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Abstract

Purpose of review: Heterotopic ossification (HO) is associated with inflammation. The goal of
this review is to examine recent findings on the roles of inflammation and the immune system in
HO. We examine how inflammation triggers HO in fibrodysplasia ossificans progressiva, in
traumatic HO, and in other clinical conditions of HO. We also discuss how inflammation may be a
target for treating HO.

Recent findings: Both genetic and acquired forms of HO show similarities in their
inflammatory cell types and signaling pathways. These include macrophages, mast cells, and
adaptive immune cells; along with hypoxia signaling pathways, mesenchymal stem cell
differentiation signaling pathways, vascular signaling pathways, and inflammatory cytokines.

Summary: Because there are common inflammatory mediators across various types of HO, these
mediators may serve as common targets for blocking HO. Future research may focus on
identifying new inflammatory targets and testing combinatorial therapies based on these results.
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Introduction

Bone homeostasis is closely linked to the immune system. Osteoblasts and osteoclasts are
the main cell types thought to maintain the balance of bone formation and resorption.
Osteoblasts are thought to be derived from mesenchymal stem cells (MSCs) in the long
bones, or MSC-like cells in the neural crest lineage in the craniofacial bones [1]. In contrast,
osteoclasts are thought to originate from hematopoietic progenitors within the monocyte/
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macrophage lineage [2], and their formation is mediated through the receptor activator of
NF-xB ligand (RANKL) binding to the RANK receptor [3, 4]. In addition, macrophages
appear to promote the formation of osteoblasts because macrophage-deficient mice show a
significant reduction in bone density and impaired ability of MSCs to differentiate into
osteoblasts [5]. During the fracture repair process, osteal macrophages (sometimes referred
to as “osteomacs”), which represent a subtype of macrophages residing in bone tissues, can
promote anabolic bone formation in collaboration with pro-inflammatory macrophages [6].
Additionally, multiple diseases affecting the immune system or causing autoimmunity are
associated with bone loss [7]. These observations suggest that innate immune cells such as
macrophages may be crucial for the pathogenesis of bone disorders and may represent
potential therapeutic targets for bone diseases.

Potential links between the immune system and abnormal bone formation, such as in
heterotopic ossification (HO), have been discussed for more than twenty years. HO is a
debilitating process of abnormal bone formation at a non-bone site [8, 9]. HO often occurs
after trauma and in settings of severe inflammation such as in rheumatologic diseases or in
burns [9-13].

Inflammatory cytokines secreted by immune cells are thought to be involved in injuries or
pathologies prone to HO [14-19]. Pro-inflammatory cytokines including IL-3 are elevated in
patients with combat wounds [17]. Interleukin 6 (IL-6), interleukin 10 (IL-10), and
monocyte chemoattractant protein 1 (MCP-1) are also reported to be associated with non-
genetic HO after high-energy penetrating war injuries [16]. It is also clinically recognized
that anti-inflammatory treatment can decrease the incidence of HO after major hip
procedures, although it cannot completely block bone formation [15, 18, 20].

These clinical observations indicate that immune and inflammatory processes are major
contributors to HO pathogenesis. Here, we will examine the current data supporting the
potential roles of the immune and inflammatory systems as drivers of both genetic and
acquired HO, and explore how the similarities and differences may help identify therapeutic
targets for these devastating conditions.

Fibrodysplasia ossificans progressiva (FOP) as a prototypical disease of

genetic heterotopic ossification

Fibrodysplasia ossificans progressiva (FOP) is a rare inherited disease, occurring at an
incidence of one per 1.36 million to 2 million people [21]. This disease is characterized by
abnormal bone formation in skeletal muscle and in connective tissues which are normally
not mineralized. The ossifications are cumulative, leading to immobility and severe pain
through progressive extra-skeletal bone formations in skeletal muscles, tendons, and
cartilage. There are currently no effective treatments.

