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Abstract

Recent research has brought about a clear understanding that successful fracture healing is based
on carefully coordinated cross-talk between inflammatory and bone forming cells. In particular,
the key role that macrophages play in the recruitment and regulation of the differentiation of
mesenchymal stem cells (MSCs) during bone regeneration has been brought to focus. Indeed,
animal studies have comprehensively demonstrated that fractures do not heal without the direct
involvement of macrophages. Yet the exact mechanisms by which macrophages contribute to bone
regeneration remain to be elucidated. Macrophage—derived paracrine signaling molecules such as
Oncostatin M, Prostaglandin E2 (PGE2), and Bone Morphogenetic Protein-2 (BMP2) have been
shown to play critical roles; however the relative importance of inflammatory (M1) and tissue
regenerative (M2) macrophages in guiding MSC differentiation along the osteogenic pathway
remains poorly understood. In this review, we summarize the current understanding of the
interaction of macrophages and MSCs during bone regeneration, with the emphasis on the role of
macrophages in regulating bone formation. The potential implications of aging to this cellular
cross-talk are reviewed. Emerging treatment options to improve facture healing by utilizing or
targeting MSC-macrophage crosstalk are also discussed.

Keywords

Fracture healing; Mesenchymal stem cell; Macrophage; Oncostatin M; Prostaglandin E2; Bone
Morphogenetic Protein-2

1. Introduction

Bone fractures are one of the most common injuries seen in emergency departments, with
nearly 4 million fractures seen in the United States in 2013 [1]. Despite the best treatment
efforts, up to 10% of bone fracture cases still report undesirable outcomes; in the USA
alone, 100,000 fractures per year result in painful non-union [2]. Treatment of these non-
united fractures and bone defects constitutes a major health problem with significant
clinical, social, and economic implications with an average cost of over 10,000 USD per
non-union [3].
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There are two major pathways for bone regeneration: intra-membranous or endochondral
ossification processes [4-7]. Intra-membranous ossification involves mesenchymal stem
cells (MSCs) directly differentiating into osteoblasts which in turn deposit mineralized
extracellular matrix. This type of healing is typically seen in rigidly fixed fractures with
minimal fracture gap, and with fractures within the bone metaphysis. Fractures located in the
diaphysis, with less mechanical stability, and a larger fracture gap heal via the classic stages
of endochondral ossification: inflammation, soft then hard callus formation, and finally
remodeling of the fracture site. In this mode of bone regeneration, the fracture hematoma is
initially infiltrated by immune cells, mainly neutrophils and macrophages. Macrophages not
only phagocytose necrotic cells and tissue debris at the fracture site but also initiate the
recruitment of MSCs and vascular progenitor cells from the periosteum, bone marrow, and
circulation [8,9]. As the inflammation subsides, MSCs and other progenitor cells proliferate,
forming granulation tissue that ultimately forms cartilage callus to stabilize the fracture site
[7,10]. In addition to providing mechanical stability cartilage functions as a scaffold for
osteoblast-mediated bone deposition that allows for mineralization of the callus and closure
of the fracture gap [11,12]. Osteoclasts then resorb immature woven bone and cartilage
matrix, and with the subsequent deposition of mature lamellar bone, bone is restored to its
pre-fracture structure and integrity [7,10].

The differentiation of MSCs and the subsequent formation of cartilage and bone at the
fracture site is guided by several microenvironmental signals. These include growth factors
released from the bone matrix as well as changes in the oxygen tension and mechanical
microenvironment [7,10]. In particular, recent research has determined that both routes of
fracture healing are based on carefully coordinated cross-talk between macrophages and
bone forming cells.

MSCs, the precursor cells for bone and cartilage, were initially identified from human bone
marrow with the ability to develop into fibroblastic colony-forming cells in vitro, and to
regenerate hetero-topic bone tissue in vivo [13,14]. The exact definition of the MSC remains
controversial, but the term is generally used to describe a population of stem cells that
resides in the peri-vascular niche of most tissues, and with the ability to differentiate into
mesodermal tissues, such as bone and cartilage [15,16]. The International Society for
Cellular Therapy has defined MSCs as cells that 1) adhere to plastic in vitro cell cultures; 2)
have a certain surface marker profile (CD105+, CD73+, CD90+, and CD45-, CD34-,
CD14-, CD11b-, CD79-, CD19-, and HLA-DR-); and 3) have the trilineage ability to
differentiate into osteoblasts, adipocytes, and chondroblasts [17]. In addition to their ability
to regenerate mesenchymal tissues, MSCs have wide immunomodulatory properties making
them attractive targets for tissue engineering applications.

