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ABSTRACT
Neurogenic heterotopic ossifications (NHO) are heterotopic bones that develop in periarticularmuscles after severe central nervous sys-
tem (CNS) injuries. Several retrospective studies have shown that NHO prevalence is higher in patients who suffer concomitant infec-
tions. However, it is unclear whether these infections directly contribute to NHO development or reflect the immunodepression
observed in patients with CNS injury. Using our mouse model of NHO induced by spinal cord injury (SCI) between vertebrae T11 to
T13, we demonstrate that lipopolysaccharides (LPS) from gram-negative bacteria exacerbate NHO development in a toll-like
receptor-4 (TLR4)-dependentmanner, signaling through the TIR-domain-containing adapter-inducing interferon-β (TRIF/TICAM1) adap-
tor rather than the myeloid differentiation primary response-88 (MYD88) adaptor. We find that T11 to T13 SCI did not significantly alter
intestinal integrity nor cause intestinal bacteria translocation or endotoxemia, suggesting that NHOdevelopment is not driven by endo-
toxins from the gut in thismodel of SCI-induced NHO. Relevant to the human pathology, LPS increased expression of osteoblastmarkers
in cultures of human fibro-adipogenic progenitors isolated from muscles surrounding NHO biopsies. In a case–control retrospective
study in patients with traumatic brain injuries, infections with gram-negative Pseudomonas species were significantly associated with
NHO development. Together these data suggest a functional association between gram-negative bacterial infections and NHO devel-
opment and highlights infectionmanagement as a key consideration to avoid NHO development in patients. © 2023 The Authors. Jour-
nal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research
(ASBMR).
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Introduction

Neurogenic heterotopic ossifications (NHO) are pathological
extraskeletal bones that develop in periarticular muscles

subsequent to severe injuries of the central nervous system (CNS),
such as spinal cord injuries (SCI), traumatic brain injuries (TBI), cere-
bral strokes, or cerebral anoxia.(1) NHO prevalence can be high,
around 15% to 45% in victims of SCI and 10% to 37% for traumatic
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brain injuries.(2-4) Their periarticular location drives their pathogenic-
ity as NHO can reduce the range of motion to completely ankylose
the affected joints, impairing patients’ ability to sit, dress, and per-
form common daily tasks, thus increasing morbidity and delaying
rehabilitation.(5,6) NHO treatment is limited to surgical
resection,(1,6-10) and recurrence is observed in 6% of patients.(11)

The pathobiology of NHO is still poorly understood,(12) but sev-
eral risk factors have been identified. Severity of CNS injury,
mechanical ventilation, tracheotomy, autonomic dysregulation,
muscle overactivity, coexisting fracture, and orthopedic surgery
have all been found to be significantly associated with increased
NHO prevalence.(4,13-15) Systemic infection is one of several risk fac-
tors associated with significantly higher NHO prevalence.(3,4,14,16)

Urinary tract infections and pneumonia are all significantly associ-
ated with higher incidence of NHO.(3,4,14,16) However, the impor-
tance of infections occurring directly after the accident and its role
in NHO formation have not been specifically investigated and thus
may be underestimated.

To better understand NHOpathobiology, we previously devel-
oped a mousemodel of SCI-induced NHO in genetically unmodi-
fiedmice, wheremice undergo a spinal cord transection between
thoracicvertebraeT11 toT13 togetherwithamuscle injury induced
via an intramuscular injectionof the snakevenommyotoxin cardi-
otoxin.(17) Thismodel revealed thatNHOdeveloponlywhen these
two injuries are concomitant.(17,18) Mineralized foci can be
detected in injured muscles from as early as 4 days post-surgery
and develop over a period of 2 weeks into mature mineralized
heterotopic bonenodules (formed via intramembranous ossifica-
tion) with osterix+/osteocalcin+ osteoblast-like cells present by
21 days post-surgery.(17,19) Using thismodel, we have shown that
monocytes/macrophages infiltrating the injured muscle are criti-
cal in promoting NHO development,(17) whereas granulocytes
and lymphocytes are dispensable.(20,21) Further studies revealed
thatSCIdrivesaprolonged inflammatory response in injuredmus-
cles(22) with elevated and persistent expression of the inflamma-
tory cytokines oncostatin M (OSM) and interleukin-1 (IL-1), which
both promote NHO development.(22-24)

Considering that IL-1 and OSM signaling are both key media-
tors of the inflammatory response to infections,(25-27) we hypoth-
esized that the increased prevalence of NHO in patients with
infections may be due to exacerbated inflammatory signaling
in response to these infections. Therefore, we evaluated the role
of infection in driving SCI-induced NHO.

