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Summary Cell therapy continues to attract growing interest as a promising approach to treat
a variety of diseases. Mesenchymal stem cells (MSCs) have been one of the most intensely stud-
ied candidates for cell therapy. Since the homing capacity of MSCs is an important determinant
of effective MSC-based therapy, the enhancement of homing efficiency is essential for opti-
mizing the therapeutic outcome. Furthermore, trafficking of endogenous MSCs to damaged tis-
sues, also referred to as endogenic stem cell homing, and the subsequent participation of MSCs
in tissue regeneration are considered to be a natural self-healing response. Therefore, strate-
gies to stimulate and reinforce the mobilisation and homing of MSCs have become a key point
in regenerative medicine. The current review focuses on advances in the mechanisms and fac-
tors governing trafficking of MSCs, and the relationship between MSC mobilisation and skeletal
diseases, providing insights into strategies for their potential translational implications.
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Introduction

Mesenchymal stem cells (MSCs) have been a major research
focus in regenerative medicine for several decades. MSC-
based translational therapies hold great promise as a novel
approach to cure a diverse range of diseases, such as
neurological diseases [1], cardiovascular diseases [2,3],
wounds [4,5], and various musculoskeletal diseases [6e8].
MSCs are multipotent stromal cells that are capable of
differentiating into, and contributing to the regeneration of
mesenchymal tissues such as bone, cartilage, fat, tendon,
and muscle [9,10]. MSCs express multiple cell surface anti-
gens, such as CD90, CD105, CD73, and CD44, but lack
expression of CD45, CD14, CD11b, CD79a, CD19, and HLA-DR
[11,12]. MSCs have been successfully isolated from various
adult tissues, including bone marrow (BM) [11], adipose tis-
sue [13], and peripheral blood (PB) [14]. MSCs possess
powerful immunomodulatory properties and ability for tis-
sue repair. In response to adverse stimuli (e.g., bacterial li-
gands) or injury, the inflammatory response is activated.
MSCs sense these potentially damaging events via surface
receptors (e.g., toll-like receptors and the inflammasome)
and by alterations in local cytokine and chemokine levels,
and then migrate locally and systemically to inflammatory
sites. MSCs modulate both innate and adaptive immune re-
sponses; biological cues in the local microenvironment
determine the activation state of MSCs to become immuno-
suppressive [15,16]. MSCs not only provide a source of pro-
genitors for cell replacement, but also activate or empower
other local cells (such as tissue-resident progenitor or stem
cells, endothelial cells, and fibroblasts) to facilitate tissue
regeneration via paracrine stimulation [17].

The trafficking of endogenous MSCs to injured tissues,
also defined as endogenous stem cell homing, and their
subsequent participation in immunomodulation and tissue
repair, are considered a natural self-healing response. To
take full advantage of the intrinsic regenerative capacity of
the body, strategies to stimulate and enhance the mobi-
lisation of endogenous stem cells are of increasing interest.
Furthermore, in order to enhance the therapeutic effi-
ciency of exogenous systemically administered stem cells, a
clear understanding of the biological concepts underlying
stem cell homing is crucial.

It has long been proposed that the cellular and molec-
ular signals of bone injury are highly consistent with em-
bryonic skeletal growth processes, which involve the
mobilisation and activation of MSCs. Both tissue-resident
and circulating MSCs appear to take part in the processes of
bone healing [18]. Immune signals, such as inflammatory
mediators and immune cells, trigger the activation and
mobilisation of MSCs [19]. Therefore, a better under-
standing of mechanisms regulating MSC mobilisation and
homing may provide novel insights into strategies for suc-
cessful bone repair. Here, we present a brief summary of
the latest findings on the mechanisms and factors regu-
lating MSC trafficking, and the close association between
MSC homing and the treatment of musculoskeletal diseases.
Our focus is to elucidate the critical role of mobilisation of
MSCs in bone healing and provide insights into strategies to
accelerate bone healing.

