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Background: Mesenchymal stem cells (MSC) contribute to cardiac repair after myocardial injury. Underlying molecular
mechanisms remain unexplored.
Results: Activated platelets inhibit recruitment of MSC to apoptotic cardiac myocytes and fibroblasts via HMGB1/TLR-4-
mediated down-regulation of HGF receptor MET.
Conclusion:We identify a novel mechanism by which platelets impair MSC migration to damaged cardiac cells.
Significance: The cross-talk between platelets and MSC might be critical for myocardial repair.

Recruitment of mesenchymal stem cells (MSC) following car-
diac injury, such as myocardial infarction, plays a critical role in
tissue repair and may contribute to myocardial recovery. How-
ever, themechanisms that regulatemigration ofMSC to the site
of tissue damage remain elusive. Here, we demonstrate in vitro
that activated platelets substantially inhibit recruitment ofMSC
toward apoptotic cardiacmyocytes and fibroblasts. The alarmin
high mobility group box 1 (HMGB1) was released by platelets
upon activation and mediated inhibition of the cell death-de-
pendentmigratory response throughToll-like receptor (TLR)-4
expressed on the MSC. Migration of MSC to apoptotic cardiac
myocytes and fibroblasts was driven by hepatocyte growth fac-
tor (HGF), and platelet activation was followed by HMGB1/
TLR-4-dependent down-regulation of HGF receptor MET on
MSC, thereby impairing HGF-driven MSC recruitment. We
identify a novel mechanism by which platelets, upon activation,
interfere with MSC recruitment to apoptotic cardiac cells, a
process thatmaybeof particular relevance formyocardial repair
and regeneration.

Cardiac repair and regeneration following ischemic injury as
seen with myocardial infarction is typically associated with an
inflammatory reaction that leads to a well orchestrated healing
process, collagen deposition, and the formation of scar tissue (1,

2). However, postinfarction ventricular remodeling is known to
result in infarct expansion and progressive ventricular dilation,
which is associated with adverse clinical outcomes (3).
Mesenchymal stem cells (MSC),2 multipotent non-hemato-

poietic stem cells that typically originate from the bonemarrow
(4–5), have been suggested to play a critical role in repair and
regeneration of the injured myocardium (6, 7). Besides their
capability of differentiating into cardiacmyocytes (8) and fibro-
blasts (9), which are the main cellular constituents of the heart,
they exert antiapoptotic and antifibrotic effects that may pre-
vent cardiac remodeling (10, 11). Such paracrine activities
make them promising therapeutic vehicles in cardiac repair
(12–13). After myocardial infarction and intramyocardial (14),
intracoronary (15), or intravenous (16) transplantation ofMSC,
the cells have been shown to infiltrate the injured heart and
significantly restore cardiac function. Moreover, various clini-
cal studies could confirm beneficial effects of MSC after myo-
cardial damage (17, 18). However, the clinical benefit has been
discussed controversially, and the success of MSC-based ther-
apy for myocardial infarction has been limited due to its often
short lived efficacy (7). Therefore, a better understanding of the
underlying molecular mechanisms that control MSC recruit-
ment to the damagedmyocardium is necessary to improve effi-
cacy of treatment.
Recently, we could demonstrate that apoptotic but not

necrotic cardiomyocytes produce hepatocyte growth factor
(HGF) and induce recruitment ofMSC via HGF receptorMET,
providing a link between apoptotic cell death and the attraction* This work was supported by German Heart Foundation/German Founda-

tion of Heart Research Grant F/19/13 and the Deutsche Forschungsge-
meinschaft (DFG) Klinische Forschergruppe KFO 274 “Platelets: Basic
Mechanisms and Translational Implications.”

1 To whom correspondence should be addressed: Medizinische Klinik III,
Kardiologie und Kreislauferkrankungen, Universität Tübingen, Otfried-
Müller-Str. 10, 72076 Tübingen, Germany. Tel.: 49-7071-29-83688;
E-mail: meinrad.gawaz@med.uni-tuebingen.de.

2 The abbreviations used are: MSC, mesenchymal stem cell(s); HMGB1, high
mobility group box 1; TLR, Toll-like receptor; HGF, hepatocyte growth fac-
tor; RAGE, receptor of advanced glycation end products; PI, propidium
iodide; CM, conditioned medium; PRP, platelet-rich plasma; CRP, C-reac-
tive protein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 16, pp. 11068 –11082, April 18, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

11068 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 16 • APRIL 18, 2014



of MSC (19). HGF is a growth factor known to be produced
after myocardial ischemia, as investigated in animals (20) and
humans (21). With its antiapoptotic (22), proangiogenic (23),
and immunosuppressive (24) activity, it confers cardioprotec-
tion (25), implying that HGF-mediated recruitment of MSC to
apoptotic cardiomyocytes may exert tissue-protective effects
after myocardial injury.
Platelets, as the dominant and first cells that accumulate at

sites of disrupted vascular and tissue integrity, are capable of
regulating these cell death-dependent tissue repair mecha-
nisms (26). Platelets are well known to play a key role in coro-
nary thrombosis and acute myocardial infarction (27–31).
Upon activation, they release a multitude of biologically active
mediators, such as cytokines, chemokines, and growth factors,
into their microenvironment that regulate recruitment, adhe-
sion, and proliferation of adult stem cells, including MSC (26).
Moreover, platelets cytoplasmically express high mobility
group box 1 (HMGB1), a protein typically expressed in the
nucleus of almost all mammalian cells that acts as a danger
signal and activates immune responses when released into the
extracellular matrix during cellular stress responses (32–34).
Upon platelet activation, HMGB1 has been described to be
exported to the cell surface (34). In patients with acutemyocar-
dial infarction, serum levels of HMGB1 were significantly
increased, peaking 12 h after infarction (35). Elevated levels
were associated with adverse clinical outcomes, including
pump failure, cardiac rupture, and in-hospital cardiac deaths.
However, in experimental models of myocardial infarction,
detrimental as well as cardioprotective effects of HMGB1 have
been reported (36–38). HMGB1 activates pattern recognition
receptors Toll-like receptor (TLR)-4, TLR-2, and the receptor
of advanced glycation end products (RAGE), a transmembrane
multiligand receptor of the immunoglobulin superfamily (39,
40). MSC have been reported to express these receptors for
HMGB1 (41, 42), implying thatMSCmight be a putative target
of platelet-derived HMGB1 in the process of MSC recruitment
to injured cardiac cells.
In this study, we show in vitro that platelets substantially

inhibit recruitment of MSC to apoptotic cardiac myocytes and
fibroblasts. Once activated, platelets release the alarmin
HMGB1, which mediates inhibition of the cell death-depen-
dent migratory response via TLR-4 expressed on the MSC.
HGF drivesMSCmigration to apoptotic cardiac cells, andHGF
receptor MET is down-regulated on MSC as a consequence of
TLR-4 engagement by platelet-derivedHMGB1, thereby inhib-
iting MSC recruitment. We provide evidence for the first time
that platelet activation impairs MSC migration to apoptotic
cardiac cells and identify the molecular mechanism that medi-
ates this platelet/MSC interaction.

