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Abstract

Extremity trauma, spinal cord injuries, head injuries and burn injuries place patients at high risk of 

pathologic extraskeletal bone formation. This heterotopic bone causes severe pain, deformities and 
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joint contractures. The immune system has been increasingly implicated in this debilitating 

condition. This review summarizes the various roles immune cells and inflammation play in the 

formation of ectopic bone, and highlights potential areas of future investigation and treatment. 

Cell types in both the innate and adaptive immune system such as neutrophils, macrophages, mast 

cells, B cells and T cells have all been implicated as having a role in ectopic bone formation 

through various mechanisms. Many of these cell types are promising areas of therapeutic 

investigation for potential treatment. The immune system has also been known to also influence 

osteoclastogenesis, which is heavily involved in ectopic bone formation. Chronic inflammation is 

also known to have an inhibitory role in the formation of ectopic bone, whereas acute 

inflammation is necessary for ectopic bone formation.
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1. Introduction

Heterotopic ossification (HO) is the extraskeletal formation of lamellar bone, which largely 

occurs following traumatic injury, burn injury, spinal cord injury, traumatic burn injury, and 

soft tissue damage. HO also frequently occurs after joint arthroplasty, and in soldiers with 

blast wounds(1,2). In one study of 243 combat-wounded patients, 64.6% of patients 

eventually developed HO(3). The development of HO was found to be correlated with 

presence and severity of traumatic brain injury, amputation, and injury severity(3). Another 

study identified that in patients with lower-limb amputations, both traumatic and non-

traumatic, 22.8% of patients developed HO(4). Given these statistics it is evident that the 

trauma and critical care surgeon will treat heterotopic ossification frequently during their 

career.

HO is also a significant consideration in patient with burn wounds. In one study of 5,031 

burn injured patients, the incidence of HO was found to be 1.2%(5). Another more recent 

study found the incidence in burn injured patients to be 5.6%(6). It was also noted in this 

study that percent of total body surface area burned, mechanical ventilation, number of 

procedures, sepsis, and time to active movement were predictive of HO formation(6). It has 

also been shown that in burn injured patients that have already developed HO, early surgical 

excision of heterotopic ossification results in improved range of motion(7).

HO formation is largely thought to be related to the inflammatory response to these inciting 

injuries, which in turn causes ectopic bone formation through the up-regulation of pro-

osteogenic genes and activation of osteopotent progenitor cells(1,8,9). Interestingly, the 

steps involved in HO formation mimic that of limb development with early hypoxia 

followed by hypoxia inducible 1 alpha signaling and up-regulation of SOX-9 (central 

chondrogenic transcription factor) and chondrogensis. This early cartilage is subsequently 

invaded by blood vessels initiating final endochondral bone formation. Severe HO formation 

can be extremely debilitating by causing joint contractures, pain, and limiting extremity 

prosthetic use(10). Because it is so destructive once it begins, prevention has become an 
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important focus of research, particularly with regards to pre-operative and post-operative 

prophylaxis. These efforts have largely been through immune system modulation(11). To 

date, there has not been comprehensive review of the role of the immune system in HO, 

which is the goal of this article.

Importantly, HO can also occur as the result of a genetic mutation, as in the case of 

fibrodysplasia ossificans progressiva (FOP). FOP is a progressive, debilitating disease of 

ectopic bone formation first described in 1736 by John Freke, which eventually leads to 

early demise of those affected(12,13). However, it has not been until much more recently 

that the details behind the pathophysiology began to be identified. Shore et al were the first 

ones to identify the specific mutation involved in FOP in 2006, linking it to the mutation 

R206H in the ACVR1 gene, a bone morphogenic protein (BMP) type 1 receptor(14). Kan et 

al had also identified the role of BMPs in FOP, creating mice that overexpressed BMP-4, 

creating an FOP-like disease state(15). Children with FOP also develop HO lesions after 

minor injuries similar to those seen in large trauma patients(16). Discoveries such as these 

have led to a large increase in the study and understanding of trauma induced HO, with the 

hope of better understanding the pathophysiology and identifying therapeutic targets for 

preventing trauma induced HO(14,15).

