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The reconstitution of lost bone is a subject that is germane tomany orthopedic conditions including fractures and
non-unions, infection, inflammatory arthritis, osteoporosis, osteonecrosis, metabolic bone disease, tumors, and
periprosthetic particle-associated osteolysis. In this regard, the processes of acute and chronic inflammation
play an integral role. Acute inflammation is initiated by endogenous or exogenous adverse stimuli, and can
become chronic in nature if not resolved by normal homeostatic mechanisms. Dysregulated inflammation
leads to increased bone resorption and suppressed bone formation. Crosstalk among inflammatory cells
(polymorphonuclear leukocytes and cells of the monocyte–macrophage–osteoclast lineage) and cells related
to bone healing (cells of the mesenchymal stem cell-osteoblast lineage and vascular lineage) is essential to the
formation, repair and remodeling of bone. In this review, the authors provide a comprehensive summary of
the literature related to inflammation and bone repair. Special emphasis is placed on the underlying cellular
and molecular mechanisms, and potential interventions that can favorably modulate the outcome of clinical
conditions that involve bone repair.
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1. Introduction and scope of the problem

Bone loss and subsequent repair are important issues in orthopedics
and related specialties. A clear understanding of the principles underly-
ing bone loss and repair is essential for the treatment of traumatic
injuries (fractures and non-unions), patients with bone infection,
osteonecrosis, arthritis, osteoporosis, spinal fusion, wear particle associ-
ated osteolysis, metabolic bone disease, tumors and other diseases
affecting bone. The subject of bone loss and repair has great clinical
and economic importance. Approximately 100,000 fractures develop a
non-union each year in the USA [1]. The average cost for treatment of
an established non-union is approximately US$11,333 [2]. Fragility
fractures secondary to senile osteoporosis are a major source of pain
and disability, and affect 50% of women and 25% of men over age 50
[3]. Medical care for these fractures will cost over US$25 billion by
2025. The number of surgical cases that use auto- or allograft bone to
repair bone defects or obtain a robust fusion totals approximately 1.5
million cases in the USA, with an additional 2.2million casesworldwide
per year [4]. In 2011 alone, there were about 465,070 spinal fusion
procedures performed in the USA, themajority of which use bone grafts
or byproducts [5]. These are but a few examples of the social and finan-
cial burden that bone loss and repair places on our society, and the
urgent need for a deeper understanding of the etiology, biological
mechanisms, and methods for prevention of fracture non-unions and
healing of bone.

Although bone loss and repair were once simply thought to involve
only osteoblasts and osteoclasts, currently there has been great empha-
sis onmore complex interactions among cells of themesenchymal stem
cell-osteoblast lineage, and themonocyte–macrophage–osteoclast line-
age. Indeed it is now generally appreciated that crosstalk among inflam-
matory cells and cells related to bone healing is essential to the
formation repair and remodeling of bone [6]. This fact is not surprising,
given that acute inflammation has been recognized as the first stage of
fracture healing [7].

The processes of bone healing are biologically intertwined with
those of acute inflammation and the innate immune system. When
humans or lower organisms experience a perturbing stimulus that
may potentially jeopardize their existence or function, the innate
immune system is activated in order to re-establish the normal homeo-
static state [8–11]. Local and circulating cells of the monocyte/macro-
phage lineage function as tissue sentinels that become activated and
respond immediately to serious adverse stimuli via a pre-programmed
non-antigen specific series of events. Monocyte/macrophages sense
and regulate subsequent biological events to mitigate the adverse
stimulus and re-establish pre-morbid local anatomy and physiology. If
this does not occur, permanent tissue alterations may result due to
ongoing active inflammation, fibrosis, or chronic inflammation, in
which active inflammation, fibrosis and attempts at repair all occur
simultaneously [12].

Bone is a complex organ with numerous functions including
hematopoiesis, regulation and storage of key minerals, the protection
of vital life-sustaining organs, facilitation of locomotion etc. When
bone is subjected to injurious, pro-inflammatory stimuli (trauma, infec-
tion and so forth), the same biological processes regulated by the innate
immune systemensue, aswith other tissues andorgan systems, to effect
local repair and bone healing. These events necessitate ongoing com-
munication between cells of themonocyte–macrophage–osteoclast lin-
eage, which directly confronts the offending stimulus (such as with
infection), but then initiates repair through the process of macrophage
transformation (polarization) into a pro-healing phenotype, and
through the liberation of cytokines, chemokines and other factors that
promote angiogenesis and the homing of cells of the mesenchymal
stem cell-osteoblast lineage [6,8,10,13–15]. In addition, mesenchymal-
derived cells modulate inflammatory cells to promote resolution of
pro-inflammatory activities, and reconstitution of normal tissue.

This review will summarize the fundamental principles of bone
healing and repair after exposure to adverse physical and biological
trauma, elucidate the mechanisms by which this occurs, emphasize
the important interactions and cross-talk among cells of the mono-
cyte–macrophage–osteoclast and mesenchymal stem cell-osteoblast
lineages, and provide discussion on new opportunities for enhancing
bone repair by modulating the processes of inflammation.

2. Bone healing and repair

2.1. Types of fracture healing

Bone is a highly dynamic tissue that undergoes a constant process of
remodeling to accommodate changing mechanical stresses, and to
repair developing fatigue fractures. In addition to this process of remod-
eling, bone has a remarkable potential for regeneration. Indeed, under
optimal conditions bone can heal completely without fibrous scar
formation into a form and function that is indistinguishable from the
state prior to the injury. The process of fracture healing is highly
complex, and inmany respects poorly understood. Several fundamental
principles governing bone regeneration have, however, been well
established as have several key factors that critically influence the out-
come of healing. Indeed, optimizing the conditions for healing is the
basis and the goal of all fracture treatment.

