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ABSTRACT

Upon secretion, transforming growth factor p (TGFp) is
maintained in a sequestered state in extracellular matrix
as a latent form. The latent TGFp is considered as a mo-
lecular sensor that releases active TGFf in response to the
perturbations of the extracellular matrix at the situations
of mechanical stress, wound repair, tissue injury, and
inflammation. The biological implication of the temporal
discontinuity of TGFf storage in the matrix and its activa-
tion is obscure. Here, using several animal models in
which latent TGFf is activated in vascular matrix in
response to injury of arteries, we show that active TGFp
controls the mobilization and recruitment of mesenchymal
stem cells (MSCs) to participate in tissue repair and
remodeling. MSCs were mobilized into the peripheral
blood in response to vascular injury and recruited to the
injured sites where they gave rise to both endothelial cells
for re-endothelialization and myofibroblastic cells to form
thick neointima. TGFps were activated in the vascular

matrix in both rat and mouse models of mechanical injury
of arteries. Importantly, the active TGFf released from
the injured vessels is essential to induce the migration of
MSCs, and cascade expression of monocyte chemotactic
protein-1 stimulated by TGFp amplifies the signal for
migration. Moreover, sustained high levels of active TGFp
were observed in peripheral blood, and at the same
time points following injury, Scal*CD29*CD11b~CD45~
MSCs, in which 91% are nestin* cells, were mobilized to
peripheral blood and recruited to the remodeling arteries.
Intravenously injection of recombinant active TGFp1 in
uninjured mice rapidly mobilized MSCs into circulation.
Furthermore, inhibitor of TGFp type I receptor blocked
the mobilization and recruitment of MSCs to the injured
arteries. Thus, TGFp is an injury-activated messenger
essential for the mobilization and recruitment of MSCs to
participate in tissue repair/remodeling. STEM CELLS 2012,
30:2498-2511
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INTRODUCTION

Adult stem/progenitor cells including mesenchymal stem cells
(MSCs), hematopoietic stem cells (HSCs), and endothelial
progenitor cells (EPCs) not only have the ability to differenti-
ate into many cell types but also can be recruited to the sites
of injury where they either repair the injured tissue or contrib-
ute to tissue remodeling [1-5]. In particular, the circulating
MSCs in peripheral blood are increased under many circum-
stances, such as myocardial infarction, chronic ischemic car-
diomyopathy, pulmonary fibrosis, hypoxic stress, tissue injury,

and these cells can be integrated into the repairing/remodeling
tissues [6-13]. It is believed that promigratory factor(s)
released from injured tissue or surrounding inflammatory cells
create a gradient locally to mediate the migration of stem
cells from peripheral blood or surrounding tissue to the injury
sites [14—17]. These migratory factor(s) may also diffuse into
circulation. The high blood concentration of the factor(s) out-
side of the stem cell niche may lead to the mobilization of
the cells from their original niche into peripheral blood. Many
growth factors and cytokines have been found to regulate the
mobilization of HSCs and EPCs. These factors include col-
ony-stimulating factors, stromal cell-derived factor-1 (SDF-1),
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vascular endothelial growth factor, erythropoietin, angiopoie-
tin-2, fibroblast growth factor, stem cell factor, and interleukin
8 [14, 15]. However, the primary endogenous factor(s) acti-
vated or released from vascular cells, vascular matrix, or
surrounding inflammatory cells in response to injury to stimu-
late the mobilization of MSCs are largely unknown.

Transforming growth factor i (TGFf), consists of three
isoforms: TGFfi1, 2, and 3, regulates a broad spectrum of bio-
logical processes. Excessive TGFf activation is a major
contributor to a variety of diseases including cancer, autoim-
mune diseases, vascular diseases, and progressive fibrosis in
multiple organs. TGFfis are synthesized as latent form in a
complex that is maintained in a sequestered state in extracel-
Iular matrix (ECM) [18, 19], thereby preventing the release of
free TGFp for its action, a process called latent TGFf activa-
tion. Thus, the extracellular TGFf activity is primarily regu-
lated by the conversion of latent TGFf to active TGFf, and
latent TGFf is considered as a molecular sensor that responds
to specific signals by releasing active TGFf. These signals
are often perturbations of the ECM that are associated with
phenomena such as angiogenesis, wound repair, inflammation,
and cell growth [20]. We previously demonstrated that active
TGFp1 released from bone matrix induces MSCs migration
for bone remodeling [21]. The fact that TGFf activation
occurs during tissue injury or under other stressful conditions
[22-26] suggests that active TGFf may act as a promigratory
factor for MSCs to participate tissue repair/remodeling.

In vasculature, it is known that increase in shear stress
and injury of the arteries induce activation of TGFf [25, 27,
28]. TGFfs are important modulators of vascular remodeling
in diseases such as atherosclerosis, restenosis, and hyperten-
sion. Importantly, TGFf levels elevate during progressive
neointimal thickening following arterial injury [29, 30]. Thus,
arterial injury in animals provides a good model to examine
the function of active TGFp released from ECM during tissue
remodeling. Accumulated evidence suggests that blood circu-
lation/bone marrow-derived [31-37] or vascular wall-resident
stem/progenitor cells [38—43] can be recruited to the injured
sites where they may play an essential role in the develop-
ment of intimal hyperplasia. In this study, using a rat model
of balloon-induced injury of carotid artery [44] and a mouse
model of wire-induced injury of femoral artery [45], we dem-
onstrate that MSCs mobilized into peripheral blood and
migrated to the injured sites to participate in vascular repair
and remodeling. We found that active TGFf is essential for
both the mobilization of the stem cells into circulating blood
and subsequent recruitment of these cells to the remodeling
sites. These observations shed new light on the mechanisms
by which TGFp participates in both tissue repair/regeneration
in the maintenance of tissue homeostasis and tissue remodel-
ing in disease conditions.

