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Abstract

Heterotopic ossification (HO) is a common, potentially debilitating pathology that is instigated
by tissue damage or other insults and involves inflammation followed by chondrogenesis,
osteogenesis, and extraskeletal bone accumulation. Current remedies are not very effective and
have side effects, including the risk of triggering additional HO. Activin A is a member of the
transforming growth factor-p (TGF-B) superfamily that is produced by activated macrophages and
other inflammatory cells and signals through the activation of the canonical intracellular effectors
SMAD2 and SMAD3 (SMAD2/3). Because HO starts with inflammation and because SMAD2/3
activation is chondrogenic, we tested whether activin A stimulated HO development. Using
standard mouse models of acquired intramuscular and subdermal HO, we found that blockage

of endogenous activin A by systemic administration of a neutralizing antibody markedly reduced
HO development and bone accumulation. Single-cell RNAseq and developmental trajectories
showed that the antibody treatment sharply reduced the number of Sox9+ skeletal progenitors,
many of which also expressed the gene encoding activin A (/nhba), that were recruited to the HO
site. In line with the latter finding, gain-of-function assays showed that activin A enhanced the
chondrogenic differentiation of the progenitor cells and did so through SMADZ2/3 signaling, and
inclusion of activin A to HO-inducing in vivo implants enhanced HO development. Together, our
data reveal that activin A is a critical upstream signaling stimulator of acquired HO in mice and
could represent an effective therapeutic target against forms of this pathology in patients.
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INTRODUCTION

Heterotopic ossification (HO) is a common, potentially debilitating, acquired pathology

in which masses of ectopic endochondral bone form and accumulate within or around
connective tissues, muscles, joints, blood vessels, and other sites (1-3). HO can be instigated
by tissue damage, invasive surgeries, protracted immobilization, or spinal cord injury (4-7).
It is particularly common amongst severely wounded soldiers (8, 9). The HO masses can
impede routine daily functions and mobility, and can cause other health problems including
nerve and blood vessel impingement, pressure ulcers, joint ankylosis, prosthesis fitting
problems, and chronic pain (1, 4, 10, 11). The exact pathogenesis of HO remains unclear
(2); however, evidence indicates that following injury or other events, local activities of
macrophages, monocytes, and other cells at the prospective HO site result in substantial
increases in inflammatory cytokines, including tumor necrosis factor (TNF), interleukin-1
(IL-1pB), transforming growth factor— (TGF-B), IL-6, and monocyte chemoattractant protein
1 (MCP-1) (2, 12, 13). This in turn leads to mobilization and recruitment of certain stem cell
populations (14-16) and local stimulation of pro-skeletogenic signaling mechanisms (17—
19), ultimately inducing chondrogenesis, osteogenesis, and ectopic bone tissue formation
and accumulation.

Current clinical treatments for HO include local low-dose radiation and systemic
administration of non-steroidal anti-inflammatory drugs (NSAIDs) (20, 21). Radiation

is most commonly used with patients undergoing total hip arthroplasty and also in

other groups at risk, including spinal cord injury patients (5, 22). This treatment affects
local cell progenitors, reducing their functioning and viability and dampening their
potential for ectopic skeletogenic cell differentiation (20, 23, 24). NSAIDs interfere

with prostaglandin production (25), and animals treated with the NSAID indomethacin
display more resistance to HO provoked by tissue injury or intramuscular injection of
recombinant bone morphogenetic proteins (BMPs) and reduced differentiation of local
skeletal cell progenitors (26, 27). Clinically, the above treatment modalities are associated
with lower incidence of HO, but are neither ideal nor wholly effective, do not target specific
skeletogenic mechanisms, and cannot be given to certain patient populations (28). NSAIDs
can cause side effects that are potentially serious or lead to reduced patient compliance,
such as gastrointestinal pain and ulceration, low platelet function, and renal toxicity (20,
29). NSAIDs that are selective cyclooxygenase 2 (COX-2) inhibitors, such as celecoxib,
are used to reduce side effects (30). The HO masses can also be removed by surgery (31).
This intervention is used within six months from onset of HO and when the HO masses are
deemed mature. However, surgery is prone to complications and could potentially trigger
another round of HO if accompanied by extensive tissue damage or if the preexisting HO
masses are not resected completely (32). In sum, although diverse clinical treatment options
are available, there is an urgent need for safer and more effective ones.

Activin A is a member of the TGF-p superfamily that includes BMPs, TGF-gs, and growth
and differentiation factors (GDFs) (33, 34). Although Activin A was originally isolated
from gonadal fluids and found to stimulate the secretion of pituitary follicle stimulating
hormone (35, 36), it is now well established that the protein acts locally and systemically
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to regulate a host of important physiologic processes, including immune responses and
wound healing as well as pathologic responses including inflammation and fibrosis (37,
38). Activin A systemic abundance rapidly increase during inflammation, and its overall
roles are modulated at the tissue level by interactions with natural inhibitors, such as
follistatin, and through the formation of diffusion gradients (39-41). At the cellular level,
one mechanism of activin A action involves its interaction with the cell surface type Il
kinase receptors ACVR2A and ACVR2B in association with the type | receptor ALK4 or
ALK?7 and signaling through the phosphorylation of the canonical effectors SMAD2 and
SMAD3 (SMAD2/3), which modulate target gene expression to regulate cellular responses
(33, 42). Of particular relevance here is the fact that activin A is produced by inflammatory
macrophages and other activated immune cells and stimulates the release of inflammatory
cytokines such as IL-1p and TNF and the recruitment of mast cells (40, 43, 44), processes
usually seen during the initial phases of HO. In addition, studies have indicated that activin
A promotes bone fracture repair, a process that closely resembles HO, and can stimulate
bone accrual when delivered locally (45, 46). As importantly, canonical signaling through
phosphorylated SMAD2/3 (pSMAD?2/3) elicited by cytokines such as TGF-f has long been
known to stimulate chondrogenic cell differentiation (47, 48), and this property appears

to be shared by activin A (49). When considered together, the above studies raise the
possibility that activin A could actually promote the development of HO and, if so, could
represent an effective target for attenuation. To test that thesis, we used standard subdermal
and intramuscular BMP implant mouse models of acquired HO, and our data provide clear
evidence in its support.