Materials and Methods

Animals

C57BL/6 mice were sourced from the Animal Resource Centre
(Perth, Australia). Tlr4tm1Aki (Tlr4�/�),(28)Myd88tm1Aki (Myd88�/�)(29)

mice were donated by Dr Antje Blumenthal (The University of
Queensland Frazer Institute). Ticam1tm1Aki (Ticam1�/�) mice(30)

were donated by Prof Mark Smyth (QIMR Berghofer Medical
Research Institute). All mice had been backcrossed more than
10 times on a C57BL/6 background and bred as homozygote pairs
to generatemice for this project. Mice were housed at the Transla-
tional Research Institute, under specific pathogen-free conditions,
fedastandarddietchowwithadlibitumwateraccessandsimulated
diurnal cycle. Micewere randomly assigned into cageswith amax-
imum of 5 mice per cage, where appropriate cages contained
mixed animal cohorts (eg, 2–3 C57BL/6 and 2–3 knockout mice)
andwereco-housedfor5to7 daysbeforesurgery.Allanimalexper-
imental procedures were approved by the Health Sciences Animal

EthicsCommitteeofTheUniversityofQueensland (2017AE000050,
2021AE000537 and 2021AE001177) and followed the Australian
Code of Practice for the Care and Use of Animals for Scientific
Purposes.

SCI-induced NHO mouse model

NHO mouse model was carried out as previously described in
�7- to 8-week-old female mice.(17,23,24) Mice were administered
100 mg/kg ketamine, 10 mg/kg xylazine, and 1% isoflurane,
and subsequently received a laminectomy on the dorsal spine
and the spinal cord was transected with a scalpel blade between
T11 to T13 and an intramuscular injection (i.m.) of cardiotoxin
(CDTX) purified from the venom of Naja pallida (Latoxan, Portes
les Valence, France; Supplemental Table S1) at 0.32 mg/kg in
the hamstringmuscles. Post-surgery, all mice received a subcuta-
neous injection of ciprofloxacin (10 mg/kg), buprenorphine
(0.075 mg/kg). As SCI causes paraplegia, mouse bladders were
expressed manually by gentle massage of the bladder twice
daily throughout the experiments. Mice were given Bactrim
(800 mg/L, Roche, Mannheim, Germany) in drinking water after
surgical procedures as prophylaxis for bladder infections.
Although we have observed that NHO development is similar
in both males and females, only females are used in this study
as bladder expression is easier in females and the risk of bladder
infection is therefore reduced compared with males.(31)

LPS administration

γ-irradiated LPS purified from Escherichia coli strain 0111:B4
(Sigma-Aldrich, St. Louis, MO, USA; catalog #L4391) was adminis-
tered to SCI mice either at the time of surgery via an intramuscu-
lar injection (co-mixed with CDTX) at 0.02, 0.06, 0.1, 0.15, 0.208,
and 1.25 mg/kg of body weight, or injected intraperitoneally
post-surgery on days 2, 4, and 6 at 1.25 mg/kg of body weight.
Control mice were administered the same volume of PBS as a
control for intramuscular injections or saline for intraperitoneal
injections.

Tissue collection for histology

At predetermined endpoints, mice were euthanized by CO2

asphyxiation or anesthetized in an isoflurane chamber and
blood collected by cardiac puncture. Hindlimbs were fixed in
4% paraformaldehyde (Sigma-Aldrich), decalcified, and pro-
cessed as previously described.(21,23,24) Blood samples were
collected under strict sterile conditions in a tissue culture
hood equipped with high-efficiency particulate air filter, in
tubes containing ethylenediaminetetraacetic acid (EDTA)
(4 mM final for 1 mL blood collected). Plasma was isolated
by centrifugation at 1000g for 10 minutes at 4�C, plasma
was transferred to another tube and again similarly centri-
fuged before collection. The small and large intestine were
cleaned with PBS, fixed with 10% neutral buffered formalin
for 24 hours before being embedded in paraffin.