EXPERIMENTAL PROCEDURES

Mesenchymal Stem Cells—Human bone marrow was ob-
tained from volunteer donors after informed consent (as
approved by the local ethical committee). MSC were isolated
frombonemarrow as described previously (19). In brief, mono-
nuclear cells were obtained by Ficoll (Biochrom, Berlin, Ger-
many) gradient centrifugation and ammonium chloride lysis of
residual red blood cells. Mononuclear cells were plated in

75-cm2 cell culture flasks (Costar/Corning) in DMEM (Lonza,
Verviers, Belgium) supplemented with 30% fetal calf serum
(FCS; Invitrogen), 100 units/ml penicillin, 100 �g/ml strepto-
mycin, and 2mM L-glutamine (all fromLonza). After 48 h of cell
culture at 37 °C and 5%CO2, non-adherent cells were removed.
When reaching 80% confluence, cells were harvestedwith tryp-
sin (Lonza) and replated at 1:3. Only cells from passages 3–8
were used for experiments. Immunophenotyping was per-
formed as described before (19). All MSC preparations showed
the typical (4) immunophenotype (positive for CD29, CD73,
CD90, and CD105; negative for CD11b, CD34, and CD45) and
osteogenic and adipogenic differentiation potential (data not
shown).
Cardiac Myocytes and Cardiac Fibroblasts—Human cardiac

myocytes and human cardiac fibroblasts, both isolated primary
cells from the ventricles of an adult heart, were obtained from
Promo Cell (Heidelberg, Germany), cultured in myocyte
growthmediumor fibroblast growthmedium3 (both fromPro-
moCell) according to the manufacturer’s instructions, and
incubated at 37 °C and 5%CO2 in a humidified atmosphere. To
confirm their identity as cardiac myocytes or fibroblasts,
immunofluorescence stainings with a monoclonal antibody
against sarcomeric �-actinin (1 �g/ml; mouse IgG1; Abcam,
Cambridge, MA) and a polyclonal antibody against fibroblast-
specific protein 1 (S100A4; 2 �g/ml; goat IgG; Biorbyt, Cam-
bridge, UK) were carried out. For this, the cells were grown for
24 h on coverslips kept within a 24-well culture plate in their
respective culture media. Subsequently, cells were fixed with
2% paraformaldehyde, permeabilized with 0.5% Triton X-100,
and blocked with 1% BSA-PBS for 1 h. Cells were incubated
overnight at 4 °C with the respective primary antibodies,
washed with PBS � 0.3% Triton X-100 � 0.1% Tween 20, and
incubated with Alexa Fluor 488-tagged goat anti-mouse IgG or
donkey anti-goat IgG (both 1:100; Invitrogen) for 2 h at room
temperature. Following another washing step, nuclei were
stained by incubationwith TO-PRO-3 iodide for 15min (final 1
�M; Molecular Probes, Inc., Eugene, OR). Cells were washed
again, and coverslips were mounted with antifade fluorescence
mounting medium (Dako, Hamburg, Germany). Confocal
immunofluorescence analysis was performed using a LSM510
META confocal laser-scanning microscope and ZEN 2012
imaging software (Carl Zeiss).
Induction andDetection of Apoptosis andNecrosis in Cardiac

Myocytes and Cardiac Fibroblasts—Induction of apoptosis in
cardiac myocytes and fibroblasts was carried out by incubation
with 300 nM staurosporine (Calbiochem) or 10 mM sodium
azide (Sigma-Aldrich) for 3 h. Necrosis was initiated by treat-
ment with 40 �M H2O2 (Sigma-Aldrich) for 3 h or 25% ethanol
(Sigma-Aldrich) for 1 h (19). Apoptotic and necrotic cell death
of cardiac myocytes and fibroblasts was confirmed with
annexin V/propidium iodide (PI) staining and flow cytometry
as recommended by the manufacturer (Beckman-Coulter,
Krefeld, Germany), using a FACSCalibur flow cytometer with
CellQuest software (BD Biosciences). After induction of apo-
ptosis or necrosis, culture medium was exchanged, and cells
were incubated for 12 h to obtain conditioned medium (CM).
Isolation and Activation of Platelets—Human platelets were

isolated as described before (43). In brief, venous blood was
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drawn from the antecubital vein of healthy volunteers and col-
lected in acid-citrate-dextrose buffer. Blood was centrifuged at
430 � g for 20 min, platelet-rich plasma (PRP) was added to
Tyrode’s-HEPES buffer (HEPES (2.5 mmol/liter), NaCl (150
mmol/liter), KCl (1 mmol/liter), NaHCO3 (2.5 mmol/liter),
NaH2PO4 (0.36 mmol/liter), glucose (5.5 mmol/liter), BSA (1
mg/ml), pH 6.5) and centrifuged at 900 � g for 10 min. The
supernatant was discarded, and the platelet pellet was sus-
pended in Tyrode’s-HEPES buffer (pH 7.4; supplemented with
CaCl2 (1mmol/liter),MgCl2 (1mmol/liter)). For certain exper-
iments, 3 � 108 freshly isolated platelets were activated in 1 ml
of PBS (pH 7.4; Lonza) by treatment with 50 �MADP (Chrono-
Log, Havertown, PA) or 5 �g/ml C-reactive protein (CRP; from
Richard Farndale, University of Cambridge) for 5, 15, or 30min
and centrifuged at 900 � g for 5 min to obtain platelet super-
natant. Generation of platelet supernatant from unactivated
(resting) platelets followed the same procedure in the absence
of platelet agonists.
Cell Migration Assay—Migration of MSC toward vital, apo-