The root causes of HO have long been elusive, but new research implicating specific genes, 

progenitor cells and immune signaling pathways, has given hope to the idea of eventually 

identifying the pathophysiology and a means of treatment for those affected(17–20). More 

recently, the role of the immune system has begun to emerge as a contributing factor to the 

formation and progression of ectopic bone formation. Several studies have shown how the 

inflammatory response is necessary for the formation of HO, and several specific cell 

populations, such as macrophages and mast cells, and the adaptive immune system, have 

been particularly implicated in HO development via interactions with osteoprogenitor cells 

and the release of osteogenic growth factors(19–21).

2. The Inflammatory Response

2.1 Overview

The immune system is largely divided into two main classifications: the innate immune 

system and the adaptive immune system. The innate immune system is the “first defense” 

against pathogens, with immune cells such as neutrophils, macrophages, mast cells, 

eosinophils, basophils and dendritic cells serving this purpose. The innate immune cells 

recognize pathogens generically, and respond similarly each time a pathogen is encountered. 

The adaptive immune system, on the other hand, is largely composed of B and T cells and 

their subtypes. These cells have “memory” once a pathogen is encountered, and create 

pathogen specific immune responses. Through this mechanism they are able to respond 

much more rapidly once a pathogen is subsequently encountered.

In addition to pathogen eradication, the immune system is also known to have a large effect 

on bone remodeling and repair. Bone remodeling is a balance between the activity of 

osteoblasts and osteoclasts. Osteoblasts originate from bone marrow stromal cells, whereas 

osteoclasts largely originate from macrophage fusion(22). Osteoclastogenesis can be 

Kraft et al. Page 3

J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induced through many inflammatory cytokines which also affect the immune system, such 

as the predominant cytokine ligand of receptor activator of NF-kB (RANKL), macrophage 

colony stimulating factor (M-CSF), tumor necrosis factor (TNF)-alpha, interleukin (IL)-1, 

IL-6, IL-7, IL-17, IL-23, transforming growth factor (TGF)-beta, and interferon (IFN)-

gamma(22). Osteoblasts are able to regulate osteoclastogenesis through the release of 

osteoprogerin (OPG), a RANKL decoy receptor. Additionally T cells are also known to 

affect osteoblastogenesis and osteoclastogenesis(23).

Although mainly incriminated in host-pathogen interactions, inflammation and wound 

healing, the immune system also plays a central role in fracture repair. The immune 

system’s role has been largely related to the inflammatory response following bone 

injury(24). The inflammatory response induces a cascade of cytokines, which in turn 

promote angiogenesis and induce osteoprogenitor cells to release bone morphogenic 

proteins (BMPs) and promote osteogenic differentiation(24). Progenitor cells differentiate 

into osteoblasts, which in turn release cytokines such as IL-1, IL-6 and IL-11 to promote 

osteoclastogenesis(24). Additionally, it has been demonstrated that the adaptive immune 

system plays a role in osteoblastogenesis for new bone formation following injury(25). The 

competing actions of osteoblasts and osteoclasts following differentiation allow for the 

initial remodeling of fractured bone(24). Much research has been done to examine the 

relationship between osteoblasts, osteoclasts, progenitor cells and the immune system, and 

these relationships will be further reviewed later in this paper.

2.2 Inflammation and Heterotopic Ossification

The immune system has been a major target of HO research in recent years as its role in 

ectopic bone formation has become clearer. Forsberg et al were able to demonstrate that the 

inflammatory markers IL-3, IL 12p70, effluent IL-3 and effluent IL-13 were associated with 

HO, implicating the inflammatory response in general as important in the formation of 

HO(18). Evans et al also showed that HO was associated with more severe injuries, and the 

inflammatory markers IL-6, IL-10, MCP-1, effluent IL-10 and MIP-1-alpha, further 

implicating the inflammatory response and Th1 and Th2 cytokine production in HO 

evolution. Finally, Mitchell et al identified single nucleotide polymorphisms (SNPs), 

particularly toll-like receptor 4 and complement factor H, as being associated with a 

decrease in HO, directly connecting the immune system and alternative complement 

pathway as being involved in HO(26). These studies help solidify the role of the 

inflammatory response as being essential for HO.

