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Heterotopic ossification (HO), the abnormal formation of bone in soft tissues,
is a debilitating complication that occurs after severe burns, trauma, and joint
replacement surgery. Current diagnostic methods detect HO only after sub-
stantial progression, limiting opportunities for early intervention. In this study,
we show that circulating mesenchymal progenitor cells (cMPCs), isolated
using a microfluidic iChip from patients undergoing hip replacement and a
mouse model of traumatic HO, exhibit HO-associated gene expression as early
as 6 hours post-injury—41 days before radiographic detection. RNA sequencing
of cMPCs enabled development of a liquid biopsy-based HO risk prediction
model, achieving up to 90% sensitivity and 100% specificity in human subjects.
Furthermore, the model detected significant reductions in HO risk following
prophylactic treatment, correlating with decreased HO volume. These findings
establish a noninvasive platform for early detection and monitoring of HO and
suggest broader utility for diseases involving aberrant mesenchymal cell fate.
This approach enables high-throughput screening of at-risk patients and real-
time assessment of therapeutic efficacy.

Heterotopic ossification (HO), the abnormal growth of bone in soft
tissues, is a common yet debilitating condition. Although genetic
forms of HO remain rare, the incidence of trauma-induced HO is
common. In adults with traumatic tendon injuries, fractures and sports
injuries, the incidence of HO ranges from ~10-20%, whereas the inci-
dence for HO ranges from 60-70% for blast injuries, 20-80% for hip
replacements and more than 60% for major burns'®. HO severely
diminishes a patient’s quality of life due to pain, limited mobility, nerve
damage, and poor wound healing. The gold-standard techniques for

HO diagnosis include X-ray and computed tomography (CT); however,
these technologies only detect mature bone 6-8 weeks after injury,
when HO prevention or reversal is no longer possible. Currently, there
are no technologies that can diagnose HO prior to irreversible symp-
toms such as joint contracture and pain.

While prophylactic strategies have been the focus of many clinical
studies, the only currently approved modalities are radiation therapy
and non-steroidal anti-inflammatory medications. However, these
treatments are non-specific and have off-target effects, including
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fracture non-union, tissue fibrosis, malignancy, and wound healing
complications’®, making the need for precision medicine (only treat-
ing those at risk) a high priority. Additionally, the timing of initiation
and termination of these prophylactic strategies remains unknown,
and it is necessary to optimize treatment duration. Thus, a large per-
centage of patients (up to 80%) who will not go on to form HO end up
receiving these potentially harmful prophylactic interventions. In
addition to those treated unnecessarily, many patients are also treated
at the wrong time and for the incorrect duration, given a lack of
treatment guiding technologies. Thus, a point-of-care decision sup-
port tool to predict which patients will develop HO and assess the
impact of treatment efficacy will provide a more “precision medicine”
approach.

Rare cells in circulation have been shown as potential precursors
of neoplastic disease and allow early detection and monitoring of
cancer as a “liquid biopsy” approach. Circulating mesenchymal/skele-
tal cells also have been found in patients following trauma’™. Blood
samples from people living with a rare genetic form of HO, fibrodys-
plasia ossificans progressiva (FOP), have been shown to have increased
circulatory osteogenic precursors during active episodes of HO for-
mation compared to stable disease. Indeed, previous studies detected
HO-associated circulating mesenchymal progenitor cells (cMPCs) fol-
lowing an HO-inducing burn/tenotomy (B/T) in our proven mouse
model. While several studies suggest that circulating mesenchymal
cell types contribute to HO formation, their contribution is likely
limited®.

In this work, we investigate if cMPCs can be used as an early
marker of trauma-induced HO. First, we collect and analyze blood
samples from mice after trauma with and without HO to determine
differences in ¢cMPC abundance. Next, we identify an HO-specific
cMPC-based molecular signature using blood samples from hip
replacement patients and a mouse model of HO. Then, using machine
learning, we train a predictive model achieving up to 100% specificity
and 90% sensitivity in identifying early-stage HOP*® samples. These
findings provide compelling evidence supporting the feasibility of a
liquid biopsy approach in early detection and surveillance of traumatic
HO. Finally, to assess therapeutic efficacy, we treat mice after trauma
with a proven inhibitor of HO. Measuring the molecular phenotype and
concentration of cMPCs - a “liquid biopsy” - can serve as a sensitive,
minimally invasive diagnostic marker, or “footprint” of HO, enabling
screening of high-risk patients and evaluating therapeutic efficacy to
more precisely guide early treatment. Just as liquid biopsies have
emerged as critical tools to diagnose and monitor certain
malignancies'??, we propose that this technology holds great promise
for musculoskeletal conditions involving aberrant mesenchymal cell
fate and repair, such as HO.

