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BMP Ligand Trap ALKS-Fc
Attenuates Osteogenesis and Heterotopic Ossification
in Blast-Related Lower Extremity Trauma
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Traumatic heterotopic ossification (tHO) commonly develops in wounded service members who sustain high-
energy and blast-related traumatic amputations. Currently, no safe and effective preventive measures have been
identified for this patient population. Bone morphogenetic protein (BMP) signaling blockade has previously been
shown to reduce ectopic bone formation in genetic models of HO. In this study, we demonstrate the efficacy of
small-molecule inhibition with LDN193189 (ALK2/ALK3 inhibition), LDN212854 (ALK2-biased inhibition),
and BMP ligand trap ALK3-Fc at inhibiting early and late osteogenic differentiation of tissue-resident mesen-
chymal progenitor cells (MPCs) harvested from mice subjected to burn/tenotomy, a well-characterized trauma-
induced model of HO. Using an established rat tHO model of blast-related extremity trauma and methicillin-
resistant Staphylococcus aureus infection, a significant decrease in ectopic bone volume was observed by micro-
computed tomography imaging following treatment with LDN193189, LDN212854, and ALK3-Fc. The efficacy
of LDN193189 and LDN212854 in this model was associated with weight loss (17%-19%) within the first two
postoperative weeks, and in the case of LDN193189, delayed wound healing and metastatic infection was
observed, while ALK3-Fc was well tolerated. At day 14 following injury, RNA-Seq and quantitative reverse
transcriptase—polymerase chain reaction analysis revealed that ALK3-Fc enhanced the expression of skeletal
muscle structural genes and myogenic transcriptional factors while inhibiting the expression of inflammatory
genes. Tissue-resident MPCs harvested from rats treated with ALK3-Fc exhibited reduced osteogenic differen-
tiation, proliferation, and self-renewal capacity and diminished expression of genes associated with endochondral
ossification and SMAD-dependent signaling pathways. Together, these results confirm the contribution of BMP
signaling in osteogenic differentiation and ectopic bone formation and that a selective ligand-trap approach such
as ALK3-Fc may be an effective and tolerable prophylactic strategy for tHO.

Keywords: BMPRIA, ALK2/ALK3 kinase inhibitors, bone morphogenic protein (BMP), heterotopic
ossification, trauma-induced extremity injury, limb amputation

Introduction nervous system (CNS) trauma [1]. The pathophysiology of
tHO has been shown to form in ~60% of high-energy blast

ABERRANT WOUND HEALING following musculoskeletal injury patients wounded during the recent efforts in Iraq and
polytrauma can lead to traumatic heterotopic ossifica- Afghanistan with varying degrees of severities [2,3]. Sig-
tion (tHO) and is more common with high-energy blast- nificant complications associated with tHO include chronic
associated extremity injuries and with concomitant central pain, impaired prosthetic fitting, decreased range of motion,
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neurovascular compromise, and skin [4]. The underlying
mechanism of ectopic bone formation in tHO is characterized
by arobust influx of inflammatory cells and hypermetabolism
that leads to dysregulation of normal tissue repair [5,6].
Specifically, myeloid cells are proposed to exert autocrine
and paracrine effects on tissue-resident and/or recruited
mesenchymal progenitor cells (MPCs) to aberrantly induce
osteogenic differentiation [5,6].

Bone morphogenic protein (BMP) signaling has been
associated with HO induction [7]. BMPs, belonging to the
transforming growth factor-beta (TGF-f) superfamily, are
known as pivotal regulators of embryogenesis, growth, and
differentiation [8]. Several BMPs have been shown to pro-
mote osteogenesis through the osteogenic induction of
MPCs [9]. The BMP ligands BMP-2, BMP-4, BMP-7, and
BMP-9 are potent mediators of osteogenesis and play a
central role in normal bone development and in HO for-
mation [10,11]. BMP-2 in particular has been shown to in-
duce the expression of osteocalcin, and transient expression
of BMP-2 appears necessary and sufficient to induce bone
formation [12]. Subsequent studies have shown that BMP-2
plays a critical role in chondrocyte proliferation and matu-
ration during endochondral ossification [13]. Significant HO
formation has been associated with increased BMP-2 ex-
pression in a mouse burn/tenotomy trauma injury model
[14]. Inhibition of BMP-2, BMP-4, and BMP-7 signaling
with a BMP ligand trap appears to reduce HO formation,
further supporting the role of BMPs in aberrant bone for-
mation [15]. In a mouse model of spinal cord injury-induced
HO, the expression of BMP-2, BMP-4, BMP-7, and BMP-9
was increased and associated with enhanced HO formation
[16]. BMP-7 induction has been shown to be associated with
the increased expression of osteoblast differentiation mark-
ers, including alkaline phosphatase (ALP) and accelerated
calcium mineralization [17,18]. Together, these findings
demonstrate the importance of BMP ligands in both normal
bone development and aberrant wound healing in the bone.

BMPs mediate their signaling activity by interacting with
receptor complexes composed of type I (ALKI1, ALK2,
BMPRIA/ALK3, BMPRIB/ALK6) and type II TGF-§ re-
ceptors (BMPRII, ACTRII, ACTRIIB) [19-21]. BMP re-
ceptors differentially modulate the responsiveness of target
genes downstream of BMP2-mediated signaling. BMPRII
and ACTRIIB are able to compensate for each other func-
tionally in mediating BMP signaling [22]. Appendicular
skeletal development is normal in mice expressing a con-
ditional BMPRII knockout allele and the Prx1-Cre trans-
gene, indicating that BMPRII is not required for limb
development and loss of BMPRII is compensated by BMP
signal transduction via other BMP receptors [23]. In cases
of BMPRII deficiency, BMPs may recruit SMAD-dependent
and SMAD-independent signaling to regulate and refine
specific osteogenic inductive signals in osteoblasts and their
precursors [24,25].

Given the limited efficacy of current therapeutic options
in inhibiting tHO, pharmacological strategies for modulat-
ing BMP signaling have emerged as a promising strategy to
inhibit ectopic bone formation. These strategies include
small-molecule inhibitors and recombinant protein ligand
traps [26]. In the current study, we targeted ALK2, ALK3,
and several of their ligands including BMP2, BMP4, BMP6,
and BMP7 to ascertain their roles in osteogenic differenti-
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ation and the efficacy of these molecules as potential ther-
apies for HO in an established rat model of blast-related
lower extremity trauma and methicillin-resistant Staphylo-
coccus aureus (MRSA) infection. We found that the kinase
inhibitors LDN193189 (which inhibits ALK2 and ALK3
preferentially) and LDN212854 (which exhibits biased in-
hibition of ALK2) and BMP ligand trap ALK3-Fc (which
binds BMP-2 and BMP-4 most potently) reduced in vitro
osteogenic differentiation of tissue-resident MPCs iso-
lated from injured tissue following a burn/tenotomy insult
[27-29]. LDN193189, LDN212854, and ALK3-Fc inhibited
trauma-induced HO formation, with ALK3-Fc being well
tolerated. Injured rats treated with ALK3-Fc demonstrated
increased myogenic gene expression and decreased in-
flammatory gene expression. Consistent with these findings,
ALK3-Fc treatment in vitro demonstrated reduced endo-
chondral ossification, osteogenic differentiation, prolifera-
tion, self-renewal capacity, and alterations in gene
expression of MPCs. Together, these results suggest that the
BMP ligand trap ALK3-Fc may have promising therapeu-
tic potential in limiting tHO formation and progression.