One of the best recognized factors that influence outcome and also
the type of bone repair is the degree of displacement between the
fractured bone ends as well as the mechanical stability of the fracture
environment [16–18]. While optimal fracture healing requires proxim-
ity of the fracture ends as well as a degree of mechanical stability
achieved e.g. with splinting, instability and major displacement at the
fracture site interferewith healing. This is presumably caused by repeat-
ed mechanical trauma exceeding the durability of the provisional
tissues, resulting in repeated cell and tissue damage, chronic inflamma-
tion, and ultimately in a non-union. Perfectly rigid fixation with no
micromotion can also lead to suboptimal bone regeneration; the
reasons for this phenomenon are poorly understood. Thus some
amount of motion is required for bone regeneration but what is the
optimal amount of motion is still unclear.

Rigidly fixed fractures with good reduction and inter-fragmentary
compression typically achieved with plates and screws are character-
ized by a minimal fracture gap and inter-fragmentary movement.
Under these conditions bone can heal directly, via a process known as
primary fracture healing. In a case of exact reduction, bone heals via
direct contact healing which resembles the process of normal bone
remodeling: osteoclast mediated bone resorption advances directly
through the fracture line, followed by new bone deposition by osteo-
blasts thus leading directly to re-establishment of the Haversian system
[19,20]. Gap healing refers to a similarmechanically stable situation but
with a slightly larger gap existing between the bone fragments; this
void is filled with direct deposition of intramembranous woven bone
and the mature bone Haversian system is re-established via the
osteoclast-mediated remodeling process [21,22].

In most fractures, including the ones treatedwith external splinting,
intramedullary nails or external fixator devices, complete rigidity is
typically not achieved resulting in more motion at the fracture site
and a degree of intermittent displacement between the bone ends [18,
23]. In these cases, the healing progresses via a multi-staged process
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known as secondary fracture healing. Secondary fracture healing
advances via multiple histologically and biochemically distinct stages
namely: inflammation, callus formation, and remodeling (see below)
and involves bone formation via both direct intramembranous and indi-
rect endochondral ossification routes [7,18,23,24] (Table 1). It has been
postulated that the goal of this complex process is a stepwise increase in
the mechanical stability of the fracture site that is achieved by progres-
sively replacing fragile provisional tissues with more stable ones, even-
tually reaching a point that allows vascular ingrowth andmineralization
processes to advance [20,23].

Despite the fact that this classification of secondary fracture healing
into separate phases is somewhat artificial, it can still be considered as a
useful framework to conceptualize the complicated sequence of events
and the multiple simultaneous processes occurring during the process
of bone regeneration. It is noteworthy, however, that the classic phases
of secondary fracture healing are most commonly observed during the
healing of cortical bone, for example, in the case of long bone diaphyseal
fractures. Fractures at the bone metaphysis characterized by a dense
network of trabecular bone heal mainly via intramembranous bone
formation leading directly to deposition of new bone trabeculae
between the fracture ends and production of new on bone on top of
the existing trabeculae in the immediate proximity of the fracture
[25–27]; formation of callus and endochondral bone formation is not
typically observed. This is likely due to ample vasculature, immediate
proximity of the bonemarrow, larger number of bone trabecula, and ul-
timately due to larger availability of inflammatory and osteoprogenitor
cells at the trabecular compared to the cortical bone. However, under
unfavorable mechanical conditions with increased levels of strain and
intermittent displacement between the bone fragments, the healing of
trabecular bone also assumes characteristics of secondary fracture
healing [28]; this highlights the tight interplay between mechanical
and cellular factors in the fracture healing process. Indeed it seems
that as a general rule micromotion at the fracture site stimulates callus
formation and endochondral bone formation, while rigid fixation is
associated with direct intramembranous bone formation.

2.2. Stages of fracture healing

The first stages in the cascade of secondary fracture healing are
hematoma formation closely followed acute inflammation [7,18,29].
Table 1
Key events during secondary fracture healing.

1) Hematoma
Activation of blood coagulation cascade
Formation of provisional fibrin matrix
Release of danger signal molecules
Activation of local macrophages

2) Acute inflammation
Recruitment of neutrophils and macrophages
Clearance of necrotic tissue and provisional matrix
Production of pro-inflammatory cytokines, chemokines, growth factors
Recruitment and activation of MSCs, osteoprogenitors, fibroblasts

3) Granulation tissue
Active proliferation of progenitor cells
Deposition of immature fibrotic extracellular matrix
Angiogenesis

4) Callus formation
Differentiation of progenitor cells into chondrocytes and production of
fibrocartilage (central areas)
Differentiation of progenitor cells into osteoblasts and production of woven bone
(periosteum)
Fracture stabilization by fibrocartilage callus
Apoptosis of chondrocytes, fibrocartilage calcification
Vascular ingrowth, recruitment of osteoprogenitors cell
Woven bone deposition on cartilage scaffold

5) Remodeling
Formation of chondroclasts and osteoclasts
Resorption of cartilage and woven bone
Restoration of Haversian system
Fracture of a bone disrupts the local vasculaturewithin bone tissue itself
and at the endosteal and periosteal surfaces, in the bonemarrow, and in
the surrounding soft tissues. This results in the formation of a hemato-
ma, due to activation of the plasma coagulation cascade and the
platelets exposed to the extravascular environment. The fibrin network
thus created serves as the first provisional matrix for the influx of
inflammatory cells that are attracted by platelet-derived factors, com-
plement fragments, as well as multiple danger signals released from
necrotic cells, damaged extracellular matrix and local tissue macro-
phages. The first inflammatory cells to arrive to the fracture site within
the first 24 h are neutrophils.

It is well recognized that both the initial fracture hematoma [29–31]
and the subsequent acute inflammation reaction [32–35] are critical for
fracture healing. However, the exact role that the neutrophils play in
this process has not been well characterized and it has even been
suggested that excessive influx of activated neutrophils to the fracture
site might be the reason for poor fracture healing observed in the
context polytrauma [36]. By secreting inflammatory and chemotactic
mediators, such as IL-6 and CCL2 (also known asmonocyte chemotactic
protein 1, MCP-1), neutrophils recruit the secondwave of inflammatory
cell infiltration to the fracture site, namely monocyte/macrophages [37,
38]. In addition to these recruited macrophages, a population of bone
specific resident macrophages named osteomacs residing in the peri-
and endosteum and participating in the regulation of fracture healing
has recently been described [39–41].

