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Abstract Skeletal injury is one of the most prevalent
clinical problems that jeopardize the activities of daily life,
especially in our aging society. Mesenchymal stem cells
(MSCs) play pivotal roles in regenerating bones after bone
injury. MSCs come from the surrounding tissues and/or
circulation. Cell sources may be the bone marrow, peri-
osteum, vessel walls, muscle, circulation, and elsewhere,
and the migration of MSCs is necessary for bone healing.
The mechanism(s) of recruitment and crucial molecules for
cell migration are still unclear, but chemokines and their
receptors seem to play critical roles. The induction of MSC
recruitment from surrounding tissues or from the circula-
tion can be a helpful modality to induce or to support cell-
based therapy for bone regeneration.
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Introduction

Skeletal injuries remain among the most prevalent clinical
problems that jeopardize the activities of daily life, espe-
cially in an aging society. This problem is accentuated in
patients with rtheumatoid arthritis, who tend to have lower
bone mineral density and a lesser ability to form new bones
because of a combination of their disease-induced gen-
eralized osteopenia [1] and the consequences of steroid-
induced osteoporosis [2]. Cell-based therapy has become
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one of the most promising modalities to treat difficult
aspects of bone repair, such as nonunion and massive bone
defects, in such patients. Mesenchymal stem cells (MSCs)
are without doubt almost the only candidate, albeit a very
attractive one, for cell-based bone regeneration.

The concept of stem cells likely originated at the end of
the nineteenth century as a theoretical postulate to account
for the ability of certain tissues or cells of an organism to
self-renew. The identification of stem cells as discrete
cellular entities possibly benefitted from the development
of methods for isolation of stem cells in vitro in parallel
with bioassays to examine their potency. The term MSCs
was first coined by Caplan in 1991 [3], and the concept can
be traced to classical experiments demonstrating that the
transplantation of bone marrow to heterotopic sites results
in de novo bone formation. Tavassoli and Crosby obtained
clear evidence for the inherent osteogenic potential of bone
marrow [4], but their study failed to distinguish the pro-
genitor cell of nonhematopoietic, differentiated bone cells
because the experiments were conducted with entire frag-
ments of bone marrow. However, Friedenstein and col-
leagues in a series of studies in the 1960s and 1970s
demonstrated that the osteogenic potential of bone marrow
was associated with a minor subpopulation of bone marrow
cells (reviewed by Freidenstein [5]). These cells were
distinguishable from the majority of bone marrow cells
(hematopoietic cells) by their rapid adherence to tissue
culture plates and by the fibroblast-like shape of their
progeny in culture, suggesting that their origin was
clearly different from that of hematopoietic bone marrow
cells. The second major breakthrough was provided by
Friedenstein and colleagues [6], who showed that seeding
bone marrow cell suspensions at clonal density results in
the establishment of discrete colonies initiated by single
cells. In vivo transplantation of those cells led to the
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recognition that multiple skeletal tissues could be experi-
mentally generated in vivo by the progeny of a single bone
marrow stromal cell. However, despite several important
publications, the concept of a nonhematopoietic stem cell
in bone marrow did not gain the worldwide popularity
befitting its potential until various pioneering works were
published describing appropriate methods for the isolation
and differentiation of these cells, such as that reported by
Pittenger and colleagues [7]. In conjunction with the iso-
lation of human embryonic stem (ES) cells, the term
mesenchymal stem cell gained wide popularity. Because of
massive, energetic studies all over the world, MSCs
became identified as one kind of postnatal human stem cell
with a differentiation potential that could be as broad as
that of ES cells. This assumption evoked feverish attention
and generated much confusion, and it remains highly
controversial. It remains to be clearly established what
MSCs actually are, how the stem cell concept should be
applied, what their possible clinical applications could be,
and what nomenclature would be most appropriate [8].

