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1 | INTRODUCTION

| Rocky S. Tuan'?

Abstract

Heterotopic ossification (HO) is a pathological condition of abnormal bone formation
in soft tissue. Three factors have been proposed as required to induce HO: (a) osteo-
genic precursor cells, (b) osteoinductive agents and (c) an osteoconductive environ-
ment. Since Urist's landmark discovery of bone induction in skeletal muscle tissue by
demineralized bone matrix, it is generally believed that skeletal muscle itself is a con-
ductive environment for osteogenesis and that resident progenitor cells in skeletal
muscle are capable of differentiating into osteoblast to form bone. However, little is
known about the naturally occurring osteoinductive agents that triggered this osteo-
genic response in the first place. This article provides a review of the emerging find-
ings regarding distinct types of HO to summarize the current understanding of HO
mechanisms, with special attention to the osteogenic factors that are induced fol-
lowing injury. Specifically, we hypothesize that muscle injury-induced up-regulation
of local bone morphogenetic protein-7 (BMP-7) level, combined with glucocorticoid
excess-induced down-regulation of circulating transforming growth factor-p1 (TGF-

B1) level, could be an important causative mechanism of traumatic HO formation.
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However, the mechanism underlying acquired HO is still unclear.
Although different types of HO do not utilize identical mechanistic

pathways of pathogenesis, muscle injury appears to be a unifying

Heterotopic ossification (HO) is a pathological condition of abnor-
mal bone formation in soft tissue.! Due to the abnormal mechanical
effect of hard tissue present inside soft tissue, HO usually causes
pain and restricted range of motion.? HO can be generally divided
into two broad categories: hereditary and acquired. Hereditary
HO, also known as fibrodysplasia ossificans progressiva (FOP), is a
rare autosomal dominant disease resulting from activin A receptor
type | (ACVR1) gene mutation.’ Acquired HO typically follows cen-
tral nervous system (CNS) injury or direct musculoskeletal trauma.*

feature for all types of HO.® In FOP patients, low levels of muscular
trauma following childhood immunizations or play-related falls can
result in HO.® In neurogenic HO, microtrauma to muscles resulting
from forced passive movements following a period of immobiliza-
tion will lead to an increased risk of HO.” In traumatic HO, more se-
vere levels of muscular trauma, as in cases of arthroplasty and blast
trauma, can lead to an HO incidence of 20% and 64.6%, respec-
tively.g’9 However, the precise mechanism by which muscle injury

facilitates HO formation is still largely unknown.
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Chalmers et al proposed that three factors were required to in-
duce HO: (a) osteogenic precursor cells, (b) osteoinductive agents
and (c) an osteoconductive environment.'® Since Urist's landmark
discovery of bone induction in skeletal muscle tissue by deminer-
alized bone matrix (bone morphogenetic protein [BMP] was later
shown to be the active biological factor),"**? it is generally be-
lieved that skeletal muscle itself is a conductive environment for
osteogenesis and that resident progenitor cells in skeletal mus-
cle are capable of differentiating into osteoblast to form bone.'®
Although it is possible that once osteogenic differentiation is ini-
tiated in the progenitor cells, they will exhibit self-sustaining pro-
duction of osteoinductive factors for continuous bone formation,
little is known about the naturally occurring osteoinductive agents
that triggered this osteogenic response in the first place. Muscle
injury usually involves the initiation of an inflammatory response,
and inflammatory cells are known to be the source of cytokines,
chemokines and growth factors.! It is thus likely that the progen-
itor cells respond to the osteoinductive signals produced by in-
flammatory cells to initiate the bone formation process. However,
this does not explain why inflammation alone does not induce HO.
Therefore, other factors must work in concert with the osteoin-
ductive signals to allow for the initiation of osteogenesis. This
article will provide a review of the emerging findings regarding
distinct types of HO to summarize the current understanding of
HO mechanisms, with special attention to the osteogenic factors
that are induced following injury.

2 | GENETIC HO

The most common form of hereditary HO is FOP. Progressive os-
seous heteroplasia (POH) is excluded from this review given that it
progresses from deep layers of skin to skeletal muscle without an

1516 and is thus

inflammation component in disease pathogenesis
likely to be aetiologically different from typical HO. FOP is a life-
threatening disease and has an incidence of 1 in 2 million individuals
worldwide.® Patients were born normal, only with congenital mal-
formation of the hallux or big toe.® The extraskeletal ossification
begins in childhood following flare-ups (painful soft tissue swelling),
initiated by mild bodily trauma, such as childhood immunizations or
play-related falls.® Progressive HO first forms around the trunk in
affected patients and then proceeds to the whole body.*¢ Ectopic
bone eventually spans the joints, which renders movements impos-
sible.X® Most patients die of thoracic insufficiency syndrome before
the age of around forty.® FOP is caused by a point mutation in the
ACVR1 gene, which results in an amino acid change in codon 206
(R206H) within the glycine-serine (GS) activation domain of a BMP
type | receptor, activin receptor-like kinase-2 (ALK2).2 The conse-
quence of this R206H mutation is constitutive activation of BMP
signalling, although the exact mechanism concerning how this muta-
tion perturbs BMP signalling is not totally clear. It is thought to be
due to the altered binding of an inhibitory protein FKBP12 to the GS
domain that leads to constitutive activation of ALK2.3