Materials and Methods
Animals

Adult wild-type C57BL/6 mice (Mus musculus) between
6 and 8 weeks old were purchased from Charles River
Laboratory (Boston, MA). Mice were appropriately quar-
antined and allowed to acclimate in the vivarium at the
University of Michigan, Ann Arbor, MI. All mice were
housed in clean clear plastic cages and exposed to a 12-h
light/dark cycle, with free access to standard rodent chow
and water ad libitum, under veterinary care and supervision.
All murine experiments and animal care procedures for this
research were approved by the University of Michigan In-
stitutional Animal and Care and Use Committee (IACUC).
All activities were conducted in accordance with all appli-
cable regulations and best practices pertaining to the use of
animals in research.

Adult male Sprague Dawley rats (Rattus norvegicus)
between 11 and 12 weeks old (350-450g) were obtained
from Taconic Biosciences (Germantown, NY). Rats were
appropriately quarantined and allowed to acclimate in the
vivarium located at the Walter Reed Army Institute of
Research (WRAIR, Silver Spring, MD). All rats were housed
in clean clear plastic cages and exposed to a 12-h light/dark
cycle, with free access to standard rodent chow and water ad
libitum, under veterinary care and supervision. Rat weights
were assessed before surgery and at various intervals during
the study. All rat experiments and animal care procedures for
this research were approved by the Naval Medical Research
Center (NMRC) and WRAIR TACUC.

Small-molecule inhibitors and BMP ligand trap

LDN193189 and LDN212854 were synthesized as pre-
viously described [28,30]. The ligand trap ALK3-Fc, a
recombinant ALK3 extracellular domain expressed as an
immunoglobulin G Fc fusion protein, was provided by
Acceleron Pharma through a Limited Purpose Cooperative
Research and Development Agreement between Acceleron
Pharma and NMRC.
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Traumatic burn/tenotomy injury model, isolation
and differentiation of murine MPCs, and inhibitor
treatment

Wild-type C57BL/6 mice were subjected to the well-
established burn/tenotomy injury model to induce HO, as
previously described [31]. Briefly, mice received a 30% total
body surface area partial-thickness burn on the shaved dor-
sum followed by left hind limb Achilles tendon transection,
as previously described [31]. On postoperative day (POD) 7,
murine tissue-resident mesenchymal progenitor cells (MPCs)
were derived from tissue collected from the Achilles tendon
injury site, as previously described [31]. Briefly, cells were
separated via 70 um cell strainer and digestive enzymes were
quenched in standard growth medium [Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin]. Cells
were spun down at 1,000 rpm for 5 min. The supernatant was
discarded, and the cell pellet was subsequently expanded in
standard growth media and split 1:3. All cells were used
within one to four passages. To evaluate osteogenic differ-
entiation of MPCs treated with kinase inhibitor or BMP
ligand trap, MPCs were cultured in osteogenic differentiation
medium (ODM) composed of DMEM, 10% FBS, 100 g/mL
ascorbic acid, 10mM glycerophosphate, and 1% penicillin/
streptomycin and were treated with 750 nM of LDN193189,
LDN212854, or ALK3-Fc for the duration of the study. Early
osteogenic differentiation was assessed on day 6 by ALP
staining and pixel quantification. Late osteogenic differenti-
ation was assessed on day 12 by Alizarin red staining and
quantified by pixel analysis, as previously described [15].

Trauma-induced blast and extremity injury
and inhibitor administration

Rats were subjected to whole-body exposure to blast over-
pressure, femoral fracture, soft tissue quadriceps crush injury,
and limb amputation through the zone of injury. Immediately
following wound closure, three muscle sites immediately sur-
rounding the amputation site were inoculated with MRSA
(strain 107261; 1x10° colony-forming unit), as previously
described [32]. For studies with the LDN inhibitors, rats were
treated daily for 21 days starting POD1 with vehicle control
(10mM citrate buffer, pH 3.0), LDN-193189 (6 mg/kg), or
LDN-212854 (6 mg/kg) via oral gavage. ALK3-Fc (3 mg/kg),
dissolved in phosphate-buffered saline (PBS), was administered
through intraperitoneal injections starting on PODI twice
weekly for a total of 28 days. Animal health status and body
weights were recorded daily. Postoperatively, rats were moni-
tored at least twice daily by animal care staff, research inves-
tigators, and veterinarians for animal activity, signs of pain,
weight loss, wound dehiscence, or infectious tracts for the du-
ration of the study. Wounds that exhibited signs of infection
defined as drainage, progressive marginal erythema, or dehis-
cence were debrided. Rats were euthanized if they demonstrated
signs of infection after a third debridement and/or extreme
weight loss (>25%) during the first 3 weeks after injury.

Quantitative micro-computed tomography analysis

Total new bone formed at the site of amputation was
quantified using a high-resolution micro-computed tomog-
raphy (micro-CT) system (SkyScan 1176; Bruker microCT,
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Kontich, Belgium), and a standard phantom was used for
normalization. Rats were imaged every 2 weeks with the
final scan at postoperative week 12. Scans were performed
using a 89-kV polychromatic X-ray beam, 256 LA current,
and an exposure time of 81 ms per 180° rotation [33,34].
Images were processed using the NRecon Reconstruction
software (Bruker) to align scan images and generate recon-
structed three-dimensional and cross-sectional images. The
volume of new ectopic bone was quantified using the Bruker
micro-CT volumetric software version 1.14.10.0+, as pre-
viously described [32].

Histological analysis

Injured and contralateral limbs harvested at postoperative
week 12 were fixed in 10% formalin for 1 week, followed
by transfer to PBS. Formalin-fixed tissues were decalcified
in 10% ethylenediaminetetraacetic acid (Sigma), paraffin
embedded, and sectioned. Tissue sections were stained with
hematoxylin and eosin (H&E; Richard-Allan Scientific,
Thermo Scientific, Waltham, MA). After staining, slides
were dehydrated in graded solutions of ethanol and Sub-X
and then sealed with Permount Mounting Medium (Sigma).
Images were acquired and quantified with the ScanScope
CS2 (Aperio, Vista, CA) running Image Scope (Aperio).