Results
HO-inducing injury leads to the early release of PDGFRa" cMPCs
To investigate if peripheral blood contains cMPCs that can be used as
biomarkers to enable early detection of HO, we performed either 1) a
combination of 30% total body surface area (TBSA) burn injury fol-
lowed by transection at the midpoint dorsal hind limb tendon (Achilles
tenotomy) which results in HO (HOP*) or 2) a combination of 30% TBSA
burn and a skin incision (B/S) which does not cause HO (HO"™®)
according to protocols previously published by our collaborative team
and collected blood samples at days 1, 3 or 7 after injury” (Fig. 1a). The
injuries were performed at UT Southwestern and samples were shipped
to Massachusetts General Hospital utilizing normothermic stabilization
of whole blood for cMPC isolation using our established protocols”.
We then isolated live cMPC populations using iChip and quantified
CDA45- cells expressing PDGFRa and CD90, a marker combination
containing MPCs**, using flow cytometry (Fig. 1b, Supplementary Fig. 1).
In day 1 post-B/S control mice, we detected a mean of 4 PDGFRa*/
CD90" per 1 mL blood sample (Fig. 1c, HO-associated MPCs; mean of

n=35 mice), whereas day 1 post-B/T MPC numbers increased pre-
cipitously to 16 PDGFRa*/CD90" (n=9) and 30 PDGFRa’/CD90" at day
3-post B/T (n=9). This dramatic increase was completely reversed by
day 7 post-B/T, as the number of MPCs decreased to 3 PDGFRa*/
CD90*(n=5).

Next, we asked whether the cells identified in the circulation were
derived from the HO site. To answer this question, we used two lineage
tracing systems previously validated by our team®. Specifically, we
have shown that Glii-lineage cells mark bone progenitor cells in the
periosteum, whereas Adipog-lineage cells (adipoCAR cells***’) mark
progenitor cells in the bone marrow. To query if the cMPCs we isolated
were from the periosteum or bone marrow, we activated the Cre sys-
tem with tamoxifen using our previously validated models, followed
by a burn tenotomy. We then collected blood and isolated cMPCs as
above (Fig. 1a). Interestingly, we were able to detect GliI““*™ cells that
were also PDGFRa and CD90 positive, whereas we could not detect
adipoCAR cells indicating that the circulating cells most likely derived
from Glil-CreER lineage cells (Fig. 1d). While we previously validated
this lineage tracing system in fracture models, we now wanted to
confirm that the Glil lineage cells marked the same cells at the HO site.
Thus, we next employed our GliI“**"%TdTom;Collal(2.3)GFP mice to
lineage trace the GlLI“™*7 cells to validate that they are the bone-
forming Collal cells. Indeed, prior to injury GliI““*™,TdTom cells were
located in the periosteum and peritenon, and co-stained for Colla1(2.3)
GFP (Fig. 1e). Next, we performed our burn/tenotomy model in these
mice and analyzed the HO site 12 weeks after injury at which point
mature heterotopic bone was noted to stain for both GliI““**.TdTom
and Collal(2.3)GFP. This is consistent with previous studies that iden-
tified Gli1“***>:TdTom cells to mark heterotopic bone*. Importantly,
these GLiI“*™ cells were not identified in the bone marrow (Fig. 1e),
confirming that the cMPCs were not derived from the bone marrow.
When we quantified Collal(2.3)-GFP+ osteoblasts and Aggrecan+
chondrocytes, we found that %24.5+3.5 of chondrocytes and %
33.4+12.6 of osteoblasts within the GliI““*™ - TdTom+ population in
HO anlagen (Fig. 1f). Thus, for the first time, to the best of our
knowledge, we have demonstrated that rare circulating MPCs are
present in the blood after an HO-inducing injury and that these derive
from Glil-lineage cells. Given that the Glil+ lineage cells are not present
in the circulation in uninjured mice, and they become detectable in the
blood after injury to the Achilles tendon, they are more likely to derive
from tissues adjacent to the injury site. Although this is compelling
supporting evidence that the circulating cells originate from the HO
site, direct evidence to conclusively show this has not yet been
obtained. In future experiments, we will narrow down the source of the
cells through the use of different Cre models and different injury
models.