Macrophages are cells of innate immunity that are found in nearly all tissues, where they
play a key role in maintaining normal tissue homeostasis [18]. During infection and
inflammation, their numbers increase greatly via homing of regional and circulating
monocyte precursors to the affected area [19]. During acute inflammation, macrophages
contribute to the restoration of tissue homeostasis by phagocytosing invading micro-
organisms, amplifying the inflammatory reaction, and recruiting additional immune cells
[20]. As the tissue insult is cleared, macrophages contribute to tissue regeneration by
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secreting anti-inflammatory factors, recruiting progenitor cells, and producing growth
factors that regulate the differentiation of these cells including angiogenesis [18,20]. This
functional plasticity of macrophages has been conceptualized as macrophage polarization;
inflammatory macrophages are called classically activated or M1 macrophages, while
macrophages active in tissue regeneration are known as alternatively activated or M2
macrophages [21]. Importantly macrophages can switch from one mode of function to
another, making them highly attractive targets for therapeutic interventions. In humans, there
is a much wider spectrum of macrophage phenotypes, corresponding to relative differences
in pro- and anti-inflammatory activities.

Macrophages are among the first cells to arrive to the fracture site, and have long been
thought to contribute to the initial inflammation and debridement of the injury location (Fig.
1). Their key role also in the regulation of bone regeneration during both normal bone
homeostasis and fracture healing has increasingly been appreciated. In addition to
macrophages, closely related myeloid-lineage cells such as osteoclasts play complex roles in
bone growth and regeneration [22-24], and delineating the exact roles that each of these
myeloid lineage cell types play in bone regeneration remains challenging with currently
available methods. Nevertheless the research has begun to identify some of the molecular
mechanisms underlying the cross-talk between macrophages and bone forming cells and has
led to new potential strategies to enhance bone regeneration by targeting the interaction
between macrophages and MSCs.

2. Macrophages in bone regeneration

2.1. Macrophages in bone homeostasis

Bone tissue contains a resident macrophage subpopulation termed osteomacs, which is
distributed among bone lining cells within both endosteum and periosteum [25]. In
particular osteomacs are closely associated with areas of bone formation, forming a canopy-
like structure over active cuboidal osteoblasts. When macrophages were depleted in a
macrophage-fas-induced apoptosis (MAFIA) model [26], this active bone forming surface of
osteoblasts was also lost, suggesting an active role for the macrophages in osteoblast
mediated bone formation [25]. Indeed, Vi et al. demonstrated that the normal post-natal
growth of bones was compromised in genetically modified mouse model that lacks
lysozyme-M-expressing cells, mainly macrophages; interestingly, however, fetal
development of the skeleton was largely unaffected in this mouse model [27]. Together these
results suggest that macrophages play a role in regulating physiological bone formation and
homeostasis. Subsequent studies have demonstrated that macrophages are essential for the
both the intramembranous and endochondral routes of fracture healing.

2.2. Macrophages in intramembranous bone formation

In a murine model of intramembranous bone formation, macrophages were closely
associated with active osteoblasts depositing woven bone at the defect site during all the
stages of the fracture healing [28]. Depletion of macrophages resulted in impaired deposition
of woven bone and healing of the defect; interestingly macrophage depletion using either
MAFIA or clodronate liposome administration models [29] at the time of the injury was
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more detrimental compared to depletion of macrophages at later stages of fracture healing
[28]. Similar results regarding intramembranous bone healing were reported by Sandberg et
al. [30], demonstrating that macrophage depletion by clodronate liposome resulted both in
inferior integration of tibial metaphyseal screws and compromised filling of a metaphyseal
drill hole. Macrophage depletion prior to the injury resulted in inferior implant integration
and bone healing compared to the depletion of macrophages after the injury.

2.3. Macrophages in endochondral bone formation

In the murine model of endochondral fracture healing, macrophages were closely associated
with the formation of cartilage in the soft callus [31]. If macrophages were ablated using the
MAFIA murine model at the early inflammatory phase, the formation of cartilagenous soft
callus was completely abolished, while ablation of macrophages at later stages resulted in
smaller callus; interestingly the callus size was directly proportional to the number of
remaining macrophages at the callus. Vi et al. [27] further demonstrated using MAFIA
model that macrophages play a role at multiple stages of endochondral fracture healing.
They showed that macrophages were associated with the early stage of inflammation,
chondrogenesis, and areas of woven bone deposition, but were largely absent at the
remodeling state. In the same study a genetically modified mouse lacking lysozyme-M-
expressing cells, mainly macrophages, demonstrated impaired formation of both soft and
hard callus as well as compromised fracture union. Furthermore, similar to results of Raggatt
et al. [31], induced depletion of macrophages in MAFIA mice resulted in reduced soft and
hard callus formation, with earlier depletion showing greater impact than depletion later in
the healing sequence. Schlundt et al. [32] also observed reduced callus size and delayed hard
callus formation with delayed fracture union if macrophages were depleted by clodronate
liposome injection at the initial stages of healing.

Taken together, an accumulating body of evidence indicates that macrophages are crucial for
both intramembranous and endochondral fracture healing, as well as normal bone
homeostasis. Interestingly, macrophages seem to play somewhat different roles in these
modes of fracture healing; in intramembranous bone formation, macrophages contribute to
the deposition of woven bone, while promoting soft callus formation in endochondral bone
formation [25,27,28,30-32]. In both instances, depletion of macrophages is particularly
detrimental if done immediately before or at the time of the injury. This suggests that
macrophages have their greatest contribution on bone and cartilage formation early during
the inflammatory phase of fracture healing, highlighting the role that macrophages play in
the recruitment and regulation of the early differentiation of the progenitor cells.