Blood analysis for complete blood count
and comprehensive metabolic profile

Tail vein blood collections were performed on naive,
POD3-, POD7-, and POD14-treated rats in the ALK3-Fc
group. Complete blood count (CBC) analysis was performed
using a Sysmex XT-2000i Automated Hematology Analyzer
(Sysmex America, Inc., Mundelein, IL). Comprehensive
metabolic profile (CMP) was performed using a Vitros 350
Chemistry System (Ortho-Clinical Diagnostics, Raritan,
NJ). CMP analysis encompassed a renal panel, electrolyte
panel (sodium, potassium, carbon dioxide, chloride, urea
nitrogen, creatinine), liver panel (aspartate aminotransfer-
ase, alanine aminotransferase, lactic acid dehydrogenase,
ALP, bilirubin), metabolic panel (albumin, total protein,
glucose, cholesterol, triglycerides), and creatine kinase
levels. Samples were run on the same day and the remaining
serum stored at —80°C before use.

Cell proliferation, analysis of ALP activity,
and colony-forming unit assays
of rat tissue-resident MPCs

Biopsies of skeletal muscle were aseptically harvested
from the zone of injury in vehicle- and ALK3-Fc-treated rats
on POD14, as previously described [32]. Briefly, samples
(50-100 mg) devoid of fascia and fat were minced and in-
cubated in a solution of 300 U/mL of collagenase type II
(Worthington, Lakewood, NJ) for 2h. A single-cell sus-
pension was generated by consecutive straining through
70-pm followed by 40-um nylon mesh cell strainers (BD
BioSciences, San Jose, CA). Red blood cells were lysed by
incubating filtered cells in ACK lysis buffer (Lonza,
Walkersville, MD) for 5 min, followed by rinsing cells with
ice-cold PBS. Cells were evaluated for their osteogenic
differentiation potential. Cells were serially diluted and
seeded in triplicates at a concentration of 1,000 cells per
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well of a six-well plate in either regular mesenchymal stromal
cell growth medium (DMEM-F12, supplemented with 10%
FBS, 100 U/mL penicillin, and 100 pg of streptomycin; Lon-
za) or ODM (Lonza) and evaluated after 6 days. To evaluate
cell proliferation, a bromodeoxyuridine (BrdU) cell prolifera-
tion assay was performed according to the manufacturer’s
instructions (Cell Signaling Technology). For quantification of
cellular ALP activity (ALP assay; Sigma—Aldrich), cells were
lysed in 150 pL of 1% Triton X-100 for 1-2 min, followed by
the addition of an equal volume of p-nitrophenyl phosphate
substrate for 1-2min, and absorbance was read immediately
at 405 nm. For colony-forming cell assays, plates were rinsed
with PBS, followed by fixation with 100% methanol for 3—
5 min, air-dried, stained with crystal violet for 2-3 min, and
rinsed five times with tap water. Colonies derived from pu-
tative colony-forming progenitor (CFP) cell (>50 cells) pop-
ulations were manually counted at 15 X magnification using an
inverted phase microscope.

RNA-Seq and analysis

On POD14, skeletal muscle tissue biopsies from the zone of
injury surrounding the amputation site from rats treated with
vehicle (n=4) or ALK3-Fc (n=4) were collected and stored
in RNALater (Ambion, Inc., Austin, TX) at 4°C for 4 days
before being removed and stored at —80°C. Total RNA was
isolated using a TRIzol-based PureLink™ RNA Mini Kit
(ThermoFisher Scientific) with DNase treatment. Library
generation and sequencing were performed at the Genomics
Platform at the Broad Institute (Cambridge, MA). An input of
10 ng total RNA was first purified using a 2.2 X volume RNA-
solid-phase reversible immobolization (SPRI) bead cleanup.
The RNA was eluted into Mix #1 (containing 3’ RT pri-
mer, dNTP mix RNase inhibitor, and trehalose) to prime
the samples for reverse transcription. Mix #2 (containing
5xMaxima RT buffer, Trehalose, MgCl,, template-switching
oligonucleotide (TSO), RNase inhibitor, and Maxima
RNaseH-minus RT) was then added to facilitate both first-
and second-strand cDNA synthesis. The samples were sub-
jected to polymerase chain reaction (PCR) preamplification
using Mix #3 (containing KAPA HiFi HotStart ReadyMix,
ISPCR primer, and water) to amplify cDNA, followed by a
0.8 xvolume SPRI bead cleanup to purify PCR products.
Concentration of cDNA was assessed using Quant-iT™ Pi-
coGreen™ dsDNA Assay Kit (ThermoFisher Scientific) and
adjusted to 0.25 ng/pL. cDNA libraries were constructed using
a Nextera XT DNA Library Preparation Kit (Illumina). Tag-
mentation was performed to fragment the cDNA and add
adapter sequences to the end of each fragment. After the
tagmentation reaction was neutralized, libraries were PCR
amplified using Illumina p7 and p5 index adapters. cDNA
libraries were pooled and subjected to a final 0.9 X volume
SPRI bead cleanup. Library quality was assessed using a
bioanalyzer trace, and final libraries have a size of
500bp. Pooled libraries were adjusted to 2nM and denatured
using 0.1 N NaOH before sequencing. Flowcell cluster am-
plification and sequencing were performed according to the
manufacturer’s protocols using the NextSeq. Libraries were
sequenced with a read structure of 2Xx38bp. Quality control
and alignment of the sequenced reads, and principal compo-
nent and differential expression analyses were performed us-
ing Array Studio V10.0 (OmicSoft; Qiagen). The paired reads
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were aligned to reference library Rat B6.0, gene model En-
sembl.R94. Differential expression was assessed by compar-
ing ALK3-Fc-treated versus untreated injured rat samples
using DESeq2 [35]. Functional and pathway analyses were
performed using g:Profiler [36] using lists of significantly
upregulated and downregulated genes ordered by fold change.

RNA isolation and gene expression analysis
of injured skeletal muscle

Biopsies of skeletal muscle were aseptically harvested
from the zone of injury surrounding the amputation site in
vehicle control (n=4) and ALK3-Fc-treated rats on POD3,
POD7, and POD14 (n=4) to evaluate changes in gene
expression related to chondrogenesis. RNA was stored in
RNAlater (Ambion, Inc.) at 4°C for 4 days. Approximately
50mg of muscle tissue was homogenized in 1 mL of
QIAzol lysis reagent (Qiagen, Germantown, MD).
RNA was extracted using RNeasy Lipid Tissue Mini kits
(Qiagen) according to the manufacturer’s instructions.
Reverse transcriptase-PCR was used to convert 1pg of
RNA to cDNA. Selected mRNA transcripts for 83 genes
consisting of chondrogenic, osteogenic, angiogenic, and
cell matrix targets were examined by quantitative real-time
PCR using a custom low-density microarray (Bio-Rad
Laboratories). Cycle threshold (Ct) values per gene tran-
script were normalized to the endogenous housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase within
each sample, and relative gene expression was calculated
using the 27AAC method. A gene was reported as differ-
entially regulated if there was greater than a two-fold
difference in expression compared with naive controls.
Altered genes were input into DAVID 6.8 [37] and Gene
Ontology (GO) term, and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis was performed.

