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Abstract: Bone healing occurs through three consecutive and interdependent phases. While the acute
inflammatory response is vital to fracture healing, chronic and systemic inflammation negatively
affect the healing process. The bone tissue relies heavily on the immune system for its normal
physiology and turnover. The interactions are more pronounced in injury states, such as fractures and
autoimmune disorders. Recently, the field of osteoimmunology, the study of the molecular interplay
of the immune and skeletal systems, has gained much-needed attention to develop new therapeutic
strategies to accelerate fracture healing and prevent the complications of fracture healing. This review
provides an overview of the process of fracture healing and discusses the role of immune cells, their
interplay with the released cytokines, and the current state of the art in the field of osteoimmunology.
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1. Introduction

Osteoimmunology is a rapidly developing interdisciplinary research field that studies
the molecular and cellular interplay of the immune and skeletal systems. The term “osteoim-
munology” was first used to describe the relationship between these two systems [1–3].
There has been increasing interest in understanding the interaction of immune regulatory
molecules in the skeletal system as poor fracture healing is associated with significant
morbidity and a large economic burden on the healthcare system [4,5]. On the popular
biomedical research database PubMed, a search from the year 2000 to the present with key
search terms “osteoimmunology”, “fracture healing immune cells”, “bone immune cells”,
and “fracture immune cells” showed an increase in the number of publications with each
passing year, thus indicating the interest this emerging field is garnering (Figure 1).

Uniquely, bone has a high propensity to regenerate and remodel. The optimal result
is the achievement of similar architecture and strength compared to its pre-injury state.
This is attained by three consecutive and closely orchestrated interdependent phases:
inflammation, repair, and remodeling. The initial response to injury triggers a signaling
cascade secondary to the inflammatory response. This initial response is critical in the
downstream phases: repair and remodeling [6,7]. The first phase of fracture healing
is affected by the fracture hematoma’s milieu and the fracture repair’s biomechanical
stability [8]. While it is known that an acute inflammatory response is vital to fracture
healing, it has also been shown that chronic and systemic inflammation can have a negative
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effect [9–11]. This is seen in patients with polytrauma, sepsis, and autoimmune diseases
where fracture healing is defective. Given that the initial immune response to injury plays a
critical role in fracture healing, a better understanding of the osteoimmune system in both
normal and pathological conditions will help optimize fracture management and allow
for directed therapies in the future to improve bone healing. This review will describe the
interaction of the immune and skeletal systems during the early fracture healing phase and
the downstream molecular cascades that are activated.
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Figure 1. The trend of the increasing number of publications focusing on osteoimmunology indexed 
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research initiatives to advance the field of osteoimmunology.

2. The Normal Inflammatory Cascade and Fracture Healing

The skeletal system and the immune system are inextricably related. This is exhibited
by osteoclasts (OCs), which are hematopoietic cells responsible for degrading bone, and
osteoblasts (OBs), which are responsible for bone formation. Immune cells, including
B cells, T cells, and macrophages, are also derived from hematopoietic stem cells (Fig-
ure 2) [12,13]. A vital molecule that is intricately involved in regulating immune responses,
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), plays an essen-
tial role in differentiating osteoclast precursors (OCPs) into OCs (Figure 2) [14]. In addition
to NF-κB, kruppel-like factor 2 (KLF2), a myeloid cell activation and differentiation factor,
regulates osteoclast differentiation by modulating autophagy [15]. Other important regu-
latory chemokines and cytokines of osteoclasts include osteoprotegerin, NF-κB receptor
activator ligand (RANKL), and NF-κB receptor (RANK) [16–18]. NF-κB also regulates the
immune system by differentiating B and T cells [19]. Further demonstrating the interplay
between the immune and skeletal systems, both B and T cells work in concert with OBs
to promote the formation of OCs at sites of inflammation, such as at the site of an acute
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fracture [3,20–26]. It is evident that local inflammation, mediated by the immune system,
plays an important role in the relationship between OBs and OCs and has a vital role during
the inflammatory phase of fracture healing.
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Figure 2. The different cell populations involved in fracture healing are illustrated in the figure.
These cells have molecular and cellular crosstalk and regulate each other’s recruitment and function
at the fracture site to achieve the desired bone healing outcomes. The immune cells release various
cytokines and chemokines, such as interleukin 1, 6, 11, and 18 (IL-1, IL-6, IL-11, and IL-18); tumor
necrosis factor-alpha (TNF-α); monocyte chemoattractant protein-1 (MCP-1); and platelet-derived
growth factor (PDGF), to name a few, to initiate the inflammatory phase of fracture healing, and
proceed to the step of bone mineral deposition and calcification of the fracture callus, which is closely
followed by fracture remodeling.

