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To Go or Not to Go: Migration of Human Mesenchymal
Progenitor Cells Stimulated by Isoforms of PDGF
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Abstract The recruitment of mesenchymal progenitor cells (MPCs) and their subsequent differentiation to
osteoblasts is mandatory for bone development, remodeling, and repair. To study the possible involvement of platelet-
derived growth factor (PDGF) isoforms, primary human MPCs and osteogenic differentiated progenitor cells (dOB) were
examined for chemotaxic response to homodimeric human platelet-derived growth factor AA, -BB, and heterodimeric
PDGF-AB. The role of PDGF receptors was addressed by preincubationwith PDGF receptor alpha and beta chain specific
antibodies. Migration of MPCs, dOB, and primary osteoblasts (OB) was stimulated by the addition of rhPDGF-AA,
rhPDGF-BB, and rhPDGF-AB. The effect was highest in MPCs and for rhPDGF-BB, and declining with osteogenic
differentiation. Preincubation with the receptor alpha specific antibody decreased the CI to borderline values while
pretreatment with the receptor beta specific antibody led to a complete loss of chemotactic response to PDGF isoforms. In
control experiments, basal migration values and rhBMP-2 as well as rxBMP-4 induced chemotaxis of MPC were not
influenced by the addition of receptor alpha or beta antibodies. Interestingly, without preincubation the parallel exposure
of MPC to rhTGF-b1 instantaneously leads to a selective loss of migratory stimulation by rhPDGF-AA. The chemotactic
effect of PDGF isoforms for primary humanMPCs and the influence of osteogenic differentiation suggest a functional role
for recruitment ofMPCs during bone development and remodeling.Moreover, these observationsmay be useful for novel
approaches towards guided tissue regeneration or tissue engineering of bone. J. Cell. Biochem. 93: 990–998, 2004.
� 2004 Wiley-Liss, Inc.
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Acontinuous source of osteoblast recruitment
for bone growth, remodeling, and fracture
repair is ensured by mesenchymal progenitor
cells (MPCs) which have been identified in bone
marrow and other tissues [Caplan, 1991; Young
et al., 1995]. Therefore, migration of bone
forming cells is an important event during
various physiological and pathological situa-
tions.The chemotactic response of osteoblasts to
growth factors such as transforming growth
factor beta 1 (TGF-b1), bone morphogenetic

proteins (BMP), platelet-derived growth factor
(PDGF), basic fibroblast growth factor (bFGF),
and vascular endothelial growth factor A
(VEGF-A) has been shown [Lind, 1996; Mayr-
Wohlfart et al., 2001]. More recently, the ability
for chemotactic response to various growth
factors including PDGF-BB has been reported
for human MPCs [Fiedler et al., 2002].

PDGF, a polypeptide formed by two amino
acid chains of two related genes is one of the
most potent mitogens for skeletal cells. The
products of the PDGF A and PDGF B genes can
form homodimers or heterodimers, so PDGF
could act in three isoforms: PDGF-AA, PDGF-
BB, or PDGF-AB. The PDGF is a potent regu-
lator of bone cells either alone or in combination
with other factors. PDGF increases the number
of preosteoblastic cells, induces chemotaxis, and
matrix apposition [Cochran et al., 1993; Horner
et al., 1996]. Nash et al. [1994] demonstrated
that PDGF-BB also increases the density and
volume of callus formed in a rat tibial osteotomy
model.
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Osteoblastic cells express two distinct PDGF
receptors, the alpha receptor that binds both
PDGFchains and thebeta receptor,whichbinds
only the B chain of PDGF [Centrella et al.,
1992]. Structurally and functionally both recep-
tors are related and binding of PDGF results
into a receptor dimerization and activation of
intrinsic tyrosine kinase activity [Yarden et al.,
1986; Claesson-Welsh et al., 1988; Heldin
et al., 1989]. While human osteoblasts contain
a similar number of alpha and beta receptors
with similar dissociation constants [Centrella
et al., 1992], nothing is known about MPCs.
The activated receptors could stimulate various
signal-transduction pathways, via the PKC,
protein kinase A, or by changing the amount of
intracellular calcium depending on the cell type
[Claesson-Welsh, 1994].
Since human platelets contain all three

