biomolecules

Article
Sex as a Critical Variable in Basic and Pre-Clinical Studies
of Fibrodysplasia Ossificans Progressiva

Lorraine N. Burdick 1, Amanda H. DelVichio 1, L. Russell Hanson 1, Brenden B. Griffith 110, Keith R. Bouchard 2,
Jeffrey W. Hunter 2 and David J. Goldhamer /*

check for
updates

Citation: Burdick, L.N.;

DelVichio, A.H.; Hanson, L.R.;
Griffith, B.B.; Bouchard, K.R;

Hunter, J.W.; Goldhamer, D.]J. Sex

as a Critical Variable in Basic and
Pre-Clinical Studies of Fibrodysplasia
Ossificans Progressiva. Biomolecules
2024, 14,177. https://doi.org/
10.3390/biom14020177

Academic Editor: Vladimir
N. Uversky

Received: 23 December 2023
Revised: 17 January 2024
Accepted: 23 January 2024
Published: 1 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Molecular & Cell Biology, University of Connecticut Stem Cell Institute,

University of Connecticut, Storrs, CT 06269, USA; lorraine.apuzzo@uconn.edu (L.N.B.);

amanda.delvichio@uconn.edu (A.H.D.); leslie.hanson_iv@uconn.edu (L.R.H.);

brenden.griffith@uconn.edu (B.B.G.)

2 Alexion Pharmaceuticals Inc., 100 College Street, New Haven, CT 06510, USA;
keith.bouchard@alexion.com (K.R.B.); jeffrey. hunter@alexion.com (J.W.H.)

*  Correspondence: david.goldhamer@uconn.edu; Tel.: +1-860-486-8337

Abstract: Heterotopic ossification (HO) is most dramatically manifested in the rare and severely
debilitating disease, fibrodysplasia ossificans progressiva (FOP), in which heterotopic bone progres-
sively accumulates in skeletal muscles and associated soft tissues. The great majority of FOP cases are
caused by a single amino acid substitution in the type 1 bone morphogenetic protein (BMP) receptor
ACVR1, a mutation that imparts responsiveness to activin A. Although it is well-established that
biological sex is a critical variable in a range of physiological and disease processes, the impact of
sex on HO in animal models of FOP has not been explored. We show that female FOP mice exhibit
both significantly greater and more variable HO responses after muscle injury. Additionally, the
incidence of spontaneous HO was significantly greater in female mice. This sex dimorphism is
not dependent on gonadally derived sex hormones, and reciprocal cell transplantations indicate
that apparent differences in osteogenic activity are intrinsic to the sex of the transplanted cells. By
circumventing the absolute requirement for activin A using an agonist of mutant ACVR1, we show
that the female-specific response to muscle injury or BMP2 implantation is dependent on activin A.
These data identify sex as a critical variable in basic and pre-clinical studies of FOP.

Keywords: fibrodysplasia ossificans progressiva; FOP; ACVR1; ALK2; antibody therapeutics;
heterotopic ossification; activin A; fibro-adipogenic progenitors; FAPs; BMP2; BMP6; BMP signaling;
sex difference; sex dimorphism; gender difference; endochondral ossification

1. Introduction

Many aspects of human biology under both normal physiological conditions and
disease states exhibit sex dimorphism, yet sex as a biological variable often has not been
considered in health-related research. The sex of experimental animals used in basic and
pre-clinical studies is frequently restricted to a single sex or is not noted [1]. Inadequate
consideration of sex-based differences in pharmacokinetics, pharmacodynamics, and drug
interactions can lead to adverse effects, including fatalities, in response to treatments or
interventions [2—4]. The growing documentation of biological processes and responses
to treatment modalities that exhibit sex-specific differences has prompted the National
Institutes of Health to announce the formal expectation that sex be considered a biological
variable in vertebrate and human studies [5].

Sex differences have been observed in the incidence and severity of heterotopic ossifi-
cation (HO)—a condition defined by the development of bone at extraskeletal soft tissue
sites—of both non-genetic (or acquired) and genetic etiologies. Specifically, numerous
clinical studies of non-genetic HO have reported male sex as a risk factor. Males exhibit
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both a higher incidence of HO and a more robust HO response after procedures such as cer-
vical disk replacement/arthroplasty [6-8], hip arthroplasty [9,10], femoral intramedullary
rodding [11], and injuries that include traumatic brain injury [12] and burns [13]. HO was
observed exclusively in males following rhBMP7 treatment of long bone non-unions [14].
Finally, male individuals with Albright Hereditary Osteodystrophy (AHO) exhibit much
more extensive subcutaneous HO than females [15].

Sex dimorphism in HO formation has also been documented in pre-clinical mouse
studies. The extent of subcutaneous HO in a mouse model of AHO is greater in males [16].
Males were more susceptible to HO and showed a greater average HO volume in a burn—
tenotomy model [17]. In addition, cultured mesenchymal stem cells derived from male
mice after burn injury displayed greater osteogenic potential than female-derived cells [17].
In an independent study, cultured male muscle-derived stem cells showed greater os-
teogenic activity than female cells in response to BMP4 [18]. In contrast to these examples,
mineralized HO volume was greater in females following intramuscular implantation of
BMP2 [19].

HO is most dramatically manifested in the severely debilitating disorder, fibrodys-
plasia ossificans progressiva (FOP; OMIM 135100), which is characterized by progressive
HO of skeletal muscles, tendons, and ligaments, typically beginning in early childhood.
The great majority of FOP cases are caused by an arginine to histidine substitution at
position 206 (R206H) of the BMP type 1 receptor, ACVR1 (also known as ALK2) [20,21].
This amino acid change in the intracellular GS domain alters receptor responsiveness to
activin A, resulting in the activation of BMP signaling and the development of heterotopic
bone [22,23]. Although sexual dimorphism has not been reported in disease prevalence or
severity [24-26], a preliminary retrospective survey in ACVR1(R206H) FOP mouse models
suggested a possible female sex bias in the volume of injury-induced HO. In these mice, the
expression of Acor1R?%°H was targeted to fibro-adipogenic progenitors (FAPs), multipotent,
tissue-resident, mesenchymal cells [27,28] that are a major source of skeletal progenitors in
both FOP and acquired HO models [29-33]. Here, using a range of experimental conditions,
we show that female FOP mice produce a significantly greater volume of HO than male
mice and are more susceptible to spontaneous HO (HO that forms without experimentally
imposed injury or other known triggers). Further, the female sex bias in injury-induced HO
is dependent on activin A. The results emphasize the importance of considering sex as a
key variable in basic and pre-clinical studies of FOP disease pathogenesis and drug efficacy.

2. Materials and Methods

2.1. Experimental Mouse Models and Genotyping

Experimental mice utilizing the Tie2-Cre driver were generated by crossing Acor1!R206H/*

female breeders [30] to male Tie2-Cre transgenic mice [34], a gift of Dr. Tom Sato
(UT Southwestern). For mice used in flow cytometry analysis or fluorescence-activated cell
sorting (FACS), we incorporated the lineage reporters, Pdgfra!?B-¢CFP (PdofraH?B-GFP) [35] (JAX
#007669) or R26NG [36], respectively. For in vitro cell proliferation assays, we incorporated the
luciferase reporter, R26" [37] (JAX #005125). SCID Hairless Outbred mice (SHO-Prkdc™Hr"":
hereafter, SCID) (Charles River: strain code 474) were used as recipients for male—female
reciprocal transplantations. Adult mice used in this study were 8- to 12- weeks-of-age, except
for the study of HO in older adults, which were 12- to 14- months-of-age. Experimental mice
were on a predominantly FVB background. Mice were genotyped using PCR and reporter
fluorescence, as previously described [30].

Experimental Acorl1FLE¥(R206H)/+,C AG-CreFRT2 mice were generated by crossing het-
erozygous AcorlFLEXR206H) females to heterozygous B6.Cg-Tg(CAG-cre/Esr1*)5Amc/]
(JAX #04682) [38] males to generate mice that were heterozygous at both loci, as described
previously [39]. Experimental mice were on a hybrid 129S5v/C57BL/6 background.
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2.2. Tamoxifen Administration

To induce recombination at the Acor1FLEXR206H) 1ocus, 75 mg /kg tamoxifen (Sigma-
Aldrich, #T5648; St. Louis, MO, USA) prepared as a 20 mg/mL stock in corn oil (Sigma-
Aldrich, #C8267) was administered via intraperitoneal injection to experimental mice
for 5 consecutive days. A 5- to 7-day washout period was incorporated prior to muscle
injury [39].

2.3. Muscle Injury

Hindlimb muscles of Acor1R206H/+; R26NG/+;Tie2-Cre mice were injured either by pinch
injury or cardiotoxin injection. For pinch injury, a force of approximately 3800-4000x g
was applied to the mid-belly of the gastrocnemius (GA) muscle using a Randall Selitto
Paw Pressure Test Apparatus (IITC Life Science, Woodland Hills, CA, USA) while the mice
were under isoflurane anesthesia, as described [30]. A separate cohort of Acor]tnR206H/+,
R26NG#;Tie2-Cre mice was injured by injection of 50 L of 10 uM cardiotoxin (Latoxan,
#L.8102-1MG; Portes-les-Valence, France) in sterile 1X Dulbecco’s phosphate-buffered saline
(PBS; Gibco; Grand Island, NY, USA) into the tibialis anterior (TA) muscle. To induce muscle
injury in Acor1FLEXR206H)/+,C AG-CreFRT2 mice, 100 pL of 10 uM cardiotoxin (Sigma-Aldrich,
#C9759) was injected into the GA muscle.

2.4. Ligand and Antibody Injections

Mice subjected to BMP treatment were injected with a 100 pL suspension consisting of
2.5 pg thBMP2 (Pfizer, New York City, NY, USA) or thBMP6 (Keros Therapeutics; Lexing-
ton, MA, USA) suspended in sterile 1X PBS and 1% alum adjuvant solution (Invivogen,
Alhydrogel® adjuvant 2%; San Diego, CA, USA). BMP adsorption to the adjuvant carrier
was facilitated by gentle shaking at room temperature for ~15 min prior to use. Injections
were made into the GA muscle with or without 10 mg/kg anti-activin A monoclonal anti-
body (ActA-mAb; Acceleron Pharma; Cambridge, MA, USA) delivered subcutaneously
at the time of BMP injection. Mice subjected to treatment with the anti-ACVR1 antibody
JABO505 were given a single intraperitoneal dose of JAB0505 (10 mg/kg) on the day of
injury, as described previously [39]. ActA-mAb (10 mg/kg) was administered via sub-
cutaneous injection on the day of injury and at 14 days post-injury. ActA-mAb [30] and
JABO505 [39] were described previously.