FOP is caused by activating mutations in the Activin A type 1 receptor (ACVR1), which is a
bone morphogenetic protein (BMP) type 1 receptor [22]. The majority of FOP patients carry
the classical single point mutation (ACVR1 R206H), which results in constitutive activation
of BMP signaling pathways [22]. Recently, Activin A was identified as a ligand for ACVR1.
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Normally, Activin A binding to the wild type ACVR1 receptor leads to signaling through the
SMAD?2/3 pathway. However, Activin A binding to the FOP ACVR1 receptor activates
signaling through the SMAD1/5/9 pathway. In addition, Activin A is normally a competitive
inhibitor of BMP signaling at the wild type ACVR1 [23-26].

A striking clinical feature of FOP is that patients can develop massive inflammatory lesions,
even with relatively mild trauma [21]. These inflammatory lesions occur as “flare-ups” that
are accompanied by clinical symptoms of inflammation and can result in significant bone
formation. Anti-inflammatory agents, including nonsteroidal anti-inflammatory drugs
(NSAIDs) and corticosteroids, can help reduce HO formation [21]. Although these anti-
inflammatory medications are the standard therapy in both FOP and non-genetic HO, they
show poor efficacy in blocking HO formation.

Inflammation in FOP

Potential roles for the immune system in FOP have been discussed for many years. Shafritz
et al. reported that overexpression of bone morphogenetic protein 4 (BMP4) in lymphocytes
is associated with the osteogenesis observed in FOP [27]. Recently, studies using mouse
models have shown how immune cells contribute to bone formation in FOP. Kaplan et al.
reported that cells of hematopoietic origin contributed to the early inflammatory and late
marrow-repopulating phases of BMP4-induced HO but were not represented in the
fibroproliferative, chondrogenic, or osteogenic stages of HO [28]. They later suggested that
inflammation may trigger Tie-2 expressing precursor cells to form abnormal bone formation
[29]. Chakkalakal et al. created a mouse model possessing an R206H mutation in ACVR1
and found that various kinds of immune cells, including macrophages and mast cells, were
present in sites showing abnormal bone formation [30]. Wang et al. recently showed that
systemic suppression of TGF- attenuates HO in FOP mouse models, implicating that the
TGF-B pathway is an inducer and promoter of HO [31]. As TGF-B is a cytokine secreted by
M2 tissue-repair macrophages, these reports suggest that myeloid cell lineages may play a
crucial role in driving the early phase of inflammation in FOP.

In humans, we reported that FOP patient-derived blood samples showed significant
elevations of cytokine levels, including interleukin 3 (IL-3), interleukin 7 (IL-7), interleukin
8 (IL-8), and granulocyte-macrophage colony-stimulating factor (GM-CSF) [19]. Purified
monocytes from peripheral blood samples of FOP patients showed increased responsiveness
to lipopolysaccharide (LPS) stimulation and prolonged activation of NF-kB compared with
control samples, indicating that NF-kB activation underlies inflammation in FOP. Also, our
study showed increased serum levels of TGF-8in FOP patients, compatible with a previous
study in mice [31]. Although BMP receptors are robustly expressed on monocytes and tissue
macrophages [32], how the ACVR1 mutation induces macrophage hyper-responsiveness to
stimulation, and whether M1 and M2 macrophages have different functions during abnormal
bone formation in FOP, are still unknown. Notably, a separate study based on the analysis of
peripheral blood mononuclear cells from FOP patients showed that the expression level of
DNAML1 is increased in FOP monocytes and that DNAML1 plays an important role in
monocyte migration [33]. Since DNAML1 can be expressed by immune cells, these data
suggest there are multiple pathways are likely involved in the inflammatory phase in FOP.
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In addition to myeloid cells, other kinds of immune cells such as mast cells and lymphoid
cells may contribute to the inflammation of FOP. Gannon et al. found that an intense
perivascular lymphocytic infiltration could occur even in normal-appearing skeletal muscle
in a 2-year-old child with FOP [34]. Kan et al. showed that RAG1 null mice, which have no
mature B or T lymphocytes, developed HO after injury without delay, and that the loss of
these specific lineages decreased the rate of spreading and overall amount of HO in
heterozygous mice. These results indicated that the adaptive immune system was not
necessary for the initial formation of HO but might be important for the spreading of HO
[35, 36]. Ranganathan et al. also reported that HO growth and development after a burn
injury are both attenuated in the absence of mature B- and T- lymphocytes [37]. Finally,
early FOP lesions were shown to exhibit perivascular inflammatory infiltrates and cells
expressing hypoxia inducible factor 1 alpha (HIF1a) [38]. These findings suggest that
inflammation and hypoxia may be important drivers of FOP HO.