Although the picture painted by the murine fracture models is fairly consistent, it is
noteworthy that the macrophage depletion strategies used in these studies have limitations
that might confound the results. Firstly, neither the MAFIA model nor clodronate liposome
depletion is entirely specific to macrophages, but could also impact other closely-related
cells of the myeloid lineage, importantly osteoclasts [23,33-35] As both osteoclasts and
macrophages play distinct roles in bone regeneration, determining the relative importance of
macrophage depletion from the potential concurrent depletion of other cells of the myeloid
lineage remains difficult. For example, it was reported that myeloid-lineage osteoclasts were
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depleted by clodronate liposome injection [35], while osteoclast activity remained intact in
the MAFIA model [36]. This difference may explain the opposite findings of the
macrophage depletion effect on parathyroid hormone-mediated anabolic bone remodeling
using MAFIA and clodronate liposome models [37]. Secondly, the macrophage depletion is
not 100% effective; For example, 90% of macrophages in the peritoneum or in bone marrow
and only 70% of macrophages in blood and spleen expressed the depleting suicide gene in
the MAFIA mice [25-28,30-32]. Thirdly the depletion is not permanent and, once subsided,
could results in a reactive increase in macrophage numbers with unknown consequences.

3. Mechanisms of macrophage/MSC interaction

The exact mechanisms by which macrophages contribute to bone regeneration remain
unclear. It is likely that the initial inflammatory reaction and pro-inflammatory macrophage
activation contributes to the recruitment of MSCs and osteoprogenitor and vascular
progenitor cells to the fracture site. These signals that control progenitor cell homing include
chemokines CCL2, CXCL8 and SDF-1, all of which are secreted by activated macrophages
[38-42]. The general paradigm of macrophage functional polarization in tissue regeneration
suggests that M1 macrophages contribute to the initial acute inflammatory stage and
clearance of debris from the fracture site, while growth factors secreted by M2 macrophages
support MSC-mediated bone formation in the later stages of the fracture healing [18,20].
Indeed, there is evidence that macrophage populations, at least during endochondral fracture
healing, follow this general pattern of inflammatory macrophages predominating in the early
stages of the healing followed by predominance of M2-like phenotype in the later stages
[31,32]. However, as detailed below, the relative importance of M1 and M2 derived signals
in promoting bone formation has been challenging to pinpoint, and seems to be dependent
on the specifics of the experimental setup. In addition, there is compelling evidence that
non-polarized macrophages can also support bone formation by osteoblast and
osteoprogenitor cells. Furthermore MSCs reciprocally regulate macrophage function.

3.1. Impact of MO non-activated monocyte/macrophages on bone formation

Chang et al. demonstrated that primary osteoblast cultures isolated from the murine
calvarium contain significant numbers of macrophages, and that the bone forming ability of
these cultures is impaired if the macrophages “contaminating” the cultures are depleted [25].
Furthermore, in transwell co-cultures, macrophages were shown to enhance osteoblast-
mediated bone formation [25]. Similarly, Vi et al. [27] demonstrated that ablation of
macrophages from murine bone marrow cell cultures diminished the bone forming ability of
these cultures, while addition of conditioned media from macrophages restored the bone
formation.

The first mechanistic insight delineating the contribution of macrophages to osteogenic
differentiation of MSCs was provided by Champagne et al. [43], who demonstrated that
conditioned media from non-activated J774A.1 murine macrophage cell-line increases
alkaline phosphatase (ALP) activity in human MSCs. Experiments utilizing a neutralizing
antibody further demonstrated that the effect was mediated by BMP-2. Treating J774A.1
cells with LPS to induce an inflammatory phenotype abolished the BMP-2 expression and
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osteogenic effect, while the effect of M2 polarization on the osteogenesis was not studied.
Subsequently, Pirraco et al. [44] showed similar effects using non-activated human
monocytes and human bone marrow derived MSCs (hbMSCs) in a transwell co-culture. It
was found that monocytes increased MSC proliferation, ALP activity and the expression of
osteocalcin and osteopontin and that these effects were partially dependent on BMP-2.

Nicolaidou et al. [45] found that non-activated human peripheral blood mononuclear cells
(PBMCs) and differentiated macrophages in a direct co-culture with hbMSCs increased the
bone formation in a dose dependent manner, with increasing number of macrophages in the
culture leading to increased bone formation. In an elegant and comprehensive series of
experiments the group demonstrated that the effect was mediated by the cytokine Oncostatin
M (OSM) secreted by monocytes after direct cell-to-cell contact with MSCs.

Together, these results suggest that non-activated macrophages contribute to bone formation,
perhaps representing the physiological role of tissue resident macrophages in maintenance of
normal bone homeostasis.