PDGF isoforms which may be released from
fracture hematoma with PDGF-AB represent-
ing about 70% [Hammacher et al., 1988; Hart
et al., 1990] and osteonectin (SPARC) a non-
collagenous protein of bone matrix inhibits
PDGF B-chain binding to its receptors [Lane
and Sage, 1994] the biological relevance of
PDGF-AB and PDGF-AA for recruitment of
MPCs is an important question.
Therefore, the aim of this study was to assess

the chemotactic effects of, rhPDGF-AA, -BB,
and -AB on primary human MPCs in com-
parison to in vitro differentiated MPCs, and
primary human osteoblasts and to elucidate the
involvement of PDGF receptors alpha and beta
by preincubation with specific antibodies block-
ing their biological activity. Since a selective
inhibition of PDGF-AA-induced chemotactic
stimulation by TGF-b1 has been reported for
other cell types [Soma et al., 2002] the possible
interference of this growth factor with PDGF-
induced chemotaxis was additionally tested.

MATERIALS AND METHODS

Cell Culture

MPCs were harvested from human bone
marrow derived from routine surgical proce-
dures (pelvic osteotomies) with informed con-
sent from six female patients (age 19–51 years)
and in accordance with the terms of the ethics
committee of the University of Ulm.
MPCs were isolated as described earlier

[Fiedler et al., 2002]. This isolation is specific
for adherent MPCs and maintains the progeni-

tor phenotype [Bruder et al., 1998; Pittenger
et al., 1999]. TheMPCphenotypewas proved by
FACS analysis with a subset of MPC positive
surface markers (CD9, CD44, CD54, CD90, and
CD166), as well as CD45 (negative), and by the
potential to differentiate in osteoblasts, chon-
drocytes, or adipocytes [Deans and Moseley,
2000;Gronthos et al., 2001].Usually over 95%of
the cells were positive forMPC typical combina-
tions and100%negative for hemopoietic surface
markers [Fickert et al., 2003]. Only MPC
preparations lacking mature osteoblast specific
gene expression were used for chemotaxis
experiments.

After isolation, the cells were cultured in
a basal medium consisting of DMEM with
10% FCS, 1% glutamine, and 1% penicillin/
streptomycin (all Biochrom Seromed, Berlin,
Germany) at 378C, 5% CO2 in 95% humidity.
In order to differentiate the MPCs into osteo-
blasts, the basal medium was supplemented
with 10�7 M dexamethasone, 50 mg/ml ascor-
bic acid, and 2,16 mg/ml b-glycerophosphate
(Sigma, Germany) for 14 days. Medium was
changed twice a week. The osteogenic differ-
entiation was proved by RT-PCR of osteoblast
specific genes.

Osteoblasts were harvested from cancellous
humanbone fragments derived fromroutinehip
and knee replacements within surgical proce-
dures. Donor material obtained from six differ-
ent patients (age 50–70 years) was plated after
collagenase digestion for 2 h and cultured in
DMEM with 10% FCS as described previously
[Mayr-Wohlfart et al., 2001]. Experiments were
performed only in the first three cell passages as
well as in the stage of cell maturation.

Growth Factors and Receptor Antibodies

Three different growth factors were used:
recombinant human platelet-derived growth
factor AA (rhPDGF-AA), recombinant human
platelet-derived growth factor BB (rhPDGF-
BB), and recombinant human platelet-derived
growth factor AB (rhPDGF-AB), all were pur-
chased from DPC Biermann (Bad Nauheim,
Germany). As we could describe previously for
various growth factors including rhPDGF-BB
tested from 0.001 to 10 ng/ml, there was no
significant difference in the chemotactic re-
sponse between 1 and 10 ng/ml [Fiedler et al.,
2002]. Thus, for all growth factors concentra-
tions of 1 ng/ml were tested in the chemotaxis
assay. Single control experiments with 0.1 and
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10 ng/ml confirmed the results obtained with
1 ng/ml. Anti-human PDGF receptor alpha
(PDGFRa) and receptor beta (PDGFRb) anti-
body were purchased from R&D Systems
(Wiesbaden, Germany) and were used in finals
concentrations of 10 mg/ml in order to reach
a minimum of 75% neutralization of PDGF-
mediated activity according to the supplier’s
information.