Hindlimbs were fixed and decalcified and processed as previ-
ously described.(17) Five-μm sections were cut and stained using
Masson’s Trichrome. In brief, sections were deparaffinized and
rehydrated, then stained for 10 minutes in Weigert’s iron hema-
toxylin, rinsed under tap water for 10 minutes, developed in 1%
acid alcohol, 1% hydrochloric acid in water for 15 to 30 seconds,
rinsed in tap water (3 minutes) then distilled water, followed by
staining in Biebrich scarlet-acid fuchsine solution for 10 to
15 minutes (Biebrich scarlet, 1% aqueous, acid fuchsine, 1%
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glacial acetic acid). Slides were then washed in distilled water
and differentiated in 5% phosphomolybdic�5% phosphotungs-
tic acid solution for 10 to 15 minutes or until collagen is not red.
Slides were transferred into aniline blue solution for 5 to
10 minutes and rinsed in 1% acetic acid for 2 to 5 minutes, dehy-
drated, and mounted in resinous mounting medium. Immuno-
histochemistry (IHC) was performed as previously
described.(21,23,24) Primary antibodies: rat anti-mouse F4/80
monoclonal antibody (mAb) (Novus Biologicals, Littleton, CO,
USA), rabbit anti-mouse Osterix/Sp7 mAb (Abcam, Cambridge,
UK), rabbit anti-mouse osteocalcin (polyclonal Ab) (Enzo Life Sci-
ences, Farmingdale, NY, USA) or relevant isotype control anti-
bodies; rabbit IgG (Abcam) or rat IgG2b (BioLegend, San Diego,
CA, USA). A 3-step procedure using biotinylated F(ab)2 secondary
antibodies (biotinylated goat anti-rat IgG and goat anti-rabbit
IgG) (Vector Labs, Burlingame, CA, USA) and VECTASTAIN Elite
ABC-Peroxidase Kit (Supplemental Table S1) was used to detect
primary antibodies. All slides were viewed using an BX50 micro-
scope (Olympus, Tokyo, Japan) with an attached DP26 camera
and imaged using Olympus CellSens standard 1.7 imaging soft-
ware (Olympus).

Purification of muscle progenitors and leukocytes for RNA
extraction

Total muscle leukocytes were isolated from C57BL/6 mouse ham-
stringmuscles 4 days post CDTXmuscle injury using a skeletal mus-
cle dissociation kit (Miltenyi Biotech, Bergisch Gladbach, Germany)
as per manufacturer’s instructions. Total muscle leukocytes were
sorted into multiple populations using a BD FACS Aria Fusion
(BDBiosciences, Franklin Lakes, NJ, USA) using fluorescentmonoclo-
nal antibodies (BioLegend) CD45-BV785 (clone 30-F11), anti-
TER119-FITC (clone TER119), CD45R/B220-FITC (clone RA3-6B2),
CD3ε-FITC (clone 145-2C11), CD11b-PE (clone M 1/70), anti-
F4/80-APC (clone BM8), anti-anti-Ly6C-Pacific Blue (Clone HK1.4)
and anti-Ly6G-PECY7 (clone 1A8), and cell viability with FVS700.
Monocytes/macrophages were sorted as CD45+ Ter119� B220�

CD3ε� CD11b+ F4/80+ CD48+ Ly6G� with various levels of Ly6C
expression, granulocytes as CD45+ Ter119� B220� CD3ε�

CD11b+ F4/80� CD48� Ly6G+. Muscle progenitor cells were iso-
lated fromhamstringmuscles of naïve C57BL/6muscles and stained
with the flowing fluorescent monoclonal antibodies: CD45-BV785
(clone 30-F11), anti-TER119-FITC (clone TER119), CD45R/B220-FITC
(clone RA3-6B2), CD3ε-FITC (clone 145-2C11), CD11b-FITC (clone
M 1/70), anti-Gr1-FITC (clone RB6-8C5), CD31-BV421 (clone 390),
anti-Sca1-PECY7 (clone D7), CD34-e660 (clone RAM34), anti-
PDGFRα-PE (clone APA5) and anti-integrin α7-PE (clone R2F2) and
cell viability with FVS700. Populations were sorted using a BD FACS
Aria Fusion according to the following phenotypes: satellite cells
(SC): CD45� lineage-(Ter119, B220, CD3ε, CD11b, Gr1)� CD31�

CD34+ Sca1� integrin α7+ PDGFRα�; fibroadipogenic progenitors
(FAP) CD45� Lin� CD31� CD34+ Sca1+ integrin α7� PDGFRα+ as
previously described.(19) All populations were sorted directly into
1 mL Trizol LS (Thermo Fisher Scientific,Waltham,MA, USA) and fro-
zen until extraction.