cMPCs post-B/T express distinct HO-associated transcripts
Previous RNA sequencing analyses of MPCs described detailed tran-
scriptional changes that are responsible for HO in mice, including
during the critical early time points’***~*, To validate the detection of
circulating cells expressing cMPC markers in HOP* conditions, we
again leveraged the polytrauma musculoskeletal HO model, where
mice receive an Achilles tenotomy at the same time as a 30% total body
burn, which reliably forms HO at the site of the tenotomy. We per-
formed single-cell RNAseq on cMPC-Chip-enriched blood from mice
after burn/tenotomy (injury leading to HO). We were able to identify
cMPCs (Fig. 2a, 13 ¢cMPCs across 2 mice, day 1 post-B/T), expressing
mesenchymal markers Dcn, Colla2, and Fbin2 (Supplementary Fig. 2a).
We then hypothesized that transcriptional signatures of cMPCs
have a specific and sensitive molecular footprint that can predict HO
much earlier than current radiographic approaches. To identify a HO-
predictive molecular profile of ¢cMPCs, we collected cMPCs from
human patients that underwent hip replacement surgery, as well as
mice with HOP* B/T and HOP* B/S. We then performed bulk RNAseq
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Fig. 1| B/T injury leads to the early release of cMPCs. a Experimental design to
enrich cMPCs. Whole blood is drawn from mice with burn/tenotomy (B/T) and
burn/sham injury controls (B/S), incubated with antibodies targeting leukocytes
and magnetic beads; blood is then processed via iChip to enrich cMPCs. Created in
BioRender. Karabacak, M. (2026) https://BioRender.com/u7f26d4. b Flow cyto-
metry gating to analyze the marker combination CD45-PDGFRa+CD90+ that con-
tains cMPCs. ¢ CD45-PDGFRa+CD90+ cell numbers following B/T are significantly
increased compared to B/S days 1 and 3 post-injury (Dayl: n =4 B/S,n =9 B/T; Day 3:
n=4B/S,n=9 B/T, data are presented as mean values +/-SD). d We repeated the B/
T model in transgenic GliI- and Adipog-lineage tracing mice and quantified

tdTomato cells in enriched blood samples. Left panel shows total number of
tdTomato+ cells observed (p = 0.0629), right panel shows %tdTomato labeled cells
within PDGFRa/CD90 cMPC gate. e Immunofluorescent histology of uninjured
mouse hindlimb and 12 weeks post-injury hindlimb in GliI““*2:ROSA-LSL-TdTo-
mato (shown in purple) with chevrons marking double-positive cells (Collal(2.3
kB)-GFP is shown in green, DAPI shown in blue, scale bars =100 um, data are pre-
sented as mean values + SEM). f Quantification of the %tdTomato+ cells within
Collal(2.3)-GFP+ osteoblasts+ (n = 4) and Aggrecan+ chondrocytes (n=3) in HO
anlagen isolated from GliI**": tdTomato mice (error bars showing mean = SD).
Source data are provided with this paper.

and identified genes that are i) increased in HO® patients on post-
operative day 1 (POD1) and Day 1 and 3 post-B/T in mice compared to
HO"™® samples, ii) expressed in HO-site MPCs based on previously
published data and iii) not expressed by PBMCs (Fig. 2b). We identified
32 such cMPC genes (Fig. 2c). As examples, Fig. 2d, e exhibits 6 genes
that were particularly enriched: Amotl2, Bacel, Cdhl1l, Cryab, Lox and
Matn2 expression levels in patient and mouse blood samples respec-
tively. These genes were also upregulated in MPCs resident in HO sites
in our previously published scRNAseq datasets (Fig. 2f). Thus, we have
identified a panel of distinct HO-associated ¢cMPC transcripts that
provide a window into the transcriptional changes at the site of mus-
culoskeletal injury and HO formation.

A ML-trained HO prediction model shows strong

accuracy for HO

Next, we set to leverage the key genes expressed in our cMPCs to
create a prediction model. From the HO gene signature, we

created a prediction model trained by 3 commonly used ML
approaches using the concentrations of 32 markers as input. We
used linear regression (LR), random forest (RF) and support vector
machines (SVM). SVM-trained model could achieve >90% sensi-
tivity for human HO with an AUC-ROC of 0.961 (Fig. 3a). We also
tested if the SVM model trained on patient data could predict
mouse HO and found that it achieved an AUC-ROC of 0.8 at D1 and
D3 post-B/T. These models detected HO on average 4 weeks earlier
when compared to the current gold standard radiography (Fig. 3).
Taken together, these datasets confirm the presence of circulating
immature MPC subsets specific to an HO-inducing injury with
strong accuracy.