Despite these profound scientific questions, the thera-
peutic use of stem cells has attracted much attention in
medicine. The use of ES cells is still debated in public
because of ethical concerns, but the application of ES cells
in human therapy is also controversial because of immu-
nological incompatibilities and concerns about uncon-
trolled development of malignancies from administered
cells. Inducible pluripotent stem cells have recently been
discovered by Takahashi and Yamanaka [9]. This discov-
ery induced more enthusiasm in this field than ES cells
because induced pluripotent stem cells raise few ethical
concerns, although there is still debate on their use because
of the recently reported possibilities of teratoma develop-
ment [10]. In contrast, adult stem cells (without any gene
modification with viruses or other vectors) are free of such
ethical concerns and can be used in the autologous setting,
thereby avoiding rejection. Furthermore, allogeneic stem
cells have already been used extensively in human bone
marrow transplantation for the treatment of otherwise
deadly diseases [11]. Recognition of these advantages of
adult stem cells has translated into a large number of
clinical trials with bone marrow-derived or other tissue-
derived cells for organ repair and regeneration. Together,
the promising results with stem cell therapy have led to the
development of a new discipline in medicine, regenerative
medicine [12].

Initial attempts using MSCs for bone regeneration were
made as adjuncts to support bone healing. Historically,
orthopedic surgeons routinely used freshly isolated bone
marrow to provide rapid and extensive repair of nonunions,
large bone defects, or spinal fusions—not because of any
convincing scientific evidence but because they knew the
method worked well. During the past decade, accumulating

@ Springer

evidence has shown that the therapeutic use of MSCs is one
of the most promising advancing technologies for bone
regeneration in this era of ‘biologic treatment’. Although a
large number of experimental and clinical studies have
attempted to regenerate bones with MSCs, the results have
several notable shortcomings, such as vulnerability to
infection, uncertainty regarding the differentiation capa-
bility of MSCs in specific in vivo situations, the high cost
of ex vivo cell handling, concern regarding the limited
number of cells that can actually contribute to bone for-
mation, and possibly even malignant transformation of the
cells during ex vivo cell expansion [13-15]. These factors
are especially relevant in a highly demanding situation,
such as a large bone defect. Therefore, a new strategy is
required to support or supplement current methods for
promoting bone regeneration using MSCs.

In this review, I attempt to describe an intriguing
mechanism by which MSCs can be recruited from the
surrounding tissues or from the circulation by migratory
factors in vivo. From that starting point, a promising
modality could be developed for cell-based therapy in
regenerative medicine. Although I recognize the definition
of ‘stem cell’ will be controversial, and some readers may
think ‘progenitor cell” would be appropriate, I use the term
‘stem cell’ for this review. In addition, I adopt the term
‘migration’ rather than ‘trafficking’, because I feel it is
more appropriate for describing the mobilization of a group
of MSCs rather than a single cell.

Bone healing mechanisms and MSCs

Bone healing is thought to rely upon two types of healing
mechanisms. Endochondral ossification is the major type of
healing for most bone injuries. In this process, undifferen-
tiated MSCs undergo proliferation, chondrogenic differen-
tiation, hypertrophic change, and calcification, eventually
being replaced by bone produced by osteoclasts and osteo-
blasts. This type of healing mechanism resembles the
mechanism of development of the growth plate in long
bones, and most researchers think this series of events
‘recapitulates’ growth plate development, although some
controversy certainly exists. The other type of healing is
intramembranous ossification, in which MSCs or undiffer-
entiated bone-forming cells directly differentiate into oste-
oblasts and efficiently form new bones. This process requires
certain stable environmental and mechanical conditions.
One of the most enigmatic yet fascinating questions would
be where the stem (or progenitor) cells come from and how
the cells are recruited to the injured sites. I first attempt to
summarize the possible sources of MSCs and then discuss
the migration of those cells to the injured sites, followed by a
discussion of possible chemotactic factors.
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Possible sources of MSCs for bone repair
The bone marrow