Systemic administration of activin A neutralizing antibody inhibits subcutaneous HO
development

To test whether activin A has a role in acquired HO, we asked whether systemic
administration of an activin A neutralizing antibody would mitigate its development. To
this end, we used standard HO mouse models in which a matrix scaffold containing

a skeletogenic protein is implanted ectopically (50-52). Provoked by the matrix-protein
implant, host inflammatory cells readily surround and infiltrate the scaffold and are followed
by mesenchymal progenitors that undergo heterotopic chondrogenesis, osteogenesis, and
endochondral bone formation over time (52). Accordingly, adult 2 months-old female

mice were implanted at two subcutaneous abdominal sites with 250 ul Matrigel aliquots
containing recombinant human BMP2 (rhBMP2) or rhBMP6. We tested two BMPs to
minimize biological biases. Mice were then given biweekly injections of a neutralizing
monoclonal antibody (IgG2b isotype) against mouse activin A (10 mg/kg/injection), a dose
comparable to that used in a previous study (53). Effectiveness of this antibody was verified
by its ability to inhibit recombinant activin A—induced pPSMADZ2/3 signaling in cultured
cells; specificity was verified by its inability to interfere with activin B-induced pPSMAD2/3
accumulation (fig. S1, A and B). Control BMP-Matrigel-implanted mice received pre-
immune mouse 1gG2b isotype antibody obtained from the same manufacturer and given

at identical dose, route, and frequency. Micro-computed tomography (LCT) imaging and
quantification on day 14 from implantation showed that very large HO masses were present
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in control, pre-immune 1gG-treated mice receiving rhBMP2-Matrigel or rhBMP4-Matrigel
implants (Fig. 1, A and B). Strikingly, systemic administration of activin A antibody
potently inhibited HO development (Fig. 1, A and B), amounting to an inhibition of about
70% based on bone volume/total volume (BV/TV) measurement and regardless of whether
HO had been promoted by rhBMP2 or rhBMP6 (Fig. 1, C and D). Histochemistry and

in situ hybridization with samples from rhBMP2-implanted mice showed that, compared
to controls, activin A antibody treatment markedly reduced the formation of both safranin
O-positive cartilage and alizarin red—positive endochondral bone and reduced the expression
of the cartilage maturation and hypertrophy and bone markers Collagen type 11 alpha 1
(Col2al), Collagen type X alpha 1 (Col10al), and Collagen type I alpha 1 (Collal) (Fig.
2). Similar outcomes were observed in HO masses retrieved from control vs neutralizing
antibody-treated rhBMP6-implanted mice (fig. S2).

Single-cell RNA-seq identifies inflammatory and chondrogenic cells recruited into
developing HO lesions

To gain insights into how systemic administration of activin A antibody inhibited HO,

we carried out single-cell RNAseq (sScRNA-seq) analyses of cell populations recruited

into developing heterotopic tissue masses. Mice implanted subcutaneously with rhBMP2-
Matrigel mixtures were injected with pre-immune antibody (referred to as BMP2/1gG) or
neutralizing activin A antibody (BMP2/nActA.Ab) on day 1 and day 3 from implantation,
and tissue masses were harvested on day 5. By this time point, numerous host inflammatory
and mesenchymal cells were already recruited to the ectopic site in Matrigel and Matrigel/
BMP-implanted mice (52) (fig. S3, A to C), and many of the latter were invading the
matrix and undergoing skeletogenic cell differentiation (52). As an additional control,
tissue masses were also harvested on day 5 from companion mice that had been implanted
with Matrigel only. Cells were liberated by enzymatic digestion and directly processed for
scRNA-seq analysis (about 10,000 from each sample) (54). Libraries of cells were generated
by Chromium controller (10X Genomics, Inc), barcoded, and sequenced on an Illumina
HiSeq platform, and data were processed with Cell Ranger to obtain unique molecular
identifiers (UMIs). We used the Seurat analysis package V3 (55) for filtering, variable gene
selection, and dimensionality reduction and for eliciting £distributed stochastic neighbor
embedding (£SNE) and graph-based clustering. Total cell numbers in the datasets shown
here were as follows: 8,728 cells for Matrigel only, 5,476 cells for BMP2/IgG, and 5,657
cells for BMP2/nActA.Ab.

To delineate cluster composition, we superimposed datasets from Matrigel-only samples
with those from BMP2/1gG and BMP2/nActA.Ab samples (Fig. 3A). On the basis

of differential expression of representative marker genes, we identified ten major cell
population clusters (Fig. 3, B to D). Two of them—clusters 2 and 4—constituted
skeletogenic and mesenchymal lineage cells expressing markers such as Platelet-derived
growth factor receptor alpha (Pdgfra) and Paired-related homeobox 1 (Prrx1) (56, 57) (Fig.
3, C and D). The several remaining clusters represented hematopoietic and inflammatory
cells expressing Protein tyrosine phosphatase receptor type C (Plprc) (58) (Fig. 3B),
reflecting the typical preponderance of inflammatory cells at early HO stages (52). We
first focused on the skeletogenic and mesenchymal cell populations in clusters 2 and 4.
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The Matrigel-only samples displayed a large number of PrrxI-expressing cells in both
clusters (Fig. 3, D and E), confirming that the Matrigel implant itself was sufficient to
trigger a host’s response and simulate cell recruitment (fig. S3). The samples displayed
also a small number of cells expressing the chondrogenic master regulator Sox9 (Fig.

3F), likely representing committed skeletogenic cells (59). Sox9-expressing cells as well
as chondrogenic cells expressing Aggrecan (Acan) and ColZal were evident and abundant
in BMP2/1gG samples and were largely confined to cluster 2 (Fig. 3, F to H). This was
confirmed by gene ontology analyses (fig. S4, A-D). In agreement with the anti-HO action
of activin A antibody administration (Fig. 1 above), there was a sharp reduction in the
number of Sox9-, Acar- and ColZal-expressing cells in BMP2/nActA.Ab samples, visually
apparent in the #SNE plots and quantified by violin plots (Fig. 3, F to H). KEGG Pathway
Mapper (60, 61) suggested that nActA.Ab effects against HO included an increase in

the expression of genes encoding members of the differential screening—selected gene in
neuroblastoma (DAN) family, which are well known for their BMP antagonism (fig. S5)
(62).

To establish pseudotime and reveal trajectories of developmental progression from a
mesenchymal to a chondrogenic cell phenotype, we utilized Monocle (63) and examined the
effects of antibody treatment on such progression, using an unsupervised approach. Monocle
identified the expression of differentially expressed genes characteristic of mesenchymal
cells and chondrogenic cells, establishing pseudo-temporal patterns of most significantly
expressed genes (Fig. 4A). Using the top 1,000 genes, Monocle ordered cells retrieved from
Matrigel-only samples in a continuous two-dimensional pseudotime trajectory in which the
cells occupied the early and medial portions only (Fig. 4B). In comparison, cells present in
BMP2/1gG samples more prominently occupied the terminal portion of the trajectory, with
fewer present in the early portions (Fig. 4C). The number of cells reaching the terminal
portion of the trajectory was clearly reduced in BMP2/nActA.Ab samples (Fig. 4D). These
trends were confirmed using single marker gene analysis. In Matrigel-only samples, cells
expressing such mesenchymal genes as Cd34 and Ly6awere limited to early and medial
trajectory segments (Fig. 4, B, E and F), whereas Sox$-expressing committed skeletogenic
cells were mostly located within the medial portion, confirming their more advanced
developmental status (Fig. 4, B and G). Acan- and Col2al-expressing chondrogenic cells

in BMP/IgG samples occupied the terminal portion of the trajectory (Fig. 4, C, Hand I),

but were far fewer in number in BMP/nActA.Ab samples (Fig. 4, D, Hand I) (371 cells in
BMP/nActA.Ab versus 1,248 in BMP/1gG).

Next, we examined the inflammatory and hematopoietic cell clusters (Fig. 3, A and B)

and asked whether and which cell population(s) may be endowed with endogenous /nhba
expression and thus could be a source of activin A. Based on differential expression of
marker genes (fig. S6, A to F), the clusters mainly represented macrophages, mast cells,
neutrophils, and B and T cells (Fig. 5A). The macrophages were the most conspicuous and
occupied different clusters (clusters 0, 1 and 5 in Fig. 5, A and B), as also observed in an
injury HO mouse model study (64). Expression of /nhba mainly characterized macrophages
in clusters 0 and 1, and there was a small but appreciable number of /nhba-expressing cells
in other clusters such as mast cells (Fig. 5C). The overall number of /n/ba-expressing
macrophages was largely comparable in BMP2/1gG versus BMP2/nActA.Ab samples,

Sci Signal. Author manuscript; available in PMC 2023 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mundy et al.

