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Abstract

The progressive transformation of one organ system into another is a fundamental signature of 

fibrodysplasia ossificans progressiva (FOP), the most catastrophic form of extraskeletal bone 

formation in humans. In all affected individuals, FOP is caused by heterozygous missense gain-of-

function mutations in Activin receptor A type I (ACVR1), a bone morphogenetic protein (BMP) 

type I receptor. Loss of autoinhibition of the mutant receptor (mACVR1) results in dysregulated 

BMP pathway signaling, and is necessary for the myriad developmental features of FOP, but does 

not appear sufficient to induce the episodic flare-ups that lead to disabling post-natal heterotopic 

endochondral ossification (HEO) and that are a hallmark of the disease. Post-natal FOP flare-ups 

strongly implicate an underlying immunological trigger involving inflammation and the innate 

immune system. Recent studies implicate canonical and non-canonical TGFβ/BMP family ligands 

in the amplification of mACVR1 signaling leading to the formation of FOP lesions and resultant 

HEO. BMP and Activin ligands that stimulate mACVR1 signaling also have critical regulatory 

functions in the immune system. Cross-talk between the morphogenetic and immunological 

pathways that regulate tissue maintenance and wound healing identifies potential robust 

therapeutic targets for FOP. Here we review current evidence for an immunological trigger for 
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flare-ups and HEO in FOP, propose a working schema for the pathophysiology of observed 

phenomena, and highlight outstanding questions under investigation.
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1. Introduction

Fibrodysplasia ossificans progressiva (FOP; MIM#135100) is the most aggressive form of 

heterotopic ossification (HO) in humans [1]. In FOP, this extra-skeletal bone tissue forms 

through heterotopic endochondral ossification (HEO) [2]. As with nearly all forms of HEO, 

FOP lesion formation is associated with inflammatory triggers suggesting that the innate 

immune system participates in the pathophysiology of the disease [3]. However, unlike other 

forms of HEO, FOP is caused by missense mutations in a BMP type I receptor that impart 

an altered basal threshold of dysregulated BMP pathway signaling [4]. Recently, ligands that 

sensitize the mutant receptor have gained renewed attention due to their established role in 

both heterotopic ossification and inflammation [5-7].

Here we review evidence for an immunological basis for progressive episodic HEO in FOP. 

First, we briefly review FOP and the putative immunological features of this catastrophic 

disorder. Next, we review known mechanisms for dysregulation of the BMP pathway in 

FOP, with special attention to the mutant ACVR1 (mACVR1) receptor as well as to selective 

sensitivity to ligands in the BMP and Activin families. We then review the nominal roles of 

these ligands as modulators of innate immunity. Finally, we propose a working schema for 

the pathophysiology of FOP, and highlight outstanding enigmas under investigation.

2. Fibrodysplasia ossificans progressiva

2.1 Clinical overview of FOP

FOP is a rare, debilitating autosomal dominant disorder that leads to progressive postnatal 

endochondral bone formation at extra-skeletal sites. HEO begins in childhood and is induced 

by trauma or can occur spontaneously [1, 8, 9]. Bone formation is episodic and progressive, 

and forms in well-defined spatial and temporal patterns that cause ankylosis of the joints of 

the axial and appendicular skeleton, immobilizing the patient in a “second skeleton” of 

heterotopic bone [10-12].

Embryonic malformations of the normotopic skeleton precede the post-natal development of 

HEO in FOP. Characteristic malformations of the great toes are present in all classically 

affected individuals [8]. Common sites of variable malformations include the facet joints of 

the cervical spine [8, 13], the costovertebral joints [8] and the interphalangeal joints of the 

thumbs [8]. Osteochondromas are seen throughout the normotopic skeleton [14] as are short 

broad femoral necks and acetabular dysplasias [8]. Hearing impairment is commonly 

associated with conductive hearing loss due to ankylosis of the auditory ossicles [15].
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FOP is an extremely rare disorder affecting approximately one in every two million 

individuals worldwide. There is no ethnic, racial, gender or geographic predilection [16]. 