The bone marrow is ‘historically’ still the most attractive
source of stem cells. As mentioned above, Tavassoli et al.
[2] and Friedenstein et al. [3] reported the existence of such
cells in the bone marrow as early as 1968. Moreover,
clinical applications of bone marrow aspirates have been
adopted for many years for the treatment of nonunion in
orthopedic surgery. The most favorable features of bone
marrow in terms of clinical application are its accessibility
with little morbidity and the abundance of the cells.
However, how many or what percentage of cells from the
bone marrow actually contribute to bone healing remains
unknown. Additionally, the proportion of mesenchymal
cells in bone marrow is different for each bone, and which
bone should be used for bone marrow harvest in each
clinical situation remains to be investigated. Also, some
strongly argue that human bone marrow MSCs represent a
phenotypically homogeneous cell population that shares an
identical phenotype with marrow adventitial reticular cells,
which are stromal cells similar in nature to pericytes [16].
This question should be clarified in the near future. The
studies of bone marrow stem cells have been summarized
in other reviews [11, 12, 16].

The periosteum

Based on an abundance of clinical experience, the perios-
teum is unanimously considered by orthopedic surgeons to
be one of the most crucial components for successful bone
healing. If the periosteum is destroyed by the injury itself
or the operation, the healing process will be much delayed,
causing many subsequent problems. Thus, every effort
should be made to preserve the periosteum of the injured
bone. A number of studies have also shown that when the
periosteum is autografted at heterotopic sites, either as free
grafts or in diffusion chambers, mineralized and cartilagi-
nous tissue can be detected [17]. However, the nature and
kinetics of the cells involved have not been well studied.
One of the major reasons for this is that the number of cells
is limited, and the extraction of the cells or of the perios-
teum itself is relatively difficult, especially in small ani-
mals such as rodents.

The periosteum consists of two layers: the outer fibrous
layer and the inner cambium layer. The latter is considered
to be the main source of stem cells, and it plays a key role
in bone healing. The former lacks such cells but provides
not only attachment to tendons and ligaments but also a
crucial blood supply to the cambium layer; it also plays a
key role in the association between the cambium layer and
surrounding muscles. Although it is relatively difficult to

show the biological contribution of the periosteum to bone
healing, the existence of ‘stem cells’ and the nature of
those cells have been reported. It has been reported that
culture-expanded cells obtained by enzymatic digestion or
outgrowth of periosteal explants retain their osteochon-
drogenic potential [18, 19]. Gruber et al. showed that under
osteogenic conditions, periosteum-derived cell populations
express messenger RNA for the bone markers osteocalcin,
osteopontin, and collagen type I and for the chondrogenic
markers collagen type II and aggrecan under chondrogenic
conditions. They also showed that growth factors enhance
osteogenic differentiation of these cells [20]. These studies
provide evidence of the potential of periosteal cells at the
cellular and molecular levels, but only in vitro. Scientific
investigations in vivo have recently become available
because of the development of cell tracking and imaging
techniques. Zhang et al. [21] reported that using a bone
graft model, they could attribute 70% of osteogenesis to the
cellular proliferation and differentiation of donor progeni-
tor cells on the surface of the live bone graft, indicating the
importance of the periosteum in bone healing in vivo.
Colnot [22] recently reported that in bone graft and fracture
models, the periosteum and bone marrow/endosteum both
give rise to osteoblasts, whereas the periosteum is the
major source of chondrocytes in bone healing. However,
how much and by what method the periosteal cells con-
tribute to actual bone healing in humans remains to be
demonstrated, and the molecular and physiological mech-
anisms underlying their contributions are unclear.

The vessel wall

Brighton and Hunt [23] first reported a possible contribu-
tion to fracture healing of cells derived from vessels. Few
reports had investigated the roles that mesenchymal plu-
ripotent cells from vessel walls (pericytes) play in bone
healing [24-28] until Farrington-Rock et al. [29] demon-
strated the chondrogenic and adipogenic potential of
microvascular pericytes. Their study showed that when
cultured under defined conditions, pericytes could be
induced to express chondrogenic and adipogenic markers.
They also showed the presence of chondrocytes and adi-
pocytes and the formation of cartilage, fibrocartilage, and
mineralized cartilage when pericytes were loaded into
diffusion chambers and implanted in vivo.