Page 6

but was far higher than that in matrigel-only samples (Fig. 5D), indicating that BMP2

had served to attract the cells (65). Further analysis showed that many cluster 0 and 1
macrophages in BMP2/IgG and BMP2/nActA.Ab samples displayed an activated phenotype,
indicated by Arginase 1 (Argl) and RnaseZaexpression, whereas there were fewer such cells
in Matrigel-only samples (fig. S7, A and B). The former samples also displayed considerable
numbers of cells in cluster O expressing matrix metallopeptidase 14 (Mmp14) and Ccl/7and
Ccl24, which encode chemoattractant proteins (fig. S7C). Gene Set Enrichment Analysis
(GSEA) indicated that compared to Matrigel-only cells, macrophages in the BMP2/1gG

and BMP2/nActA.Ab samples were phenotypically enriched in inflammatory and immune
system responses, and those in the BMP2/1gG samples displayed traits of skeletal and
endochondral bone development (Table S1), reiterating the importance of inflammation in
HO formation.

The scRNA-seq analyses revealed that 1502 out of 2768 progenitor cells in cluster 2
expressed /nhba (Fig. 5C). The cells were abundant in the BMP/IgG samples, but their
number was much lower in the BMP/nActA.Ab samples and lower yet in the Matrigel-only
samples (Fig. 5, E and F). Out of 1247 cells in BMP/IgG sample cluster 2, 882 of

them co-expressed /nhbaand Sox9, and 350 of them co-expressed /nhba, Sox9, Acan,

and ColZal. These cell sub-cohorts decreased proportionally in the BMP2/nActA.Ab and
Matrigel-only samples. Monocle-based developmental pseudotime analysis confirmed that
Inhba-expressing progenitors present in the BMP2/IgG and BMP2/nActA.Ab samples
occupied the later portion of the trajectory, whereas those from Matrigel-only samples
were confined to the early portion (Fig. 5G). To envision possible regulators of /nhba
expression, we used CellphoneDB and NicheNet to predict cell-cell interactions and ligand-
receptor interactions (66—68). We found that the progenitors would mainly be influenced
by macrophages and mast cells (fig. S8, A to C) and their expression of /nhbawould be
regulated by inflammatory cytokines such as IL-1p and TNF (fig. S8, D to F).

Because the above series of ScRNA-seq data stemmed from a single set of experiments,

we carried out additional studies to verify the findings. Flow cytometry was used with
antibodies recognizing CD45 to monitor immune cell populations and with antibodies
against CD34 to monitor chondrogenic and mesenchymal cells (69, 70) during HO
development. The data indicated that the overall numbers of CD45+ populations did not
vary markedly in day 5 HO masses retrieved from untreated versus nActA.Ab-treated mice
(fig. S9, A to C), whereas there were notable changes in the proportion of mesenchymal and
chondrogenic populations, with the latter decreasing in treated mice (fig. S9D) in agreement
with the sScCRNA-seq data.

Activin A neutralizing antibody treatment inhibits intramuscular HO development

Because each animal model of HO has inherent limitations (51, 71), we used a muscle
model of HO to test whether the activin A immunotherapy was effective in this system

as well (72). Accordingly, 50 pl Matrigel aliquots containing rhBMP2 or rhBMP6 were
micro-injected into the central portion of the gastrocnemius muscle of 2 months-old female
mice, where each aliquot elicited an immediate and palpable intramuscular mass upon
matrix solidification. Half of the mice received biweekly injections of control pre-immune
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1gG2b isotype antibody, whereas the remainder received the neutralizing activin A antibody
(20 mg/kg/injection). As shown by uCT imaging, very large intramuscular HO masses

had formed by day 14 in mice receiving pre-immune antibody and regardless of which
BMP was used (Fig. 6, A and B). The masses were on average much larger than those
forming subcutaneously (Fig. 1, A and B). Systemic administration of activin A antibody
markedly reduced the development of intramuscular HO in both rhBMP2- and rhBMP6-
implanted mice (Fig. 6, A and B). Inhibition was over 80%, as indicated by pCT imaging
quantification (Fig. 6, C and D). Histochemical analyses showed that compared to controls,
the administration of neutralizing antibody reduced cartilage formation (fig. S10).

Next, we analyzed whether endogenous activin A was present in developing HO masses and
what major cell population(s) were characterized by it. Using day 7 HO masses to capture
the chondrogenic phase, we found that the protein was readily apparent in chondrogenic
cells and chondrocytes within the interstitial area of muscle (fig. S11). By day 14, activin A
strongly characterized residual chondrogenic cells and also bone lining cells and osteoblasts
(fig. S11). The overall amounts of immunologically detectable activin A were markedly
lower in the marginal HO masses present in nActA.Ab-treated mice at either time point (fig.
S11).

Exogenous activin A stimulates HO development and chondrogenic cell differentiation

Because administration of activin A neutralizing antibody inhibited HO, we reasoned

that the opposite should occur if exogenous activin A were to be provided. To test this
possibility, adult female mice were implanted with 250 pl Matrigel aliquots containing
rhBMP2 or rhBMP6 without or with inclusion of recombinant activin A, up to 4-fold w/w
excess. Although rhBMP2 and rhBMP6 each induced prominent HO by day 14, as expected
(Fig. 7A and fig. S12A), inclusion of activin A boosted HO formation (Fig. 7, B and C and
fig. S12, B and C), amounting to a 2- to 3-fold increase by BV quantification (Fig. 7D and
fig. S12D). HO masses from mice receiving rhBMP6 alone and rhBMP6 plus activin A all
contained large amounts of safranin O—positive maturing cartilage and alizarin red—positive
endochondral bone, but there was more endochondral bone accumulation in HO masses
from mice receiving rhBMP6 and activin A combination (fig. S12, E and F).

Activin A could possibly stimulate HO by various means given its multiple properties

and functions (38). Our single-cell transcriptome data showed that endogenous /nhba
expression characterized mesenchymal and chondrogenic progenitors present in developing
HO masses, raising the possibility that a role of activin A signaling could be to further
enhance the differentiation of committed chondrogenic cells. To test this thesis, we used
preskeletal progenitor cell populations isolated from E11.5 mouse embryo limb buds (73).
Upon seeding in micromass culture, these committed progenitors resume their development,
undergo aggregation and condensation, differentiate, and produce cartilage nodules over
time in vitro (73, 74). Starting about 2 hrs after seeding, the limb bud cell cultures

were continuously treated with different doses of recombinant activin A in the absence

or presence of SB431542, a potent pPSMADZ2/3 signaling inhibitor (75). As negative and
positive controls, companion cultures received an equal volume of vehicle or were treated
with rhTGF-p1, which promotes chondrogenesis through activation of pPSMAD2/3 (42, 47,
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48). Control cultures receiving vehicle displayed an appreciable and stereotypic degree of
chondrogenic cell differentiation over culture time, but activin A treatment (100 ng/ml)
greatly enhanced chondrogenesis as measured by alcian blue staining and quantification
(Fig. 8A) and the expression of such chondrogenic markers as Sox9, Acan, and Col2al
(Fig. 8B). Activin A treatment also increased pSMAD?2 abundance (Fig. 8C), and increases
in both chondrogenesis and pPSMAD?2 signaling were prevented by 10 uM SB431542 co-
treatment (Fig. 8, A and C). As expected, rhTGF-B1 treatment (5 ng/ml) stimulated both
chondrogenesis and pPSMAD2 abundance, responses that were both prevented by SB431542
co-treatment (Fig. 8, A and C).

