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Background—Peripheral homing of progenitor cells in areas of diseased organs is critical for tissue regeneration. The
chemokine stromal cell–derived factor-1 (SDF-1) regulates homing of CD34� stem cells. We evaluated the role of
platelet-derived SDF-1 in adhesion and differentiation of human CD34� cells into endothelial progenitor cells.

Methods and Results—Adherent platelets express substantial amounts of SDF-1 and recruit CD34� cells in vitro and in
vivo. A monoclonal antibody to SDF-1 or to its counterreceptor, CXCR4, inhibits stem cell adhesion on adherent
platelets under high arterial shear in vitro and after carotid ligation in mice, as determined by intravital fluorescence
microscopy. Platelets that adhere to human arterial endothelial cells enhance the adhesion of CD34� cells on
endothelium under flow conditions, a process that is inhibited by anti-SDF-1. During intestinal ischemia/reperfusion in
mice, anti-SDF-1 and anti-CXCR4, but not isotype control antibodies, abolish the recruitment of CD34� cells in
microcirculation. Moreover, platelet-derived SDF-1 binding to CXCR4 receptor promotes platelet-induced differenti-
ation of CD34� cells into endothelial progenitor cells, as verified by colony-forming assays in vitro.

Conclusions—These findings imply that platelet-derived SDF-1 regulates adhesion of stem cells in vitro and in vivo and
promotes differentiation of CD34� cells to endothelial progenitor cells. Because tissue regeneration depends on
recruitment of progenitor cells to peripheral vasculature and their subsequent differentiation, platelet-derived SDF-1
may contribute to vascular and myocardial regeneration. (Circulation. 2008;117:206-215.)
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Regeneration of tissue or organs depends on recruitment
and accumulation of a small population of self-renewing

stem cells.1 Several organs (eg, myocardium and liver) may
regenerate by attracting progenitor cells that circulate in
peripheral blood after mobilization from their niches in
response to stimuli related to tissue/organ damage.1 Accu-
mulating evidence suggests that bone marrow–derived cir-
culating progenitor cells contribute to vascular repair or
remodeling under physiological or pathological conditions,
respectively.2 Bone marrow–derived CD34� stem cells sup-
port the integrity of the vascular endothelium.3,4 In patients
with acute myocardial infarction, the ability of CD34� cells to
differentiate into endothelial cells influences functional im-
provement and infarct size reduction, which suggests that
administration of progenitor cells could be a promising
therapy to salvage ischemic damage.5 Recruitment and incor-

poration of endothelial progenitor cells requires a coordinated
sequence of multistep adhesive and signaling events that
includes chemoattraction, migration, adhesion, and finally,
differentiation to endothelial cells.2 To extravasate to target
tissue, circulating progenitor cells must be recruited and must
firmly arrest on vascular endothelium within the microcircu-
lation of peripheral organs; however, to date, the molecular
determinants of progenitor cell adhesion to endothelium are
incompletely understood.
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It is well known that platelets recruit circulating leukocytes
toward the inflamed endothelial monolayer.6 Activated plate-
lets adhere to endothelial cells, secrete a variety of potent
proinflammatory and mitogenic mediators, and thereby acti-
vate endothelial cells and change their chemotactic and
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adhesive properties.7 Enhanced platelet/endothelium adhe-
sion occurs in the microcirculation of inflamed tissue and
during reperfusion of ischemic organs.6,8

The chemokine stromal cell–derived factor-1 (SDF-1,
CXCL12) and its receptor, CXCR4, regulate homing or
trafficking of bone marrow–derived cells to bone marrow or
circulation, respectively.9 The SDF-1 counterreceptor
CXCR4 was detected on CD34� cells purified from bone
marrow, peripheral blood, and cord blood.10,11 SDF-1 plays a
central role in the homing of circulating CD34� cells in
peripheral tissue such as ischemic myocardium,12 but the
mechanisms of its action remain obscure. SDF-1 is also
involved in recruitment of stem cells to the liver and to the
site of vascular injury.13,14 Moreover, SDF-1 is expressed in
atherosclerotic plaques, and its protein expression is upregu-
lated in the heart early after myocardial infarction.15 SDF-1
mRNA and protein expression are enhanced primarily in the
infarct zone of myocardium.15

Recently, we showed that platelets recruit bone marrow–
derived progenitor cells to arterial thrombi in vivo by involv-
ing platelet P-selectin and glycoprotein IIb integrin and that
activated platelets secrete SDF-1, which supports the migra-
tion and accumulation of murine embryonic endothelial
progenitor cells into the platelet-rich thrombus in vivo.16

