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Abstract

Objective: To characterize the role of neutrophil extracellular traps (NETs) in heterotopic 

ossification formation and progression and to use mechanical and pharmacological methods to 

decrease NETosis and mitigate heterotopic ossification (HO) formation.

Summary Background Data: Traumatic heterotopic ossification (HO) is the aberrant 

osteochondral differentiation of mesenchymal progenitor cells following traumatic injury, burns, 

or surgery. While the innate immune response has been shown to be necessary for HO formation, 

the specific immune cell phenotype and function remains unknown. Neutrophils, one of the 

earliest immune cells to respond following HO inducing injuries, can extrude DNA, forming 

highly inflammatory neutrophil extracellular traps. We hypothesized that neutrophils and NETs 

would be diagnostic biomarkers and therapeutic targets for the detection and mitigation of HO.

Methods: C57BL6J mice underwent burn/tenotomy (BT) (a well-established mouse model 

of HO) or a non-HO-forming sham injury. These mice were either 1) ambulated ad libitum, 

2) ambulated ad libitum with daily intraperitoneal hydroxychloroquine (HCQ), ODN-2088 

(both known to affect NETosis pathways), or control injections, or 3) had the injured hind 

limb immobilized. Single-cell analysis was performed to analyze neutrophils, NETosis, and 

downstream signaling following the HO-forming injury. Immunofluorescence (IF) microscopy 

was used to visualize NETosis at the HO site and neutrophils were identified using flow cytometry. 

Serum and cell lysates from HO sites were analyzed using ELISA for MPO-DNA and ELA2-DNA 

complexes to identify NETosis. Micro-CT (uCT) was performed on all groups to analyze the HO 

volume.

Results: Molecular and transcriptional analyses revealed the presence of NETs within the HO 

injury site, which peaked in the early phases after injury. These NETs were highly restricted 

to the HO site, with gene signatures derived from both in vitro NET induction and clinical 

neutrophil characterizations showing a high degree of NET “priming” at the site of injury, but not 

in neutrophils in the blood or bone marrow. Cell-cell communication analyses revealed that this 

localized NET formation coincided with high levels of Toll-like receptor (TLR) signaling specific 

to neutrophils at the injury site. Reducing the overall neutrophil abundance within the injury site, 

either pharmacologically through treatment with hydroxychloroquine (HCQ), the TLR9 inhibitor 

OPN-2088, or mechanical treatment with limb offloading, results in mitigation of HO formation.

Conclusions: These data provide a further understanding of the ability of neutrophils to form 

NETs at the injury site, clarify the role of neutrophils in HO, and identify potential diagnostic and 

therapeutic targets for HO mitigation.

Neutrophils, the earliest immune cells to respond following heterotopic ossification (HO) inducing 

injuries, can extrude DNA, forming highly inflammatory neutrophil extracellular traps (NETs). 

This study characterized the role of NETs in HO formation and progression and used mechanical 

immobilization and pharmacological methods to decrease NETosis and mitigate HO formation.

Keywords
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Introduction.

Heterotopic ossification (HO) is the pathological formation of extraskeletal bones. It can 

occur after musculoskeletal trauma and burns and is found in approximately 20% of patients 

following total hip arthroplasty and in 64% of patients with high-energy musculoskeletal 

injuries1–3. Neutrophil activity is one of the earliest immune responses to injury4,5. Once 

neutrophils reach the injury site, they extrude their DNA, creating neutrophil extracellular 

traps (NETs) via a process known as NETosis6,7. NETs comprise neutrophil DNA, histones, 

and degradation enzymes, such as myeloperoxidase (MPO) and neutrophil elastase (ELA2). 

The primary function of NETs is their antimicrobial properties8. However, neutrophils are 

also stimulated to release NETs after trauma9 and in autoimmune disease flares such as 

rheumatoid arthritis and lupus10,11.

Although HO is known to form after an inflammatory event, there are currently no early 

diagnostic biomarkers or therapeutic interventions that can effectively target neutrophil 

function. Standardized treatment for HO is lacking, and surgery fails to restore pre-

injury functional capacity and is associated with a high risk of recurrence. Current 

prophylactic approaches (bisphosphonates, glucocorticoids, nonsteroidal anti-inflammatory 

therapeutics12–17, and radiation therapy18–24) have had limited success, causing adverse 

effects and inconsistent outcomes. In addition to current non-specific therapies, the 

appropriate timing to initiate treatment and the treatment duration remain unknown. Once 

HO is diagnosed, physicians restrict movement of the affected joint to limit progression; 

however, the mechanism behind limiting mobility to alter inflammation and HO progression 

remains unknown. Thus, there is a substantial need to develop an effective biomarker to 

guide patient selection and precise therapeutic timing as well as inflammation-targeted HO 

therapies.