RNA extraction and qRT-PCR

For RNA isolation of muscle, frozen muscle samples were
homogenized in Trizol (Life Technologies, Carlsbad, CA, USA)
using a TissueRuptor (Qiagen, Valencia, CA, USA), and after chlo-
roform separation, RNA was isolated from aqueous phase. mRNA
was isolated from sorted cells using chloroform separation from

initial Trizol preparation followed by GeneJET RNA cleanup and
concentration micro kit (Thermo Fisher Scientific). Reverse tran-
scription was performed with all RNA samples using the Sensi-
FAST cDNA Synthesis Kit (Thermo Fisher Scientific) as per
manufacturer’s instructions. mRNA expression was analyzed
using a single-step reverse transcription quantitative real-time
polymerase chain reaction (qRT-PCR) on ViiA 7 Real-Time PCR
System (Life Technologies) with PCR setting: 20 seconds at
95�C, then 40 cycles of 95�C (1 second) and 60�C (20 seconds).
Taqman system using TaqMan fast PCR Master Mix and TaqMan
(Supplemental Table S1). Ct values were normalized by the
expression of the housekeeping genes Rps20 (for whole muscle)
or Hprt (for sorted cells) and presented as ratio to house-keeping
gene (delta CT method).

Flow cytometry analysis of muscle progenitors and
macrophages

Total leukocytes from naïve C57BL/6 muscle were isolated as
described above and multiple populations identified using a
CytoFLEX benchtop flow cytometer equipped with 405, 488,
561, and 637 nm solid phase lasers (Beckman Coulter Life Sci-
ences, Brea, CA, USA) using the following fluorescent mAb
(BioLegend): FITC anti-mouse Ter119, PE/Cyanine7 anti-mouse
Ly-6A/E (Sca-1), PE anti-mouse CD284 (TLR4), APC/Cy7 anti-
mouse CD45, Brilliant Violet 421 anti-mouse CD31, and Zombie
Aqua Fixable Viability Kit, as well as eFluor 660 anti-mouse/
human CD34 (Thermo Fisher Scientific) (antibodies listed in Sup-
plemental Table S2). At 4 days post-surgery, total leukocytes
from muscle were isolated using a skeletal muscle dissociation
kit (Miltenyi Biotech). Total leukocytes were subsequently dis-
criminated intomultiple populations using a CytoFLEX benchtop
flow cytometer using the following mAb (BioLegend; outlined in
Supplemental Table S1): FITC anti-mouse Ter119, FITC anti-
mouse B220, FITC anti-mouse CD3ε, APC anti-mouse F4/80
(clone BM8), PE/Cy7 anti-mouse Ly6G, Brilliant Violet 510 anti-
mouse/human CD11b, Brilliant Violet 785 anti-mouse CD45,
and BD Horizon Fixable Viability Stain 700 (Supplemental
Table S1). Files were subsequently analyzed with Flow Jo soft-
ware version 10.5 (Becton Dickinson & Company, San Diego,
CA, USA).

Blood collection for quantification of plasma cytokines

For plasma isolation, blood samples were taken frommice by ter-
minal cardiac puncture 17 or 72 hours post-injury under anes-
thesia (2% to 3% isoflurane). Blood was collected in tubes
containing EDTA (4 mM final for 1 mL blood collected) and
plasma was isolated by centrifugation (1000g for 10 minutes).
Plasma was subsequently transferred into new tubes and spun
again (1000g for 10 minutes) and plasma stored at �80�C until
use. Plasma cytokine concentrations were measured in triplicate
using bead-based immunoassay (LEGENDplex, mouse inflamma-
tion panel, BioLegend, catalog #740150) and analyzed on a Cyto-
FLEX benchtop flow cytometer.