Expression of key cMPC genes decreases due to HO-reducing
prophylactic treatment

One future goal is to develop our liquid biopsy approach for mon-
itoring patients during prophylactic treatments. This approach could
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Fig. 2 | Stepwise filtering of differentially expressed genes identifies highly
specific cMPC-based markers for HO. a UMAP representation of cells detected in
iChip-enriched blood product from mouse B/T samples (1 =2). b Experimental
design to enrich cMPCs and create a cMPC-based HO RNA signature. Whole blood is
drawn from patients that went through hip arthroplasty and mice with B/T or B/S.
Blood is then processed via iChip to enrich cMPCs, and RNA is analyzed to identify
genes with higher expression in HOP patients. Stepwise filtering of differentially
expressed genes identifies cMPC-based markers highly specific for HO. The gene
selection was performed as following: selected genes 1) enriched in HOP* vs HO™®
POD1 post-hip arthroplasty, 2) enriched in mouse HOP* B/T when compared to HO™®
B/S, and 3) detected in single mouse HO anlagen MPCs by scRNAseq in HO™* B/T
model, then 4) removed PBMC genes (expressed >0.5 TPM HPA dataset). Created in
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Amotl2

0o 3 7
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21

BioRender. Karabacak, M. (2026) https://BioRender.com/jgy9pht. ¢ Expression levels
of all HO signature genes across HO™® and HOP hip arthroplasty patients. Exhibit
shows log(CPM + 1) normalized data collected from blood samples taken at POD 1
(n=12 HO™®, n=10 HOP*). d Expression levels of selected HO signature genes in
HO™ and HOP hip replacement patients across different sampling times (n =12
POD1 HO™¢, n=11 POD1 HO™* n=9 POD14 HO™®, n=5 POD14 HO*). e Expression
levels of selected HO signature genes in HO™® B/S and HOP B/T mice across dif-
ferent sampling times (B/S n=12, B/T n=27). f Expression levels of HO-associated
c¢MPC genes in MPCs of the injury site following B/T, across different times post-B/T.
These data are from previously published work (Clusters 4-7 and 11-12 of the UMAP
in Fig.10a from Sorkin et. al. GEO: GSE126060 dataset), where we referred to these
cells as the MPC cluster. Source data are provided with this paper.

assist in predicting early therapeutic response and guide the ther-
apeutic window for each patient, allowing for more precise treatment
timing. We tested the feasibility of detecting a therapy response using
c¢MPC-based liquid biopsy (Fig. 4).

To do this, we enriched mouse cMPCs and performed bulk RNA-
seq following B/T with or without lysyl oxidase inhibition via [-
aminopropionitrile (BAPN) treatment, which we have shown to sig-
nificantly decrease HO formation®? (Fig. 4a, b). Indeed, bulk RNAseq of
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Fig. 3 | Machine learning-trained model predicts HO with strong accuracy. a We
used three machine learning approaches (LR: logistic regression, RF: random for-
est, SVM: support vector machine) to build a model for predicting HO using cMPC
HO RNA signature in patients at risk of HO. Data from randomly selected patients
(70%) were used to train the model, and the rest (30%) was used to validate and
generate an ROC curve. Since the pilot data is relatively small, we repeated the
model building and validation 10 times and averaged the model performance,
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interpolating TPR values from fixed FPRs. Confidence intervals represent 95% of the
TPR distribution for a given FPR. The best performing model for predicting HO on
POD 1, SVM, achieved an AUC of 0.90, implying a strong predictive power. b We
applied an SVM model trained on patient data to validate predictive power in the
mouse cMPC bulkRNAseq dataset. Predictions of HO in HO™® B/S to HOP* B/T
yielded ROC-AUC of 0.78. Source data are provided with this paper.

enriched cMPCs data showed that mice treated with BAPN had a sta-
tistically significant decrease in expression of 8 genes in BAPN-treated
mice compared to control (Fig. 4c). Furthermore, we detected several
MPC-specific genes and ECM-associated genes® to be significantly
reduced due to BAPN treatment (Fig. 4d, Supplementary Fig. 3). In
summary, we have shown that the HO prediction model can also help
predict therapeutic efficacy.

Non-HO inducing musculoskeletal injury can be distinguished
from HO-inducing injury using cMPC concentration or cMPC HO
RNA signature

To test if cMPC release is specific to injury that leads to HO bone
formation, we obtained blood samples from mice that went through
other modes of injury: 1) a severe closed head concussive injury via
weight drop that mimics human traumatic brain injury** and 2) muscle
fibrosis induced by intramuscular injection of cardiotoxin®. We have
not observed a significant increase in cMPC numbers in these non-HO
inducing models (Supplementary Fig. 4).

Circulating cells with osteogenic progenitor character have been
observed in patients following fracture'®". Therefore, we performed a
fracture model* in mice to ask whether cMPCs post-HO inducing B/T
were distinct from the circulating osteogenic cells following non-HO
inducing fracture. We performed iChip enrichment followed by bulk
RNA sequencing and compared the cMPC HO signature between HO"®
fracture and HOP® B/T. While some of the cMPC genes were observed
in both conditions with statistically indistinguishable levels, we found
that Lrig, Gpx8, P3h3, Hmcnl, Cdhll and Cryab were significantly
higher in HOP* B/T at POD1, when compared to fracture (Supple-
mentary Fig. 5), and the mean of the cMPC HO signature was higher
post-B/T when compared to fracture at day 1.