Other papers have identified lymphocytes specifically as being involved in HO and 

FOP(27,28). Fiori et al identified that the BMP-p38 MAPK pathway is dysregulated in 

patients with FOP, with increased activation of p38 MAPK, and higher expression of ID1 

and ID3(27). Shafritz et al were able to specifically identify that BMP-4 overexpression in 

lymphocytes was associated with ectopic bone formation in patients with FOP(28). These 

studies helped to clarify the role of the immune system and some of the candidate signaling 

mechanisms implicated in HO and FOP by identifying the major signaling pathways 

involved.
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Another series of papers also highlights the complex role the immune system plays in HO 

and FOP. Spruce et al describe a patient with FOP who underwent bone marrow 

transplantation for the treatment of aplastic anemia, which successfully took with the second 

graft(29). Twenty-five years later, Kaplan et al noted that transplantation alone was not 

sufficient to inhibit FOP, but immunosuppression was successful in inhibiting FOP(30). This 

was demonstrated by the patient not having any flares while immunosuppressed, but having 

a recurrence of the FOP once the immunosuppression was weaned. These papers highlight 

the intriguing role of the immune system in HO formation, although the mechanism by 

which these processes occur remains elusive.

3. Cell Specific Responses

3.1 Neutrophils

Neutrophils have been largely considered to be mainly responsible for mounting an initial 

and nonspecific immune inflammatory response. However that mantra began to change two 

decades ago with the discovery of the specific mechanisms by which neutrophils govern and 

regulate the inflammatory and immune responses(31). Regardless, the role of neutrophils 

has not been extensively studied in the setting of HO, but they have been described as being 

involved(20,32). However, some information is known regarding their participation in bone 

remodeling. It has been shown that RANKL is expressed by inflammatory and normal 

neutrophils, while RANK is expressed in inflammatory neutrophils(33). Additionally, 

Chakravarti et al showed that neutrophils can activate osteoclasts via up regulation of 

RANKL in an inflammatory setting(34). They demonstrated that cell-cell interaction can 

induce osteoclastogenesis via surface RANKL(34). Allaeys et al also demonstrated that 

neutrophils retract osteoblasts from the surface of bone through surface elastase in the 

setting of chronic gout, permitting osteoclasts to cause bone erosion(35).

With regards to HO, Chakkalakal et al identified that neutrophils were present in the initial 

inflammatory response that precedes heterotopic bone formation(20). O’Brien et al showed 

that prostaglandin E2 (PGE2) exposure in tendon-derived stem cells led to a dose dependent 

increase in BMP-2 and osteoblast differentiation(32). They hypothesized that neutrophils 

may be involved in this early step of HO formation because neutrophils are major sources of 

PGE2(36). It is likely that neutrophils play a role in the formation of ectopic bone, but the 

literature describes their role as concomitant with the assistance of other immune cells.

3.2 Macrophages

If neutrophils are the purest of the innate immune cells, then monocytes and macrophages 

are considered the cross-talkers of immunity, interacting both with the adaptive and the 

innate immune systems. In addition, macrophages have both an inflammatory and anti-

inflammatory phenotype that serves to regulate the early and late phases of the inflammatory 

response. The ability of the macrophage to orchestrate immunity strongly implicates their 

role as immune effector cells in ectopic bone formation(19–21). Chakkalakal et al 

demonstrated that macrophages were present in the tissue remodeling stage following injury 

in knock-in mice that clinically mimic FOP, which implicated them in the formation of 

HO(20). Other studies have further elucidated the effects of macrophages on HO. Kan et al 
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and Aro et al identified that macrophages in mice forming HO express high levels of 

osteogenic growth factors, including BMP4(19,21). They also demonstrated the critical 

nature of macrophages in the formation of HO, particularly in initiation of HO formation, 

with selective destruction of macrophages in genetically prone mice significantly reducing 

the amount of HO formation.