Given the relationship between pPSMADZ2/3 activation and chondrogenesis, we asked
whether this pathway could be part of the overall cellular mechanisms through which BMPs
normally promote chondrogenesis. Thus, we treated micromass cultures with rhBMP6 in the
absence and presence of SB431542. As assessed by alcian blue staining and expression of
chondrogenic markers, treatment with rhBMP6 alone stimulated chondrogenesis compared
to control cultures with no treatment, as expected (Fig. 8, D and E). SB431542 inhibited
baseline chondrogenesis on its own and inhibited rhBMP6-induced chondrogenesis (Fig. 8,
D and E). The specificity of drug action was confirmed by the fact that the drug had no
obvious effects on pSMAD1/5/8 abundance (Fig. 8F).

Previous studies with cultured human kidney and myeloma cells showed that activin

A can antagonize the function of BMP6 and its canonical signaling occurring through
phosphorylation of SMAD1, SMADS5, and SMAD8 (SMAD1/5/8) (33), though this
antagonism was not observed toward BMP2 (76). Because the combination of rhBMP6 plus
activin A further stimulated HO development as our data show, it would appear that activin
A does not antagonize BMP6 in the context of skeletogenic cell differentiation. To test this
prediction, we treated mouse limb bud cells in micromass cultures as above with rhBMP6
in the absence or presence of activin A (up to 2-fold excess). At the treatment dose used,
rhBMP6 maximally stimulated chondrogenesis over control cultures treated with vehicle
only (Fig. 8G), in line with the known pro-chondrogenic properties of this BMP (77). We
observed no obvious inhibitory effects of activin A on rhBMP6-stimulated chondrogenesis
as revealed by alcian blue staining and quantification (Fig. 8G) and chondrogenic gene
expression (Fig. 8H). rhBMP6 treatment increased SMAD1/5/8 phosphorylation compared
to the control (Fig. 81) but again, activin A did not interfere with this increase in
pSMAD1/5/8 (Fig. 81). The responses to rhBMP6 alone or rhBMP6 plus activin A were
not accompanied by major changes in the expression of genes encoding relevant type | and
type 1l TGF-B superfamily surface receptors (fig. S13, A and B), indicating that increased
receptor activities, rather than expression, were responsible for the increased pSMAD1/5/8
response. One exception was a decrease in A/k2 (also known as Acvrl) and Alk7 (also
known as Acvric) expression, possibly a negative feedback response to limit excessive
cellular responses to ligands. Together, the data indicate that activin A antagonism of BMP6
action and signaling does not apply to chondrogenesis and may rather be cell type and
context—dependent.
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DISCUSSION

Our data provide evidence that activin A is an important regulator and stimulator of acquired
forms of endochondral HO. The cytokine appears to act early and upstream during HO
given the ability of activin A neutralizing antibody to markedly reduce its development in
the BMP-implant mouse models used. Our single-cell transcriptome data uncover the fact
that in addition to macrophages and other inflammatory cells, /nfiba expression prominently
characterizes progenitor cell populations present around and within developing HO masses
and coincides in part with the expression of Sox9and other chondrogenic genes. This
indicates that the protein has at least a dual role in the genesis and progression of HO,

first as a component of the initial inflammatory response and then as part of signaling
mechanisms prodding and stimulating committed cell progenitors toward chondrogenesis
and heterotopic bone formation. This is supported by our data with limb bud chondrogenic
progenitors in micromass cultures in which activin A greatly enhanced their baseline
differentiation and did so through canonical pPSMADZ2/3 signaling. Because treatment

with a pSMAD2/3 signaling antagonist dampened both baseline and BMP-stimulated
chondrogenesis, this pathway does appear to occupy an upstream position in the regulatory
hierarchy controlling chondrogenesis. Previously, endogenous /n/1ba expression was shown
to characterize human bone marrow progenitors, and inhibition of /n/1ba expression by RNA
interference impaired their differentiation under chondrogenic conditions in vitro (49). In
addition, activin A is present in bone and facilitates bone accrual and fracture repair when
applied locally in rodents (45, 46). Together, our data and previous studies offer new insights
into the biology of activin A as a TGF-B superfamily member intimately involved in skeletal
tissue formation in both physiological and pathological contexts.

These tantalizing conclusions relate well with those reached in recent studies on the positive
roles of TGF-B itself and canonical pPSMAD2/3 signaling in HO development (64, 78)

and normal bone homeostasis (79, 80). With regard to HO, Wang et al. first examined
surgical retrieval specimens of HO masses from surgery and trauma patients and detected

a high number of pPSMADZ2/3-positive cells in osteoid tissues and high amounts of active
TGF-B1 in their serum (78). They also observed an abundance of pPSMAD?2/3-positive
cells—including mesenchymal progenitors—in developing HO masses in intramuscular
BMP-implant and tendon injury mouse models of HO. Conditional 7g#B1 ablation in

the monocyte and macrophage lineage or systemic treatment with a TGF-B1 neutralizing
antibody (1D11) attenuated HO formation. In another study, Sorkin ef a/. used a tendon
injury model of mouse HO, scRNA-seq, and developmental trajectories to further probe

HO pathogenesis (64). They uncovered dynamic functional interplays amongst TGF-p—
producing monocytes and macrophages, chondrogenic progenitor cells, and HO progression,
and conditional 7g7B1 ablation in monocytes and macrophages caused a marked decrease

in both cartilage formation and HO development. Considered together, these TGF-p

studies and our data herein lead to a model in which canonical activin A and TGF-
signaling through pSMAD2/3 would set the HO process in motion together with other
inflammatory cytokines (fig. S14). These ligands act upstream of—»but strictly rely upon—
BMP signaling to induce both skeletogenic commitment and differentiation of progenitor
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cells, and targeting activin A or TGF-p by immunotherapy elicits a marked attenuation of
HO development (fig. S14).