3. The Inflammatory Phase of Fracture Healing—The Importance of Fracture Hematoma

Local fracture hematoma is formed by endosteal and surrounding blood vessel dis-
ruption during the acute fracture [27]. The acute hematoma is characteristically an acidic
and hypoxic environment [28]. This milieu promotes the initiation of a local inflammatory
cascade, beginning with the release of pro-inflammatory cytokines and angiogenic factors
(Figure 3) [28–32]. A study attempted to implant fracture hematoma components into
soft tissue, which resulted in subsequent calcium deposition and bone formation [33]; this
suggests that fracture hematoma comprises the required molecular triggers to stimulate
bone formation. The fracture hematoma-associated inflammatory cytokines include tu-
mor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-11
(IL-11), and interleukin-18 (IL-18) [34]. Vascular endothelial growth factor (VEGF) is a
vital angiogenic factor in the initial fracture hematoma [35,36]. The ensuing inflammatory
response in the surrounding soft tissue leads to vasodilatation and exudes plasma and
leukocytes [36–38]. This is followed by local fibrinogen converting to fibrin, which provides
a scaffold within the hematoma for recruited inflammatory cells. Furthermore, cellular
damage by traumatic fractures releases mitochondrial damage-associated molecular pat-
terns (DAMPs), resulting in the migration of polymorphonuclear neutrophils (PMNs) to
the fracture site [39].
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The process of fracture healing is a tightly orchestrated sequence of the intertwining interplay of
cytokines and cellular processes, with specific immune cell functions at play in each stage to create
the template for the new bone tissue to form, the newly formed bone tissue to mature, and, later, the
newly laid-down bone to remodel.

The leukocyte concentration within the fracture hematoma initially remains similar
to the concentration within the peripheral circulation [33]; however, PMNs migrate to the
fracture hematoma within the first few hours after injury [40]. Mast cells are leukocytes
known for releasing histamine during an allergic reaction, but they also play an important
role in the early inflammatory phase of fracture healing. When recruited to the fracture site,
mast cells release several factors, including stem cell factor, VEGF, and platelet-derived
growth factor (PDGF), which are all important factors for angiogenesis [41–43]. Recent
studies of bone healing in mast cell-deficient mice with fractures have demonstrated
impaired early neo-vascularization of the fracture callus and deficient bone healing in the
absence of mast cells [44]. Contrarily, mast cells were still present at the fracture site at six
weeks in normal mice [44]. The study further proposed that mast cells may also play a role
in fracture healing beyond the inflammatory phase, exhibiting a bi-phasic role. However,
mast cells have also been shown to play their prototypical antagonist role in contributing
to compromised bone repair in polytrauma patients [45]; this suggests that mast cells could
be a potential target for new treatment options where multiple simultaneous injuries occur.

Leukocyte concentration at the fracture site significantly increases in the first 24 h
of injury and helps regulate downstream processes of fracture healing [46]. B cells are
another immune cell subtype recruited during the initial inflammatory response, and the
absence of this recruitment may result in delayed or non-unions [47]. Studies have also
shown that B cells inhibit fracture healing by suppressing osteoblast differentiation by
modulating TNF-α and C-C motif chemokine ligand (CCL) 3 [48]. Thus, the regulation
of B cell functions through B-regulatory cells (Bregs) is critical during the early fracture
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healing phase [47]. Neutrophils, the predominant cell type, remain at the fracture site
for only a few hours due to the acidic and anaerobic environment, whereas in typical
wound healing, they are present for their lifespan, which is approximately 24 h. During
their short presence, neutrophils secrete chemoattractants, such as IL-6 and monocyte
chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein 1 alpha (MIP-1
alpha) to draw cells that can withstand harsh conditions [49–51]. These chemokines attract
monocytes, macrophages, and other inflammatory cells [49–52]. As a result, specialized
inflammatory cells are sequentially recruited to the acute fracture hematoma in the first
few hours post-injury and further potentiate the inflammatory environment.