Statistical analysis

All values are presented as mean=standard error of
the mean. The statistical differences between two or more
groups were determined by analysis of variance, followed
by post hoc Tukey multiple comparison tests. Statistical
significance was set at P <0.05. Only statistically significant
values were considered relevant. Analysis was performed
using Prism 8.0 (GraphPad Software, San Diego, CA).

Results

ALK2/3 kinase inhibitors and BMP ligand trap
reduces osteogenic differentiation

To evaluate the effects of ALK?2/3 kinase inhibitors and
a BMP ligand trap on osteogenic differentiation, murine
tissue-resident MPCs were harvested following burn/
tenotomy injury and treated with LDN193189, LDN212854,
or ALK3-Fc in ODM. Significant reduction in osteogenic
differentiation was evaluated by ALP staining following
inhibitor treatment and ligand trap, and quantification of
staining by densitometry revealed significant 2.7-fold re-
duction (P <0.005), 3.8-fold reduction (P<0.001), and 2.5-
fold reduction (P<0.005) following treatment with
LDN193189, LDN212854, and ALK3-Fc, respectively
(Fig. 1A, B). Treatment with LDN193189, LDN212854, and
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BMP type I receptor kinase inhibitors limit early and late osteogenic differentiation of MPCs. Following burn/

tenotomy injury, MPCs were harvested at the zone of injury on POD7 and cultured in ODM treated with LDN193189
(750nM), LDN212854 (750nM), or ALK3-Fc (750nM). (A) Analysis of early osteogenic differentiation was performed
by alkaline phosphatase staining following 6 days in ODM. (B) Pixel quantification of alkaline phosphatase staining.
(C) Analysis of late osteogenic differentiation was performed by Alizarin red staining following 12 days in ODM. (D) Pixel
quantification of alizarin red staining. Mean®SEM. **P <(.01, ***P<0.001, compared with vehicle treatment. SEM,
standard error of the mean; ODM, osteogenic differentiation medium; BMP, bone morphogenetic protein; MPC, mesen-

chymal progenitor cell; POD, postoperative day.

ALK3-Fc significantly inhibited late osteogenic differenti-
ation of tissue-resident MPCs as assessed by Alizarin red
staining by 2.5-fold (P<0.0001), 5.4-fold (P<0.0001),
and 31.4-fold (P <0.0001), respectively (Fig. 1C, D). Taken
together, the inhibition of osteogenic differentiation of
MPCs by LDN193189, LDN212854, and ALK3-Fc in vitro
suggests a requirement for BMP signaling in this process.

Targeting BMP inhibition and ligand signaling limits
heterotopic ossification through reduced
endochondral ossification in a rat model of blast-
related extremity trauma and MRSA infection

To evaluate ectopic bone formation, a well-established
rat model of blast-related extremity trauma and MRSA in-
fection was utilized to evaluate the effects of LDN1931809,
LDN212854, and ALK3-Fc. Treatment with LDN193189
and LDN212854 resulted in substantial weight loss after
injury in comparison to baseline values (Fig. 2A).
LDN193189-treated rats had an 18.8% reduction in body
weight at 2 weeks [P <0.02 with no improvement at 3 weeks
(-17.1%, P<0.05)] post-amputation (Fig. 2A). Similarly,
LDN212854-treated rats demonstrated reduced weights at
2 weeks (—18.6%; P<0.05; Fig. 2A). Furthermore, some
LDN193189-treated rats demonstrated signs of MRSA met-
astatic infection requiring early euthanization after 2 weeks
of treatment (n=2 of 8); one LDN212854-treated rat dis-
played signs of delayed wound healing (n=1 of 8).
LDN193189-treated (n=38), LDN212854-treated (n=S8), and
ALK3-Fc-treated (n=6) rats demonstrated reduced ectopic
bone formation from 48.5mm?> in vehicle control rats to
26.0mm’® (P=0.1296), 21.7 mm’ (P <0.005), and 29.4 mm®
(P<0.01), respectively (Fig. 2B, C). No statistically sig-
nificant difference was observed in ectopic bone volume
between the LDN193189, LDN212854, or ALK3-Fc
(Fig. 2B). However, given the significant adverse events
associated with LDN193189 and LDN212854, further
analyses were deferred with these kinase inhibitor probe

molecules and performed with ALK3-Fc treatment only.
Histological analysis with H&E staining of the residual
femur at POD-84 was evaluated and showed some active
zones of hypertrophic chondrogenesis and endochondral
bone formation at the amputation site in the vehicle-treated
animals at POD84, whereas ALK3-Fc-treated rats had a
clearly demarcated fibrous capsule without signs of chon-
drogenesis (Fig. 2D). These results together suggest that
ALK3-Fc is effective at suppressing tHO formation without
the adverse effects noted with sustained LDN193189 and
LDN212854 treatment in this blast and amputation with
infection model.