WILEY- %

In addition to the genetic aspect of the disease aetiology, other
interesting phenomena have been observed in FOP patients, in ex
vivo study of FOP patient samples as well as in FOP animal models.
First, given that FOP patients are born normal and HO is only initi-
ated following flare-ups caused by minor trauma or inflammation,
immunological trigger for HO pathogenesis has been implicated.”’18
It is actually well known that anti-inflammatory drug treatment pre-
vents HO formation, as high-dose corticosteroids treatment started
within the first 24 hours following injury has been used as prophy-
laxis against HO formation.® In FOP animal models, suppression of
inflammation and depletion of inflammatory cells typically inhibit HO
formation.}”2! Recent studies have demonstrated that FOP connec-
tive tissue progenitor cells respond to inflammatory signals through
toll-like receptor (TLR) and ECSIT (Evolutionarily Conserved Signaling
Intermediate in Toll Pathway) links TLR to BMP signalling.”?2 This
finding suggests a possible link between the innate immune system
and dysregulated BMP signalling in tissue progenitor cells. Secondly,
an unexpected finding was that activin A, usually acting as a BMP
signalling pathway inhibitory ligand, can activate mutated ALK2
and its downstream Smad1/5 signalling pathway.?>?* Studies have
further demonstrated that R206H ALK2 mutation-driven HO is a
ligand-dependent process, since BMP and activin ligand blockers
(ACVR2A-Fc and ACVR2B-Fc) largely prevented HO from happen-
ing in the conditional ACVR1 R206H knock-in mice.? Moreover,
activin A treatment initiated HO formation, and treatment with an-
ti-activin A antibody blocked HO formation in the conditional ACVR1
R206H knock-in mice.?® Therefore, activin A is an obligate ligand in
FOP, which may account for the dependence of HO on inflammation
since activin plays a key role in the immune system.'®

Cellular mechanistic studies have demonstrated that targeting
ACVR1 R206H to Tie-2 promoter-driven cre and PDGFRa promot-
er-driven cre resulted in spontaneous and injury-induced HO in the
transgenic mice, while targeting ACVR1 R206H to MyoD-cre and VE-
cadherin-cre did not, suggesting the fibro/adipogenic progenitors
(FAPs) origin of the HO lesions.? Activin A treatment also initiated
HO formation in this FAP-driven HO mouse model, and treatment
with anti-activin A antibody blocked HO formation in this model as
well.?% Based on these findings, a working model for FOP mechanism
could be that ACVR1 R206H FAPs respond to injury-induced activin
A expression to form HO. Therefore, activin A could be the osteo-
genic factor for genetic HO. However, the question that remains to
be answered is: when there is no mutated ALK2 to transduce the ac-
tivin A signal as in acquired HO following CNS injury or direct mus-
culoskeletal trauma, what are the injury-induced osteogenic factors

that account for the aberrant osteogenesis in FAPs?

3 | NEUROGENIC HO

Neurogenic HO (NHO) is defined as HO following spinal cord injury
(SCI) and traumatic brain injury (TBI).?® The incidence for NHO fol-
lowing CNS injury has been reported to be 1 in 5 patients.?” Ectopic

bone formation begins within 2 months after neurologic injury and
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usually forms around large joints.28 It has also been reported that
many patients with head injury have accelerated fracture healing,
which has been considered as a variant of NHO.?? In some circum-
stances, injury to peripheral nerve could also compromise CNS in-
tegrity.>® NHO animal studies have demonstrated that peripheral
denervation increased HO volume on the original SCI NHO model
and peripheral denervation alone without SCI could also induce
HO in about 50% of mice with local muscular injury.3! Risk factors
for NHO include artificial ventilation, immobilization and muscular
spasticity.?® Specifically, artificial ventilation alters blood homeo-
stasis of electrolytes and acid-base balance, both of which will af-
fect osteogenesis.?’ Immobilization and muscular spasticity have
been suggested as a cause of increased risk of muscle tears from
active or passive movement.” However, NHO animal studies have
demonstrated that blocking neuromuscular junction (NMJ) by botu-
linum toxin A (BTA) as a clinical approach to reduce spasticity actu-
ally enhances HO formation in the original SCI NHO model.®? This
could possibly be explained by the fact that BTA injection equals to a
denervation model, and peripheral denervation has been previously
shown to enhance NHO.%!

The aetiology of NHO is incompletely understood. A general hy-
pothesis for NHO pathogenesis involves the release of osteogenic
humoral factors following the breakdown of blood-brain barrier.3%34
In vitro studies support this notion by demonstrating that the cere-
brospinal fluid (CSF) and serum from patients with severe TBI have
an osteoinductive effect and are able to stimulate osteoblastic cell
proliferation.®>®” Peripheral nerve system may also participate in
NHO through neuroinflammation, which refers to a process in which
CNS injury triggers inflammatory reactions in peripheral tissue
through the release of substances from the peripheral terminals of
peptidergic, sensory nerve fibres.®® Indeed, the neural-inflammatory
factor, substance P (SP), has been found to be dramatically increased
in NHO lesions® and in the plasma of NHO patients.*® Animal stud-
ies also showed that in mice lacking functional sensory neurons or in
mice with null mutation of SP gene, BMP-induced HO was dramati-
cally inhibited.3%#!

Injury-induced inflammation also exerts paramount influences
on NHO pathogenesis. Depletion of macrophages by clodro-
nate-loaded liposomes reduced the size of NHO by 90% in a com-
bined thoracic spinal cord transection plus local muscular trauma
NHO mouse model.*® In addition, conditioned medium derived
from activated CD14+ monocytes/macrophages isolated from NHO
lesion strongly stimulated the mineralization of muscle-derived
stromal cells (MDSCs) isolated from the same site, suggesting the
participation of inflammatory cells in NHO pathogenesis.*? Recently,
oncostatin M (OSM) has been found to be the coupling factor linking
macrophages and MDSCs.*? Findings that support this notion are as
follows. Plasma OSM level significantly increased in NHO patients
compared with healthy controls.*? Treatment with OSM neutraliz-
ing antibody greatly reduced the osteogenesis stimulating effect of
conditioned medium derived from activated CD14+ monocytes/
macrophages isolated from NHO lesion.*? Mice that are deficient for

OSM receptor as well as mice treated with JAK1/2 tyrosine kinase

inhibitor ruxolitinib had significantly reduced HO volume compared
with wild-type controls after SCI and local muscular trauma.*?*?
However, since deficiency of OSM receptor and inhibition of JAK/
STAT3 signalling pathway did not achieve the same effect with de-
pletion of macrophages, other injury-induced osteogenic factors
linking macrophages with MDSCs should also exist and have yet to

be explored.