After the initial recruitment, neutrophils are replaced by longer-living macrophages [53,54].
There are two classes of macrophages, blood-borne inflammatory and tissue-resident
macrophages (in this case referred to as osteal macrophages or osteomacs), present on
endosteal and periosteal surfaces of neighboring uninjured bone. These macrophages
produce transforming growth factor-beta (TGF-β) and PDGF, which have been shown to be
involved in fracture healing [54,55]. Specifically, inflammatory macrophages influence en-
dochondral ossification [52], as seen in non-rigid/secondary fracture healing (i.e., casting),
whereas osteomacs play an important role in intramembranous bone formation, as seen in
rigid/primary fracture healing (i.e., anatomic reduction and rigid fixation) [56]. Osteomacs
were required for the deposition of collagen type 1 matrix and bone mineralization in
a mouse tibia fracture model [56]. In addition, macrophage polarization influences its
extracellular vesicle (EV)-mediated regulatory function. Kang et al. showed that naïve
(M0) and M2 polarized macrophage-derived EVs promote bone repair, while M1-derived
EVs inhibit bone repair [57]. Furthermore, by compromising inflammatory macrophage
recruitment and inflammatory cytokine signaling in animal models of fracture, fracture
healing was negatively affected [34,42,52,58,59]. These findings highlight the importance of
the initial inflammatory response to injury, which results in macrophage recruitment and
modulation of the surrounding immune activity. This allows for the creation of the ideal
microenvironment for downstream fracture healing.

During the subsequent stage, T-lymphocytes, another type of immune cell known
to withstand the harsh environment of the fracture hematoma, are selectively recruited
as part of the adaptive immune response [46,54]. Selective recruitment of T-lymphocytes
occurs, while negligible amounts of B-lymphocytes are present at any stage of fracture
healing [56]. The crosstalk between the inflammatory response and bone remodeling, with
the same cytokines and transcription factors in both processes, is critical to fracture healing.
The activation state and cell phenotype of the T cells dictate further downstream fracture
healing [60]. For example, T-regulatory cells directly stimulate bone formation through
osteocytes, whereas T-CD8+ and T-helper cells can have a negative role on bone healing as
they respond primarily to PTH and have been shown to be upregulated in osteoporosis
and chronic inflammatory diseases such as rheumatoid arthritis (RA) [60,61].

As illustrated above, the composition of an initial fracture hematoma consists mostly of
infiltrated inflammatory cells. The regulated local inflammatory response to injury plays an
important role in fracture healing and determines the outcome of the fracture healing [62].
Evacuation of the fracture hematoma disrupts the normal immune and inflammatory
response and impairs downstream fracture healing [63–65]. Park et al. serially removed
the fracture hematoma in a rabbit open tibia fracture model, resulting in atrophic non-
union [64]. Furthermore, Claes et al. measured mRNA expression following osteotomy and
mechanically induced delayed fracture healing in a sheep model and showed significantly
reduced expression of TGF-β1 and VEGF [66]. Despite this evidence, it remains a common
clinical practice to repeatedly irrigate and remove hematoma from the fracture bone site to
reduce the risk of infection [67].

Fracture hematoma has many vital components, which should likely be preserved as
much as possible during the operative treatment of fractures. This strategy is consistent
with the modern treatment of extra-articular diaphyseal fractures, where the objective is
to restore length and alignment [68]. Therefore, in many cases, extra-articular diaphyseal
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fractures can be treated while preserving the hematoma. On the other hand, when anatomic
reduction is the desired outcome, the fracture hematoma is often removed as it may impede
the achievement of an accurate reduction [69]. Thus, we should question whether removing
the primary hematoma is necessary and whether the secondary hematoma healing potential
will be equivalent in function.

Lienau et al. studied the removal of fracture hematomas at four and seven days in
a sheep tibial osteotomy model and showed that the new inflammatory response that
occurred was concluded to be equivalent to a prolonged inflammatory state [70]. As
will be discussed later, prolonged inflammatory states exert a negative effect on fracture
healing [70–73]. Furthermore, the secondary hematoma has been shown to have a different
microenvironment compared to the initial hematoma [74]. The initial hematoma has
an upregulation of osteogenic factors (SPP1 and RUNX2, an osteoblast differentiating
transcription factor), whereas the contents of the second hematoma resemble peripheral
circulation [28]. Removal of the fracture hematoma also results in a loss of scaffolding and
factors that had initially migrated to the fracture site [32]. In addition, the new hematoma
that forms does not possess the same factors that are required to synchronize to the current
stage of the surrounding healing tissues [32,33].

Therefore, current knowledge suggests that routine fracture hematoma removal should
be avoided. In situations where hematoma preservation is not possible, surgeons should
weigh the potential advantages of an improved reduction against the adverse effects of
disrupting the optimal healing environment.