Here, we aimed to determine the diagnostic and regulatory roles of neutrophils and NETs 

in a previously characterized trauma-induced HO model of aberrant osteochondral cell 

differentiation25. During HO disease formation and progression, our data indicate that 

neutrophils represent a large population of cells at the HO site, and that these cells 

express high levels of transcripts associated with NET formation. Furthermore, we provide 

evidence that markers of NET formation may serve as early diagnostic markers for HO. 

Although neutrophils are also present in the bone marrow and blood, they are less prone 

to undergo NET formation. Given previous findings on the impact of mechanical stress 

causing the propagation of primary inflammation-driven NETosis during HO formation4, 

we examined the effect of immobilization on systemic and local NETosis and showed 

evidence of decreased injury site NETosis. Next, we investigated the upregulated pathways 

in neutrophils following injury and found that TLR were highly upregulated at the site 

of musculoskeletal injury. Treatment with clinically relevant inhibitors of TLR signaling 

significantly decreased HO formation. In summary, neutrophils are early responders to 

extremity trauma and undergo NET formation at HO sites and can serve as diagnostic 

biomarkers and therapeutic targets to mitigate this debilitating process.
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Methods:

Study Approval

All animal experiments were approved by the University of Texas Southwestern Dallas 

(2020–103004). All animal procedures were performed in accordance with the Guide for the 

Use and Care of Laboratory Animals: Eighth Edition of the Institute for Laboratory Animal 

Research.

Mouse Use and Treatments

The mice were housed under standard conditions. All animals were male (8–10 week 

old) C57BL/6 mice purchased from The Jackson Laboratory (000664). All treatment 

groups were cohoused with members of their treatment group for 1 week prior to surgery 

and following treatment until they were euthanized to ensure similar gut microbiomes. 

All the mice received preoperative slow-release SQ buprenorphine for analgesia. The 

animals were anesthetized by isoflurane inhalation. Mice that underwent burn/tenotomy 

(BT) were subjected to 30% total body surface area partial-thickness dorsal burns and 

Achilles tenotomy. Dorsal burns were induced using a metal block heated to 60°C in a 

water bath, which was then applied to the shaved mouse dorsum for 18 s. Tenotomy was 

performed via the transection of the left Achilles tendon. Animals were either assigned 

to mobilize ad libitum or to undergo BT with immediate hindlimb immobilization (as 

previously described)26 following injury. The mice received daily intraperitoneal injections 

of hydroxychloroquine (60 mg/kg), ODN-2088 (0.00015 mg/kg), or sterile water (control). 

Treatment was administered on day 0 post-surgery. Mice were euthanized on days 1, 3, 7, 

14, 21, and 63 after injury for analysis.

Single-cell RNA sequencing (scRNA-seq)

Seurat package v4 was used for filtering, uniform manifold approximation and projection 

(UMAP) dimensionality reduction analysis, and standard clustering of the 3-day post-

injury marrow, blood, HO, 7-day post-injury mobilized (control) vs. immobilized, and 

0-day, 7-day, and 42-day post-injury datasets. NET scores were calculated using the 

AddModuleScore function with induced NETosis genes obtained from in vitro RNA 

sequencing of neutrophils following NET induction with PMA/A2318727 and pathologic 

NETosis genes obtained from patient neutrophils with a higher propensity for NET 

formation28 (Supplementary Table 1). An overall NET score was calculated for the 

pathologic NETosis genes by subtracting the module score for downregulated genes from 

that of the upregulated genes.

Histology and Immunofluorescent Staining

Full-leg samples were harvested 3, 7, 14, 21, and 63 days after BT injury. Legs were fixed 

in 4% paraformaldehyde (PFA) for 24h at 4°C, washed three times with phosphate-buffered 

saline (PBS, Gibco, Waltham, MA), and decalcified using 17% ethylenediaminetetraacetic 

acid (EDTA, pH 7.4) for five weeks (Sigma Aldrich, St. Louis, MO, USA). Tissues 

were then embedded in optimal cutting temperature (OCT) media (Sakura, Torrance, 

CA, USA) to prepare sagittal sections of frozen tissues. Sections were cut at 12 μm for 
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immunofluorescence and at 5 μm for Safranin-O imaging on Fisher SuperFrost Microscopy 

slides (Fisher, Pittsburgh, PA, USA). For immunofluorescence staining, sections were 

thawed and washed in 1X tris-buffered saline with .05% tween-20 (TBS-T:1xTBS (Bio-

Rad, Hercules, CA), tween-20 (Thermofisher, Waltham, MA)). Sections were blocked with 

donkey serum blocking solution (1% BSA, 2% donkey serum, 0.1% cold water fish skin 

gelatin, 0.05% TritonX-100, 0.05% Tween-20, 300mM glycine, 1x TBS,pH 8.4) for 2 h at 

room temperature (RT), and then incubated at 4°C overnight with primary antibodies (Ly6g: 

Abcam AF1062, 1:100; MPO: R&D AF3667, 1:100; Histone H3: Abcam ab5103, 1:100), 

washed in 1X TBS-T three times, and incubated with fluorescence-conjugated secondary 

antibodies for 2 h at RT (Invitrogen donkey anti-rat AF488, Invitrogen donkey anti-rabbit 

AF555, Invitrogen donkey anti-goat AF647, all secondary 1:200 dilution, Carlsbad, CA). 