Vessels are available virtually everywhere in the body
except for certain ‘avascular’ tissues such as cartilage, so
they are easily envisaged as a possible source of stem cells.
Some hypothesize that pericytes play a role in normal bone
growth and development. For example, it is well estab-
lished that bone formation is suppressed when angiogenesis
is inhibited [31]. Pericytes are an essential part of the
angiogenic process, so these cells may directly contribute
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to skeletogenesis. Moreover, pericytes may serve as a
reservoir of primitive precursor cells. Indeed, there are
many phenotypic similarities between pericytes and stem
cells isolated from adult tissues [27, 29]. However, the
isolation of distinct pericytes separate from other possible
stem cells is required to prove this hypothesis in vivo, and
it seems that some ambiguity and confusion exist in these
experiments. It is also possible that pericytes and other
types of stem cells, such as ‘circulating’ stem cells
(described below), are unidentifiable in certain in vivo
experiments. In addition, pericytes may not be a good
candidate for cell therapy because of their limited avail-
ability or difficulty in harvesting, with the exception of
those in the bone marrow [16]. Still, the potential of peri-
cytes in bone healing mechanisms is fascinating, and
scientific investigations to elucidate their mechanism of
action and possible therapeutic use are urgently needed.

Muscle

Muscle has been one of the most plausible sources of cells
for bone repair because of its proximity to bones and its
ample blood supply. However, the lack of scientific evi-
dence on its contribution to bone repair has led to some
doubt about its candidacy. Lee et al. [31] provided some of
the first scientific evidence by showing that muscle-derived
cells that had been highly purified using their preplate
technique expressed stem cell markers and had the capacity
to differentiate along both myogenic and osteogenic lin-
eages in vitro and in vivo. The group led by J. Huard has
extensively reported the capability and possible therapeutic
characteristics of muscle-derived cells [32], but its work
still seems to lack definite physiological evidence of the
role of these cells in normal bone repair. However, the
muscle is one of the most abundant tissues in the human
body, making it a good candidate for cell harvest for cell-
based therapy. The development of practical therapeutic
methods is required.

In the circulation

Complete reconstitution of the hematopoietic system after
the systemic infusion of hematopoietic stem cells (HSCs)
has shown that HSCs are capable of homing to the bone
marrow in normal physiology. It remains to be determined,
however, whether any physiological events in extravascular
mesodermal tissues require naturally circulating progenitor
cells. Kuznetsov et al. published a breakthrough report in
which they isolated adherent and clonogenic cells from
whole blood of adult animals of four different species,
including humans. The study demonstrated that some poly-
clonal strains and several single colony-derived strains form
bone upon in vivo transplantation [33]. Several studies have
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shown similar results for circulating stem cells [34-39], but
others counter with negative results [16, 40, 41]. Even
Kuznetsov et al. [42] reported the extreme rarity of these
cells in humans, suggesting the likelihood that the abun-
dance of such cells is species dependent.

While the role of circulating MSCs in bone healing
remains controversial, a recent study formally demonstrated
the participation of circulating osteogenic connective tissue
progenitor cells in a parabiotic mouse model of fracture
healing [43]. A second interesting study demonstrated that
circulating bone marrow-derived osteoblast progenitor cells
were recruited to the bone-forming site in a model of bone
morphogenic protein-2-induced ectopic bone formation
[44], while yet another recent study demonstrated the
migration of intravenously transplanted MSCs to the bone
repair site in a live bone graft model [45]. While the exis-
tence of circulating MSCs remains controversial, it is safe to
say that recent investigations show their existence and that
they have roles in bone healing, at least in rodents. Fur-
thermore, the possibility has arisen that MSCs in circulation
could be a transient phenomenon following skeletal trauma
(an unavoidable consequence of skeletal injuries), and one
probable scenario is that the circulation of bone marrow
MSCs helps the injured bone to heal [16].