ptotic, or necrotic cardiac myocytes or cardiac fibroblasts was
analyzed in 24-well plates and transwell cell culture inserts with
8-�mporemembrane filters (Costar/Corning).MSC (105 cells/
well in 200 �l of DMEM supplemented with 0.5% BSA) were
loaded into the upper chamber, and CM derived from vital,
apoptotic, or necrotic cardiac myocytes or fibroblasts or
recombinant HGF (20–60 ng/ml; R&D Systems, Wiesbaden,
Germany) served as chemoattractants that were loaded into the
bottom chamber. When indicated, MSC were preincubated in
24-well plates for 24 hwith platelet supernatants supplemented
with 10% FCS (CM derived from platelets; 2 � 105 cells/well in
300 �l) or with PBS supplemented with 10% FCS containing
ADP (50 �M) or CRP (5 �g/ml) or with recombinant HMGB1
(10–40 ng/ml; R&D Systems). Further, neutralization studies
were performed by adding neutralizing anti-HMGB1 antibody
(10 �g/ml, mouse IgG2b �; Biolegend, San Diego, CA), irrele-
vant isotype control antibody (10 �g/ml, mouse IgG2b �; Bio-
legend), or glycyrrhizin, a specific HMGB1 inhibitor (10�g/ml;
Calbiochem), to CM derived from activated platelets prior to
preincubation of the MSC. In other experiments, HMGB1-re-
ceptors RAGE, TLR-2, and TLR-4 were blocked on MSC prior
toMSCpreincubationwithCMof activated platelets or recom-
binant HMGB1 by treatment with anti-human RAGE poly-
clonal antibody (20 �g/ml, goat IgG), anti-human TLR-2
monoclonal antibody (2 �g/ml, mouse IgG2b), or anti-human
TLR-4 polyclonal antibody (10 �g/ml, goat IgG) (all from R&D
Systems). To study the contribution of HGF toMSCmigration
toward apoptotic cardiac myocytes or fibroblasts, neutralizing
anti-HGF polyclonal antibody (1 �g/ml, goat IgG; R&D Sys-
tems) or normal goat IgG (1 �g/ml; Santa Cruz Biotechnology,
Inc.) was added to the targets in the bottom chambers of the
transwell system.
To evaluate migration of MSC, the plates were incubated at

37 °C and 5%CO2 for 12 h, the upper side of the filters was then
carefully washed with PBS, and remaining cells that had not
penetrated the filters were removed with cotton swabs. Cells
that hadmigrated to the lower surface of the filterswere fixed in
methanol and then stained with hematoxylin (Merck). After
being washed, migrated cells were observed with a light micro-

scope at �10 magnification, pictures were captured, and
migrated cells were counted in the center of each filter.
Assessment of HMGB1 Release upon Platelet Activation—To

determine the distribution of HMGB1 in resting and activated
platelets, isolated platelets (3 � 108 cells/ml) were incubated
with 50�MADP, 5�g/ml CRP or PBS for 15min and fixedwith
1% paraformaldehyde. Subsequently, platelets were applied to
0.01% poly-L-lysine-coated coverslips and permeabilized with
0.3% Triton X-100. After blocking with 1% BSA-PBS for 1 h,
cells were incubated overnight at 4 °C with anti-HMGB1 poly-
clonal antibody (2 �g/ml; rabbit IgG; Sigma-Aldrich). After
washing with PBS � 0.3% Triton X-100 � 0.1% Tween 20,
platelets were incubatedwithAlexa Fluor 488-tagged goat anti-
rabbit IgG (1:100; Invitrogen) for 2 h at room temperature and
washed, and the coverslipsweremountedwith antifade fluores-
cence mounting medium. Confocal immunofluorescence anal-
ysis was carried out as described above.
To investigate the effect of platelet activation on HMGB1

release,Western blot analysis was performed. Isolated platelets
(3 � 108 cells/ml) were incubated with 5 �g/ml CRP or PBS for
5, 15, or 30 min and centrifuged at 900 � g for 5 min. Platelet
supernatants were removed and supplemented with protease
inhibitor mixture (Sigma-Aldrich). Corresponding cell pellets
were lysed in lysis buffer (Tris, pH 7.4 (50 mM), NaCl (150 mM),
Triton X-100 (1%), Na2HPO4 (0.5%), mercaptoethanol (0.4%))
containing protease inhibitor mixture for 60 min at 4 °C. Pro-
tein concentrations in platelet lysates as well as supernatants
were determined with a Bradford protein assay (Bio-Rad), and
50 �g (lysate) or 20 �g (supernatant) of proteins were resolved
by 8.5% SDS-PAGE. Immunoblotting onto PVDF membranes
(Immobilon P, Millipore, Billerica, MA) was performed using
the Semi-Dry Transfer Cell System (Peqlab, Erlangen, Ger-
many). Membranes were incubated overnight at 4 °C with anti-
HMGB1 polyclonal antibody (2 �g/ml; rabbit IgG; Sigma-Al-
drich), and anti-actin polyclonal antibody (1:1000; rabbit IgG;
Abcam) was used as an internal loading control. For detection
of antibody binding, corresponding secondary fluorescence-la-
beled antibodies and the Odyssey infrared imaging system
(LI-COR, Bad Homburg, Germany) were used. Bands were
quantified by ImageJ software (National Institutes of Health,
Bethesda, MD).
HMGB1 release upon platelet activation was further investi-

gated by ELISA. Isolated platelets (3 � 108 cells/ml) were incu-
bated with 50�MADP, 5�g/ml CRP or PBS for 5, 15, or 30min
and centrifuged at 900 � g for 5 min. HMGB1 levels in platelet
supernatants were determined using HMGB1-ELISA (Shino
Test Corp., Kanagawa, Japan) following the manufacturer’s
protocol. To evaluate the extent of platelet activation, platelets
were incubated with 50 �MADP, 5 �g/ml CRP or PBS for 5, 15,
or 30 min, and surface expression of P-selectin (CD62P) was
investigated by flow cytometry as described previously (44)
using fluorescein isothiocyanate (FITC)-conjugated monoclo-
nal anti-CD62P antibody (mouse IgG1; Beckman Coulter,
Krefeld, Germany).
FlowCytometric Detection of HMGB1Receptor Expression on

MSC—Expression of theHMGB1 receptors RAGE, TLR-2, and
TLR-4 on MSC was evaluated by flow cytometry using anti-
human RAGE monoclonal antibody (mouse IgG2a; Abcam),

Platelets Inhibit MSC Migration to Apoptotic Cardiac Cells

11070 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 16 • APRIL 18, 2014



anti-human TLR-2 monoclonal antibody (mouse IgG2b; R&D
Systems), and anti-human TLR-4 polyclonal antibody (goat
IgG; R&D Systems). Phycoerythrin-conjugated F(ab�)2 goat
anti-mouse IgG and F(ab�)2 donkey anti-goat IgG (both from
Santa Cruz Biotechnology) were used as secondary antibodies.
Cells were analyzed on a FACSCalibur flow cytometer with
CellQuest software.
Small Interfering RNA Transfection—TLR-4 small interfer-

ing RNA (siRNA) (ON-TARGET plus Human TLR4 siRNA
SMART pool; Thermo Scientific) was used to knock down
TLR-4 expression in MSC. A non-targeting sequence (ON-
TARGET Plus Non-targeting Control Pool; Thermo Scientific)
served as a control. siRNA was mixed with Lipofectamine
transfection reagent (Lipofectamine RNAiMAX; Invitrogen) in
serum-free medium (Opti-MEM; Invitrogen) according to the
manufacturer’s instructions. Subsequently, MSC growing in
6-well plates at a confluence of 70% were transfected with
siRNA (10 nM) in culture medium, and cells were cultivated at
37 °C for 48 h. At the end of the culture period, cells were
washed with PBS and lysed in cell lysis buffer for Western blot
analysis as described above. Expression of TLR-4 was detected
with anti-TLR4 polyclonal antibody (1�g/ml; rabbit IgG; Santa
Cruz Biotechnology), and anti-actin polyclonal antibody
(1:1000; rabbit IgG; Abcam) was used as an internal loading
control. To evaluate migratory potential of the transfected
MSC, cells were harvested, preincubatedwithCMderived from
activated platelets, and used in migration assays with CM of
apoptotic cardiac myocytes or fibroblasts as targets.
Immunofluorescence Staining of Intracellular HGF in Vital,