Misdiagnosis is common and leads to iatrogenic harm [17, 18]. Most cases arise as 

spontaneous new mutations [16]. Genetic transmission is through an autosomal dominant 

mechanism [19]. Reproductive fitness is low [16]. Early mortality from cardiovascular 

complications of restrictive chest wall disease is common [20-22]. Presently, there is no 

definitive treatment. Management is symptomatic [23-27].

2.2 Molecular features of FOP

A classic clinical presentation of FOP (characteristic malformations of the great toes and 

post-natal progressive HEO) is caused by a recurrent heterozygous activating mutation of 

Activin receptor A type I (ACVR1), a bone morphogenetic protein (BMP) type I receptor 

[28]. Phenotypic and genotypic variants of FOP occur in ~3% of all FOP patients worldwide 

[29]. All classic and variant forms of FOP exhibit loss of autoinhibition of ACVR1 and 

dysregulated ligand-independent and ligand-stimulated BMP signaling [4, 9, 30].

DNA sequence analysis of ACVR1 in patients who have classic FOP reveals the identical 

single nucleotide mutation in ACVR1 (c.617G>A) which results in the substitution of 

arginine by histidine at codon 206 (p.R206H) in the GS domain of the receptor [28]. Protein 

structural homology modeling correctly predicted that this amino acid substitution results in 

a conformational change in the receptor which alters its sensitivity and activity leading to 

loss of autoinhibition with mild basal activation as well as ligand-dependent hyperactivity of 

the downstream bone morphogenetic protein (BMP) signaling pathway [28, 30-34].

All of the ACVR1 mutations identified in individuals with classic or variant FOP occur in 

highly conserved amino acids, indicating their functional importance [9, 29]. Protein 

structure homology modeling of the resulting ACVR1 proteins predicted that these mutant 

receptors activate ACVR1 and enhance receptor signaling – now a well-confirmed finding 

[28-35]. Many studies have demonstrated that signal transduction through the BMP pathway 

is altered in cells from individuals with FOP, with decreased expression of BMP antagonists, 

increased phosphorylation of BMP pathway signaling mediators (BMP-specific SMAD 

proteins and p38MAPK), dysregulated trafficking of BMP receptors, and increased 

expression of BMP transcriptional targets in the absence of exogenous BMP ligand [36-43]. 

Although mutant ACVR1 (mACVR1) exhibits dysregulated basal activity and increased 

ligand sensitivity, binding of the type II receptor is necessary for signaling. In fact, a key 

determinant for ACVR1 hyperactivity is a functional type II receptor [44, 45].

The interaction of mACVR1 with FKBP12, a glycine/serine domain–binding protein that 

prevents leaky BMP type I receptor activation in the absence of ligand has been investigated 

[4, 30, 32-34, 46]. mACVR1 exhibits reduced binding to FKBP12 in in vitro assays, 

suggesting that increased BMP pathway activity in cells with mACVR1 is due, at least in 

part, to decreased binding of this inhibitory factor [46].

Interaction of the FKBP12 with type I receptors of the TGFβ superfamily has been 

hypothesized to act as a gradient reader, playing a role in the morphogenetic activities of the 

signal ligands (TGFβ, BMP, GDF, Activin, and Nodal) [47]. Diminished FKBP12 binding 
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could plausibly perturb the read-out of the gradient, aberrantly increasing the signaling 

output and leading to developmental defects or homeostatic aberrations such as the 

congenital developmental defects and heterotopic ossification of FOP.

In the context of the gradient reader mechanism, a modest three-fold decrease in affinity for 

FKBP12 could account for the basal dysregulation of BMP signaling by mACVR1 in classic 

FOP [46]. Because phosphorylation of the regulatory GS subdomain of ACVR1 abrogates 

binding by FKBP12 [48, 49], the effect of diminished interaction may be amplified, 

increasing over time or in certain subcellular microenvironments such as hypoxia that might 

exist in lesional tissues, or in response to extracellular ligands that have immunogenic 

properties.