4. The Importance of Angiogenesis for Osteogenesis

Vascularization is vital for fracture healing. Nonetheless, during the initial few days,
the total blood supply to the fracture site is reduced due to periosteal and endosteal
vasoconstriction [66,75,76]. For several days following the injury, the fracture hematoma
displays osteogenic and angiogenic potential secondary to the cells and factors present
due to the initial immune response. Osteoblasts [77], macrophages [78], mast cells [79],
and neutrophils [80] are potent producers of VEGF and are believed to be the regula-
tors of angiogenesis in fracture healing [81]. In a rat model of distraction osteogenesis,
Sojo et al. showed that VEGF expression was observed only around the newly formed bone.
These results further support the hypothesis that angiogenesis is induced by the immune
response before osteogenesis [82,83].

The promotion of angiogenesis is critical to fracture healing. Angiopoietins are vascu-
lar morphogenetic proteins that help regulate vascular growth by forming large vessels
and collateral branches. Specifically, angiopoietin-1 is expressed during the initial inflam-
matory phase of fracture healing [84]. Furthermore, it has been shown that neutrophils can
synthesize angiopoietin 1 [85–87]. Given the early migration of neutrophils to the fracture
site, this reiterates the importance of the initial immune response in fracture healing and
further suggests that early periosteal vascular in-growth is important for fracture repair
and helps to further contribute to downstream angiogenesis. Conversely, conditions such
as soft tissue trauma impeding vascularity to the fracture site will interfere with fracture
healing. Many animal and human studies have shown this [66,88–90]. The mechanical
properties of the callus are also impaired by decreased blood flow [75].

Fracture stability also plays a key role in the early vascular response to injury and
revascularization [91,92]. Though optimal fracture stability has yet to be defined, excessive
interfragmentary micro-motion has been shown to result in decreased callus revasculariza-
tion and, in turn, affect downstream osteogenesis [91,93,94]. Therefore, careful soft tissue
management and early fracture stability are recommended to optimize early angiogenesis
and promote fracture healing.

5. Fracture Healing Impaired by Acute Systemic Inflammation

Polytrauma patients undergo a systemic inflammatory response in the first 24 h after
injury [95]. This systemic response has been shown to result in severe osseous clinical
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manifestations, such as delayed fracture healing and an increased risk of non-union [1,63].
The unbalanced immune response and increased inflammatory reaction disrupt the frac-
ture healing cascade. As described above, neutrophils are vital in the early inflammatory
response. However, the prolonged presence of neutrophils presents a cytotoxic effect. It
has been shown that following a major traumatic event, neutrophils remain upregulated
and primed for up to 2 weeks [96]. Granulocyte–macrophage colony-stimulating factor
(GM-CSF) and TNF-α, both priming agents for neutrophils, have also been shown to be
elevated in peripheral blood samples from polytrauma patients [97,98]. Delayed neu-
trophil apoptosis has also been observed following trauma [96,99], disrupting neutrophil
homeostasis and leading to surrounding soft tissue and osseous damage [98]. In addition
to elevated systemic inflammation, prolonged neutrophil presence at the site of fracture
hematoma has been implicated in delayed fracture healing due to the overstimulation of
chondrogenesis and the inhibition of osteogenesis [46].

The negative effect of acute systemic inflammation on fracture healing has been demon-
strated in a mouse femoral fracture where a systemic inflammatory state was induced [71].
They showed that only 13% of the mice with systemic inflammation could bridge the
fracture, compared to 78% of the controls. Thus, the acute systemic inflammatory response
seen in polytrauma plays a significant negative role in fracture healing. Therefore, in the
polytrauma setting, one should optimize patient care by minimizing the time to surgery
when a second surgical stress response is induced. Limiting the inflammatory response
may mitigate negative effects on fracture healing in polytrauma patients.