4 | TRAUMATIC HO

Traumatic HO is typically considered as HO triggered solely by in-
jury, most often following extensive soft tissue injury.** The rate for
HO happening following distal humerus fractures is about 8.6%, and
elbow fractures about 5.5%-18.8%.% The rate can reach up to 90%
following acetabular fractures and total hip arthroplasty (THA).*¢
HO that occurs subsequent to thermal injury ranges from 0.2% to
4%, with elbow being the most affected site.” The highest rate
of HO happens in combat-related blast injuries, the prevalence of
which is reported to be 64.6% in high-energy wartime extremity
wounds during Operation Enduring Freedom and Operation Iraqi
Freedom.®*® In these war-wounded patients, TBI, age of less than
thirty years, an amputation and multiple extremity injuries with an
Injury Severity Score 216 are regarded as risk factors for HO devel-
opment.8 Radiographic HO may be apparent 2 weeks after the injury
and reaches fully mature in about 3 months®’ but is not very likely to
develop after initial injury period has passed.®

The mechanism for traumatic HO remains unclear. It can be con-
sidered as a condition of pathological wound healing,*® which in-
volves both local and systemic inflammatory reactions.”! Studies in
the military setting have confirmed a hyper-inflammatory local and
systemic response in patients who developed HO compared with
those who did not, associated with elevated Injury Severity Score,
bacterial wound colonization and eventual wound failure.’>°2 It has
been proposed that HO development is the result of the induction
of progenitor cells by the imbalance in local and systemic factors
following traumatic injury to undergo osteogenic differentiation.>*
However, the injury-induced osteogenic factors, either local or sys-
temic, have not yet been identified.

Members of the BMP family have received the most attention
as potential osteogenic factor(s), given their known osteoinduc-
tive potency. Previous studies have shown that BMP signalling is
normally active in muscle to maintain muscle mass, suggesting the
presence of BMPs under physiological conditions.>>>¢ Studies have
also shown that BMP signalling is indispensable for muscle regener-
ation following injury, suggesting that it also involved in pathological
conditions.?”*® Our studies using a mouse model have shown that,
upon cardiotoxin-induced muscle injury, locally produced BMP-7
promotes HO formation.® In human blast-traumatized muscle tis-
sue obtained during debridement of high-energy wartime extrem-
ity wounds from wounded soldiers who developed HO within one
year, the increased production of BMP-1, BMP-2 and BMP-4 has

been demonstrated.’?** We have also shown that, in a preliminary
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study using a novel mouse blast trauma-induced HO model, BMP-7 factor(s) in the pathogenesis of traumatic HO. The difference in the
expression is up-regulated at the early time points (Figure 1). These presence of BMP subtypes we speculate may be due to different
findings suggest that BMPs could be the injury-induced osteogenic injury pathways and harvest times, as well as differences between

FIGURE 1 BMP-7 expression in mouse blast-traumatized muscle. (A-C, G&H) H&E staining illustrating muscle tissue morphology at
different time points following blast injury: (A) uninjured muscle tissue; (B) 3 days after injury; (C) 7 days after injury; (G) 14 days after injury;
and (H) 28 day after injury. Scale bar = 200 um (D, E, F) Immunofluorescence staining showing the expression of BMP-7 (green) at early time
points following blast injury: (D) uninjured muscle tissue; (E) 3 days after injury; and (F) 7 days after injury. Scale bar = 200 um (I&J) Alizarin
Red staining showing calcium deposition and mature bone formation: (I) 14 days after injury; and (J) 28 days after injury. Scale bar = 200 um
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Increased glucocorticoid level promotes ectopic mineralization. (Left) Representative microCT images showing ectopic

mineralization in the combined blunt amputation and cardiotoxin injection group. (Right) At 4 weeks after amputation, endogenous plasma
corticosterone level remains higher in amputated animals compared with unamputated control animals. (n = 4)

human and mouse. In addition, others have found that modulation
of Smad1/5/8 phosphorylation, with either small molecule inhibitor
targeting BMP type | receptor kinase activity or drugs that promote
ATP hydrolysis, could mitigate traumatic HO formation resulting
from Achilles tenotomy.®? Also, knocking out BMP type | receptors
(ALK2 and ALKS3), as well as using BMP ligand trap A3Fc, signifi-
cantly reduced HO formation following Achilles tenotomy.>® Taken
together, these loss of function studies indicate that BMP signalling
is critical in traumatic HO and that BMPs represent the most popular
candidate injury-induced osteogenic factor(s) in traumatic HO.

5 | AUNIVERSAL MECHANISM FOR
ACQUIRED HO

It is noteworthy that decreased plasmin level has recently been as-
sociated with HO formation.®®¢* In these studies, mice deficient for
plasminogen gene (congenital plasminogen knockout mice) and mice
lacking plasmin activity (transient knockdown of plasminogen by
antisense oligonucleotide) both developed HO upon muscle injury,
whereas mice with normal plasmin level did not. Down-regulating
the primary inhibitor of plasmin with antisense oligonucleotide tar-
geting a2-antiplasmin treatment reduced HO volume in heterozy-
gous plasminogen deficiency mice by restoring plasmin activity.
Thus, the authors claimed that plasmin prevents ectopic bone for-
mation after muscle injury and that perturbation in the fibrinolytic
system could be the underlying mechanism for acquired HO, since
hypofibrinolysis is a common occurrence upon CNS and traumatic
injury.%* In agreement with these studies, we have further demon-
strated that glucocorticoids played a role as an upstream regulator
of the fibrinolytic system in facilitating HO formation.®® Indeed, ac-
quired HO happens most frequently in severe trauma patients when
the body is under great stress, which coincides with elevated en-
dogenous glucocorticoid production.®®®” The secretion level of glu-