MATERIALS AND METHODS

Animals

Sprague—Dawley rats and wild-type C57BL/6] mice were
purchased from Charles River (Wilmington, MA, http://
www.criver.com). Nestin-cre and C57BL/6J-Gtrosa26 tm1EYFP
mice were purchased from Jackson Lab (West Grove, PA, http://
www.jacksonimmuno.com). All animals were maintained in the
animal facility of the Johns Hopkins University School of Medi-
cine. The experimental protocol was reviewed and approved by
the Institutional Animal Care and Use Committee of the Johns
Hopkins University, Baltimore, MD.
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In Vitro Assays for MSCs Migration

To prepare vascular conditioned medium (CM), male
Sprague—Dawley rats (250-300 g) were perfused with the 200
ml 0.9% saline, and their ascending thoracic aortae were
isolated from the peri-adventitial tissue under a dissection
microscope. The isolated aortae were cut into three pieces
with equal length and were flushed with sterilized phosphate-
buffered saline (PBS). Endothelium injury was achieved by
rubbing the luminal surface three times with a cotton-tipped
applicator as described previously [46]. Each segment of
injured aorta and the uninjured control were cultured in
24-well tissue culture plates with 600 ul serum-free Dulbec-
co’s modified Eagle’s medium (DMEM) at 37°C. After
2 days, the conditioned media were collected and stored at
—80°C. In some experiments, neutralizing antibodies against
TGFp1, TGFp2, TGFp3, SDF-1 or monocyte chemotactic
protein-1 (MCP-1) at 500 ng/ml or TGFf type I receptor
(TSRI) inhibitor (SB-505124, 2 uM) were individually added
to the CM. Cell migration was assessed in 96-well Transwells
(Corning, Inc., Acton, MA, http://www.corning.com/lifesciences)
as described previously [21]. The 8 yum pore membrane between
the upper and lower chambers was precoated with 0.5 pg/ml type
I collagen (BD Biosciences, San Diego, CA, http://www.bdbio-
sciences.com). 1 x 10* MSCs in 50 ul serum-free DMEM were
plated in the upper chambers, and 150 ul undiluted conditioned
media from the cultured aortae was added to the lower chambers.
After 10 hours of incubation, cells were fixed with 10% formalde-
hyde for 4 hours, and then the MSCs that remained on the upper
chamber membrane were removed with cotton swabs. The cells
that had migrated through the pores to the bottom surface of the
membrane were stained with hematoxylin (Sigma-Aldrich, St.
Louis, MO, http://www.sigmaaldrich.com). Five fields at x20
magnification were selected. Micrographic images were obtained
and the cell number on each image was counted. Experiments
were performed in triplicate.

Rat Model of Balloon-Induced Injury of
Common Carotid Artery

Balloon-induced injury of common carotid artery was con-
ducted as described previously [44]. Briefly, rats were anesthe-
tized by i.p. injection of ketamine (80 mg/kg) and xylazine (5
mg/kg), and the right carotid artery was isolated by a middle
cervical incision. The distal right common carotid artery and
region of the bifurcation were exposed. A 2F Fogarty balloon
catheter (Baxter V. Mueller, Niles, IL, http://www.manta.com/
c¢/mtwbdnp/baxter-v-mueller) was introduced through the
external carotid artery and advanced into the thoracic aorta.
The balloon was inflated with saline to distend the common
carotid artery and was then pulled back to the external carotid
artery. After six repetitions of this procedure, the endothelium
was removed completely, and some injury to medial smooth
muscle layers throughout the common carotid artery. After
removal of the catheter, the external carotid artery was ligated
and the wound closed. The left carotid artery was not damaged
and served as a control.

Mouse Model of Wire-Induced Injury of
Femoral Artery

Transluminal mechanical injury of the femoral artery was
conducted as described previously [45]. Briefly, either the left
or right femoral artery was subjected to blunted dissection. A
straight spring wire (0.38 mm in diameter, No. C-SF-15-15,
COOK, Bloomington, IN, http://www.cookgroup.com) was
inserted toward the iliac artery to reach 5-mm distance from
the incision. The wire was left in place for 1 minute to
denude endothelium and dilate the artery. Blood flow in the
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femoral artery was restored by releasing the sutures placed in
the proximal and distal portions. To interrupt TGFf1 signal-
ing or MCP-1 signaling gradient in vivo, some mice were pre-
treated with TSRI inhibitor (SB-505124, 5 mg/kg, i.p. injec-
tion), a MCP-1-specific antagonist (RS 504393, 2 mg/kg, s.c.)
or vehicle (50% Dimethyl sulfoxide (DMSO) in 0.9% saline)
once daily, started at 3 days before the surgery and continued
until mice were sacrificed. At 3 days or 2 weeks after surgery,
mice were euthanized by i.p. administration of ketamine/xyla-
zine. Five hundred microliters of peripheral blood from each
mouse was collected by cardiac puncture, the blood or plasma
was used for following studies. The femoral artery was
excised, fixed with 4% paraformaldehyde, and embedded in
paraffin. Thin sections (5 um) were used for histological and
immunohistochemical analyses.

ELISA of TGFp1, TGFf3, and MCP-1 in
CM and Plasma

Levels of active and total TGFf1 and TGFf3 in CM of aorta
and plasma of wire-injured mice were determined using a
DuoSet ELISA Development kit (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com). Levels of MCP-1 in CM of
aorta and plasma were determined using a Mouse MCP-1
ELISA MAX (Biolegend, San Diego, CA, http://
www.biolegend.com).

Analysis of Biotinylated TGFf1-Bound Cells in
Bone Marrow

Biotinylated TGFf1 (60 ng/kg b.wt., R&D System, Minneap-
olis, MN, http://www.rndsystems.com) was injected into
mouse via tail vein. After 24 hours, bone marrow was col-
lected by flushing 1 ml mesencult® MSC medium (Stem Cell
Technologies, Vancouver, BC, Canada, http://www.stemcell.-
com) through the femurs. Cells were planted on coverslip and
cultured with mesencult® MSC medium for 2 days. Double
immunofluorescence staining of the cells attached to the slides
was conducted using streptavidin-FITC for biotinylated
TGFp1 and Texas red for antibodies against nestin, Scal,
CD29, and CD11b.