Apoptotic, and Necrotic Cardiac Myocytes—Cardiac myocytes
were grown for 24 h on coverslips kept within a 24-well culture
plate in myocyte growth medium prior to induction of apopto-
sis (staurosporine, 300 nM, 3 h) or necrosis (H2O2, 40 �M, 3 h).
For immunofluorescence staining of intracellular HGF, vital
(untreated), apoptotic, and necrotic cardiac myocytes were
subsequently fixed, permeabilized, and blocked as described
above. Cells were incubated overnight at 4 °C with anti-HGF
(C-terminal) polyclonal antibody (5 �g/ml; rabbit Ig; Abgent,
San Diego, CA), washed with PBS � 0.3% Triton X-100 � 0.1%
Tween 20, and incubated with Alexa Fluor 488-tagged goat
anti-rabbit IgG (1:100) for 2 h at room temperature. Staining of
nuclei was carried out with TO-PRO-3 iodide, and cells were
mounted with antifade fluorescence mounting medium. Con-
focal microscopic analysis was subsequently performed as
described above.
HGF ELISA—HGF levels in CM derived from vital cardiac

myocytes and fibroblasts or harvested 12 h after induction of
apoptosis or necrosis (see above) were determined using an
ELISA kit (Gentaur, Brussels, Belgium).
Assessment of HGF ReceptorMETExpression onMSC—MSC

were grown for 24 h on coverslips in 24-well plates in culture
medium and subsequently incubated for a further 24 h with
supernatant of ADP- or CRP-activated platelets supplemented
with 10% FCS (CM) or in PBS supplemented with 10% FCS.
Cells were fixed with 2% paraformaldehyde, blocked with 1%
BSA-PBS for 1 h, incubated overnight at 4 °C with anti-human
MET polyclonal antibody (1:500 dilution; rabbit IgG; Abcam),
washed with PBS � 0.1% Tween 20, and incubated with Alexa

Fluor 488-tagged goat anti-rabbit IgG (1:100) for 2 h at room
temperature. Following another washing step, nuclei were
stained by incubation with TO-PRO-3 iodide, coverslips were
mounted with antifade fluorescence mounting medium, and
confocal microscopic analysis was performed as described
above. ZEN 2012 imaging software was used to quantify mean
fluorescence intensities.
Expression of MET on MSC was also determined by flow

cytometry. MSC were incubated with supernatant of ADP- or
CRP-activated platelets supplemented with 10% FCS (CM) or
in PBS supplementedwith 10% FCS in 24-well plates. After 2, 4,
12, and 24 h of incubation, MSC were detached with a cell
scraper and labeled with fluorescein-conjugated anti-human
MET monoclonal antibody (10 �g/ml; clone 95106, mouse
IgG1; R&D Systems). Expression of MET was detected and
quantified by mean fluorescence intensity in flow cytometry.
To further study MET expression on MSC, cells were cul-

tured for 12 h in the presence or absence of CM derived from
CRP- or ADP-activated platelets and subsequently fractionated
into plasma membrane and cytosolic components using a
plasmamembrane protein extraction kit (Abcam) according to
the manufacturer’s protocol. The distinct fractions were sepa-
rated by SDS-PAGE and transferred to PVDF membranes for
Western blot analysis using anti-MET monoclonal antibody
(1:500; mouse IgG1; Cell Signaling) and anti-actin polyclonal
antibody (1:1000; rabbit IgG; Abcam) as an internal loading
control. Bands were visualized and quantified as described
above.
Statistical Analysis—All data are presented as mean � S.E.

for n � 3 unless stated otherwise. Statistical significance was
determined with Student’s t test using GraphPad Prism soft-
ware (GraphPad, San Diego, CA).

RESULTS

MSC Migrate toward Apoptotic but Not Necrotic or Vital
Cardiac Myocytes and Fibroblasts—Prior to induction of apo-
ptosis and necrosis in human cardiac myocytes and fibroblasts,
the identity of the cells was confirmed by intracellular detection
of sarcomeric �-actinin and fibroblast-specific protein 1
(S100A4) with immunofluorescence staining and confocal
laser-scanningmicroscopy (Fig. 1A). Apoptosis was induced by
staurosporine or sodium azide, and necrosis was induced by
H2O2 or ethanol. The extent of apoptosis and necrosis in car-
diac myocytes and fibroblasts was determined after 12 h using
annexin V/PI double staining and flow cytometry (staurospo-
rine and sodium azide, 43.9–58.3% annexin V�/PI� early apo-
ptotic cells and 8.4–13.2% annexin V�/PI� secondary necrotic
cells; H2O2 and ethanol, 71.3–89.5% annexin V�/PI� necrotic
cells; Fig. 1B). To evaluate the migratory response of MSC
toward vital, apoptotic, and necrotic cardiac myocytes and
fibroblasts, transwell migration experiments were performed
(Fig. 1C). CM derived from apoptotic but not necrotic or vital
cardiac cells induced migration of MSC.
Activated Platelets Inhibit Migration of MSC to Apoptotic