Macrophages remove the provisional fibrinmatrix and necrotic cells
via phagocytosis, while monocyte-derived osteoclasts resorb necrotic
bone fragments and the necrotic ends of the fractured bone. In addition
to removing the cell and extracellular matrix debris, macrophages
secrete a repertoire of inflammatory and chemotactic mediators, such
as tumor necrosis factor alpha (TNF-α), IL-1β, IL-6, and CCL2, that initi-
ate the recruitment of fibroblasts, mesenchymal stem cells (MSCs), and
osteoprogenitor cells from their local niches [42–44]; these include at
least local bone marrow, periosteum, and capillary walls (pericytes).
Additional MSCs are required from the circulation; SDF-1 is one of
the key chemokines mediating the recruitment of MSCs both from
local and systemic sources [43,45]. Platelet and macrophage derived
inflammatory mediators and growth factors guide the proliferation,
differentiation and extracellular matrix production of recruited
MSCs and osteoprogenitor cells with additional growth factors being re-
leased from the remodeling extracellular matrix. In addition to pro-
inflammatory cytokines and chemokines, members of the transforming
growth factor beta (TGF-β) family, in particular TGF-β1, -β2, -β3 and
bone morphogenetic proteins (BMPs), as well as vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF) and fibro-
blast growth factor-2 (FGF-2), are key mediators in the process [24,46].
As a result, the initial fracture hematoma and subsequent acute inflam-
matory reaction are cleared in several days to a week after the fracture
and replaced by granulation tissue rich in proliferating mesenchymal
cells and developing neovasculature embedded in an unorganized
extracellular collagen matrix [7,18,23,47].

Due to the disruption of the local vasculature and the subsequent
reactive contraction of the arterioles, the fracture site is hypoxic, in
particular close to the fracture gap [18,48–50]. The low oxygen tension,
along with a degree of micromotion and various other microenviron-
mental and macrophage-derived signals, guide the differentiation
of MSCs along the chondrogenic pathway especially in the more
centrally located areas of the fracture gap [18,24,46,51]. Chondrocytes
produce cartilage that ultimately extends throughout the fracture gap
connecting the ends of the fractured bone severalweeks after the injury.
Alongwith accompanying fibrotic tissues, this cartilage tissue common-
ly known as soft callus, provides initial mechanical stability for the
fracture and serves as the scaffold for endochondral bone formation
[7,18,23,24,46]. At the same time as the soft callus is developing, in
the local areas that have better blood supply and more mechanical
stability, new bone formation advances via the intramembranous
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route, as recruited MSCs and periosteal osteoprogenitor cells differenti-
ate into osteoblasts that directly layout woven bone. Typically this
intramembranous bone formation begins in the inner layer of perioste-
um at some distance from the injury site, progressively advancing to-
ward the fracture gap [18,43,52]. Ultimately woven bone covers the
external surface of the fibrocartilaginous callus providing additional
mechanical stability and representing the first stages in mineralization
of the fibrocartilage scaffold. In a process that resembles the function
of a growth plate, chondrocytes in the soft callus hypertrophy and go
onto apoptosis, secreting calcium andmediators that stimulate vascular
ingrowth ultimately leaving behind partially calcified cartilage extracel-
lular matrix [24,46]. Extensive vascular ingrowth to the cartilage
scaffold-stabilized fracture gap and correspondingly increased blood
flow to the healing fracture site is observed, accompanied by differenti-
ation of osteoprogenitor cells into osteoblasts and by deposition of
woven bone on the cartilage scaffold [24,46]. This stage of fracture
healing is commonly known as the formation of hard callus [7,18]. As
this process of cartilage mineralization advances, themechanical stabil-
ity of the fracture site increases ultimately reaching sufficient stability to
independently carry physiological loads; typically this stage is reached
several weeks or months after the primary injury [23]. Finally, both
the immaturewoven bone and underlying cartilagematrix are removed
by osteoclasts, initiating the process of remodeling that ultimately re-
establishes the typical osteon structure and the Haversian system
based on the mechanical stresses applied to the bone [18,23]. This
remodeling process that can take several months or even years to com-
plete, but ultimately the process restores the normal form and integrity
of the bone completing the process of fracture healing.

2.3. Failure to heal and induction of bone regeneration

Despite the remarkable potential for regeneration of bone, fracture
healing can fail under adverse conditions resulting in painful non-
union or pseudoarthrosis. As outlined above, successful fracture healing
requires not only mechanical stability and relative proximity of the
fracture ends but also influx of MSCs and osteoprogenitor cells, as well
as inflammatory cells that regulate the fracture healing process by
secreting a repertoire of inflammatory and chemotactic mediators, as
well as growth factors. Thus is not surprising that the condition of the
local vasculature and the surrounding soft tissues are critical determi-
nants of the outcome of fracture healing, both due to the availability of
essential cell populations, oxygen, and nutrients required for bone
formation [18,23,50]. Several other local and systemic conditions such
as the presence of an infection, smoking, and diabetes mellitus
adversely influence bone healing and have been discussed in detail
elsewhere [53].

Many of the factors that are crucial for bone regeneration are already
utilized in clinics to improve fracture healing or induce healing in a
setting where it has failed. For example, the gold standard of treating
these situations, autologous bone grafting is highly effective in inducing
bone formation by introducing a mixture of osteoprogenitor cells and
a series of growth factors embedded in a suitable provisional matrix
to the defect site. Growth factors applied to the defect site either indi-
vidually as recombinant proteins, or as a part of allograft bone or
demineralized bone matrix are effective in improving bone formation,
and techniques to implant autologous MSCs to the defect site are
being developed [18,54]. However, the potential of regulating inflam-
mation, the functions of the relevant inflammatory cell populations or
their secreted inflammatory mediators to enhance fracture healing
remain largely unknown, but would seem to hold great promise. In-
deed, to highlight the importance of inflammation as key regulator of
this process, we suggest that the accepted diamond concept of fracture
healing [16] should be modified to encompass inflammatory cells and
their secreted mediators (Fig. 1).

