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Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disease in which heterotopic bone forms in muscle and soft tissue,
leading to joint dysfunction and significant disability. FOP is progressive and many patients are wheelchair-bound by the 3rd
decade of life. FOP is caused by an activating mutation in the ACVR1 gene, which encodes the activin A Type 1 receptor. Aberrant
signalling through this receptor leads to abnormal activation of the pSMAD 1/5/8 pathway and triggers the formation of bone
outside of the skeleton. There is no curative therapy for FOP; however, exciting advances in novel therapies have developed re-
cently. Here, we review the clinical and translational pharmacology of three drugs that are currently in clinical trials (palovarotene,
REGN 2477 and rapamycin) as well as other emerging treatment strategies for FOP.

Introduction

Fibrodysplasia ossificans progressiva (FOP) is a rare genetic
condition characterized by massive heterotopic ossification
of the soft connective tissues, leading to progressive joint
immobilization and disability [1]. FOP affects approxi-
mately one in 1.3-2 million people worldwide and is
typically diagnosed within the 1st decade of life [1, 2]. It
is a progressive disease and is characterized by episodic
flare-ups in which patients develop painful, localized soft
tissue inflammation, either spontaneously or in response
to various triggers including trauma, injury, immunization
or illness. These flare-ups lead to the progressive forma-
tion of heterotopic endochondral bone in the muscle,
joints, tendons, and ligaments resulting in severe joint re-
strictions and loss of mobility over time. The majority of
FOP patients are wheelchair-bound by the 3rd decade of
life [3].

DOI:10.1111/bcp.13823

FOP is most commonly caused by a highly recurrent auto-
somal dominant gain-of-function missense mutation in the
ACVR1/ALK2 gene (c.617G > A; p.R206H), which encodes
the activin receptor type Ia [4]. This mutation affects
the GS activation domain of ACVR1, leading to aberrant sig-
nalling through the kinase receptor and over-activation of
the downstream SMAD 1/5/8 signalling pathway [4].
Over-activation of these intracellular signalling pathways oc-
curs when canonical bone morphogenetic proteins
(BMPs) bind to the mutated ACVR1 receptor [4]. In addition,
the R206H mutation appears to change the signalling speci-
ficity of the ACVR1 receptor to activin A, leading to phos-
phorylation of SMAD 1/5/8 instead of SMAD 2/3 in
response to activin A binding [5, 6]. These signalling changes
are thought to trigger the formation of excessive heterotopic
endochondral bone [7]. Multiple cells types have been impli-
cated in the formation of heterotopic ossification in FOP,
including Mx" cells in the muscle interstitium and scleraxis
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(Scl+) cells in tendons and ligaments, but it is not yet clear
whether these cells are also responsible for initiating the pro-
cess of heterotopic ossification [8].

Currently, there are no curative treatments for FOP.
Standard-of-care therapy focuses on supportive measures in-
cluding the judicious use of glucocorticoids and nonsteroidal
anti-inflammatory drugs within 24-48 h of a flare-up to de-
crease the excessive inflammation present in early FOP le-
sions [1]. However, these therapies are not particularly
effective in preventing heterotopic ossification, and they do
not mitigate the progressive nature of this disease. Further-
more, there are notable side effects with long-term corticoste-
roid use, making this a less favourable drug for chronic
treatment. Mast-cell inhibitors and leucotriene inhibitors
are also often used on a chronic basis to empirically address
the inflammatory aspect of early FOP lesions [9, 10].
Bisphosphonates are occasionally used for refractory flares
that do not respond to glucocorticoids; however, concrete
clinical data for these treatments are sparse [10]. Avoidance
of trauma and prevention of injury remain the mainstays of
therapy. Surgical resection, which can be used in some nonge-
netic causes of heterotopic ossification (e.g. trauma, burns,
spinal cord injuries and post-surgical), is contraindicated in
patients with FOP as it can trigger a cascade of unrelenting,
excessive bone formation at the both the surgical site and at
distant locations [1, 11-13].