Characterization of Human MSCs

Green fluorescence protein-labeled human MSCs were pur-
chased from Texas A&M, Institute for Regenerative Medi-
cine. Cells were sorted by fluorescence activated cell sorting
(FACS) using antibodies against CD29, Sca-1, CD45, and
CD11b (Biolegend, San Diego, CA, http://www.biolegend.
com). The sorted cells were enriched, cultured, and further
confirmed by flow cytometry. For osteogenic differentiation,
cells were seeded at a density of 5 x 10° per centimeter
square with o-minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS), 0.1 uM dexa-
methasone (Sigma-Aldrich, St. Louis, MO, http://www.sig
maaldrich.com), 10 mM f-glycerol phosphate (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com), and 50 uM
ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com). Cultures in «-MEM supplemented
with 10% FBS served as a negative control. After 3 weeks of
differentiation, the mineralization capacity of the cells was
evaluated by Alizarin Red staining (2% of Alizarin Red S dis-
solved in water at pH 4.2). For adipogenic differentiation,
cells were seeded at a density of 1 x 10* per centimetre
square with «-MEM supplemented with 10% FBS, 1 uM
dexamethasone, 0.5 uM 3-isobutyl-1-methylxanthine (IBMX)
(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com), and 10 ng/ml of insulin (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) for 2 weeks. Cultures of cells
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in «-MEM supplemented with 10% FBS served as a negative
control. Lipid accumulation was identified by oil red O stain-
ing (0.5 g of oil red O [Sigma-Aldrich] dissolved in 100 ml
of isopropanol [Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com], and diluted to 60% with distilled
water). For chondrogenic differentiation, cells (1 X 10%) were
seeded in polypropylene tubes with high-glucose D-MEM
supplemented with 0.1 uM dexamethasone, 1% insulin-trans-
ferrin-sodium selenite mix (ITS) (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaaldrich.com), 50 uM ascorbate-2-phos-
phate, 1 mM sodium pyruvate (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaaldrich.com), 50 pg/ml of proline
(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com), and 20 ng/ml of TGF-f3 (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com). Culture cells in high-glu-
cose D-MEM supplemented with 10% FBS served as a nega-
tive control. After 3 weeks in culture, the pellets were fixed
in 10% buffered formalin for 2 days and embedded in paraf-
fin. Then 4-um-thick sections were processed for toluidine
blue staining (1 g of toluidine blue [Sigma-Aldrich] was dis-
solved in 100 ml of 70% alcohol and diluted to 10% with
0.9% NaCl, pH adjusted to 2.3).

Flow Cytometry Analysis

Blood samples were collected from mice by cardiac puncture.
After the process of RBC lysis with commercial ACK lysis
buffer (Quality Biological, Inc., Gaithersburg, MD, http://
www.qualitybiological.com), cells were washed with 0.1% bo-
vine serum albumin (BSA) in PBS and then counted. 1 x 10°
cells per milliliter were permeabilized in 0.1% Triton X-100
prior to blocking in 2.5% BSA for 1 hour, incubated with Alexa
Fluor 647-conjugated Nestin antibody (BD Pharmingen, San
Diego, CA, http://www.bdbiosciences.com/index) or isotype
control for 1 hour at 37°C in dark room, and then washed twice
with 0.1% BSA in PBS. Scal "CD297CDI11b CD45~ were
considered as MSC fraction [21, 47], c-Kit"Sca-1*Lin~ cells
were considered as the primitive HSC fraction [33], and VE-
cadherintCD1337CD317CDI11b~ cells were considered as the
EPC fraction [48]. For analysis of MSCs, HSCs, and EPCs in
peripheral blood, the cells were stained with the combination of
antibodies against cell surface markers. Specifically, for MSCs,
phycoerythrin (PE)-conjugated anti-Scal, PE/Cy7-conjugated
anti-CD29, PerCP-conjugated anti-CD45, and allophycocyanin
(APC)-conjugated anti-CD11b antibodies were used. For HSCs,
cells were stained with the combination of cocktail biotinylated
monoclonal antibodies against lineage markers, PE-conjugated
anti-Sca-1, PerCP-conjugated c-kit, and then stained with strep-
tavidin-allophycocyanin. For EPCs, the cells were stained with
the combination of PE-conjugated anti-vascular endothelial
(VE)-cadherin, FITC-conjugated anti-CD133, APC-conjugated
anti-CD11b, and PerCP-conjugated anti-CD31, all commer-
cially available from Bio-Legend. Probes were analyzed using
a FACSCalibur flow cytometer and CellQuest software (Becton
Dickinson, Franklin Lakes, NJ, http://www.bd.com).

Morphometric and Histological Analysis
of Neointima

To study the morphology of the arteries, vessels were per-
fused with PBS followed by 4% paraformaldehyde by cannu-
lating the left ventricle. Five um sections were stained with
hematoxylin and eosin (H&E). Morphometric analysis of neo-
intima formation after 14 days consisted of the measurement
of intimal area (I), medial area (M), and I/M ratios with a
computerized morphometric analysis system (Image Pro Plus
6.0, Olympus) by an investigator blinded to the treatment. For
each artery section, five random, noncontiguous microscopic
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fields were examined. All measurements performed on the
four sections of this aorta were averaged.

Immunohistochemical Analysis of the
Vessel Sections

For immunohistochemical analysis of active TGFf1 expres-
sion, paraffin-embedded sections (5 um) were incubated with
LC [1-30], a polyclonal antibody raised against the amino-ter-
minal 30 amino acids of the mature TGFf1 and specifically
reacts with active TGFf1 [49-51]. A horseradish peroxidase
(HRP)-streptavidin detection system (Dako, Glostrup, Den-
mark, http://www.dakocytomation.com) was used to detect the
positive staining followed by counterstaining with hematoxylin
(Dako). Double immunofluorescence staining was performed
as described previously [52]. After blocking in 0.5% horse se-
rum, sections were incubated with first antibodies (anti-o
smooth muscle actin [anti-o-SMA], anti-nestin, or anti-Scal,
Abcam, Cambridge, U.K., http://www.abcam.com) followed
by incubation with fluorescein isothiocyanate (FITC) or Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch).
Nuclei were counterstained with 4',6-diamidino-2-phenylin-
dole, dihydrochloride (DAPI) (Sigma). The sections were
mounted with the ProLong Antifade Kit (Molecular Probes,
Grand Island, NY, http://www.invitrogen.com) and observed
under a confocal microscope (FLUOVIEW FV300, Olympus).

Statistics

Statistical analysis was done using SAS software. The
unpaired two-tailed Student’s ¢ test and > test were used to
calculate p values.