The slides were then stained for nuclei with Hoechst 33342 (Thermo Fisher, Waltham, MA) 

for 5 min, washed in 1X TBS-T, and mounted with ProLong Glass Antifade Mountant 

(Invitrogen, Carlsbad, CA) and #1.5 Slip-Rite cover glass (Richard-Allan Scientific, San 

Diego, California). For immunofluorescence imaging of 10-micron murine sections, 1x and 

1.58x computerized zoom images were captured using a 40x oil-immersion lens on a Leica 

Stellaris 8 confocal microscope.

Luminex Assay

Serum levels of mouse cytokines were measured using the Bio-Rad 23-plex Luminex 

immunoassay kit (#M60009RDPD) following the manufacturer’s protocol. Data were 

collected using the MAGPIX® system (Luminex Corporation, Austin, TX, USA). To 

quantify individual factors, all standards were run in parallel and a corresponding standard 

curve was created. All data were within the linear portions of the curves. Assays were 

performed by UT Southwestern Genomics and Microarray Core Facility, and the technician 

was blinded to experimental conditions.

ELISA Analysis

Mice were treated, and serum and HO sites were harvested as described above for MPO 

and ELA2-DNA ELISAs. Capture antibodies were prepared by diluting mELA2 and MPO 

antibodies to the desired concentration (2–10ug/ml) in PBS without the carrier protein. 

100ul were then added to each well to coat the plate overnight at 4°C. The coating solution 

was then removed from the wells and the plate was washed three times with 300ul PBS. The 

plate was blocked with 300ul of 5% BSA in PBS for 1–2 hours at room temperature. The 

samples were then added to the plate (4-fold or 2 to10-fold dilution in 5% BSA) with the 

plain sample diluent used in the blank plate. 0–3 ul of 100-fold diluted DNase (0.3 mg/ml) 

was added to each well, with a final concentration of DNase ranging from 0 to 0.9ug/ml 

reaction mixture. The plates were then incubated at room temperature for 15 min. 1ul 0.5M 

EDTA was added to each well to stop the DNase reaction and then was incubated overnight. 

Following incubation, the solution was thoroughly removed from the wells and the plate 

three times with 300ul PBST (0.05% Tween 20 in PBS). Diluted peroxidase-conjugated 

anti-DNA antibody was added at a ratio of 1:40 with 1% BSA in PBS (if not digested with 

DNase, 1 100 dilution) and incubated at room temperature for 90 min. After washing, 100uL 

TMB substrate solution was added to each well and incubated for 5–20 minutes until the 
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color appeared. The OD of each well was measured at 650 nm or 450 nm after adding 50ul 

1M HCl / 2M H2SO4 stop solution.

OPLL Microarray Analysis

Microarray analyses of ossification of the posterior longitudinal ligament (OPLL) were 

performed using the NIH Gene Expression Omnibus (GSE5464). Cultured and cyclically 

strained cells derived from these ectopic ossifications were analyzed as previously 

described29,30 between the ossified OPLL samples and non-ossifying controls (n=2/group). 

The expression profiles of all microarray genes and samples were extracted, normalized 

(log2), and examined over the value distributions for quality control. The normalized 

expression values were fitted to a linear model using limma. All resulting entries without 

corresponding ENTREZ ID were excluded. The resulting matrix was sorted in descending 

order of the absolute values of all the expression values. Any duplicate gene symbols with 

smaller values were summarized, resulting in 1546 remaining genes. NETosis gene lists 

and associated pathways 27 were subsequently examined (induced NETosis, pathological 

NETosis, and TLR9 signaling). The heat maps demonstrate significant self-clustering 

between the control and the OPLL samples. NETosis scores were calculated by summing 

the expression values of each gene in each sample. Bar plots display the respective mean 

NETosis scores (with standard deviation), n=2/group.