The significant disabilities caused by FOP and the lack of
suitable pharmacological treatment options make this a criti-
cal area for drug development. ACVR1 is widely expressed in
humans, and both BMP and activin A signalling play critical
roles in multiple tissues types; therefore, there are inherent
challenges in designing drugs that target these pathways. In
response to this need, several promising new drugs have
emerged over the past decade with the goal of decreasing
the formation and progression of heterotopic bone formation
in FOP patients. This has been greatly facilitated as new
knowledge about FOP disease pathogenesis has emerged. In
this review, we discuss the clinical and translational pharma-
cology of three drug compounds (palovarotene, REGN 2477
and rapamycin) that are currently in clinical trials to evaluate
their efficacy in decreasing heterotopic endochondral bone
formation in patients with FOP. We will also briefly discuss
several other compounds that target important pathways
involved in heterotopic ossification pathogenesis in FOP and
may be moving towards clinical trials in the near future.

Palovarotene

Retinoid signalling plays a critical biological role in many tis-
sues and organ systems [14] and is essential for chondrogene-
sis and the proper formation of the skeleton [15-20]. Retinoic
acid signalling is mediated through nuclear hormone recep-
tors known as retinoic acid receptors (RAR) which act as
key regulators of gene transcription. There are three RARs (a,
B and y) that form heterodimers with retinoic X receptors
and subsequently bind to retinoic acid response elements in
the enhancer regions of target genes [15, 17]. In the presence
of their endogenous ligand, all-trans retinoic acid (atRA),
the RAR-retinoic X receptor heterodimer acts as a transcrip-
tional activator. However, in its un-bound form, this receptor
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complex acts as a transcriptional repressor [15]. The relation-
ship between retinoid signalling and chondrogenesis is an-
tagonistic: several elegant studies have shown that skeletal
precursor cells treated with atRA, and with subsequent activa-
tion of retinoid signalling, have repressed chondrogenesis
and cartilage formation [21, 22]. By allowing chondrogenesis
to proceed only in the absence of retinoid signalling, this
mechanism helps keep mesenchymal condensations in their
prechondrogenic state and blocks differentiation into
chondroblasts [23].

These advances in our understanding of the biological
role of retinoid signalling in chondrogenesis, and the knowl-
edge that both genetic and nongenetic causes of heterotopic
ossification can proceed through a cartilage intermediate via
endochondral ossification, have made this pathway an at-
tractive pharmacological target for FOP and other forms of
heterotopic ossification [18]. While direct treatment with
atRA and active retinoids does inhibit chondrogenesis, the ef-
fects of nonselective retinoids are too broad to be a feasible
treatment for heterotopic ossification due to their direct action
in many other tissues and organ systems. However, in the
1990s, several synthetic retinoid agonists specific for RARo, -
or -y were developed for other indications. Since RARa is
expressed in mesenchymal stem cell progenitors at the earliest
stage of chondrogenic commitment, Pacifici et al. [21] tested
the RARa agonist NRX195183 in a mouse model of
heterotopic ossification in which mice received subcutaneous
implantations of rhBMP-2/Matrigel scaffolds. The mice
treated with NRX195183 showed significantly less
heterotopic ossification compared to the nontreated control
mice. Furthermore, they had lower expression of chondrogenic
genes, including Sox9, collagen XI and X, and Runx2 [15, 21,
22]. However, high doses of the agonist were required to
achieve this result. The group then noted that while RARa
was expressed only during early mesenchymal stem cell
commitment, RARy was expressed in both mesenchymal pre-
cursor cells and mature chondrocytes. Therefore, they hypoth-
esized that the use of an RARy agonist might be more effective
at inhibiting heterotopic ossification as it would act on both
early and late steps of chondrogenesis [22].