RESuULTS

MSCs Are Mobilized to Peripheral Blood and
Recruited to the Remodeling Arteries in Response to
Vascular Injury

Mobilization of the stem cells/progenitor cells from bone mar-
row to peripheral blood is a prerequisite for the involvement
of the cells in tissue repair and remodeling. To assess whether
Scal "CD297CD11b~CD45~ MSCs [21, 47] can be mobilized
in response to arterial injury, we used a mouse model of
wire-induced injury of femoral artery [45], in which the arte-
rial changes following injury mimic neointimal formation in
restenosis. The numbers of Scal*CD29"CD11b~CD45 ™ cells
were significantly elevated in peripheral blood compared to
their sham control group within 3 days postinjury, and the
elevation lasted for 2 weeks (Fig. 1A). Bone marrow-derived
nestin® cells are MSC-enriched cell population [53]. A similar
increase in nestin® cells in peripheral blood was also
observed after wire injury of femoral artery (Fig. 1B). These
results showed that MSCs were mobilized into blood circula-
tion following arterial injury.

The mobilization of MSCs to peripheral blood in response
to injury indicated that they may participate in arterial remod-
eling. We then examined whether the mobilized MSCs were
recruited to the injured artery in a rat model of balloon injury
of carotid artery [44] and mouse model of wire injury of fem-
oral artery [45]. Neointimal tissue was observed at 1 week
postinjury, became much thicker at 2 weeks postinjury in rat
carotid artery (Fig. 1C—1E) and in mouse femoral artery (Sup-
porting Information Fig. S1A, S1B). Neointima hyperplasia
continued to grow up to 6 weeks postinjury until the re-endo-
thelialization is completed [44, 45]. We examined the recruit-
ment of the MSCs at 1 week and 2 weeks following injury
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during the active phase of neointima formation. Nestin™ cells
were detected in the neointima of injured carotid arteries of
rats (Fig. 1E) and injured femoral arteries of mice (Supporting
Information Fig. S1C) but were undetectable in uninjured
arteries. Of note, 90.1% = 5.8% of the cells in the single
layer of the endoluminal side of the neointimal tissue are
nestin®, whereas almost no nestin™ cells were detected in the
deeper layers of the neointima, which consisted o-smooth
muscle actin (xSMA)™ myofibroblast-like cells (Fig. 1G).

Recruited MSCs Participate in Both Endothelium
Repair and Neointima Thickening

To further dissect the contribution of the recruited cells to the
formation of neointima, we examined the cell fate(s) of the
nestin® cells by performing double immunofluorescence anal-
ysis of the artery sections. 89.6% * 9.2% and 83.1% =
10.1% of the nestin™ cells were Scal™ cells in the single
layer of the intraluminal side of the neointimal tissue at 1
week and 2 weeks, respectively, following injury (Fig. 2A,
2B), indicating that most of the newly recruited cells are
MSCs. The exclusive localization of nestin® cells at the single
layer of the intraluminal side indicates that the cells may par-
ticipate in re-endothelialization of the injured vessels.
Approximately 19.0% =+ 3.4% of nestin™ cells expressed
CD31 at 2 weeks following injury (Fig. 2C, 2D), indicating
that some nestin™ cells were transformed into endothelial cells
for endothelium repair. To examine whether the recruited
nestin® cells are also capable of differentiation into myofibro-
blasts that contribute to thick neointima formation, we took
advantage of a novel genetic mouse model by crossing mice
carrying a nestin promoter/enhancer-driven cre-recombinase
(Nestin-cre) with C57BL/6J-Gtrosa26 tmlEYFP (R26-stop-
EYFP) mice in which both nestin™ cells and their descendants
at the neointimal tissue can be marked (Supporting Informa-
tion Fig. S2). Approximately 57.0% and 44.6% of cells in all
layers of neointimal tissue were EYFP" cells at 1 week and 2
weeks, respectively, postinjury, and almost none of the media
smooth muscle cells were EYFP' (Fig. 2D, 2E). Consistent
with Figure 1, only the cells at the layer of endoluminal side
still maintained nestin expression, and the nestin™ cell-derived
myofibroblastic cells in deeper layers lost the nestin marker.
Collectively, these results suggested that the MSCs were
mobilized into the peripheral blood in response to vascular
injury and recruited to the injured sites where they give rise
to both endothelial cells for re-endothelialization and myofi-
broblastic cells to form thick neointima.

Active TGFp1 Is Released from Injured
Arteries to Recruit MSCs to the Injured Sites

We have shown that the active TGFf1 induces MSCs’ migration
during bone remodeling [21]. We therefore investigated whether
TGFf1 also plays a role in recruiting MSCs in response to arte-
rial injury. We measured the levels of active TGFf1 in injured
arteries. Immunohistostaining analysis showed that active
TGFf}1 expression increased in intimal and medial layers of the
injured arteries at 3 days, 1 week, and 2 weeks postinjury in both
rats (Supporting Information Fig. S3A) and mice (Supporting In-
formation Fig. S3B). In contrast, active TGFf$1 was undetectable
in uninjured arteries. Active TGFf1 levels in injury arteries
detected by ELISA were elevated at 8-hour postinjury, reached
peak at 3-14 days (Fig. 3A). The ratios of active to total TGFf1
levels were in a similar pattern (Fig. 3B), indicating that the acti-
vation of TGFf1 from latent form to free form was induced by
the injury of vascular matrix.

Increased active TGFf1 level in the injured arteries indi-
cates that TGFf/1 may stimulate the migration of MSCs to the
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Figure 1. Mesenchymal stem cells were mobilized to peripheral blood and recruited to the remodeling arteries in response to vascular injury. (A,
B): Percentages of Scal "CD29"CD11b CD45 ™ cells or nestin™ cells, respectively, in peripheral blood at 1-day (1D), 3 days (3D), and 2 weeks
(2W) after femoral arterial injury or sham surgery in mice. Results are the mean = SD, n = 4 mice per group per time point. *, p < .05 versus
respective Sham groups. (C): Calculation of the I/M ratio of rat carotid artery from uninjured artery (Control), and 1 week (I1W) or 2 weeks (2W)
after balloon injury. Results are the mean = SD, n = 4 mice per group per time point. *, p < .001 versus uninjured control group. (D, E): Repre-
sentative H&E and immunofluorescence images of tissue sections of rat carotid artery from uninjured artery (Control), and 1 week (1W), or 2
weeks (2W) after balloon injury. Left column of (D): H&E staining; right columns of (D): Triple-immunofluorescence staining for nestin (green),
o-SMA (red), and DAPI (blue) in carotid artery of uninjured control, 1 week, or 2 weeks postinjury. Scale bars = 100 um. Left column of (E):
H&E staining; right columns of (D): Triple-immunofluorescence staining for nestin (green), «-SMA (red), and DAPI (blue) in carotid artery of
uninjured control, 1 week, or 2 weeks postinjury. Scale bars = 50 um. Abbreviations: A, adventitia layer; I, intima layer; I/M ratio, ratio of intima/
media areas; M, media smooth muscle layer; o SMA, o smooth muscle actin. DAPI, 4',6-diamidino-2-phenylindole, dihydrochloride.