The so-called diamond concept of fracture healing has been modi-
fied to encompass the prominent role of inflammatory cells and their
secreted mediators. The importance of osteoprogenitor cells, growth
factors, osteoconductive scaffold, blood supply, and the mechanical
environment in bone regeneration and successful fracture healing has
been well documented. Evidence is accumulating that inflammatory
cells and their mediators play an equally important role both in the
regulation and dysregulation of fracture healing.

3. Interactions between inflammatory cells and bone cells

Inflammation is a crucial biological process for eradication of
pathogens andmaintenance of tissue homeostasis. Successful clearance
of inflammatory stimuli is accompanied by anti-inflammatory and re-
parative cytokines to resolve the inflammatory milieu and re-establish
tissue homeostasis [55]. However, if this progression of events goes
askew due to the persistence of pro-inflammatory stimuli, the process
may progress into a state of chronic inflammation. This unresolved
inflammatory response is highlighted by continued secretion of cyto-
kines and other factors, ongoing tissue destruction, and impaired
homeostasis. Bone injury elicits an inflammatory response that is bene-
ficial to healing when acute and highly regulated; however, if this re-
sponse is suppressed, dysregulated, or becomes chronic, inflammation
can be detrimental to healing [56–58]. Immune cells, most importantly
macrophages, are vital modulators of inflammation [8]. Decades of in-
vestigation into the interactions between the immune and skeletal
systems have culminated in the coining of the term, osteoimmunology
for this emerging field [59]. The close relationship between these two
systems is underscored by the fact that bone marrow houses both he-
matopoietic stem cells (HSCs) and MSCs [60]. The former gives rise to
immunomodulatory macrophages and bone-resorbing osteoclasts and
the latter are precursors to bone-forming osteoblasts, which are essen-
tial in HSC differentiation [61]. Thus, common cytokines, receptors,
signaling molecules, and transcription factors due to shared origin
enable a wide range of dynamic cross talk between cells of the mono-
cyte–macrophage–osteoclast and MSC-osteoblast lineages [62].

3.1. Overview of inflammatory cells

Since the interactions of MSCs and bone cells with lymphocytes,
natural killer cells, and dendritic cells have been investigated at length
[63–66], this review will focus on the interactions between macro-
phages and bone cells.

Macrophages can be described as resident or inflammatory
macrophages [40]. Resident macrophages are found in most tissues
throughout life whereas recruited inflammatory macrophages, derived
from circulating blood monocytes, infiltrate sites of inflammation
and are short-lived [40,67]. Macrophage populations are highly
heterogeneous and plastic [68], making them excellent candidates
for immunomodulation of tissue remodeling.Macrophagesmay acquire
distinct phenotypes with pro-inflammatory (M1) or anti-inflammatory
(M2) functions; this phenomenon is known asmacrophage polarization
[10,69]. Classical activation of macrophages with interferon-gamma
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(IFN-γ) and/or lipopolysaccharide leads to M1 macrophage polariza-
tion. M1 macrophages secrete pro-inflammatory cytokines (tumor-
necrosis factor-α (TNF-α), IL-1β, etc.) and chemokines (CCL2,
macrophage inflammatory protein 1α (MIP-1α), etc.), which results
in tissue damage with additional leukocyte infiltration. Alternatively,
macrophages exposed to IL-4 or IL-13 are polarized into M2 macro-
phages, marked by increased arginase-1 and anti-inflammatory
cytokine expression including IL-10 and IL-1 receptor antagonist
(IL-1Ra). Byproducts of tissue damage and cell debris polarize mac-
rophages into an M2-like anti-inflammatory phenotype [10]. M2 or
M2-like macrophages are capable of modulating and terminating
the inflammatory response, and are crucial for tissue remodeling
and repair. Secretion of VEGF and matrix metalloproteinase (MMP)
by M2 macrophages is essential for angiogenesis (new blood vessel
formation) and tissue remodeling during the repair process [10].
However, a recent study by Spiller et al. reported that the expression
of VEGF is dominant in M1 rather than M2 macrophages [70]. These
findings suggest that the experimental conditions may be critical to
determine VEGF expression in polarized macrophages.

3.2. Overview of bone cells

Bone is a highly dynamic organ whose structural integrity is
maintained through precise remodeling involving osteoclasts, osteo-
blasts, and osteocytes. MSCs are pluripotent stromal cells that were
initially isolated from bone marrow but can also be found in most tis-
sues including brain, pancreas, muscle, spleen, and lung [71]. Osteo-
blasts, differentiated from MSCs, secrete the organic bone matrix and
inducemineralization [72]. Transcription factors runt-related transcrip-
tion factor 2 (Runx2) and osterix (Osx) are necessary for osteoblast dif-
ferentiation [73]. During the final phase of bone remodeling, osteoblasts
undergo apoptosis or incorporate themselves into the bone matrix as
osteocytes during alkaline phosphatase-mediated calcification [62,74].
As regulators of mineral metabolism, osteocytes are the primary cells
coordinating the activity of osteoblasts and osteoclasts in response to
mechanical stimuli [75]. Osteoclasts of hematopoietic origin resorb the
Fig. 2. Crosstalk between inflammator
bone matrix through acidic decalcification and proteolytic dissolution
[76]. Osteoclast differentiation is modulated by both macrophage-
colony stimulating factor (M-CSF) and receptor activator of nuclear
factor-kappa B (RANK) ligand (RANKL).M-CSF is critical for the prolifer-
ation and survival of osteoclast precursor cells while inducing high
expression of RANK [61]. When exposed to RANKL, these precursor
cells fuse and develop the functions of active osteoclasts [77].