2.5. uCT and HO Quantification

uCT images were acquired using either an IVIS Spectrum-CT (Perkin Elmer; Hopkin-
ton, MA, USA) or a Quantum FX uCT Cabinet X-ray System (Perkin Elmer) as previously
described [39]. Here, 3D Slicer V4.0 software (www.slicer.org) was used to segment and
quantify heterotopic bone volume (mm?3).

2.6. Cell Isolation

A single-cell suspension was obtained using the tissue dissociation methods described
previously [30-32,40], with slight modifications. The GA was minced with scissors in a
35 mm dish containing ~100 pL dissociation media consisting of Dulbecco’s Modified Eagle
Medium (DMEM; Thermo Fisher; Waltham, MA, USA), 600-700 U/mL Collagenase Type II
(Worthington Biochemical; Lakewood, NJ, USA), and 0.5 U/mL Dispase (Thermo Fisher) for
3 min and placed on ice. Minced tissue was then incubated in 10 mL dissociation media at
37 °C with gentle agitation for 1 h. Enzymatic digestion was quenched via the addition of
growth media (DMEM containing 20% HyClone characterized fetal bovine serum (FBS; GE
Healthcare, Lot #A00168; Chicago, IL, USA) followed by serial filtration of the cell suspension
through 100 pm and 70 pum cell strainers (Corning Life Sciences; Tewksbury, MA, USA).

2.7. Flow Cytometry Analysis

The GA muscle of Acorl!"R206H/+. PdgmeZB'GF P-Tie2-Cre mice was collected and
weighed before tissue dissociation (above). We alternated sex, genotype, and condition
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during collection to account for potential differences in viability from the length of time
from harvest to analysis. The single-cell suspension was centrifuged at 500x g for 5 min
and resuspended in 10% FBS in sterile 1X PBS for antibody staining. Cell suspensions
were incubated with the following fluorescently conjugated antibodies: anti-CD31-BV711
(BD Biosciences; 1:800, #740680; San Jose, CA, USA), anti-CD45-BV711 (BD Biosciences;
1:500, #563709), and SCA-1-V450 (1:400, BD Biosciences, #560653). Cells were incubated for
30 min on ice, centrifuged at 500 x ¢ for 5 min, and resuspended in 500 pL of 2% FBS in 1X
DPBS following one wash with 1X DPBS. Samples were filtered through 35 um cell strainers
(Corning Life Sciences), and 50 pg/mL 7-AAD (BioLegend) was added to a final concen-
tration of 0.50 pg/mL immediately prior to sorting to distinguish between live and dead
cells. To obtain an absolute cell count, 50 uL. of Precision Count Beads™ (984 beads/ uL,
Biolegend, #424902; San Diego, CA, USA) was added to 500 uL of each sample. Bead con-
centration was verified using a hemocytometer. Tubes were gently vortexed immediately
prior to analysis. All samples were analyzed on a BD LSR Fortessa X-20 (BD Biosciences,
Franklin Lakes, NJ, USA) equipped with 355, 405, 488, 561, and 633 nm lasers. Single color
and fluorescence-minus-one (FMO) controls were used for fluorescence compensation and
gating, respectively. Data were analyzed using Flow]Jo software (v10.6.1).

2.8. Fluorescence-Activated Cell Sorting

The total hindlimb muscle of uninjured Acvrl tnR206H/ .Rp6NG/+ Tie2-Cre or Acor]R206H/
R26"M¢/+ : Tie2-Cre mice was collected and dissociated as described above. The crude muscle
suspension was plated on plastic tissue culture dishes and incubated at 37 °C in a humidified
atmosphere with 5% CO,. The growth media consisted of 20% premium FBS (R&D Systems,
Lot #C19032; Minneapolis, MN, USA) in DMEM supplemented with 50 U/mL penicillin and
50 pg/mL streptomycin (Pen/Strep; Gibco), as previously described [30,31]. After ~12-16 h of
incubation in growth media, non-adherent cells were washed from the plate 2-3X with warm
DPBS, and fresh growth media was added to each plate. Cells were subjected to media changes
every other day and were carefully monitored to avoid surpassing 70% confluency. Once cells
had reached 70% confluency, approximately 5 days post-harvest, plates were washed 1X with
DPBS and cells were enzymatically detached with Accumax (Innovative Cell Technologies;
San Diego, CA, USA) to obtain a single-cell suspension. Each sample was prepared for FACS
using the methods described for flow cytometry analysis, except that PDGFRx-APC antibody
(1:100, eBioscience, #17-1401-81; San Diego, CA, USA) was used in place of PdgmeZB’GF P Live,
mononuclear, CD31"/CD45  /tdTomato /PDGFRox* /SCA-1* FAPs were collected in sterile
2% FBS in DPBS using a FACS Aria II (BD Biosciences) equipped with 355, 405, 488, 561, and
633 nm lasers and plated in growth media immedjiately after collection. Single color and FMO
controls were used for fluorescence compensation and gating, respectively.

2.9. Reciprocal Transplantation

After the initial growth period in culture and FACS isolation, Acor1®?%H-expressing

FAPs (R206H-FAPs) were cultured for an additional 2-3 days in growth media until cells
reached ~70% confluency. The maximum time cells were in culture was approximately
12-14 days after cell isolation. Immediately prior to transplantation, SCID mice were
pinch-injured, as described above. After injury, 7.5 x 10° male or female R206H-FAPs
suspended in 50 pL sterile 1X DPBS were transplanted into the GA muscle of the right or
left hindlimb, respectively, of male and female SCID hosts. Mice were scanned using uCT
at day 15 post-injury.

2.10. Castration Surgery

8- to 12-week-old male mice were subjected to continuous 2.5% isoflurane sedation at
0.8 L/min in a dorsal recumbent position during the castration procedure [41]. Meloxicam
analgesic (5 mg/kg) was administered subcutaneously immediately after sedation and 24 h
post-surgery. The surgical site was prepared using the standard surgical aseptic technique;
the scrotum was depilated and washed 3X alternating betadine and 70% ethanol. Castration



Biomolecules 2024, 14, 177

50f 20

was achieved via the cauterization of the vas deferens and spermatic blood vessels in both
testicles. Wound glue was used to close the skin. All mice were singly housed for the
duration of the study and were allowed to recover for 3 to 4 weeks prior to receiving
experimental injury.

2.11. Ovariectomy

8- to 12-week-old female mice were ovariectomized following previously described
guidelines [42]. The processes used for anesthesia, pre- and post-surgical analgesic, and
preparation of the surgical site were the same as those used for the castrations. For each
ovary, a 1-2 cm incision was made in the skin lateral to the midline, directly between
the pubis and rib bones. A second 1-2 ¢cm incision was made in the abdominal wall
musculature, and using fine forceps, each ovary was gently removed from the abdomen.
Ovaries were detached from the uterine horn via cauterization and discarded. The inner
body wall was closed with non-absorbent sutures, and the skin was closed with wound
glue. All mice were singly housed for the duration of the study and allowed to recover for
3 to 4 weeks prior to receiving experimental injury at approximately 12 to 16 weeks of age.

2.12. Luciferase Proliferation Assay

After FACS isolation, male and female FAPs were suspended in growth media and
plated in triplicate at a density of 1000 cells/cm? in a 96-well plate. Cells were allowed to
recover for 24 h, and media was changed every other day for the course of the assay. At each
time point collected, the growth medium was replaced with 300 pg/mL D-luciferin (Perkin
Elmer; Waltham, MA, USA) in fresh, pre-warmed growth media and incubated for 2 min at
37 °C in 5% CO;. Luciferase absorbance values were determined using the SpectramaxPlus
Plate Reader (Molecular Devices San Jose, CA, USA). Cell numbers were determined from
a standard curve of luciferase absorbance relative to known cell concentrations.

2.13. Statistics

Statistical analysis was performed using GraphPad Prism (GraphPad, La Jolla, CA, USA),
except for the linear regression analysis, which was performed in RStudio (Posit Software,
PBC). All numerical values are presented as mean values £ standard error of the mean.
Where indicated, a one- or two-tailed unpaired t-test, Fisher’s exact test, two-way ANOVA, or
one-way ANOVA with Tukey’s multiple-comparison test was used to determine significance.
Differences were considered significant at p < 0.05.

3. Results
3.1. Female FOP Mice Develop More Heterotopic Bone and Exhibit a More Variable Response to
Muscle Injury Than Males

To determine whether the extent of injury-induced HO in FOP mice was associated
with sex, the GA muscle of 8- to 12-week-old mice was pinch-injured, and HO was quanti-
fied using uCT at day 14 post-injury, as previously described [30]. Mice of the genotype
Acor1tR206H/+ Tied-Cre were used, where Acorl!"R?06H ig the Cre-dependent FOP allele [30]
and Tie2-Cre [34] targets the recombination of Acor1tR206H 6 3 subset of FAPs [30,32] and
to endothelium and hematopoietic cells [30,32,34,43]; the latter two cell types do not directly
contribute to HO in FOP mice [30,44]. Some mice also carried either the Cre-dependent
GFP reporter, R26NG [36], or the luciferase reporter, R26Mc [37], which was used for the
enrichment of FAPs in transplantation studies or proliferation assays, respectively. As the
magnitude of the HO response is positively correlated with the degree of injury in this
model (unpublished observations), a standardized pinch force was applied using a Randall
Selitto Paw Pressure Test Apparatus to reduce variability in HO volume at the endpoint. To
assess technical variability, both GA muscles of each mouse were injured, and HO volumes
were quantified at day 14 post-injury; variability in HO volumes between limbs was not
statistically significant (Supplementary Figure S1A). For subsequent analyses using this
model, each data point represents the average HO volume per mouse after bilateral muscle
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injury. Notably, the mean HO volume in females at the day 14 endpoint was approximately
four-fold greater than that of males (Figure 1A,D,G; p < 0.01). In addition, female mice
exhibited nearly two-fold greater variability in HO volumes than males (p < 0.05). Despite
reduced injury-induced HO volumes in 12- to 14-month-old FOP mice, pinch injury of the
GA muscle also resulted in significantly greater HO in female mice at 21 days post-injury

(Figure 1C,F; p < 0.05).

