad5 (upper) and FB-PDGF-B/Ad5 (lower). Endothelial
differentiation of BMDPC was diminished in the presence of FB-PDGF-B/Ad5 versus FB-
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LacZ/Ad5 [BM in A–D from GFP+ mice]. (E) Inhibition of endothelial differentiation of Tie2-
LacZ+-BM-MSCs when co-cultured with PDGF-B-aFBs. Average percent of endothelial
lineage cells (β-gal+ cells) within 3D model. Endothelial lineage differentiation is diminished
in FB-PDGF-B/Ad5 versus FB only [untransduced FBs used as control]. (F) Representative
sections of Tie2+-BM-MSCs co-cultured with FB (upper) versus FB-PDGF-B/Ad5 (lower) in
40X magnification. All experiments were performed in duplicate and repeated three times,
independently. Means ± SD were analyzed by ANOVA or student t-test.
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Figure 4. PDGF-B induces fibroblasts to produce CXCL5 and bFGF
Protein array analyses were conduced by testing the cell culture supernatants of FB-PDGF-B/
Ad5 versus FB-LacZ/Ad5 using a protein array set of RayBio® Human Angiogenesis Antibody
Array I kit. CXCL5 (ENA-78) and bFGF were elevated 8-fold and 5-fold in the PDGF-B-aFB
group, respectively, compared to the control fibroblast group. Expression of IFN-γ, RANTES
and thrombopoietin (ThBo) was slightly decreased. Experiments were repeated three times,
independently. Means ± SD were analyzed by ANOVA or student t-test.
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Figure 5. Effect of PDGF-B-aFbs is mediated by CXCL5 and bFGF
(A) Inhibition of BM-MSC invasion/migration by blocking antibodies against PDGF-B,
CXCL5 and bFGF. Effects of blocking antibodies against PDGF-B, CXCL5 or bFGF on BM-
MSC migration/invasion in 3D gel. Average percent of GFP+-BM-MSCs per HPF in the
presence of FB-LacZ/Ad5 versus FB-PDGF-B/Ad5. Invasion/migration of BM-MSCs into
collagen gels was significantly suppressed (**P<0.05). When recombinant PDGF-B or
blocking antibodies were used in the collagen, they were added to the medium at the same
concentration. Concentration of blocking antibody was within its neutralization dose (ND50),
as titrated by the manufacturer, R&D Systems. All experiments were performed in duplicate
and repeated three times, independently. Means ± SD were analyzed by ANOVA or student
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t-test. (B) Representative sections under 20X magnification were shown (order from left to
right is the same as the bar graph). (C) Effect of exogenous CXCL5 and/or bFGF on BM-MSC
invasion/migration into 3D gels. Invaded cell number of GFP+-BM-MSCs per HPF in the 3D
gels in which FBs were not activated by PDGF-B was shown. CXCL5 and/or bFGF
significantly promoted invasion/migration of BM-MSCs into 3D collagen gels compared with
non-stimulated (−) group. Data were normalized by comparison with hrPDGF-B groups which
were set as “100”. All experiments were performed in duplicate and repeated three times,
independently. Means ± SD were analyzed by ANOVA or student t-test.
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Figure 6. Mesenchymal differentiation of BM-MSCs was partially inhibited by anti-PDGF-B, -
CXCL5 or -bFGF neutralization antibodies
(A) The effects of blocking antibodies against PDGF-B, CXCL5 or bFGF on myofibroblast
differentiation of BM-MSCs in 3D gel. Average percentage of α-SMA+-BM-MSCs per HPF
in 3D assays with FB-LacZ/Ad5 versus FB-PDGF-B/Ad5, respectively, under treatment with
neutralization antibodies against PDGF-B, CXCL5 or bFGF. See Fig 3A for the control. A
partial, but significant inhibition of differentiation was observed. Concentration of blocking
antibody was within its neutralization dose (ND50), as titrated by the manufacturer, R&D
Systems. All experiments were performed in duplicate and repeated three times, independently.
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Means ± SD were analyzed by ANOVA or student t-test. (B) Representative sections under
20X magnification were shown (see Fig 3B for the control).
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