Transient changes in blood cell counts associated
with BMP ligand trap

To monitor the postoperative side effects of sustained
ALK3-Fc treatment, blood was obtained from rats exposed
to blast-related extremity injury for CBC and CMP mea-
surements. CBC revealed no significant differences in white
blood cell count on POD3, POD7, or POD14 (Fig. 3A)
compared with vehicle-treated rats. ALK3-Fc treatment
yielded a slight reduction in monocytes (from 0.8 K/pL in
the vehicle-treated group to 0.4 K/uL in the ALK3-Fc-
treated group, P<0.05) on POD3 and slight increase in
basophils (from 0.008 K/pL in the vehicle-treated group
to 0.026 K/uL in the ALK3-Fc-treated group, P<0.05) on
POD7 (Fig. 3A). However, by POD14, there were no sig-
nificant differences in either monocytes or basophils. While
CMP analysis revealed mild differences in some serum
chemistry values, these values were within the reference
values. Creatinine kinase was the only value with significant
reduction on POD14 (1141.7 U/L in vehicle-treated rats to
5344U/L in ALK3-Fc-treated rats, P<0.05; Fig. 3B).
Overall, no correlation was observed from serum chemis-
tries on any day to suggest adverse renal, hepatic, cardio-
vascular, or musculoskeletal effects due to ALK3-Fc
treatment.
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FIG. 2. BMP ligand trap ALK3-Fc limits endochondral ossification and heterotopic ossification and is well tolerated
without any side effects. Rats were subjected to trauma that simulates a blast-induced extremity injury by exposing rats to
blast overpressure, femur fracture, and a soft tissue crush injury, followed by an amputation through the zone of injury and
then wound inoculation with MRSA following wound closure. Rats were then treated with vehicle (PBS, n=6),
LDN193189 (oral lavage, 6 mg/kg daily for 21 days, n=_8), LDN212854 (oral lavage, 6 mg/kg daily for 21 days, n=38), and
ALK3-Fc (intraperitoneal injection, 3 mg/kg twice weekly for 28 days, n=6). (A) Animals were weighed every other
week. (B) Micro-computed tomography scans were performed on animals following blast injury at 12 weeks. Total new
bone was determined by defining the difference between new bone and naive bone. (C) Representative micro-computed
tomography scan of rats treated with vehicle and ALK3-Fc at 12 weeks. Arrows highlight ectopic bone formation.
(D) Representative hematoxylin and eosin images of sections in the ectopic bone region demonstrating the presence of
fibrous capsule (arrow) around the amputation site without distinct chondrocytes (arrowheadz observed in the vehicle-
treated control. Mean+ SEM. *P <0.05, compared with vehicle- and LDN193189-treated rats; "P <0.05, ##Pp<0.01, com-
pared with vehicle- and LDN212854-treated rats; *Pp o 0.01, compared with vehicle- and ALK3-Fc-treated rats. Scale bars,
20 uM. PBS, phosphate-buffered saline; MRSA, methicillin-resistant Staphylococcus aureus.

ALK3-Fc inhibits early osteogenic differentiation,
proliferation, and self-renewal capacity
of tissue-resident MPCs

To explore the effects of BMP ligand trap treatment on
the osteogenic differentiation capacity of tissue-resident
MPCs, tissue was harvested from the zone of injury sur-
rounding the amputation site of vehicle- and ALKS3-
Fc-treated rats on PODI14. Tissue-resident MPCs were
evaluated for cell proliferation potential, CFP frequency,
and early osteogenic differentiation capacity in both stromal
media and ODM. Early osteogenic differentiation assess-
ment by ALP demonstrated reduced osteogenic differenti-
ation in ALK3-Fc-treated rats in both stromal media
[0.12 absorbance units (AU) in vehicle-treated animals to
0.04 AU in ALK3-Fc-treated animals; 3.0-fold reduction;
P <0.0005] and ODM (0.17 AU in vehicle-treated rats to

0.03 AU in ALK3-Fc-treated rats; 5.6-fold reduction;
P<0.01; Fig. 4A). The tissue-resident MPCs isolated from
ALK3-Fc-treated rats were assessed by BrdU staining and
demonstrated reduced proliferation in stromal media from
1.21 AU in vehicle-treated rats to 0.27 AU in ALK3-Fc-
treated rats (4.5-fold reduction; P<0.05) and in ODM
from 0.94 AU in vehicle-treated rats to 0.16 AU in ALK3-
Fc-treated rats (5.9-fold reduction; P<0.002; Fig. 4B).
Quantification of tissue-resident MPCs revealed a signifi-
cant reduction in CFPs in stromal media (78.8+9.0 CFPs
in vehicle-treated rats to 36.2+6.6 CFPs in ALK3-Fc-
treated rats; P <0.02) and ODM (48.6 £ 6.5 CFPs in vehicle-
treated rats to 0.320.16 CFPs in ALK3-Fc-treated rats;
P<0.002; Fig. 4C). Together, these results suggested that
treatment with ALK3-Fc reduces osteogenic differentiation,
proliferation, and self-renewal capacity of tissue-resident
MPCs.
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FIG. 3. No systemic side effects following treatment with ALK3-Fc. Following blast-related polytraumatic extremity
injury and MRSA infection, rats were treated with vehicle (PBS, n=3) or ALK3-Fc (3 mg/kg, n=3) twice a week with
intraperitoneal injections and whole blood was analyzed on POD3, POD7, and POD14. Blood was collected from the tail
vein and immediately subjected to analysis. (A) Complete blood count and (B) comprehensive metabolic profile were
evaluated. Mean+SEM. *P <0.05, **P <0.01, comparing vehicle and ALK3-Fc treatment. Gray box indicates normal
references values. WBC, white blood count; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactic
acid dehydrogenase; CK, creatine kinase, ALP, alkaline phosphatase.
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FIG. 4. ALK3-Fc reduces osteogenic differentiation, proliferation, and self-renewal capacity of MPCs. Following blast-
related polytraumatic extremity injury and MRSA infection, rats were treated with either vehicle or ALK3-Fc (3 mg/kg)
twice a weekly by intraperitoneal injections, and MPCs muscle biopsies at the zone of injury were harvested on POD14 and
plated in stromal media or osteogenic media. (A) Analysis of early osteogenic differentiation by alkaline phosphatase
activity following 6 days in stromal media or ODM. (B) Cell proliferation after 6 days in stromal media or ODM and
evaluated by BrdU assay. (C) Quantification of MPC CFPs by crystal violet after 6 days in stromal media or ODM. Colonies
containing >50 cells were counted. Mean®SEM. *P <0.05, **P<0.01, ***P<0.001, comparing vehicle and ALK3-Fc
treatment. BrdU, bromodeoxyuridine.
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ALK3-Fc augments muscle-like gene expression
while inhibiting inflammation following rat blast
injury model

To investigate the effects of ALK3-Fc treatment on global
gene expression following blast and amputation injury, an
unbiased approach was taken and bulk tissue RNA-Seq was
performed on muscle-derived tissue harvested from naive
uninjured control rats and blast-injured rats on POD14 fol-
lowing vehicle or ALK3-Fc treatment. Based on principal
component analysis (PCA) plotting samples according to
principal components 1 and 2 (Fig. 5A), expressed genes
between naive rats and vehicle-treated rats sampled on
PODI14 following blast and amputation injury formed two
discrete clusters, whereas expressed genes from PODI14
ALK3-Fc-treated rats formed an intermediate cluster, with
the gene expression in ALK3-Fc-treated rats skewing to-
ward uninjured animals in comparison to the vehicle-treated
group. This interpretation of PCA was corroborated further
by analysis of differentially expressed genes between these
treatment groups and naive animals. Using a standard false
discovery rate cutoff (P<0.05), 6,687 genes were differ-
entially expressed in POD14 vehicle-treated rats compared
with naive rats, whereas 2,159 genes were differentially
expressed in POD14 ALK3-Fc-treated rats compared with
naive rats (Fig. 5B). To gain more direct insight into the
impact of ALK3-Fc treatment, differential expression was
compared between vehicle- and ALK3-Fc-treated rats on
PODI14, revealing 83 upregulated genes and 203 down-
regulated genes. Analysis of upregulated genes by pathway
and functional analyses using GO terms revealed significant
association with biological processes related to muscle
development and adaptation, including the term ‘‘muscle
structure development” among the most significant bio-
logical processes (Fig. 5C) and with cellular components
related to muscle cellular structures (Fig. 5D), suggesting
that ALK3-Fc reinforced myogenic gene expression. How-
ever, analysis of significantly downregulated genes was
associated with biological processes related to immune and
inflammation, including the term ‘‘inflammatory response’’
among the most significant biological processes, suggesting
that ALK3-Fc attenuated these processes (Fig. SE). A num-
ber of genes associated with biological process of muscle
structure and development were visualized by a heat map as
fold changes compared with naive rats, revealing upregu-