Acvr1t"R206H*. pogNG* Tie2-Cre
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Figure 1. Female-biased heterotopic bone formation in FOP mice. (A) Quantification of heterotopic
ossification (HO) volumes (mm?) 14 days after pinch-injury of the gastrocnemius (GA) muscle of
8- to 12-week-old FOP mice; n = 15 for males; n = 14 for females. (B) Average HO volumes 14 days
after cardiotoxin-induced injury of 8- to 12-week-old FOP mice; n = 21 for males; n = 20 for females.
(C) Average HO volume 21 days after pinch-injury of 12- to 14-month-old FOP mice; n = 7 for males;
n = 11 for females. (D-F) Representative pCT images of HO in males (left panels) and females (right
panels) from (A-C), respectively. HO was pseudocolored blue (males) and pink (females). (G) Time
course of mean HO volumes from a separate cohort of pinch-injured Acvrl nR206H/+ Tie2-Cre mice.
For statistical analyses, a two-tailed unpaired t-test was used for data in (A-C), and two-way ANOVA
was used for data in (G). * p < 0.05; ** p < 0.01; *** p < 0.001. Mean £ SEM.
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We also conducted a longitudinal analysis of HO formation using a separate cohort
of Acor1R206H/+TjeD-Cre mice to determine whether male—female differences in HO vol-
umes persisted past the day 14 endpoint. This analysis addressed whether males and
females differ regarding the time to peak volume of mineralized bone, or the degree of
resorption of nascent bone, which is often observed in our FOP mouse models (unpub-
lished observations). Male and female mice were pinch-injured as above, and HO volumes
were quantified via pCT on days 0, 14, 21, and 28 post-injury. Female mice exhibited
significantly greater mineralized bone volumes at all post-injury time points (Figure 1G;
Supplementary Figure S2A-D). Further, whereas HO in male mice peaked at day 14 with
substantial resorption of bone thereafter, female mice showed greater variability in the time
to peak HO and in the extent of bone resorption (Figure 1G; Supplementary Figure S1D). In
addition to demonstrating the persistence of male—female differences in HO volumes, this
analysis highlights the importance of the choice of study endpoints and the stage-specific
contributions of both HO growth and remodeling to final HO volumes.

In the age range of 8 to 12 weeks, male mice weighed on average 25% more than female
mice (Supplementary Figure S1B). Although the muscle was injured using a standardized
applied force, differences between males and females in muscle mass, although expected
to be small in this narrow age range [45], and perhaps in the density or stiffness of intra-
and inter-muscular connective tissues, might affect the degree and volume of muscle tissue
damage and, consequently, could contribute to differences in HO volume at the endpoint.
As muscle mass is proportional to body weight in male and female mice [46], we used linear
regression analysis to determine possible correlations between sex, weight, and average
HO volumes at day 14 post-injury. Using data from the cohort of mice in Figure 1A, linear
regression analyses revealed a statistically significant relationship between sex and HO
(p <0.05) but not body weight and HO (p = 0.7; Supplementary Figure S1C). We also assessed
the HO response following cardiotoxin-induced muscle injury under the assumption that,
presumably small differences in muscle mass would not substantially influence the degree
of chemically induced muscle damage. The TA muscle of 8- to 12-week-old male and female
FOP mice was injected with cardiotoxin, and HO was quantified at 14 days post-injury. As
with HO induced by pinch injury, a similar female-biased sex difference in HO volumes was
observed (Figure 1B,E). Collectively, these data demonstrate a female bias in HO formation
in FOP mice and further show that the response to injury is not restricted to a particular
muscle, method of injury, or age of mice.

3.2. Female Bias in Both Injury-Induced and Spontaneous HO in an Independently Derived FOP
Mouse Model

The unexpected female bias we observed in heterotopic bone formation raised the
question of whether the sex difference was specific to either the Acor1"R206H allele or the use
of the Tie2-Cre driver (or both), in which HO is predominantly derived from FAPs [30,33].
To address whether the result could be generalized to other FOP mouse models, we
used the independently derived FOP mouse allele, Acor1FLEX(R206H) [30], together with
the ubiquitously expressed and tamoxifen-dependent CAG-CreFR? transgenic driver [38].
Tamoxifen was administered to 4- to 8-week-old FOP mice (75 mg/kg for five consecutive
days), and cardiotoxin was injected into the GA muscle after a 5- to 7-day washout period.
A statistically greater HO volume in female mice was also observed in this model (p < 0.05),
as assessed by puCT at 28 days post-injury (Figure 2A,B).

It is common for individuals with FOP to develop HO without a known trigger, which
is often referred to as spontaneous HO [47]. To determine whether there was a sex bias in
spontaneous HO in FOP mice, Acor]FLEX(R206H)/+.C AG-CreERT2 mice were maintained after
analysis of injury-induced HO to determine the frequency and extent of spontaneous HO,
excluding the initial injury site from the analysis. Nine of the eleven female mice (82%)
analyzed using uCT at 3 months post-injury (4- to 5-months-of-age) exhibited HO at sites
anatomically distinct from the initial injury site (Figure 2C-E). In some cases, the body
burden of spontaneous HO was extensive (Figure 2D,E). In striking contrast, only one of
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seven male mice (~14%) exhibited HO away from the initial injury site, and this HO was
restricted to the base of the tail, a common site for biting among cage mates. Despite an
atypical location of spontaneous HO [31], this male was included in the analysis because
the cause of the HO could not be established with certainty. Nevertheless, the differential
responses of females and males were significant (p < 0.05). These results highlight a
substantial sex-specific difference in injury-induced HO and the incidence of spontaneous
HO in this independent FOP mouse model.

A cvr1FLEx(R206H)/+; CAG-CrefR™
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Figure 2. The female-biased HO phenotype is evident in an independent mouse model of injury-
induced and spontaneous HO. (A) Quantification of HO 28 days after cardiotoxin-induced injury of
the GA muscle of 8- to 12-week-old mice; n = 7 for males; n = 11 for females. (B) Representative uCT
images of male (left, blue) and female (right, pink) HO. (C) Incidence of spontaneous HO in male
(blue) and female (pink) FOP mice from (A) at 4 months post-injury. (D,E) Representative female
from (C) showing locations of spontaneous HO (black arrows) and site of cardiotoxin-induced injury
(pink arrows) from a dorsal (left) and ventral (right) view. For statistical analyses, either a two-tailed
unpaired t-test (A) or Fisher’s exact test (C) was used. * p < 0.05. Mean £ SEM.
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3.3. The Female Sex Bias in HO Is Not Due to a Difference in the Abundance of FAPs or to a
Greater Efficiency of Cre-Dependent Recombination of the Acor1"R206H Ajlele

A priori, the greater HO response in females could be explained by a greater number
or density of FAPs or a greater efficiency of Cre-mediated recombination, either of which
would increase the representation of R206H-FAPs in muscle tissue. To test whether this can
explain the female sex bias, mononuclear cells were isolated from total hindlimb muscles of
FOP mice of the genotype Acvr1""R206H/+:pdofrgH?B-GFP Tie) Cre and analyzed using flow
cytometry to quantify total, recombined, and unrecombined FAPs. In this experiment, the
Pdgfrat?B-GFP allele [35] replaced the Cre-dependent GFP reporter, R26NC [36], allowing
for the quantification of FAPs by the Pdgfra-driven expression of GFP after excluding
CD45" (hematopoietic) and CD31" (endothelial) cells (Figure 3A). In hindlimb muscle
tissue, the vast majority of PDGFR«™" cells are FAPs, and preliminary studies showed that
Pdgfrat?B-GEP provides a cleaner fractionation of FAPs than the use of an antibody against
endogenous PDGFRa. As single-cell RNA sequencing (scRNA-seq) showed that some cells
of the peripheral nerve sheath in the hindlimb express Pdgfra (unpublished observations),
SCA-1 was included in the flow cytometry analysis (Figure 3A) to distinguish FAPs from
nerve sheath cells, which are SCA-1-negative. As Cre recombination of the Acor1/R206H
allele excises the tdTomato-containing stop cassette [30], unrecombined FAPs and R206H-
FAPs were identified by the presence and absence, respectively, of tdTomato-derived
fluorescence [30,31].
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Figure 3. The absolute number and percentage of fibro-adipogenic progenitors (FAPs) is similar in
male and female FOP mice. (A) Flow cytometry gating progression of total live mononuclear cells
from Acor]!mR206H/+ ;PdgmeZBGF P/+.Tje2-Cre mice. (B-E) Number of total, recombined (R206H-FAPs),
and unrecombined FAPs in uninjured tissue (B,C) or 5 days after muscle injury (D,E) represented as
an absolute number per mg of tissue (B,D) or as a percentage of total live mononuclear cells (C,E). PI,
post-injury. n = 3 for males and females. (F) Growth curve of cultured R206H-FAPs isolated from
Acor1mR206H/4 .Rogluc/  Tie2-Cre mice by FACS. n = 3 technical replicates for each sex at each time
point, performed in duplicate. A two-tailed unpaired ¢-test was used for statistical analyses. There
were no statistically significant differences between sexes in (B-F). Mean + SEM.
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The quantification of FAPs via flow cytometry revealed no sex differences in the num-
ber of total or R206H-FAPs in uninjured muscle, either as a percentage of total mononuclear
cells or per milligram of muscle tissue (Figure 3B,C). To address whether FAPs accumulate
to a greater extent in females after muscle injury, parallel experiments were conducted
5 days after pinch injury, just before the appearance of histologically identifiable cartilage in
this model. No difference between males and females was observed for either recombined
or unrecombined FAPs (Figure 3D,E). Analysis of R206H-FAP growth in cell culture also
revealed no significant sex-specific differences, as assessed through 1 week in culture, when
plates reached near-confluency (Figure 3F). These data indicate that sex differences in the
extent of HO formation cannot be attributed to differential representation of FAPs in muscle
tissue or to differences in growth dynamics at early, pre-skeletal post-injury stages.

3.4. The Female Bias in FAP-Directed HO Is Driven by Cell-Autonomous Factors

Sex dimorphism in HO responses could represent an intrinsic difference in the skeletal
progenitors, a cell-non-autonomous difference in the tissue or systemic environment, or
both. To test whether male or female gonadally derived sex hormones directly or indirectly
affect the HO response, 8- to 12-week-old FOP mice of the genotype Acor1!"R206H/+;RoeNG/+;
Tie2-Cre were either castrated or ovariectomized, and the HO response quantified after
pinch injury, which was performed 3 to 4 weeks after surgery. Although HO volumes in
castrated males trended higher and showed increased variability compared to controls,
neither castration nor ovariectomy resulted in a statistically significant change in HO
volumes in response to pinch injury (Supplementary Figure S3). These data suggest that
gonadally derived sex hormones do not play a determinative role in the observed sex-
specific differences in the HO response to injury.