MSCs homing and bone healing

Musculoskeletal diseases remain among the most prevalent
and challenging clinical problems, especially for the elderly
population. Although simple fractures often heal effectively,
the fracture healing process is impaired in 10e20% of frac-
tures, causing nonunion and severe disability [20]. Further-
more, some fractures, such as hip fractures, are threatening
injuries with mortality rates of 15e25% [21]. Angiogenesis
and osteogenesis are coupled during embryonic skeletal
development and bone repair processes, since blood vessels
precede theonset of osteogenesis by transporting circulating
cells, oxygen, nutrients, and osteogenic signals [22]. Thus,
the stimulation of angiogenesis appears to be an important
strategy for accelerating fracture healing [23]. Moreover,
there is a dynamic homeostatic interplay between bone
formation and bone resorption. An imbalance of bone
remodelling such that bone formation is not able to
compensate for ongoing bone resorption is one of the main
mechanisms leading to many bone diseases, such as osteo-
porosis and nonunion of bone fractures [24,25] (Figure 1).

Healing of fractures is a complex process involving the
interplay of osteogenesis and angiogenesis. Natural repair
of fractures comprises inflammatory, repair, and remodel-
ling phases. The mobilisation and recruitment of circulating
or resident stem cells, and systemically mobilised and
recruited MSCs are involved in the fracture healing [19].
The recruitment of BM-MSCs to fracture sites is mainly
mediated by the stromal cell-derived factor (SDF)1/CXC
chemokine receptor (CXCR) 4 signalling axis [26]. Moreover,
MSCs play critical roles in mediating the coupling of bone
resorption and formation. In response to osteoclastic bone
resorption, active transforming growth factor (TGF)-b
released by the bone matrices induces migration and
mobilisation of MSCs to the local site of repair, which is
essential for coordinating bone remodelling [27]. In addi-
tion, transplanted MSCs have been found to stimulate
angiogenesis, thereby leading to enhanced bone healing
[28]. Conversely, impaired BM-MSCs mobilisation may lead
to delayed osteoporotic fracture healing. As the numbers of
BM-MSCs and PB-MSCs of ovariectomised mice are signifi-
cantly lower than those of the mice with sham surgery at 12
hours, 24 hours, and 72 hours after fracture, ovariectom-
ised mice have lower intrinsic capacity for bone regenera-
tion [29]. Therefore, MSC homing augments bone healing
mainly by regulating the bone remodelling and angiogenesis
processes.
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Figure 1 Coordinated multistep process of mesenchymal stem cell (MSC) migration. The trafficking of MSCs is mainly composed
of activation, adhesion, and transendothelial migration. In response to injury, immune signals, or hypoxia, homing receptors and
chemokines are stimulated and released. Consequently, MSC activation occurs. Activated MSCs are mobilised into the peripheral
blood circulation. The subsequent adhesion step is mainly achieved by the specific interaction between many chemokines and
homing receptors, such as stromal cell-derived factor (SDF-1), CXC chemokine receptor (CXCR) 4, hepatocyte growth factor (HGF),
c-Met, hyaluronic acid (HA), CD44, monocyte chemoattractant proteins (MCPs), and CC chemokine receptor (CCR)2 interaction.
Matrix metalloproteinases (MMPs) contribute to MSC transendothelial migration via degradation of extracellular matrix (ECM).
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Potential indications of MSCs promoting bone
healing