STRONG ET AL.

lation of those genes by ALK3-Fc-treatment compared with
vehicle treatment on POD14 (Fig. 5F). Similarly, a set of
genes associated with biological process of ‘‘inflammatory
response’”’ were visualized by a heat map as fold changes
compared with naive rats, revealing repression of those
genes by ALK3-Fc compared with vehicle treatment on
PODI14 (Fig. 5G). Taken together, the results indicate that
compared with vehicle treatment, ALK3-Fc activated a
transcriptomic signature associated with skeletal muscle
structure and development and reduced the expression of
genes associated with immune response and inflammation
on POD14 following blast and amputation injury.

ALK3-Fc attenuates expression of genes involved
in osteogenesis

To gain further insight into the impact of ALK3-Fc treat-
ment on ossification-related pathways with enhanced sensi-
tivity using a candidate-based approach, mRNA expression of
a panel of 83 target genes was assayed in tissue harvested
from the zone of injury surrounding the amputation site from
vehicle- and ALK3-Fc-treated rats on POD3, POD7, and
POD14. Gene transcript levels exhibiting a greater than two-
fold, statistically significant difference between treatment
groups was considered altered. A total of 55 genes were
significantly altered on POD3 with the top 5 most decreased
genes being Tacl (—4.1E4-fold), Coll0Oal (—83.5-fold), Sox2
(=700.0-fold), Bglap (-312.4-fold), and Smad3 (—172.5-fold;
P<0.05; Table 1) in ALK3-Fc- versus vehicle-treated rats.
On POD7, 32 genes were altered with the top 5 greatest
decreases observed in Adipoq (—19.9-fold), Fgfl0 (—6.77-
fold), Sparc (—6.2-fold), Adiporl (-5.8-fold), and Vegfa
(—5.4-fold) expression (P <0.05; Table 1). A total of 50 genes
were altered on POD14 with the top 5 greatest decreases
observed in Tacl (—1.2E4-fold), 1l6 (—233.7-fold), Bglap
(-201.4-fold), Sox2 (-140.1), and Tert (—111.1) expression
(P<0.05; Table 1). Ontology terms and KEGG pathway
analysis were performed with altered genes for each day with
Database for Annotation, Visualization and Integrated Dis-
cover (DAVID), and alterations in endochondral ossification,
BMP/TGF-f-associated SMAD signaling, and osteoblast
differentiation were observed (Table 2). These findings sug-
gest that ALK3-Fc treatment inhibits osteogenic differentia-
tion by inhibiting the downstream targets that promote
chondrogenesis and osteogenesis following trauma.

>

FIG. 5. ALKS3-Fc treatment enhances muscle-like gene expression while reducing inflammatory genes. RNA-Seq analysis
of local wound tissues from rats subjected to blast-related polytraumatic extremity injury and MRSA infection treated with
vehicle or ALK3-Fc collected on POD14 and compared with uninjured, naive control rats. (A) Principal component analysis
reveals clustering of samples by treatment groups based on PC1 and PC2. (B) A Venn diagram reveals the number of
significantly DE genes from DESeq2 analysis comparing POD14 vehicle- and ALK3-Fc-treated with naive controls.
Functional analysis (g:Profiler) by GO terms and adjusted P values (P,qj) reveals significantly upregulated genes from DE
analysis comparing POD14 vehicle-treated and POD14 ALK3-Fc-treated rats, showing (C) the top 20 significant BP and
(D) the significant CC. (E) Functional analysis of g:Profiler functional analysis results showing GO terms and P,q4; using the
list of significantly downregulated genes from the differential expression analysis comparing POD14 vehicle-treated rats
with POD14 ALK3-Fc-treated animals, showing the top 20 significant BP. (F, G) Heat maps showing the fold change in
expression of POD14 vehicle- and ALK3-Fc-treated rats compared with naive controls. (F) The set of genes from C were
“intersected”” with the biological process of ‘“‘muscle structure development,” and the functional analysis and relative fold
expression versus naive samples depicted by heat map according to a linear scale. (G) The set of genes from E were
“intersected” with the biological process of ‘‘inflammatory response” and relative expression versus naive samples
depicted by heat map according to a linear scale. PC, principal components; DE, differentially expressed; GO, Gene
Ontology; BP, biological processes; CC, cellular components.
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TABLE 1. ALTERED GENES FOLLOWING ALK3-FC TREATMENT IN THE RAT BLAST INJURY MODEL