We next designed a reciprocal transplantation experiment to further address the rela-
tive contributions of cell-autonomous and cell-non-autonomous factors (Figure 4A). R206H-
FAPs were isolated from Acor1!"R206H/+:R26NG/+ Tje2-Cre mice using FACS, expanded in
culture, and 7.5 x 10° cells were transplanted into the medial head of the GA muscle of
SCID hosts immediately after pinch injury. Each male and female host received male cells
in one limb and female cells in the contralateral limb to control for possible variability in
responses between individual recipient mice (Figure 4A). Quantification of bone volumes
at 15 days post-injury revealed no significant influence of host sex on the quantity of bone
formed by either male or female R206H-FAPs (Figure 4B), a result consistent with the
lack of significant effect of manipulating sex hormone levels in FOP mice (Supplementary
Figure S3). In contrast, transplanted female R206H-FAPs formed more bone than male cells
in both male and female hosts (Figure 4C; p < 0.01). As with FOP mice, female R206H-FAPs
exhibited greater variability in osteogenic response than male cells (Figure 4C, p < 0.01).
These data suggest that intrinsic differences rather than environmental influences dictate
the magnitude and variability of the HO response.

3.5. Activin A Inhibition Attenuates HO Formation and Reduces the Stability of Nascent HO in
Female FOP Mice

Development of HO in FOP mice is dependent on activin A, as demonstrated by
the ability of systemically delivered neutralizing monoclonal antibodies against activin
A to block both injury-induced and spontaneous HO [22,30,48]. We and others have
previously shown that anti-ACVR1 mAbs, while blocking ligand-dependent osteogenic
signaling, are agonists of ACVR1(R206H), effectively replacing the essential function of
activin A for HO formation in FOP mice [39,49]. We leveraged the agonistic activity of the
anti-ACVR1 mAb, JAB0505 [39], to test whether activin A inhibition differentially affects
injury-induced HO formation in male and female FOP mice. Acor]tmR206H/+ . R 6NG/+ TieD-
Cre mice were treated with either 10 mg/kg JAB0505 alone or with both 10 mg/kg JAB0505
and 10 mg/kg ActA-mAb, and HO volumes were quantified by using uCT on the day of
injury, and weekly from days 14 to 35 post-injury. Days 28 and 35 were included in the
analysis because HO growth continues over a protracted time frame in JAB0505-treated
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FOP mice [39]. As expected, JAB0505 exacerbated HO in both males and females at all post-
injury time points (Figure 5A-E) [39]. Female mice treated with JAB0505 alone displayed
dramatically larger HO volumes than males at all time points, with the differential response
being greatest at day 14 post-injury (Figure 5A-F). Notably, the inhibition of activin A in
mice treated with JAB0505 differentially reduced HO in females such that no statistically
significant differences in HO volumes were observed between males and females at any
post-injury time point, although HO in females trended higher at all time points after day
14 (Figure 5A-E,G).
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Figure 4. The sex difference in osteogenic response of transplanted R206H-FAPs is cell-autonomous.
(A) Experimental workflow for the reciprocal transplantation of male and female R206H-FAPs into
the GA muscle of male and female SCID hosts. (B) Quantification of HO volumes as a function of the
sex of the SCID hosts. (C) Quantification of HO volumes as a function of the sex of the transplanted
cells; n = 3 for males and females. A two-tailed unpaired t-test was used for all statistical analysis.
** p < 0.01. ns; not significant. Mean £ SEM.
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Figure 5. The greater HO response and partial resorption in JAB0505-treated female FOP mice is
activin A-dependent. Acvr1tR206H/ Tie2-Cre mice were treated with JAB0505 alone or both JAB0505
and an anti-activin A neutralizing antibody (ActA-mAb), and HO volumes quantified after pinch-
injury of the GA muscle. (A-D) Quantification of HO volumes of males (blue) and females (pink)
at days 14, 21, 28, and 35 after muscle injury. Male and female group sizes for days 14, 21, 28, and
35, respectively, were as follows: JAB0505-treated males: n = 8, 8, 8, and 7; JAB0505-treated females:
n=99,9, and 6; JAB0505 + ActA-mAb-treated males: n =8, 5, 5, and 5; JAB0505 + ActA-mAb-treated
females: 8, 5, 5, and 5. M, male; F, female. (E) Line plot representation of data from (A-D) to
show changes in HO formation and resorption over time. (F,G) Representative uCT images taken
on day 14 post-injury display the differences in size and mineralization of HO between male (left,
blue) and female (right, pink) mice treated with JAB0505 (top) or JAB0505 + ActA-mAb (bottom).
(HLI) Inhibition of activin A in JAB0505-treated female mice results in partial bone resorption. The
mean percentage change in HO volumes between days 21 and 35 post-injury in male (H) and
female (I) mice is shown. Statistical significance was assessed using one-way (A-D) or two-way (E)
ANOVA with multiple comparisons testing or a two-tailed unpaired ¢-test (H,I). * p < 0.05; ** p < 0.01;
*#* p < 0.0001. ns; not significant. Mean 3= SEM.

A delayed dosing study with an ActA-mAb in FOP mice suggested that activin A is
continuously required to maintain peak volumes of HO [48]. In the present study, while
bone resorption was not observed in FOP mice treated with JAB0505 alone, female mice
treated with JAB0505 and ActA-mAb exhibited a significant decrease in bone volume by the
day 35 endpoint relative to peak volume at day 21 post-injury (Figure 5E,H,I). Collectively,
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these data support a role for activin A in maintaining peak volumes of nascent HO and
indicate that female mice are more susceptible than males to partial HO resorption when
activin A is inhibited.

In untreated FOP mice, heterotopic skeletal tissue at 14 days post-injury is comprised
almost entirely of mineralized bone, sometimes with small, localized regions of cartilage
remaining at the periphery of bony lesions [30]. In contrast, in JAB0505-treated FOP mice,
the period of cartilage development and maturation was greatly protracted, and day 14
lesions were much larger and comprised primarily of cartilage [39] (Supplementary Figure
54). As a direct or indirect consequence, the primary period of osteogenic differentiation
and mineralization was extended to day 21 post-injury [39] (Figure 5E). At day 14 post-
injury, under conditions of activin A inhibition, HO volumes were essentially identical in
JAB0505-treated male and female FOP mice (Figure 5A,E). Interestingly, however, the rate of
the production of mineralized bone between days 14 and 21, which represented the phase of
most rapid bone accumulation, was not altered by the inhibition of activin A in either males
or females (compare slopes of lines in Figure 5E). These observations suggest that in female
FOP mice treated with JAB0505, activin A is primarily required for the early expansion
of skeletal progenitors and the production and growth of cartilage anlagen, which are
ultimately replaced by bone. A role for activin A in the early population expansion of
R206H-FAPs is also supported by previous cell transplantation studies [31]. Although
a requirement for activin A throughout the process of heterotopic bone formation and
maturation has been documented [48], the present study suggests that if ACVR1(R206H)
can signal via other means, the female requirement for activin A in HO growth is restricted
largely to stages prior to the main phases of osteogenic differentiation and maturation.

3.6. Biological Sex Impacts on BMP-Induced HO and the Effect of Activin A Inhibition

To determine whether the female bias in the HO response is specific to FOP mice, the
GA muscle of wild-type mice was injected with 2.5 ng rhBMP6 in a 1% alum adjuvant
carrier and HO was quantified using nCT at day 14 post-injection. Female wild-type
mice formed significantly more BMP6-induced HO than male mice (Figure 6A), show-
ing that the observed female-dominant sex difference in HO volumes is not restricted
to FOP mice. We note that sex differences have been reported in non-FOP models of
HO and in patients who experience non-FOP HO induced by various insults and disease
states [6-19]. In these contexts, however, the sex difference is typically male-dominant.
Further, other studies have reported indistinguishable HO responses between males and
females following implantation of BMP6 or BMP2, providing a rationale for the use of only
female mice in those studies [50,51]. Whether the disparate results between models repre-
sent technical differences in experimental design or analysis or other biological variables
(e.g., mouse strain, qualitative or quantitative differences in the immune response based on
the method of BMP delivery) requires further investigation.

We also tested the effect of BMP stimulation in FOP mice. BMP6 signals predominantly
through ACVR1 [52,53] and competes with activin A for the activation of ACVR1(R206H)-
containing complexes [22,23]. For this reason, these experiments utilized rhBMP2, which
primarily signals through the type 1 receptors ALK3 and ALK6 [54]. The BMP2-induced
HO response trended higher in females, but the difference between sexes did not reach
statistical significance (Figure 6B). Importantly, simultaneous treatment with ActA-mAb
significantly reduced the HO response in females but not males (Figure 6B). Consistent with
this result, the neutralization of activin A in wild-type female mice was recently shown to
attenuate HO formation induced by BMP2 and BMP6 [50,51]. Collectively, these data show
that the female bias in HO formation and dependency on activin A extends to BMP-induced
HO and is not restricted to JAB0505-treated mice.
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Figure 6. Biological sex impacts BMP-induced HO and the effect of activin A inhibition.
(A) Quantification of HO volumes 14 days after implantation of thBMP6 into the GA muscle of
wild-type mice; n = 5 for males and females. (B) Quantification of HO volumes of male and female

1tnR206H/+.R26NG/+ Tie2-Cre mice 14 days after implantation of rhBMP2 alone (left; n = 5 for males

Acor
and females) or thBMP2 + ActA-mAD (right; n = 3 for males and females). Statistical analyses utilized

a two-tailed unpaired t-test. * p < 0.05; ** p < 0.01. Mean & SEM.

4. Discussion

The present study demonstrated that female FOP mice exhibit a more robust and
variable HO response following muscle injury than male mice. Most in vivo and cell
culture models of BMP-induced osteogenesis in which sex as a variable was critically
examined reported a greater degree of HO and osteogenic differentiation by male mice
and cells [16,17]. However, a female bias is not restricted to FOP mouse models, as greater
HO volumes were observed in female mice following intramuscular injection of BMP2 [19]
and BMP6 (present study). Although the extent to which the results of the present study
can be generalized to other models of FOP requires further investigation, we emphasize
that the female bias in HO formation was not restricted to a narrow set of experimental
conditions. Thus, increased HO in females was observed both when FAPs were targeted for
Acor1R?06H expression with the Tie2-Cre driver, as well as when Acor1R?%H expression was
induced much more broadly using the tamoxifen-inducible and ubiquitously expressed
CAG-CrefRT2 driver. Additionally, a sexually dimorphic HO response was observed
for both injury-induced and spontaneous HO, using two injury modalities, when two
independently derived Acor1®?0H FOP models were employed in two different mouse
strains and in both young and 1-year-old adults. Taken together, these findings highlight
the importance of considering sex as a variable in basic and pre-clinical studies of FOP in
mouse models.