Recombinant human transforming growth
factor beta 1 (rhTGF-b1) was purchased
from TEBU GmbH (Frankfurt, Germany), re-
combinant human bonemorphogenetic protein-
2 (rhBMP-2) was provided by the Theodor-
Boveri-Institut of the University of Würzburg,
Germany [Kübler et al., 1998], and recombi-
nant Xenopus bone morphogenetic protein-4
(rxBMP-4) was produced as described earlier
[Mayr-Wohlfart et al., 2001].

Chemotaxis Assay

Chemotactic responses were measured by
a modified Boyden chamber assay [Falk et al.,
1980] using a 48-wellmicro chemotaxis chamber
(NeuroProbe, Inc., Baltimore, MD) with poly-
carbonate filters with 5-mm pores (Whatman
Biometra, Göttingen, Germany) as described
previously [Fiedler et al., 2002; Mayr-Wohlfart
et al., 2002]. The cells were trypsinized, counted,
and partly used for RT-PCR as well as the
chemotaxis assay. In PDGF receptor inhibition
experiments, cells were preincubated for 30min
with1mg/mlPDGFRa or -bantibodies inDMEM,
while the controls were incubated in DMEM
only. Afterwards all samples were washed once
by centrifugation and suspending in DMEM.
Growth factor dilutions in DMEM were filled
into the lower wells and covered by the chemo-
taxis filter. Cells (1� 104) in 50 ml DMEM were
filled in the upper wells. After a 4-h incubation,
the filter was carefully removed, non-migrated
cells on the upper side eliminated by rinsing
with cold PBSand scraping over a rubberwiper.
The remaining migrated cells on the lower side
of the filter were fixed with 4% formaldehyde
and stained with toluidine blue. In control
experiments, the migrated MPCs on the filter
were stained for CD9, CD54, CD 90, and CD166
(BD Biosciences Pharmingen, Heidelberg, Ger-
many) in order to prove whether MPCs or other
subpopulations respond to the tested factors.All
growth factors were tested in triplicate for each
concentration. Control wells with DMEM only in
thebottomwellwereapplied for eachexperiment.

Conditioned medium of human fetal osteoblast-
cultures was used as positive control in analogy
to the use of conditioned medium from fetal
cultures for fibroblast chemotaxis [Brenner
et al., 2001]. While in the control wells contain-
ing only DMEM, the number of cells migrated
was about 20–40 cells, the amount of migrated
cells in the wells with conditioned medium was
always greater than 1,000 cells.

The number of migrated cells in control and
stimulated wells was counted for 12 random
fields per well at 100� magnification. Results
were expressedasa chemotactic index (CI). This
index was determined as the average number
of migrated cells in stimulated wells divided
by average number of migrated cells in con-
trol wells. A Zigmond–Hirsch checkerboard
analysis was performed in triplicate to distin-
guish between concentration-dependent cell
migration (chemotaxis) and random migration
(chemokinesis). The analysis was performed
after eliminating the concentration gradient
by adding the chemoattractants to the upper
chamber with the cell suspension [Zigmond and
Hirsch, 1973].