Overall, this set of data supports the approach to use cMPC con-
centration and RNA signature at an early time point to predict HO
following surgery and trauma.

Discussion

Changes associated with HO occur much earlier than standard radio-
graphic detection; however, these modalities require special imaging
and are not regularly available’*°. Currently, clinical detection of HO
is performed with CT (takes an average of 23 days after symptom
development to detect HO)*’; bone scans with 99mTc-MDP (low spe-
cificity, which leads to difficulties in discriminating HO from other
inflammatory, traumatic, or degenerative skeletal processes) and
serum alkaline phosphatase measurement (sensitive, not specific, with

alterations dependent on hepatic and renal function)*. Thus, one of
the major knowledge gaps in HO treatment is a lack of accurate early
diagnostic modalities. Precision medicine approaches to guide ther-
apy for those patients who are developing HO, as well as precise timing
of treatment, would allow for shorter treatment duration with mini-
mization of adverse consequences, decreases in cost, and improve-
ment in treatment adherence. Additionally, an in vivo blood-based
biomarker would allow for targeted treatment on the basis of early
identification of changes in MPC fate. Demonstration of therapeutic
efficacy based on patient selection upon cMPC evidence of HO would
dramatically enhance current treatment paradigms.

When taken together, the data presented here confirm the pre-
sence of cMPCs that are sensitive and specific to an HO-inducing
injury, both in patients and in a trauma-based mouse model of HO. The
data presented suggest that MPCs are mobilized from the HO site into
the bloodstream after an HO-inducing injury and express HO-specific
genes, long before HO can be detected radiographically. Beyond early
diagnosis, our findings also validate cMPCs as a liquid biopsy to
accurately assess treatment efficacy.

Previous studies focused on near-infrared (NIR) tetracycline
markers that are deposited within ossifying tissues and can be
observed through non-invasive in vivo imaging®. Near infrared tetra-
cycline imaging can detect mineral deposition as early as one week
after trauma and at least 5 weeks before radiographic evidence®.
Similarly, Raman Spectroscopy and spectral ultrasound technologies
have been used for HO detection in the B/T mouse models used
here****. These technologies, however, have yet to be translated into
human use. Each of these imaging systems are also large and require
complex equipment and would be difficult to deploy in the setting of
prolonged field care, thus making our microfluidic technology an
important advance for portable, point of care HO detection. The
refinement of a sensitive, non-invasive technique will identify candi-
dates with the greatest risk for HO and allow us to implement inhibitor
therapies before soft tissues have undergone irreversible osteo-
chondrogenic remodeling in patients with cMPC evidence of early HO.

In addition to leveraging cMPC transcriptional data for HO
detection, we think that the identified transcripts from cMPCs may also
provide novel pathways that can be targeted therapeutically since
these genes have functional relevance for endochonral ossification.
While HO site MPCs could also provide such data, it is currently con-
traindicated to perform additional tissue biopsies after surgery in
patients at risk for HO. Thus, cMPCs provide the only tissue that can be
isolated and analyzed early after surgery during the time frame in
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Fig. 4 | LOX inhibition mitigates HO and decreases the expression of key cMPC
signature genes. a Micro-CT 3-dimensional reconstruction of mice after B/T
treated with BAPN or vehicle control (CTL). b Quantification of HO volume in mice
treated with BAPN vs. vehicle control (n =14 control, n =14 BAPN). c cMPC genes
following BAPN treatment. Left panel exhibits significantly decreased cMPC HO
signature genes (all genes q < 0.10 FDR, n =4, vehicle and BAPN treated mice 3 days

post B/T), right panel exhibits the average of all cMPC HO signature genes

(p <0.05). d other cMPC genes that are significantly decreased upon BAPN treat-
ment (all genes q<0.05 FDR, p-values range from 0.001 to 0.11, n=4, vehicle and
BAPN treated mice 3 days post B/T). These genes were not sensitive and specific for
the early detection of human HO, but were detected in mouse B/T. Source data are
provided with this paper.