Questionnaires have been used extensively to study the natural history of HO and
other FOP disease manifestations. One study revealed that female individuals with FOP
experience a far greater prevalence of neuropathic pain and other sensory abnormalities
than males [55]. Analysis of patient-reported phenotypic data derived from the Interna-
tional FOP Association Global Registry [24] either did not find or did not address sex
differences in age of symptom onset, age at diagnosis, or the number of anatomical sites
functionally affected by HO [25,56]. While the prevalence of FOP is not believed to differ
between males and females, an association with sex cannot be formally excluded without
examining additional populations [26]. The total body burden of HO and the number of
anatomical sites affected were quantified in the imaging component of a comprehensive
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cross-sectional natural history study of males and females with FOP [57], although the
presence or absence of an association between these metrics and sex was not noted. Taken
together, a relationship between sex and HO prevalence or severity cannot be formally
excluded at present, although available evidence argues against a strong association. Im-
portantly, however, even if additional studies do not support a sex bias, the sex of FOP mice
should be considered a critical variable in the design, statistical powering, and reporting of
basic and pre-clinical studies, given that these models are indispensable for understanding
FOP pathogenesis and for evaluating the therapeutic efficacy of candidate drugs and gene
therapy approaches [22,30,31,33,39,44,49,58-62].

Our previous work with Acor1tmR206H/+ . Tied-Cre FOP mice identified FAPs as a major
contributor to HO [30]. scRNA-seq has shown that Tie2+ FAPs represent a subfraction
of all Pdgfra+ FAPs [63], and it remains unknown whether and to what extent other FAP
subpopulations or additional, distinct cell types in muscle and associated connective tissues
contribute to HO in FOP mice [64]. In this context, we note that greater HO volumes
were observed when recombination of the disease-causing Acvrl allele was driven by
CAG-CreFRT2, which presumably activates Acor1®?0°H expression in most or all cell types.
This Cre-specific difference in the magnitude of the HO response may implicate cell types
in addition to Tie2+ FAPs. Alternatively, differences in recombination efficiencies of the
conditional Acor1R?%H alleles driven by Tie2-Cre and CAG-CrefRT2 could explain the more
robust HO response with the latter Cre driver. Given these uncertainties, the present results
only formally demonstrate that Tie2+ FAPs exhibit female-biased sex-specific differences
in HO, and further work will be necessary to determine whether Tie2-negative FAPs and
other potential skeletal progenitors contribute to the more robust HO response in females.

Cultured male muscle-derived stem cells (MDSCs) distinct from FAPs (see ref. [65])
exhibit greater BMP4-induced osteogenic activity than female MDSCs [18]. This difference
was attributed to a greater abundance of osteoprogenitors among the MDSC fraction
in male muscle tissue [18]. Here, the representation of R206H-FAPs in muscle tissue of
Acvr1tR206H/+ Tied_Cre FOP mice was a function of the number of total FAPs, the fraction
of all FAPs that express Tie2-Cre, and the efficiency of recombination of the Acor1!R206H
allele among Tie2-Cre-expressing cells. As no significant difference between sexes was
observed in the absolute number or percentage of total FAPs or R206H-FAPs in uninjured
muscle, sex dimorphism in the development of HO cannot be explained by differences in
R206H-FAP representation. The female bias in bone formation was also observed when
equal numbers of male and female R206H-FAPs were transplanted into SCID mice, which
is consistent with this conclusion.

In both wild-type and FOP mice, muscle injury stimulates FAP proliferation, which
peaks between 3 and 5 days post-injury [27,66]. Stanley et al. showed that compared
to wild-type mice, FAPs from FOP mice exhibit a similar proliferation rate but reduced
apoptosis after muscle injury [66]. Although the FOP allele used in that study did not allow
unrecombined and R206H-FAPs to be distinguished, these data suggest that the expression
of Acor1R?0¢H interferes with the TNFo-dependent apoptosis of FAPs (see ref. [67]), thereby
leading to their dysregulated expansion. In the present study, greater HO at the endpoint in
females cannot be explained by the differential expansion of R206H-FAPs at the pre-skeletal
post-injury stages as the total number of R206H-FAPs and their relative representation
were similar in males and females at 5 days post-injury (approximately 1 day before
the appearance of histologically identifiable cartilage in this model). Interestingly, while
treatment of FOP mice with the anti-ACVR1 antibody JAB0505 greatly exacerbated HO
in both males and females [39] (present study), the number of R206H-FAPs 5 days after
injury was similar in antibody-treated and untreated FOP mice [39]. However, mice treated
with JAB0505 exhibited a significantly greater number of R206H-FAPs than untreated mice
by 10 days post-injury [39], and we proposed that exacerbated HO in JAB0505-treated
mice may result from the non-mutually exclusive mechanisms of a prolonged period of
proliferation or reduced apoptosis, a sustained period of lineage commitment to skeletal
fates, or prolongation of their recruitment to growing cartilage or bone lesional tissues [39].
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We speculate that one or more of these mechanisms explain, at least in part, male—female
differences in HO formation.

While sex hormones influence many aspects of skeletal biology [68], neither castra-
tion nor ovariectomy had a statistically significant effect on HO volumes at the endpoint,
arguing against a determinative role for gonadally derived sex hormones. Reciprocal
transplantation studies were undertaken to determine more generally whether sex differ-
ences in HO formation were due to cell-non-autonomous factors or to intrinsic differences
between male and female R206H-FAPs. These studies showed that the degree of osteogenic
differentiation was associated with the sex of the transplanted cells and not the sex of SCID
hosts, indicating that the sex bias in HO production does not require ongoing sex-specific
influences from the local or systemic environment. The maintenance of sex-specific differ-
ences in cell culture models of stem cell-mediated osteogenic differentiation [17,18] and in
cell transplantation studies of skeletal muscle regeneration [69] are additional examples
of the importance of cell-intrinsic factors, the nature of which remains to be determined.
Gene expression profiling of R206H-FAPs may be a productive approach to identify gene
products that promote or limit HO in female and male FOP mice, respectively.

Although the present studies do not formally exclude a role for sex-specific cell-
non-autonomous factors operative in FOP mice, the cell transplantation results preclude
an ongoing requirement for such factors during HO lesion formation. Further, cell-non-
autonomous factors would need to impart cellular properties that are maintained both
during cell expansion in culture and following transplantation into hosts of the opposite sex.
Maintenance of the female bias following transplantation of FACS-enriched R206H-FAPs
also rules out the possibility that sex differences in HO formation in FOP mice require
ongoing interactions with non-FAP, Acor1R?%®H_expressing cells in the environment, which
include hematopoietic and endothelial cells when Tie2-Cre is used [32,34,43] and virtually
all cell types when recombination is driven by CAG-CrefRT2 [38].

As sexual dimorphism in the expression and functional effects of activin A has been
documented [70,71], we sought to determine whether activin A contributed to the observed
sex differences in HO development. Mice injected with an activin A-neutralizing antibody
were also treated with JAB0505, which functions as an ACVR1(R206H) agonist and acti-
vates osteogenic signaling mediated by the downstream effectors SMAD1/5/8, thereby
circumventing the absolute requirement for activin A [39]. Importantly, neutralizing activin
A in JAB0505-treated mice significantly reduced the HO response and increased HO resorp-
tion only in females and, consequently, eliminated significant differences in HO volumes
between sexes at all time points tested. JAB0505 functions as a competitive inhibitor of
ligands that bind ACVR1 and ACVR1(R206H) [39] and likely reduced the occupancy of
ACVR1(R206H)-containing complexes by activin A in FOP mice. Although not dispositive,
these observations suggest that the sex-specific function of activin A is not mediated by
ACVR1(R206H) alone. We also note that activin A forms a non-signaling complex with
ACVRI [72], so binding of activin A to complexes containing ACVR1/ACVR1 homodimers
in heterozygous FOP cells (see ref. [33]) cannot explain activin A’s action. Taken together,
these observations indicate that the differential response in HO formation and stability
between males and females may be mediated, at least in part, by canonical activin A sig-
naling via the activation of SMAD2/3 through its preferred type 1 and type 2 receptors
(see ref. [53]). Notably, the inhibition of activin A [50], as well as TGF(} ligands [73], which
also signal through SMAD2/3, significantly attenuated BMP-induced HO. While possible
sex differences were not explored, these studies demonstrated that the modulation of
SMAD?2/3 activity plays an important regulatory role in the formation and progression
of HO. Activin A regulates myriad physiological and cellular processes [74], and further
investigation is required to determine how activin A signaling affects the biology of skeletal
progenitors or cells in the environment, ultimately leading to sex-specific differences in HO
development and stability.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /biom14020177/s1, (Figures S1-54) Figure S1. HO vol-
umes are associated with sex but not weight of pinch-injured Acor1!"R206H/+;R26NG/+ Tie2-Cre mice.
Figure S2. Time course of average HO volumes after pinch-injury of Acor1!"R206H/+;R26NG/* Tie2-Cre
mice. Figure S3. Castration and ovariectomy did not significantly change HO volumes following
pinch-injury of the GA muscle of Acor1mR206H/+ Tie2-Cre mice. Figure S4. FOP mice treated with
JABO505 exhibit a protracted period of chondrogenic differentiation.

Author Contributions: D.J.G., ] WH., LN.B. and K.R.B. designed the research studies, L.N.B., A.H.D.,
L.R.H., K.R.B. and B.B.G. conducted the experiments and acquired the data, and all authors analyzed
the data. D.]J.G. and L.N.B. wrote the manuscript and all authors edited and approved the manuscript.
D.J.G. and ].W.H. supervised the project. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by NIAMS grant number R01AR072052 to D.J.G., and by a
sponsored research agreement between Alexion Pharmaceuticals and the University of Connecticut.

Institutional Review Board Statement: Animal studies were conducted according to provisions
of the Animal Welfare Act and the principles of the Guide for the Care and Use of Laboratory
Animals. All animal studies were approved by the Institutional Animal Care and Use Committee
of the University of Connecticut (Protocol #A23-007; Storrs, CT, USA) or Alexion Pharmaceuticals
(Protocol #917062; New Haven, CT, USA).

Informed Consent Statement: Not applicable.

Data Availability Statement: No publicly archived datasets were analyzed or generated during the
study. All files and images of pCT data and raw flow cytometry data are available upon request to
the corresponding author.

Acknowledgments: We thank Acceleron Pharma for the anti-activin A monoclonal antibody, Keros
Therapeutics for thBMP6, and Wyeth Pharmaceuticals (now Pfizer) for thBMP2. We thank William
Goss, Mehreen Pasha, and Erik Choi for providing technical assistance with animal husbandry and
uCT imaging, and Adam Zweifach for advice on statistical analyses. We also thank Wu He, Facility
Director of the University of Connecticut Flow Cytometry Facility, for advice and technical assistance
with FACS, and Heather Jamieson and Katherine Scalise for helpful comments on the manuscript.