Furthermore, hematopoietic cytokines, through graded de-
ployment of SDF-1 from platelets, support mobilization and
recruitment of CXCR4� vascular endothelial growth factor
receptor (VEGFR) 1–positive (VEGFR1�) hemangiocytes.17

Nevertheless, the exact role of platelet-derived SDF-1 in the
direct adhesion of CD34� cells via their CXCR4 receptor on
platelets has not been shown thus far. We recently reported
that platelets regulate differentiation of human CD34� cells
into mature endothelial cells18; however, the impact of
platelet-derived SDF-1 on the ability of progenitor cells to
form endothelial colonies has not been elucidated.

In the present study, we analyzed the role of platelet-
derived SDF-1 in adhesion of CD34� cells on platelets
adherent to collagen or to endothelial cells in vitro and after
carotid ligation in mice or after ischemia/reperfusion injury in
the intestinal microcirculation of mice in vivo. Moreover, we
subsequently determined the impact of platelet-derived
SDF-1 on platelet-induced differentiation of CD34� cells into
endothelial progenitor cells.

Methods
Methods are described in detail in the online Data Supplement.

Isolation and Culture of Platelets, Human Arterial
Endothelial Cells, and Human CD34� Cells
Human platelets were isolated as described previously.19 Human
arterial endothelial cells (HAECs) were isolated and passaged
according to techniques described previously.20 Human CD34� cells
were isolated either from human cord blood or from bone marrow
and cultured as described previously.18

Flow Cytometry
Expression of SDF-1 was determined on isolated platelets and
HAECs with 1-color flow cytometry as described previously.21

CD34� cells, HAECs, and progenitor cell–derived endothelial cells
were tested for expression of CD146, ICAM-1 (intercellular adhe-
sion molecule-1), VE-cadherin (vascular endothelial cadherin),

PECAM-1 (platelet/endothelial cell adhesion molecule-1), CD34,
CD18, and CD45.

Adhesion Assays Under Static and
Dynamic Conditions
Adhesion of CD34� cells to immobilized platelets and to HAECs
was performed under static and dynamic conditions (flow chamber)
as described previously.19

Carotid Ligation in Mice and
Intravital Microscopy
To evaluate the effect of the platelet-derived SDF-1 on progenitor
cell recruitment in vivo, the common carotid artery of wild-type
C57BL/6J mice was injured by ligation, and dichlorofluorescein
(DCF)-stained CD34� cells were injected intravenously and visual-
ized with intravital fluorescence microscopy as described
previously.22

Intestinal Ischemia/Reperfusion Model in Mice
Fluorescent progenitor cells were infused after intestinal ischemia/
reperfusion injury and visualized in the postischemic microcircula-
tion by intravital fluorescence microscopy as described previously.8

Colony-Forming Unit Assay
To analyze the effect of SDF-1 and CXCR4 on platelet-induced
CD34� cell formation of endothelial progenitor cell colonies, iso-
lated platelets were coincubated with CD34� progenitor cells as
described previously (see the Data Supplement).18

Reverse Transcription–Polymerase Chain Reaction
On differentiation of CD34� progenitor cells to endothelial progen-
itor cell colonies, endothelial cells were further cultivated in culture
flasks and analyzed for expression of mRNA for endothelial nitric
oxide synthase, CD34, PECAM-1 (CD31), tie-2, flk-1(VEGFR-2),
and �-actin by reverse transcription–polymerase chain reaction as
described previously.19,23

Statistical Analysis
Data are presented as mean�SEM. For pairwise comparisons be-
tween anti-SDF-1 and control IgG1 or between anti-CXCR4 and
control IgG2b, we applied a 2-tailed unpaired t test. For multiple
comparisons between 3 or more groups, we applied an ANOVA
analysis test with a subsequent Scheffé post hoc analysis. All tests
were 2-tailed, and statistical significance was considered for proba-
bility values �0.05. All statistical analyses were performed with
SPSS version 13 for Windows (SPSS Inc, Chicago, Ill).

The authors had full access to the data and take full responsibility
for its integrity. All authors have read and agree to the manuscript as
written.