RT-PCR Analysis

The differentiation status of the MPCs, the
differentiated progenitor cells, and primary
osteoblasts was affirmed by RT-PCR for the
expression of osteoblastic markers: alkaline
phosphatase (AP), osteocalcin (OCN), and
osteonectin (ON; SPARC).Collagen type I alpha
1 (COL1), and the housekeeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)
were used to verify the PCR results as internal
standards. Therefore, total RNA was isolat-
ed from 105 cells with the RNeasy1 System
and reverse transcription was done with
OmniscriptTM RT Kit (all QIAGEN1, Hilden,
Germany) following the manufacturer’s ins-
tructions. PCR-primers for GAPDH, COL1,
AP, OCN, and ON were described elsewhere
[Fiedler et al., 2002]. Amplicon sizewas set from
180 to 250 bp for GAPDH,COL1, AP, OC, and to
400 bp for ON. Temperature optimum was set
to 608C. In all cases, the best primer pair was
used. Primer and conditions for PDGF-Ra, and
PDGF-Rb were described elsewhere [Lokker
et al., 2002].

PCR-reactions were performed with a
Robocycler1 (Stratagene, Amsterdam, The
Netherlands) using HotStarTaqTM Master Mix
Kit (QIAGEN, Hilden, Germany). PCR was
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performed under linear conditions using the
cycle profile: initial incubation 15 min. at 958C,
followed by 30 cycles annealing 45 s at 608C,
extension 45 s at 728C, denaturation 60 s
at 948C, and terminating with 15 min at
728C. PCR products were separated on a 1.5%
agarose gel and stained with ethidium bromide,
visualized and digitalizedwith an ImageMaster
VDS system (Amersham Biosciences, Freiburg,
Germany).

Statistics

Experiments were performed from six donors
in independent experiments for the PDGF
isoforms and the receptor inactivation test-
ing. Results are presented as mean�SD. The
significance of differences between control
and stimulation groups was determined using
ANOVA and one-paired Wilcoxon tests. Values
less than P¼ 0.05 were considered significant.

RESULTS

Chemotaxis of MPCs

In all experiments, the markers of the dif-
ferentiated bone cell phenotype (high expres-
sion of AP and osteocalcin) was absent in MPCs
and present in osteogenic differentiated cells
(dOB) and primary osteoblasts (OB) as pre-
sented in Figure 1A. All tested cell populations
expressed both PDGF receptor chains as shown
in Figure 1D.
The chemotactic response of MPCs depended

on the PDGF isoform applied. While rhPDGF-
AA and rhPDGF-AB induced a chemotactic
index (CI) of 2.9, the average index of
rhPDGF-BB was 6.6 (�1.84) (Fig. 2).
Blocking PDGFRa with specific antibodies,

the CI decreased significantly inmost cases, but
not to a complete inhibition of migration. In OB
for PDGF-AB and -BB, the reduction did not
reach significance. When using rhPDGF-AA
and rhPDGF-AB, a CI of 1.6 (�0.3) or 1.6 (�0.4)
respectively was detectable in the presence of
the blocking antibody. In the case of rhPDGF-
BB, the CI dropped down to 2.5 (�0.4) as shown
in Figure 2.
The preincubation with PDGFRb specific

antibodies leads to a complete inhibition of
migration in all PDGF experiments. The CI
was reduced to 1.2 (�0.2) for rhPDGF-AA, 1.1
(�0.37) for rhPDGF-BB, and 1.0 (�0.25) for
rhPDGF-AB.

The PDGF receptor antibodies used did not
influence the chemotaxis of MPC, dOB, and OB
in response to recombinant human BMP2 and
recombinant Xenopus BMP4. This showed that
the decrease of migration induced by these
receptor antibodies was specific to PDGF (data
not shown). Furthermore, blocking of the
PDGFRa or -b did not markedly inhibit cell
migration by itself (Fig. 4).

The chemotactic responses of MPCs and
osteogenic differentiated cells were tested in a
checkerboard analysis to determine whether
cell migration was due to chemotaxis or chemo-
kinesis. Checkerboard analysis in the tested
concentration of 1 ng/ml showed that the sti-
mulation ofmigration by all PDGF isoformswas
present at a positive concentration gradient.
This indicates that the cell migration seen in
response to these growth factors was due to true
chemotaxis, not chemokinesis (Table I).