POD3 POD7 PODI14

Genes Fold change Genes Fold change Genes Fold change
Tacl —41722.85 Adipog -19.95 Tacl -12578.31
CollOal —883.56 Fgfl0 -6.77 116 —233.75
Sox2 —699.89 Sparc -6.21 Bglap -201.45
Bglap -312.36 Adiporl =5.77 Sox2 -140.09
Smad3 -172.49 Vegfa -5.43 Tert -111.12
Lep —152.66 Wnt5a —5.41 Phex -91.44
16 —-102.58 Igf2 -5.40 1110 —-62.01
Mmp9 -97.29 Notchl -5.14 Cebpa -56.65
Tert -55.87 Scarbl -5.13 Smad3 —46.46
Cxcll —49.35 Lrp5 —4.96 Notchl —42.37
Runx2 —48.41 Smurfl —4.84 Fgf2 —41.74
Tbx5 -36.58 Fgfl —4.78 Mmp9 —40.31
Col2al -30.07 Ptk2 —4.75 Adipog -38.21
Hasl -28.32 Itgal —4.63 Ibsp -36.01
Phex -27.61 Tgfb3 —4.36 Smo -15.34
Fgf2 -24.31 Jagl —4.32 Bmp6 -12.79
Tnf —20.64 Cxcli2 —4.24 Lep -12.37
Cebpa -16.54 Spl —4.09 Smurfl —-11.59
Pou5fl —-16.16 Flt] -3.98 Scarbl -10.94
Col4a3 -13.72 Pdgfa -3.85 Tnf -10.27
Smo -11.97 Myodl -3.65 Colda3 -8.39
Notchl —-11.38 Smurf2 -3.51 Sox9 —8.15
1110 -10.10 Fgf2 -3.48 Alpl —-8.02
Bmp?2 -9.49 Angpt2 -3.29 Eng -7.42
Bmp6 -7.20 Itgav -3.00 Fgfl -3.91
Alpl -5.14 Bmp6 -2.91 Has2 -3.48
Cxcli0 —4.77 Ptchl —2.87 Fgfl0 -3.33
Fgfl0 -3.30 Col4a3 -2.84 Spl -3.08
Smurfl -2.95 Kdr -2.75 Itgal -2.71
Tgfb3 3.71 Rhoa -2.58 Comp 2.07
Ptchl 4.12 Hatl -2.55 Angpt2 4.22
Itga?2 6.73 Pou5fl 4.52 Omd 4.36
Ptk2 7.96 Myodl 522
Omd 8.40 Lrp5 5.73
Pdgfa 8.85 Cd44 5.81
Hatl 11.16 Tgfbl 5.94
Tgfbl 14.39 Ccl2 7.86
Adiporl 14.40 Pdgfa 8.51
Cd44 15.79 Vegfa 15.30
Bmp4 24.49 Bmp4 15.56
Sparc 26.68 Hdacl 15.66
Comp 34.44 Smurf2 15.90
Angpt2 37.33 Jagl 19.17
Smurf2 66.71 Flt] 23.32
Hdacl 73.24 Sparc 30.91
Jagl 76.74 Gusb 47.09
Myodl 92.58 Itgav 57.60
Itgav 97.71 Collal 112.98
Vegfa 100.37 Fabp4 251.24
Fltl 110.52 Kdr 374.42
Lrp5 142.38

Gusb 153.83

Fabp4 196.00

Itgam 512.00

Collal 808.03

POD, postoperative day.

Discussion

tHO is a common event following musculoskeletal injury
sustained in modern combat and leads to significant im-
pairment in daily function [38]. Given the complications

associated with tHO, there is a need to develop novel ther-
apeutic options to limit the devastating disease. In the cur-

rent study, rats subjected to a blast-related polytraumatic
extremity injury and MRSA wound infection were treated
with kinase inhibitors LDN193189 and LDN212854 or
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TABLE 2. Tor REGULATED TERMS FROM GENE ONTOLOGY DOMAINS AND KEGG PATHWAY ANALYSIS

FrRoM POD3, POD7, aAND POD14

STRONG ET AL.

No.
ID Name Concept of genes  FDR
POD3
GO:0001958 Endochondral ossification GOBP 5 6.30E-04
GO0:0060395 SMAD protein signal transduction GOBP 6 1.79E-03
GO0:0000122 Negative regulation of transcription from RNA polymerase II promoter =~ GOBP 10 5.86E-03
G0:0045944 Positive regulation of transcription from RNA polymerase II promoter GOBP 11 1.12E-02
GO0:0045669 Positive regulation of osteoblast differentiation GOBP 5 1.35E-02
GO:0007155 Cell adhesion GOBP 7 1.64E-02
G0:0043408 Regulation of MAPK cascade GOBP 5 2.39E-02
GO0:0010862 Positive regulation of pathway-restricted SMAD protein phosphorylation GOBP 5 2.66E-02
G0:0048468 Cell development GOBP 5 3.26E-02
GO:0051897 Positive regulation of protein kinase B signaling GOBP 5 3.26E-02
GO0:0005615 Extracellular space GOCC 21 8.35E-10
GO0:0005576 Extracellular region GOCC 11 2.13E-03
GO0:0005125 Cytokine activity GOMF 8 4.75E-04
GO:0008201 Heparin binding GOMF 6 2.13E-02
$sc05200 Pathways in cancer KEGG 16 2.05E-07
$sc05205 Proteoglycans in cancer KEGG 10 3.74E-04
ssc04350 TGF-beta signaling pathway KEGG 7 2.47E-03
ssc05144 Malaria KEGG 6 6.67E-03
ssc05321 Inflammatory bowel disease KEGG 6 1.48E-02
ssc04151 PI3K-Akt signaling pathway KEGG 10 3.22E-02
ssc05410 HCM KEGG 6 4.92E-02
POD7
GO0:0001938 Positive regulation of endothelial cell proliferation GOBP 5 2.73E-03
GO0:0045944 Positive regulation of transcription from RNA polymerase II promoter GOBP 9 1.03E-02
GO:0030154 Cell differentiation GOBP 6 1.51E-02
GO:0010595 Positive regulation of endothelial cell migration GOBP 4 2.56E-02
GO0:0045766 Positive regulation of angiogenesis GOBP 5 2.83E-02
GO:0051781 Positive regulation of cell division GOBP 4 3.88E-02
GO0:0008201 Heparin binding GOMF 6 9.44E-04
$sc05200 Pathways in cancer KEGG 12 4.65E-05
ssc04015 Rap1 signaling pathway KEGG 9 5.25E-04
ssc04014 Ras signaling pathway KEGG 9 8.68E-04
ssc04151 PI3K-Akt signaling pathway KEGG 10 1.54E-03
$sc05205 Proteoglycans in cancer KEGG 8 4.46E-03
POD14
GO0:0045944 Positive regulation of transcription from RNA polymerase II promoter GOBP 13 3.85E-05
GO0:0001649 Osteoblast differentiation GOBP 6 3.16E-03
GO0:0014068 Positive regulation of phosphatidylinositol 3-kinase signaling GOBP 5 1.68E-02
GO0:0001525 Angiogenesis GOBP 6 3.16E-02
GO0:0005615 Extracellular space GOCC 20 8.65E-10
GO0:0005576 Extracellular region GOCC 10 6.70E-03
GO0:0008083 Growth factor activity GOMF 5 3.01E-02
GO:0005125 Cytokine activity GOMF 6 6.09E-02
ssc04151 PI3K-Akt signaling pathway KEGG 14 3.81E-06
$sc05200 Pathways in cancer KEGG 14 2.76E-05
$sc05205 Proteoglycans in cancer KEGG 10 3.76E-04
ssc04510 Focal adhesion KEGG 9 5.13E-03
ssc05144 Malaria KEGG 6 6.70E-03
ssc04350 TGF-beta signaling pathway KEGG 6 4.64E-02
ssc05410 HCM KEGG 6 4.94E-02

Altered genes were evaluated by Database for Annotation, Visualization, and Integrated Discover (DAVID).
KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discover rate; GO, gene ontology; GOBP, gene otology biological

processes; GOMF, gene otology molecular functions; GOCC, gene otology cellular compartments; HCM, hypertrophic cardiomyopathy;

TGF, transforming growth factor.