injured arterial sites. We developed an Aorta-CM-based cell of a transwell chamber (Fig. 3C). Aorta-CM prepared from ex
migration assay, in which MSCs were placed in the upper vivo injured aorta significantly enhanced cell migration (Fig.
chamber and the Aorta-CM was placed in the lower chamber 3D, 3E) compared to CM prepared from uninjured aorta.
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Figure 2. The differentiation fates of the recruited cells in neointimal tissue. (A): Colocalization of nestin and Scal in the recruited cells. Tri-
ple-immunofluorescence staining for nestin (green), Scal (red), and DAPI (blue) in balloon injured rat carotid artery 1 week (IW) or 2 weeks
(2W) postinjury. Scale bars = 50 um. (B): Calculation of the percentages of Scal™ cells out of nestin® cells in the layer near to luminal side.
Results are the mean *= SD, n = 4 mice per group per time point. (C): Colocalization of nestin and CD31 in the recruited cells. Triple-immuno-
fluorescence staining for nestin (green), CD31 (red), and DAPI (blue) in balloon injured rat carotid artery 2W postinjury (Injury 2W-1 & Injury
2W-2 indicate two different artery samples). Scale bars = 50 um. (D): Calculation of the percentages of CD317 cells out of nestin™ cells in the
layer near to luminal side. Results are the mean = SD, n = 4 mice per group per time point. (E): Localization of EYFP™ and nestin™ cells in
neointimal tissue. Triple-immunofluorescence staining for EYFP (green), nestin (red), and DAPI (blue) in wire-injured femoral arteries 1 week
(1W) or 2 weeks (2W) postinjury in Nestin-cre and R26-stop-EYFP mice. Scale bars = 50 um. (F): Calculation of the percentages of EYFP
cells out of total neointimal cells. Results are the mean = SD, n = 4 mice per group per time point. Abbreviations: A, adventitia layer; I, intima
layer; M, media smooth muscle layer. DAPI, 4',6-diamidino-2-phenylindole, dihydrochloride.
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Figure 3. Active TGFf1 is released from injured arteries to recruit MSCs to the injured sites. (A, B): ELISA analysis of active TGFf1 levels and
ratios of active/total TGF[}1, respectively, in wire-injured mouse femoral arteries at 8 hours, 3 days, 1 week, and 3 weeks postinjury (I). O-hour sam-
ple was uninjured control (U). Results are the mean + SD, n = 5 mice per group, *, p < .05; *, p < .01, versus uninjured control. (C-G): Active
TGFp released from injured vessels is a primary factor to stimulate migration of MSCs. (C): Diagrams show the preparation of Aorta-CM. Ascend-
ing thoracic aortae isolated from rats were either injured by rubbing the luminal surface three times with a cotton-tipped applicator or left uninjured.
The aortae were cultured in serum-free DMEM for 48 hours, and culture media were collected as injured Aorta-CM or uninjured Aorta-CM. (D):
Transwell assay for migration of MSCs using DMEM, uninjured Aorta-CM, or injured Aorta-CM collected from (C). (E): Numbers of migrated cells
in (D) were counted per FV (magnification x20). Results are mean = SD, n = 4 preparation per group, *, p < .001 versus uninjured aorta-CM.
(F): Transwell assay for MSCs migration using injured Aorta-CM with addition of neutralizing antibodies (Ab) as indicated. Numbers of migrated
cells were counted per FV (magnification x20). Results are mean = SD, n = 4 per group, *, p < .01 versus IgG control. (G): Active TGFf1 and
f3 levels measured by ELISA in CM prepared in (D). Results mean = SD, n = 4 per group, *, p < .01 versus uninjured aorta-CM. Abbreviations:
Aorta-CM, aorta-conditioned medium; DMEM, Dulbecco’s Modification of Eagle’s Medium; FV, field of view; MSC, mesenchymal stem cell;
TGEFf1, transforming growth factor f1.

When neutralizing antibodies against TGFf1 or TGFf3 were TGFp3 were detected in the Aorta-CM from injured vessels
added to the Aorta-CM, the migration of MSCs was inhibited, (Fig. 3G). These results suggested that TGFf is a primary fac-
whereas the TGFf2 neutralizing antibody had minimal inhibi- tor released by injured arteries to stimulate MSCs migration.
tion (Fig. 3F). Consistently, high levels of active TGFf1 and We also examined the downstream signaling that mediate the
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Figure 4. Active TGFf1 is sufficient to mobilize mesenchymal stem cells into peripheral blood. (A): Active TGFf1 levels in peripheral blood
of mouse 1-day, 3 days, 1 week, and 2 weeks postfemoral artery injury. Sham controls were mouse without injury. Results are the mean = SD,
n =5 mice per group, *, p < .01 versus respective Sham controls. (B—E): Mobilization of stem cells into peripheral blood by thTGFf1 transfu-
sion in uninjured mice. Flow cytometry measured percentages of nestin™ cells (B), Scal"CD29"CD11b"CD45™ cells (C), Scalc-kit*lin™ cells
(D), or CD133"VE-cadherin™ CD314™CD11b~ (E) in peripheral blood at 1-day after i.v. injection of thTGEf1 or vehicle. Results are the mean
+ SD, n = 4 mice per group, *, p < .01 versus respective Veh groups. Abbreviations: thTGFf1, recombinant human TGFf1; TGFf1, transform-

ing growth factor f1.

effect of TGFf. The roles of canonical and noncanonical
TGFf signaling pathways in mediating MSCs migration
stimulated by injured Aorta-CM were detected. Addition of
SB505124 (TRI/Smads inhibitor) or SP600125 (c-Jun N-ter-
minal kinases [JNK] inhibitor) in the injured Aorta-CM sig-
nificantly suppressed the migration of MSCs, whereas U0126
(extracellular signal-regulated kinases [ERK] inhibitor),
SB202190 (p38 inhibitor), or Y27632 (RhoA inhibitor) had
marginal effect (Supporting Information Fig. S4). These
results suggest that both Smads and JNK signaling contribute
to the recruitment of MSCs to the injured arteries.