In 2001, Gannon et al. showed inflammatory mast cells were present at every stage of
development of FOP lesions in humans [39]. In mice, Convente et al. showed that depletion
of mast cells reduced HO volume to about 50% in conditional-on knock-in mouse
Acvr1R206H |n addition, combined depletion of mast cells and macrophages reduced HO
volume to about 25%, indicating that mast cells may also contribute to HO formation [40].
Our previous study supports this notion since blood from patients with FOP shows high
levels of interleukin 9 (I1L-9), a cytokine which can be secreted from mast cells [19]. Taken
together, these human and mouse data indicate that macrophages, mast cells, and adaptive
immune cells have different roles in different phases of inflammation in FOP.

Inflammation in traumatic heterotopic ossification

Inflammation is thought to be a key driver of non-genetic HO. Triggers of non-genetic HO
include blast injuries, burns, spinal cord injuries, brain injuries, and some surgical
procedures [41-43].

Blast injuries and burns cause high levels of systemic inflammation and predispose patients
to HO [42]. Blast injuries may induce expression of substance P (SP-1), which is a
neuroinflammatory peptide capable of promoting osteogenic differentiation of MSCs [44].
Blast injuries may also induce expression of various bone and osteoblast mineralization
genes and inflammatory cytokine genes, including runt-related transcription factor 2
(Runx2), osteocalcin (Ocn), /L-6, interleukin 1B (/L-1p), C-C motif chemokine ligands 2
and 3 (Cc/2and Cc/3), and C-X-C motif chemokine ligand 5 (Cxc/5) [44]. Large-surface-
area burns that place patients at risk for HO have been associated with altered expression of
genes involved in inflammation and vascularization, including ~H/F1a, von Willebrand factor
(vWF), platelet endothelial cell adhesion molecule-1 (PECAM), cadherin 5 (CDH5), and
vascular endothelial growth factor (VEGF) [41]. After burn injuries, Hifla has been shown
to colocalize with SRY-box transcription factor 9 (Sox9) in precartilage tissue, immature HO
tissue, and mature HO tissue, suggesting Hifla may be involved throughout development of
HO [41]. Sung Hsieh et al. reported that a mouse model of trauma-induced HO with hind
limb Achilles’ tenotomy and dorsal burn showed significantly increased levels of tumor
necrosis factor alpha (TNF-a) and IL-1pB, which are typically secreted from monocyte or M1
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pro-inflammatory macrophages. In addition, elevated levels of monocyte chemoattractant
protein-1 (MCP-1) and VEGF in saliva persisted for 1 week after injury in trauma-induced
HO mice [45], suggesting that cytokines related to myeloid cell functions are important in
HO.

Spinal cord injuries and traumatic brain injuries can result in development of HO, especially
in peri-articular muscles [43]. In response to spinal cord injury, monocytes may infiltrate
muscles and express oncostatin M [46]; macrophages may secrete oncostatin M to mediate
inflammation [47, 48]; and muscle satellite and interstitial cells may express the oncostatin
M receptor [46]. All these events may help trigger HO.