MSCs have been shown to enhance bone regeneration in
several preclinical and clinical studies by differentiating
directly into bone forming cells and modulating the bio-
logical environment by secreting growth factors and anti-
inflammatory cytokines [30,31]. Using MSCs expressing
firefly luciferase, Granero-Molto et al [32] demonstrated
that MSCs migrated (via the CXCR4 receptor) to the fracture
site and improved healing by affecting the biomechanical
properties and increasing the cartilage and bone content of
the callus. MSCs are also a promising tool to treat critical
size bone defects. One clinical study with 6e7-years follow
up reported the successful treatment of defects of long
bones [33]. Another large study for the treatment of
nonunion with in vitro expanded autologous BM-MSCs is
currently registered (https://www.clinicaltrials.gov/).
While migration of MSCs towards a critical size bone defect
is mainly directed by the SDF-1/CXCR4 axis, that there is a
cumulative effect on stem cell migration to the defect site
when SDF-1 is released combined with the growth factor
bone morphogenetic protein-2 [30]. While the bone-
regenerative potential of MSCs only recruited by SDF-1 is
low, the combination of SDF-1 and bone morphogenetic
protein-2 significantly improves bone regeneration. There-
fore, it seems that migrated MSCs need an osteoinductive
stimulus to significantly increase bone formation. Since MSC
treatment increases vascularisation and bone formation, it
is also a promising tool to treat osteonecrosis. In one study,
core decompression of femoral heads with avascular ne-
crosis was combined with MSC injection and bisphosphonate
therapy [34]. There was a trend to lower risk for total joint
replacement in the group with MSCs, however the results
were not significant. Another large clinical multicentre
study addressing this question is also currently registered
(https://www.clinicaltrials.gov/). Wear-particle-related
osteolysis is one of the main reasons for aseptic loosening
of total joint replacements [35]. Wear-particle disease is
characterised by a macrophage-driven inflammatory pro-
cess that leads to bone destruction (osteolysis) [36]. Mac-
rophages release the cytokine macrophage inflammatory
protein-1a after having contact with wear particles.
Macrophage inflammatory protein-1a is ligand of the che-
mokine CC receptor (CCR)1 of MSCs and recruits MSCs to-
wards the site of wear-particle-related osteolysis [37].
Gibon et al [31] found that MSCs recruited by CCR1 due to
wear particles reduce the osteolytic process and increase
bone mineral density. Therefore, MSCs appear to differen-
tiate into bone-forming cells as well as modulate the in-
flammatory process towards more regenerative conditions
[38]. A systemic bone disease that concerns most of the
geriatric patients is osteoporosis. Preclinical studies show
that systemic administration of allogenic MSCs promotes
osteoblastogenesis and prevents glucocorticoid-induced
osteoporosis in rats [39].
MSCs trafficking

When potentially injurious situations occur, MSCs will be
recruited and mobilised into damaged bone via local mecha-
nisms and the peripheral circulation. The specific factors that
lead to tissue-specific homing of MSCs are still under debate.
MSC homing is defined as the arrest of MSCs within the
vasculature of a tissue followed by transmigration across the
endothelium. MSC migration appears to be a multistep pro-
cess, which is mainly mediated by homing receptors, endo-
thelial co-receptors, and chemotactic cytokines. Among
these, SDF-1/ CXCR4 signalling axis has been demonstrated to
be vital for MSC homing [40]. In addition, the monocyte che-
moattractant proteins (MCPs) have also beendemonstrated to
regulate MSC migration. MCPs attract cells by activating their
cognate receptor, CCR2, which is expressed on monocyte
surfaces [41,42]. Thus, the MCP/CCR2 pathway is also
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involved in recruiting MSCs to inflammatory sites [43]. Shino-
hara et al [44] used a parabiosis model with green fluorescent
protein (GFP)þ MSCs [44]. MSCs were also engineered to ex-
press SDF-1 or MCP-3 or remained naı̈ve. Parabiosis micewere
allocated into five different groups. A fibular osteotomy was
performed on the GFP� mouse 4 weeks after parabiosis and
the homing of GFPþ MSCs investigated. Consistently, the au-
thors found more GFPþ cells in SDF-1 and MCP-3 groups.
Furthermore, in order to prove the contribution of recruited
GFPþ MSCs to the fracture callus, the authors colocalised GFP
expression and alkaline-phosphatase-positive (APþ) cells
using immunohistochemistry. They showed that the fraction
of APþ and GFPþ was significantly higher in the callus of both
the SDF-1 andMCP-3 groups. Using the sameparabiosismodel,
Otsuru et al [45] found similar results. In addition, hepatocyte
growth factor (HGF)/c-met signalling has also been found
taking part inmobilising humanMSCs [46]. Takai et al [47] first
reported the expression of HGF and the cognate receptor c-
met in human BM stromal cells, which is required for haema-
topoiesis. HGF is a multifunctional cytokine involved in many
biological processes [48e50]. Studies have further demon-
strated that HGF also functions as a strong chemotactic signal
to mobilise and attract MSCs for tissue repair by interacting
with c-met [46,48].