857 and elevated

cocorticoids can also reflect the severity of injury’
Injury Severity Score is a known risk factor for HO.® Our postulate
of glucocorticoid-induced HO formation is consistent with the ob-

servation that the highest rate of HO is found in blast injury, as the

massive injuries sustained in blast trauma are seldom seen in the ci-
vilian situation.”® Our postulate also supports the observation that
thereis a hyper-inflammatory local and systemic response in patients
who developed HO, because inflammatory cytokines stimulate glu-
cocorticoid production, which normally functions to suppress the
body's immune responses being overactivated in life-threatening
situations.®” To test our hypothesis, using a model more physiologi-
cal relevant than the previous glucocorticoid injection model, blunt
amputation was made to one leg of the animal to induce a stress
response. Preliminary results have shown that, with elevated en-
dogenous glucocorticoid level, cardiotoxin injection to the other leg
of the animal could easily result in ectopic mineralization (Figure 2).
Taken together, our findings suggest high glucocorticoid level is a
key determinant in HO formation. In addition, our glucocorticoid-
induced HO formation theory explains the participation of periph-
eral nerve system in HO formation independent of CNS injury, for
peripheral denervation has been shown to increase the number of
glucocorticoid receptor, thus increasing glucocorticoid sensitivity,”*
as well as plasma glucocorticoid level.”? In this manner, peripheral

denervation leads to an increased rate of HO.3%2

6 | SYSTEMIC OSTEOGENIC PROTECTIVE
FACTOR FOR ACQUIRED HO

Itis interesting that all types of HO occur with a primary defect to-
gether with a unifying feature of soft tissue injury. It is well known
that a critical threshold of BMP signalling (or ‘activation energy’ of
differentiation) is required for osteoblastic differentiation of the
progenitor cells for HO formation.'® In genetic HO, constitutive
activation of BMP signalling lowered this threshold, so that mild
injury can trigger or mediate active episodes of bone formation.
In the case of acquired HO, when there is no dysregulated BMP
signalling, another notion has been proposed for HO formation:
under pathological conditions, the protective factors that usu-
ally prevent HO formation are removed or inhibited, such that
the threshold is lowered and muscle injury can easily result in HO

formation as progenitor cells are effectively induced to undergo
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osteoblastic differentiation.®*”® Plasmin is found to be a candi-
date molecule that prevents dystrophic calcification (DC) and
subsequent HO.%* However, since plasmin is a promiscuous serine
protease, the plasmin substrate that is responsible for this protec-
tive role needs to be identified. Transforming growth factor-beta
1 (TGF-p1) is a well-known proteolytic target of plasmin, which
releases active TGF-p1 from its latency-associated peptide.”* TGF-
B1 is also a key factor involved in muscle regeneration75 and usu-
ally plays an antagonistic role with BMPs in the musculoskeletal
system.”®””7 We therefore hypothesize that TGF-B1 may function
as the physiological protective factor that maintains the osteo-
blastic differentiation threshold to control aberrant osteogenesis
following injury. In our recent study, we have found that gluco-
corticoid treatment results in lowered circulating TGF-p1 level,
and supplementation of recombinant TGF-f1 markedly reduced
the glucocorticoid-induced ectopic bone volume following muscle
injury.®® In addition, inhibition of TGF-B1 signalling with the small
molecule TGF-p receptor inhibitor SB431542 promotes DC for-
mation following muscle injury (Li et al, accepted for publication).
Taken together, these findings suggest that TGF-B1 could be a key
systemic osteogenic protective factor that normally prevents HO
formation following muscle injury. Increased systemic glucocorti-
coid level perturbs the fibrinolytic system, resulting in decreased
circulating plasmin and TGF-p1 levels, thus negating the protective

WILEY- 12

role of TGF-p1 in pathological calcification. Since the differenti-
ation threshold (or ‘activation energy’) is lowered as a result of
lowered circulating TGF-p1 level (Figure 3), muscle injury-induced
local activation of BMP signalling can lead to HO formation.”> A
corollary of our hypothesis is that any pathological condition as-
sociated with decreased circulating TGF-$1 level may result in
pathological calcification and HO formation. It is noteworthy that
a recent study has confirmed decreased TGF-p1 level following
peripheral denervation,”? which could be a potential mechanism

of peripheral denervation-induced HO.

7 | MACROPHAGE PHENOTYPE
MODULATION AND HO

In vitro studies have shown that TGF-B1 inhibits stem cell osteogen-
esis.”%78 We have also shown that in vitro supplementation of TGF-p1,
at a concentration similar to that in plasma, almost completely blocked
BMP-7-induced osteogenesis in cultures of MDSCs,®® muscle resident
stem cells that have been considered as putative HO cell source in
vivo.*® This finding confirms that TGF-p1 may play an inhibitory role on
MDSC osteogenesis, which supports our systemic osteogenic protec-
tive factor/differentiation threshold hypothesis (Figure 3). However, in

vivo results on TGF-f1 are controversial. TGF-f1 is a highly pleiotropic

Physiological Pathological
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for downstream co-Smad4 for nuclear
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factor, and when its effects on the immune and other systems are
also taken into consideration, its role can be pro-osteogenic.””8% We
speculate that this is due to the different cellular pathways that lead
to bone formation, namely endochondral ossification and intramem-
branous ossification. Endochondral ossification progresses through
a cartilaginous precursor stage which requires TGF-p signalling for
chondrogenesis, whereas in cases of intramembranous ossification,
TGF-p signalling always exerts a direct inhibitory effect on stem cell
osteogenesis.””%*

We also acknowledge that our postulate may be somewhat
simplistic, as there are other cell types that participate in HO for-
mation which could be the direct target of TGF-p1. Macrophages
represent such a target, given that both glucocorticoids and TGF-$
family proteins can modulate their phenotype (Figure 4), which
has been reported to affect stem cell osteogenesis.8>8¢ While a
number of previous studies have demonstrated that depletion of

20,21,40

macrophages prevents HO formation, some recent studies

have reported that depletion of macrophages or inhibition of mac-
rophage infiltration into damaged tissue can promote HO.”%87:88
The reported discrepancy may be due to altered macrophage phe-
notype resulting from non-identical clodronate liposome-based
macrophage depletion scheme being used. Indeed, monocyte
depletion by clodronate liposome increases local proliferation of
macrophage subsets after skeletal muscle injury.?’ However, few
previous studies have characterized the local, tissue level macro-
phage phenotype after clodronate liposome treatment. Recent
studies characterizing infiltrating macrophage phenotype at the
HO lesion site showed significant increase in inflammatory Ly6C"
monocyte/macrophages in mice that developed HO compared to
mice with only muscle injury.43 One study that reported increased
HO volume after clodronate liposome treatment showed signifi-
cant reduction in M2 macrophages, accompanied by a shift in en-
dothelial cell fate towards endochondral ossification.?” Another
study using a burn injury and Achilles tenotomy HO model con-
firms that clodronate liposome treatment specifically reduces
local Ly6C'®" macrophage number; however, this time decreased
HO volume has been found.®® Thus far, no consensus has been
reached regarding the relationship between macrophage pheno-
type and HO pathogenesis. However, it is generally agreed that
macrophage heterogeneity exists and that change in macrophage
phenotype is a key in the progression and regression of the HO
lesion.®°

Recent studies have shown that specifically knocking out Tgfb1
gene in macrophage lineage inhibited HO formation in Achilles
tendon injury mouse HO models.””8® However, depletion of Tgfb1
in macrophage did not alter the recruitment of inflammatory
cells to the site of injury nor proinflammatory cytokine levels at
the tenotomy site, possibly due to the absence of local decrease
in TGF-p1 level.?% On the other hand, a trend towards global de-
crease in serum TGF-B1 level and plasma cytokine level has been
observed.®® How this global change in TGF-p1 level may modulate
macrophage phenotype to influence HO pathogenesis remains to

be investigated.