which the key aberrant transcriptional programs are active. The pre-
sented human cMPC data identified 24 genes related to biological
processes associated with bone formation (Supplementary Table 1).
These genes encompass signaling pathway modulators (AmotL2 in
Wnt/Hippo signaling®”, Evc2 in hedgehog signaling*® Lrig3 in BMP
signaling’’, Tspanl0 in Notch signaling), ECM components and pro-
cessors (Bmper as a regulator of bone formation*®, Hmcnl as ECM
component***°, Matn2 in matrix assembly®, Lox and P3h3 in collagen
crosslinking and processing®?, Pcolce2 in collagen synthesis™), meta-
bolic and cellular regulation (Gfpt2 in glucose metabolism, IgfbpS5 in
IGF signaling®*), bone formation (Cryab in chondrogenic and osteo-
genic differentiation®°, Postn in skeletal response to parathyroid

hormone™*®, Scara3 in mesenchymal progenitor cell fate*), tissue
modeling (Mmp2). Overall, these genes have functional relevance to
tHO, and are not detected in the bloodstream for surgery patients that
do not develop HO and mice without HO. Therefore, screening these
markers in circulation may benefit future studies of traumatic HO and
other musculoskeletal pathologies, and for monitoring of prophylactic
strategies.

This study has several limitations. First, our microfluidic tech-
nology, iChip, requires freshly drawn whole blood samples analyzed
within 24 h; therefore, preserved and cryobanked samples currently
cannot be used to enrich cMPCs in circulation. We also only focused on
hip arthroplasty patients, but have not explored other clinical
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conditions such as burn and spinal cord injury. Analysis of blood
samples from these patient populations is needed for a broader vali-
dation and further refinement of our method.

Our study used RNA sequencing to provide a comprehensive
transcriptomic analysis for the identification of HO-associated cMPC
transcriptional signatures. While RNAseq offers broad molecular pro-
filing capabilities, droplet digital PCR (ddPCR) represents a more
scalable and highly sensitive method for targeted RNA analysis. ddPCR
provides absolute quantification and demonstrates outstanding sen-
sitivity for detecting low-abundance, rare cell-derived transcripts,
which are critical advantages for clinical diagnostic applications.

For future clinical validation studies, we plan to develop a ddPCR
assay targeting the HO-associated transcriptional signatures identified
in this work. The standardized protocols and faster turnaround times
of ddPCR will facilitate the prospective clinical validation of our liquid
biopsy approach, ultimately enabling translation of our findings into
clinical practice.

Liquid biopsy approach using cMPCs could address in HO pre-
vention which patients are at risk, the duration of treatment and the
timing of treatment initiation. Treatment timing is important for sev-
eral reasons, including: 1. Reduced treatment duration—by identifying
the optimal treatment timing, we can minimize treatment length and
monitor for recurrence. This targeted timing will minimize adverse
consequences of therapeutics, improve patient adherence, and reduce
costs; and 2. Precision medicine-based patient selection—portable,
point-of-care, non-invasive diagnostic modalities that can risk-stratify
patients will allow for targeted treatments so that only patients at risk
receive treatment. The potential impact of cMPC liquid biopsy is not
limited to the patients at risk of HO. Aberrant cell fate and repair
associated with mesenchymal progenitor cells are also observed in
osteoarthritis®® and fibrosis®. Early blood-based detection strategies
that can be routinely applied to patients at risk are an active area of
research for these diseases. When further developed and validated,
¢MPC liquid biopsy could provide direct and easy access to cMPCs for
molecular, physiological, and pharmacological characterization in a
vast array of acute or chronic diseases.

Methods

Ethical statement

All human research was reviewed and approved by UTSW IRB (STU-
2020-0552). Informed consent was obtained from all human research
participants. All mice studies were reviewed and approved by the
University of Texas Southwestern Medical School Institutional Animal
Care and Use Committee (Protocol 2020-102949).

Mouse injury models

Gli1**®RT mice (JAX:007913), Adiponectin-cre mice (JAX:028020), Rosa-
LSL-tdTomato mice (JAX:007909), and Collal(2.3kB)-GFP mice
(JAX:013134) were purchased from Jackson Laboratory. B/T injuries
were performed as previously described”. Briefly, 8-10-week-old
C57B6 mice (Jackson Laboratory) were provided buprenorphine sus-
tained release for analgesia (1 mg/kg subcutaneous injection) and
isoflurane in oxygen (2.5%) for anesthesia. Mice were prepared for
surgery by sharing the back and left hindlimb with clippers. Burn and
tenotomy sites were cleaned by three alternating scrubs of ethanol and
betadine. Anesthetic depth was assessed by hindlimb pinch prior to
injury. The tenotomy was performed by making a small skin incision to
expose the Achilles’ tenotomy, isolating the tendon using surgical
scissors, and fully transecting the tendon at its midpoint. For B/S
procedures, the tendon was isolated but not transected. Skin was
closed using absorbable 5-0 Vicryl suture. Metal blocks were warmed
to 60 °C in a water bath and applied to the mouse's back for 18 s. Mice
were recovered from anesthesia in a cage warmed by a heating pad
before returning to their original cage. Mice were assessed for com-
plications and pain daily for three days following injury. The surgeon

was not blinded to the surgical procedure. For bicortical fractures, the
tibia was fractured mid-diaphysis by 3-point bending using a Zonder-
van apparatus®. The location of the pin was verified by X-ray radio-
graphy on an AMI HTX Optical Imaging System (Spectral Instruments
Imaging). Buprenorphine SR was injected immediately after the sur-
gery, while the mice were still anesthetized.