3.2. Impact of M1 inflammatory monocyte/macrophages on bone formation

Omar et al. [46] studied the impact of human PBMCs on hbMSCs. They found that
conditioned media from LPS stimulated PBMCs induced the expression of BMP-2, RUNX2
and ALP in hbMSCs while the conditioned media from non-activated or IL-4 treated
PBMCs did not facilitate osteogenic differentiation. In a follow up study, the same group
demonstrated that LPS activated monocytes secrete exosomes that partially explain the
induction of RUNX2 and BMP-2 in hbMSCs [47]. Guihard et al. [48] demonstrated that
conditioned media from human monocytes stimulated with LPS or various other Toll-like
receptor (TLR) ligands enhanced bone formation by hbMSCs. It was further shown that LPS
induced the production of OSM from monocytes via induction of COX-2 and PGE2 and that
OSM signaling via gp130 on MSCs was mainly responsible for the enhanced osteogenesis.
The enhanced osteogenesis was not observed when hbMSCs were exposed to conditioned
media from IL-4 or IL-10 treated monocytes and no OSM secretion was detected in these
cases. Lu et al. [49] studied the effects of MO, M1 and M2 murine bone marrow
macrophages on the osteogenic differentiation of murine bone marrow MSCs in a direct co-
culture system. All of the macrophage subtypes enhanced bone formation, with M1
macrophages showing the greatest positive effect. Similar to results by Nicolaidou et al.
[45], the effect was dose dependent with 5:1 macrophage to MSC ratio required for the
promotion of the osteogenesis. Interestingly increased levels of PGE2 were detected in the
co-cultures; subsequent studies with the COX-2 inhibitor celecoxib demonstrated that PGE2
mediates the osteoinductive cross-talk between macrophages and MSCs.

Taken together, the results of these studies suggest that inflammatory M1-like monocyte/
macrophages present during the early stages of the fracture repair contribute to bone
formation. The observed role of COX-2/PGE2 in mediating the osteoinductive
communication between inflammatory macrophages and MSCs might explain the
potentially detrimental effect of nonsteroidal anti-inflammatory drugs (NSAIDs) on fracture
healing.
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3.3. Impact of M2 alternatively activated monocyte/macrophages on bone formation

Fernandes et al. [50] demonstrated that conditioned media from human umbilical cord
blood-derived macrophages enhanced the osteogenic differentiation of adipose tissue MSCs,
and the effect was dependent on OSM secretion from macrophages. In an interesting
contrast to studies by Guihard et al. and Nicolaidou et al. [45,48], however, OSM production
and subsequent bone formation by MSCs were observed with conditioned media from non-
activated or alternatively activated M2 macrophages. Indeed, various forms of induced M1
macrophage polarization showed reduced levels of OSM and did not enhance bone
formation in this experimental setting. Gong et al. [51] studied the effect of murine bone
marrow macrophages on osteogenesis by murine bone marrow MSCs in indirect transwell
co-culture. M1 macrophages inhibited and M2 macrophages significantly promoted MSC
mediated osteogenesis in this culture setting. Significant upregulation of pro-inflammatory
cytokines was observed in M1 macrophages, while upregulation of growth factors TGF-§,
VEGF and IGF-1 was observed in M2 macrophages. Although the exact identity of the
soluble mediator contributing to the osteogenesis was not identified, the authors speculated
that the pro-inflammatory profile of M1 macrophages undermined, and the upregulation of
growth factors in M2 macrophages contributed to the enhanced bone formation. Using
human monocyte/macrophage cell line THP-1 and adipose tissue derived MSCs, Zhang et
al. [52] studied the effect of macrophage polarization of osteogenesis in direct and indirect
transwell co-cultures. Both the M1 and M2 macrophages impacted the osteogenic
differentiation of MSCs but in a different way: M1 macrophages increased the early and
middle stages of osteogenesis without enhancing matrix mineralization. In contrast, direct or
indirect co-culture with M2 macrophages resulted in increased matrix mineralization. The
authors also studied the production of osteogenic factors from polarized macrophages and
from the co-cultures: OSM production was increased in M1 cultures and BMP-2 in M2 co-
cultures suggesting that different factors might be responsible for driving MSC
differentiation in M1 and M2 cultures.

Taken together, these studies suggest that M2 macrophages can contribute to the bone
formation by MSCs, possibly reflecting the role of M2 macrophages during the later stages
of the fracture healing.

3.4. Macrophages and chondrogenesis

The compromised soft callus formation observed in macrophage-depleted animal models of
endochondral fracture healing [27,31,32] suggests that in addition to regulating osteogenic
differentiation, macrophages also play a role in the chondrogenic differentiation of MSCs.
The topic remains largely unexplored, but there are indications that macrophages can both
inhibit and enhance MSC mediated chondrogenesis [53,54]. The microenviromental ques
that regulate the cross-talk between MSCs and macrophages inducing the osteogenic or
chondrogenic differentiation remains an intriguing topic for further studies.