Flow Cytometry:

Following a burn/tenotomy injury, at timepoints of 3 and 7 days the soft tissue from 

the posterior compartment between the muscular origin and the calcaneal insertion of the 

Achilles tendon was dissected out and collected for processing. The tissue was digested 

for 20–30 min in 0.3% type 1 collagenase and 0.4% Dispase II (Gibco) in Roswell Park 

Memorial Institute (RPMI) medium at 37°C under constant agitation at 180 rpm. The 

digestions were quenched with 10% FBS in RPMI and then filtered through 40μm sterile 

strainers. Samples were blocked with anti-mouse CD16/32 and subsequently stained with 

antibodies against Ly6G, CD11b, Ly6C, and CD45. Samples were washed with FACs 

buffer (2% FBS in PBS) and flow cytometry data were collected using a FACSCanto flow 

cytometer (BD Biosciences). The analysis was performed using the FlowJo software.

Micro-Computerized Tomography Imaging and Quantification

Micro-CT images were obtained at the University of Texas Southwestern using the Mediso 

USA Nano Scan PET/CT System (Arlington, VA, USA). The scanning parameters were 

a maximum zoom with 720 helical projections, X-ray power of 70 kV at 980 μA, and 

exposure time of 300ms. Scans were analyzed using the Dragonfly ORS by a blinded 

operator who manually scored ectopic bone at a single threshold of 800 Hounsfield units 

(HU). In addition to total ectopic bone, the results were further subdivided into “bone-

associated” ectopic bone contiguous with the calcaneus, “floating” ectopic bone independent 

of the calcaneus, “proximal” ectopic proximal to the tenotomy site, and “distal” ectopic bone 

distal to the tenotomy site.
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Statistical Analysis

GraphPad Prism 9 (San Diego, CA) was used to perform statistical testing. Normality and 

heterogeneity of variance tests were run to ensure appropriate statistical tests were used. 

Statistical significance is displayed on each graph as an asterisk (*) for unpaired two-tailed 

Student’s t test. In experiments with multiple groups or treatments, statistical significance is 

displayed on each graph as an asterisk (*) for one-way analysis of variance test with Tukey’s 

post-hoc test. Significance was set at p< 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001.

Results

NETosis formation is stimulated by an HO inducing injury

Neutrophils are derived from the bone marrow, where they undergo progressive maturation 

before entering the blood and eventually reaching the site of injury. To determine the 

spatial specificity of neutrophil NETosis, we used our recently obtained scRNA-seq datasets 

(GSE221134) from cells at the HO site, blood, and bone marrow three days following 

burn/tenotomy (BT) injury. Single cells, represented by individual points, were clustered and 

identified based on similar gene expression using UMAP reduction (Fig. 1A, Supplemental 

Day 3 Cluster DEG), before being used for further analysis (Fig. 1B). Two NET gene 

scores were generated based on either in vitro RNA sequencing of neutrophils following 

NET induction with PMA/A23187 (denoted as induced NETosis)27 or genetic signatures 

obtained from patient neutrophils with a higher propensity for NET formation (denoted 

as pathological NETosis)28. These module scores represent the average activation of their 

respective gene lists across each single cell, with higher module scores indicating higher 

average activation (red) and lower module scores indicating lower average activation (blue; 

Fig. 1C, Supp Figs. 1A–C). Genes from our induced NETosis gene list exhibited highly 

restrictive activation within the HO site (Fig. 1D), culminating in a higher induced NETosis 

score, with a larger percent of neutrophils (represented by larger dot size) showing higher 

average expression of this gene list (red), at the HO site (Fig. 1E), Similar results were 

observed when using the pathological gene list, which showed preferential gene activation 

within neutrophils present at the HO site (Supp Fig. 1C). To confirm HO site-specific 

activation of NET formation, we performed immunofluorescence analysis of the HO site. 

Previous studies have stained for MPO or H3Cit; however, the colocalization of these 

markers is necessary to establish a true NET. Therefore, we stained for MPO and H3Cit 

and observed a robust increase in NET formation at the HO sites following injury (Fig. 1F). 

Consistent with our histological findings, ELISAs for ELA2-DNA and MPO-DNA showed a 

significant increase in NET formation at the injury site after injury (Fig. 1G). Overall, these 

data suggest that NETs are robustly formed within HO sites after injury.

NETosis as an early marker to detect HO formation

Currently, early diagnosis is a major challenge for the care of patients with HO. While 

patients undergoing procedures at high risk for HO, such as hip replacement surgery, 

receive prophylaxis, such as radiation or NSAIDs, only some develop HO, leaving other 

patients exposed to the risk of these preventative interventions. Thus, we sought to determine 

whether early signs of NET formation could distinguish between HO- and non-HO-inducing 
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injuries. ELISAs were conducted on the tendon area of mice that had received HO-inducing 

BT injury or an inflammation-inducing dorsal burn plus skin incision over the Achilles 

tendon, which did not form HO (SI). Both ELA2-DNA (Fig. 2A) and MPO-DNA ELISAs 

(Fig. 2B) showed a significant increase in NETs following BT injury on days 7, 14, and 21 

compared to SI controls. Our ELISA data suggested that NETs formed early after injury and 

persisted for several weeks.