Cardiac Myocytes and Fibroblasts—To investigate whether
platelets have an influence on recruitment ofMSC to apoptotic
cardiacmyocytes and fibroblasts, MSCwere preincubated with
CM derived from activated (CRP- or ADP-treated) or non-ac-
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tivated (resting) isolated platelets for 24 h prior to evaluating
migration. Incubation of the MSC with CRP or ADP alone
served as controls. Remarkably, CM of CRP-activated as well as
ADP-activated platelets strongly inhibited recruitment ofMSC
toward CM derived from apoptotic cardiac myocytes (stauro-
sporine, 55.9 � 7.4/48.0 � 6.8% inhibition; p � 0.004 (Fig. 2A);
sodium azide, 49.0 � 11.0/47.1 � 8.8% inhibition; p � 0.011
(Fig. 2B)) and apoptotic cardiac fibroblasts (staurosporine,
57.4 � 9.1/49.2 � 9.5% inhibition; p � 0.008 (Fig. 2C); sodium
azide, 53.0� 8.9/49.4� 7.6% inhibition; p� 0.008 (Fig. 2D)). In
contrast, neither CM derived from resting platelets nor CRP or
ADP in the absence of platelets had any influence on MSC
migration to the apoptotic targets.
Platelet Activation Results in Release of HMGB1—To analyze

themolecularmechanism underlying platelet-mediated inhibi-
tion of MSC recruitment to apoptotic cardiac cells, we deter-

mined the presence of one candidate factor, HMGB1, in
platelets and CM derived from platelets. Fig. 3A shows re-
presentative immunofluorescence confocal laser-scanning
microscopy images of permeabilized non-activated (resting)
and activated (treated with CRP or ADP) platelets stained with
anHMGB1-specific antibody. HMGB1was present in the cyto-
sol of resting platelets, whereas it became translocated toward
the plasma membrane upon activation with CRP or ADP.
Moreover, Western blot analysis performed on platelet lysates
as well as supernatants revealed strong HMGB1 expression in
resting platelets (lysate) and, upon activation with CRP, a time-
dependent and significant decrease of HMGB1 protein abun-
dance in lysates (p� 0.04) and increase in the respective super-
natants (p � 0.01), indicating an HMGB1 release phenomenon
(Fig. 3B). To further substantiate release of HMGB1 by acti-
vated platelets, we analyzed CM derived from isolated platelets

FIGURE 1. Induction and detection of apoptosis and necrosis in cardiac myocytes and cardiac fibroblasts and chemoattractive activity for MSC. A,
expression of sarcomeric �-actinin in cardiac myocytes and S100A4 in cardiac fibroblasts was determined by immunofluorescence staining and confocal
laser-scanning microscopy. Scale bar, 30 �m. B, induction of apoptosis (300 nM staurosporine, 3 h; 10 mM sodium azide, 3 h) and necrosis (40 �M H2O2, 3 h; 25%
ethanol, 1 h) in cardiac myocytes and fibroblasts was confirmed by flow cytometric evaluation of the frequencies of apoptotic (annexin V�/PI�), necrotic
(annexin V�/PI�), and secondary necrotic (annexin V�/PI�) cells. Quadrants were set according to isotype controls or to untreated cells. C, migration of MSC
toward conditioned media derived from vital (untreated), apoptotic, or necrotic cardiac myocytes and fibroblasts was assessed in a transwell migration assay.
The number of migrating cells was determined after 12 h. Data are presented as mean � S.E. (error bars) (n � 3).
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(resting and activated with ADP or CRP) for the presence of
HMGB1 using ELISA (Fig. 3C). Indeed, significant amounts of
HMGB1 were detected only in CM derived from activated
platelets.Moreover, HMGB1 levels inCM increased depending
on the duration of platelet activation and corresponded to an
enhanced surface expression of CD62P (P-selectin) denoting
platelet activation as evaluated by flow cytometry.
Activated Platelets Inhibit MSC Recruitment to Apoptotic

Cardiac Myocytes and Fibroblasts through HMGB1/TLR-4—
Having detected release of HMGB1 associated with platelet
activation, we investigated the potential role of HMGB1 in
platelet-mediated inhibition of the cell death-dependent MSC
recruitment. The addition of a neutralizing anti-HMGB1 anti-
body to CMderived fromCRP-activated platelets prior toMSC
preincubation strongly reversed the inhibitory effect of acti-
vated platelets on MSC recruitment toward CM of apoptotic
cardiac myocytes (staurosporine, 55.9 � 7.4 versus 16.3 � 7.3%
inhibition (p � 0.003); sodium azide, 49.0 � 11.0 versus 15.8 �
9.6% inhibition (p � 0.018); Fig. 4A) and apoptotic cardiac
fibroblasts (staurosporine, 57.4 � 9.1 versus 14.8 � 10.1% inhi-
bition (p � 0.006); sodium azide, 53.0 � 8.9 versus 16.2 � 9.9%
inhibition (p � 0.009); Fig. 4C). Neutralizing HMGB1 bioactiv-
ity inCMderived fromADP-activated platelets was followed by
similar effects on MSCmigration toward CM of apoptotic car-

diac myocytes (staurosporine, 48.0 � 6.8 versus 14.8 � 6.5%
inhibition (p � 0.004); sodium azide, 47.1 � 8.8 versus 13.5 �
8.5% inhibition (p � 0.009); Fig. 4B) and apoptotic cardiac
fibroblasts (staurosporine, 49.2 � 9.5 versus 13.7 � 8.3% inhi-
bition (p � 0.009); sodium azide, 49.4 � 7.6 versus 13.0 � 8.3%
inhibition (p � 0.006); Fig. 4D). Comparable results were also
obtained when glycyrrhizin, a specific HMGB1 inhibitor, was
used (Fig. 4, A–D). An irrelevant isotype-matched control Ig
antibody had no effect on platelet-mediated inhibition of MSC
migration.
To define the receptor that mediates the observed platelet

HMGB1-driven inhibitory effect on MSC migration, we deter-
mined surface expression of the well knownHMGB1 receptors
RAGE, TLR-2, and TLR-4 onMSC by flow cytometry (Fig. 5A).
MSC were positive for RAGE and TLR-4 and negative for
TLR-2. Next, MSCwere treated with neutralizing antibodies to
RAGE, TLR-2, and TLR-4 to block the respective HMGB1
receptors, thereafter incubatedwithCMderived fromactivated
platelets, and then tested for their migration toward apoptotic
cardiac myocytes (Fig. 5, B and C) and apoptotic cardiac fibro-
blasts (Fig. 5, D and E). Only blocking TLR-4 on MSC could
reverse the inhibitory effect of CMderived fromCRP-activated
platelets on MSC migration toward CM of apoptotic cardiac
myocytes (staurosporine, 55.9 � 7.4 versus 8.2 � 7.0% inhibi-