Fig. 1. Differences in the expression of osteoblastic marker
genes by mesenchymal progenitor cells (A), osteogenic differ-
entiatedprogenitor cells (B), and primaryosteoblasts (C) detected
by RT-PCR analysis. M 100-bp size marker, 1 glyceraldehyde-3-
phosphate dehydrogenase, 2 collagen type I, 3 alkaline
phosphatase, 4 osteocalcin, 5 osteonectin. D: The expression
of PDGFRa and -bwas detectable in all cells in equal amounts.M
100-bp size marker, S housekeeping gene, a PDGF receptor
alpha, b PDGF receptor beta.
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Because of using primary human cells, we
had to prove that only MPC chemotaxis was
measured by the migration assay. Migrated
cells were therefore stained after the chemo-
taxis experiment on the membrane with typical
MPC surface marker antibodies [Gronthos
et al., 2001; Fickert et al., 2003]. As shown
in Figure 3, all cells were positively stained
by CD9, CD54, CD90, and CD166 either
stimulated by rhPDGF-AA (Fig. 3A,D,G,J),

rhPDGF-BB (Fig. 3B,E,H,K), or rhPDGF-AB
(Fig. 3C,F,I,L). These data suggest that no other
subpopulation like endothelial progenitors fal-
sifies our data.

The chemotactic response to the conditioned
medium of human fetal osteoblast cultures was
used as a positive control, but the number of
migrated cells could not be counted, because of
the high response (>1,000 migrated cells per
well). In general, without addition of growth
factors, 20–40 cells were counted because of
chemokinesis. The addition of growth factors
that induce chemotaxis raised the number of
cells up to 300 to 400 for 1 ng rhPDGF-BB.

Chemotaxis of Differentiated MPCs
and Primary Osteoblasts

Osteogenic differentiated MPCs (dOB) re-
sponded in a similar way to primary human
osteoblasts (OB) but markedly less than MPCs
to rhPDGF-BB as shown in Figure 2. In con-
trast, their response to rhPDGF-AA and -AB
was similar to the CI from MPCs. The same be-
havior was detectable when the specific PDGF
receptor antibodies were added. Thus, in vitro
differentiation of MPCs changed the respon-
siveness to the growth factors towards that of
primary osteoblasts in case of rhPDGF-BB but
remained at a similar level in the presence of
rhPDGF-AA and rhPDGF-AB.

Inhibition of PDGF-AA Mediated Cell
Migration by TGF-b1

Parallel application of 10 ng/ml of rhTGF-b1
in the upper and lower well of the chemotaxis
chamber led to a complete loss of migration
activity induced by rhPDGF-AA as shown in
Figure 4 (CI¼ 0.9� 0.2). Surprisingly, chemo-
taxis induced by rhPDGF-BB and PDGF-AB
was slightly but not significantly reduced by
about 20%. This is in contrast to Soma and co-
workers [Somaet al., 2002] becauseno long time
incubation was necessary prior the chemotaxis
experiment to inhibit chemotaxis and that in
addition also PDGF-BB and -AB seemed to be
affected.

DISCUSSION

The coordinate recruitment of MPCs and
more differentiated cells of the osteogenic line-
age have to be well regulated and a better
understanding of these processes may provide
important information for novel therapeutic
strategies.

Fig. 2. Chemotaxis of human mesenchymal progenitor cells,
osteogenic differentiated progenitor cells, and primary human
osteoblasts induced by isoforms of PDGF in the absence or
presence of receptor alpha or beta specific antibodies. All
experiments were performed in at least six independent
experiments in triplicate each. Shown is the CI in the presence
of thePDGF isoforms (rhPDGF-AA, -BB, -AB) andPDGF receptor
antibodies (PDGFRa antibody, PDGFRb antibody). Mean� SD,
P values from ANOVA and one-paired Wilcoxon’s tests less
than P¼ 0.05 were considered significant and marked by an
asterix (*).
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TABLE I. Checkerboard Analysis