3.5. Impact of MSCs on macrophages

Not only do macrophages regulate MSC function, but MSCs also regulate the function of
macrophages. In particular, MSCs possess broad immunomodulatory functions in response
to an inflammatory microenvironment [16,55]. Exposure to specific TLR ligands polarizes
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MSCs into pro-inflammatory or anti-inflammatory phenotypes, termed MSC1 and MSC2
[56]. The crosstalk between MSCs and immune cells modulates both adaptive [57] and
innate [58] immune reactions via juxtacrine and paracrine signaling [59]. In a co-culture
model, MSCs dramatically suppressed the LPS-induced production of pro-inflammatory
cytokines (TNF-a, IL-1pB, and IL-6) and increased the secretion of I1L-10 by murine
macrophages [60,61]. Mechanistic studies demonstrated that MSCs mediated this
immunomodulation via iINOS and a COX2 dependent pathway to enhance PGE2 production,
which in turn increases I1L-10 secretion in macrophages through binding with EP2 and EP4
receptors [60,61]. The ability of MSCs to suppress inflammatory macrophage activation was
also demonstrated in an in vivo model in which administered MSCs protected against LPS-
induced septic shock; the protective effect was eliminated by macrophage depletion or IL-10
inhibition in the murine model, indicating that macrophages were the primary target of MSC
mediated immunomodulation [61]. Cho et al. demonstrated that MSCs in transwell co-
culture with macrophages significantly prevented M1 macrophage polarization and induced
M2 polarization [62]. Kim et al. observed similar results using human peripheral blood
monocytes and MSCs showing induction of an anti-inflammatory, M2-like phenotype in
macrophages co-cultured with MSCs [63]. Francois et al. demonstrated that human MSC
exposed to IFN-g and TNF-a upregulated indoleamine 2,3-dioxygenase (IDO) expression,
which was implicated in the polarization of monocytes into IL-10-secreting M2
macrophages and indirect suppression of T cell proliferation [64]. However, the roles of
iNOS and the COX2 pathway in immunomodulation in human MSC were not characterized.

In addition to exerting direct immunomodulatory effects on macrophages, MSCs also
regulate macrophage chemotaxis, with macrophage recruitment being crucial for the
immunomodulatory process mediated by MSCs. Compared to fibroblasts, human and mouse
bone marrow-derived MSCs secret high amounts of several chemokines including CCL2 and
CCLA4 [65,66], both of which are major chemoattractants for monocytes and macrophages
[40]. Combination of INF-y with another pro-inflammatory cytokine (TNF-a, IL-1a., or
IL-1pB) further activates MSCs in damaged or inflamed tissues [57]. The activated MSCs
dramatically increased the secretion of several chemokines including CCL2, and mediated
immunomodulation of infiltrated macrophages [57]. This MSC-mediated macrophage
recruitment and modulation of macrophage phenotype could potentially enhance tissue
regeneration [67] including wound healing [65], healing of spinal injury [68] and myocardial
repair [42]. For example, Maggini et al. demonstrated in a murine model with subcutaneous
implanted glass cylinders that local MSC injection to tissues surrounding glass cylinders
increased macrophage recruitment to the peri-implant tissues, but also polarized the
infiltrated macrophages into M2-like tissue regenerative macrophages [60]. Seebach et al.
demonstrated that MSCs implanted into a rat bone defect site in a hydrogel induced high
VEGF expression, rapid infiltration of M1 type of macrophages, and endothelial cells
resulting in improved vascularization and bone regeneration at the defect site [66]. Similarly,
Zhou et al. showed that MSCs partially differentiated to osteoblasts in vitro and implanted to
murine cranial defect model induce recruitment of macrophages and improved defect
healing [69]. In vitro, these osteogenic MSCs induced inflammatory M1-like macrophage
phenotype; these effects were shown to be dependent on VEGF expression of the osteogenic
MSCs by neutralizing antibody experiments.
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Taken together, there is accumulating evidence that MSCs regulate the chemotaxis and
function of macrophages and that in some cases, MSC-derived signals can contribute to the
bone regeneration by modulating macrophage function. However, the exact role that MSCs
regulation on macrophages plays in bone regeneration remains to be determined. The key
signaling molecules involved to the cross-talk between MSCs and macrophages are
summarized in Fig. 2 (Fig. 2) and the proposed dynamic of macrophage-MSCs interactions
during fracture healing in Fig. 3 (Fig. 3).

4. Impact of aging on the MSC/macrophage cross-talk

There is increasing evidence that aging induces profound changes in the physiology of both
macrophages and MSCs. Choudhery et al. [70] harvested young and aged murine MSCs and
compared their regenerative potential. Through a tube-forming assay with matrigel, the
authors showed a decrease in wound healing with aged MSCs, and significant
downregulation of VEGF, SDF-1 and protein kinase B. Bernet at al. [71] showed that aged
resident muscle MSCs lose their self-renewal abilities via alterations in FGF receptor 1 and
p38ap MAPK signaling pathways. Impairment of aged MSCs’ abilities are explained by
shorter mean telomere restriction fragment (mTRF), increased senescence associated p-
galactosidase expression and genetic flaws with overexpression of p53, p21, BAX or MYC
genes, among other changes [72-75]. Recently, our group demonstrated that the impaired
ability of MSCs to form bone was associated to chronically elevated NF-kB activity [76].
Similarly, aging has been associated with changes both in the innate and adaptive immunity;
in particular chronic low-level systemic inflammation known as “inflammaging” and has
been shown to also impact macrophage polarization [77-79].