There may exist various subpopulations of MSCs with
varying homing capacities as MSCs are heterogeneous. A
subset of MSCs strongly express active CXCR4, thus they
possess higher homing capacity [51]. Moreover, freshly iso-
lated MSCs have been shown to display enhanced homing
ability compared to their culture-expanded counterparts
[52,53]. Homing receptors, such as CXCR4, which have been
upregulated in the BM and in ischaemic tissues, are usually
absent on the surface of culture-expanded MSCs [52,53]. As
MSCs have been proven to gain or lose certain surfacemarkers
during culture [54], which might influence their homing
capability, the passage number of MSCs used for cellular
therapy is an important determinant. Furthermore, MSCs
treatedwitha cocktail of cytokines [HGF, stemcell factor, Flt-
3 ligand, interleukin (IL)-3, and IL-6] in culture expressed
higher levels of CXCR4 and possessed enhanced homing ca-
pacity [52]. Three-dimensional culture mimicking the in vivo
niche may be an important research direction for maintaining
the homing ability of MSCs during long-term ex vivo culture
(e.g., culture in hydrogels under hypoxic conditions).

However, the signals that regulate stem cell mobilisation
are often weakened or impaired because the function of
SDF-1 is short lived. A recent study has demonstrated that
low-intensity pulsed ultrasound promotes fracture healing
by stimulating MSCs homing via upregulation of local and
serum SDF-1 levels [55]. Prolongation of the expression of
SDF-1 may be an important strategy for improving MSC
homing and bone healing. Therefore, in pathological set-
tings, particularly during the late phases of certain
musculoskeletal diseases, restoration of the impaired SDF-
1/CXCR4 signalling axis may be crucial for restoring and
maintaining MSC homing capacity.
Inflammation and MSCs homing

Inflammation is a cellular response that occurs during tissue
injury, which is characterised by increased vascular
permeability, recruitment of inflammatory cells, release of
inflammatory mediators, and turnover of matrices. It is
generally believed that inflammation is an important
regulator for bone regeneration, which initiates the repair
cascade [56]. Following bone injury, initial inflammatory
response occurs, macrophages infiltrate into sites of injury,
which is vital for endochondral ossification [57]. After
macrophage recruitment, lymphocytes (e.g., T lympho-
cytes) migrate into the fracture callus and initiate the
adaptive immune response [58]. Concomitantly, large
numbers of proinflammatory cytokines [such as IL-1b, IL-6,
and tumour necrosis factor (TNF)-a] are released
[17,56,59]. When MSCs sense the immune signals, they will
be activated, mobilised, and recruited into inflammatory
sites, thereby facilitating tissue regeneration.

Immune cells and MSCs may share common signalling
pathways regulating cell migration. The recruitment of in-
flammatory cells and MSCs requires interactions of multiple
adhesion molecules expressed on the migrating cells and
their cognate ligands expressed on vascular endothelium.
One of the most important adhesion molecules is monocyte
chemoattractant protein (MCP)-1, which is produced pre-
dominantly by macrophages and endothelial cells. Increased
expression level of MCP-1 stimulates macrophage infiltration
[60]. MCP-1/CCR2 interaction also enhances MSCs adhesion
and migration [43]. Moreover, CD44 appears to be another
important adhesion molecule [61]. The CD44ehyaluronic
acid (HA) interaction is crucial for activated T-cell extrava-
sation into sites of inflammation. Furthermore, CD44eHA
interaction also enhances MSC adhesion and motility.
Platelet-derived growth factor facilitates MSC migration by
elevating CD44 expression level [62].