Others

Recent vigorous attempts to find any other sources of stem
cells have led to the demonstration of several types of
intriguing MSC-like cells, one of which is adipose tissue-
derived stem cells. Pioneering work by Zuk et al. [46]
showed that a putative stem cell population could be isolated
from adipose tissue and differentiated toward the osteogenic,
adipogenic, myogenic, chondrogenic, and even neurogenic
lineages. Another recent finding is that human and mouse
tendons harbor a unique cell population that has universal
stem cell characteristics, such as clonogenicity, multipo-
tency, and self-renewal capacity [47]. Together with other
types of stem cell-like cells, such as skin-derived stem cells
[48], these have a certain potential for therapeutic applica-
tions, but it seems inconceivable that they would make a
physiological contribution to bone healing. For the clinical
application of these cells in the treatment of bone diseases,
their precise profiles and practical efficacy for bone regen-
eration should be demonstrated.

The characteristics of the possible sources of MSCs are
summarized in Table 1.

Migration of MSCs

It has been demonstrated that both local MSCs derived from
the injured tissue and circulating MSCs collaborate in the
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Table 1 Characteristics of different sources of mesenchymal stem cells for bone repair

The bone marrow

Favorable features—therapeutic accessibility with less morbidity, abundance of cells

Questions—percentage of available stem cells, differences of various bones, differences or similarities to pericytes

The periosteum

Favorable features—well-known importance from practical experiences

Questions—percentage of available stem cells, molecular mechanisms of the contributions, harvest difficulty

The vessel wall (pericytes)

Favorable features—physiological accessibility

Questions—differences or similarities to other stem cells, limited availability, harvest difficulty

Muscle

Favorable features—abundance for cell sources

Questions—lack of physiological evidence for normal repair, harvest difficulty, limited capability for differentiation

In circulation

Favorable features—physiological accessibility, therapeutic accessibility

Questions—lack of physiological evidence for normal repair, rarity of available stem cells

Other possible sources

Adipose tissue-derived stem cells, tendon-derived stem cells, skin-derived stem cells

healing of damaged organs during the course of organ
regeneration. A series of reports have supported the
hypothesis that a particular set of molecules upregulated
during bone injury is released around the injured site and/or
into circulation, stimulating MSCs to downregulate the
adhesion molecules that hold them in their niche. Subse-
quently, resident or circulating MSCs ‘sense’ a tissue injury,
migrate to the sites of damage from surrounding tissues or
from the circulation, and undergo tissue-specific differen-
tiation [49-51]. However, the mechanisms responsible for
MSC migration to the site of bone injury have not yet been
shown. Cytokines and chemokines probably play critical
roles in these processes, and many of these factors are
chemoattractants.

Possible factors inducing the migration of MSCs

What factors or mechanisms contribute to the migration of
MSCs? Chemokines (and their receptors) are the molecules
with which leukocytes are targeted to areas of inflamma-
tion, infection, or injury [52]. MSCs have been shown to
express a variety of chemokine receptors [53, 54], and
chemokine-mediated MSC migration has been demon-
strated in vitro and in vivo. The importance of adhesion
molecules, such as VLA-1, VCAM-1, ICAM-1, VAL-4,
Pl-integrin, and P-selectin, and matrix-degrading enzymes,
such as MMP-2, MT1-MMP, and TIMP-2, is undeniable
[55]. The roles of these potent chemoattractants in MSC
migration processes are described below.