3.3. RANKL/RANK/OPG

The close relationship between the immune and skeletal systems
was first underscored by the discovery that RANKL, which enhances T
cell growth and dendritic cell function, and osteoclast differentiation
factor (ODF) are, in fact, one and the same molecule [78]. RANKL is a
TNF superfamily cell-surface cytokine expressed normally by osteo-
blasts and osteocytes and pathologically by lymphocytes (Fig. 2) [60,
79,80]. RANKL binds to RANK present on osteoclast precursors and den-
dritic cells [78]. RANK activation promotes osteoclast survival and
induces maturation and activation through the intracellular TNF
receptor-associated factors (TRAF) 2, 5, and 6, which transduce signals
to activate the NF-κB and c-Jun N-terminal kinase (JNK) pathways [59,
60,81]. Most importantly, RANKL signaling induces the expression of
nuclear factor of activated T cells, cytoplasmic 1 (NFATc1), the master
regulator of osteoclast differentiation and activation [60,82]. Osteopro-
tegerin (OPG), a soluble decoy receptor produced by B cells, dendritic
cells, MSCs, and osteoblasts, can block these effects through competitive
bindingwith RANKL [77,81]. Thus, the RANKL/OPG ratio is an important
determinant in osteoclast activity [64]. Interestingly, although osteo-
blasts are considered the physiologic source of OPG in the skeletal
system, RANKL-induced osteoclast progenitors from NFATc1-deficient
mice have been shown to express OPG, highlighting the role of
NFATc1 in osteoclastogenesis [83].

Cells of the monocyte–macrophage–osteoclast and MSC-osteoblast
lineagesmodulate each other. Blue lines/arrows indicate inhibition/pro-
motion of differentiation. Red lines/arrows indicate inhibition/promo-
tion of proliferation. Green arrows indicate promotion of migration.
y cells and bone progenitor cells.
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Abbreviations: MSC = mesenchymal stem cell, HSC = hematopoietic
stem cell, Runx2 = runt-related transcription factor 2, Osx = osterix,
OPG = osteoprotegerin, RANKL = receptor activator of nuclear factor
κ-B ligand,M-CSF=macrophage colony stimulating factor, IFN-γ= in-
terferon gamma, TNF-α = tumor necrosis factor α, IL = interleukin,
TGF= transforming growth factor, VEGF=vascular endothelial growth
factor, MCP-1 = monocyte chemoattractant protein-1, RANTES = reg-
ulated on activation, normal T expressed and secreted, and BMP =
bone morphogenetic protein. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

Macrophages can regulate RANKL-induced osteoclastogenesis.
RANKL expression is stimulated by osteoclastogenic factors including
1,25-dihydroxyvitamin D3, parathyroid hormone (PTH), prostaglandin
E2 (PGE2) and pro-inflammatory cytokines TNF-α, IL-1, and IL-6 (Fig.
2) [61,84]. However, IFN-γ, secreted by activated T cells and macro-
phages, can inhibit osteoclastogenesis through the subsequent rapid
degradation of TRAF6 [79]. Thus, through the secretion of TNF-α, IL-1,
IL-6, and IFN-γ, macrophages promote or suppress osteoclast activity
[85].

3.4. Inflammatory cells modulate bone cells

Resident macrophages, termed osteomacs, are present throughout
murine and human osteal tissue [86]. Upon bone injury, macrophages
release various cytokines, chemokines, and growth factors to recruit
additional inflammatory cells, promote neovascularization, direct MSC
migration and differentiation, and mediate remodeling [6,87,88]. Mac-
rophages stimulate MSC migration through secretion of TNF-α, IL-1,
IL-6, CCL2, and Regulated on Activation, Normal T cell Expressed and
Secreted (RANTES) (Fig. 2) [42,89]. In vitro, M1 macrophages and
their mediators inhibit human MSC viability whereas M2 macrophages
and their mediators have the opposite effect [90].

A growing number of reports demonstrate the anabolic effects of
macrophages on osteogenesis. Monocytes and macrophages support
osteoblast differentiation and proliferation through the release of
cytokines including BMP-2, BMP-4, and TGF-β1 (Fig. 2) [91–93].
Macrophage-depletion studies have demonstrated macrophages'
central role in normal bone formation and fracture healing. Regarding
bone formation, one study found that osteomacs form a canopy struc-
ture over osteoblasts at diaphyseal endosteal surfaces of young growing
mice, and depletion of these osteomacs in macrophage fas-induced
apoptosis (Mafia) transgenic mice completely suppresses this osteo-
blast surface and thus bonemodeling [86]. Another study constitutively
depleted macrophages in Mafia mice, which resulted in early skeletal
growth retardation and reduced MSCs and their ability to differentiate
into osteoblasts [94]. In the same study,macrophage depletion in a tibial
fracture model resulted in smaller callus formation, less bone deposi-
tion, and more fibrotic tissue [94]. In a tibial injury model, depletion of
osteomacs in Mafia mice at the time of injury significantly suppressed
woven bone deposition and mineralization and depletion after the
primary inflammatory healing phase significantly suppressed new
bone formation [39]. M1 macrophages promote mineralization by
MSCs and bone healing through the production of oncostatin M [95,
96]. M2-like macrophages, stimulated by β-tricalcium phosphate, also
enhance mineralization by murine MSCs [97].

3.4.1. Inflammatory signals modulate bone cells
The controlled release of pro-inflammatory signals and factors,

both spatially and temporally, is essential to optimal bone remodeling
[57]. Typically, pro-inflammatory cytokines including TNF-α, IL-1, IL-6,
IL-11, and IL-17 promote bone resorption by enhancing osteoclast
differentiation and activity, and/or inhibiting osteoblast differentiation,
function, collagen synthesis and bone formation [98–100]. On the
other hand, anti-inflammatory cytokines IL-10 and IL-13 demonstrate
the opposite effect [60,98].
The paradoxical effects of TNF-α on osteogenesis and bone forma-
tion highlight the importance of tightly regulated release of cytokines.
Depending on its concentration, cell type, and exposure time, TNF-α
can either suppress or promote osteogenesis [15]. Transient TNF-α sig-
naling triggers the release of secondary signaling molecules and the
recruitment ofMSCs necessary for bone regeneration [57]. Furthermore,
TNF-α, synergistically with IL-1β, promotes matrix mineralization by
MSCs in vitro and is essential for murine bone regeneration in vivo
[32,33,101]. Specifically, investigations by Gerstenfeld et al. using TNF-
α receptor (p55−/−/p75−/−)-deficient mice demonstrated the central
role of TNF-α in both intramembranous and endochondral bone
formation, including MSC recruitment, stimulation of chondrocyte
apoptosis, and recruitment of osteoclasts [32,33]. However, high, persis-
tent TNF-α levels systemically are damaging to tissues and can prompt
rheumatoid arthritis-like symptoms such as chronic inflammation,
reduced bone volume, and diminished bonemechanical strength [102].