Macrophages have a relatively well-identified role in normal endochondral bone formation, 

particularly in fracture repair(37–40). It is well known that macrophages can differentiate 

into osteoclasts in the proper microenvironment, but recent studies have shown other 

interactions with bone development and formation as well(41). Several studies have 

identified macrophages in the initial inflammatory stages of bone repair, and that they may 

stimulate proliferation of fibroblasts(37–39). Raggatt et al identified that macrophages were 

present early in chondrogenic centers, and persisted as the callus was formed(40). They also 

identified the important role of macrophages by monitoring callus formation following 

macrophage elimination. If eliminated early, callus formation never occurred. When 

eliminated late, callus formation was significantly reduced(40). These studies help 

demonstrate the critical role that macrophages play in the initiation and prolongation of 

endochondral bone formation and provide future avenues of research as to how 

macrophages may initiate and propagate HO evolution.

Although the literature is still sparse with regards to the macrophage specific role in HO and 

FOP, what has been demonstrated strongly points to a critical role of macrophages in the 

induction of HO following tissue injury and the initial inflammatory response. Although one 

could easily consider the homology between vessel injury and atherosclerotic plaque 

formation with peripheral tissue injury and HO formation, the reality is that little evidence 

exists to correlate the two inflammatory processes. The underlying mechanism behind 

macrophage induced HO formation requires more investigation, particularly in the realm of 

potential therapeutic targets affecting the ability of macrophages to induce ectopic bone 

formation, as this could be a very promising area of study for future research.

3.3 Mast Cells

Mast cells are another cell type that strongly implicated in the formation of HO. Chakkalakal 

et al demonstrated in their study that mast cells were present throughout the inflammatory 

process and with ectopic bone formation(20). Gannon et al also demonstrated the strong 

presence of mast cells in HO formation, documenting mast cells being present in much 

greater concentrations than normal in all stages of HO formation(42). The role of mast cells 

has more recently been further elucidated beyond their simple presence in increased 

numbers during HO formation. Salisbury et al identified the role that sensory neurons play 

in causing neurogenic inflammation following injury(43). The sensory neurons release 

signaling factors such as substance P and calcitonin gene related peptide, which recruit mast 

cells. The mast cells then undergo degranulation following recruitment. Salisbury et al were 

able to demonstrate that HO formation was reduced in animals that lacked sensory neurons, 

thus preventing signaling factor release and impairing mast cell recruitment. Studies have 

shown that prevention of mast cell degranulation using cromolyn mitigated HO formation, 
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confirming their role in HO formation as well as identifying a potential human therapeutic 

intervention(43).

Inhibiting mast cell degranulation could be a highly useful therapeutic target for the 

prevention of ectopic bone formation. However, pure inhibition is not the only means of 

disrupting mast cell involvement in ectopic bone formation to prevent HO. Radiation 

therapy has long been known to be an effective means of prophylaxis for HO, particularly 

prior to surgery(11). Hoff et al demonstrated that irradiation prior to surgery increases 

inflammatory markers, and basic FGF, which is released by macrophages(44). They 

hypothesize that increased levels of these markers following radiation therapy are the result 

of early mast cell degranulation, induced by the radiation. Therefore, the mast cell functions 

are disrupted prior to the injury and they are prevented from performing their critical role in 

HO formation. Further studies are warranted on this topic, but what has been found so far 

has been a promising avenue for therapeutic intervention and prophylaxis of HO. 

Additionally, in HO resulting from spinal cord injury, burns, or traumatic brain injury, 

where the location of the resulting HO is unknown, one should target mast cells. (Figure 1).

3.4 Adaptive Immune System

The adaptive immune system, namely B and T cells, have been identified in HO formation 

as well, although their role has not been characterized quite as extensively as other cell 

types. Chakkalakal et al demonstrated in their study that CD 45+ T cells invaded the soft 

tissue following muscle destruction in cases of HO, but did not characterize their 

involvement further(20). Furthermore, Kan et al were able to further elucidate the role of B 

and T cells in ectopic bone formation. They demonstrated that in mice without mature B and 

T cells, HO still formed immediately upon injury. However, at all time points it was noted 

that the rate of spread and overall quantity of HO formed was significantly less compared to 

mice with an intact adaptive immune system(19). This indicated the varying role of different 

aspects of the immune system in HO formation, with macrophages being more critical to the 

induction of HO formation, and B and T cells being necessary for the propagation of ectopic 

bone formation.