It remains to be determined what exactly activin A and TGF-f each does with regard to
progenitor cell commitment and differentiation, how their putative actions relate to those
exerted by BMP signaling, and how /nAba expression is regulated in inflammatory and
progenitor cells during HO development. With regard to the latter question, our predictions
of cell-cell interplays and ligand-receptor interactions suggest that progenitor cells could be
influenced by macrophages and mast cells, and their expression of /nAbawould be regulated
by such inflammatory factors as IL-1p and TNF. In addition, it remains to be determined
whether activin A and TGF-p exert similar central roles in other forms of acquired HO,
including spinal cord- and tendon-injury-associated HO; limb amputation—associated HO
that is propelled by local bacterial infection; and intramembranous-preponderant HO that
mostly involves direct bone formation without a cartilage intermediate (2, 81-83). At this
regard, a just published study reported that systemic administration of an activin A antibody
did not appreciably inhibit HO in a skin burn/tendon-injury mouse model of HO (84). The
observed lack of response in this tendon model compared to those used here could be due
to differences in: HO pathogenesis and severity; inciting cues; treatment regimens; antibody
potency and specificity; or antibody bioavailability at different anatomical sites. Addressing
these possibilities will require side-by-side comparisons of the different models. Lastly,

it is important to highlight here exciting studies on fibrodysplasia ossificans progressiva
(FOP), a rare, congenital and severe disorder characterized by aggressive endochondral HO
and caused by gain-of-function mutations in the type | BMP receptor ACVR1 (also called
ALK?2) (85). Two groups discovered that a neomorphic function in mutant ALK2 allows

it to directly respond to activin A, elicit BMP-like pSMAD1/5/8 signaling in addition to
canonical pSMAD?2/3 signaling, and induce ectopic skeletogenesis and HO (53, 86). In FOP
then, activin A would also elicit pPSMAD1/5/8 signaling and could on its own provoke and
sustain HO development, offering a potent therapeutic target (53). Notably, TGF-p may
represent an alternative therapeutic target for FOP because systemic administration of the
TGF-B1 neutralizing antibody 1D11 effectively inhibits HO in a mouse model of aggressive
FOP (78).

In cell types such as human kidney and myeloma cells, activin A can actually antagonize
the biological effects and canonical pSMAD1/5/8 signaling elicited by BMP6 and BMP9,
though not the effects and canonical pSMAD1/5/8 signaling of BMP2 and BMP4 (76).

As pointed out above, these data indicate that in certain circumstances, activin A is able

to counteract BMPs that normally signal through the type 2 receptors ACVR2A and
ACVR2B in combination with type 1 receptor ALK2, but is unable to antagonize BMP2
and BMP4 that normally signal through BMPR2 in combination with ALK3 and ALKG®.
The antagonistic effects of activin A on BMP6 canonical signaling have been confirmed
in mouse embryonic stem cells in culture (53). In our studies here, however, activin A

did not interfere with, but actually potentiated, the pro-HO action of BMP6 in vivo and
did not interfere with BMP6 stimulation of chondrogenesis in vitro. This indicates that the
roles of—and responses to—activin A depend on the physiological context and very likely,
on the specific combinations of type 1 and type 2 receptors expressed by given cell types
and at different developmental stages (33, 34). It should also be pointed out that based on
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structural features and phylogenic considerations, (i) BMP2 and BMP4, (ii) BMP5, BMP6,
and BMP7, and (iii) the activins occupy three evolutionary subgroups within the TGFp
protein superfamily that have diverse overall roles and functions (33). In recent structural
studies on these three protein subgroups, we compared their Cardin-Weintraub (CW) peptide
domain (87) that normally regulates their interactions with cell surface heparan sulfate
proteoglycan co-receptors and their overall bio-availability and signaling activities (88-90).
We found that the CW domain is structurally, stereologically, and functionally distinct

in each subgroup, and such diversity is strictly conserved though evolution (91, 92). In
sum, the overall functional properties of TGF-f superfamily members are likely to result
from complex interactions and interplays amongst ligands, receptors, co-receptors, and
other modulators and are still to be wholly deciphered, including differences that depend
on the biological context. Further insights into these mechanisms should provide a better
understanding of activin A functioning during HO and could uncover additional modalities
for therapy.

MATERIALS AND METHODS

HO mouse models

All mouse studies were conducted after review and approval by the IACUC at our
Institutions. Standard subcutaneous and intramuscular models of HO were used that we

and others have shown to be effective, mild and non-invasive previously (50, 52, 72, 93,
94). Briefly, growth factor-reduced, phenol red-free Matrigel (Corning) was mixed with:
recombinant human bone morphogenetic protein-2 (0.25 pg) (rhBMP2; Gene Script Corp);
recombinant human BMP-6 (0.1 ug) (rhBMP6; R&D Systems); recombinant activin A (Act
A; 1 pug R&D Systems); rhBMP2 (0.25 pg) plus Act A (0.25 or 1.0 pg; R&D Systems); or
rhBMP6 (0.1 pg) plus Act A (0.25 or 1 pg) per 250 pl. For experiments utilizing activin

A neutralizing monoclonal antibody (nActA.Ab; 1gG2b isotype; Biolegend), Matrigel was
pre-mixed with: rhBMP2 (0.25 pg) plus mouse pre-immune control 1gG2b isotype antibody
(25 pg; Biolegend); rhBMP2 (0.25 pg) plus nActA.Ab (25 ug); rhBMP6 (0.1 pg) plus
pre-immune control 1gG2b isotype (25 pug); or rhBMP6 (0.1 ug) plus nActA.Ab (25 ug). For
the subcutaneous HO model, the above mixtures were prepared on ice, and 250 pl aliquots
of each combination were injected at two ventral subcutaneous sites in 6-8 week old CD-1
female mice. For the intramuscular HO model, a 50 pl aliquot of each protein combination
was injected in the right and left gastrocnemius muscle in female mice. Twice per week the
mice received subcutaneous injections of 10 mg/kg (subcutaneous HO model) or 20 mg/kg
(intramuscular HO model) of pre-immune mouse antibody or Act A neutralizing antibody
as above. Female mice were used because they are easier to handle and elicit a consistent
HO process indistinguishable from that in males (94). Subcutaneous and intramuscular
implantations were carried out under anesthesia by inhalation of 1.5% isoflurane in 98.5%
oxygen as prescribed by IACUC. HO samples were harvested at Day 5 or Day 14, fixed in
4% paraformaldehyde (PFA) overnight and then processed for micro computed tomography
(UCT) and histological and immunohistological analyses.

Sci Signal. Author manuscript; available in PMC 2023 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mundy et al. Page 12

Imaging and quantification by uCT

After fixation, HO samples were washed in 1X PBS and stored in 70% ethanol at 4°C.

We carried out scanning and analysis using a Scanco UCT 35 instrument (52). Samples
were scanned at a resolution of 21 pm, 200 ms integration time, 55kVp energy and 145

PA intensity. HO samples from the subcutaneous model were analyzed at threshold 33 to
measure total tissue volume (TV) and re-analyzed at threshold 125 to measure bone volume
(BV). Data were used to calculate bone volume/total volume ratios and are presented in
relation to control values. HO samples from the intramuscular model were analyzed at
threshold 165 to measure bone volume. These values were calculated based on averages
obtained by multiple samples from at least two independent experiments.