Trauma

S N\

Muscle injury Cortisol stress response
Local BMP-7 I Systemic TGF-$1 l

Macrophages /

1
1
i
V

Progenitor cell osteogenesis]

Post-traumatic HO

FIGURE 4 Schematic of a two-hit model for trauma-induced
HO. Muscle injury-induced up-regulation of local BMP-7 level, and
in combination with glucocorticoid excess-induced down-regulation
of circulating TGF-p1 level, represents a candidate causative
mechanism of post-traumatic HO formation

8 | DC AND HO

DC is the deposition of calcium mineral in degenerated tissue,
which occurs as a reaction to tissue damage. The majority of DC
is normally efficiently removed by phagocytic macrophages, and
the damaged tissue repairs fully to its original form.”® However,
sometimes if tissue repair fails, DC can progress into HO with the
participation of connective tissue cells actively laying down a col-
lagenous matrix.”® It has recently been proposed that transition
from calcification to ossification may be stages of a pathologic
continuum, and the progression from DC to HO, associated with
an endochondral and intramembranous ossification process, could
be the third mechanism leading to HO formation.”® Calcification
and ossification are best characterized in the cardiovascular sys-
tem where calcification and ossification often co-exist in the

atherosclerotic lesions,”??3

although the mechanisms regulating
progression from calcification to ossification in the atheroscle-
rotic lesions are still incompletely understood.”*?> The patho-

genesis of vascular calcification/ossification actually shares great



LA anp TUAN

similarity with muscle DC/HO, in which tissue injury, inflamma-
tory cell infiltration, progenitor cell osteogenic differentiation,
etc, are all integral parts of the disease.”® Vascular calcification/
ossification and muscle DC/HO also share common molecular
pathways, that is the same osteogenic factors are present in these
two conditions. Interestingly, BMP signalling also promotes vascu-

lar calcification,””?®

whereas TGF-p1 protects against the disease
progression.””1%° Taken together, these data collectively sug-
gest a universal role of BMP and TGF-p signalling in pathological

calcification/ossification.

9 | SUMMARY

Accumulating evidence suggests a two-hit mechanism for HO,
namely a primary predisposing defect together with soft tissue in-
jury as a second hit to drive disease onset and progression. In ge-
netic HO, the primary defect is gene mutation, whereas in acquired
HO we hypothesize that the primary defect results in the removal
of the osteogenic protective factors, with circulating TGF-p1 act-
ing as a key target molecule. In this manner, muscle injury-induced
up-regulation of local BMP-7 level combined with glucocorticoid
excess-induced down-regulation of circulating TGF-p1 level could
be an important causative mechanism of traumatic HO formation
(Figure 4).

ACKNOWLEDGEMENT
Supported in part by funding from the Commonwealth of
Pennsylvania Department of Health (RST), the China Scholarship
Council (LL), and the Lee Quo Wei and Lee Yick Hoi Lun Professorship
of The Chinese University of Hong Kong (RST). The authors thank
colleagues at the University of Pittsburgh, Drs. Peter G. Alexander,
Wendy M. Mars and Shinsuke Kihara, for discussions on the ideas
presented in this review, and Shigi Xiang and Guorui Cao for their

contributions to some of the studies described in this review.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest regarding the

publication of this article.

ORCID
La Li
Rocky S. Tuan

https://orcid.org/0000-0001-9734-5117
https://orcid.org/0000-0001-6067-6705

REFERENCES

1. Shehab D, Elgazzar AH, Collier BD. Heterotopic ossification. J Nucl
Med. 2002;43:346-353.

2. Eisenstein N, Stapley S, Grover L. Post-traumatic heterotopic os-
sification: an old problem in need of new solutions. J Orthop Res.
2018;36:1061-1068.

3. Shore EM, Xu M, Feldman GJ, et al. A recurrent mutation in the
BMP type | receptor ACVR1 causes inherited and sporadic fibro-
dysplasia ossificans progressiva. Nat Genet. 2006;38:525-527.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

WILEY- 1%

Vanden Bossche L, Vanderstraeten G. Heterotopic ossification: a
review. J Rehabil Med. 2005;37:129-136.

LiL, JiangY, Lin H, et al. Muscle injury promotes heterotopic ossifi-
cation by stimulating local bone morphogenetic protein-7 produc-
tion. J Orthop Translat. 2019;18:142-153.

Pignolo RJ, Shore EM, Kaplan FS. Fibrodysplasia ossificans
progressiva: clinical and genetic aspects. Orphanet J Rare Dis.
2011;6:80.

van Kuijk AA, Geurts AC,van Kuppevelt HJ. Neurogenic heterotopic
ossification in spinal cord injury. Spinal Cord. 2002;40:313-326.
Forsberg JA, Pepek JM, Wagner S, et al. Heterotopic ossification
in high-energy wartime extremity injuries: prevalence and risk fac-
tors. J Bone Joint Surg Am. 2009;91:1084-1091.

Anthonissen J, Ossendorf C, Hock JL, et al. The role of muscular
trauma in the development of heterotopic ossification after hip
surgery: an animal-model study in rats. Injury. 2016;47:613-616.
Chalmers J, Gray DH, Rush J. Observations on the induction of
bone in soft tissues. J Bone Joint Surg Br. 1975;57:36-45.
Urist MR. Bone: formation by autoinduction.
1965;150:893-899.