Conflicts of Interest: ] W.H. and K.R.B. are employees of Alexion Pharmaceuticals, Inc., a wholly
owned subsidiary of AstraZeneca PLC, own AstraZeneca stock, and are inventors on patent applica-
tion WO 2020/118011 A1, “Anti-Alk2 antibodies and uses thereof”. L.N.B., A.H.D., B.B.G., L.R.H.
and D.J.G. declare no conflicts of interest.

References

1. Lee, S.K. Sex as an Important Biological Variable in Biomedical Research. BMB Rep. 2018, 51, 167-173. [CrossRef]

2. Soldin, O.P; Mattison, D.R. Sex Differences in Pharmacokinetics and Pharmacodynamics. Clin. Pharmacokinet. 2009, 48, 143-157.
[CrossRef]

3. Morris, M.E,; Lee, H.-].; Predko, L.M. Gender Differences in the Membrane Transport of Endogenous and Exogenous Compounds.
Pharmacol. Rev. 2003, 55, 229-240. [CrossRef] [PubMed]

4. Soldin, O.P; Chung, S.H.; Mattison, D.R. Sex Differences in Drug Disposition. J. Biomed. Biotechnol. 2011, 2011, 187103. [CrossRef]
[PubMed]

5. National Institutes of Health NOT-OD-15-102: Consideration of Sex as a Biological Variable in NIH-Funded Research. Available
online: https://grants.nih.gov/grants/guide/notice-files /not-od-15-102.html (accessed on 18 September 2023).

6. Bongetta, D.; Bua, M.; Bruno, R.; Colombo, E.V.; de Laurentis, C.; Versace, A.; Locatelli, M.; Assietti, R. Is Gender a Factor
Affecting Long-Term Heterotopic Ossification Incidence After Single-Level Cervical Disc Arthroplasty? World Neurosurg. 2022,
165, 6-12. [CrossRef]

7. Leung, C,; Casey, A.T.; Goffin, ].; Kehr, P; Liebig, K.; Lind, B.; Logroscino, C.; Pointillart, V. Clinical Significance of Heterotopic
Ossification in Cervical Disc Replacement: A Prospective Multicenter Clinical Trial. Neurosurgery 2005, 57, 759-763. [CrossRef]

8. Yi, S,;Shin, D.A,; Kim, K.N.; Choi, G.; Shin, H.C.; Kim, K.S.; Yoon, D.H. The Predisposing Factors for the Heterotopic Ossification
after Cervical Artificial Disc Replacement. Spine J. 2013, 13, 1048-1054. [CrossRef]

9.  Kjeegaard-Andersen, P; Steinke, M.S.; Hougaard, K.; Sgjbjerg, J.O.; Jensen, ]J. Heterotopic Bone Formation Following Hip
Arthroplasty: A Retrospective Study of 65 Bilateral Cases. Acta Orthop. Scand. 2009, 62, 223-225. [CrossRef]

10. Zhu, Y,; Zhang, F.; Chen, W,; Zhang, Q.; Liu, S.; Zhang, Y. Incidence and Risk Factors for Heterotopic Ossification after Total Hip

Arthroplasty: A Meta-Analysis. Arch. Orthop. Trauma Surg. 2015, 135, 1307-1314. [CrossRef]


https://www.mdpi.com/article/10.3390/biom14020177/s1
https://doi.org/10.5483/BMBRep.2018.51.4.034
https://doi.org/10.2165/00003088-200948030-00001
https://doi.org/10.1124/pr.55.2.1
https://www.ncbi.nlm.nih.gov/pubmed/12773628
https://doi.org/10.1155/2011/187103
https://www.ncbi.nlm.nih.gov/pubmed/21403873
https://grants.nih.gov/grants/guide/notice-files/not-od-15-102.html
https://doi.org/10.1016/j.wneu.2022.06.009
https://doi.org/10.1227/01.NEU.0000175856.31210.58
https://doi.org/10.1016/j.spinee.2013.02.036
https://doi.org/10.3109/17453679108993596
https://doi.org/10.1007/s00402-015-2277-8

Biomolecules 2024, 14, 177 18 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Steinberg, G.G.; Hubbard, C. Heterotopic Ossification after Femoral Intramedullary Rodding. J. Orthop. Trauma 1993, 7, 536-542.
[CrossRef] [PubMed]

Bargellesi, S.; Cavasin, L.; Scarponi, F.; Tanti, A.D.; Bonaiuti, D.; Bartolo, M.; Boldrini, P.; Estraneo, A.; Heterotopic Ossification
Cross Sectional Survey group (HOCSS). Occurrence and Predictive Factors of Heterotopic Ossification in Severe Acquired Brain
Injured Patients during Rehabilitation Stay: Cross-Sectional Survey. Clin. Rehabil. 2017, 32, 255-262. [CrossRef]

Hu, X; Sun, Z; Li, F; Jiang, C.; Yan, W.; Sun, Y. Burn-Induced Heterotopic Ossification from Incidence to Therapy: Key Signaling
Pathways Underlying Ectopic Bone Formation. Cell. Mol. Biol. Lett. 2021, 26, 34. [CrossRef]

Papanagiotou, M.; Dailiana, Z.H.; Karachalios, T.; Varitimidis, S.; Hantes, M.; Dimakopoulos, G.; Vlychou, M.; Malizos, K.N.
Heterotopic Ossification after the Use of Recombinant Human Bone Morphogenetic Protein-7. World ]. Orthop. 2017, 8, 36-41.
[CrossRef]

Salemi, P.; Olson, ]. M.S.; Dickson, L.E.; Germain-Lee, E.L. Ossifications in Albright Hereditary Osteodystrophy: Role of Genotype,
Inheritance, Sex, Age, Hormonal Status, and BMLI. J. Clin. Endocrinol. Metab. 2017, 103, 158-168. [CrossRef]

Huso, D.L.; Edie, S.; Levine, M.A_; Schwindinger, W.; Wang, Y.; Jiippner, H.; Germain-Lee, E.L. Heterotopic Ossifications in a
Mouse Model of Albright Hereditary Osteodystrophy. PLoS ONE 2011, 6, €21755. [CrossRef]

Ranganathan, K.; Peterson, J.; Agarwal, S.; Oluwatobi, E.; Loder, S.; Forsberg, J.A.; Davis, T.A.; Buchman, S.R.; Wang, S.C.; Levi, B.
Role of Gender in Burn-Induced Heterotopic Ossification and Mesenchymal Cell Osteogenic Differentiation. Plast. Reconstr. Surg.
2015, 135, 1631-1641. [CrossRef]

Corsi, K.A.; Pollett, ].B.; Phillippi, J.A.; Usas, A.; Li, G.; Huard, J. Osteogenic Potential of Postnatal Skeletal Muscle-Derived Stem
Cells Is Influenced by Donor Sex. |. Bone Miner. Res. 2007, 22, 1592-1602. [CrossRef]

Wang, L.; Carroll, D.O; Liu, X; Roth, T.; Kim, H.; Halloran, B.; Nissenson, R.A. Effects of Blockade of Endogenous Gi Signaling
in Tie2-expressing Cells on Bone Formation in a Mouse Model of Heterotopic Ossification. J. Orthop. Res. 2015, 33, 1212-1217.
[CrossRef]

Shore, E.M.; Xu, M.; Feldman, G.J.; Fenstermacher, D.A.; Cho, T.-J.; Choi, I.H.; Connor, ].M.; Delai, P.; Glaser, D.L.; LeMerrer,
M.; et al. A Recurrent Mutation in the BMP Type I Receptor ACVR1 Causes Inherited and Sporadic Fibrodysplasia Ossificans
Progressiva. Nat. Genet. 2006, 38, 525-527. [CrossRef]

Kaplan, ES.; Xu, M.; Seemann, P.; Connor, ].M.; Glaser, D.L.; Carroll, L.; Delai, P.; Fastnacht-Urban, E.; Forman, S.J.; Gillessen-
Kaesbach, G.; et al. Classic and Atypical Fibrodysplasia Ossificans Progressiva (FOP) Phenotypes Are Caused by Mutations in
the Bone Morphogenetic Protein (BMP) Type I Receptor ACVR1. Hum. Mutat. 2009, 30, 379-390. [CrossRef]

Hatsell, S.J.; Idone, V.; Wolken, D.M.A_; Huang, L.; Kim, H.J.; Wang, L.; Wen, X.; Nannuru, K.C.; Jimenez, J.; Xie, L.; et al.
ACVRI1R206H Receptor Mutation Causes Fibrodysplasia Ossificans Progressiva by Imparting Responsiveness to Activin A. Sci.
Transl. Med. 2015, 7, 303ral137. [CrossRef]

Hino, K.; Ikeya, M.; Horigome, K.; Matsumoto, Y.; Ebise, H.; Nishio, M.; Sekiguchi, K.; Shibata, M.; Nagata, S.; Matsuda, S.; et al.
Neofunction of ACVR1 in Fibrodysplasia Ossificans Progressiva. Proc. Natl. Acad. Sci. USA 2015, 112, 15438-15443. [CrossRef]
Mantick, N.; Bachman, E.; Baujat, G.; Brown, M.; Collins, O.; Cunto, C.D.; Delai, P.; Eekhoff, M.; Felde, R.Z.; Grogan, D.R,; et al.
The FOP Connection Registry: Design of an International Patient-Sponsored Registry for Fibrodysplasia Ossificans Progressiva.
Bone 2018, 109, 285-290. [CrossRef]

Peng, K.; Cheung, K.; Lee, A; Sieberg, C.; Borsook, D.; Upadhyay, J. Longitudinal Evaluation of Pain, Flare-Up, and Emotional
Health in Fibrodysplasia Ossificans Progressiva: Analyses of the International FOP Registry. JBMR Plus 2019, 3, e10181. [CrossRef]
Pignolo, R.J.; Hsiao, E.C.; Baujat, G.; Lapidus, D.; Sherman, A.; Kaplan, ES. Prevalence of Fibrodysplasia Ossificans Progressiva
(FOP) in the United States: Estimate from Three Treatment Centers and a Patient Organization. Orphanet ]. Rare Dis. 2021, 16, 350.
[CrossRef]

Joe, AW.B.; Yi, L,; Natarajan, A.; Grand, F.L.; So, L.; Wang, J.; Rudnicki, M.A.; Rossi, EM.V. Muscle Injury Activates Resident
Fibro/Adipogenic Progenitors That Facilitate Myogenesis. Nat. Cell Biol. 2010, 12, 153-163. [CrossRef]

Uezumi, A.; Fukada, S.; Yamamoto, N.; Takeda, S.; Tsuchida, K. Mesenchymal Progenitors Distinct from Satellite Cells Contribute
to Ectopic Fat Cell Formation in Skeletal Muscle. Nat. Cell Biol. 2010, 12, 143-152. [CrossRef]