Although there are ample studies showing that aging impacts the physiology of both
macrophages and MSCs, very little is currently known how aging influences the interactions
of these cells. One underlying reason for the compromised fracture healing in the elderly
may lie in difficulties in inter-cellular communication. Yin et al. [80] co-cultured young and
aged MSCs with RAW264.7 macrophages. Interestingly young MSCs increased mRNA
expression of M2-related Argl and IL-10 in RAW264.7 cells, whereas aged MSCs increased
MRNA expression of M1-related TNF-a.. In a chemotaxis migration assay, the authors
showed increased migration when RAW264.7 cells were co-cultured with aged MSCs. Lee
et al. [81] studied the effect of MSC engraftment to a wound in young and aged mice. The
authors showed an increased efficacy of activated MSCs in aged mice and impaired
macrophage function. They concluded that activated MSCs restored the regenerative process
in aged mice and reversed the effect of aging on host macrophages. Naik et al. described
reduced COX-2 activity and subsequently delayed callus maturation and healing in aged
murine femoral fracture model [82]. Taken together, there is evidence that the altered cross-
talk between MSCs and macrophages plays a role in the compromised bone regeneration in
the elderly but further studies are warranted.
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5. Therapeutic potential of utilizing macrophage-MSC crosstalk for bone
regeneration

Current research on cell-based bone tissue engineering has largely focused on utilizing the
bone regenerative potential of MSCs. [83,84] MSCs are highly attractive targets for cell-
based therapies to induce bone formation at the site of the bone defect or non-union, given
their multi-potency for bone, cartilage, and blood vessels, and the ease of harvesting MSCs
from adult tissues and expanding them in vitro. In contrast, relatively little research has thus
far focused on utilizing macrophages or targeting macrophage-MSC cross talk to enhance
bone formation. However, as the crucial role of macrophages in bone regeneration becomes
apparent, treatment options with a goal of enhancing fracture healing are also emerging.
Based on the current literature the following two strategies to enhance bone formation by
targeting macrophage-MSC cross talk can be outlined 1) modulating the number of
macrophages at the fracture site and 2) modulation of local macrophage polarization to
support bone formation.

A proof principle that bone regeneration can be enhanced by increasing the number of
macrophages at the fracture site was provided by Alexander et al. [28] and Raggat et al. [31].
These studies demonstrated that local injection of M-CSF, the main macrophage growth
factor, at the time of injury significantly increased the number of macrophages at the fracture
site subsequently resulted in the improvement of both the intramembranous and
endochondral bone formation. Alternatively, Slade Shantz et al. observed that decreasing
macrophage recruitment to the fracture site improved callus formation in elderly mice while
having no impact to fracture healing in young animals [85]. In the clinical setting,
autologous bone marrow is now commonly utilized to treat fracture non-unions and
osteonecrosis [86—88]. Although the primary goal in these strategies is to deliver bone
marrow osteoprogenitor cells to the injury site, these preparations also unavoidably contain a
larger amount of monocyte/macrophage lineage and other cells. Indeed it can be argued that
most of the delivered cells are not osteoprogenitors but other mononuclear cells such as
monocytes. The role that these cells play in the overall performance of the graft remains to
be determined.

Several studies have postulated the possibility of enhancing bone regeneration via
modulating macrophage polarization, mainly via induction of M2 polarization. Chen et al.
studied the effects of the osteoconductive biomaterial B-tricalcium phosphate (B-TCP) on the
interaction of the mouse macrophage cell line RAW 264.7 and human bone marrow derived
MSCs [89,90]. RAW 264.7 cells stimulated with p-TCP extracts or grown on scaffolds
coated with B-TCP assumed an M2-like phenotype with diminished production of pro-
inflammatory mediators and increased production of BMP-2 and VEGF. Conditioned media
from these B-TCP exposed macrophages increased the expression of osteogenic markers and
matrix mineralization by MSCs. Schlundt et al. [32] showed that IL-4 and IL-13 soaked
collagen scaffolds implanted to femoral osteotomies at the time of injury enhanced callus
formation and bone regeneration, presumably by inducing M2 macrophage polarization. In
addition to these collagen sponges, several biomaterial scaffolds capable of releasing IL-4
and subsequently modulating macrophage polarization towards an M2 phenotype have been
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developed; with increased vascularity and reduced adverse foreign body response these
scaffolds show favorable properties in vivo but the performance of these scaffold in models
of fracture healing remain to be demonstrated [91-93]. We recently reported the
development of genetically modified MSCs that are capable of secreting IL-4 as a response
to NF-kB activation; the utility of these cells in bone tissue regeneration will be assessed in
future studies [94]. The current strategies of utilizing macrophages and macrophage MSCs
cross talk for bone regeneration are summarized in Fig. 4 (Fig. 4a,b).

6. Final thoughts

6.1. Macrophage polarization, duration of inflammation, and bone formation

Studies using animal models have established that macrophage/MSC cross talk is crucial for
bone regeneration and that macrophages likely have the greatest impact on fracture healing
during the early inflammatory phase. The mechanisms of interaction of monocyte/
macrophages and bone forming cells have been studied in vitro. Although these studies have
arrived at the same general conclusion that macrophages promote MSC and pre-osteoblast
mediated bone formation, details of the interaction remain controversial. Indeed, many of the
studies have yielded seemingly contradicting results. For example, depending on the study,
M1 macrophages have been observed to either promote or inhibit bone formation. Similarly
secretion of OSM, a cytokine most convincingly associated with macrophage-induced bone
formation, has been described from all macrophage subtypes including M0, M1 and M2.
This controversy can be partially explained by technical differences among the studies, such
as different source of cells, maturity of the monocyte/macrophages, and the specific co-
culture conditions.