To assess the impact of time after injury on NET signaling at the transcriptional level, we 

analyzed single-cell RNA sequencing data of neutrophils collected from the HO site prior to 

injury and at 7- and 42-days post-injury31. Using our NET scores for both induced (Fig. 2C–

D) and pathologic NETosis (Fig. 2E), we found that NET signaling was dramatically higher 

7 days post-injury than at later time points, suggesting that NET signaling in neutrophils 

peaks rapidly following injury.

Immobilization reduces NET formation and inflammatory cytokines

Immobilization has previously been shown to reduce HO formation32 and is thought to 

reduce secondary NETosis by decreasing mechanical stress on the tissue4. To assess whether 

NETosis was affected in our model, we analyzed a previously published scRNA-seq of 

the HO site seven days post-BT (GSE150995)32 (Fig. 3A) and showed that immobilization 

decreased both induced and pathological NETosis scores (Fig. 3B). To confirm these results, 

ELISAs for NET markers were conducted at the injury site in mice that were either 

uninjured or underwent BT surgery, with or without immobilization (Fig. 3C). These results 

show that while BT injury significantly increased the levels of ELA2-DNA and MPO-DNA 

compared to both SI and uninjured controls, BT with immobilization significantly reduced 

ELA2-DNA levels, with a trend towards reduced MPO-DNA (p=0.057) compared to BT 

alone. Consistent with our previous scRNA-seq analysis, only minimal levels of NETs were 

detected in serum after either injury (Supplementary Fig. 2).

In addition to reducing NET formation, we examined the effects of immobilization on 

cytokine production. Cytokines play an important role in inflammatory cascades. IL-6 

has previously been shown to induce neutrophilia,33plays a crucial role in neutrophil 

trafficking34, mobilization35, and the transition from neutrophil to monocyte recruitment36 

and has recently been linked to NETosis in COVID patients37. On days 1, 3, 7, and 14 

post injury, IL-6 levels were significantly higher following BT than in either uninjured or SI 

mice (Fig. 3D). The increased IL-6 levels were significantly reduced in mice that underwent 

BT surgery with immobilization (Fig. 3D). IL-1α, as previously shown, triggers neutrophil 

accumulation and NET production through IL-1R1 dependent pathways38,39 and can elicit 

NET formation through NET-associated proteases that cleave IL-1α to its active form39–41. 

Similar to IL-6, IL-1α levels significantly increased in the BT group, which was mitigated 

in response to immobilization (Fig. 3E). These data suggest that immobilization results in 

reduced production of inflammatory cytokines and reduced production of NETs stimulated 

by HO-forming BT injury.
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Upregulation of TLR and NETosis pathways in Ectopic Bone Formation

Our data suggest that, while inflammatory cascades are activated throughout the mouse 

by BT injury, NET-related gene expression and associated formation are restricted to the 

HO injury site. To further understand this area-specific regulation, we conducted cell-cell 

communication analyses on our scRNA-seq data obtained from the bone marrow, blood, and 

HO following BT, looking at the sequential activation of receptors by their ligands, their 

downstream transcription factors, and the transcription factor target genes (Fig. 4A). These 

analyses were used to identify downstream cellular signals activated within neutrophils 

as a result of ligand-receptor interactions occurring within each of the sequenced sites. 

Pathway analysis of these downstream targets within HO site neutrophils showed significant 

enrichment, indicated by higher -log(p-value), in several well-established inflammatory 

cascades, including Toll-like receptor (TLR) signaling, a pathway known to regulate NET 

formation (Fig. 4B)42,43. Although present to some extent within neutrophils across our 

three physiological sites, a comparison of TLR-related signaling within neutrophils revealed 

a substantial and significant enrichment in TLR signaling, specifically at the HO site (Fig. 

4C).

To correlate these findings with human disease, we examined ossification of the posterior 

longitudinal ligament (OPLL), which is another form of ectopic bone formation that occurs 

in ligamentous tissue. Similar to HO formation in our mouse model, OPLL was examined 

because of mechanical stress/disruption of the tissue29,44 leading to aberrant ossification. 

Using microarray data from human spinal ligament cells, NET and TLR9 pathways were 

investigated. When analyzed, the relative NET activity and TLR9 pathways in OPLL 

ossification were significantly upregulated compared with those in non-ossifying human 

controls (Fig. 4D). These data suggest that NET formation may be regulated by TLR 

signaling, specifically within the HO injury site and other areas of aberrant ossification.