Urist MR, Strates BS. Bone morphogenetic protein. J Dent Res.
1971;50:1392-1406.

Shore EM. Osteoinductive signals and heterotopic ossification. J
Bone Miner Res. 2011;26:1163-1165.

Convente MR, Wang H, Pignolo RJ, Kaplan FS, Shore EM. The
immunological contribution to heterotopic ossification disorders.
Curr Osteoporos Rep. 2015;13:116-124.

Pacifici M. Acquired and congenital forms of heterotopic ossifica-
tion: new pathogenic insights and therapeutic opportunities. Curr
Opin Pharmacol. 2018;40:51-58.

Shore EM, Kaplan FS. Inherited human diseases of heterotopic
bone formation. Nat Rev Rheumatol. 2010;6:518-527.

Kaplan FS, Pignolo RJ, Shore EM. Granting immunity to FOP and
catching heterotopic ossification in the Act. Semin Cell Dev Biol.
2016;49:30-36.

Alessi Wolken DM, Idone V, Hatsell SJ, Yu PB, Economides AN. The
obligatory role of Activin A in the formation of heterotopic bone in
Fibrodysplasia Ossificans Progressiva. Bone. 2018;109:210-217.
YuPB, DengDY, Lai CS, etal. BMP type | receptor inhibition reduces
heterotopic [corrected] ossification. Nat Med. 2008;14:1363-1369.
Kan L, Liu Y, McGuire TL, et al. Dysregulation of local stem/pro-
genitor cells as a common cellular mechanism for heterotopic ossi-
fication. Stem Cells. 2009;27:150-156.

Convente MR, Chakkalakal SA, Yang E, et al. Depletion of mast
cells and macrophages impairs heterotopic ossification in an Acvr
1(R206H) mouse model of fibrodysplasia ossificans progressiva. J
Bone Miner Res. 2018;33:269-282.

Wang H, Behrens EM, Pignolo RJ, Kaplan FS. ECSIT links TLR and
BMP signaling in FOP connective tissue progenitor cells. Bone.
2018;109:201-209.

Hatsell SJ, Idone V, Wolken DM, et al. ACVR1R206H receptor mu-
tation causes fibrodysplasia ossificans progressiva by imparting
responsiveness to activin A. Sci Transl Med. 2015;7:303ra137.
Hino K, lkeya M, Horigome K, et al. Neofunction of ACVR1 in
fibrodysplasia ossificans progressiva. Proc Natl Acad Sci USA.
2015;112:15438-15443.

Lees-Shepard JB, Yamamoto M, Biswas AA, et al. Activin-
dependent signaling in fibro/adipogenic progenitors causes fibro-
dysplasia ossificans progressiva. Nat Commun. 2018;9:471.
Sakellariou VI, Grigoriou E, Mavrogenis AF, Soucacos PN,
Papagelopoulos PJ. Heterotopic ossification following trau-
matic brain injury and spinal cord injury: insight into the eti-
ology and pathophysiology. J Musculoskelet Neuronal Interact.
2012;12:230-240.

Science.


https://orcid.org/0000-0001-9734-5117
https://orcid.org/0000-0001-9734-5117
https://orcid.org/0000-0001-6067-6705
https://orcid.org/0000-0001-6067-6705

11054
1% | \wiLEy

27.

28.

29.
30.
31

32.

33.

34.

35.

36.

37.
38.
39.
40.
41.
42.
43.

44,
45.

46.
47.

48.

LA ano TUAN

Sullivan MP, Torres SJ, Mehta S, Ahn J. Heterotopic ossification
after central nervous system trauma: a current review. Bone Joint
Res. 2013;2:51-57.

McCarthy EF, Sundaram M. Heterotopic ossification: a review.
Skeletal Radiol. 2005;34:609-619.

Pape HC, Marsh S, Morley JR, Krettek C, Giannoudis PV. Current
concepts in the development of heterotopic ossification. J Bone
Joint Surg Br. 2004;86:783-787.

Davis EL, Davis AR, Gugala Z, Olmsted-Davis EA. Is heterotopic
ossification getting nervous?: the role of the peripheral nervous
system in heterotopic ossification. Bone. 2018;109:22-27.

Debaud C, Salga M, Begot L, et al. Peripheral denervation partici-
pates in heterotopic ossification in a spinal cord injury model. PLoS
One. 2017;12:e0182454.

Salga M, Tseng HW, Alexander KA, et al. Blocking neuromuscular
junctions with botulinum toxin A injection enhances neurological
heterotopic ossification development after spinal cord injury in
mice. Ann Phys Rehabil Med. 2019;62:189-192.

Toffoli AM, Gautschi OP, Frey SP, Filgueira L, Zellweger R. From
brain to bone: evidence for the release of osteogenic humoral fac-
tors after traumatic brain injury. Brain Inj. 2008;22:511-518.
Huang H, Cheng WX, Hu YP, Chen JH, Zheng ZT, Zhang P.
Relationship between heterotopic ossification and traumatic brain
injury: why severe traumatic brain injury increases the risk of het-
erotopic ossification. J Orthop Translat. 2018;12:16-25.

Gautschi OP, Toffoli AM, Joesbury KA, Skirving AP, Filgueira L,
Zellweger R. Osteoinductive effect of cerebrospinal fluid from
brain-injured patients. J Neurotrauma. 2007;24:154-162.

Cadosch D, Toffoli AM, Gautschi OP, et al. Serum after trau-
matic brain injury increases proliferation and supports expres-
sion of osteoblast markers in muscle cells. J Bone Joint Surg Am.
2010;92:645-653.

Gautschi OP, Cadosch D, Frey SP, Skirving AP, Filgueira L, Zellweger
R. Serum-mediated osteogenic effect in traumatic brain-injured
patients. ANZ J Surg. 2009;79:449-455.

Salisbury E, Sonnet C, Heggeness M, Davis AR, Olmsted-Davis E.
Heterotopic ossification has some nerve. Crit Rev Eukaryot Gene
Expr. 2010;20:313-324.

Kan L, Lounev VY, Pignolo RJ, et al. Substance P signaling me-
diates BMP-dependent heterotopic ossification. J Cell Biochem.
2011;112:2759-2772.