Results
Platelet Surface Expression of SDF-1 Is Increased
on Platelet Activation
To analyze whether surface expression of SDF-1 is enhanced
on platelet activation, including adhesion on collagen, we
evaluated the surface expression of SDF-1 on resting and
activated washed platelets. Resting platelets do not show
substantial surface expression of SDF-1 (Figure 2A); how-
ever, on activation with ADP (20 �mol/L), platelets degranu-
late and show surface expression of significant amounts of
SDF-1 (resting platelets versus ADP-activated platelets:
mean fluorescence intensity [MFI]�SEM 49�1.9 versus
74�8.6, P�0.047; n�3; Figure 1A). Similar results were
obtained on activation of platelets with thrombin-related
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activating peptide (10 �mol/L; resting platelets versus plate-
lets activated with thrombin-related activating peptide: mean
MFI�SEM 49�1.9 versus 71.62�5.7, P�0.02; n�3; Figure
1A). Similarly, adhesion of platelets to immobilized collagen
for 15 to 30 minutes resulted in enhanced surface expression
of SDF-1 (resting platelets versus adherent platelets: mean
MFI�SEM 49�1.9 versus 71.47�6.3, P�0.032; n�3; Fig-

ure 1A and 1B). Expression of platelet-bound P-selectin
(CD62P) served as a positive control (Figure 1A), whereas
isotype control IgG1 was used as a negative control. Thus, the
degree of platelet-associated SDF-1 was dependent on the
extent of platelet activation.

Platelet-Derived SDF-1 and Immobilized SDF-1
Mediates Adhesion of CD34� Cells
Under Static Conditions
Next, we investigated whether platelet-derived SDF-1 recruits
circulating progenitor cells. We found that human CD34� cells
adhere to immobilized platelets but not to immobilized col-
lagen type I alone, which represents the major extracellular
matrix component of the injured arterial wall (P�0.001;
Figure 2A and 2B). Adhesion of CD34� cells to immobilized
platelets was significantly attenuated in the presence of a
blocking monoclonal antibody (mAb) to SDF-1 or to its
counterreceptor CXCR4 but not in the presence of the
respective isotype control mAb, which indicates that platelet-
derived SDF-1 is critical for progenitor cell–platelet interac-
tion (P�0.002 or P�0.001, respectively; Figure 2A and 2B).
As a control, the adhesion of CD34� cells over immobilized
platelets was not markedly attenuated in the presence of a
blocking mAb to glycoprotein Ib, which is abundantly
expressed on the surface of platelets, or to its counterre-
ceptor Mac-1 (CD11b), which is expressed on CD34� cells
(Figure 2B).

To verify the role of the SDF-1–CXCR4 axis on adhesion
of CD34� cells, we tested the adhesion of CD34� cells on
immobilized SDF-1 under static conditions. A blocking mAb
to CXCR4 reduced the adhesion of progenitor cells on
immobilized SDF-1 (P�0.021; Figure 2C and 2D).

Platelet-Derived SDF-1 Recruits CD34� Cells
Under High Arterial Shear In Vitro and
at Sites of Vascular Injury In Vivo
To verify our findings under high shear conditions similar to
arterial flow, we conducted perfusion experiments of CD34�

cells over adherent platelets on collagen in a parallel-plate
flow chamber at a wall shear rate of 2000 s�1 (Figure 3A). A
remarkable number of perfused CD34� cells quickly turned
into rolling and later into firm adherent cells over immobi-
lized platelets (Figure 3B and 3C; Data Supplement Movie I).
Preincubation of immobilized platelets or CD34� cells with a
neutralizing mAb to SDF-1 or CXCR4, respectively, attenu-
ated both rolling and firm adhesion of CD34� cells to
immobilized platelets compared with respective control mAb
(control IgG versus anti-SDF-1: rolling P�0.006, firm adhe-
sion P�0.001; control IgG2b versus anti-CXCR4: rolling
P�0.001, firm adhesion P�0.003; Figure 3B and 3C; Data
Supplement Movie I).

To further verify our findings in vivo, the common carotid
artery of C57BL/6J mice was injured by ligation, and DCF-
stained CD34� cells were injected intravenously. As reported
previously, the first response to vascular injury is platelet
adhesion to exposed subendothelium,6 a process that contrib-
utes to the recruitment of murine progenitor cells to the
injured carotid artery.16 Therefore, we addressed the biolog-
ical relevance of platelet-derived SDF-1 for the recruitment