Recent studies have suggested that immune signals have
a direct influence on MSC migration. Some proinflammatory
cytokines, such as interferon-g and TNF-a, increased the
production of matrix metalloproteinases (MMPs) in MSCs,
thereby enhancing the capacity of MSCs to migrate through
the extracellular matrix [63]. Preincubation with TNF-a has
been shown to enhance the sensitivity and migration of
MSCs toward chemokines. These chemokines include SDF-1,
RANTES, and macrophage-derived chemokine [64]. Some
anti-inflammatory mediators themselves are chemotactic
cytokines that attract MSCs. For example, IL-6 secreted by
active contractile muscle cells during short intensive ex-
ercise, which is associated with an anti-inflammatory
response, stimulates migration and recruitment of MSCs
[65,66]. Therefore, the local and systemic inflammatory
state may have an important role in triggering the migra-
tion and homing of MSCs.
Hypoxia and MSC homing

The local oxygen level is another important factor govern-
ing MSC mobilisation and migration. MSCs reside in a com-
plex microenvironment or so-called niche in vivo. The
components of the niche include local oxygen tension,
extracellular matrices (ECMs), and other stromal cells
[67e69]. Bone regeneration attempts to recapitulate the
normal skeletal development during embryogenesis. In
pathological situations such as fracture, blood supply is
usually disrupted and hypoxic microenvironments occur.
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The hypoxia-inducible factors (HIFs) are key regulators of
cellular adaptive response to hypoxia for adult and em-
bryonic organisms, regulating the expression of numerous
genes affecting cell survival and trafficking, angiogenesis,
and cell metabolism in adverse conditions [70e72]. Both
HIF-a and HIF-b subunits exist as isoforms. HIF-a subunits
are regulated by a multistep process, including changes in
activity, abundance, mitochondrial RNA splicing, and sub-
cellular localisation. HIFs mainly consist of HIF-1, HIF-2,
and HIF-3 [73]. HIF-1a levels are regulated by proteolysis
through an oxygen-sensitive mechanism. Under normoxic
conditions, HIF-1a undergoes prolyl hydroxylation and is
ligated by von HippeleLindau protein, an E3 ubiquitin
ligase, and degraded by the proteasome finally. Under
hypoxia, HIF-1a prolyl hydroxylation and degradation is
suppressed, and HIF-1a accumulates in the nucleus where it
forms a dimer with the HIF-1b subunit. The dimer then
forms a transcriptional complex with coactivator p300,
regulating the expression of > 60 downstream target genes,
including VEGF, SDF-1, and CXCR4 [71,72,74e77]. The HIF
pathway plays important roles in skeletal development.
The HIF-1a pathway is also activated during the process of
bone repair, which is required for angiogenesis and bone
healing [78]. Therefore, the HIF/vascular endothelial
growth factor signalling pathway may be another important
therapeutic target for successful bone healing (Figure 2).

Recent studies have indicated that hypoxia contributes to
MSC mobilisation and homing. Transiently hypoxic microen-
vironments (such as injured tissue or tumour) may represent
the stem cell niche to some extent, in which HIF-1a stabili-
sation and activation of SDF-1 and CXCR4 occur, thereby
facilitating the recruitment and homing of CXCR4-positive
stem cells to damaged tissues. MSCs were found in circulating
blood of nonstimulated rats; the circulating MSC pool was
consistently and dramatically increased by almost 15-fold
when the rats were exposed to chronic hypoxia [79].
Furthermore, hypoxic preconditioning enhances the migra-
tion ability and therapeutic efficacy of human MSCs [80].
Moreover, the state of tumour-induced hypoxia, which often
perpetuates the inflammatory state, induces numerous
Figure 2 Hypoxia-inducible factor (HIF)-1-dependent signalling p
happens, HIF-1a activation and stabilisation occur. Vascular endoth
and CXC chemokine receptor (CXCR) 4 are directly positively regula
stimulates mesenchymal stem cell (MSC) homing. VEGF is critica
osteogenesis and proangiogenesis, which is vital for bone healing.
angiogenic and inflammatory mediators that can stimulate
MSC migration towards tumours [81]. Both SDF-1 and CXCR4
have been implicated in tumour cell metastasis [82]. Gold-
stein has shown endogenous human BM-MSC migration from a
physiological bone environment to tumours based on tumour-
derived TGF-b1, increasing their bone metastasis frequency
consequently [83]. Thus, hypoxia and inflammation attract
MSCs to tumours. In conclusion, HIF1a-induced SDF-1
expression stimulates the migration and homing of circu-
lating CXCR4-positive MSCs to injured tissues [71].