Genet F, Kulina |, Vaquette C, et al. Neurological heterotopic ossifi-
cation following spinal cord injury is triggered by macrophage-me-
diated inflammation in muscle. J Pathol. 2015;236:229-240.
Salisbury E, Rodenberg E, Sonnet C, et al. Sensory nerve in-
duced inflammation contributes to heterotopic ossification. J Cell
Biochem. 2011;112:2748-2758.

Torossian F, Guerton B, Anginot A, et al. Macrophage-derived on-
costatin M contributes to human and mouse neurogenic hetero-
topic ossifications. JCl Insight. 2017;2:€96034.

Alexander KA, Tseng HW, Fleming W, et al. Inhibition of JAK1/2
tyrosine kinases reduces neurogenic heterotopic ossification after
spinal cord injury. Front Immunol. 2019;10:377.

Dey D, Wheatley BM, Cholok D, et al. The traumatic bone: trau-
ma-induced heterotopic ossification. Transl Res. 2017;186:95-111.
Nauth A, Giles E, Potter BK, et al. Heterotopic ossification in or-
thopaedic trauma. J Orthop Trauma. 2012;26:684-688.
Ranganathan K, Loder S, Agarwal S, et al. Heterotopic ossification:
basic-science principles and clinical correlates. J Bone Joint Surg
Am. 2015;97:1101-1111.

Kornhaber R, Foster N, Edgar D, et al. The development and im-
pact of heterotopic ossification in burns: a review of four decades
of research. Scars Burn Heal. 2017;3:2059513117695659.

Potter BK, Burns TC, Lacap AP, Granville RR, Gajewski DA.
Heterotopic ossification following traumatic and combat-related

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

amputations. Prevalence, risk factors, and preliminary results of
excision. J Bone Joint Surg Am. 2007;89:476-486.

Amar E, Sharfman ZT, Rath E. Heterotopic ossification after hip
arthroscopy. J Hip Preserv Surg. 2015;2:355-363.

Agarwal S, Loder SJ, Breuler C, et al. Strategic targeting of multiple
BMP receptors prevents trauma-induced heterotopic ossification.
Mol Ther. 2017;25:1974-1987.

Kraft CT, Agarwal S, Ranganathan K, et al. Trauma-induced hetero-
topic bone formation and the role of the immune system: a review.
J Trauma Acute Care Surg. 2016;80:156-165.

Evans KN, Forsberg JA, Potter BK, et al. Inflammatory cytokine
and chemokine expression is associated with heterotopic ossifi-
cation in high-energy penetrating war injuries. J Orthop Trauma.
2012;26:€204-e213.

Forsberg JA, Potter BK, Polfer EM, Safford SD, Elster EA.
Do inflammatory markers portend heterotopic ossification
and wound failure in combat wounds? Clin Orthop Relat Res.
2014,472:2845-2854.

Edwards DS, Kuhn KM, Potter BK, Forsberg JA. Heterotopic ossi-
fication: a review of current understanding, treatment, and future.
J Orthop Trauma. 2016;30(Suppl 3):527-S30.

Sartori R, Schirwis E, Blaauw B, et al. BMP signaling controls mus-
cle mass. Nat Genet. 2013;45:1309-1318.

Sartori R, Sandri M. BMPs and the muscle-bone connection. Bone.
2015;80:37-42.

Clever JL, Sakai Y, Wang RA, Schneider DB. Inefficient skeletal
muscle repair in inhibitor of differentiation knockout mice sug-
gests a crucial role for BMP signaling during adult muscle regener-
ation. Am J Physiol Cell Physiol. 2010;298:C1087-C1099.

Ruschke K, Hiepen C, Becker J, Knaus P. BMPs are mediators in
tissue crosstalk of the regenerating musculoskeletal system. Cell
Tissue Res. 2012;347:521-544.

Jackson WM, Aragon AB, Onodera J, et al. Cytokine ex-
pression in muscle following traumatic injury. J Orthop Res.
2011;29:1613-1620.

Evans KN, Potter BK, Brown TS, Davis TA, Elster EA, Forsberg
JA. Osteogenic gene expression correlates with development
of heterotopic ossification in war wounds. Clin Orthop Relat Res.
2014;472:396-404.

Kluk MW, Ji Y, Shin EH, et al. Fibroregulation of mesenchymal
progenitor cells by BMP-4 after traumatic muscle injury. J Orthop
Trauma. 2012;26:693-698.

Peterson JR, De La Rosa S, Eboda O, et al. Treatment of hetero-
topic ossification through remote ATP hydrolysis. Sci Transl Med.
2014;6:255ral132.

Yuasa M, Mignemi NA, Nyman JS, et al. Fibrinolysis is essential for
fracture repair and prevention of heterotopic ossification. J Clin
Invest. 2015;125:3723.

Mignemi NA, Yuasa M, Baker CE, et al. Plasmin prevents dys-
trophic calcification after muscle injury. J Bone Miner Res.
2017;32:294-308.

Li L, Xiang S, Wang B, et al. TGF-betal plays a protective
role in glucocorticoid-induced dystrophic calcification. Bone.
2020;136:115355.

Klein GL. The effect of glucocorticoids on bone and muscle.
Osteoporos Sarcopenia. 2015;1:39-45.

Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids
influence stress responses? Integrating permissive, suppressive,
stimulatory, and preparative actions. Endocr Rev. 2000;21:55-89.
Pileri D, Accardo-Palumbo A, D'Amelio L, et al. Serum levels of cor-
tisol, immunoglobulin, and C-reactive protein in burn patients. Ann
Burns Fire Disasters. 2009;22:3-5.

Pandya U, Polite N, Wood T, Lieber M. Increased total serum ran-
dom cortisol levels predict mortality in critically ill trauma patients.
Am Surg. 2014;80:1112-1118.



LA anp TUAN

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Hoyt BW, Pavey GJ, Potter BK, Forsberg JA. Heterotopic ossifi-
cation and lessons learned from fifteen years at war: a review of
therapy, novel research, and future directions for military and ci-
vilian orthopaedic trauma. Bone. 2018;109:3-11.

DuBois DC, Almon RR. A possible role for glucocorticoids in de-
nervation atrophy. Muscle Nerve. 1981;4:370-373.