However, the role of the adaptive immune system has not been completely detailed. Hoff et 

al showed as part of their study on prophylactic radiation therapy in the prevention of HO 

that radiation induced B cell maturation, as well as led to an increase in CD 8+ T cells and 

release of IFN-gamma(44). They hypothesized that increased levels of CD 8+ T cells helped 

prevent HO formation. This hypothesis is strengthened by the findings of Dighe et al which 

showed that T cells and IFN-gamma release interfere with mesenchymal stem cell bone 

repair(45). Mesenchymal stem cells have been implicated as critical in HO, strengthening 

the theory that T cells prevent HO formation(46). However, it is clear that the role of T cells 

has not fully been elucidated in HO, and further studies are needed to analyze different T 

cell types and characterize their specific roles in HO formation (Figure 2).
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4. Specific Cell Types in Bone

4.1 CD4+ T Cells

CD4+ T cells have classically been characterized into Th1 (inflammatory) and Th2 (immune 

modulatory) type cells. However, smaller subsets, such as Th17 cells and Treg cells, also 

exist under this category. Their effects are largely related to the immune system modulation 

and regulation in the elimination of infectious processes. However, it has been shown by 

Sato et al that these cells are able to inhibit osteoclast formation, via IFN-gamma in Th1 

cells, and IL-4 in Th2 cells(47). Sato et al also identified that Th17 cells, which will be 

described further in the next paragraph, exhibit the opposite capability, and are 

osteoclastogenic via the release of inflammatory factors such as IL-17(47).

4.2 Th17 Cells

Th17 cells have been implicated in a plethora of inflammatory and immune modulatory 

processes and possess phenotype capable of having a profound effect on bone and HO 

evolution. Th17 cells release inflammatory cytokines such as IL-17, IL-21, IL-22, and IL-6. 

They can also secrete IFN-gamma, which has the ability to induce osteoclastogenesis in 

monocytes(48,49). IL-17A can induce RANKL expression in fibroblasts and osteoblasts, but 

Th17 cells can also express their own RANKL and TNF to stimulate osteoclastic 

precursors(50). Inhibition of IL-17A has been shown to decrease bone erosion in collagen-

induced arthritis models, indicating the potential therapeutic value in further study of Th17 

cells(50).

4.3 CD4+ T Reg Cells

Treg cells are known to inhibit osteoclast formation(51). Kelchtermans et al demonstrated 

not only the osteoclastogenic inhibition, but that activation of Treg cells can improve 

clinical symptoms of collagen-induced arthritis(52). Kim et al demonstrated that Treg cells 

inhibited osteoclast differentiation in a cytokine-dependent manner, and that TGF-beta and 

IL-4 were key cytokines in this process(53). Axmann et al also were able to demonstrate that 

CTLA-4, an inflammatory modulating molecule released by Treg cells which binds to 

CD80/86, can directly bind osteoclast precursor cells and inhibit their differentiation(54).

4.4 CD8+ T Cells

CD8+ T cells are known to inhibit osteoclasts; they inhibit osteoclastogenesis via proteins 

such as osteoprotegerin (OPG) and RANKL. However, inhibition of OPG released by CD8+ 

T cells does not prevent the osteoclastogenesis inhibition, suggesting that other mechanisms 

are also involved(55). CD8+ T cells have also been shown to have pro-osteoblastic 

properties. Terauchi et al demonstrated that intermittent PTH administration increased the 

production of Wnt10b in CD8+ T cells, and this activated the Wnt signaling cascade in pre-

osteoblasts(56). They also showed that inhibition of Wnt10b or T cell null mice have no 

bone anabolism in response to intermittent PTH administration, further solidifying their role 

in bone strengthening(56).
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4.5 CD8+ T Reg Cells

CD8+ Treg cells have been documented in humans, but have not been extensively studied 

due to their rarity(22,57). However, Buchwald et al identified that CD8+ Treg cells can 

inhibit osteoclast bone resorption, as well as inhibit cytoskeletal reorganization in mature 

osteoclasts(58). They demonstrated that osteoclasts can induce CD8+ Treg cells in an 

antigen-dependent manner, but CD8+ Treg cell inhibition of osteoclasts can be achieved 

without antigens or direct contact(58). It is hypothesized that CD8+ Treg cells may have a 

role via this identified regulatory feedback loop in skeletal homeostasis(58).