MMPs also play critical roles in the transendothelial
migration of MSCs. MMPs function mainly by stimulating the
degradation of ECMs around MSCs. In particular, MMP-2 and
MMP-9 participate in MSC migration through degradation of
collagen and gelatin [84,85]. Furthermore, the expression
level of MMPs in MSCs is increased by hypoxia [86].

Many cytokines or growth factors, such as vascular
endothelial growth factor-A [87] and basic fibroblast growth
factor [88], increase MSC migration. Mobilising MSCs can
also be achieved by administering cytokines such as
granulocyte-colony stimulating factor (G-CSF), SDF-1, and
stem cell factor [89,90]. G-CSF is the most commonly used
mobilising agent. However, a minority of healthy donors
could hardly respond to administration of G-CSF [91].
Therefore, a careful search for more general and effective
stem-cell-mobilising agent is imperative (Figure 3).

Safety concerns of systemic MSC therapy

The main cytokine that has proven to be important to the
recruitment of MSCs is SDF-1. In addition to its critical role
in facilitating tissue regeneration, SDF-1 is known to be
secreted by tumours and is in clinical use as tumour marker
[92]. No previous reports have described SDF-1-induced
malignancy, but this potential adverse event cannot be
excluded yet. Additionally there is some evidence that MSC
therapy might promote cancer recurrence in tumour-
bearing animals [93], but there is no report that MSCs
lead to tumour formation in humans. Due to the potential
tumour-promoting risk in tumour patients, it would be
athways regulating bone healing. Once bone injury or hypoxia
elial growth factor (VEGF), stromal cell-derived factor (SDF)-1,
ted by HIF-1a. Increased expression of VEGF, SDF-1, and CXCR4
l for angiogenesis. Improved MSC homing is involved in both



Figure 3 Strategies to maximise innate regenerative capacity via stimulation of endogenous stem cell mobilisation. After tissue
damage, stem cell-mobilising agent (e.g., G-CSF, SCF, SDF-1) is administered to further reinforce endogenous stem cell mobili-
zation. Mobilised mesenchymal stem cells are recruited into damaged tissue via circulation, leading to accelerated recovery.
G-CSFZ granulocyte colony-stimulating factor; SCFZ stem cell factor; SDF-1Z stromal cell-derived factor-1.
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prudent to screen patients for the presence of pre-existing
malignancy before they receive MSC therapy or a therapy
with systemic MSC mobilisation.
Conclusion

The recruitment and homing of MSCs are essential for bone
healing. MSC mobilisation accelerates bone healing mainly
by stimulating angiogenesis and coordinating bone remod-
elling. SDF-1/CXCR4 and HIF-1a signalling pathways play
critical roles in MSC homing and bone healing. Furthermore,
factors such as CD44, hypoxia, immune signals, and
different cytokines are crucial for MSC migration. In path-
ological settings, MSC homing is often impaired due to
decreased expression of SDF-1. Therefore, the restoration
and normalization of signalling pathways of impaired tissue
due to injury may be an important strategy for augmenting
bone regeneration. To stimulate and reinforce MSC homing
is promising for the future translational medicine.
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