In addition to numerous in vitro studies, the BMP signaling pathway has been studied in 

several highly informative animal models including Drosophila melanogaster and the 

zebrafish Danio Rerio providing important insight into the cellular and molecular 

mechanisms of BMP signaling and the activities of the evolutionarily conserved ACVR1 

receptor, its orthologs and ligands in vivo [32, 44, 50-52]. As in vertebrates, elevated basal 

BMP pathway signaling associated with mACVR1 in Drosophila is BMP ligand-

independent [51]. Wild type ACVR1 can antagonize, as well as promote BMP signaling 

while mACVR1 can only promote signaling with or without ligand [44,45].

2.3 Immunological features of FOP

Despite the occurrence of germline activating mutations of ACVR1 in FOP patients, and the 

presence of mild ligand-independent elevation of basal BMP signaling, individuals with FOP 

do not form bone continuously, but rather episodically and often following trivial injury - a 

finding that suggests that innate immune-related triggers induce tissue metamorphosis in the 

setting of altered micro-environmental thresholds [3, 53]. Many clinical and pathologic 

features of FOP strongly point to an underlying immunological component to heterotopic 

ossification:

• Episodic disease flare-ups are triggered by soft tissue injury, muscle fatigue, 

viruses, and immunizations [3, 8, 10, 12, 54-57].

• Local and systemic activation of flare-ups occur following antigenic re-challenge 

by intramuscular immunizations [54].

• Ongoing flare-ups are exacerbated by intercurrent immunizations [54].

• Trauma induced by surgical removal of heterotopic bone leads to new bone 

formation [10, 12].

• Sudden and massive soft tissue edema occurs at the clinical onset of many flare-ups 

[10, 12, 58].

• Massive migratory edema is noted during early flare-ups [8, 10].

• Perivascular accumulation of lymphocytes, mast cells, and macrophages occurs in 

affected skeletal muscle during the earliest phases of disease flare-ups in FOP 

patients and in mouse models of FOP [2, 59-62].
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• Infiltration of lymphocytes, mast cells and macrophages occurs between the 

fascicles of skeletal muscle during the early phases of disease flare-ups in patients 

and in mouse models of FOP [59-62].

• Dramatic clinical response to corticosteroids is noted in the first 12 to 36 hours 

following the onset of a flare-up [12, 23-26, 63].

• Early use of high-dose corticosteroids during flare-ups improves symptoms in FOP 

patients [12, 23-26, 63].

• Prophylactic use of high-dose corticosteroids abrogates the formation of 

heterotopic bone in a mouse model of FOP [64].

• Long periods of disease quiescence can occur between flare-ups, reminiscent of the 

exacerbation-remission cycles of patients who have multiple sclerosis [3, 8, 10-12].

• Long periods of disease quiescence occur following immuno-ablation/

immunosuppression [65].

• Increased sensitivity of mACVR1 to auto-inflammatory ligands (BMP4 and Activin 

A) in mouse models of FOP is observed [5, 6, 42, 66, 67].

• Targeted ablation of macrophages and mast cells impairs heterotopic ossification in 

mouse models of FOP [68, 69].

• There is a notable absence of heterotopic ossification prenatally [10-12].

• Immunosuppression blocks HEO in FOP [65, 68, 69].

• Sensory nerves regulate the innate immune system and amplify the formation of 

heterotopic bone in FOP mouse models [70-72].

• Blocking any major signaling hub in the sensory pathway – the TRPV1 ion 

channel, the dorsal root ganglion cells, the preprotachykinin (PPTA) gene that 

encodes substance P, the neurokinin1 receptor (Nk1) for substance P, the tissue 

mast cells that express Nk1r, or the c-Kit gene (required for mast cell development) 

profoundly abrogates heterotopic ossification in an FOP mouse model [70, 71].

These myriad epidemiologic, clinical, pathological and molecular features of FOP support 

that the innate immune system plays a prominent and provocative role in the 

pathophysiology of FOP.

3. Heterotopic Ossification and the innate immune system in FOP

3.1 BMP Ligands and heterotopic ossification in FOP

Despite the autonomous loss of autoinhibition of mACVR1 in FOP, the mutant receptor is 

exquisitely sensitive to BMP ligands [4, 30, 32-34, 42, 43]. A recent study highlighted the 

differential effect of BMP ligands on wtACVR1 and mACVR1 and showed that mACVR1 

was significantly more sensitive than wtACVR1 to BMP4-induction of the BMP-Smad1/5/8 

pathway [5]. The basis for the increased sensitivity of the mutant receptor kinase activity in 

response to BMP or any of the canonical or non-canonical ligands was not discussed, but the 
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observation supports previously published work suggesting that aberrant hetero-dimerization 

and/or membrane trafficking of the mutant receptor might be a factor [39, 41].