BMP ligand trap ALK3-Fc to determine the effects on
heterotopic bone formation. Rats treated with LDN193189
and LDN212854 exhibited reduced HO formation but de-
veloped significant adverse effects at the exposures used.
Our group previously reported severe neutropenia and re-

duced macrophage infiltration following treatment with
LDN193189 in the mouse burn/tenotomy model of HO [15].
The potential immunosuppressive effects of LDN193189
might explain the metastatic MRSA lesions that were ob-
served in some animals within two postoperative weeks of
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treatment. While LDN193189 is a potent, low nanomolar in-
hibitor of ALK2 and ALK3 signaling, it also exhibits TGF-f3
receptor inhibition at concentrations of >500nM, as well as
inhibition of RIPK2, ABL, and SRC kinase pathways, poten-
tially eliciting antifibrotic and anti-inflammatory effects that
could enhance the efficacy but could also lead to adverse ef-
fects [15,39] by exerting immunomodulatory effects that would
be detrimental in the context of bacteremia and low-grade
sepsis. While rats have been previously subjected to similar or
higher exposures of LDN193189 in other studies without ap-
parent toxicity [40], the combination of treatment, polytrauma,
and MRSA exposure in this model might have revealed novel
adverse effects. It is not clear if lower exposures to these ki-
nase inhibitors, or the use of more selective ALK2/ALK3 in-
hibitor molecules, would be as effective or better tolerated. In
contrast, ALK3-Fc did not elicit systemic side effects for the
duration of the observational study (12 weeks). ALK3-Fc tar-
gets primarily BMP2 and BMP4, whereas LDN193189 and
LDN212854 blocks signaling via these ligands as well as a
multitude of other ligands including BMP6 and BMP7. To-
gether, these results suggest that ALK3-Fc has an improved
therapeutic index compared with the first-generation kinase
inhibitors in this model due to reduced secondary side effects.

We have shown the important role of BMP signaling
in two distinct models of traumatic HO, a burn/tenotomy
model [15] and a systemic blast-associated lower limb am-
putation model, incorporating multiple orthopedic injuries
and wound infection. HO formed in both these models
shares strong similarities as previously published [14,33],
which formed the basis of testing the impact of targeting
multiple BMP receptors and ligands in inhibiting this com-
plex post-traumatic pathology. LDN193189 and LDN212854
have been previously reported to inhibit HO in the rare ge-
netic disorder fibrodysplasia ossificans progressiva (FOP),
where ectopic ossification is driven by a gain-of-function
mutation in ACVRI expressing ALK2 [27,30,41,42]. Results
from the current study are consistent with findings from the
genetic model, highlighting a critical role of ALK2/ALK3
and their associated BMP ligands targeted by these com-
pounds in the development of HO in both congenital and
acquired forms of HO. It is interesting to note that the studies
of LDN193189 in the FOP mouse models did not report
any of the adverse effects observed in our study of traumatic
HO. The complex tHO model in this study was associated a
greater degree of tissue injury, wound healing, and infection,
and these factors may have contributed to the adverse ef-
fects observed in tHO models and may have revealed dose-
limiting toxicities associated with these first-generation BMP
type I receptor kinase inhibitors. However, the mechanistic
process of ectopic endochondral bone formation in skeletal
muscle and soft tissue in our blast-related polytraumatic in-
jury model is consistent with the cellular, molecular, clinical,
and radiographic features observed in patients leading to
maturation of bone tissue [32]. Classically, the HO that
forms in patients is not connected to the periosteum but has
the potential to later fuse with the periosteum of the bone as
a secondary feature [43]. The significant weight loss and
sporadic development of metastatic lesions with evidence of
systemic infection with the LDN193189 probe compound
in the rat tHO model would suggest the need for a cautious
approach, particularly due to its similarities to human HO,
and the need to test distinct chemotypes to determine if these
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effects are on-target or off-target, and potentially surmounted
using more selective kinase inhibitor compounds.

In our gene expression analysis, the impact on ALK3-Fc in
suppressing expression of genes associated with endochondral
ossification and SMAD-dependent signaling was not unantic-
ipated; however, several pathways associated with myogenesis,
angiogenesis, and inflammation were also shown to be modu-
lated by treatment with ALK3-Fc, using RNA-Seq profiling as
well as the analysis of expression of a curated panel of relevant
genes. BMPs have previously been found to influence vascular
cell proliferation, to increase endothelial cell adhesiveness to
circulating inflammatory cells in a reactive oxygen species
(ROS)-dependent manner, and to modulate the inflammatory
response [44,45]. Specifically, BMPs have been shown to
act synergistically with vascular endothelial growth factor
(VEGF) to enhance cell survival, cartilage formation, and
mineralized bone formation [46]. Both VEGF and interleukin
(IL)-6 have potent pro-angiogenic activity [47]. Others have
shown that IL-6 is an important regulator of angiogenesis
wherein VEGF concentrations tend to correlate with IL-6-
increased VEGF levels [48]. VEGF has also been show to in-
crease vascular permeability after promoting local angiogenesis
and facilitating the recruitment of MPCs to indirectly enhance
bone formation [49]. Thus, inhibiting VEGF has previously been
shown to not only reduce angiogenesis but also result in reduced
osteogenesis [50]. HO lesions have been shown to be highly
vascular, and VEGF produced by MPCs plays a critical role in
ectopic bone formation, whereby inhibition of these signals
significantly reduces HO formation [51]. In our analysis, we also
found reduced VEGF and IL-6 expression following ALK3-Fc.
These findings would suggest that there is a potential synergistic
effect of BMPs and VEGF in limiting tHO; however, additional
analyses are certainly necessary to confirm these findings.

Conclusion

The current study demonstrates that broader BMP type |
receptor kinase inhibition and more selective BMP ligand
trap treatments may be effective at inhibiting tHO; however,
additional analyses are necessary to elucidate the precise
identity of the BMP ligands that mediate the recruitment and
proliferation of MPC and other cells that initiate inflamma-
tion, osteogenic differentiation, and wound healing contrib-
uting to HO formation. While LDN193189 and LDN212854
were more potent at limiting the development of tHO, the
systemic adverse effects observed would need to be over-
come with more optimal dosing or by using more selective
agents. It is unclear if the limited tolerability is due to an on-
target effect from broad suppression of the BMP signaling
pathway or the many well-known off-target effects of these
first-generation BMP type I receptor kinase inhibitor probes
[39]. Additional studies using more selective and clinically
translatable small molecules are necessary. The ligand trap
ALK3-Fc affects a smaller subset of BMP ligands and had
less potent effects on tHO, but ALK3-Fc was more tolerable
and represented a more immediately translatable approach for
targeting the complex tHO in this current model.
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