Some surgeries, such as total hip arthroplasty, are associated with increased HO risk from
the tissue trauma that occurs during surgery and from associated inflammation [42, 49, 50].
In one study after total hip arthroplasty, bone marrow-derived cells positive for type 1
collagen and CD45 were identified as markers for a circulating osteogenic precursor cell
population that may migrate to and seed sites of inflammation [51]. In contrast to the data in
FOP, activation of adaptive immune cells may also be associated with suppression of HO
formation in some cases. Hoff et al. analyzed the samples of patients who received
preoperative radiation before total hip arthroplasty to prevent HO and found significantly
increased CD8+ T cells and decreased naive IgD+ B cells, indicating that an activation of
cytotoxic T cells and B cells help prevent HO [52]. Although the human immune system
might be different from mice, an increase in osteogenesis from allogenic MSCs was shown
in T cell-deficient mice, indicating that T cells may be able to inhibit osteogenesis [53].

Inflammation in other clinical conditions of heterotopic ossification

There are other examples of HO that appear to be triggered by inflammation including HO
in rheumatic diseases [54-56] and HO in cardiovascular pathologies [57, 58].

Inflammation and HO can occur in rheumatic diseases such as scleroderma and
dermatomyositis [54-56]. Scleroderma is an autoimmune disease mostly affecting the skin
and musculoskeletal tissues [59]. In a case report, a patient with scleroderma exhibited
extensive calcification and ossification of the right gluteal muscle and right thigh muscles
[54]. This patient also exhibited arthritis in the right knee, which immobilized the right
lower limb. One hypothesis for the disease mechanism in this patient is that limb immobility
as a result of knee arthritis contributed to hypoxia of nearby muscles, leading to ossification.
Also, dermatomyaositis is an autoimmune disease characterized by chronic muscle
inflammation and muscle weakness [60]. Multiple juvenile dermatomyositis patients have
exhibited calcium deposits in their soft tissues, including the deep intermuscular fascial
planes [55]. Juvenile dermatomyositis patients have also exhibited myofibers and
macrophages that express HIF1a [56]. One particular dermatomyositis patient exhibited
calcium deposits in soft tissues as a child and subsequent extensive HO in the left thigh
muscle as an adult [55]. These observations from rheumatic diseases emphasize that hypoxia
signaling pathways play a role in inflammation and HO.
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Inflammation and HO have also been observed in cardiovascular pathologies such as
atherosclerosis and aortic valve disease [57, 58]. Late-stage atherosclerotic plaques in
human carotid arteries can show mineralized bone deposits [57] with associated smooth
muscle-like cells, macrophages, mast cells, and multinucleated giant cells near the bone
deposits. Some aortic valve disease lesions also showed bone deposits [58]. These bone
deposits appeared in the leaflets of the aortic valves and contained organized calcification
and bone marrow containing immune cells, including kappa light chain-secreting cells,
lambda light chain-secreting cells, mast cells, neutrophils, and plasma cells that sometimes
contained Russell bodies [58]. Vascular calcification has been observed in other conditions
associated with increased cardiovascular risk, including diabetes, hypertension,
hyperlipidemia, and kidney disease [57, 61-63].

The occurrence of inflammation and HO in cardiovascular-related diseases has prompted
investigation into the cell types that may be involved in these cases. Cells important for
vascular ossification are thought to originate from either the blood vessel walls, the
surrounding tissue, or the circulating blood. In the blood vessel walls, calcifying vascular
cells (CVCs) can differentiate into various mesenchymal cell lineages [64—67]. Endothelial
cells may differentiate into mesenchymal stem-like cells and then into osteoblasts [68], and
endothelial precursors may differentiate and form bone in response to inflammatory triggers
[29]. Also, adventitial pericytes and myofibroblasts may migrate from surrounding tissue
into the vessel wall [69], and particular subpopulations of CD14 monocytes circulating in
the blood may lead to mesenchymal precursors that could play a role in HO [70]. Overall,
these observations from cardiovascular diseases suggest that multiple cell types and cellular
differentiation may be important contributors to HO.