Figure 1. A, Platelet-derived SDF-1 expression is significantly
elevated on platelet activation. Representative flow cytometry
histograms show expression of P-selectin (CD62P; left), SDF-1
(right), and isotype IgG1 control (overlay) on resting, stimulated
(ADP 20 �m or thrombin-related activating peptide [TRAP] 25
�mol/L) washed platelets and adherent platelets on collagen.
Significant differences between 2 groups (resting and activated
platelets) were assessed with a 2-tailed unpaired t test (n�3 per
group). B, Using immunofluorescence confocal microscopy, we
identified the localization of SDF-1 (green) on the surface of
adherent platelets on collagen (red).
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of human CD34� cells in injured carotid arteries in vivo.
Preinfusion of a mAb to SDF-1 or preincubation of CD34�

cells with a mAb to CXCR4 resulted in decreased tethering
(data not shown) and firm adhesion of progenitor cells to the
injured vessel wall 5 and 30 minutes after carotid ligation
compared with respective isotype control mAb (control
IgG1 versus anti-SDF-1: 5 minutes P�0.0016, 30 minutes
P�0.0014; control IgG2b versus anti-CXCR4: 5 minutes
P�0.028, 30 minutes P�0.0084; Figure 4A, 4B, and 4C;
Data Supplement Movie II). These data clearly demonstrate
that platelet-derived SDF-1 critically regulates the adhesion
of CD34� cells in areas of platelet accumulation after
vascular injury.

Platelets Adherent to Endothelial Cells Support
Recruitment of CD34� Cells Toward Endothelium
via Platelet-Derived SDF-1
Interaction of circulating progenitor cells with the endothelial
monolayer of the vasculature of peripheral organs is critical

for homing. Previously, we and others showed that platelets
activate endothelial cells and support adhesion of leukocytes
to the endothelium.24–26 Thus, we investigated whether plate-
lets support recruitment of CD34� cells to cultured HAECs.
We found that cultured nonactivated endothelial cells do not
support firm adhesion of CD34� cells under arterial flow
conditions (Figure 5A and 5B). However, when monolayers
of HAECs were activated with tumor necrosis factor-�/
interferon-� or interleukin-1�, adhesion of CD34� cells was
significantly enhanced (P�0.005 or P�0.016, respectively).
Coincubation of HAECs with washed platelets caused a
significant elevation of adherent CD34� cells on the endo-
thelial surface compared with resting HAECs (P�0.001;
Figure 5A and 5B) and compared with HAECs stimulated
with tumor necrosis factor-�/interferon-� or interleukin-1�
(P�0.008 for both), which indicates that platelets play a
critical role in recruitment of circulating CD34� cells to the
endothelium. Pretreatment of nonactivated or chemokine-ac-
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Figure 2. Platelet-derived SDF-1 and immobilized SDF-1 mediate adhesion of CD34� cells under static conditions. A, Representative
phase-contrast images of adherent CD34� cells on immobilized platelets under static conditions. B, Mean and SEM of 4 to 10 indepen-
dent experiments are presented. Application of a 1-way ANOVA analysis showed significant differences among the different groups
(P�0.001). Blockage of the platelet-derived SDF-1 or its counterreceptor CXCR4 on progenitor cells resulted in a significant decrease
of adherent CD34� cells on immobilized platelets. Scheffé post hoc analysis: *P�0.05 vs respective control IgG1 or IgG2b or combina-
tion of both. C, Representative phase-contrast images of adherent CD34� cells on immobilized SDF-1 under static conditions. Preincu-
bation of progenitor cells with anti-CXCR4 resulted in significantly decreased adhesion of CD34� cells on immobilized SDF-1 compared
with isotype control IgG2b. D, Mean and SEM of 3 independent experiments are shown. *P�0.05 vs isotype control IgG2b (2-tailed
unpaired t test). Immob. indicates immobilized.
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Figure 3. Platelet-derived SDF-1 regulates adhesion of CD34� cells on adherent platelets under high shear stress. A, B, and C, Cover
slips were precoated with collagen I and were additionally preincubated with freshly isolated platelets to achieve adherent platelet lay-
ers as described in Methods. Immobilized platelets or CD34� cells were subsequently preincubated with blocking mAbs to SDF-1 (or
control IgG) or CXCR4 (or control IgG2b), respectively. Resuspended CD34� cells were perfused over these cover slips, as shown in A.
B, Representative phase-contrast images of adherent CD34� cells under dynamic conditions. C, Mean and SEM of 3 independent
experiments per mAb. Both rolling and adhesion of CD34� cells on platelets were significantly blocked by a mAb to SDF-1 or CXCR4
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tivated (interleukin-1�) endothelial cells with an anti-SDF-1
mAb did not cause any significant reduction in adhesion of
CD34� (data not shown). In contrast, anti-SDF-1 significantly
decreased both rolling and firm adhesion of CD34� cells to
platelets adherent to endothelium (P�0.05 and P�0.001,
respectively; Figure 5C and 5D; Data Supplement Movie III).