Mechanical and Pharmacologic modulation of neutrophils mitigates HO

Next, we sought to determine the potential role of upstream signaling and NETs in HO 

progression. Previous studies have shown that HCQ treatment can alter TLR and Peptidyl 

arginine deaminase 4 (PAD4) signaling and mitigate NET-induced injury45,46. Given our 

finding that immobilization also leads to decreased NET formation (Fig. 3C), we explored 

the effects of HCQ treatment and immobilization on HO (Fig. 5A). Micro-CT analysis 

of HCQ treated with HCQ for 9 weeks showed a statistically significant decrease in HO 

formation compared with controls (Fig. 5B). Similar to our previously published results, 

immobilization significantly reduced HO formation (Fig. 5B). Although the combined 9-

week course of HCQ and immobilization treatment reduced HO to a greater extent than 

immobilization alone, these differences were not statistically significant (p=0.15) most likely 

due to the very small HO volumes after immobilization. These findings suggest that HCQ 

alone, as well as HCQ in combination therapy with immobilization, is effective in reducing 

HO.

HCQ or immobilization treatments may affect HO progression by modulating TLR-

mediated NET formation or changes in overall neutrophil numbers. To assess changes in 

the overall number of neutrophils within the injury site, we performed flow cytometry 
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(Fig. 5B). Analyses revealed that, while only a trend towards reduced neutrophil numbers 

was observed in HCQ-treated mice 3 days post-BT (Fig. S3), by day 7, a significant 

reduction was observed in the number of CD45+CD11B+LY6G+ cells within the HO site of 

HCQ-treated or immobilized mice compared to that in BT-only controls, consistent with our 

previous work4 (Fig. 5B).

To determine the role of TLR signaling and overcome the off-target effects of HCQ, we 

conducted additional BT studies on mice treated with the more specific TLR9 inhibitor 

ODN-2088 with drug treatment for a shorter two-week period (Fig. 5C). This TLR9 

antagonist, which also has some additional inhibition of TLR 7/8, was chosen as TLR9 

is a DNA sensing receptor known to be involved in some NETosis pathways47. Micro-CT 

analyses revealed that ODN-2088, similar to HCQ treatment, significantly mitigated bone-

related and distal HO formation, and decreased overall HO formation (Fig. 5). We observed 

a similar decrease in HO formation when the mice were treated with HCQ for just two 

weeks compared to when they were treated with HCQ for nine weeks. Although HCQ 

is generally well tolerated, minimizing the treatment window is preferable because its long-

term use can have adverse effects such as retinopathy and rarely cause cardiac and auditory 

toxicity48. These data suggest that modulation of NETs, either through changes in neutrophil 

numbers or inhibition of TLR9-mediated NET induction, can prevent HO formation.

Discussion:

Understanding neutrophil biology and how the neutrophil phenotype shifts from the bone 

marrow to the blood and eventually to the injury site is crucial for elucidating the immune 

response to injury. In this study, we characterized the migration, phenotype, and function 

of neutrophils and NETs after musculoskeletal injury. We discovered that neutrophils home 

to injured musculoskeletal tissue and undergo NET formation upon arrival at the injury 

site. Sequencing analyses suggested that this increased NETosis is associated with the 

upregulation of TLR signaling and that pharmacological inhibition of TLR9 signaling can 

mitigate HO formation, suggesting a potential new therapeutic strategy to prevent HO.

Our group and others previously examined the potential role of NET formation in extremity 

pathologies4,45,49–51. Importantly, these studies did not examine neutrophils from all the key 

compartments after injury (blood, bone marrow, and injury site). In our model of ectopic 

bone formation, we found through scRNA-seq that NETosis markers were not elevated 

in the bone marrow and blood after injury, and only became activated to undergo NET 

formation at the musculoskeletal injury site. Unlike previous studies of other diseases where 

NET levels in the blood serve as a biomarker for autoimmune diseases and a marker 

of COVID severity10,11,37,52, our burn and tendon injuries were insufficient to induce a 

statistically significant level of difference in NETs in the blood using several of the most 

commonly used ELISAs for NET formation. These findings may be explained by the 

inhibitory effects of serum53 or by the fact that neutrophils in the blood do not interact with 

other tissue-resident cells such as MPCs, which we have shown to stimulate TLR954.

NET formation at the musculoskeletal injury site starting on day 3 was evidenced through 

ELISAs and single-cell sequencing, and was significantly elevated in the aberrant repair 
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occurring in our HO model compared to the normal repair seen in the burn and skin incision 

injury by day 7. Thus, NET levels may serve as biomarkers for predicting the development 

of HO in patients. Although this is only found at the HO site and not in the serum, many 

surgeries in which HO is a risk factor have a surgical drain in place, allowing the surgeon 

to sample the injury site and test NET levels to predict HO formation. Being able to 

predict future HO formation would enable more precise treatment timing and would prevent 

unnecessary and potentially harmful prophylaxis in patients who will not develop HO.