Importantly, BMP4 is highly expressed in injured muscle tissue [73-75] and in inflammatory 

and fibroproliferative cells from early FOP lesions [36, 37]. A comprehensive study 

determined that mRNA levels of Smads1/5 were increased in response to muscle injury in 
vivo. Because heterotopic bone formation in FOP commonly occurs following soft tissue 

injury, these data support that the stimulation of Smad1/5 phosphorylation following injury 

further enhances BMP signaling downstream of mACVR1 and leads to HEO [42]. 

Importantly, HEO in mouse models of FOP is effectively blocked by soluble BMP inhibitors 

and BMP ligand traps [60, 62, 64].

The development of mACVR1 knock-in mouse (ACVR1R206H/+) models has propelled in 
vivo research on FOP [5, 66, 67]. Although germline transmission of mACVR1 in the mouse 

leads to perinatal lethality, mice that are 70-90% chimeric for mACVR1 cells exhibit clinical 

features of FOP, including embryonic skeletal malformations and postnatal heterotopic 

ossification that is identical to that seen in the human condition [66]. Importantly, knock-in 

mACVR1 mice also develop spontaneous and injury-induced FOP-like lesions that progress 

to mature heterotopic bone through a cellular cascade identical to that seen in individuals 

with FOP [66]. These mice validate that mACVR1 is a direct genetic cause of FOP and that 

mild basal activity and increased ligand sensitivity of mACVR1 reproduce the heterotopic 

ossification seen in humans [66].

Recently, mACVR1 was shown to directly regulate early chondrogenic fate in FOP. 

Importantly chondrogenic differentiation was accelerated in mACVR1 cells due, in part, to 

enhanced sensitivity to BMP ligand [43]. Importantly, BMP4 ligand is detected in patient 

lesions prior to the appearance of chondrocytes, suggesting that the mutation, together with 

endogenous BMPs and perhaps other non-canonical ligands, may direct lineage decisions 

towards cartilage, a critical scaffold of HEO in FOP [36, 37].

3.2 BMP ligands and the innate immune system in FOP

Complementary to their effect on stimulating HEO, native and recombinant BMPs are potent 

pro-inflammatory proteins at heterotopic sites [76, 77]. Soon after the BMP genes were 

cloned, Cunningham et al. showed that BMP4 was a potent chemoattractant to monocytes in 
vitro and may promote HEO through its profound effects on monocyte recruitment and 

cytokine synthesis [78].

Immunohistochemical localization of BMPs was examined during induced HEO in pre-FOP 

models. BMPs were expressed in perivascular and periosteal cells suggesting that 

osteoprogenitor cells express BMP [79]. These findings supported previous studies showing 

robust BMP4 production in connective tissue progenitor cells (CTPCs) of early FOP lesions 

[37]. In another study, BMP6 induced expression of pro-inflammatory inducible nitric oxide 

synthase (iNOS) and tumor necrosis factor alpha (TNFα) in macrophages. Over-expression 

as well as knock-down studies demonstrated that ACVR1 is a functional BMP6 receptor in 

macrophages [80].
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Kan and colleagues utilized an Nse-BMP4 transgenic animal model of FOP to examine the 

cellular mechanisms underlying HEO and found that HEO in these animals was triggered by 

injury and mediated by macrophages [68, 81]. In a recent study, Convente and colleagues 

reported that targeted ablation of macrophages and mast cells in ACVR1R206H+ mice 

dramatically impaired HEO [69].