FIGURE 2. Influence of resting and activated platelets on MSC migration to apoptotic cardiac myocytes and fibroblasts. Conditioned media derived from
staurosporine-treated (A and C) or sodium azide-treated (B and D) cardiac myocytes (A and B) or cardiac fibroblasts (C and D) served as chemoattractants for
MSC in a transwell migration assay. In certain experiments, MSC were preincubated with conditioned media derived from resting (untreated) or activated (5
�g/ml CRP, 30 min; 50 �M ADP, 30 min) platelets for 24 h prior to evaluating migration. 24-h incubation of the MSC with CRP (5 �g/ml) or ADP (50 �M) in the
absence of platelets served as controls. The number of migrating MSC was determined after 12 h. Data are presented as mean � S.E. (error bars) for n � 3.
Statistical significance for the comparison with untreated MSC is indicated (*, p � 0.02; **, p � 0.01).
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tion (p � 0.002); sodium azide, 49.0 � 11.0 versus 9.0 � 7.7%
inhibition (p� 0.007); Fig. 5B) and apoptotic cardiac fibroblasts
(staurosporine, 57.4 � 9.1 versus 9.6 � 7.8% inhibition (p �
0.003); sodium azide, 53.0 � 8.9 versus 6.7 � 6.7% inhibition
(p � 0.002); Fig. 5D) nearly completely. Blocking TLR-4 on
MSC was followed by similar effects when CM derived from
ADP-activated platelets was used prior to evaluating MSC

recruitment to CM of apoptotic cardiac myocytes (staurospo-
rine, 48.0 � 6.8 versus 10.1 � 6.7% inhibition (p � 0.003);
sodium azide, 47.1 � 8.8 versus 8.5 � 6.4% inhibition (p �
0.004); Fig. 5C) and apoptotic cardiac fibroblasts (staurospo-
rine, 49.2 � 9.5 versus 10.7 � 6.6% inhibition (p � 0.005);
sodium azide, 49.4 � 7.6 versus 11.9 � 7.7% inhibition (p �
0.004); Fig. 5E).

FIGURE 3. Expression of HMGB1 in platelets and release upon platelet activation. A, expression of intracellular HMGB1 in resting (untreated) and activated
(5 �g/ml CRP, 15 min; 50 �M ADP, 15 min) platelets was determined by immunofluorescence staining and confocal laser-scanning microscopy. An HMGB1-
specific polyclonal antibody and an Alexa Fluor 488-tagged antibody (green) were used. Representative images of three independent experiments. Scale bar,
5 �m. B, HMGB1 protein levels in lysates and conditioned media derived from resting and CRP-activated platelets (5 �g/ml CRP; 5, 15, and 30 min) were
deciphered by Western blot analysis, detecting HMGB1 at 25 kDa. An actin polyclonal antibody served as loading control. Statistical significance (*, p � 0.04;
**, p � 0.01) of densitometric analysis of HMGB1 bands (normalized to actin) is indicated. C, HMGB1 levels in conditioned media derived from resting
(untreated, 5, 15, 30 min) and activated (50 �M ADP, 5, 15, 30 min; 5 �g/ml CRP, 5, 15, 30 min) platelets were also measured by ELISA. In addition, surface
expression of P-selectin (CD62P) on platelets was investigated by staining with a CD62P-specific monoclonal antibody and flow cytometry. Error bars, S.E.
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To validate the role of TLR-4 in platelet-mediated inhibition
of MSC recruitment to apoptotic cardiac cells, we performed
gene knockdownofTLR-4 inMSCby transfecting the cellswith
TLR-4 siRNA. To assure the effectiveness of TLR-4 knock-
down,Western blot analysis was performed 48 h after transfec-
tion to determine TLR-4 protein expression. Following treat-
ment with TLR-4 siRNA, TLR-4 protein expression was
significantly (p � 0.05) reduced compared with control
siRNA-treated and untreated cells (Fig. 5F). Next, transfected
or non-transfectedMSCwere incubatedwith CMderived from
activated platelets and subsequently tested for their migration
toward apoptotic cardiac myocytes (Fig. 5G) or cardiac fibro-
blasts (Fig. 5H). TLR-4 knockdown in MSC was followed by a
significantly reversed inhibitory effect of CM derived from
CRP-activated (staurosporine, 54.3 � 7.3 versus 32.7 � 7.0%
inhibition (p � 0.021); sodium azide, 47.9 � 11.4 versus 29.0 �
7.5% inhibition (p � 0.075)) or ADP-activated platelets (stau-
rosporine, 46.4 � 6.3 versus 26.8 � 7.2% inhibition (p � 0.024);
sodium azide, 46.3 � 7.5 versus 28.6 � 7.9% inhibition (p �
0.049)) on MSC migration toward CM of apoptotic cardiac
myocytes (Fig. 5G). When CM derived from apoptotic cardiac
fibroblasts was used as a target for MSC recruitment, similar
results were obtained (CM CRP-activated platelets: staurospo-

rine, 57.7� 9.0 versus 33.9� 8.5% inhibition (p� 0.03); sodium
azide, 53.8 � 9.0 versus 31.6 � 8.3% inhibition (p � 0.035); CM
ADP-activated platelets: staurosporine, 48.6 � 8.6 versus
29.0 � 8.0% inhibition (p � 0.044); sodium azide, 50.2 � 8.3
versus 29.6 � 8.4% inhibition (p � 0.04)) (Fig. 5H).
Migration of MSC to Apoptotic Cardiac Cells Is Mediated by

HGF—Wehave previously shown that apoptosis but not necro-
sis in tissue cells results in up-regulation of HGF, which con-
tributes as a major factor to recruitment of MSC (19, 45). To
test and confirm the biological relevance of HGF for the cell
death-dependent recruitment of MSC toward apoptotic car-
diac cells, we performed immunofluorescence staining of intra-
cellular HGF in vital, apoptotic, and necrotic cardiac myocytes
coupled with confocal laser-scanning microscopy (Fig. 6A).
Consistent with our previous observations, HGF could only be
detected in apoptotic and not in necrotic or vital cardiac myo-
cytes. To further substantiate HGF expression and release by
apoptotic cardiac cells, we determined HGF protein levels in
CM of vital, apoptotic (treated with staurosporine or sodium
azide), and necrotic (treated with H2O2 or ethanol) cardiac
myocytes and fibroblasts and detected significant protein levels
only in CM of the apoptotic cells (Fig. 6B). In migration exper-
iments, the addition of a neutralizing antibody to HGF signifi-