The effects of IL-1 on bone healing are similar to those of TNF-α. IL-1
stimulates the production of IL-6 in osteoblasts and participates in frac-
ture healing by promoting the production of the primary cartilaginous
callus and angiogenesis at the injured site [42,81]. However, the absence
of IL-1 does not adversely affect fracture healing [103].

Controlled expression of IL-6, which promotes angiogenesis,
production of growth factors such as VEGF, and differentiation of osteo-
blasts and osteoclasts, is critical for normal bone regeneration [6,15,34].
IL-6 is essential for the early stages of fracture healing; the absence of IL-
6 delays mineralization and remodeling of the fracture callus [34,57].
On the other hand, aberrantly elevated serum IL-6 levels following
bone fracture correlateswith decreased lower extremity function in pa-
tients [104]. Additionally, osteoblasts obtained from patients with
polyarticular juvenile idiopathic arthritis demonstrated reduced osteo-
genesis in vitro and the only abnormally upregulated serum cytokine
was IL-6 [105].

Macrophage-derived cytokines and chemokines can also modulate
osteoclast activity. TNF-α and IL-1 synergistically promote osteoclasto-
genesis directly and indirectly through the stimulation of RANKL
expression and downregulation of OPG in osteoblasts and fibroblasts
(Fig. 2) [106–108]. TNF-α attracts osteoclasts by inducing osteocyte ap-
optosis [109]. IL-6, though not essential, mediates osteoclastogenesis
and is involved in clinical scenarios such as Paget's disease of bone
and rheumatoid arthritis [81,110].

While inflammatory cells are the primary source of inflammatory
signals during the initial phase of bone healing [29], native bone cells
such as osteoblasts and chondrocytes are responsible for the release of
inflammatory cytokines within 3–7 days of injury [42]. IL-6, for
example, is produced by MSCs and osteoblasts, in response to IL-1 and
TNF-α [57,111]. The production of pro-inflammatory cytokines by
bone cells may explain why bone healing is not always impaired in
the absence of inflammatory cells. While macrophages play a central
role in bone repair, in vivo studies report that not all inflammatory
cells are necessary for all forms of tissue repair and their absence may
even accelerate it. This may depend on the type of inflammatory cell
or type of tissue. For example, systemically neutropenic rats via
antineutrophil sheep serum injection showed enhanced fracture repair
compared with rats injected with normal sheep serum [112]. Recombi-
nation activating gene 1 knockout (RAG1−/−) mice, which lack T and B
cells, demonstrated accelerated mineralization and remodeling while
showing reduced inflammatory TNF-α expression and upregulated
anti-inflammatory IL-10 expression in a femoral fracture model [113].
Additionally, PU.1 null mice, which lack macrophages and neutrophils,
are able to repair skin wounds similar to wild-type mice [114].

3.5. Bone cells modulate inflammatory cells

Due in part to their close proximity, bone cells are components of
the HSC niche and participate in the regulation of immune cells. MSCs
provide stromal support tissue [115]. Osteoblasts regulate HSC
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maintenance through angiopoietin-1 signaling [116]. Studies have
reported that when activated by PTH, an osteoblast subpopulation can
increase the number of HSCs in bone marrow through the production
of hematopoietic growth factors such as Notch ligand jagged 1 (Fig. 2)
[117]. Previously, it had been suggested that under stress stimuli,
RANKL-activated osteoclasts promote migration of HSCs [118]. Howev-
er, more recently another study demonstrated that osteoclasts are
dispensable for HSC migration using osteoclast-depleted mice via
recombinant OPG-fc injections [119]. Further discussion onwhether os-
teoclasts promote HSC mobilization has been provided by Charles and
Aliprantis [120].

MSCs have been demonstrated to be highly immunosuppressive.
They suppress lymphocyte proliferation and regulate dendritic cell
differentiation [121]. MSCs prevent the rejection of transplanted bone
marrow, HSCs, and skin allografts [122]. Recent in vitro and in vivo
studies reported that MSCs shift macrophage populations from M1 to
M2-like phenotype and decrease pro-inflammatory cytokine secretion
[115,121,123,124], mediated by PGE2 and TNF-α stimulated gene/
protein 6 (TSG-6) [66,125].

3.6. Summary

The immune and skeletal systems are intimately related due
to shared lineages and microenvironments. As more studies demon-
strate the anabolic role of macrophages in bone formation and healing,
understanding the cross talk between cells of the monocyte–macro-
phage–osteoclast and MSC-osteoblast lineages is increasingly relevant.
While it is known that tightly regulated release of inflammatory
cytokines is necessary for optimal bone remodeling, the role of macro-
phage subtypes and their associated factors in bone healing has not
been elucidated. Further understanding of the interactions among in-
flammatory and bone cells will provide new strategies of harnessing
immunomodulation to stimulate bone regeneration.

4. Opportunities for enhancing bone repair by modulating
inflammation

New therapies to restore homoeostasis in bone diseases have been
proposed, including experimental cell-, gene- and biological therapies
[126,127]. All of these treatments are focused either to enhance bone
formation by osteoblasts (bone anabolic approaches) or to block bone
resorption by osteoclasts (anti-resorptive approaches) [128–130].
While some of these therapies are in clinical use [131], unexpected
adverse effects, restricted clinical indications and the need to improve
the final formulation have led to restrictions in their use [70,132,133].

Bone repair in aged individuals has an increased risk of failure, lead-
ing to an increased incidence of fracture non-unions, loosening of
implants and chronic disability [126,127]. This leads to diminished qual-
ity of life and increased medical-costs [1–4]. Thus, novel therapies to
enhance age-associated impairment in bone healing are sorely needed.