To evaluate whether a RARy agonist would be effective in
blocking heterotopic ossification in FOP patients, Pacifici
et al. tested the highly-specific RARy agonist, R667 (subse-
quently renamed palovarotene), in a transgenic mouse model
of FOP expressing a Cre-inducible, constitutively active
ALK2%%%7P mutant protein [24]. Mice induced with Cre
recombinase showed overactive BMP signalling through the
SMAD 1/5/8 pathway and subsequent heterotopic ossifica-
tion formation [24] with local injection of adeno-Cre and
cardiotoxin into the anterior tibial muscles. The mice showed
significant skeletal muscle injury, inflammation and, ulti-
mately, heterotopic ossification at the site of injury within
2-4 weeks. In contrast, the mice who were treated with
R667 had almost no heterotopic bone formation.
Palovarotene was further tested in a conditional-on knock-
in mouse model containing the classical ALK2**°*" mutation
and again demonstrated significant reduction in heterotopic
bone formation as well as a decrease in mast cells. [25]

At the time of these studies, palovarotene had already
been evaluated in a Phase 2 trial for a-1-antitrypsin-induced
emphysema, and its safety profile had been well-
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characterized. The drug is well-tolerated in humans, with mu-
cocutaneous side effects being the major concern [26]. These
safety data, in combination with the supportive preliminary
results in mouse models of FOP, prompted interest in this
drug as a potential treatment for FOP. Phase 2 clinical trials
were initiated in 2014 by Clementia Pharmaceuticals to eval-
uate the safety and efficacy of palovarotene for treatment of
FOP (Clinicaltrials.gov registration NCT02190747). Forty pa-
tients were enrolled in the trial, and the primary outcome was
to assess whether the volume of heterotopic ossification
formation decreased over time in treated versus untreated
subjects. Top line results from this trial were publicly released
in October 2016 and suggested that palovarotene decreased
the percentage of FOP patients who develop heterotopic ossi-
fication, the time to flare-up resolution, and patient-reported
pain [27, 28]. These results have led to a Phase 3 clinical trial
in adults and children (Clinicaltrials.gov registration
NCT03312634), which is currently in progress.

Based on positive animal data in another rare bone disease
(multiple osteochondroma, also known as hereditary multi-
ple exostoses), palovarotene is also being evaluated in a
Phase 2 trial as a treatment to block the formation of
osteochondromas throughout the skeleton, which lead to
skeletal deformities, pain and disability (Clinicaltrials.gov
registration NCT03442985) [29].

Palovarotene, like other retinoic acid derivatives, is a
known teratogen and causes limb malformations in the
developing fetus. The use of retinoic acid receptor agonists
in children could potentially affect the growth plates,
hearing and vision [26]. ACVR1-R206H mice treated with
palovarotene notably had preservation of their growth plates
and long bone function, providing supportive data that the
potential skeletal effects of palovarotene might be tolerable
in FOP [25]. Other potential risks include pancreatitis and
hypertriglyceridaemia, as well as pseudotumor cerebri when
co-administered with tetracycline derivatives [30, 31]. In ad-
dition, like other retinoids, palovarotene can have significant
mucocutaneous side effects including dry skin, sensitivity to
sunlight, and paronychia [26]. All of these systems are being
monitored closely during these trials.

Anti-activin A antibody (REGN2477)

A significant breakthrough in our understanding of FOP and
ACVR1®°®H sjgnalling occurred in 2015 when Hatsell et al.
demonstrated that activin A, a noncanonical ligand for
ACVR1, can bind to the mutant ACVR1*?°°" receptor and ac-
tivate signalling through the SMAD 1/5/8 pathway [5]. In
contrast, when activin A binds to ACVR1W" receptors it does
not activate SMAD 1/5/8 signalling but rather functions as an
antagonist by preventing other BMP ligands from binding to
the receptor. These studies were complemented by work from
Hino et al. in which induced pluripotent stem cell-derived
mesenchymal stem cells from patients with FOP were co-
injected with activin A into nude mice and triggered hetero-
topic endochondral ossification [6]. Activin A is a ligand in
the BMP/TGEF signalling pathway and typically binds to the
type 1 receptors ACVR1B and ACVR1C and signals through
the SMAD 2/3 pathway. The R206H mutation causes the
ACVRI1 receptor to misinterpret activin A and generate a
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signal as if a BMP ligand were present. Thus, the discovery
that activin A could activate SMAD1/5/8 through
ACVR1"**°°" put not ACVR1"" changed our understanding
of the basic biology underlying ACVR1*°°" signalling.