4.6 Natural Killer (NK) T Cells

NK T cells have not been implicated in the formation of HO specifically, but their effects on 

bone raises questions towards the possibility. NK T cells have been shown to produce 

inflammatory cytokines such as IFN-gamma and TNF-beta, which have been shown to 

modulate other immune cells, and could have an impact on HO formation(59). Invariant NK 

T cells have also been shown to promote osteoclast development, and enhance their 

resorptive capabilities(60). Additionally, NK T cells were identified as being highly 

activated in the synovium of patients with chronic joint inflammation, largely rheumatoid 

arthritis, and to produce IFN-gamma and TNF-alpha(61).

4.7 Gamma-Delta T Cells

Gamma-delta T cells are a minority of T cells, but they can play an important role in the 

immune system’s influence on skeletal injury. They are considered an intermediary between 

the innate and the adaptive immune system, and have been shown to be involved in multiple 

inflammatory responses such as carcinogenesis resistance and infection control(62,63). 

Additionally, Kaylan et al demonstrated that bone-increasing nitrogen-bisphosphonate 

therapy correlated with a decrease in gamma-delta T cells, and that patients who 

experienced osteonecrosis of the jaw were significantly deficient in gamma-delta T 

cells(64). Their role has not been described explicitly in HO formation, but research should 

be done to investigate their possible role given their deleterious effects on the skeletal 

system in other circumstances.

4.8 B Cells

B cells have a well-documented involvement in bone metabolism. In multiple myeloma, B-

cell derived plasma cells have been shown to support osteoclastogenesis, likely through 

multiple signaling molecules such as RANKL, Decoy receptor 3, and IL-7(22,65). B cells 

have also been proposed to be involved in osteoclast formation, causing increased bone 

resorption following ovariectomy(66). However, Weitzmann et al demonstrated that B cells 

in peripheral blood inhibit the formation and reduce the lifespan of osteoclasts via the 

secretion of TGF-beta, which can stimulate OPG production(67,68). Bone loss has also 

shown to be increased in B-cell deficient rats with periodontal disease, further demonstrating 

their possible role in bone protection(69). Conversely, Marusic and colleagues unearthed 

evidence suggesting that a genetic lack of B lymphocytes may create a change in the 

immunological milieu at the site of new bone induction, which stimulates the initial 

accumulation and proliferation of mesenchymal progenitor cells implicated in bone 
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formation(70). Moreover Li and coauthors, have shown that B-cell null mice are 

consistently osteoporotic and deficient in BM osteoprotegerin which was reversed by B cell 

reconstitution(71).

Onal et al further studied the role of B cells in ovariectomy-induced bone loss, particularly 

with relation to RANKL. They demonstrated that mice lacking RANKL in B cells were 

partially protected from bone loss(72). Human immunodeficiency virus infection has also 

been linked to osteoporosis and bone fracture, and HIV-1 transgenic rats were demonstrated 

by Vikulina et al to undergo osteoclastic bone resorption(73). This bone resorption is due to 

decreased B cells production of OPG and increased production of RANKL(73). Finally, B 

cells have been shown by Choi et al have a positive effect on osteoclastogenesis in response 

to stimulation from Th2 cell cytokines, and a negative effect in response to Th1 cell 

cytokines(74). This demonstrates the complex, interconnected signaling mechanisms 

responsible for immune cell effects on bone, particularly with regards to bone loss and 

osteoclastogenesis.