One of the most likely and well-investigated factors is
stromal cell-derived factor 1 (SDF-1)/pre-B cell growth-
stimulating factor/CXCL-12. SDF-1 plays many important

roles through its activation of the G protein-coupled receptor
CXCR4, and the interaction of SDF-1/CXCR4 and HSCs
has been extensively reported. In the bone marrow, endo-
thelial cells and stromal cells express SDF-1, which not only
acts as a chemoattractant for HSCs to a bone marrow niche
but also supports their survival and proliferation [56, 57].
During the past decade, data have been accumulating that
support an emerging hypothesis in which SDF-1/CXCR4
also plays a pivotal role in the biologic and physiological
functions of MSCs [58, 59]. SDF-1 is upregulated at sites of
injury and serves as a potent chemoattractant to recruit
circulating or residing CXCR4-expressing MSCs, which are
necessary for tissue-specific organ repair or the regeneration
of many organs, such as the liver [60], heart [61], and skin
[62] (Fig. 1). Moreover, the local delivery of SDF-1 into
injured tissue promotes the recruitment of circulating mes-
enchymal stromal and progenitor cells to lesions in the heart
[61] and brain [63], and the implantation of MSCs
expressing CXCR4 improves the performance of infarcted
myocardium [64]. However, the involvement of the SDF-1/
CXCR4 axis of MSCs in bone repair has not been fully
elucidated. Otsuru et al. [44] recently showed (using an
ectopic bone formation model induced by implantation of a
bone morphogenic protein-2-containing collagen pellet in
mouse muscle tissues) that circulating bone marrow-derived
osteoblast progenitor cells migrated to the region of bone
formation through chemoattraction by SDF-1 expressed on
vascular endothelial cells and on the de novo osteoblasts of
the region. Granero-Molto et al. [65] very recently published
an interesting article in which they showed that implanted
MSCs migrated to a fracture site in an exclusively CXCR4-
dependent manner. Another recent study also showed that
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Homing of HSCs

to BM niche Recruitment of MSCs

to injured sites

Fig. 1 Stromal cell-derived factor 1 (SDF-1) recruits hematopoietic
stem cells (HSCs) and mesenchymal stem cells (MSCs) to injured
sites for the induction of organ repair. SDF-1 is upregulated at sites of
injury and serves as a potent chemoattractant to recruit circulating or
residing CXCR4-expressing MSCs, which are necessary for tissue-
specific organ repair or the regeneration of the many organs such as
the liver, heart, and skin. BM Bone marrow

SDF-1 was induced in the periosteum in bone injury and
promoted endochondral bone repair by recruiting MSCs to
the site of injury [45]. In mouse models of structural femoral
live and dead bone grafts, bone formation was decreased in
SDF-1"~ and CXCR4™~ mice. This was rescued by
grafted bones from CXCR4™~ mice transplanted into the
SDF-1"~ femur, but not vice versa. These results demon-
strate that following a bone injury, SDF-1 is expressed on
the periosteum of the bone graft and recruits CXCR4-
expressing MSCs to bone repair sites in the acute phase of
bone repair (Fig. 2). Therapeutic studies are promised in the
near future.

Another possible factor is monocyte chemotactic
protein-1 (MCP-1) (also known as CCL2). In a recent study
by Belema-Bedada et al. [66], systemically induced green
fluorescent protein (GFP)-labeled MSCs that expressed the
MCP-1 receptor CCR2 on their surface were infused into
transgenic mice, with MCP-1 specifically expressed in the
myocardium. GFP-positive cells were found in the myo-
cardium at high frequencies, compared with none found in
the hearts of the control mice. To eliminate the possibility
of indirect effects of MCP-1 on MSCs via its receptor
CCR2, MSCs were transfected with a vector expressing a
truncated version of FROUNT (DN-FOUNT). FROUNT
binds to CCR2, enabling CCR2-mediated chemotaxis
toward MCP-1, while DN-FOUNT competes with endog-
enous FROUNT for CCR2 binding and acts as a domi-
nant negative effector of CCR2-mediated chemotaxis.
DN-FROUNT-transfected MSCs lacked the ability to home
to the hearts of the MCP-1 transgenic mice. Therefore, the
results showed that direct interaction of CCR2 with MCP-1
is crucial to the engraftment of MSCs, at least in ischemic
heart tissue.