Histochemistry, immunohistochemistry and in situ hybridization

Day 5 and Day 14 HO samples were fixed overnight and then immediately processed
without decalcification. Fixed samples were embedded in paraffin and serial 5.0 um cross
sections were stained with hematoxylin and eosin for routine histology, Safranin O/Fast
green to reveal cartilage and Alizarin red to reveal mineralized matrix. Representative
sections were subjected to heat-antigen retrieval and processed for immunohistochemistry
using 1:200 dilution of goat activin A antibodies (R&D Systems, AF338) at 4°C overnight.
Companion sections were incubated with a similar concentration of pre-immune goat serum.
After rinsing, sections were reacted with biotinylated secondary antibodies followed by
DAB color development. Bright-field images were taken with a Nikon Eclipse C/equipped
with a Nikon camera operated with NIS Elements software. In situ hybridization was
carried out on serial paraffin sections as described (95). Briefly, after paraffin removal and
rehydration, serial tissue sections were pretreated with 10 pg/ml proteinase K for 10 min at
room temperature, post-fixed in 4% PFA, washed with PBS containing 2 mg/ml glycine, and
treated with 0.25% acetic anhydride in triethanolamine buffer. Sections were hybridized with
antisense or sense 3°S-labeled riboprobes (approximately 1 x 106 DPM/section) at 50°C for
16 hrs, coated with Kodak NTB-3 emulsion diluted 1:1 with water and exposed for 2 to 4
days. Slides were developed with Kodak D-19 at 20°C and stained with hematoxylin. cDNA
clones used as templates for probe transcription included: collagen I alphal (nt.233-634;
NM_007742); collagen Il alpha 1 (nt. 1095-1344; X_57982),; and collagen X alphal (nt.
1302-1816; NM_009925). Dark-field images were taken with a Nikon Eclipse C/equipped
with a Nikon camera operated with NIS Elements software.

Preparation, treatment and analysis of micromass cultures

Primary mesenchymal cell micromass cultures were prepared from E11.5 CD-1 mouse
embryo limb buds as described previously (73, 96). Briefly, limb buds were dissociated into
single cell suspensions by incubation with 0.5% trypsin-EDTA at 37°C for 30 min. The cells
were diluted to a concentration of 10 x 106 cells/ml in DMEM containing 3% FBS and
antibiotics. Micromass cultures were initiated by spotting 15 pl of the cell suspension (1.5

x 10° cells/spot) onto the surface of 24-well tissue culture plates. After a 2 hr incubation at
37°C in a humidified CO, incubator to allow for cell attachment, the cultures were flooded
with medium containing the following reagents depending on the experiment performed:
Act A (100 ng/ml); TGF-B1 (5 ng/ml; R&D Systems); TGF-B receptor inhibitor (SB431542;
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10 puM; Tocris); Act A (100 ng/ml) plus SB431542 (10 pM); TGF-B1 (5 ng/ml) plus
SB431542 (10 uM); rhBMP6 (50 ng/ml); or Act A (100 ng/ml) plus rhBMP6 (50 ng/ml).
Fresh reagents were given with medium change daily. Equivalent amounts of vehicle (4 mM
HCI or ethanol) were added to respective companion control cultures. Cultures were stained
with Alcian Blue (pH 1.0) after 3 days to monitor chondrogenic cell differentiation (73, 96).
Images were taken with a Nikon SMZ-U microscope equipped with a SPOT insight camera
and acquired with SPOT 4.0 software. Micromass analysis was performed using ImageJ.
Images were made binary under a RGB threshold and “Particle Analysis” was utilized to
measure Alcian blue positive area (97).

Gene expression analysis

Total RNA was isolated from control and treated micromass cultures on day 3 using TRIzol
reagent (cat# 15596-026, Life Technologies) according to the manufacturer’s protocol.
RNA was quantified by Nanodrop. One microgram total RNA was reversed transcribed
using the Verso cDNA kit (cat# AB1435/A, Thermo Scientific). Quantitative real-time PCR
was carried out using SYBR Green PCR Master Mix in an Applied Biosystems 7500
according to manufacturer’s protocol. Gapdhwas used as the endogenous control, and
relative expression was calculated using the AA Ct method. Primer information is in Table
S2.

Protein signaling assays

To monitor and quantify protein signaling activity in primary mouse embryo limb bud
mesenchymal cells, freshly-isolated cells from E11.5 embryos were seeded at a lower
density (10 x 10° cells/ml) to elicit confluent monolayers and allow ready cell surface
access to exogenous proteins and reagents to be tested acutely. Cultures were maintained
for 24 hrs in DMEM containing 3% FBS and antibiotics and were then treated for 1 hr
with: appropriate vehicle control; Act A (100 ng/ml); rhBMP6 (50 ng/ml); Act A (100
ng/ml) plus rhBMP6 (50 ng/ml); TGF-B1 (5 ng/ml); SB431542 (10 uM); Act A (100
ng/ml) plus SB431542 (10 uM); or TGF-B1 (5 ng/ml) plus SB431542 (10 pM). Cells were
immediately lysed in 1X RIPA solution with protease and phosphatase inhibitors; samples
were centrifuged at 13,200 rpm at 4°C for clarification and supernatants were collected.
Protein concentration for each sample was determined using the MicroBCA Protein Assay
Kit (Thermo Scientific) according to the manufacturer’s protocol. Total cellular proteins
(30 pg/lane) were electrophoresed on 4-12% NuPAGE Bis-Tris gel (Life Technologies)
and transferred to PVDF membranes (Life Technologies). Membranes were blocked in
5% nonfat milk/1X Tris buffered saline/Tween 20 (TBST) and incubated overnight at 4°C
with one of the following antibodies: phospho-SMAD1/5/9 (pSMAD1/5/9) (1:1000; Cell
Signaling) or phospho-SMAD?2 (1:1000; Cell Signaling). Membranes were washed in 1X
TBST and incubated with anti-rabbit HRP-linked antibodies (1:2000; Cell Signaling) for
1 hr at room temperature. Antigen-antibody complexes were detected with SuperSignal
West Dura Extended Duration Substrate (Thermo Scientific) chemiluminescent detection
system. Membranes were re-blotted with SMAD1 (1:1000; Cell Signaling) or SMAD 2/3
(1:1000; Santa Cruz Biotechnology) antibodies for normalization. For loading control,
membranes were blotted with GAPDH (1:1000; Santa Cruz Biotechnology). ImageJ was
used to determine band intensities. All the above procedures were also used in experiments
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involving Ad-293 cells, a cell line commonly used in studies on signaling activities of TGFp
superfamily members (89). Cells were transiently transfected with full length expression
plasmids encoding wild type ALK2 or mutant ALK2R206H which is the most common
mutation seen in patients with FOP (85). Treatments, including the addition of Activin B
(100 ng/ml; R&D Systems), cell harvesting and immunoblots were all as above.

Single-cell transcriptome analyses

Mice were implanted subcutaneously with: Matrigel alone; Matrigel containing rhBMP2
plus control preimmune mouse antibody; or rhBMP2 plus neutralizing Act A antibody,
following the procedure and doses detailed above. Additional antibodies were provided by
injection on day 1 and day 3. Ectopic tissue masses were harvested on day 5 from initial
implantation, minced and dissociated into single cell suspension by treatment with dispase
(50 U/ml in HBSS) for 2 hrs at 37°C. Cells were then suspended in 5% FBS/DMEM at

a concentration of 700-1200 cells/pl. Cell suspensions were immediately delivered to the
Center for Applied Genomics (Children’s Hospital of Philadelphia) for determination of
cell viability and sample processing. Viability of > 95% in all samples. cDNA libraries

of cells from each group were generated by Chromium controller (10X Genomics Inc.),
barcoded and purified as described by the manufacturer, and sequenced using a 2x150
pair-end configuration on an Illumina HiSeq platform at a sequencing depth of ~400 million
reads. Cell Ranger (version 3.0.2) was used to de-multiplex reads, followed by extraction
of cell barcode and unique molecular identifiers (UMIs). The cDNA insert was aligned to a
modified reference mouse genome (mm10) using STAR (98).