An interesting possibility emerging from the seemingly contradicting results is that all
monocyte and macrophage subtypes do, in fact, have the capacity to promote MSC mediated
osteogenesis but their relevance may change during different physiological conditions: M0s
might support osteogenesis during normal bone homeostasis while both M1 and M2
macrophages sequentially contribute to different stages of fracture healing. It also seems
likely that the timing and duration of the M1 macrophage mediated inflammatory reaction is
a critical determinant in the outcome of the subsequent bone regeneration. There is ample
evidence that the initial inflammatory reaction is required for optimal fracture healing
[7,8,11]. At the same time, sustained, chronic, M1-macrophage mediated inflammation is
highly detrimental to bone, with the continued production of pro-inflammatory cytokines
resulting in bone resorption via increased osteoclast activity and suppression of bone
formation by osteoblasts [7,8,11,95]. Thus, the duration of M1-mediated inflammation
seems crucial, with brief acute inflammation being beneficial and chronic inflammation
highly detrimental to bone healing. This model is also supported by the current in vivo
macrophage depletion studies showing that the depletion of the macrophages early on during
the initial inflammatory phase has the most detrimental impact on fracture healing.
Considering the immunomodulatory function of MSCs an attractive hypothesis is that MSCs
first recruited to the fracture site by inflammatory macrophages, subsequently mediate the
M1 to M2 phenotype switch during physiological fracture healing. Dysregulation in the
switch from pro-inflammatory M1-dominated environment to the M2 dominated anti-
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inflammatory environment might be the underlying reason, in some instances, of failed bone
regeneration. Similarly, too early suppression of the immune response e.g. by NSAIDs or
glucocorticoid medications might result in suboptimal bone regeneration [96-98]. Thus, the
timely modulation of macrophage polarization could be one strategic means to enhance bone
healing. Indeed, Loi et al. [99] studied the impact of sequential modulation of macrophage
phenotype on pre-osteoblast mediated bone formation in vitro: All of the main macrophage
phenotypes M0, M1 and M2 increased MC3T3 cell mediated bone formation in direct co-
culture. Interestingly however, modulation of macrophage polarization from M1 to M2 after
72 h of M1-MC3T3 co-culture further enhanced bone formation, suggesting that transient
inflammatory phase followed by M2 dominated regenerative phase might lead to optimal
bone formation. Similar to Guihard et al. and Zhang et al. [48,52], most OSM production
was seen in M1 co-cultures, and in M1 cultures subsequently treated with IL-4. Together
with the results of Zhang et al. [52], these results suggest that both pro-inflammatory and
tissue-regenerative macrophage phenotypes play a role in optimizing bone formation and
that timely modulation of inflammation to tissue regeneration might constitute means to
improve bone regeneration (Fig. 4c). Although this model follows the general paradigm of
macrophage activity during tissue regeneration and is attractive in its simplicity, it still
remains speculative, and needs to be validated by further in vivo studies. In particular the
assumed role of M2 macrophages in the later stages of bone regeneration remains to be
proven by further research.

6.2. Mediators of macrophage/MSC interaction

Similar to the question of which macrophage activation state is most beneficial for bone
formation, the exact mediators of the macrophage/MSC cross-talk remain elusive. In vitro
experiments showing the beneficial effect of macrophages of various types on bone
formation have mostly been conducted using either macrophage-conditioned media
[27,43,46-48,50,89,90] or indirect transwell [25,44,51,52] co-culture settings. Although the
beneficial effect of macrophages on bone formation in direct co-cultures with bone forming
cells has also been demonstrated [25,45,49,52,99], the collective evidence derived from
these studies suggests that the beneficial effect is mediated by soluble mediators, and that
direct cell-to-cell contact is not absolutely required. However, it remains a possibility that
the mechanisms of macrophage/MSC interaction might be different in indirect and direct
culture settings. Indeed, it seems that mere direct addition of macrophages to MSC cultures
is sufficient to enhance bone formation, with the activation state of the added macrophages
playing a relatively minor role [27,45,49,52,99].