Eisner, C.; Cummings, M.; Johnston, G.; Tung, L.W.; Groppa, E.; Chang, C.; Rossi, EM. Murine Tissue-Resident PDGFRx+
Fibro-Adipogenic Progenitors Spontaneously Acquire Osteogenic Phenotype in an Altered Inflammatory Environment. J. Bone
Miner. Res. 2020, 35, 1525-1534. [CrossRef]

Lees-Shepard, J.B.; Yamamoto, M.; Biswas, A.A.; Stoessel, S.J.; Nicholas, S.-A.E.; Cogswell, C.A.; Devarakonda, P.M.; Schneider,
M.].; Cummins, S.M.; Legendre, N.P; et al. Activin-Dependent Signaling in Fibro/Adipogenic Progenitors Causes Fibrodysplasia
Ossificans Progressiva. Nat. Commun. 2018, 9, 471. [CrossRef]

Lees-Shepard, J.B.; Nicholas, S.-A.E.; Stoessel, S.J.; Devarakonda, PM.; Schneider, M.].; Yamamoto, M.; Goldhamer, D.]. Palo-
varotene Reduces Heterotopic Ossification in Juvenile FOP Mice but Exhibits Pronounced Skeletal Toxicity. eLife 2018, 7, 305.
[CrossRef]

Wosczyna, M.N.; Biswas, A.A.; Cogswell, C.A.; Goldhamer, D.]. Multipotent Progenitors Resident in the Skeletal Muscle
Interstitium Exhibit Robust BMP-Dependent Osteogenic Activity and Mediate Heterotopic Ossification. J. Bone Miner. Res. 2012,
27,1004-1017. [CrossRef]


https://doi.org/10.1097/00005131-199312000-00009
https://www.ncbi.nlm.nih.gov/pubmed/8308607
https://doi.org/10.1177/0269215517723161
https://doi.org/10.1186/s11658-021-00277-6
https://doi.org/10.5312/wjo.v8.i1.36
https://doi.org/10.1210/jc.2017-00860
https://doi.org/10.1371/journal.pone.0021755
https://doi.org/10.1097/PRS.0000000000001266
https://doi.org/10.1359/jbmr.070702
https://doi.org/10.1002/jor.22876
https://doi.org/10.1038/ng1783
https://doi.org/10.1002/humu.20868
https://doi.org/10.1126/scitranslmed.aac4358
https://doi.org/10.1073/pnas.1510540112
https://doi.org/10.1016/j.bone.2017.08.032
https://doi.org/10.1002/jbm4.10181
https://doi.org/10.1186/s13023-021-01983-2
https://doi.org/10.1038/ncb2015
https://doi.org/10.1038/ncb2014
https://doi.org/10.1002/jbmr.4020
https://doi.org/10.1038/s41467-018-02872-2
https://doi.org/10.7554/eLife.40814
https://doi.org/10.1002/jbmr.1562

Biomolecules 2024, 14, 177 19 of 20

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yamamoto, M.; Stoessel, S.J.; Yamamoto, S.; Goldhamer, D.J. Overexpression of Wild-Type ACVR1 in Fibrodysplasia Ossificans
Progressiva Mice Rescues Perinatal Lethality and Inhibits Heterotopic Ossification. J. Bone Miner. Res. 2022, 37, 2077-2093.
[CrossRef]

Kisanuki, Y.Y.; Hammer, R.E.; Miyazaki, J.; Williams, S.C.; Richardson, J.A.; Yanagisawa, M. Tie2-Cre Transgenic Mice: A New
Model for Endothelial Cell-Lineage Analysis in Vivo. Dev. Biol. 2001, 230, 230-242. [CrossRef]

Hamilton, T.G.; Klinghoffer, R.A.; Corrin, P.D.; Soriano, P. Evolutionary Divergence of Platelet-Derived Growth Factor Alpha
Receptor Signaling Mechanisms. Mol. Cell. Biol. 2003, 23, 4013—4025. [CrossRef]

Yamamoto, M.; Shook, N.A.; Kanisicak, O.; Yamamoto, S.; Wosczyna, M.N.; Camp, J.R.; Goldhamer, D.J. A Multifunctional
Reporter Mouse Line for Cre- and FLP-Dependent Lineage Analysis. Genesis 2009, 47, 107-114. [CrossRef]

Safran, M.; Kim, W.Y.,; Kung, A.L.; Horner, ].W.; DePinho, R.A.; Kaelin, W.G. Mouse Reporter Strain for Noninvasive Biolu-
minescent Imaging of Cells That Have Undergone Cre-Mediated Recombination. Mol. Imaging 2003, 2, 15353500200303154.
[CrossRef]

Hayashi, S.; McMahon, A.P. Efficient Recombination in Diverse Tissues by a Tamoxifen-Inducible Form of Cre: A Tool for
Temporally Regulated Gene Activation/Inactivation in the Mouse. Dev. Biol. 2002, 244, 305-318. [CrossRef]

Lees-Shepard, ].B.; Stoessel, S.J.; Chandler, ].T.; Bouchard, K.; Bento, P.; Apuzzo, L.N.; Devarakonda, PM.; Hunter, ] W.; Goldhamer,
D.J. An Anti-ACVR1 Antibody Exacerbates Heterotopic Ossification by Fibro-Adipogenic Progenitors in Fibrodysplasia Ossificans
Progressiva Mice. . Clin. Investig. 2022, 132, €153795. [CrossRef]

Biswas, A.A.; Goldhamer, D.J. FACS Fractionation and Differentiation of Skeletal-Muscle Resident Multipotent Tie2* Progenitors.
Methods Mol. Biol. 2016, 1460, 255-267. [CrossRef]

Nagy, A.; Gertsenstein, M.; Vintersten, K.; Behringer, R. Castration. Cold Spring Harb. Protoc. 2006, 2006. [CrossRef]

Souza, V.R.; Mendes, E.; Casaro, M.; Antiorio, A.T.E.B.; Oliveira, FEA.; Ferreira, C.M. Pre-Clinical Models, Techniques and Protocols.
Methods Mol. Biol. 2018, 1916, 303-309. [CrossRef]

Lounev, V.Y,; Ramachandran, R.; Wosczyna, M.N.; Yamamoto, M.; Maidment, A.D.A.; Shore, E.M.; Glaser, D.L.; Goldhamer, D.J.;
Kaplan, E.S. Identification of Progenitor Cells That Contribute to Heterotopic Skeletogenesis. J. Bone Jt. Surg. 2009, 91, 652-663.
[CrossRef]

Dey, D.; Bagarova, J.; Hatsell, S.J.; Armstrong, K.A.; Huang, L.; Ermann, J.; Vonner, A.J.; Shen, Y.; Mohedas, A.H.; Lee, A ; et al. Two
Tissue-Resident Progenitor Lineages Drive Distinct Phenotypes of Heterotopic Ossification. Sci. Transl. Med. 2016, 8, 366ral63.
[CrossRef]

Rowe, R.W.; Goldspink, G. Muscle Fibre Growth in Five Different Muscles in Both Sexes of Mice. J. Anat. 1969, 104, 519-530.
Griffin, G.E.; Goldspink, G. The Increase in Skeletal Muscle Mass in Male and Female Mice. Anat. Rec. 1973, 177, 465-469.
[CrossRef]

Pignolo, R.J.; Bedford-Gay, C.; Liljesthrom, M.; Durbin-Johnson, B.P.; Shore, E.M.; Rocke, D.M.; Kaplan, F.S. The Natural History
of Flare-Ups in Fibrodysplasia Ossificans Progressiva (FOP): A Comprehensive Global Assessment. . Bone Miner. Res. 2016,
31, 650-656. [CrossRef]

Upadhyay, J.; Xie, L.; Huang, L.; Das, N.; Stewart, R.C.; Lyon, M.C.; Palmer, K.; Rajamani, S.; Graul, C.; Lobo, M.; et al. The
Expansion of Heterotopic Bone in Fibrodysplasia Ossificans Progressiva Is Activin A-Dependent. J. Bone Miner. Res. Off. ]. Am.
Soc. Bone Miner. Res. 2017, 38, 525. [CrossRef]

Aykul, S.; Huang, L.; Wang, L.; Das, N.M.; Reisman, S.; Ray, Y.; Zhang, Q.; Rothman, N.; Nannuru, K.C.; Kamat, V,; et al.
Anti-ACVR1 Antibodies Exacerbate Heterotopic Ossification in Fibrodysplasia Ossificans Progressiva (FOP) by Activating
FOP-Mutant ACVRL. J. Clin. Investig. 2022, 132, €153792. [CrossRef]

Mundy, C.; Yao, L.; Sinha, S.; Chung, J.; Rux, D.; Catheline, S.E.; Koyama, E.; Qin, L.; Pacifici, M. Activin A Promotes the
Development of Acquired Heterotopic Ossification and Is an Effective Target for Disease Attenuation in Mice. Sci. Signal. 2021,
14, eabd0536. [CrossRef]

Mundy, C.; Yao, L.; Shaughnessy, K.A.; Saunders, C.; Shore, EM.; Koyama, E.; Pacifici, M. Palovarotene Action Against
Heterotopic Ossification Includes a Reduction of Local Participating Activin A-Expressing Cell Populations. JBMR Plus 2023,
7,€10821. [CrossRef]

Lin, S.; Svoboda, KK.H.; Feng, ].Q.; Jiang, X. The Biological Function of Type I Receptors of Bone Morphogenetic Protein in Bone.
Bone Res. 2016, 4, 16005. [CrossRef]

Nickel, J.; Mueller, T.D. Specification of BMP Signaling. Cells 2019, 8, 1579. [CrossRef]

Katagiri, T.; Watabe, T. Bone Morphogenetic Proteins. Cold Spring Harb. Perspect. Biol. 2016, 8, a021899. [CrossRef]

Kitterman, J.A.; Strober, ].B.; Kan, L.; Rocke, D.M.,; Cali, A.; Peeper, J.; Snow, ].; Delai, PL.R.; Morhart, R.; Pignolo, R.J.; et al.
Neurological Symptoms in Individuals with Fibrodysplasia Ossificans Progressiva. J. Neurol. 2012, 259, 2636—2643. [CrossRef]
Pignolo, R.J.; Cheung, K.; Kile, S.; Fitzpatrick, M.A.; Cunto, C.D.; Mukaddam, M.A.; Hsiao, E.C.; Baujat, G.; Delai, P;
Eekhoff, EM.W.,; et al. Self-Reported Baseline Phenotypes from the International Fibrodysplasia Ossificans Progressiva (FOP)
Association Global Registry. Bone 2020, 134, 115274. [CrossRef]