Seurat package V3 was used for filtering, variable gene selection, dimensionality reduction
analysis and clustering standardly (55). Doublets or cells with poor quality (genes>6000,
genes<200, or >5% genes mapping to mitochondrial genome) were excluded. Expression
was natural log transformed and normalized for scaling the sequencing depth to a total of
1x10* molecules per cell. For the integrated dataset, anchors from different dataset were
defined using the FindIntegrationAnchors function, and these anchors were then used to
integrate datasets together with IntegrateData. Datasets were scaled by regressing out the
number of UMIs and percent mitochondrial genes. Cell-cycle heterogeneity effect was

also regressed out by using the Seurat Cell-cycle scoring function. Statistically significant
principle components were selected as input for ~#SNE plots. Different resolutions for
clustering were used to demonstrate the robustness of clusters. In addition, differentially
expressed genes within each cluster relative to the remaining clusters were identified using
FindMarkers within Seurat. Sub-clustering was performed by isolating the mesenchymal and
skeletogenic lineage clusters using known marker genes, followed by reanalysis as described
above. Gene ontology analysis was performed using the clusterProfiler package (99).

To computationally delineate the developmental progression of HO from mesenchymal to
chondrogenic cells and order them in pseudotime and trajectory, we used the algorithms of
Monocle package V2 (63). A list of differentially expressed genes that change as a function
of pseudotime was obtained using “dpFeature”. Top 1000 significant genes were selected
as ordering genes. Heat maps to visualize pseudotime-dependent genes were generated by
using a subset of top most significant differentially-expressed genes. Cell trajectories were
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established using genes selected by a principal-component-analysis-based method for cell
ordering according to previously described methods (55, 63).

Flow cytometry

Ectopic tissue masses were harvested on day 5 from mice implanted with Matrigel alone and
Matrigel/rhBMP2 mixture. The latter were sub-divided into two groups each systemically
treated with preimmune antibody or Act A antibody as above. Samples were dispersed into
single cell populations by dispase treatment for 1 hr, and cells were stained with fluorescent
conjugated antibodies, including FITC anti-CD45 (Biolegend, 103107) and Brilliant Violet
421 anti-CD34 antibodies (BD Biosciences, 562608) for 60 minutes at 4°C. Cells washed in
flow buffer (2% FBS in PBS) and analyzed on a BD Biosciences LSR 1l flow cytometer.

Cell-cell and ligand-receptor interaction predictions and analyses

To analyze possible cell-cell communication mediators among different cell types, we used
CellPhoneDB, a repository of ligands, receptors and interaction data that relies on public
information to annotate receptors and ligands.(66) Briefly, each cell type cluster defined by
Seurat was used as input into CellphoneDB that is based on statistical methods and analyses
to generate interaction numbers of ligand/ receptor pair amongst different groups. Network
visualization was done using Cytoscape version 3.5.1.(67) The networks layout was set to
force-directed layout.

Further predictive analyses of ligand-receptor pairs were carried out using NicheNet,(68)
allowing identification of putative ligands produced by immune cells regulating target
genes in mesenchymal and chondrogenic cell cohorts. Ligand-target links are inferred with
existing knowledge on signaling and gene regulatory networks. NicheNet defines a list

of potentially active ligands and predicts affected and non-affected background genes in
target cells (mesenchymal cells in our analyses). Ligands were ranked according to how
well they predict putative gene sets of interest compared to unrelated genes. For heatmaps
presentation, we focused on top 5 ligands (out of 119 ligands) secreted by immune cells
and ordered them according to Pearson correlation value and identified their corresponding
receptors. Scores reflected weight of ligand/receptor interactions in the integrated weighted
ligand signaling network.

Statistical methodologies

Data were analyzed using Prism 6 (GraphPad Software, Inc). Student’s ¢tests and one-way
ANOVA was used to establish statistical significance. Threshold for significance for all tests
was set as p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Systemic administration of activin A neutralizing antibody inhibits subcutaneous HO

development.

(A) Images of uCT scans of ectopic mineralized tissue masses present in mice implanted
with Matrigel-rhBMP2 mixtures and then treated twice per week with control pre-immune
1gGb2 mouse monoclonal antibody (BMP2 + IgG) or neutralizing activin A mouse
monoclonal 1IgGb2 antibody (BMP2 + nActA.Ab). Samples were harvested and processed
for analyses on day 14 after Matrigel implantation. Images show mineralized masses from

4 different mice in each treatment group. (B) Images of PCT scans of ectopic masses on

day 14 in mice implanted with Matrigel-rhBMP6 mixtures and administered pre-immune or
neutralizing activin A antibody as in (A). (C and D) Quantification of bone volume relative
to total volume (BV/TV) in ectopic masses retrieved from the mice implanted with Matrigel-
rhBMP2 (C) and Matrigel-BMP6 (D) and treated with pre-immune or neutralizing activin

A antibody. Data are presented a mean + S.D. N = 6-10 ectopic masses per experimental
group, 2 masses per mouse, obtained from 3 independent experiments. Student’s ¢tests were
used in all experiments to determine statistical significance. **P<0.01; ****P<0.0001. Scale

bar for all panels, 1 mm.
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Fig. 2. Activin A antibody administration inhibits heterotopic cartilage and bone formation.
Serial sections of HO samples harvested on day 14 from rhBMP2-implanted mice treated

systemically with control 1IgG (BMP2 + IgG) or activin A neutralizing antibody (BMP2

+ nActA.Ab) were stained with safranin O to reveal cartilage and alizarin red to reveal
mineralized bone. Sections were also processed for in situ hybridization to analyze gene
expression of the endochondral ossification markers Co/2al (immature cartilage), Col10al
(hypertrophic cartilage), and Co/Zal (bone). Arrowheads in each panel point to prominent
sites of cartilage and bone formation and expression of tissue-specific markers. Images are
representative of N = 4 ectopic masses in each of 3 independent experiments. Scale bar, 200

um.
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Fig. 3. Single-cell RNA-seq analysis of populationsrecruited into developing HO masses.
Heterotopic tissue masses were harvested on day 5 from mice implanted with Matrigel

alone or Matrigel+rhBMP2 mixture, with the latter group of mice treated systemically

with either pre-immune control 1gG or activin A neutralizing antibody (identified in the
panels as BMP2/1gG and BMP2/nAct A.Ab, respectively). (A) Sample contribution to cell
type clusters after superimposition of ~#SNE data from all samples, yielding 10 major cell
clusters (0 to 9). (B to D) Violin plots of selected genes identifying eight hematopoietic and
inflammatory cell clusters (clusters 1, 3, and 5-9) expressing Piprc (B) and skeletogenic and
mesenchymal cell clusters (clusters 2 and 4, respectively) expressing Pdgfra and/or PrrxI (C
and D). (E toH) £SNE plots and violin plots showing PrrxI expression that characterizes
cells in clusters 2 and 4 (E) and expression of Sox9 (F), Acan (G) and Co/2al (H) in cluster
2 cells. N = 6 ectopic masses per each experimental group pooled for sScRNA-seq analysis.
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Fig. 4. Pseudotime traj ectories of mesenchymal-to-chondrogenic developmental cell progression.
(A) Heat maps of expression levels of genes characteristic of mesenchymal cells and

chondrogenic cells within clusters 2 and 4 over developmental pseudotime. (B to D)
Monocle-defined two-dimensional order of progress toward differentiation of cells retrieved
on day 5 HO masses from mice implanted with Matrigel only and not treated (B), implanted
with Matrigel + rhBMP2 and treated with pre-immune serum (BMP2, C), or implanted
with Matrigel + rhBMP2 and treated with activin A neutralizing antibody (BMP2 + nAct

A Ab, D). (E to I) Pseudotime cell developmental trajectories based on the indicated
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individual genes in cells from Matrigel-only (blue), BMP2 (red) and BMP2 + nAct A
Ab (green) samples. Comparison of early mesenchymal markers Cd34 and Ly6a with
skeletogenic (Sox9) and chondrogenic (Acanand Col2al) markers effectively decomposes
the mesenchyme to chondrogenic progression. N = 6 ectopic masses per each experimental

group.
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Fig. 5. Inhbais expressed by macrophages and mesenchymal progenitor cellsin developing HO
Masses.