Flow cytometric analysis of SDF-1 expression on endothe-
lial cells (whether activated with tumor necrosis factor-�/
interferon-� or interleukin-1� or not) revealed that low levels
of SDF-1 were constitutively expressed on the surface of both
resting and activated endothelial cells. This indicates that
although low levels of SDF-1 are expressed on the surface of
endothelial cells, which are not influenced after chemokine
activation, primarily or exclusively platelet-derived SDF-1
regulates CD34� cell recruitment to endothelial monolayers.

Platelet-Derived SDF-1 Recruits CD34� Progenitor
Cells in Mouse Small Intestinal Microcirculation
After Ischemia/Reperfusion Injury
Enhanced platelet/endothelium adhesion occurs in microcir-
culation (both venules and arterioles) of inflamed tissue and

during reperfusion of ischemic organs.6,8 To evaluate the
biological significance of platelet-derived SDF-1 in the reg-
ulation of peripheral homing of progenitor cells in vivo,
fluorescent CD34� cells were infused before intestinal ische-
mia/reperfusion injury and visualized in the postischemic
microcirculation by intravital fluorescence microscopy. Al-
though CD34� cells adhered to both venules and arterioles, an
increased adhesion of progenitor cells was observed in
venules compared with arterioles (data not shown). Preinfu-
sion of a mAb to SDF-1 or preincubation of CD34� cells with
a mAb to CXCR4 virtually blocked the adhesion of progen-
itor cells in arterioles (data not shown) and in venules (Figure
6A and 6B; Data Supplement Movie IV).

Platelet-Derived SDF-1 Promotes Differentiation of
CD34� Cells Into Endothelial Progenitor Cells
Recently, we reported that adherent platelets cause CD34�

cell differentiation to endothelial cells.19 To further evaluate
the molecular requirements of platelet-dependent differentia-
tion of progenitor cells, CD34� cells were coincubated with
isolated platelets as described previously. Isolated CD34�

cells were allowed to adhere to immobilized platelets, immo-
bilized fibronectin, or collagen and were cultivated in endo-
thelial cell growth medium as described previously.19 CD34�

cells formed colonies on immobilized platelets similar to
immobilized fibronectin, which indicates differentiation into
endothelial cells (Figure 7A and 7B). After 5 days, the
morphology of initially round CD34� cells on immobilized
platelets evolved into adherent spindle-shaped cells that were
positive for von Willebrand factor and revealed typical
cytoskeletal rearrangement as demonstrated by phalloidin
staining (Figure 7C). In contrast, virtually no colonies were
formed on collagen, which is the major extracellular matrix
protein (Figure 7A and 7B). The number of colonies formed
on immobilized platelets was significantly higher than in
fibronectin or collagen wells (mean number of
colonies�SEM: platelets versus fibronectin versus collagen
12�0.84 versus 8.9�0.7 versus 1�1, P�0.001; Figure 7A
and 7B).

Next, we evaluated the effect of SDF-1 on platelet-
mediated formation of endothelial colonies. We found that in
the presence of a neutralizing anti-SDF-1 or anti-CXCR4, the
formation of endothelial progenitor cell colonies was signif-
icantly inhibited compared with respective isotype control
mAb (mean number of colonies�SEM: control IgG1 versus
anti-SDF-1 11.5�0.86 versus 3.25�0.75, P�0.001; control
IgG2b versus anti-CXCR4 11.5�0.5 versus 3�0.58,
P�0.002; Figure 7A and 7B). Similarly, anti-SDF-1 attenu-
ated the expression of the endothelium-specific marker
CD146 compared with IgG control, which reflects the lower
number of endothelial colonies (Figure 7D). Together, these
data clearly indicate that platelet-derived SDF-1 plays a
crucial role in recruitment and favors differentiation of
human CD34� cells into endothelial progenitor cells.