Bone injury site entails both inflammatory and regenerative events,
which are critical for the reestablishment of normal bone homeostasis.
Therefore, bone healing should be considered an osteo-immunological
phenomenon rather than simply an imbalance between bone formation
and bone loss. With this consideration, four clinically relevant opportu-
nities to improve impaired bone healing are reviewed that use inflam-
matory-centered therapies. These clinical conditions include: fragility
(osteoporotic) fractures, fracture non-unions, osseointegration of
implants and reconstruction of bone defects.

4.1. Fragility (osteoporotic) fractures

Fragility fractures are some of themost severe complications associ-
ated with primary and secondary osteoporosis [3,134]. Primary osteo-
porosis includes hypo-gonadal or postmenopausal osteoporosis, and
senile osteoporosis [135]. Secondary osteoporosis is associated with
long-term drug treatments (e.g. corticosteroids).

Postmenopausal osteoporosis affects women and is characterized by
increased bone loss associatedwithboth the loss of bone-protective role
of estrogens and the increased levels of systemic and local pro-
inflammatory and pro-resorptive cytokines [136]. Indeed, increased
levels of IL-6, IL-1 and TNF-α characterize a subclinical systemic chronic
inflammatory state during aging named “inflamm-aging”, which has
been linked with postmenopausal bone loss [137–139]. Likewise,
increased serum levels of the bone remodeling cytokines RANKL and
the ratio RANKL/OPG have been associated with postmenopausal
osteoporosis [136,137]. Interestingly, in postmenopausal osteoporosis,
the osteogenic capacity remains unaltered [135]. This imbalance
predominantly affects trabecular bone, such as the vertebral bodies
[135,140]. Otherwise, bone resorption normally plays a prominent
role in the remodeling of callus during the late stages of fracture healing
[40,141]. Thus, in postmenopausal osteoporosis there would seem to be
more benefit for an anti-resorptive approach compared to a bone ana-
bolic one. In contrast, senile osteoporosis affect women and men and
it is characterized by a decreased capacity for differentiation of
osteoprogenitor cells and decreased bone matrix synthesis by mature
osteoblasts due to defects in BMP-2 signaling [142]. The bone resorption
capacity remains unaffected by aging [135]. This imbalance leads again
to increased bone loss over bone formation and a subsequent decrease
in bone mass [143]. Compromised bone formation events lead to
dysregulated homeostasis in cortical bone, especially in the femoral
neck, leading to increased number of fragility fractures in the aged pop-
ulation [40,140]. Fragility fractures are associated with disturbed callus
formation and an increased risk of delayed fracture healing and non-
union [144,145]. This presents an opportunity to modulate inflamma-
tion and impede bone resorption.

4.2. Fracture non-unions

Fracture non-union is incomplete fracture consolidation, with the
absence of progressive radiographic signs of healing over three
consecutive months [146]. It constitutes a bone-healing impairment as-
sociated with secondary fracture healing, normally characterized by the
formation of exuberant callus [146]. From a histologic point of view,
non-unions demonstrate persistence of fibrous tissue, woven bone
and cartilage at the injury site [146]. As bone healing normally involves
interactions between immune system and bone remodeling [2,147],
fracture non-unions present an opportunity for the introduction of
novel therapies [146].

Cellular and molecular characterization of non-union tissues has
shown that senescent MSCs exhibit a reduced capacity to differentiate
into mature, functional osteoblasts [148,149]. Furthermore, decreased
levels of endogenous BMP, a recognized promoter of the differentiation
of osteoprogenitors into functional osteoblasts, may lead to decreased
responsiveness of MSCs in the fracture non-union site [150]. Indeed,
endogenous BMPs and their receptors have been identified in non-
union tissues [150]. Interestingly, when MSCs isolated from non-union
tissues were stimulated with exogenous BMP, they differentiated into
functional osteoblasts [151]. An imbalance between BMPs and their in-
hibitors such as MMP7 and MMP12; and Dickkopf-1 (Dkk-1), has been
suggested as a contributing factor [146]. Thus, the use of exogenous
BMP-2 and -7 has demonstrated promising results [146].

Non-unions also entail impairment in the mineralization of the soft
connective tissue callus and are sustained by instability at the fracture
site. One novel approach is to modulate macrophage phenotypes in
the healing tissues, thereby affecting the pro-inflammatory and healing
events of bone repair. Several reports have studied the use of autologous
bone marrow concentrate of mononuclear cells to facilitate fracture
healing [152,153]. Besides the transference of MSCs and endothelial
stem cells (ESCs), this concentrate includes the transference of multi-
potent and self-renewal HSCs, capable of differentiating into all
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hematopoietic cell types, including macrophage precursors [152–154].
Thus, bone marrow concentrate optimizes two of the most desirable
clinical outcomes regarding the treatment of non-union fractures:
neo-osteogenesis and neo-angiogenesis [155,156].

4.3. Osseointegration of endo-osseous implants

An endo-osseous implant is a foreign biomaterial inserted in a
surgically created bone cavity that needs to integrate with the sur-
rounding bone to restore the functionality of the reconstructed
segment. From a biological point of view, the implant triggers cell and
molecular interactions at the host bone-implant interface, leading to
the creation of a dynamic peri-implant bone niche. This particular
niche is responsible in part for the implant's integration and stability
within bone and its functionality over time [157]. Thus, during the
lifespan of an endo-osseous implant, two coupled biologic phenomena
could occur: the enhancement of osseointegration and the breakdown
of it.

4.3.1. Enhancing osseointegration
Current insights regarding osseointegration [158] have evolved from

viewing this process as one of pure bone healing around the implant, to
that of an immune-mediated foreign body reaction (FBR) [159,160]. The
FBR involves a sequence of events including protein adsorption on the
surface of the implant, activation of complement and the coagulation
system, recruitment of monocyte/macrophages and MSCs, activation
and differentiation of these cells into functional M1 and M2 macro-
phages, osteoclasts, and osteoblasts respectively and the establishment
of biological attachments between implant and new bone [160]. Thus,
FBR involved in osseointegration represents a foreign body equilibrium
(FBE) between osteogenic factors/cells and osteolytic factors/cells
around the implant [160,161].