Growth factor
Growth factor
in upper well

Chemotactic index at 1 ng/ml in lower well

MPC dOB

Mean �SD Mean �SD

rhPDGF-AA � 4.09 0.29 2.82 0.19
þ 0.59 0.17 0.71 0.13

rhPDGF-BB � 9.45 1.01 4.17 0.35
þ 0.88 0.19 0.70 0.17

rhPDGF-AB � 5.41 0.61 3.26 0.24
þ 0.68 0.22 0.80 0.15

The table shows data from the checkerboard analysis. The concentration gradient between the wells (�)
was eliminated by adding growth factors to the cell suspension in the top well (þ). All growth factors were
tested in the concentration of 1 ng/ml to induce stimulation of migration. In the table, the migration is
expressed as chemotactic index. Data are means of at least triplicate wells with �SD.

Fig. 3. Staining of human mesenchymal progenitor cells after
PDGF inducedmigrationonchemotaxismembranes. To exclude
that contaminating subpopulations of endothelial cells for
example falsify theCI fromMPC, an immunohistological staining
with a subset of known surfacemarker proteins was done [Deans
and Moseley, 2000; Fickert et al., 2003]. Staining for CD9

(A) rhPDGF-AA, (B) rhPDGF-BB, (C) rhPDGF-AB, for CD54 (D)
rhPDGF-AA, (E) rhPDGF-BB, (F) rhPDGF-AB, for CD90 (G)
rhPDGF-AA, (H) rhPDGF-BB, (I) rhPDGF-AB, and for CD166
(J) rhPDGF-AA, (K) rhPDGF-BB, (L) rhPDGF-AB. Magnification
200�. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Our study focused on the behavior of pri-
mary human MPCs, which can differentiate
into chondrocytes, adipocytes, osteoblasts, and
other cells of mesenchymal origin. The MPC
phenotype and the osteogenic differentiation
were proved by RT-PCR. The expression of ON
coincides with previous reports that MPCs do
express ON [Aubin, 1998a,b]. Maybe the ex-
pression of ON was increased as part of a shock
response upon separation [Sauk et al., 1991;
Kudo et al., 1994]. The expression of osteogenic
markers like high levels of alkaline phospha-
tase (AP) and osteocalcin (OCN) in differen-
tiated osteoblasts and primary osteoblasts was
sufficient to distinguish between progenitor
cells and differentiated cells. Moreover, in
experiments with MPCs immunohistochemical
staining of migrated cells for typical cell surface
markers [Fickert et al., 2003] revealed that
indeed progenitor cells and not other sub-
populations, like endothelial cells, had migrat-
ed. PDGF was discovered in serum as the
major mitogenic activity responsible for growth
of cultured mesenchymal cells [Sporn and
Roberts, 1990]. The mitogenic effect of PDGF-
BB has also been found in human osteoblasts
and various osteogenic cell-lines [Canalis et al.,
1992]. In addition, PDGF-BB was found as well
to be a powerful chemotactic factor formesench-
ymal cells, including osteoblasts from human
and rat tissue [Hughes et al., 1992; Lind
et al., 1995; Godwin and Soltoff, 1997; Fiedler
et al., 2002]. The PDGF-BB-induced chemo-

tactic index of osteoblasts was described to be in
a range of two to three. While our data suggest
that the chemotactic effect of PDGF-AB is in the
range of PDGF-BB-induced chemotaxis in case
of OB, it seems possible that PDGF-AB as the
major isoform in platelets is the most relevant
chemoattractant for OB in fracture hematoma,
while PDGF-BB may be more specific for MPC
and their recruitment from long distances,
being chemoattractive for the progenitor cells
even in lowest concentrations. SinceONexpres-
sion was similar in MPC and osteogenic dif-
ferentiated cells, an inhibition of PDGF-B chain
binding by this non-collagenous protein
described by Lane and co-workers could not
account for the different response [Lane and
Sage, 1994]. The chemotactic activity of PDGF-
AB and -AA for MPCs has not been reported
so far and indicates a possible role of all
three PDGF variants for cell recruitment in
bone tissue. Furthermore, checkerboard analy-
sis revealed that the effect of all isoforms can be
attributed to directed cell migration and not to
enhanced chemokinesis.