It also seems likely that a combination of factors, rather than a single mediator, is
responsible for the macrophage mediated enhanced osteogenesis. For example this could be
the case in LPS activated monocytes that secrete both OSM and exosomes; in the light of the
current studies it is possible that these factors function in synergy to stimulate bone
formation [46-48]. Still, OSM, PGE2, and BMP-2 have arisen as the best recognized
paracrine mediators of macrophage/MSC cross-talk. In particular, OSM is one of the key
cytokines produced by macrophages that enhances bone formation in vitro [45,48,50]. OSM
is a pleiotropic cytokine that has been shown both to enhance bone formation and induce
bone resorption in vitro and in vivo [100,101]. Guihard et al. [48] were first to describe
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OSM’s crucial role in mediating macrophage/MSC interaction followed closely by reports
by Nicolaidou et al. [46] and Fernandes et al. [50]. A recent study expands these in vitro
observations to murine model showing that OSM is indeed expressed in macrophages during
intramembranous fracture healing mainly during the early inflammatory phase [102]. In
macrophage depletion and OSM KO mice experiments, the formation of trabecular woven
bone was compromised with reduced number of osteoblasts and reduced expression of
osteoblast differentiation factors at fracture site. These observations provide further support
to the conclusion that inflammatory monocyte/macrophages and their secreted factors,
especially OSM, play key roles in the macrophage promotion of bone formation in the early
stages of fracture healing. Interestingly it has been shown that in addition to danger
signaling via TLRs, activation of both complement and coagulation cascades can induce
OSM production from monocytes, providing a possible link between the early facture
hematoma and OSM production by invading monocytes [103,104].

In conclusion, successful bone regeneration is based on coordinated cross-talk between
MSCs and macrophages (Fig. 5). Much still remains unknown about the interaction of
macrophages and MSCs during bone repair, but elucidating this cellular cross talk holds
great promise to solve one of the most fundamental problems in orthopaedics, creating bone
where it is deficient.
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Fig. 1. Contribution of macrophages and M SCsto first three stages of fracture healing
Contribution of monocyte-macrophages shown in blue and MSCs-osteablasts in red

background. Circulating monocytes arrive to the fracture site immediately following the
injury. Monocyte-derived macrophages contribute to the clearance of the fracture site and
amplification of the inflammatory reaction by secreting pro-inflammatory mediators and
chemokines. As the fracture site is cleared of cell and extracellular matrix debris, the
inflammation subsidizes. At the same time MSCs and other progenitor cells migrate to the
area from periosteum, bone marrow and the circulation. MSCs proliferate and form cell-rich
granulation tissue that ultimately differentiates into cartilage callus and woven bone.
Macrophages are present throughout the fracture repair likely contributing to MSC
differentiation by secreting growth factors but their numbers decrease as the repair
progresses. The role of macrophages and MSCs in the final, remodeling phase, of the
fracture healing is poorly understood but is likely dominated by signals derived from other
monocyte-lineage cells, the osteoclasts.
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Fig. 2. Paracrine signaling moleculesinvolved in the cross-talk between macrophages and MSCs
Macrophages regulate the recruitment and differentiation of the MSCs. On the upper part of

the image are shown the best known macrophage derived chemokines, pro-inflammatory
cytokines, and osteoinductive factors involved in the regulation of MSC functions. MSCs
reciprocally regulate macrophage recruitment and function, generally having PGE2 and
iNOS mediated immunosuppressive impact on macrophages.
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Fig. 3. Interactions of macrophages and M SCsduring fracture healing
(1) Local damage associated molecular patterns (DAMPS) and other danger signals released

from necrotic cells and damaged extracellular matrix as well as complement and coagulation
system components activate recruited monocytes into inflammatory M1 macrophages. (2)
Inflammatory macrophages secrete chemokines that recruit MSCs from periosteum, bone
marrow, and circulation. Once recruited to the fracture site MSCs are exposed to
macrophage derived inflammatory cytokines and osteoinductive factors. (3) Together with
other microenviromental signals such as oxygen tension and mechanical cues these
cytokines and growth factors guide the MSC differentiation along osteogenic and
chondrogenic pathways. (4) MSCs reciprocally modulate the function of macrophages,
possibly contributing to further monocyte/macrophage recruitment, induction of
osteoinductive molecules, and eventual suppression of the inflammatory reaction. (5) As the
fracture site is cleared of tissue debris and other signals maintaining the inflammatory
macrophage phenotype, macrophages change their phenotype to tissue regenerative M2. (6)
These tissue regenerative macrophages possibly contribute to bone formation by MSCs and
osteoblasts via osteoinductive signaling molecules that might be different from M1-derived
osteoinductive signals.
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Fig. 4. Therapeutic potential of utilizing macrophage-M SC crosstalk for bone regeneration
(@) The beneficial impact of macrophages on MSC-mediated bone formation can potentially

be enhanced by increasing the number of macrophages at the fracture site, either delivering
monocyte/macrophages directly to the fracture site or by introducing macrophage growth
factors. (b) Macrophage polarization can be modulated towards an anti-inflammatory and
tissue regenerative M2 phenotype either pharmacologically or by utilizing bioactive
materials. This approach is likely particularly beneficial in cases of excessive or chronic M1-
mediated inflammation, that is detrimental to bone healing. (c) An attractive strategy to
optimize bone heling appears to be facilitating a short period (several days) of inflammation
prior to modulation of macrophages to an anti-inflammatory phenotype. This approach
might optimally utilize the bone regenerative properties of both M1 and M2 macrophages in
a succession that mimics the physiological fracture healing.
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Fig. 5. Summary of the M SC-macrophage inter actions during bone regener ation
Shown the key cells and signaling molecules involved to the cross-talk between

inflammatory and bone forming cells.
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