Inflammation as a target for treating heterotopic ossification

Because inflammation is involved in FOP and other types of HO, new HO treatments are
being tested for their effects on inflammation. Retinoid signaling is decreased during
chondrogenesis, which is required for HO formation via the endochondral ossification
pathway [71]. Therefore, one approach to treating HO involves using retinoid agonists to
block chondrogenesis [72]. A potent retinoic acid receptor gamma (RAR-y) agonist known
as palovarotene has been shown to reduce HO in FOP mouse models [73, 74] and in a blast-
related HO rat model [75]. In the blast-related HO mouse model, palovarotene dampened
systemic and local inflammatory responses and specifically reduced levels of 1L-6, TNFa.,
and IFN-y [75]. Clinical trials are underway for treatment of FOP patients using palovarotene
(NCT03312634, NCT02190747, and NCT02279095). In addition, direct inhibition of
Activin A by the neutralizing antibody REGN2477 is being tested in clinical trials as a
potential target for blocking HO in FOP (NCT03188666).

Another method of treating blast-related HO may involve use of rapamycin. Rapamycin
affects the mammalian target of rapamycin (mTOR) signaling pathway, and the mTOR
signaling pathway is an effector of inflammation and hypoxia, both of which play an
important role in traumatic injuries [76]. Rapamycin has been shown to prevent HO after
blast-related injury in rats and has been shown to attenuate expression of inflammatory
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genes such as Cxc/5, C-X-C motif chemokine ligand 10 (Cxc/10), IL-6, and Ccl2[77].
Rapamycin is also currently being tested in clinical trials as a therapy for FOP [78-80].

A method of treating HO after surgical trauma may involve use of celecoxib. Celecoxib is an
NSAID and a cyclooxygenase-2 inhibitor, and global anti-inflammatory treatment of HO
using celecoxib has been shown to reduce HO formation after surgical trauma in mice [81].
A clinical trial for celecoxib was performed and showed some positive results [82].
However, not all NSAIDs appear to reduce HO formation: for example, indomethacin did
not prevent HO in a blast-related HO rat model [83]. Therefore, additional work on how
NSAIDs can be used to treat HO may be helpful.

Recently, another strategy for blocking HO was identified for spinal cord injuries using
ruxolitinib, a Janus kinase 1 and 2 (JAK1/2) tyrosine kinase inhibitor. Phosphorylation of
Signal Transducer and Activator of Transcription 3 (Stat3), a part of the JAK-STAT
signaling pathway, can be induced by the pro-inflammatory cytokine OSM, which is
produced by myeloid cells after spinal cord injury [46]. In a spinal cord injury HO mouse
model, ruxolitinib reduced phosphorylation of Stat3 and reduced development of HO [46].

Future research directions and conclusions

Although inflammation and trauma are linked to HO, the exact mechanisms linking these
processes and the potential therapeutic targets embedded in these processes still remain
largely unknown. So far, these mechanisms are known to involve macrophages, mast cells,
and adaptive immune cells, and these cell types play different roles throughout the
development of HO. There are commonalities between inflammation in FOP and
inflammation in other types of HO, including the involvement of hypoxia signaling
pathways, the triggering of MSC differentiation, and the triggering of vascular signaling
pathways.

A number of major questions remain: Although some rheumatic diseases including systemic
scleroderma are reported to be complicated by HO [54], how this differs from chronic
inflammation and other rheumatic diseases associated with bone loss [7] is unclear. In
addition, how innate immune cells ultimately trigger activation of a skeletal stem cell type to
induce mineralization and ossification remains unknown. Finally, while pharmacologic
immune modulation appears to be a useful strategy for mitigating HO, we still have large
gaps in understanding exactly how some pharmacologic agents interact with the immune
system to affect HO. Furthermore, finding additional specific targets that could be used to
effectively block HO or developing combinatorial therapies for HO would be useful.
Ongoing investigation into these mechanisms promises to reveal exciting insights that will
help guide future directed therapies for preventing HO.
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Figure 1:
Inflammation and Immunity are common features in many forms of heterotopic ossification.

Despite the diversity of initiating triggers, and differences in the specific immune responses
that result, inflammation generally appears to serve as a common pathway for initiating the
ossification process. The specific links between inflammation and the ossifying skeletogenic
stem cells are largely unknown. MSCs, mesenchymal stem cells; FAPs, fibro-adipogenic
progenitors.
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