Previously, we showed that in vitro mechanical disruption of NETs increased secondary 

NET formation, while in vivo studies showed decreased NETs and HO formation by 

decreasing mechanical stress through immobilization4. Using single-cell sequencing, we 

compared both pathological and induced NETosis gene markers in our control BT versus 

immobilized HO sites, and found that NETosis markers were significantly decreased in the 

immobilized mouse cohort. Given that NETosis was upregulated in our HO forming injury 

model and reduced with immobilization, an important question that remains to be further 

assessed is the upstream molecular mechanism by which the injury site activates neutrophil 

NET formation.

Using scRNA-seq receptor-ligand matching and microarray analysis, our experiments 

suggest that TLR signaling is one of the main pathways enriched at the mouse HO site 

and is upregulated in an in vitro human model of aberrant tendon ossification (OPLL). 

This is congruent with previous studies that have identified toll-like receptors, which 

are key receptors for DNA recognition4,55,56, as potential regulators of neutrophil NET 

formation. Studies have also shown in vitro that hydroxychloroquine (HCQ) can decrease 

NET formation57,58 with some studies showing mitigation of injury through inhibition of 

TLR by HCQ 45,59.

To mitigate NET formation, mechanical (limb immobilization) and pharmacological 

(HCQ) interventions were used. We found that 9 weeks of treatment with either HCQ 

or immobilization significantly decreased overall neutrophil number and HO formation. 

Observing the significant decrease in HO formation, we set out to decrease the duration 

of treatment (from 9 to 2 weeks) and test the more specific drug ODN-2088 (TLR 7/8/9 

antagonist), which we have previously shown to decrease neutrophil infiltration4. These 

treatments resulted in the HCQ group still having a significant decrease in HO formation 

compared to the 9 weeks of treatment, whereas the mice treated with ODN-2088 showed 

a significant decrease in bone-associated and distal HO formation and tended towards a 

decrease in overall HO formation.

Although this study focused on neutrophils, we recognized that there were several additional 

inflammatory and noninflammatory cellular contributors to the HO niche that were not 

considered. The interaction of neutrophils with macrophages has not been specifically 

investigated, given our previous study on the macrophage phenotype in HO formation and 

progression60. Multiple studies by our group and others have shown that other immune cells, 

such as macrophages, B cells, and T lymphocytes, play a role in HO 61–63. For instance, 

the requirement of myeloid cells in HO has been well-documented, including the central 

role of myeloid TGFB expression60,64,65. While we investigated TLR pathways in our study, 
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a recent study showed that hydroxychloroquine also works through the PAD4 pathway to 

inhibit NETosis46. Further investigations are needed to delineate the role of PAD4 in the 

inhibition of HO. Further studies are needed to determine the role and timing of mechanical 

or pharmacological interventions on other immune cell types at the site of injury.

In summary, we provide a comprehensive analysis of neutrophil and NET formation after 

extremity trauma in HO, and expand our understanding of how this process is regulated. 

Importantly, it is not currently known whether there is a threshold for NET levels required 

for HO formation, or whether there is a linear relationship between neutrophils, NETs, and 

HO. It is also possible that similar neutrophil-tissue interactions govern other acute and sub-

acute bone injuries, such as fractures and osteoarthritis. With an improved understanding 

of these immune pathways and new molecular targets, we can enhance currently available 

therapeutic strategies to mitigate traumatic HO. Additional studies are necessary to elucidate 

the effect of neutrophils and immune cells on injury site repair and HO and whether specific 

inhibition of neutrophil phenotypes may prevent this pathology.
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Figure 1. NET formation is stimulated by HO inducing injuries.
(A) UMAP plot of single cell RNA sequencing from cells harvested from the injury 

site (HO), blood, and tibial bone marrow 3 days post-BT injury, identifying multiple 

clusters. Single cells are represented by individual points. (B) UMAP plot of neutrophils 

colored by anatomical origin. (C) Feature plot of neutrophil expression of induced NETosis 

genes. Neutrophils with higher average expression of induced NETosis genes are red. (D) 

Heatmap showing average expression of individual genes upregulated in induced NETosis 

in neutrophils split by anatomical location. (E) Dot plot of overall expression of induced 