4.3.2. Breakdown of osseointegration
Once osseointegration has been achieved, the FBE needs to bemain-

tained in the long-term so that the implant preserves its functionality.
The continued release of wear debris from total joint replacements
(TJRs) and potentially an evolving infection during the lifespan of the
implant might perturb this FBE, and induce peri-implant inflammation;
this would promote peri-implant osteolysis, aseptic loosening and
subsequent implant failure necessitating further surgical intervention
[162].

Modulation of inflammation to improve primary osseointegration is
generally not needed due to the initial high rates of success [163–165].
However, treatment of aseptic and septic loosening of orthopedic and
dental implants may benefit from considering the role of the immune
system [166–168]. For example, blockade of pro-inflammatory media-
tors such as PGE2 [169], pro-inflammatory cytokines [170], or recruit-
ment of monocyte/macrophage cells by interfering with CCL2/CCR2
axis [171,172], or inactivation of the pro-inflammatory transcription
factor NF-κB [173,174] has been investigated. Another approach is cen-
tered on themodulation ofmacrophage phenotype from inactivatedM0
or pro-inflammatory M1 macrophages toward the pro-remodeling M2
macrophages by using polarizing cytokines [175–177].

4.4. Reconstruction using bone grafts and tissue engineering

Large critical sized defects do not heal spontaneously, thereby
interfering with normal function. Autologous bone grafts include natu-
ral, immune-tolerated bone cells, an osteoconductive scaffold and
supportive growth factors [178]. Tissue engineering of bone usually pro-
vides a construct composed of a biodegradable scaffold associated with
tissue-inductive biomaterials, cells, and/or proteins to promote new
bone formation [179]. Although reports of tissue engineering have
been centered on the promotion of osteogenic (e.g. Wnt) [180] or
vascular (e.g. VEGF) [181] pathways, a growing number of reports
involve modulating inflammation to improve tissue [90,182,183] and
bone repair by biomimetic approaches [70,94,96]. In this line, M1 and
M2macrophages have been recently described as promoters of scaffold
vascularization in vitro by promoting the sprout formation by endothe-
lial cells and the anastomosis of M1-induced sprouting vessels, respec-
tively [183]. Thus, there are new opportunities to “re-engineer” the
current constructs by the functionalization of scaffolds and by direct
cell delivery. The functionalization of scaffolds may involve controlled
release of biologics to extend their bioactivity, the recruitment and
differentiation of autologous stem cells, the local, temporal control of
biologics, and to couple scaffold degradation with new bone growth
[180,184–186]. A more recent approach is to reproduce the sequential
release of polarizing macrophage factors, that promote the classical ac-
tivation into M1-macrophage during the first 24 h (e.g. using IFN-γ)
followed by the release of factors that promote the alternative differen-
tiation into M2 macrophage factors (e.g. using IL-4) [70]. This method
has been reported as proof-of-concept thus far and although it is an
interesting and promising approach, it has not yet been studied in a
bone repair model. Another approach involves the local delivery of
synthetic peptides that interfere with the signaling of sphyngosine-1
phosphate (S1P), a bioactive lipid with immunomodulatory effects,
thereby promoting the polarization of macrophages into an M2 pheno-
type associated with osteogenic and angiogenic effects [115,187]. In
fact, this method was able to enhance bone regeneration in critical-
sized cranial defects using adult male rats [187].

The use of cell therapy in bone reconstruction has been centered on
the osteogenic potential of MSCs [126]. Moreover, MSCs exhibit immu-
nomodulatory effects, promoting the alternative activation of macro-
phages toward the pro-remodeling M2-subset [115,188]. The use of
concentrate of bone marrowmononuclear cells associated with bioma-
terials to treat pseudoarthroses and optimize bone repair has been
reported [152]. Cell based therapies using ex-vivo polarized M2-
macrophages to promote tissue repair has shown promise in models
of ischemia and multiple sclerosis [189].

Opportunities for modulating inflammation and bone repair are
summarized in Fig. 3.

Normal bone healing and the main cells involved in each stage are
represented in the upper row. In the middle row, note the persistence
of fibrous callus after inflammatory events in fracture healing in the
elderly and non-unions. In the lower row, an endo-osseous implant
experimentwith a foreign body reaction (FBR) at the interface between
host bone and the implant, leading to osseointegration. The exposure of
wear debris undermines the osseointegrated implant leading to the re-
activation of peri-implant inflammation, chronic inflammation and
osteolysis, with subsequent loosening of the implant. Tissue engineer-
ing and biotherapies (green dashed line) are potential therapeutic
interventions to reverse the adverse biological processes by recapitulat-
ing early inflammatory events of normal bone healing in fractures in the
elderly, non-unions and early stages of periprosthetic osteolysis,
respectively.

5. Conclusion

Bone injury elicits an inflammatory response that is beneficial to
healing when acute and highly regulated. However, if this response
goes askew and inflammation becomes chronic, the process can be
detrimental to healing, and in addition, cause additional “bystander” tis-
sue damage [56–58]. The initial acute inflammatory phase of fracture
healing is characterized by the influx of neutrophils, macrophages, lym-
phocytes and other cells, leading to the release of a variety of cytokines,
chemokines and growth factors. However, the mechanisms by which
these complex signaling cascades trigger bone regeneration still remain
unclear. While inflammatory cells are the primary source of the signals
during the initial phase of bonehealing [29], in the regenerating fracture
callus, local derivatives of the mesenchymal stem cell lineage including
osteoblasts and chondrocytes are also responsible for the release of
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inflammatory cytokines within 3–7 days of injury and subsequent
phases of healing [42]. Indeed, several in vivo studies have reported
that neutrophils, macrophages, and lymphocytes are not always
necessary for tissue repair, and their absence may even accelerate
healing [29,113,114]. Future research to discern the mechanisms
underlying inflammatory signaling, as well understanding the cross-
talk between inflammatory cells and other cells found at the fracture
site are needed. Overall, modulating inflammatory signaling pathways
is a promising new strategy for bone regeneration. This could
potentially improve the quality of life in cases of bone trauma, infection,
osteonecrosis, osteoporosis, aging associated bone loss, wear particle
induced bone defects, and other musculoskeletal injuries.
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