Other possible chemokines include MIP-1o (CCL3) and
MCP-2 (CCL8) [67], fractalkine (CX3CL1) [68], and
others [53, 54]. There are possibly also nonchemokine
molecules that may act as chemoattractants for stem cells
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Fig. 2 SDF-1/CXCR4 can recruit MSCs to induce fracture repair in
skeletal repair. After bone injury, SDF-1 is expressed on the
periosteum of the bone graft and recruits CXCR4-expressing MSCs
to bone repair sites in the acute phase of bone repair

in vitro and in vivo, but the whole set of chemoattractants
for MSCs is largely unknown. The candidate chemokines
of MSC migration induction are summarized in Table 2.
This field remains insufficiently investigated, and it is
assumed that many more factors can contribute to the
migration of MSCs to the site of bone injury. The induction
of MSC migration may be less efficient and less applicable
than cell transplantation for stimulating bone healing.
However, the method has certain clinical advantages, such
as fewer ethical issues and a decreased possibility of
infection, and it could be used to augment cell transplan-
tation to enhance cell targeting. More studies must be
conducted to elucidate the mechanisms so that practical
therapeutic modalities can be developed in the near future.

Conclusion

Skeletal injuries remain among the most prevalent clinical
problems, especially in an aging society. The structural bone
loss that occurs in compound fractures and periprosthetic
osteolysis also exemplifies a serious clinical problem
requiring massive bone reconstruction. In order to overcome
the limitations of current treatments, it is of great impor-
tance to develop novel biologic strategies. However, these
first require the elucidation of the molecular signals
responsible for successful bone repair. MSCs are, without
doubt, the most attractive candidate for cell-based bone
regeneration, but current results have several notable
shortcomings, such as vulnerability to infection, the uncer-
tainty of the capability of MSCs for differentiation in spe-
cific in vivo situations, the high cost of ex vivo cell handling,
the limited number of cells actually obtainable, and even
possible malignant transformation of the cells during ex
vivo cell expansion. The induction of MSC migration could
be a promising approach to overcome these issues. The
phenomenon of MSC migration to bone healing sites has
recently gained wider acceptance. Rigorous studies have
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Table 2 Possible chemokines of MSC migration induction in bone
repair

Chemokines Receptor(s) Reference(s)
CXCL12 (SDF-1) CXCR4, CXCR7 [58-65]
CCL2 (MCP-1/MCAF) CCR2, CCRI11 [66]

CCL3 (MIP-1a) CCRI1, CCR5 [67]

CCL8 (MCP-2) CCR2, CCR3, CCR11 [67]
CX3CL1 (fractalkine) CX3CRI1 [68]

Other candidates [53, 54]

CXC chemokines—CXCL9 (MIG), CXCL13 (BLC/BCA-1),
CXCL16 (SR-PSOX)

CC chemokines—CCL5 (RANTES), CCL17 (TARC), CCL19 (ELC/
MIP-3p), CCL20 (LARC/MIP-3a/exodus), CCL25 (TECK)

been conducted to elucidate the mechanism(s) and crucial
molecules, but meticulous and practical studies should be
performed to make this method clinically applicable. Cell
sources may be the bone marrow, periosteum, vessel walls,
muscle, circulation, and elsewhere, but differences among
these sources still cause controversy among experts and
require more elaborate investigations. The induction of
MSC migration by appropriate molecules could emerge as
an efficient method to treat difficult bone regeneration
issues. Molecules that efficiently induce the migration of
MSC:s should be sought, and practical aspects of the use of
those molecules, such as injection, coating, transduction,
and even the blocking of antagonized factors, should be
investigated. The recruitment of MSCs from surrounding
tissues or from circulation would be a helpful modality to
induce or support bone regeneration.
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