Single-cell RNA-seq datasets were further analyzed to discern /nhba expression amongst the
population clusters depicted in superimposed £SNE plots of Matrigel-only, BMP2/IgG, and
BMP2/nActA.Ab samples. (A) Clusters identified by differential gene expression. Clusters
0, 1 and 5, macrophages; cluster 2, progenitor and chondrogenic cells; cluster 3, T cells;
cluster 4, mesenchymal cells; cluster 6, B cells; cluster 7, dendritic cells; cluster 8, mast
cells; cluster 9, neutrophils. (B) Heat map of differentially expressed genes depicts the
phenotypic traits of the 3 main macrophage clusters 0, 1 and 5. (C to E) Violin plots

of /nhba expression in cells from all 10 clusters across all samples (C), in macrophage
populations (clusters 0, 1, and 5) from Matrigel-only, BMP2/1gG, and BMP2/nActA.Ab
samples (D), and in all mesenchymal and chondrogenic progenitors (clusters 2 and 4) in
Matrigel-only, BMP2/IgG and BMP2/nActA.Ab samples (E). (F) £SNE plots showing the
number of /nhba-expressing cells in the Matrigel-only, BMP2/1gG, and BMP2/nActA.Ab
samples. (G) Pseudotime developmental trajectory of /nhba-expressing cells in the different
samples. N = 6 ectopic masses per each experimental group.

Sci Signal. Author manuscript; available in PMC 2023 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mundy et al.

Page 28

A B
BMP2 +1gG BMP2 + nActA Ab BMP6 + 1IgG BMP6 + nActA Ab

C @ BMP2+1gG D , @ BMP6+1gG
4 — =
[l BMP2-nActA Ab ®  mBMPsmnActAAD
" (]
2 -
& 2 * &
1 ] " **
0 (e

Fig. 6. Systemic administration of activin A neutralizing antibody inhibitsintramuscular HO
development.

(A and B) uCT images of intramuscular mineralized tissue masses in mice implanted with
Matrigel-rhBMP2 (A) or Matrigel-rhBMP6 (B) mixtures and then treated twice per week
with control pre-immune mouse monoclonal IgG (IgG) or neutralizing activin A mouse
monoclonal antibody (nActA.Ab) as indicated. Samples were harvested and processed for
analyses on day 14 from implantation. (C and D) Quantification of bone volume (BV)
within the ectopic masses retrieved from the indicated mouse groups. Data are from
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indicated numbers of mice (2 data point per mouse) from a minimum of 3 independent
experiments and are plotted as mean £ S.D. N = 6-10 ectopic masses, 2 masses per mouse,
per experimental group. Student’s #tests were used in all experiments to determine statistical
significance. *P<0.05; **P<0.01. Scale bar, 1 mm
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Fig. 7. Exogenous recombinant activin A stimulates HO development.

(A to C) uCT images of ectopic mineralized tissue masses present on day 14 in mice
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implanted subcutaneously with Matrigel-rhBMP2 (A), Matrigel-rhBMP2 plus recombinant
activin A at 1:1 w/w ratio (B), or Matrigel-rhBMP2 plus recombinant activin A at 1:4 w/w
ratio (C). Images show mineralized masses from 4 different mice in each treatment group.

(D) Quantification of bone volume relative to total volume (BV/TV) in ectopic masses

retrieved from all the mouse groups in (A—C). N = 11-14 mice per experimental group,
2 masses per mouse. Data was compiled from 3 independent experiments and presented
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as mean + S.D. Student’s ftests were used in all experiments to determine statistical
significance. *P<0.05; ****P<0.0001. Scale bar, 1 mm
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Fig. 8. Activin A stimulates chondrogenic cell differentiation.
(A) Images and quantification of alcian blue staining of E11.5 limb bud mesenchymal cells

in micromass cultures treated with recombinant activin A (100 ng/ml) or rhTGF-p1 (5
ng/ml) in the absence (=) or presence (+) of the pPSMAD2/3 signaling antagonist SB431542
(10 uM), starting about 2 hrs after plating. Control cultures received vehicle only. Alcian
blue staining was quantified at day 3 using ImageJ and Particle Analysis software. (B)
Expression of chondrogenic genes Sox9, Acan, and Col2al in day 3 control versus activin
A-—treated cultures in (A). (C) Immunoblot analysis and quantification of phosphorylated
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SMAD2 (pSMAD?2) and SMAD2/3 in limb bud mesenchymal cell cultures that were
acutely treated for 1 hr with activin A, TGF-p1, and the pPSMAD?2/3 inhibitor SB431542

as indicated. Molecular weight markers are in the left-most lane. Protein loading consistency
was assessed by re-processing the blots with antibodies specific for nonphosphorylated
SMAD?2/3 and GAPDH. (D) Images and quantification of alcian blue staining of micromass
cultures treated with rhBMP6, SB431542, or both and processed on day 3. (E) RT-PCR
quantification of Sox9, Acan, and ColZal expression in day 3 control versus treated and
co-treated cultures in (D). (F) Immunoblot analysis and quantification of pPSMAD1/5/8 in
micromass cultures after 1 hr treatment with rhBMP6 and SB431542 as indicated. Molecular
weight markers are in the left-most lane. Loading was assessed by re-blotting for SMAD1
and GAPDH. (G) Images and quantification of alcian blue staining in micromass cultures
on day 3 treated with rhBMP6 (50 ng/ml) alone or in combination with activin A (100
ng/ml) starting about 2 hrs from plating. (H) RT-PCR quantification of Sox9, Acan, and
ColZal expression in day 3 control versus BMP6-treated and BMP6 and activin A co-treated
cultures. (I) Immunoblot analysis and quantification of pSMAD1/5/8 in micromass cultures
treated for 1 hr with rhBMP6 and activin A as indicated. Molecular weight markers are

in the left-most lane. Loading was assessed by re-blotting for SMAD1 and GAPDH.
Statistical significance was determined by Student’s ztests and one-way ANOVA in all
experiments. *P<0.05; **P<0.01; ****P<0.0001; #P<0.05; ##P<0.01; ###P<0.0001; $
$<0.01. * indicates a comparison to the control; # indicates a comparison to BMP6 or
Activin A; and $ indicates a comparison to TGF-B1. N = 3 to 5 independent experiments
with 3 repeats per sample, and data are presented as mean + S.D.
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