NETosis genes in neutrophils split by anatomical location. Dot size indicates percent of 

neutrophils expressing induced NETosis genes. Color indicates degree of expression, with 

red being high. (F) Immunofluorescent microscopy of the HO site at day 3 post-injury in an 

uninjured and burn/tenotomy. (G) Quantification of injury site MPO and ELA2 ELISAs in 

uninjured mice (n=10) as compared mice who underwent a burn/tenotomy (n=3/5). Scale bar 

represents 100 μm. (*** indicates p <0.001, **** p < 0.0001).
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Figure 2. NETosis analysis to detect early HO formation.
Quantification of (A) ELA2-DNA ELISAs and (B) MPO-DNA ELISA done on cell lysate 

of the injury site following a non-HO forming burn and skin incision or a HO inducing 

burn/tenotomy injury at days 3, 7,14 and 21 (n=3–6/group). (C) Feature plot (left) and 

heatmap (right) of neutrophils harvested from the HO injury site of mice 0 days, 7 days, 

and 42 days post-BT injury showing expression of induced NETosis genes. Neutrophils 

with higher average expression of induced NETosis genes are red (left). (D) Dot plot 

of overall expression of induced NETosis genes in neutrophils split by timepoint. Dot 
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size indicates percent of neutrophils expressing induced NETosis genes. Color indicates 

degree of expression, with red being high. (E) Feature plot (left) and dot plot (right) 

of neutrophils harvested from the HO injury site of mice 0 days, 7 days, and 42 days 

post-BT injury showing expression of pathologic NETosis genes. Neutrophils with higher 

average expression of pathologic NETosis genes are red (left). Dot size indicates percent of 

neutrophils expressing pathologic NETosis genes. Color indicates degree of expression, with 

red being high (right). (* = p<0.05, ** = p<0.01, ****p<0.001). Stars indicate a significant 

increase as compared to the non-HO forming burn and skin incision.
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Figure 3. Immobilization effect on Injury Site NETosis and Serum Cytokines.
(A) Feature plot of neutrophils harvested from the HO injury site of mice 7 days post-

BT injury from mobilized (control) and immobilized conditions, displaying expression of 

induced NETosis genes. Neutrophils with higher average expression of induced NETosis 

genes are red. (B) Dot plot of neutrophil expression of induced NETosis genes and net 

expression of pathologic NETosis genes. Dot size indicates percent of neutrophils expressing 

NETosis genes. Color indicates degree of expression, with red being high. (C) Quantification 

of ELA2-DNA ELISAs and MPO-DNA ELISAs done on day 14 cell lysate of the injury site 

following no injury, non-HO forming burn and skin incision (SI), HO inducing BT injury 

or HO inducing BT with post-injury hindlimb immobilization. (D) Quantification of mouse 

serum IL-1α and (E) IL-6 at days 1, 3, 7, and 14 following no injury, non-HO forming 

burn and (SI), HO inducing BT injury or HO inducing BT with post-injury hindlimb 

immobilization. * = p<0.05, ** = p<0.01, ***p<0.001, ****p<0.0001. Stars indicate a 

significant decrease as compared to the BT.
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Figure 4. Upregulation of TLR and NETosis pathways in ectopic bone formation in a mouse and 
human model.
(A) Representative diagram of scRNA-seq based multilayer networks done by integrating 

intercellular pathways (ligand-receptor interactions) and intracellular subnetworks (receptor-

transcription factor and transcription factor-target gene interactions) in relation to the 

neutrophil target. Sequential activation of receptors by their ligands, their downstream 

transcription factors, and the transcription factor target genes is shown. (B) Pathways 

upregulated in neutrophils at the HO injury site from scRNA-seq based multilayer network 

analysis. Higher -log(p-value) is associated with more enrichment of the pathway. (C) 

Inferred TLR9 pathway activation across anatomical sites. Higher-log(p-value) is associated 

with more enrichment of the pathway. (D) Microarray analyses of ossification of the 

posterior longitudinal ligament (OPLL) using gene lists for induced NETosis and pathologic 

NETosis, and TLR9 signaling pathways were compared in healthy controls (n=2) versus 

those with OPLL (n=2).
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Figure 5. Mechanical and pharmacologic modulation of neutrophils mitigates HO.
(A) MicroCT analysis of tenotomy site 9 weeks after burn/tenotomy in mobilized 

versus immobilized mice following daily treatment of either sterile water (control) 

or hydroxychloroquine (HCQ). n=5–7/group. (B) Quantification of neutrophils 

(CD45+CD11b+Ly6G+ cells) as assessed by flow cytometry at Day 7 post-injury in control 

BT, HCQ treated BT, and immobilized BT groups. n=3–4. (C) MicroCT analysis of 

tenotomy site 9 weeks after burn/tenotomy following 2 weeks daily injection of sterile 

water (control), ODN-2088 or HCQ. n=6–9. (* = p<0.05, ** = p<0.01, ****p<0.001). Stars 

indicate a significant decrease as compared to the control BT.
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