Verification of CD34� cell differentiation into endothelial
progenitor cells was performed with von Willebrand factor
immunofluorescence staining and flow cytometry. Specifi-
cally, surface expression of CD146, ICAM-1, VE-cadherin,
PECAM-1, CD34, CD18, and CD45 was tested on progenitor
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Figure 4. Platelet-derived SDF-1 recruits CD34� cells at sites of
vascular injury in vivo. A, B, and C, In C57BL/6J mice, the com-
mon carotid artery was injured by ligation, and DCF-stained
CD34� progenitor cells were injected intravenously. Preinfusion
of a mAb to SDF-1 or preincubation of CD34� cells with a mAb
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type control IgG1 or IgG2b. All comparisons were performed
with an unpaired t test.
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cells by flow cytometry, as described in Methods. CD34�

cells and HAECs were used as a negative and positive
control, respectively. When CD34� cells were cultivated to
form colony-forming units, they exhibited similar endothelial
surface markers (such as CD146, CD144, or CD31) as
primary endothelial cell cultures cultivated from human
arteries (Figure 8A). Polymerase chain reaction analysis
showed that CD34� cell–derived endothelial progenitor cells

exhibited positive signals for endothelial nitric oxide syn-
thase, Tie-2, and VEGFR-2, similar to those signals obtained
from arterial endothelial cells (Figure 8B). Next, we analyzed
whether CD34� cell–derived endothelial progenitor cells
could be activated to express activation-dependent surface
markers such as ICAM-1 (CD54) and CD106. We found that
stimulation of CD34� cell–derived endothelial progenitor
cells with tumor necrosis factor-�/interferon-� cytokines
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cells on platelets adherent to endothelial cells. Pretreatment for 30 minutes with a blocking monoclonal antibody to SDF-1 did not alter
the adhesion of CD34� cells to HAECs (n�3). When HAECs were coincubated with platelets, anti-SDF-1 decreased the number of both
rolling and adherent CD34� cells compared with isotype control IgG (n�3). *P�0.05 vs control IgG (2-tailed unpaired t test). D, Repre-
sentative phase-contrast images of adherent CD34� under dynamic conditions (flow chamber). Arrows show adherent CD34� cells.
TNF indicates tumor necrosis factor; INF, interferon; IL, interleukin; and Plts, platelets.
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Figure 6. Platelet-derived SDF-1 recruits CD34� cells in mouse small intestinal microcirculation after ischemia/reperfusion injury. A and
B, Progenitor cell–microvasculature interactions were investigated in microcirculation of small intestine of mice after ischemia/reperfu-
sion injury with intravital fluorescence microscopy. Enhanced platelet/endothelium adhesion occurs in the microcirculation of inflamed
tissue and during reperfusion of ischemic organs.6,8 Preinfusion of a mAb to SDF-1 or preincubation of CD34� cells with a mAb to
CXCR4 resulted in decreased adhesion of progenitor cells in microvasculature. A, Representative intravital fluorescence microscopy
images of microvasculature. Arrows point to adherent cells. B, Mean and SEM of adherent CD34� progenitor cells 10 to 30 minutes
after ischemia/reperfusion (n�3 experimental animals per group) in venules. *P�0.05 vs isotype control IgG1 or IgG2b (2-tailed
unpaired t test).
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resulted in enhanced expression of CD54 and CD106 similar
to the activation profile obtained when HAECs were used
(Figure 8C).

Discussion
The major findings of the present study are as follows: (1)
Expression of SDF-1 on the surface of adherent platelets is
increased and mediates rolling and firm adhesion of CD34�

progenitor cells on immobilized platelets under flow condi-
tions in vitro and at sites of vascular injury in vivo. (2)
Platelets adherent on endothelial cells support the recruitment
of human CD34� cells toward endothelium in vitro under
high arterial shear and in microcirculation of mice after
ischemia/reperfusion injury via platelet-derived SDF-1. (3)
Platelet-derived SDF-1 promotes differentiation of CD34�

cells into endothelial progenitor cells.

These findings imply that activated platelets and platelet-
membrane bound SDF-1 are critically involved in the recruit-
ment of circulating CD34� progenitor cells at sites of vascular
injury and in the microcirculation of ischemic tissue (eg,
myocardium), where enhanced platelet adhesion and aggre-
gate formation occur.8,20 Interaction of platelets with CD34�

cells in peripheral organs is regulated by platelet-derived
SDF-1, which may play an important role in structural and
functional repair mechanisms in several diseased organs (eg,
heart, liver, and brain) in which substantial accumulation of
platelets has been documented during ischemia/reperfusion.13