Epstein Barr virus, a lymphotrophic virus that has been associated with the induction of FOP 

flare-ups, unmasks the dysregulation of BMP4 signaling pathway in FOP lymphoblastoid 

cell lines but not in control lymphoblastoid cell lines, suggesting that the virus may directly 

or indirectly autoregulate BMP signaling [3, 36]. Several studies have shown that BMP4 

causes early lymphocytic infiltration in mouse models similar to that seen in FOP flare-ups, 

suggesting that overexpression of BMP4 or dysregulated BMP signaling may be central to 

lymphocytic infiltration in early FOP lesions [62, 81].

Immune cells of hematopoietic origin have been implicated in the HEO of FOP [3]. Clinical 

observation and in vivo murine transplantation studies precisely determined the contribution 

of hematopoietic cells to HEO [65]. A patient with FOP who had undergone bone marrow 

transplantation for the treatment of intercurrent aplastic anemia twenty-five years earlier was 

evaluated to determine whether the clinical course of his FOP had been influenced by bone 

marrow replacement or immunosuppression, or both. In complementary studies, 

hematopoietic stem cells were transplanted from constitutively expressing LacZ transgenic 

mice to identify the contribution of hematopoietic cells to BMP4-induced heterotopic 

ossification, an early histopathologic model of FOP [65].

Replacement of hematopoietic cells was not sufficient to prevent HEO in the patient with 

FOP, but pharmacologic suppression of the normal donor immune system following 

transplantation in the new host modulated the activity of the postnatal FOP phenotype and 

diminished the formation of HEO [65]. In complementary murine transplantation studies, 

cells of hematopoietic origin contributed to the early inflammatory and late marrow-

repopulating stages of BMP4-induced heterotopic ossification but were not represented in 

the fibroproliferative, chondrogenic, or osteogenic stages of heterotopic ossification. 

Interestingly, both recombinant human BMP4 induction of HO in an animal model and the 

dysregulated BMP signaling pathway in a patient with FOP were sufficient to recruit at least 

two populations of cells, one of hematopoietic origin and at least one of non-hematopoietic 

origin, that contribute to the formation of an ectopic skeleton [65].

Taken together, these findings demonstrated that bone marrow transplantation did not cure 

FOP in the patient, most likely because the hematopoietic cells were not the population, or at 

least not the dominant target population, of the intrinsic dysregulation of the BMP signaling 

pathway in FOP. However, following transplantation of bone marrow from a presumably 

normal donor, immunosuppression of the immune system appeared to ameliorate HEO in a 

genetically susceptible host. Thus, cells of hematopoietic origin may initiate the formation 

of an ectopic skeleton, although they may not be sufficient to complete the process alone. 

Furthermore, while cells of hematopoietic origin may contribute robustly to FOP flare-ups, 

wild-type hematopoietic cells may be sufficient to stimulate the process in resident FOP 

osteoprogenitor cells [65].
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A central challenge in FOP research is to construct a unified theory that explains both the 

tissue metamorphic and immunological features of the condition. ECSIT (evolutionarily 

conserved signal intermediate in the Toll pathway) modulates critical cross-talk between the 

Toll-like receptors (TLRs) of the innate immune system and the BMP signaling pathway, 

and provides an important evolutionary clue into the correspondence of these two ancient 

and highly conserved systems [82-84]. The ECSIT complex, including TAK1 and TRAF6, 

plays a pivotal role in TLR4-mediated signals to activate NF-κB and the Smad 1/5/8 

pathway [85].

3.3. Activin A (Act A) and heterotopic ossification in FOP

Two studies recently highlighted the role of non-canonical ligands in the pathogenesis of 

HEO in FOP [5, 6]. In the first study, using a series of in vitro analyses, investigators showed 

that Act A, a non-canonical ligand for the BMP signaling pathway that was not previously 

thought to play a role in the disease, potently stimulated the Smad 1/5/8 BMP signaling 

pathway in the presence of mACVR1 but not wild type (wt) ACVR1 [5]. Additionally, the 

investigators showed that Act A induced HEO in mice expressing mACVR1 but not in mice 

expressing only wtACVR1. Inhibition of Act A with a fully humanized monoclonal antibody 

completely blocked formation of HEO in the conditional knock-in model of classic FOP [5]. 

Thus, mACVR1 unexpectedly sensitized mACVR1 cells to Act A, a ligand that normally 

inhibits BMP signaling.