FIGURE 4. Role of HMGB1 in platelet-mediated inhibition of MSC migration to apoptotic cardiac myocytes and fibroblasts. MSC were preincubated with
conditioned media derived from CRP-activated (5 �g/ml CRP, 30 min) (A and C) or ADP-activated (50 �M ADP, 30 min) platelets (B and D) with or without the
addition of 10 �g/ml anti-HMGB1 neutralizing antibody, 10 �g/ml glycyrrhizin, or control antibody before migration toward conditioned media of staurospo-
rine-treated or sodium azide-treated cardiac myocytes (A and B) or cardiac fibroblasts (C and D) was assessed in transwell migration experiments. The number
of migrating MSC was determined after 12 h. Data (mean � S.E. (error bars) for n � 3) are presented as percentage inhibition calculated from the number of
migrating MSC that have not been preincubated with conditioned media derived from activated platelets. Statistical significance (*, p � 0.02; **, p � 0.01) is
indicated.
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FIGURE 5. Contribution of individual HMGB1 receptors to the platelet-mediated inhibition of MSC migration to apoptotic cardiac myocytes and
fibroblasts. A, expression of HMGB1 receptors RAGE, TLR-2, and TLR-4 on MSC was determined by flow cytometry after staining with specific antibodies.
Histograms were set according to negative control stainings (#). MSC were preincubated with conditioned media derived from CRP-activated (5 �g/ml
CRP, 30 min) (B and D) or ADP-activated (50 �M ADP, 30 min) platelets (C and E) in the presence or absence of neutralizing antibodies to RAGE, TLR-2, and
TLR-4 before migration toward conditioned media of staurosporine-treated or sodium azide-treated cardiac myocytes (B and C) or cardiac fibroblasts (D
and E) was assessed in transwell migration experiments. F, knockdown of TLR-4 expression in MSC was carried out through transfection of MSC with
siRNA against TLR-4 and validated by Western blot analysis, detecting TLR-4 at 95 kDa. A non-targeting sequence and untreated MSC served as controls
for transfection; an actin polyclonal antibody served as loading control. Statistical significance (*, p � 0.05) of densitometric analysis of TLR-4 bands
(normalized to actin) is indicated. To evaluate the migratory potential of transfected or non-transfected MSC, cells were incubated with conditioned
media derived from CRP-activated (5 �g/ml CRP, 30 min) or ADP-activated (50 �M ADP, 30 min) platelets before migration toward conditioned media
of staurosporine-treated or sodium azide-treated cardiac myocytes (G) or cardiac fibroblasts (H) was assessed in transwell migration experiments. Cell
migration data (mean � S.E. (error bars) for n � 3) are presented as percentage inhibition calculated from the number of migrating MSC that have not
been preincubated with conditioned media derived from activated platelets. Statistical significance (*, p � 0.05; **, p � 0.007) of cell migration data is
indicated.

FIGURE 6. Role of HGF in apoptosis-induced migration of MSC. A, expression of intracellular HGF in vital (untreated), apoptotic (300 nM staurosporine, 3 h),
and necrotic (40 �M H2O2, 3 h) cardiac myocytes was evaluated by immunofluorescence staining and confocal laser-scanning microscopy. An HGF-specific
polyclonal antibody and an Alexa Fluor 488-tagged antibody (green) were used. Blue, nuclear staining with TO-PRO-3 iodide. Representative images of two
independent experiments are shown. Scale bar, 20 �m. B, HGF levels in conditioned media derived from vital (untreated), apoptotic (300 nM staurosporine, 3 h;
10 mM sodium azide, 3 h), or necrotic (40 �M H2O2, 3 h; 25% ethanol, 1 h) cardiac myocytes or cardiac fibroblasts were measured by ELISA. Conditioned media
derived from staurosporine-treated or sodium azide-treated cardiac myocytes or cardiac fibroblasts in the presence or absence of 1 �g/ml anti-HGF neutral-
izing antibody or control antibody (C) or graded doses of recombinant HGF (D) served as targets in transwell migration experiments. Data are presented as
mean � S.E. (error bars) (n � 3). Statistical significance (**, p � 0.002) is indicated.
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cantly inhibited recruitment of MSC toward CM derived from
apoptotic cardiac myocytes (staurosporine, 72.2 � 5.4% inhibi-
tion (p � 0.001); sodium azide, 70.7 � 5.9% inhibition (p �
0.002)) and apoptotic cardiac fibroblasts (staurosporine, 73.5�
6.4% inhibition (p � 0.002); sodium azide, 71.9 � 8.4% inhibi-
tion (p � 0.002)) (Fig. 6C). Moreover, recombinant HGF dose-
dependently induced MSC migration (Fig. 6D).
Activated Platelets Impair HGF-driven Migration of MSC

through HMGB1/TLR-4-mediated Down-regulation of HGF
Receptor MET—Having identified HGF as a major factor that
drives recruitment ofMSC to apoptotic cardiac cells andhaving
detected platelet-derived HMGB1 as a pivotal factor that
impairs this cell death-dependent migratory response via
TLR-4, we asked ourselves whether recombinant HMGB1
inhibits MSC migration to recombinant HGF in a TLR-4-de-
pendent fashion as well. Indeed, MSC preincubation with
recombinantHMGB1dose-dependently inhibitedmigration of
MSC toward recombinant HGF (20 ng/ml HGF; Fig. 7A).
Again, the inhibitory effect of HMGB1 onHGF-mediatedMSC
migration could be reversed in the presence of a neutralizing
antibody against TLR-4.
Because these observations were very suggestive, we finally

investigated surface expression of the HGF receptor MET on
MSC. As evaluated by immunofluorescence confocal laser-
scanning microscopy, untreated MSC were strongly positive
for MET, whereas a 24-h incubation of MSC with CM derived
from ADP-activated (28.1 � 12.2% inhibition; p � 0.019) or
CRP-activated platelets (31.3 � 11.5% inhibition; p � 0.011)
significantly reduced MET surface expression (Fig. 7B; repre-
sentative results of three experiments). Down-regulation of
MET onMSC in response to CM derived from activated plate-
lets could also be detected by flow cytometry (Fig. 7C; repre-
sentative results of three experiments). Further, time-depen-
dent kinetic curves of mean fluorescence intensity of MET
evaluated by flow cytometry were plotted over a 24-h observa-
tion period (Fig. 7D). Expression of MET on MSC was signifi-
cantly reduced during incubation with CM derived from CRP-
activated (4 h, 29.3 � 6.2% inhibition (p � 0.033); 24 h, 44.0 �
5.9% inhibition (p � 0.02)) or ADP-activated platelets (12 h,
37.6 � 4.1% inhibition (p � 0.022); 24 h, 39.7 � 4.9% inhibition
(p � 0.021)). In the presence of neutralizing antibodies to
HMGB1 as well as TLR-4, no or very little MET down-regula-
tion was observed during incubation with CM of activated
platelets, indicating that activated platelets down-regulate sur-
face expression of MET on MSC via HMGB1/TLR-4. More-
over, fractionation of MSC and Western blot analysis per-
formed on plasma membrane and cytosol fractions revealed

strong MET expression in the plasma membrane of untreated
MSC and, upon treatment with CM derived from CRP-acti-
vated as well as ADP-activated platelets, a significant (p� 0.05)
decrease ofMET protein abundance in plasmamembrane frac-
tions and increase in the respective cytosol fractions, indicating
internalization of the receptor (Fig. 7E).