4.9 Dendritic Cells

Dendritic cells are not thought to be involved in bone biology, with dendritic deficient 

animals being shown to have no bone defects(22,75). However, dendritic cells have been 

noted to be present in rheumatoid nodules in rheumatoid arthritis and in tertiary lymphoid 

tissue propagation, and Santiago-Schwarz et al identified their potential involvement in the 

pathologic processes of rheumatoid arthritis(76,77). This could be significant given how 

rheumatoid arthritis and other chronic inflammatory conditions can affect HO formation. 

Santiago-Schwarz et al demonstrated that the dendritic cells from rheumatoid arthritis 

synovial fluid were potent stimulators of allogenic T cells and Th1 cells, and that dendritic 

cell growth was promoted in acellular rheumatoid arthritis synovial fluid, showing that the 

inflammatory environment contributed to the dendritic cell population growth(77).

Interestingly, Rivollier et al identified that dendritic cells also have the capability to 

transdifferentiate into osteoclasts in the presence of M-CSF and RANKL, in addition to their 

traditional immunologic roles(78). They also noted that this transdifferentiation process is 

greatly enhanced by rheumatoid arthritis synovial fluid with cytokines suck as IL-1 and 

TNF-alpha(78). Alnaeeli et al demonstrated that, in addition to dendritic cells being able to 

develop into functional osteoclasts, these dendritic cell-derived osteoclasts induce bone loss 

after in vivo transfer in mice(79). These studies suggest that dendritic cells may have a much 

larger role in osteoclastogenesis than previously thought (Table 1).

5. Osteoclastogenesis

Osteoclasts also play an important role in HO and FOP, with increased osteoclast formation 

having been seen in HO lesions of FOP-like mice(80). Increased bone breakdown by 

osteoclasts leads to increased bone formation in HO. The immune system is known to have a 

wide range of effects on osteoclastogenesis via a wide variety of cells, as described above, 

which in turn affects HO formation. RANKL is known to have a prominent role in 

osteoclastogenesis, and also has strong interplay with the immune system(81). T and B cells 

are known to release RANKL when activated, and neutrophils have also been shown to 
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release RANKL in inflammatory lesions(34,82). Additionally, the role of RANKL on 

osteoclasts can be induced by TNF alpha, which is an inflammatory marker and mainly 

produced by activated T cells(22).

Other inflammatory markers are known to modulate osteoclastogenesis via the immune 

system, such as IL-1, IL-17, IL-23, IL-27, TNF-alpha, IFN-gamma, and TGF-beta. IL-7 

promotes osteoclastogenesis through the upregulation of RANKL from B and T cells(83). 

IL-17 is believed to increase osteoclastogenesis, possibly via synergism with IL-1 and TNF-

alpha(84). IL-23 is known to stimulate IL-17, although the exact role that IL-23 plays on 

osteoclasts has been controversial(85,86). IL-27 has been shown to actually inhibit 

osteoclastogenesis(87). IFN-gamma has been hypothesized to stimulate bone resorption, and 

TGF-beta has been shown to stimulate or inhibit osteoclast proliferation depending on 

multiple other factors, although both IFN-gamma and TGF-beta’s role in osteoclasts is much 

less well understood compared to the other inflammatory markers described(22).

6. Acute versus chronic inflammation

Although it has become clear that inflammation and the immune system are critical to HO 

formation, its role is even still more complex. Acute inflammation has been shown to lead to 

events which could trigger HO, but in the setting of chronic inflammation the incidence of 

HO is severely reduced(46). Roth et al identified that patients with rheumatoid arthritis have 

a lower incidence of HO compared to other populations undergoing total knee 

arthroplasty(88). It is known that chronic inflammation has a deleterious effect on bone. 

Prolonged exposure to TNF-alpha in the setting of chronic inflammation has been shown to 

initiate a sequence resulting in systemic bone loss(89). Recent studies demonstrate that 

chronic exposure to TNF-alpha triggered tissue damage similar to other chronic 

inflammatory diseases such as rheumatoid arthritis(89,90). TNF-alpha also resulted in 

decreased bone volume and strength(89,90). In a mouse model of type 1 diabetes, researches 

showed that inflammatory mediators impaired fracture healing, and that TNF-alpha 

inhibition improved fracture healing in these mice(91). Whether this is the final culmination 

of chronic inflammation induced cachexia or whether the effects of chronic inflammation on 

HO formation are purely protective remains to be seen.