Li Y, Jie L, Tian AY, et al. Transforming growth factor beta is reg-
ulated by a glucocorticoid-dependent mechanism in denervation
mouse bone. Sci Rep. 2017;7:9925.

Moore-Lotridge SN, Li Q, Gibson BHY, et al. Trauma-induced
nanohydroxyapatite deposition in skeletal muscle is sufficient to
drive heterotopic ossification. Calcif Tissue Int. 2019;104:411-425.
Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFbeta
activation. J Cell Sci. 2003;116:217-224.

Delaney K, Kasprzycka P, Ciemerych MA, Zimowska M. The role
of TGF-betal during skeletal muscle regeneration. Cell Biol Int.
2017;41:706-715.

Guerrero F, Herencia C, Almaden Y, et al. TGF-beta prevents phos-
phate-induced osteogenesis through inhibition of BMP and Wnt/
beta-catenin pathways. PLoS One. 2014;9:€89179.

Xu J, Liu J, GanY, et al. High-dose TGF-betal impairs mesenchymal
stem cell-mediated bone regeneration via Bmp2 inhibition. J Bone
Miner Res. 2020;35:167-180.

Sun X, Xie Z, Ma 'Y, et al. TGF-beta inhibits osteogenesis by upreg-
ulating the expression of ubiquitin ligase SMURF1 via MAPK-ERK
signaling. J Cell Physiol. 2018;233:596-606.

Wang X, Li F, Xie L, et al. Inhibition of overactive TGF-beta attenu-
ates progression of heterotopic ossification in mice. Nat Commun.
2018;9:551.

Sorkin M, Huber AK, Hwang C, et al. Regulation of heterotopic
ossification by monocytes in a mouse model of aberrant wound
healing. Nat Commun. 2020;11:722.

Li Y, Tian AY, Ophene J, et al. TGF-beta stimulates endochondral
differentiation after denervation. Int J Med Sci. 2017;14:382-389.
Rosen D, Miller SC, DeLeon E, et al. Systemic administration of re-
combinant transforming growth factor beta 2 (rTGF-beta 2) stim-
ulates parameters of cancellous bone formation in juvenile and
adult rats. Bone. 1994;15:355-359.

Gazit D, Zilberman Y, Ebner R, Kahn A. Bone loss (osteopenia) in
old male mice results from diminished activity and availability of
TGF-beta. J Cell Biochem. 1998;70:478-488.

Senarath-Yapa K, Li S, Walmsley GG, et al. Small molecule inhi-
bition of transforming growth factor beta signaling enables the
endogenous regenerative potential of the mammalian calvarium.
Tissue Eng Part A. 2016;22:707-720.

Loi F, Cordova LA, Zhang R, et al. The effects of immunomodula-
tion by macrophage subsets on osteogenesis in vitro. Stem Cell Res
Ther. 2016;7:15.

Schlundt C, El Khassawna T, Serra A, et al. Macrophages in bone
fracture healing: their essential role in endochondral ossification.
Bone. 2018;106:78-89.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

WILEY- 1%

Tirone M, Giovenzana A, Vallone A, et al. Severe heterotopic os-
sification in the skeletal muscle and endothelial cells recruitment
to chondrogenesis are enhanced by monocyte/macrophage deple-
tion. Front Immunol. 2019;10:1640.

Eisner C, Cummings M, Johnston G, et al. Murine tissue-resident
PDGFRalpha+ fibro-adipogenic progenitors spontaneously ac-
quire osteogenic phenotype in an altered inflammatory environ-
ment. J Bone Miner Res. 2020. https://doi.org/10.1002/jbmr.4020.
[Epub ahead of print]

Cote CH, Bouchard P, van Rooijen N, Marsolais D, Duchesne E.
Monocyte depletion increases local proliferation of macrophage
subsets after skeletal muscle injury. BMC Musculoskelet Disord.
2013;14:359.

Proudfoot D. Calcium signaling and tissue calcification. Cold Spring
Harb Perspect Biol. 2019;11:a035303.

Meyers C, Lisiecki J, Miller S, et al. Heterotopic ossification: a com-
prehensive review. JBMR Plus. 2019;3:e10172.

Jeziorska M, McCollum C, Wooley DE. Observations on bone
formation and remodelling in advanced atherosclerotic lesions of
human carotid arteries. Virchows Arch. 1998;433:559-565.

Neven E, Dauwe S, De Broe ME, D'Haese PC, Persy V.
Endochondral bone formation is involved in media calcification in
rats and in men. Kidney Int. 2007;72:574-581.

Fuery MA, Liang L, Kaplan FS, Mohler ER 3rd. Vascular ossifi-
cation: pathology, mechanisms, and clinical implications. Bone.
2018;109:28-34.

Sage AP, Tintut Y, Demer LL. Regulatory mechanisms in vascular
calcification. Nat Rev Cardiol. 2010;7:528-536.

Leszczynska A, Murphy JM. Vascular calcification: is it rather a
stem/progenitor cells driven phenomenon? Front Bioeng Biotechnol.
2018;6:10.

Hruska KA, Mathew S, Saab G. Bone morphogenetic proteins in
vascular calcification. Circ Res. 2005;97:105-114.

Yao Y, Bennett BJ, Wang X, et al. Inhibition of bone morphogenetic
proteins protects against atherosclerosis and vascular calcifica-
tion. Circ Res. 2010;107:485-494.

Toma |, McCaffrey TA. Transforming growth factor-beta and ath-
erosclerosis: interwoven atherogenic and atheroprotective as-
pects. Cell Tissue Res. 2012;347:155-175.

Reifenberg K, Cheng F, Orning C, et al. Overexpression of TGF-ss1
in macrophages reduces and stabilizes atherosclerotic plaques in
ApoE-deficient mice. PLoS One. 2012;7:e40990.

How to cite this article: Li L, Tuan RS. Mechanism of

traumatic heterotopic ossification: In search of injury-
induced osteogenic factors. J Cell Mol Med. 2020;24:11046-
11055. https://doi.org/10.1111/jcmm.15735



https://doi.org/10.1002/jbmr.4020
https://doi.org/10.1111/jcmm.15735