DISCUSSION

The major findings of the present study are that (i) MSC
migrate toward apoptotic but not necrotic or vital cardiacmyo-
cytes and fibroblasts in an HGF-dependent fashion, (ii) acti-
vated platelets inhibit this cell death-dependent migratory
response, and (iii) activated platelets release the alarmin
HMGB1, which induces internalization of HGF receptor MET
through TLR-4 on MSC, thereby impairing HGF-driven
recruitment of MSC to apoptotic cardiac cells. We thus identi-
fied a novel mechanism by which platelets control migration of
MSC toward damaged cardiac myocytes and fibroblasts. Our
findings imply that interactions between platelets and MSC
may play a critical role in regulating tissue repair mechanisms
after myocardial injury.
The current treatment strategy of acute myocardial infarc-

tion relies on rapid reperfusion and secondary prevention ther-
apy that aims to counteract the progression of cardiac dysfunc-
tion (46). However, a large number of patients are refractory to
standard therapy. Although stem cell-based therapy for the
treatment of myocardial ischemia and infarction is still in its
preliminary phase, it has the potential to beneficially affect ven-
tricular remodeling and significantly improve heart function
(12, 17, 18, 47). To increase the efficacy of stem cell therapy,
there is an urgent need to identify critical molecular mecha-
nisms that either promote or impair recruitment of stem cells
to the injured myocardium and to therapeutically target spe-
cific mechanisms based on these findings.
Platelets have been shown to play a critical role in regulating

recruitment of adult stem cells, including MSC, CD34-positive
progenitor cells, smooth muscle cell progenitors, and endothe-
lial progenitors, to vascular and tissue lesions (26, 48–51). For
instance, platelets are capable of promoting MSC migration,
which was dependent on basic fibroblast growth factor (49).
Here, we show that activated platelets release HMGB1, a
nuclear protein that acts as a danger signal in extracellular
space (32), and thereby substantially impair recruitment of
MSC to apoptotic cardiac myocytes and fibroblasts.
Platelets are known to express HMGB1 and, upon activation,

transport the protein toward the cell surface (34). In patients
with disseminated intravascular coagulation associated with

FIGURE 7. Effect of platelet activation on expression of HGF receptor MET on MSC. A, MSC were preincubated with graded doses of recombinant HMGB1
(10 – 40 ng/ml) for 24 h and then tested for migration toward recombinant HGF (20 ng/ml) in the presence or absence of a neutralizing TLR-4 antibody. The
number of migrating MSC was determined after 12 h. B, surface expression of HGF receptor MET on untreated MSC and MSC incubated with conditioned media
derived from ADP- or CRP-activated platelets for 24 h was evaluated by immunofluorescence staining and confocal laser-scanning microscopy. A MET-specific
polyclonal antibody and an Alexa Fluor 488-tagged antibody (green) were used. Blue, nuclear staining with TO-PRO-3 iodide. Shown is quantification of MET
expression by mean fluorescence intensity. Statistical significance (*, p � 0.02) is indicated. Representative images of three independent experiments are
shown. Scale bar, 40 �m. C and D, expression of MET on untreated MSC and MSC incubated with conditioned media derived from ADP- or CRP-activated
platelets (2, 4, 12, and 24 h) in the presence or absence of neutralizing antibodies to HMGB1 or TLR-4 was also determined by flow cytometry and quantified by
mean fluorescence intensity. E, down-regulation of MET on MSC was further studied by fractionation of untreated MSC and MSC incubated with conditioned
media derived from ADP- or CRP-activated platelets for 12 h into plasma membrane and cytosolic components, and subsequent Western blot analysis was
performed on the distinct fractions, detecting MET at 145 and 125 kDa. Data are presented as mean � S.E. (error bars) (n � 3). Statistical significance (*, p � 0.05)
of densitometric analysis of MET bands (normalized to actin) is indicated.
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hematologic malignancy, serum levels of HMGB1 significantly
correlated with platelet activation markers (52). HMGB1 typi-
cally mediates recruitment of innate immune cells and stimu-
lates inflammatory responses, such as release of proinflamma-
tory cytokines through binding to receptors RAGE, TLR-2, and
TLR-4 (32). Importantly, MSC express HMGB1 receptors (41,
42), implying thatMSC are a putative target for platelet-derived
HMGB1. Enhanced (53) aswell as reduced (42)migratory activ-
ity of MSC has been reported as a result of TLR ligation. In our
study, platelet-derivedHMGB1 inhibited the cell death-depen-
dent migratory response of MSC via TLR-4. Interestingly,
increased ventricular performance could be observed after
intracoronary injection ofMSCderived fromTLR-4-knock-out
mice into an isolated infarcted rat heart, whereuponWang et al.
concluded that activation of TLR-4 on MSC impairs their car-
dioprotective activity after myocardial infarction by a STAT3-
inhibitory mechanism (54). In another study, ligation of TLR-4
has been shown to result in the development of proinflamma-
tory activities ofMSC, such as activation of T-lymphocytes and
increased production of proinflammatory mediators (55).
These findings indicate that ligation of platelet-derived
HMGB1 to TLR-4 expressed on MSC may counteract MSC-
mediated cardioprotection and provide favorable conditions
for inflammation. Moreover, the mechanism identified in this
study may contribute to the common limitation of the only
short lived beneficial effects of MSC-based therapy for the
treatment of myocardial ischemia and infarction. As a conse-
quence, blocking TLR-4 on MSC or gene knockdown might
improve the efficacy ofMSC-based therapy due to an improved
infiltration into the damaged target tissue.
Clinical grade MSC are expanded in vitro preferentially with

animal serum-freemedia containing platelet-rich plasma (PRP)
due to lower risk of infectious complications and host immune
reactions (56). Incubation of MSC with PRP significantly
enhancedMSCmigration capacities comparedwith incubation
with fetal calf serum (57). However, PRP also contains signifi-
cant amounts of HMGB1, which may be relevant for the cell
death-dependent migratory response of clinical grade MSC
cultured in media supplemented with PRP.
In the present study, only apoptotic and not necrotic cardiac

myocytes and fibroblasts produced HGF and induced migra-
tion ofMSCviaHGF receptorMET.Thus, the type of cell death
appears to control whether recruitment of MSC, a prerequisite
for their cardioprotective effects, takes place or not. Necrosis is
usually a result of extreme tissue damage and induces inflam-
matory responses, whereas apoptosis is typically associated
with immunological tolerance, although the microenviron-
ment may modulate this outcome (58). HGF and MSC have
immunosuppressive (24, 59), antiapoptotic (10, 22), and cardio-
protective (7, 25) effects.HGF-mediated recruitment ofMSC to
apoptotic cardiac cells therefore appears to be a critical mech-
anism forMSC-mediated repair and regeneration of the injured
myocardium.Here, we provide evidence that activated platelets
directly interfere with this tissue repair mechanism through
HMGB1/TLR-4-dependent down-regulation of HGF receptor
MET on MSC.
In conclusion, we have identified a novel mechanism by

which platelets, upon activation, substantially impairmigration

ofMSC to apoptotic cardiacmyocytes and fibroblasts. Our data
may be of particular relevance for further investigations regard-
ing the cross-talk between platelets and MSC and its influence
on myocardial repair and regeneration. Such new insights will
hopefully help us to develop better stem cell-based therapeutics
for the injured heart.
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