Active TGF 1 Mobilizes MSCs into Peripheral
Blood

Inflammatory cells and platelets in circulating blood produce
TGEFp after tissue injury [25, 54], and active TGFf released
from the injured arteries may also diffuse into the blood cir-
culation. Indeed, active TGFf1 levels in blood was elevated
at 3 days and reached eightfold at 1 week and 10-fold at 2
weeks postinjury (Fig. 4A). To investigate whether active

www.StemCells.com

TGFp1 is sufficient to mobilize stem cells, recombinant active
TGFf1 (thTGFf1) was injected i.v. to uninjured mice. The
numbers of both nestin® and Scal CD29"CDI11b CD45~
cells in peripheral blood were increased 2.5-5-fold at 1-day
post-thTGFf}1 treatment relative to that of the vehicle-treated
group (Fig. 4B, 4C). In contrast, the numbers of HSCs and
EPCs in peripheral blood remained unchanged post-rhTGFf1
injection (Fig. 4D, 4E). To examine the origin(s) of the mobi-
lized MSCs, biotinylated thTGFf1 was injected i.v. and its
binding to MSCs at different tissue was analyzed by meas-
uring streptavidin-FITC-bound cells. Biotinylated rhTGFf1
bounds to bone marrow nestin”Scal TCD29YCDI11b~ cells
(Fig. 5A, 5B). No specific biotinylated TGFf1-bound cells
were found in liver and lung tissue. We detected a few positive
cells in adipose tissue and adventitia tissue of femoral arteries,
but these cells were nestin™ (Supporting Information Fig. S5).
The results suggest that the biotinylated TGFf1 mainly binds
to nestin® MSCs in bone marrow. Importantly, we found 91%
and 89% of the sorted Scal*CD29"CD11b~CD45~ cells from
bone marrow and peripheral blood, respectively, following
rhTGFf injection were nestin” (Fig. 5C, 5D), indicating that
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Figure 5. Transforming growth factor i (TGFf})-mobilized cells are a subset of MSC lineage. (A, B): TGFf1-bound cells in flushed mouse
BM at 24 hours after the injection of biotinylated-TGFf1 into blood. The femur was flushed with MSCs growth medium. Flushed attached cells
were double immunofluorescence stained with streptavidin-FITC for biotinylated TGFf1 and with Texas red for the indicated antibodies. Repre-
sentative confocal micrographic images are shown in (A). Quantification of different cell types (in %) in total TGFfS1-bound cells is shown in
(B). Results are mean = SD calculated from three preparations of each mouse, n = 3 mice per group. (C): Sca-17CD29"CD45 CD11b ™~ cells
were sorted from murine BM cells by flow cytometry sorting, and the sorted cells were analyzed by FACS analysis using specific nestin antibody.
(D): Calculation of the percentages of nestin® cells out of Sca-1"CD297CD45 CD11b ™ cells in the BM and PB. Results are the mean = SD, n
= 4 mice per group per time point. (E-=J): Nestin™ cells were cultured in single-cell suspensions to detect single colony forming. Individual colo-
nies were selected and expanded by passaging. Each clonal strain derived from a single CFU-F underwent osteogenic (E, Alizarin red stain), adi-
pogenic (F,Oil-red stain), and chondrogenic (G, Toluidine blue stain) induction by incubation with different culture media. Scale bars = 100 um.
(H, I): Nestin™ cells were incubated with (bottom panels) or without (upper panels) smooth muscle differentiation medium and endothelium dif-
ferentiation medium, respectively, and the cells were immunostained with anti-«SMA (H, smooth muscle marker) and anti-CD31 antibody (I, en-
dothelial cell marker). (J): Decreased expression of nestin in cells incubated with (bottom panels) or without (upper panels) smooth muscle
differentiation medium. Abbreviations: BM, bone marrow; FITC, fluorescein isothiocyanate; FACS, fluorescence activated cell sorting; MSC,
mesenchymal stem cells; CFU-F, colony forming units-fibroblast; BM, bone marrow; PB, peripheral blood; «SMA, o smooth muscle actin.
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the nestin™ cells in peripheral blood are MSCs and are mobi-
lized primarily from bone marrow. These cells have multiline-
age differentiation capacity since they were capable of osteo-
genesis (Fig. 5E), adipogenesis (Fig. 5F), and chondrogenesis
(Fig. 5G). Furthermore, nestin® cells can differentiate into
smooth muscle- or myofibroblast-like cells (Fig. SH) and endo-
thelial cells (Fig. 5I), and the nestin expression decreased after
the differentiation (Fig. 5J). Collectively, these results suggest
that active TGFp1 is sufficient to mobilize MSCs from bone
marrow to the peripheral blood.

TGF B Activation Is Essential for the Recruitment
of MSCs to the Remodeling Arteries in Response
to Injury

To further validate the role of TGFf in MSCs mobilization,
TSRI inhibitor SB-505124 (SB) was injected i.v. of mice with
injury of femoral arteries. Blocking of TRI almost abolished
the increase in nestin® cells in peripheral blood at 3-day and
2 weeks postarterial injury (Fig. 6A, 6B). In addition, neoin-
tima was barely formed in injured arteries of SB-treated mice
compared to vehicle-treated mice (Fig. 6C, 6D, left columns
and Fig. 6E). Unlike the single layer of nestin® cells on the
endoluminal side of neointima in the vehicle-treated mice,
nestin® cells were undetectable on the vessel wall of the SB-
treated mice (Fig. 6C, 6D, right columns and Fig. 6F). These
results indicate that TGFp is required for the recruitment of
MSCs during vascular remodeling.