6. Impaired Fracture Healing Secondary to Chronic Inflammatory States

As previously demonstrated, a local inflammatory response sets in motion a series
of specific processes that are critical for fracture healing. However, the maintenance of a
prolonged inflammatory state impedes bone repair [100]. In fact, a diminished bone repair
capacity is observed in inflammatory diseases, such as diabetes mellitus (DM) and rheuma-
toid arthritis (RA) [63]. The pathophysiology is believed to be due to an imbalance of
immune cells and factors present at the fracture site influencing osteoclastogenesis [60,66].
One pathway is through the activation of NF-κB, which increases osteoclastogenesis [101].
In addition, diabetes itself is an independent risk factor for delayed bone healing [102],
and it has also been shown that diabetic patients with a Hemoglobin A1C level greater
than 7% have impaired bone healing [103]. Furthermore, the proliferation of macrophages
in the bone microenvironment is limited, while the enhanced myeloid differentiation of
HSCs results in sustained monocyte recruitment; consequently, macrophages shift towards
a pro-inflammatory phenotype, leading to impaired healing [9,104–106]. This often results
in fracture healing times being extended by approximately 87% and an increased risk of
fracture complications in diabetic patients [107–109]. Decreased expression of RUNX2, an
osteoblast differentiating transcription factor, as well as increased IL-8 (a pro-inflammatory
cytokine) and the chemotactic receptor CXCR4, can be found in patients with autoim-
mune diseases [110]. It is thought that an excessive inflammatory response in fracture
hematoma in autoimmune diseases may lead to impaired fracture healing. Therefore,
optimizing a host’s chronic inflammatory disease state could minimize the risk of impaired
fracture healing.

7. Cell-Based Therapies and Immunomodulatory Biomaterials for Fracture
Healing Applications

Tissue engineering and regenerative medicine approaches have been developed to
enhance bone healing, such as using mesenchymal stem cells and various biomaterials.
Mesenchymal stem cells constitute an attractive cell source for bone regeneration due to
their self-renewal, multipotent, immunomodulatory, and homing properties [111]. The
osteogenic potential of such stem cells has been widely studied [112]. In their study, Wang
et al. investigated the optimal time to inject bone marrow mesenchymal stem cells (BMSCs)
in a murine model of fracture repair [113]. Their study suggests that BMSC injection 7
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days post fracture may be an optimal strategy to enhance fracture healing [113]. Moreover,
recent studies have focused on stem cell secretomes’ regenerative properties and potential
in bone tissue engineering applications [114]. Biomaterials have also been investigated
for bone regeneration as they provide a 3D structure at the fracture site that supports
cell infiltration, adhesion, proliferation, and osteogenic differentiation [115]. Materials
such as collagen, hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), and polylactic
acid attract the most attention in the field of bone tissue engineering for their osteoin-
ductive and osteoconductive properties [115]. Biomaterials and stem cells can also be
combined with appropriate bioactive compounds, such as growth factors, to further pro-
mote bone healing. Johnson et al. investigated a combination of MSCs with a 3D-printed
HA/TCP scaffold in healing critical-sized defects in a swine model [116]. Their results
showed that this combination promoted calvarial bone regeneration with mechanical
properties and a structure similar to native bone [116]. Many biomaterials have been
developed to give them additional immunomodulatory properties by changing the surface
topography and chemistry and by immobilizing immunomodulatory ligands [117–120].
Many of these biomaterials have a wide range of applications, primarily in wound heal-
ing, and immunomodulatory techniques are now gaining attention to advance the field
of osteoimmunology.

8. Osteoimmunological Approaches for Optimal and Accelerated Fracture Healing

Therapeutic immunomodulation has recently attracted significant interest as a viable
tissue engineering and regeneration approach that can optimize the host’s inflammatory
response to accelerate and enhance fracture healing. By enhancing immune cell function or
facilitating the identification of neo-antigens, this approach aims to modulate immune cell
function to promote repair [121]. In their study, Ramirez-GarciaLuna et al. demonstrate the
viability and effects of immunomodulation to modulate bone repair by eliciting a transient
and controlled inflammatory response [122]. In this study, the findings show that mice who
had a prior subclinical priming fracture surgery performed on one femur showed faster
healing rates and enhanced bone remodeling and neo-angiogenesis when a clinical femoral
window defect surgery was performed on the contralateral femur compared to mice who
only had the clinical femoral window defect surgery [122]. Their work also highlights the
importance of macrophages and mast cells in the observed enhanced bone repair [122].
Thus, priming the immune system with subclinical injuries to accelerate the process of full
fracture healing is a viable option that harnesses the immune system’s close physiological
and pathophysiological interactions with the bone tissue.

9. Conclusions

Understanding the interplay between the role of the immune and skeletal systems is
imperative to optimize fracture care. This review highlights the role of the acute inflamma-
tory response as a vital step for fracture healing. Conversely, excessive or prolonged acute
inflammation and chronic inflammatory states have been shown to impede fracture repair
through mechanisms that remain poorly understood and warrant further investigation.
To optimize fracture healing, preserving the fracture hematoma, respecting the soft tissue
biology, providing early fracture stability, minimizing systemic inflammatory response to
injury, and optimizing host chronic inflammatory disease states are recommended. Using a
multi-disciplinary approach to target treatment will improve fracture management.
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