In their paper, the authors caution that there are a paucity of data implicating Act A as a 

driver of heterotopic ossification in FOP patients; largely due to the inability to safely 

acquire relevant human tissues and cells for testing. Nevertheless, due to the high degree of 

evolutionary conservation in the signaling system, together with the high fidelity of the 

genetically-humanized mouse model, the scientists were optimistic about exploring 

therapeutic Act A blockade in FOP patients [5]. Verification of the findings of this latest 

study in primary human cells from FOP patients will be critical before clinical development 

of this new antibody approach would be warranted.

In the second study, Hino and colleagues showed that Act A enhanced chondrogenesis in 

induced mesenchymal stromal cells (FOP-iMSCs) derived from FOP induced pluripotent 

stem cells [6]. BMP pathway signaling (pSmad1/5/8) was aberrantly activated, in addition to 

activation of TGFβ pathway signaling (pSmad2/3), and induced endochondral ossification of 

FOP-iMSCs in vivo [6].

The molecular, physiologic and structural basis for the dramatic dimorphic sensitivity of 

mACVR1 and wtACVR1 to Act A is presently unknown but may plausibly involve the role 

of type II receptors in the signaling complex [5, 6, 86]. The unexpected discovery of Act A 

in the pathogenesis of FOP flare-ups identifies a refined therapeutic target for FOP in the 

broad context of the mACVR1-Smad1/5/8 - BMP signaling pathway and excavates a 

foundation for future clinical development.

In summary, the recent findings from Hatsell, Hino, and colleagues suggest that mACVR1 

causes FOP by imparting responsiveness to Act A through the BMP-specific Smad1/5/8 

pathway [5, 6]. The studies further highlight that:
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• Act A is a potent activator in vivo of mACVR1-driven HEO.

• mACVR1-driven HEO is a ligand dependent process.

• mACVR1 is an Act A responsive receptor that transmits its signals through 

Smad1/5/8, although whether this occurs through direct or indirect binding remains 

to be established.

• Enhanced chondrogenesis of FOP-iMSCs by Act A occurs via BMP and TGFβ 

signaling.

• Act A normally binds to but acts as an antagonist of ACVR1 by binding Activin 

type 2 receptors and preventing their binding to ACVR1 in a heterotetrameric 

complex [86].

• Act A is a potential therapeutic target for FOP

3.4. Act A and the innate immune system in FOP

In addition to its unexpected role in the pathogenesis of HEO in FOP, Act A is a powerful 

cytokine that acts as a key regulator of the immune system in mammals [7]. Early studies 

established a role for Act A in the regulation of immune cell function. In recent years, a 

plethora of evidence suggests its versatility in the control of immune responses especially in 

the inflammatory pathways [7]. Notably, Act A regulates the interface between tolerance and 

immunity. Importantly, many studies have shown that Act A exhibits both pro- and anti-

inflammatory properties depending upon the cellular and temporal context [7]. Selective 

activation of mACVR1 by Act A highlights an intriguing link between inflammation and 

HEO in FOP.

A recent review examined the role of Activin signaling in immune cells [7]. Act A has a 

major regulatory role in innate immune cells including monocytes, macrophages, microglial 

cells, mast cells, NK cells, and dendritic cells, as well as B-cell and T-cells. Importantly, Act 

A regulates cell growth and maturation of mast cells, a critical innate immune cell involved 

in all stages of FOP flare-ups. Act A can be induced in many cell types under inflammatory 

conditions, and can stimulate multiple toll-like receptors (TLRs) [7], a likely component of 

HEO induction in FOP lesions.

Act A is highly relevant to the pathogenesis of HEO in FOP [5, 6]. Act A expression is 

induced in skeletal muscle after cardiotoxin-induced injury and overexpression of Act A 

causes significant damage to skeletal muscle [87]. Additionally, Act A neutralization 

improves repair and regeneration and restores normal muscle function in cardiotoxin-

induced skeletal muscle injury. Importantly, Act A inhibition after cardiotoxin-induced 

skeletal muscle injury is associated with histological improvements and alterations in 

inflammatory biomarkers [87].