This neo-function of the ACVR1-R206H receptor was fur-
ther tested in vivo in a physiologically relevant, genetically
humanized conditional-on knock-in mouse model of FOP
(Acvr1!R206HIFIEX) 151 \When treated with tamoxifen, these mice
undergo genetic recombination to express the ACVR1®*%°H
protein. These mice developed progressive heterotopic ossifi-
cation at anatomic locations similar to those seen in FOP,
including the jaw, skull, paraspinal region, sternum, ribs and
limbs. The heterotopic ossification occurred spontaneously in
these mice but was also noted to be more prominent in
areas where the mice were handled more frequently. When
injected with activin A, the mutant mice developed more
heterotopic ossification throughout the skeleton. Additionally,
mutant mice treated with a blocking antibody directed against
activin A did not develop heterotopic bone either spontane-
ously or in response to localized injury to muscles or tendons.
The authors concluded that activin A is an obligatory secreted
factor that is required for at least the initiation of heterotopic
ossification in FOP, and that blocking activin A could prevent
the formation of heterotopic bone.

As a result of these preclinical studies, an anti-activin A
antibody (REGN2477) is now in a Phase 2 trial to examine
the safety, tolerability and efficacy on abnormal bone forma-
tion in adults with FOP, and is actively enrolling patients
(Clinicaltrials.gov registry NCT03188666). Activin A is
widely expressed in multiple organ systems, most notably in
the gallbladder, ovary, endometrium, lung and placenta [32],
and plays important roles in the development and maturation
of the ovarian follicle and spermatogenesis and steroidogenesis
in the testes [33-35]. Furthermore, multiple studies have
established that activin A is a critical regulator of inflammation
and immunity both systemically and in specific tissues such as
the lung [36, 37]. There is also evidence that activin A plays a
role in neuronal differentiation [38]. The potential effects of
activin A inhibition in these tissues, and the effects on inflam-
mation and immune response, must be carefully monitored.

Rapamycin

Rapamycin is a commonly-used immunosuppressant that ex-
erts its biological effect by complexing with FKBP12 and
inhibiting mechanistic target of rapamycin complex
1 (mTORC1). mTORC1 is a serine-threonine protein kinase
that is responsible for activating multiple intracellular signal-
ling pathways related to cell proliferation, including HIF1a.
Interestingly, mTORC1 inhibition has been shown to
decrease heterotopic ossification in FOP and other forms of
heterotopic ossification, acting downstream of activin A
signalling [39].

Hino et al. developed a high-throughput screening
system using FOP induced pluripotent stem cell-derived
mesenchymal stem cells and activin-A-induced chondro-
genesis to screen a library of ~7000 small molecules [40].
Using this method, they identified mTOR signalling as a
critical pathway in chondrogenesis and heterotopic
ossification formation in FOP. They then tested rapamycin
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in two in vivo systems, ACVR1**°®"" mice and an FOP-
iPSC-based heterotopic ossification model in which ectopic
bones derived from FOP patient-derived cells are formed in
mice. In both models, heterotopic ossification decreased
after treatment with rapamycin. Agarwal et al. [41] also
tested the efficacy of rapamycin in traumatic and genetic
mouse models of heterotopic ossification. Rapamycin abro-
gated heterotopic ossification in both of these models [41].

Rapamycin use has been reported in two patients with
FOP [42]. One patient was a 3-year-old girl with the classic
FOP-ACVR1"°°" mutation who was treated with rapamycin
(1 mg m™2) for 3 months for persistent, unrelenting flare-ups
of her neck and back. No clinical changes in disease course
were noted while on the drug, and she continued to develop
new flares throughout treatment. Rapamycin trough levels
had remained at the lower limit of normal for the duration
of her treatment. The second patient was a 9-year-old boy
with classic FOP (ACVR1®*?*°°" mutation) who also had
undergone liver transplantation 4 years prior as a result of
liver failure secondary to cytomegalovirus infection. He was
placed on rapamycin for an episode of minor rejection, and
continued on this for 18 years. However, he continued to
experience flares and the formation of heterotopic bone de-
spite daily use of rapamycin. These two cases did not show
clear responses to pharmacological doses of rapamycin;
however, it is difficult to assess the response to therapy in
the absence of a well-controlled clinical trial since the
therapeutic threshold may not have been achieved in these
case reports. A clinical trial evaluating the efficacy of
rapamycin recently opened at Kyoto University Hospital
and aims to evaluate the efficacy of rapamycin in 20 FOP
patients in Japan (UMIN000028429) (43, 44].