Interestingly, it has also been shown that Dickkopf-1 (Dkk-1) signaling, an inhibitor of the 

Wnt pathway related to bone formation, is altered in diseases such as ankylosing spondylitis, 

a known bone-forming disease, and related to joint remodeling in rheumatic diseases(92). In 

one study, it was demonstrated that functionally, Wnt signaling is increased in ankylosing 

spondylitis, even though Dkk-1 levels were also higher compared to normal subjects or 

patients with rheumatoid arthritis(93). It was also shown that TNF-alpha treatment in 

ankylosing spondylitis was found to result in increased Dkk-1 levels, compared to a 

decreased in those with rheumatoid arthritis(93). Clearly all of the details regarding acute 

and chronic inflammation and its effects on HO and ectopic bone are not completely 

understood, however, this is an area that warrants further research for greater understanding 

of the exact role that the inflammatory response plays throughout ectopic bone formation 

(Figure 3).
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7. Conclusions

Trauma induced heterotopic ossification is a complex disease process with potentially 

significant health consequences. Recent research has shed light on the complex nature of 

ectopic bone formation, in particular with regards to the role of the immune system in HO 

formation and propagation. As we have discussed above, several immune cell types have 

been specifically implicated given their potential roles in HO formation, particularly 

neutrophils, macrophages, mast cells, and the adaptive immune system. The hope is that 

with continued research into the participation of these cells in ectopic bone formation, 

therapeutic targets may be discovered that can alleviate the costly and painful effects of this 

disease (Table 2).
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Figure 1. 
Effects of innate immune system cells following soft tissue injury which result in ectopic 

bone formation.
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Figure 2. 
Effects of B and T cells and the adaptive immune system which result in ectopic bone 

formation.
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Figure 3. 
The contrasting effects of acute and chronic inflammation on ectopic bone formation.
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Table 1
Immune System Effector Cells and HO Impact

Details the innate and adaptive immune effector cells implicated in augmenting HO formation. The respective 

known function in regard to HO formation for each effector cell is also listed.

Innate Immune System Adaptive Immune system

Cell Type Function Cell Type Function

Neutrophils

1 Osteoclast induction

2 PGE2 release B cells

1 HO propagation

2 Cytokine release

Macrophages*

1 Fibroblast proliferation

2 BMP 4 release

3 Adaptive immune cross talkers
T cells

1 HO propagation

2 Cytokine release

3 Dysregulation of mesenchymal stem 
cells

Mast Cells

1 Degranulation

2 Induce neuroinflammation CD4+ T cells 1 Inhibit osteoclast formation

Dendritic cells*
1 Osteoclastic transdifferentiation

2 Adaptive immune cross talkers Th17 cells

1 Cytokine release

2 Induce osteoclastogenesis

CD4+ T reg cells 1 Inhibition of osteoclast formation

CD8+ T cells

1 Osteoclast inhibition

2 Pro-osteoblastic properties

CD8+ Treg cells 1 Inhibit osteoclastic bone resorption

NK T cells

1 Cytokine release

2 Promote osteoclastogenesis

Gamma-delta T cells 1 Resistance to bone injury

*
Macrophages and Dendritic cell are considered “cross talkers” between the innate and adaptive immune system and some investigators and 

immunologist consider them as a separate group of cells loosely referred to as adaptive immune system modulators.
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Table 2
Immune System Effector Cells and References

Summarizes the cell types associated with HO formation and the references associated with each cell type.

Cell Type References

Neutrophils 10, 21–25

Macrophages 9–12, 26–29

Mast Cells 10, 30–32

B cells 9, 12, 23, 32, 53–60, 68, 69

T cells 9, 10, 12, 13, 23, 32–34, 68, 69

CD4+ T cells 35

Th17 cells 36–38

CD4+ T reg cells 39–42

CD8+ T cells 32, 43, 44

CD8+ Treg cells 12, 45, 46

NK T cells 47–49

Gamma-delta T cells 50–52

Dendritic cells 12, 61–65

J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 January 01.