Patient enrollment

We established a clinical research protocol to collect blood from
patients undergoing hip arthroplasty as well as to follow their eventual
HO formation by x-ray and CT. To determine the molecular profile of
c¢MPCs, we sampled peripheral blood from 22 patients undergoing hip
arthroplasty pre-operatively and on post-operative day (POD)1 and 14
(Sex was self-reported (11 male and 11 female patients/donors). Age
range was 20-94 and average age was 68. Sex-based analyses were not
performed due to the limited sample size). We then followed these
patients by x-ray at days 21 and 42 for determining HO®® patients (we
included two representative x-rays from the enrolled patients in Sup-
plementary Fig. 6).

BAPN treatment

Following B/T or B/S, 8 mg/ml BAPN in 5% sucrose water, or 5% sucrose
water control was provided to mice in bottles for ad libitum con-
sumption. Bottles were shaken daily and replaced twice weekly. Mice
were treated until tissue harvest.

Microfluidic enrichment

All experiments used an iChip equipped with a non-equilibrium inertial
separation array (NISA)®2. Blood samples were drawn in the University
of Texas Southwestern Medical Center, into ACD tubes, transported
overnight under normothermic conditions and processed within 24 h
of blood draw. Before enrichment, cells were incubated with anti-
bodies against biotinylated CD45, CD16 and CD66b for a minimum of
30 min, and then with 1um streptavidin-coated superparamagnetic
beads for 20 min'”**, Then, whole blood is passed through iChip, and
an enriched product containing cMPCs is collected. We then per-
formed a second step of enrichment by repeating the reagent incu-
bation and microfluidic enrichment steps.

Bulk RNA sequencing

RNA was purified from lysed cells using the Qiagen Micro RNeasy Kkit.
We prepared libraries for bulk RNAseq using the Plexwell Rapid Library
Preparation kit (Seqwell)** following manufacturer instructions.
Sequencing was performed at MGH Nextgen Core Facility using Illu-
mina NextSeq 2000. Following debarcoding, the data was aligned and
converted to reads files in [llumina Basespace RNA-Seq Alignment App
(v.2.0.2, lllumina, CA).

Gene selection

Gene-level RNA quantification from Salmon files was read into a count
matrix of genes and samples. edgeR® and DESeq*® analysis pipelines
were applied to identify differentially expressed genes between HOP*
and HO™® populations. A database of 20,162 genes and their expression
levels (TPM) in human PBMCs was obtained from the Human Protein
Atlas®. 6,021 genes expressed at >0.5 TPM in human PBMCs were filtered
from the differential expression analysis. Genes with ratio of geometric
means for (CPM +1) expression level above 7 were considered differen-
tially expressed (GM(HOP**(CPM +1)) / GM(HO™#(CPM +1)) > 7). CPM of
13,262 genes from i) enriched mouse cMPC bulk RNAseq datasets (B/T
and B/S conditions) and ii) 1049 single mouse MPCs from GEO:
GSE126060” were log-transformed, and mouse genes were mapped to
their human orthologs using the R package orthogene. 11,285 genes
(85%) where human orthologs existed were retained after mapping. An
average CPM across all 1049 cells was computed for each gene. HO
resident MPC genes were then ranked in order of average single-cell
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expression, and edgeR® and DESeq® analysis pipelines were applied to
identify differentially expressed genes between HOP* B/T and HO™® B/S
mice. HO signature gene candidates were then selected from the union
of differential expression among HOP* patients and mice when com-
pared to HO™® counterparts, and the highest-ranked genes expressed in
resident MPCs.

Model training

A gene signature defined as the sum of the log(CPM +1) expression of
selected genes among the 22 patient samples was constructed, and a
binary response column was added to indicate HO status as either a 1
or a 0. The data was partitioned into random training (70%) and vali-
dation (30%) sets. A linear Support Vector Machine (SVM) classifier was
then trained on these data using the sum function in the R package
el071 and validated using the predict function in the stats package.
Similarly, random forest (RF) and linear regression models were
trained and validated by the randomforest and stats packages. The
receiver-operator characteristic (ROC) curve for the reported cali-
brated probabilities by these classifiers was constructed, and the area
under the curve (AUC) was computed.