Two key advantages of rapamycin are the well-established
therapeutic thresholds for immunosuppression in trans-
plants, and the extensive experience with rapamycin in chil-
dren. Whether the same therapeutic thresholds are needed to
suppress bone formation in FOP is unknown. Potential con-
cerns that have been reported with rapamycin use in patients
with kidney transplants include proteinuria, dyslipidaemia,
peripheral oedema, oral ulcerations, cytopenias and acne
[45]. In patients treated with rapamycin for vascular anom-
alies, notable reported side effects included blood/bone
marrow and gastrointestinal toxicities [46]. Rapamycin
currently carries a black-box warning for increased risk of
infection, lymphoma and other malignancies due to immu-
nosuppression, and is contraindicated in liver transplant
patients [32]. Additionally, male but not female mice that
were treated with chronic rapamycin for 54 weeks
developed diabetes mellitus that was partially reversible
with cessation of the drug [47]. The frequency of incident
or worsening diabetes mellitus has not been reported.
These potential safety issues will need careful monitoring.

Emerging therapeutic strategies for the
treatment of FOP
There are several emerging treatment strategies for FOP that

have been trialled as off-label treatments or are currently in
preclinical development.
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Imatinib is a tyrosine kinase inhibitor that was ap-
proved in the 1990s for treatment of chronic myeloid leukae-
mia [48]. The drug is well-tolerated in both adults and
children and has a minimal side effect profile but does require
careful monitoring since it is an immunosuppressant [49]. In
addition to its primary role as an inhibitor of the BCR-ABL fu-
sion protein in chronic myeloid leukaemia, imatinib also in-
teracts with multiple pathways that are important in FOP,
including PDGFRo, c-KIT, HIF1a and other MAP kinase sig-
nalling pathways [50]. Additionally, imatinib has an immu-
nomodulatory effect in lymphocytes, macrophages and
mast cells, and downregulates critical pathways in these cells
that are known to play a key role in FOP heterotopic ossifica-
tion pathogenesis [50, 51]. Imatinib is also a potent HIFla in-
hibitor. Wang et al. [52] demonstrated that early
inflammatory FOP lesions in both humans and mice are pro-
foundly hypoxic. They used patient-derived stem cells from
exfoliated deciduous teeth (SHED cells) to show that HIFla
activity prolongs the duration and intensity of BMP signal-
ling through downregulation of RABEP1/Rabaptin5,
causing the mutant ACVRI receptor to be retained within
the endosomal compartment [52]. Furthermore, they showed
that inhibition of HIFla through treatment with imatinib
normalized BMP signalling in FOP SHED cells and decreased
the formation of heterotopic ossification in their constitu-
tively active mouse model of FOP (Acvr1¥%7") [52].

These preclinical studies, in addition to the other off-label
experience with imatinib in paediatric inflammatory condi-
tions, prompted off-label use of this medication in seven pae-
diatric FOP patients with severe FOP disease marked by
relentless, continuous flares in the axial skeleton that were re-
fractory to standard-of-care treatments [50]. Six of the seven
patients successfully took daily imatinib (range of
4-36 months duration), and all six patients reported a de-
crease in the intensity and frequency of their flare-ups. Addi-
tionally, none of the children developed loss of movement at
a new site while taking imatinib. Five out of seven children
developed gastrointestinal irritation while on the drug,
which improved when the medication was taken with food.
No other side effects were reported, and patients were moni-
tored closely with complete blood counts and liver function
tests, neither of which demonstrated any abnormalities while
taking imatinib. Since this was not a randomized controlled
trial, and relied on retrospective anecdotal reports, we can
not make any conclusive statements about the efficacy of
imatinib, as these patients may have improved without the
use of this drug. However, these results do provide some sup-
port for developing a well-designed clinical trial to ascertain
whether imatinib has efficacy in preventing heterotopic ossi-
fication in FOP [50].