MCP-1 Mediates TGFp-Induced Migration and
Homing of MSCs to the Injured Arteries Without
Affecting the Mobilization of the Cells from Bone
Marrow to Circulating Blood

MCP1 [55] and Chemokine (C-X-C motif) ligand 12
(CXCL12)/SDF1a [56-59] have been reported to be involved
in the recruitment of stem/progenitor cells to the vasculature.
We showed that neutralization antibody against MCPI1, but
not SDF1a, inhibited injured Aorta-CM-induced migration of
MSCs in the transwell assays (Fig. 7A). Consistently, signifi-
cantly increased MCP1 production was detected in both
injured Aorta-CM (Fig. 7B) and the injured mouse femoral
arteries (mainly the smooth muscle cells and neointimal cells)
at 3 days to 2 weeks following injury (Fig. 7C). TGFf has
been shown to stimulate MCP1 expression in the vascular
smooth muscle cells [55]. We found that MCP1 production
by the injured aorta was inhibited by selective TSRI kinase
inhibitor SB505124 or neutralizing antibodies against TGFf1
or TGFp3 (Fig. 7B), indicating that TGFffs were primary fac-
tors that regulate MCP1 expression via a TSRI-mediated path-
way. To further elucidate the role of MCP1 in MSCs mobili-
zation and recruitment during arterial remodeling, RS 504393
(RS), a selective MCP-1 receptor antagonist, was adminis-
tered in mice with femoral artery injury. RS administration
significantly inhibited neointima formation (Fig. 7D, left col-
umn and Fig. 7E) and the recruitment of the nestin™ cells to
neointima (Fig. 7D, right columns and Fig. 7F). Even though
majority of the nestin® cells in peripheral blood expressed C-
C chemokine receptor type 2 (CCR2), receptor of MCP1, the
percentage of CCR2" cells from sham control mice and
injured mice are not significantly different (Fig. 7G). Further-
more, the number of nestint MSCs in peripheral blood of the
injured mice was not reduced with the treatment of MCP1
inhibitor (Fig. 7H, 7I). These results suggest that MCP1/
CCR2, a downstream target of TGFf in injured arteries, func-
tions as a local chemoattractant responsible for the migration
and homing of MSCs to the injured vessels.

www.StemCells.com
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Upon secretion, TGFfs are deposited in the matrices in various
tissues as a latent form in a complex with its precursor mole-
cule, latency-associated peptide (LAP) [18, 19]. The associa-
tion of the mature domain with LAP prevents active TGFf
from binding to its receptor and subsequent action. Latent
TGEFp is considered as a molecular sensor that releases active
TGEFfs in response to the perturbations of the ECM by various
mechanisms at the situations of mechanical stress, wound
repair, tissue injury, and inflammation [20, 60-62]. Our results
show that TGFf1 is activated in vascular tissue in response to
injury, and active TGFf}1 stimulates the migration and homing
of MSC:s to the injured sites for vascular repair and remodeling.
The specific inhibitor of TSRI blocked the recruitment of the
cells to form neointima at the remodeling sites. Previously, we
have shown that TGFf activated from bone matrix during
osteoclastic bone resorption induces migration of MSCs for
normal bone remodeling [21]. Thus, TGFf may act as an
injury/stress-activated messenger to recruit MSCs for tissue
repair, regeneration, and pathological remodeling in various
organs. Excessive TGFf activation is a major contributor to
progressive fibrosis in many organs including lung, liver, kid-
ney, heart, skin, and arteries [63, 64]. Sustained active TGFf
released locally due to chronic repetitive tissue injury may
cause aberrant excessive recruitment of stem/progenitor cells,
leading to excessive accumulation of myofibroblasts and pro-
gressive fibrosis. In Camurati-Engelmann disease and Marfan
Syndrome, two hereditary disorders with mutations either in
the LAP or in extracellular protein fibrillin-1, abnormal release
of active TGFf leads to fibrotic bone formation [21, 65, 66]
and skin fibrosis [67, 68], respectively. Thus, tempo-spatial
regulation of TGFf activation is essential in the maintenance
of tissue homeostasis and the regeneration of the damaged tis-
sue by the recruitment of stem/progenitor cells, whereas sus-
tained abnormal activation of TGFf may lead to fibrosis devel-
opment due to excessive recruitment of stem/progenitor cells
and their subsequent differentiation.