Single-cell RNA sequencing

iChip-enriched cells were captured and barcoded via the 10X instru-
ment at MGH Nextgen Core Facility. 10x Genomics Cell Ranger 7.1.0
(via 10x Genomics Cloud Analysis) was used to perform sample de-
multiplexing, barcode processing, and single-cell gene counting
(alignment, barcoding, and unique molecular identifier [UMI] count)®®.
Reads were aligned to the mml0-2020-A reference genome as
appropriate for the input dataset. Downstream analysis steps were
performed using Seurat v5®. Cells identified as poor libraries or
resulting from doublet cells were filtered by eliminating cells on both
ends of the distribution, as well as cells with unusually high percent
mitochondrial transcripts. Normalization, scaling, and dimensional
reductions using principal component analysis (PCA) and uniform
manifold approximation and projection (UMAP) were performed using
Seurat V5. Integrative analysis was performed using Harmony™®. Cell
type labels were assigned based on characteristic relative marker gene
expression levels between cell clusters using the FindAllMarkers
function. Module scores were generated using the AddModuleScore
function of Seurat to identify cell populations of interest. Module
scores were calculated as the level of gene expression enrichment of a
set gene list relative to a random control list, with higher module score
values representing positive enrichment beyond background. Dimen-
sional feature plots, violin plots, and dot plots were used to visualize
gene expression within the population of interest.

Flow cytometry

iChip isolated cells were labeled with a cocktail of antibodies in 0.5%
BSA, 0.1% F68-PBS at 4 °C. The antibody cocktail consisted of PDGFRa-
SB600 (APAS, Invitrogen), CD90-eFluor450 (Thy-1.1, Invitrogen),
CD45-BUV395 (30-F11, BD), Ter119-BUV395 (Ter-119, BD). Then, cells
were washed and suspended in PBS 0.5% BSA before being analyzed on
a FACS Aria Fusion (BD Biosciences). For compensation, all antibodies
were conjugated to OneComp eBeads (Thermo Fisher Scientific).
Unstained control cells and compensation beads were used for per-
forming compensation. We used PDGFRa+ CD90 +MPCs isolated
from bone tissue using previously established protocols””? and PBMCs
for determining the gating strategy. For transgenic mouse experi-
ments, we also used GlI“*™-tdTomato+ control cells isolated from
periosteum as compensation controls and for determining gates.

Microscopy

Freshly dissected tissues were fixed overnight in 4% paraformaldehyde
in PBS at 4 °C, then washed several times in PBS. Tissues were then
decalcified in 10% EDTA (w/v) in PBS for 4 weeks, then paraffin-

embedded. 5 um thick tissue sections were cut and adhered to glass
slides. Sections were then deparaffinized and stained using the fol-
lowing procedure. Sections were permeabilized for 10 min with 0.05%
NP40 and 2.5% DMSO in Hank’s balanced salt solution (HBSS), then
washed in PBS and blocked in PBS with 5% normal donkey serum
(Jackson Immunoresearch) for 1h. Slides were then stained overnight
with combinations of the following antibodies: chicken anti-GFP
(1-200, Aves Labs, GFP-1020), goat anti-dsRed (1-200, LifeSpan Bios-
ciences, LS-C340696), rabbit anti-Aggrecan (1-35, EMD Millipore,
AB1031). Secondary antibodies included donkey anti-chicken Alexa
Fluor 488 (1-250, Jackson Immunoresearch), donkey anti-rabbit Alexa
Fluor 647 (1-250, Jackson Immunoresearch), and donkey anti-goat CF-
555 (1-500, Biotium). Sections were counterstained with DAPI to stain
nuclei before mounting. Slides were mounted with Prolong Gold anti-
fade reagent (Invitrogen). Images were acquired with a Zeiss LSM880
confocal microscope. Confocal images were processed and analyzed
using Fiji (Image J) and Photoshop (Adobe Systems).

Statistics and reproducibility

Graphpad Prism 10 and BioRender were used to perform statistical
analyses and prepare illustrations. All statistical analyses are two-sided.
Gene expression is illustrated using scattered dot plots, with bars
indicating the mean value and error bars representing standard
deviations. No data was excluded from analysis. No statistical method
was used to predetermine sample size. The experiments were not
randomized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Flow cytometry data was deposited to the Flow Repository and is
available under Repository ID FR-FCM-Z7CJ. RNAseq data have been
deposited to GEO and is available under accession codes GSE267142,
GSE267143 GSE267144, and GSE316836. The previously published
sequencing data [13] used in this work is available via accession num-
ber GSE126060. Source data are provided with this paper.
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