Another key strategy has been to target the increased re-
ceptor kinase activity caused by the ACVR1*?°*" mutation.
Saracatinib is a small molecule kinase inhibitor that has
the potential to directly target ACVR1 kinase activity. Promis-
ing preliminary in vitro and in vivo results were presented at
the International Fibrodysplasia Ossificans Progressiva Asso-
ciation Drug Development Forum in 2017 [53]. Additionally,
several pharmaceutical companies are independently devel-
oping directed ACVR1 kinase inhibitors, with the goal of
slowing or preventing heterotopic ossification. Candidate
drugs include BCX9250, BCX9499 and BLU-782 [54], which
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Table 1

Ongoing clinical trials for pharmacological treatments in fibrodysplasia ossificans progressiva (FOP) as of July 2018

Drug name Title

REGN2477
(anti-activin A antibody)

A study to examine the safety, tolerability
and effects on abnormal bone formation

of REGN2477 in Patients with FOP (LUMINA-T)

Stages of heterotopic ossification

Triggers
(e.g. trauma, viral illness, muscle fatigue)

l

Immune system activation
(inflammation and hypoxia)

mTor signaling
Hifla pathway activation
Activin A release/binding to activin receptor type 1 (ACVR1)

Progenitor cell activation

Gain of function mutations in
ACVR1 (e.g. R206H mutation)

Chondrogenesis

Phase Sponsor

Phase 2 clinical trial (NCT03188666)  Regeneron

Potential novel therapies and
their putative sites of action

_—_l_’_l______——- Rapamycin

. ——— Imatinib

Anti-activin A antibody

Interfering RNAs targeting ACVR1 mRNA
,//{ LDN-212854 (ACVRI blockade)
Saracatinib (ACVR1 kinase inhibitor)

RARa and RARy regulation of chondrogenesis ———— RARy agonists e.g. Palovarotene

Heterotopic bone

I_

Figure 1

Pharmacological targets in fibrodysplasia ossificans progressive. RAR, retinoic acid receptor

have been selected based on the combination of kinase po-
tency, selectivity and safety profile. Many other promising
compounds continue to be discovered.

One additional strategy has been to use small molecule
BMP Type 1 receptor inhibitors to block signalling through
the ACVR1 receptor. These compounds are based on the
chemical structure of dorsomorphin, which was discov-
ered by employing a phenotypic screen in zebrafish embryos
to identify which compounds could cause dorsalization [55].
Several compounds have been developed [55, 56], but LDN-
212854 has shown the most specificity for ACVR1 [57].

Finally, novel therapeutic methods such as small interfer-
ing RNAs (siRNA) have been tested in other diseases. This
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approach shows promise in FOP SHED cells transfected with
allele-specific siRNA; however, it remains to be seen whether
sufficiently specific targeting of ACVR1 and a pharmacologi-
cal response can be achieved in vivo [58, 59].

Conclusions

Over the past several years, there have been rapid and excit-
ing advances in FOP drug development (Table 1, Figure 1),
several of which are currently in ongoing clinical trials. Addi-
tionally, there are promising new therapies on the horizon,


http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4907

which target multiple levels and mechanisms in the FOP
pathogenic pathway. These diverse strategies will allow for
possible combinatorial pharmacological management which
has proven effective for complex medical conditions, includ-
ing transplant rejection, human immunodeficiency virus in-
fection, and cancer. While most of these therapies have
focused on targeting bone-related pathways, other aspects
of FOP will become important as more knowledge is gained.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY [60], and are
permanently archived in the Concise Guide to PHARMA-
COLOGY 2017/18 [61-63].
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