Circulating progenitor cells have been shown to instigate
new vessel formation via angiogenesis and neovasculariza-
tion but also have the potential to provide ongoing vascular
and tissue repair by homing to sites of vascular or tissue
damage.27 Bone marrow–derived stem cells, including hema-
topoietic CD34� stem cells, can exhibit tremendous cellular
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Figure 7. Platelet-derived SDF-1 promotes differentiation of CD34� cells to endothelial progenitor cells. CD34� cells were cultivated on
immobilized fibronectin (Fn) or collagen (Coll) or immobilized platelets in the presence of PBS, anti-SDF-1 or its isotype control IgG1,
and anti-CXCR4 or its isotype control IgG2b, as described in Methods. A, CD34� cells formed endothelial progenitor cell colonies on
immobilized platelets and fibronectin but not on collagen. In the presence of anti-SDF-1 or anti-CXCR4, but not control IgG1 or IgG2b,
significantly fewer colonies were observed. Representative phase-contrast images are shown. B, Endothelial progenitor cell colony-
forming units were counted between days 5 and 10. Mean and SEM of 3 to 6 independent experiments are shown. *P�0.05 vs respec-
tive isotype control IgG1 or IgG2b (2-tailed unpaired t test). C, After 5 to 10 days, the morphology of CD34� cells on immobilized
fibronectin or immobilized platelets evolved into adherent spindle-shaped cells that were positive for von Willebrand factor (vWF). Rho-
damine phalloidin staining revealed a typical cell structure for endothelial cells. D, Cultivated CD34� cells on immobilized platelets in
the presence of anti-SDF-1 or control IgG were analyzed immediately after endothelial colony formation for endothelial marker expres-
sion of CD146 by flow cytometry. Four representative histograms of CD146 expression of freshly isolated CD34� cells, HAECs (haECs),
endothelial progenitor cells derived from CD34� cells in the presence of control IgG, and anti-SDF-1, are presented compared with
control IgG (overlay). Plts indicates platelets.
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differentiation in numerous organs. Bone marrow–derived
stem cells may also promote structural and functional repair
in several organs, such as the heart, liver, or brain. CD34�

cells have been described to be recruited to the ischemic
myocardium, where they differentiate into cardiac and vas-
cular cells and restore cardiac function.28 Thus, the identifi-
cation of cellular mediators and tissue-specific chemokines
that facilitate selective recruitment of bone marrow–derived
stem and progenitor cells to specific organs is a critical step
for the development of new strategies to accelerate cardio-
vascular regeneration and tissue revascularization. How-
ever, the mechanisms that recruit circulating progenitor
cells toward vascular lesions and regulate repair mechan-
isms of ischemic peripheral organs are still incompletely
understood.28

Recent studies have identified specific molecular signals,
such as SDF-1/CXCR4, required for the interaction of bone
marrow–derived stem cells and damaged host tissues. SDF-1,
the ligand for CXCR4, plays a crucial role in the trafficking
of CXCR4-positive circulating bone marrow–derived cells
into diseased organs. SDF-1 is expressed by various endothe-
lial cells29 and fibroblasts/osteoblasts of various organs,
including heart,15 skeletal muscle,30 liver,13 brain,31 and

kidney.32 Moreover, SDF-1 secretion is increased during
tissue damage such as myocardial infarction33 and hind-limb
ischemia,4 which suggests that SDF-1 may play a pivotal role
in chemoattraction of the CXCR4� cells necessary for organ/
tissue regeneration.29,34,35

Platelets are the first circulating blood cells that interact
with the injured vessel wall or that adhere to inflamed
endothelium of ischemic tissue.6 Our previous16 and present
data imply that CD34� cells bind to these platelets and initiate
endothelial microvascular repair. Activated platelets release a
variety of potent proinflammatory and chemotactic factors
(eg, interleukin-1�)26,34 and growth factors (platelet-derived
growth factor)36 that in turn activate endothelium and support
recruitment of circulating blood cells.22 Thus, we investigated
whether platelet/endothelium interaction and platelet-derived
SDF-1 regulate adhesion of CD34� cells to the endothelium.
The present data show that platelet-derived SDF-1 mediates
adhesion of CD34� cells onto immobilized platelets and
endothelium; however, only a small percentage of CD34�

cells initially adherent on immobilized platelets gave rise to
endothelial colony cells. Thus, we conclude that most of the
platelet-derived SDF-1–dependent recruitment of CD34�

cells constitutes non–endothelial cell–forming CD34� cells.
At present, we do not know the pathophysiological signifi-
cance of CD34� cells that do not differentiate into endothelial
cells in the presence of platelets. Nevertheless, because
substantial platelet adhesion to the endothelium occurs in the
microcirculation of ischemic tissue during reperfusion,37 the
present findings indicate that platelet-dependent CD34� cell
homing in peripheral organs is critically involved in the
regeneration of vascular lesions or ischemic tissue. Moreover,
SDF-1 activates the integrins lymphocyte function-associated
antigen-1 (LFA-1), very late antigen (VLA)-4, and VLA-5 on
immature human CD34� cells, which play a role in transen-
dothelial/stromal migration and engraftment and in arrest on
vascular endothelium.38,39 However, the impact of platelets is
not limited to their role in cell recruitment. Recently, we
showed that platelets induce differentiation of CD34� cells
into endothelial cells.19 Thus, platelets also may have a major
impact on tissue regeneration and angiogenesis through
induction of the differentiation of progenitor cells. Herein, we
have described that simultaneous with cell adhesion, platelet-
derived SDF-1 favors generation of endothelial progenitor
cells from CD34� cells. In the present study, we proved that
blocking the SDF-1–CXCR4 axis resulted in reduced forma-
tion of endothelial progenitor cell colonies, but we were
unable to show the exact mechanism responsible for platelet-
derived SDF-1–dependent endothelial progenitor cell colony
formation. Decreased adhesion onto platelets and/or blockage
of CXCR4 activation could explain to some extent the
decreased formation of endothelial progenitor cell colonies in
the presence of anti-SDF-1 or anti-CXCR4. Further studies
are needed to determine the exact mechanism responsible for
the platelet-bound SDF-1–dependent differentiation of
CD34� cells to endothelial progenitor cells.

Homing of progenitor cells in peripheral tissue is a multi-
step cascade that includes initial adhesion to activated endo-
thelium or exposed matrix, transmigration through the endo-
thelium, and invasion of the target tissue. Because platelets
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Figure 8. Verification of the differentiation of CD34� cells to en-
dothelial progenitor cells. A, Representative flow cytometric im-
munofluorescence histograms (n�3) of the surface markers
CD146, CD144, CD31, CD34, CD18, and CD45 expressed on
CD34� cells, endothelial progenitor cells derived from colony-
forming units (EPCs), and primary endothelial cell cultures culti-
vated from human arteries (haECs). B, Polymerase chain reac-
tion analysis of CD34, Tie-2, CD31, VEGFR-2, endothelial nitric
oxide synthase (E-NOS), and �-actin of CD34� cells, EPCs, and
HAECs (n�3). C, Expression of ICAM-1 (CD54) and CD106 on
resting and tumor necrosis factor-�/interferon-�–activated (Act.)
EPCs and HAECs (n�3).
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are the first circulating blood cells that adhere to vascular
lesions and that accumulate in the microcirculation within
ischemic tissue, platelet-derived SDF-1 appears to be a key
factor that regulates trafficking of stem and progenitor cells to
ischemic tissue. Local delivery of SDF-1 can enhance pro-
genitor cell recruitment and neovascularization.15 Although
platelet/progenitor cell interaction may play a physiological
role in repair mechanisms of damaged organs, understanding
of the underlying molecular determinants may offer new
strategies to support vascular repair and tissue regeneration of
ischemic organs.
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CLINICAL PERSPECTIVE
The tissue-healing process in patients who have had a myocardial infarction or any ischemic disease is based on recruitment
and subsequent differentiation of a small number of circulating stem cells. Understanding the mechanisms that are
responsible for the local recruitment and differentiation of stem cells may enable us to better understand the
pathophysiology of tissue remodeling and regeneration. This study investigated the role of platelet-derived stromal
cell–derived factor-1 (SDF-1) in adhesion and subsequent differentiation of human CD34� cells into endothelial progenitor
cells. Adherent platelets express substantial amounts of SDF-1 and recruit CD34� cells under high arterial shear in vitro
and after carotid ligation in mice in vivo. Platelets that adhere to human arterial endothelial cells enhance the adhesion of
CD34� cells on endothelium under flow conditions, a process that is inhibited by anti-SDF-1. During intestinal
ischemia/reperfusion in mice, anti-SDF-1 and anti-CXCR4, but not isotype control antibodies, abolish the recruitment of
CD34� cells in microcirculation. Moreover, platelet-derived SDF-1 binding to CXCR4 receptor promotes platelet-induced
differentiation of CD34� cells into endothelial progenitor cells, as verified by colony-forming assays in vitro. These
findings imply that platelet-derived SDF-1 regulates adhesion of stem cells in vitro and in vivo and promotes differentiation
of CD34� cells to endothelial progenitor cells. Because tissue regeneration depends on recruitment of progenitor cells to
peripheral vasculature and their subsequent differentiation, platelet-derived SDF-1 may contribute to vascular and
myocardial regeneration.
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