Pignolo, R.J.; Bayjat, G.; Brown, M.A.; Cunto, C.D.; DiRocco, M.; Hsiao, E.C.; Keen, R.; Mukaddam, M.A.; Sang, K.-H.L.Q;
Wilson, A.; et al. Natural History of Fibrodysplasia Ossificans Progressiva: Cross-Sectional Analysis of Annotated Baseline
Phenotypes. Orphanet ]. Rare Dis. 2019, 14, 98. [CrossRef]


https://doi.org/10.1002/jbmr.4617
https://doi.org/10.1006/dbio.2000.0106
https://doi.org/10.1128/MCB.23.11.4013-4025.2003
https://doi.org/10.1002/dvg.20474
https://doi.org/10.1162/15353500200303154
https://doi.org/10.1006/dbio.2002.0597
https://doi.org/10.1172/JCI153795
https://doi.org/10.1007/978-1-4939-3810-0_18
https://doi.org/10.1101/pdb.prot4387
https://doi.org/10.1007/978-1-4939-8994-2_29
https://doi.org/10.2106/JBJS.H.01177
https://doi.org/10.1126/scitranslmed.aaf1090
https://doi.org/10.1002/ar.1091770311
https://doi.org/10.1002/jbmr.2728
https://doi.org/10.1002/jbmr.3235
https://doi.org/10.1172/JCI153792
https://doi.org/10.1126/scisignal.abd0536
https://doi.org/10.1002/jbm4.10821
https://doi.org/10.1038/boneres.2016.5
https://doi.org/10.3390/cells8121579
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1007/s00415-012-6562-y
https://doi.org/10.1016/j.bone.2020.115274
https://doi.org/10.1186/s13023-019-1068-7

Biomolecules 2024, 14, 177 20 of 20

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chakkalakal, S.A.; Uchibe, K.; Convente, M.R.; Zhang, D.; Economides, A.N.; Kaplan, ES.; Pacifici, M.; Iwamoto, M.; Shore, E.M.
Palovarotene Inhibits Heterotopic Ossification and Maintains Limb Mobility and Growth in Mice With the Human ACVR1(R206H)
Fibrodysplasia Ossificans Progressiva (FOP) Mutation. J. Bone Miner. Res. Off. |. Am. Soc. Bone Miner. Res. 2016, 31, 1666—-1675.
[CrossRef]

Goldhamer, D.J.; Lees-Shepard, ].B. Response to Comment on “Palovarotene Reduces Heterotopic Ossification in Juvenile FOP
Mice but Exhibits Pronounced Skeletal Toxicity”. eLife 2019, 8, 43928. [CrossRef] [PubMed]

Katagiri, T.; Tsukamoto, S.; Kuratani, M.; Tsuji, S.; Nakamura, K.; Ohte, S.; Kawaguchi, Y.; Takaishi, K. A Blocking Monoclonal
Antibody Reveals Dimerization of Intracellular Domains of ALK2 Associated with Genetic Disorders. Nat. Commun. 2023,
14, 2960. [CrossRef] [PubMed]

Yang, Y.-S.; Lin, C.; Ma, H,; Xie, J.; Kaplan, ES.; Gao, G.; Shim, J.-H. AAV-Mediated Targeting of the Activin A-ACVRIR206H
Signaling in Fibrodysplasia Ossificans Progressiva. Biomolecules 2023, 13, 1364. [CrossRef] [PubMed]

Yang, Y.-S.; Kim, ].-M.; Xie, J.; Chaugule, S.; Lin, C.; Ma, H.; Hsiao, E.; Hong, J.; Chun, H.; Shore, E.M.; et al. Suppression of
Heterotopic Ossification in Fibrodysplasia Ossificans Progressiva Using AAV Gene Delivery. Nat. Commun. 2022, 13, 6175.
[CrossRef]

Malecova, B.; Gatto, S.; Etxaniz, U.; Passafaro, M.; Cortez, A.; Nicoletti, C.; Giordani, L.; Torcinaro, A.; Bardi, M.D.;
Bicciato, S.; et al. Dynamics of Cellular States of Fibro-Adipogenic Progenitors during Myogenesis and Muscular Dystrophy. Nat.
Commun. 2018, 9, 3670. [CrossRef] [PubMed]

Lees-Shepard, J.B.; Goldhamer, D.]J. Stem Cells and Heterotopic Ossification: Lessons from Animal Models. Bone 2018, 109,
178-186. [CrossRef] [PubMed]

Qu-Petersen, Z.; Deasy, B.; Jankowski, R.; Ikezawa, M.; Cummins, J.; Pruchnic, R.; Mytinger, J.; Cao, B.; Gates, C.; Wernig, A.; et al.
Identification of a Novel Population of Muscle Stem Cells in Mice. J. Cell Biol. 2002, 157, 851-864. [CrossRef]

Stanley, A.; Tichy, E.D.; Kocan, J.; Roberts, D.W.; Shore, E.M.; Mourkioti, F. Dynamics of Skeletal Muscle-Resident Stem Cells
during Myogenesis in Fibrodysplasia Ossificans Progressiva. Npj Regen. Med. 2022, 7, 5. [CrossRef] [PubMed]

Lemos, D.R.; Babaeijandaghi, F.; Low, M.; Chang, C.-K; Lee, S.T.; Fiore, D.; Zhang, R.-H.; Natarajan, A.; Nedospasov, S.A.; Rossi,
FM.V. Nilotinib Reduces Muscle Fibrosis in Chronic Muscle Injury by Promoting TNF-Mediated Apoptosis of Fibro/Adipogenic
Progenitors. Nat. Med. 2015, 21, 786-794. [CrossRef]

Compston, J.E. Sex Steroids and Bone. Physiol. Rev. 2001, 81, 419-447. [CrossRef]

Deasy, BM.; Lu, A,; Tebbets, ].C.; Feduska, ].M.; Schugar, R.C.; Pollett, ].B.; Sun, B.; Urish, K.L.; Gharaibeh, B.M.; Cao, B.; et al. A
Role for Cell Sex in Stem Cell-Mediated Skeletal Muscle Regeneration: Female Cells Have Higher Muscle Regeneration Efficiency.
J. Cell Biol. 2007, 177, 73-86. [CrossRef]

Kaipia, A.; Toppari, J.; Huhtaniemi, I.; Paranko, J. Sex Difference in the Action of Activin-A on Cell Proliferation of Differentiating
Rat Gonad. Endocrinology 1994, 134, 2165-2170. [CrossRef]

Zhong, X.; Narasimhan, A.; Silverman, L.M.; Young, A.R.; Shahda, S.; Liu, S.; Wan, J.; Liu, Y.; Koniaris, L.G.; Zimmers, T.A. Sex
Specificity of Pancreatic Cancer Cachexia Phenotypes, Mechanisms, and Treatment in Mice and Humans: Role of Activin. .
Cachexia Sarcopenia Muscle 2022, 13, 2146-2161. [CrossRef]

Aykul, S.; Corpina, R.A.; Goebel, E.J.; Cunanan, C.J.; Dimitriou, A.; Kim, H.; Zhang, Q.; Rafique, A.; Leidich, R.; Wang, X.; et al.
Activin A Forms a Non-Signaling Complex with ACVR1 and Type II Activin/BMP Receptors via Its Finger 2 Tip Loop. elife 2020,
9, €54582. [CrossRef] [PubMed]

Wang, X.; Li, E; Xie, L.; Crane, J.; Zhen, G.; Mishina, Y.; Deng, R.; Gao, B.; Chen, H.; Liu, S.; et al. Inhibition of Overactive TGF-3
Attenuates Progression of Heterotopic Ossification in Mice. Nat. Commun. 2018, 9, 551. [CrossRef] [PubMed]

Bloise, E.; Ciarmela, P.; Cruz, C.D.; Luisi, S.; Petraglia, F.; Reis, EM. Activin A in Mammalian Physiology. Physiol. Rev. 2019,
99, 739-780. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jbmr.2820
https://doi.org/10.7554/eLife.43928
https://www.ncbi.nlm.nih.gov/pubmed/30698142
https://doi.org/10.1038/s41467-023-38746-5
https://www.ncbi.nlm.nih.gov/pubmed/37231012
https://doi.org/10.3390/biom13091364
https://www.ncbi.nlm.nih.gov/pubmed/37759764
https://doi.org/10.1038/s41467-022-33956-9
https://doi.org/10.1038/s41467-018-06068-6
https://www.ncbi.nlm.nih.gov/pubmed/30202063
https://doi.org/10.1016/j.bone.2018.01.029
https://www.ncbi.nlm.nih.gov/pubmed/29409971
https://doi.org/10.1083/jcb.200108150
https://doi.org/10.1038/s41536-021-00201-8
https://www.ncbi.nlm.nih.gov/pubmed/35031614
https://doi.org/10.1038/nm.3869
https://doi.org/10.1152/physrev.2001.81.1.419
https://doi.org/10.1083/jcb.200612094
https://doi.org/10.1210/endo.134.5.8156918
https://doi.org/10.1002/jcsm.12998
https://doi.org/10.7554/eLife.54582
https://www.ncbi.nlm.nih.gov/pubmed/32515349
https://doi.org/10.1038/s41467-018-02988-5
https://www.ncbi.nlm.nih.gov/pubmed/29416028
https://doi.org/10.1152/physrev.00002.2018
https://www.ncbi.nlm.nih.gov/pubmed/30540228

	Introduction 
	Materials and Methods 
	Experimental Mouse Models and Genotyping 
	Tamoxifen Administration 
	Muscle Injury 
	Ligand and Antibody Injections 
	CT and HO Quantification 
	Cell Isolation 
	Flow Cytometry Analysis 
	Fluorescence-Activated Cell Sorting 
	Reciprocal Transplantation 
	Castration Surgery 
	Ovariectomy 
	Luciferase Proliferation Assay 
	Statistics 

	Results 
	Female FOP Mice Develop More Heterotopic Bone and Exhibit a More Variable Response to Muscle Injury Than Males 
	Female Bias in Both Injury-Induced and Spontaneous HO in an Independently Derived FOP Mouse Model 
	The Female Sex Bias in HO Is Not Due to a Difference in the Abundance of FAPs or to a Greater Efficiency of Cre-Dependent Recombination of the Acvr1tnR206H Allele 
	The Female Bias in FAP-Directed HO Is Driven by Cell-Autonomous Factors 
	Activin A Inhibition Attenuates HO Formation and Reduces the Stability of Nascent HO in Female FOP Mice 
	Biological Sex Impacts on BMP-Induced HO and the Effect of Activin A Inhibition 

	Discussion 
	References