Besides migration of human MPC, MPCs
after osteogenic differentiation, and primary
human osteoblasts, in response to recombinant
human PDGF-AA, recombinant human PDGF-
BB, and recombinant human PDGF-AB, we
investigated the influence of PDGF receptor
specific antibodies on migration behavior. In
all cell populations, the expression of receptor
alpha and receptor beta chains was detectable
by RT-PCR. Thus we could show for the first
time that the expression of PDGF-receptor
chains in humanMPC is similar to the situation
in osteoblasts published previously [Centrella
et al., 1992]. Interestingly, the addition of
PDGF receptor specific antibodies (alpha or
beta chain) significantly inhibited cell migra-
tion for all PDGF isoforms in MPCs and OB.
While the PDGFRb specific antibody inhibited
stimulation ofmigration in all cases completely,
the preincubation with PDGFRa specific anti-
body only the rhPDGF-AA induced migration
was suppressed. In terms of rhPDGF-BB and
-AB, a reduction of about 20% was observed. In
part these are astonishing results. First it is
unclearwhyPDGFRb antibodies inhibit PDGF-
AA induced migration while PDGF-AA should
only interact with the PDGFRa chains [Heldin
and Westermark, 1999]. Due to the supplier’
information, the monoclonal PDGFRb antibody
should show no crossreaction with the receptor

Fig. 4. Addition of 10 ng/ml rhTGF-b1 in the upper and lower
well of the chemotactic chamber inhibited the cell response in
the case of rhPDGF-AA completely. While the chemotactic
migration in case of rhPDGF-AB was reduced about 20%,
rhPDGF-BB induced chemotaxis was reduced to 75% of
migration. Mean� SD of two independent experiments in
triplicate determination.
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alpha chains. So further experiments are neces-
sary to explain this behavior. The complete
suppression of PDGF-AB effect could be ex-
plained if this heterodimer only stimulates
migration via the PDGFRa/b dimers but until
today there is no information available, if
the alpha/beta heterodimer could induce cell
migration. The negative effect of the PDGFRa
antibodies on all PDGF isoforms induced che-
motaxis could be due to the fact, that it is a
polyclonal antibody with slight crossreactivity
to PDGFRb. More likely PDGF-BB and PDGF-
AB induce migration either via PDGFRb/b
or PDGFRa/b and PDGFRa/a pathways. This
would explain the observation that migration
was not completely inhibited. Nevertheless,
these new results have to undergo further
investigation.
A major effect of the receptor antibodies

on basal migration and the response to other
chemotactic factors like rhBMP-2 and rxBMP-4
[Fiedler et al., 2002] could be excluded. How-
ever, a minor negative effect of an inhibition by
the PDGF-b receptor antibody itself cannot be
excluded and may contribute to the results
discussed above.
In accordance to previous studies on other cell

types like skinfibroblasts [Somaet al., 2002],we
found a selective loss of chemotactic activity
of rhPDGF-AA under the influence of rhTGF-
b1 in human MPCs. Since TGF-b1 is known to
influence thedifferentiationofMPCs [Tuli etal.,
2003;Wang et al., 2003], we tested the effect of a
short-term application. In the other cell types,
the effect was attributed mainly to a down-
regulation of PDGF receptor alpha, which was
rather unlikely in our experimental setting
because of the short time span of only 4 h
exposure. Therefore, additional mechanisms
induced by rhTGF-b1 seem to interfere with
the chemotactic stimulation by rhPDGF-AA.
Although this point clearly deserves further
studies, our results unravel complex interac-
tions thatmay behighly important in the in vivo
situation.
In conclusion, we could show that MPCs

are targets for all PDGF isoforms—especially
PDGF-BB—and that the developmental stage
as well as the presence of additional factors has
important influence on the migratory response.
Thus PDGF isoforms may contribute to the
recruitment of MPCs in the context of bone for-
mation, remodeling, and fracture healing and
could possibly be useful for novel approaches

towards guided tissue regeneration or tissue
engineering.
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