Our results suggest that high levels of active TGFf1 in pe-
ripheral blood primarily account for the mobilization of MSCs
from bone marrow to peripheral blood. Thus, we consider that
TGEf acts as both a systemic factor to induce the mobilization
of MSCs and a local factor to increase the production of MCP1
to induce the migration and homing of MSCs to the injured
tissue (Supporting Information Fig. S6). One of the sources of
active TGFf in blood may be the injured vascular matrix. It is
known that the ECM serves to concentrate latent TGFf at the
sites of intended function to influence the bioavailability and/or
function of TGFf activators [18-20]. Indeed, in the injured ves-
sels, we observed rapid and sustained elevation of active
TGFf1, which may diffuse into the blood circulation. Platelets
and inflammatory cells are major players in the initial throm-
boinflammatory response following arterial injury [69]. These
cells within circulating blood or adhere to the injured tissue
release large amount of active TGFf1 into blood circulation
[25, 54] and may also contribute to the high active TGFf1 level
in peripheral blood after vascular injury. Our data indicate that
bone marrow is a primary origin of MSCs mobilized by TGFf1,
but we could not exclude the possibility of the mobilization of
MSCs from other niches even though we did not observe biotin-
ylated TGFf-bound MSCs in several other tissues. MSCs seems
a major cell type in bone marrow that is mobilized by TGFf1 as
we did not observe significant number increase for HSCs and
EPCs in peripheral blood. However, in the genetic mouse model
in which nestin® cells and their descendents were permanently
marked, approximately 44.6% of the neointimal cells were
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Figure 6. TGFf was requ1red for the mobilization and recruitment of MSCs to the remodeling arteries in response to injury. (A, B): Injection
of TSRI blocker SB-505124 (SB, 5 mg/kg-b.wt., i.p. daily) blocked mobilization of MSCs following arterial injury. Flow cytometrical quantita-
tion of the numbers of nestin™ cells (% of total cell counted) in blood at (A) 3 days or (B) 2 weeks after femoral arterial injury or sham surgery
in either SB- or vehicle (Veh)-treated mice. Results are mean * SD, n = 3 mice per group per time point, *, p < .001 versus respective Veh+
injury groups. (C, D): TSRI blocker inhibited neointima formation after wire injury of femoral artery in mice. Left column of (C): H&E staining;
Right columns of (C): Triple-immunofluorescence staining for nestin (green), «-SMA (red), and DAPI (blue) in femoral artery of uninjured con-
trol, 2 weeks postinjury, and Injury+SB mice. Scale bars = 100 um. Left column of (D): H&E staining; right columns of (D): Triple-immunoflu-
orescence staining for nestin (green), o-SMA (red), and DAPI (blue) in femoral artery of uninjured control, 2 weeks postinjury, and Injury+SB
mice. Scale bars = 50 um. (E): Calculation of I/M ratio of uninjured (Sham) or injured femoral arteries of mice treated with SB or Veh at 2
weeks postm]ury Results are mean * SD, n = 4 mice per group, *, p < .001 versus Veh+Injury group. (F): Quantification of the percentage of
nestin® cells out of the total cells in the layer close to luminal side of the vessels. Results mean + SD, n = 5 mice per group, *, p < .001 versus
Veh+ Injury group. Abbreviations: A, adventitia layer; I/M ratio, ratios of intima/media area; I, intima layer; M, media smooth muscle layer;
oSMA, o smooth muscle actin. DAPI, 4’,6-diamidino-2-phenylindole, dihydrochloride.
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Figure 7. MCP-1-mediated TGFf-induced migration and homing of MSCs to the injured arteries without affecting the mobilization of the cells
into circulating blood. (A): Neutralizing MCP-1 inhibited TGFf-induced MSCs migration. Transwell assay for migration of MSCs using injured
Aorta-CM with addition of neutralizing antibodies (Ab) against SDF1o. or MCP-1. CM added with IgG-treated cells served as control. Results are
mean = SD, n = 4, * p < .01 versus uninjured Aorta-CM control. (B): MCP-1 levels in Aorta-CM measured by ELISA. CM was prepared by
incubating the injured aorta in the culture media with addition of control IgG, anti-TGFf1, or anti-TGFf3 neutralizing antibodies or TSRI inhibi-
tor SB505124 (SB), or vehicle for 48 hours. Results are the mean = SD, n = 4, *, p < .01 versus IgG or vehicle controls. (C): Increased MCP1
expression in balloon-injured carotid arteries in rats. Immunohistochemical staining of MCP1 (brown) in rat carotid arteries at 3 days, 1 week,
and 3 weeks postinjury. O-hour sample was uninjured control. Scale bars = 50 um. (D, E): Selective MCP-1 antagonist RS504393 (RS) inhibited
neointima formation in injured femoral arteries in mice. Left column in (D): H&E staining of injured or uninjured (Sham) femoral arteries of
mice treated with RS or vehicle 2 weeks postinjury. RS (2 mg/kg-b.wt.) or vehicle was injected subcutaneously once a day, starting 3 days before
vascular injury and continued for 2 weeks when arteries were harvested. Scale bars = 100 um. Right columns in (D): Triple-immunofluorescence
staining was performed for nestin (green), a-SMA (red), and DAPI (blue) in cross-sections of femoral arteries 2 weeks postinjury. Scale bars: 50
um. (E): The I/M ratios of (D). Results are mean = SD, n = 4 mice per group, *, p < .001 versus Veh+Injury group. (F): Quantification of the
number of nestin® cells in (D). Results are mean = SD, n = 4 mice per group, *, p < .001 versus Veh-+Injury group. (G): Calculation of the
percentage of CCR2™ cells out of nestin™ cells in peripheral blood from sham control and arterial injured mice. Results mean = SD, n = 4 mice
per group per time point. (H, I): Flow cytometrical analysis of the number of nestin® cells in peripheral blood at (H) 3 days or (I) 2 weeks after
femoral arterial injury or sham surgery in RS- or vehicle-treated mice. Results are mean = SD, n = 4 mice per group per time point, *, p < .01
versus Veh-+Sham groups. Abbreviations: A, adventitia layer; Aorta-CM, aorta-conditioned medium; FV, field of view; I, intima layer; M, media
smooth muscle layer; I/M ratio, ratios of intima/media area; MCP1, monocyte chemotactic protein; SDF, stromal cell-derived factor. DAPI, 4’,6-
diamidino-2-phenylindole, dihydrochloride.
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derived from nestin™ cells, indicating that other cell types are
also involved in neointima formation. It was reported that local
stem cells in surrounding tissues such as vascular adventitia
may also migrate to the injured sites [43, 70, 71]. Thus, it is
likely that promigratory factors other than TGFf1 stimulate the
migration of local resident stem cells and/or smooth muscle cells
from the media layer to the injured sites to participate in
vascular remodeling. The identity of these cell types and their
origins remain to be defined.

MCP-1, a local chemoattractant stimulated by TGFf in
the vasculature, acts downstream in the cascade of TGFf sig-
naling to enhance the recruitment of MSCs (Supporting Infor-
mation Fig. S6). However, the antagonist of CCR2 did not
change the increased number of MSCs in blood circulation,
indicating that MCP1 is not involved in mobilizing MSCs
from their bone marrow niche to peripheral blood. As the
spectrum of promigratory factors downstream of TGFf in dif-
ferent tissue context may vary, deeper insight is needed into
the downstream events by which TGFf mobilizes MSCs from
their original niches such as bone marrow at various biological
conditions. Interaction between SDF-10/CXCL12 and its recep-
tor CCR4 plays a key role in the mobilization of vascular
stem/progenitor cells including HSCs and EPCs during the pro-
cess of tissue repair or regeneration [14, 15]. Even though we
found that SDF-1¢/CXCL12 was not involved in the migration
and homing of MSCs to the injured vessels, whether it medi-
ates TGFf1-induced MSC mobilization from bone marrow to
peripheral blood is an interesting topic of future study. The
results demonstrated in this study reveal a new mechanism for
TGFf1-involved vascular repair/remodeling. TGFfs play a cru-
cial role in the vascular remodeling in many cardiovascular dis-
eases. Whether TGFf-recruited MSCs is a major contributor to
the pathogenesis of these vascular disorders remain to be inves-
tigated. Furthermore, transplanted MSCs participate in tissue
regeneration upon injury events such as myocardial infarction
and vascular injuries in animal studies, and injection of MSCs
has therapeutic benefits in the treatment of ischemic heart dis-

Injury-Activated TGFf Mobilizes MSCs

eases and postmyocardial infarction clinically. It is interesting
to determine whether TGFf-recruited MSCs is a key step for
tissue regeneration.

CONCLUSION

We demonstrate that TGFf, activated and released from vas-
cular matrix in response to injury, is essential for the recruit-
ment of MSCs to the injured sites to participate in vascular
remodeling by inducing MCP1 production. We also reveal
that blood active TGFf1 acts as a systemic mobilizer for
MSCs from bone marrow to the peripheral blood, where suffi-
cient MSCs are available for the subsequent migration and
homing to the remodeling sites. The finding provides novel
mechanisms for TGFf-involved pathological conditions such
as vascular remodeling, fibrosis and wound healing and
may shed light on the improvement of cell mobilization and
homing in MSC-based therapy.
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