4. Perspectives and outstanding questions

BMP ligand-independent basal activation of the BMP signaling pathway in FOP is a well-

noted molecular signature of the disease and is plausibly responsible for the myriad 

developmental features of FOP such as the congenital malformations of the great toes, 
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thumbs, cervical facet, costovertebral, and hip joints; osteochondromas and hearing loss, as 

well as numerous variant and congenital phenotypic features. While the molecular basis of 

the congenital features of FOP is intriguing and will likely elucidate additional therapeutic 

targets, it is the post-natal, episodic, progressive and disabling formation of HEO that 

commands greatest attention.

Clinical observations strongly suggest that inflammatory triggers, initiated through the 

innate immune system are responsible for trauma-induced flare-ups and subsequent HEO in 

FOP [3, 53]. Our findings and those of others allow us to construct a working hypothesis of 

the pathophysiology of flare-ups and resultant HEO in FOP (Figure 1). It is intriguing to 

speculate that perhaps all flare-ups, even those that appear spontaneous, are activated by the 

innate immune system through damage-associated molecular patterns (DAMPs), pathogen 

associated molecular patterns (PAMPs), and attendant stimulation of toll-like receptors 

(TLRs) of the innate immune system [82-85]. Clearly, the innate immune system is 

ubiquitously active and functional postnatally in vertebrates even in the absence of overt 

injury. Ongoing studies will elucidate the role of down-stream and re-entrant activation of 

cognate and orphan ligands such as BMP4 and Activin A in this process, their crosstalk with 

the inflammatory pathways, and their impingement on resident CTPCs capable of 

orchestrating the requisite pathologic cascade of HEO [66, 81, 88-91].

Numerous studies suggest that the BMP signaling pathway and Toll-like signaling pathway 

of the innate immune system are fundamentally and intimately co-regulated [83-85]. 

Signaling intermediates in the TLR-pathway are also required for BMP signaling [83-85]. 

The discovery of a TLR-BMP signaling network may have unanticipated implications for 

understanding the pathophysiology of FOP. It is plausible that in FOP, soft tissue injury 

triggered by macroscopic or microscopic trauma or viruses stimulates innate immune cells 

to increase TLR-agonist-induced pro-inflammatory cytokine and morphogen production that 

stimulate CTPCs to induce progressive and disabling HEO.

Important outstanding questions remain:

• How do injury and inflammation trigger FOP flare-ups?

• What is the role of the innate immune system in injury-induced and spontaneous 

FOP flare-ups?

• How is cross-talk mediated between the innate immune system and the BMP 

signaling pathway in FOP?

• What are relative roles of ligand stimulation (BMP4 and Act A, for example) in the 

induction of FOP flare-ups?

• How exactly does Act A sensitize mACVR1 to signal through the BMP pathway?

• Are ligands of the Act A class necessary for basal activity of mACVR1 (even in the 

absence of BMP ligands) or is basal activity of mACVR1 truly ligand-independent?

• How do the innate immune system and the lesional microenvironment influence the 

progression of FOP [92]?
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• How does the innate immune system communicate with CTPCs that initiate FOP 

flare-ups?

• How do CTPCs feed-back to modulate the immune response?

• Why do some individual with FOP have virtually no flare-ups or post-natal HEO?

• What are the serum, urine and exhaled biomarkers of the immediate pre-clinical 

flare-up?

• How does FOP progress in the absence of flare-ups?

• Is FOP an autoimmune or auto-inflammatory disease?

These and other questions are the focus of intense ongoing investigation. As Tom Maeder 

wrote in The Atlantic Monthly, “FOP and its problems lie at the crossroads of several 

seemingly unrelated disciplines. Answers to questions that FOP poses will also address 

grander issues of how the body first creates its shape, and knows where to stop; how tissues 

decide to become what they are, and why they don’t be turn into something else [93].”
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Figure-1. Hypothetical schema for activation of FOP flare-ups
DAMPS = Damage-associated molecular patterns;

PAMPS = Pathogen-associated molecular patterns;

TLRs = Toll-like receptors;

ECSIT = Evolutionarily conserved signal intermediate in the Toll pathway;

CTPC = Connective tissue progenitor cell;

HEO = Heterotopic endochondral ossification
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