Plasma OSM concentrations were measured using a mouse
Oncostatin M DuoSet ELISA Kit (DY495-05, R&D Systems, Minne-
apolis, MN, USA) and Ancillary Reagent Kit as per manufacturer’s
instructions in duplicates including standards. Plates were read
with plate reader (Thermo Fisher Scientific) according to manu-
facturer’s instructions.
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Micro-computed tomography (μCT) and NHO volume
quantification

Because of instrument upgrades during the course of this study,
NHO volumes weremeasured either in vivo or ex vivo using either
the Inveon positron emission tomography/computed tomogra-
phy (PET-CT) multimodality system (Siemens Medical Solutions
Inc., Malvern, PA, USA) or the Molecubes β-Cube and X-Cube
μPET-CT system (Molecubes, Gent, Belgium). For samples mea-
sured using the Inveon, parameters were: 360� rotation, 180 pro-
jections, 500 ms exposure time, 80 kV voltage, 500 μA current,
and an effective pixel size of 36 μm. 3D reconstitutions were per-
formed using the Inveon Research Workplace software (Siemens
Medical Solutions Inc.). For samples measured with Molecubes
β-Cube, 3D reconstitutions and NHO volumes were quantified
using VivoQuant 2021 (Invicro, Needham, MA, USA). To quantify
NHO volumes, the region of interest (ROI) was drawn around the
muscles containing NHO, and these were then carefully checked
from three dimensions to ensure adjacent long bones were not
included in the ROI. Calcified NHO regions were defined as above
the threshold of 450 Hounsfield units (HU).(21,23,24)

Gut permeability quantification and histopathological
scoring

Mice underwent either SCI or SHAM (incision of the dorsal skin only)
surgerywithanintramuscular injectionofCDTX.Fromtheeveningof
day6post-surgery,micewerefastedovernight.Thenextmorning,all
mice were administered 600 mg/kg 4 kDa FITC-dextran (Sigma-
Aldrich, catalog #46944) dissolved in sterile PBS via oral gavage.
Blood was collected by terminal cardiac puncture under general
anesthesia 4 hours later and plasma was collected as described
above. As a positive control (known intestinal permeability), plasma
was also collected from mice with acute colitis induced by dextran
sodium sulphate (DSS). These mice received 3% (w/v) 40 kDa DSS
(Sigma-Aldrich, catalog #42867) in their drinkingwater for 7 consec-
utive days as previously described.(32,33) Fifty microliters of plasma
was added to individual wells of a black 96-well plate, along with
serial dilutions of a FITC-dextran calibration standard. Fluorescence
was measured on a PHERAStar FS plate fluorimeter (BMG Labtech,
Ortenberg, Germany) with an excitation at 485 nm and emission at
520 nm.

For histopathology scoring on small and large intestine, sec-
tions were dewaxed and stained with hematoxylin–eosin.
Sections were visualized at 8�magnification lens using an Olym-
pus BX50microscopewith an attachedDP26 camera and imaged
using Olympus CellSens standard 1.7 imaging software. The duo-
denum and colon were chosen to study the extent of inflamma-
tion in small and large intestines, respectively. Both the
epithelium and mucosa were examined and scored based on
(i) inflammatory cell infiltration (scores from 1 to 4), (ii) changes
in the epithelial layer (scores 0 to 5), and (iii) changes in mucosal
architecture (scores 0 to 5), and the 3 scores added together to
give a total score as previously described(34) with a score from
0 for healthy gut to a maximum of 14.

Measurements of blood bacterial load and endotoxemia

Bacterial load in plasma was measured by quantitative real-time
PCR for the 16s rRNA genes. Total DNA from mouse blood was
extracted using the Maxwell 16 Blood DNA Purification Kit
(Promega, Madison, WI, USA; catalog #AS1010). Samples were
processed as per the manufacturer’s instructions and run on

theMaxwell 16 Instrument (Promega, catalog #AS3000). To verify
the DNA isolation procedure, blood from SCI mice was spiked
with mouse feces before DNA purification. DNA extracted from
blood samples were subjected to real-time PCR analysis in
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scien-
tific, catalog #4485701) using universal 16s rRNA forward primer
(50-GAATTGRCGGGGRCC-30; 917F; Integrated DNA Technologies,
Coralville, IA, USA) and reverse primer (sequence – 50-
ACGGGCGGTGWGTRC-30; 1392R; Integrated DNA Technologies)
with SYBR green qPCR master mix (Thermo Fisher Scientific, cat-
alog #KO241) to detect the presence of 16s rRNA gene. As posi-
tive controls for the amplification, whole bacterial DNA were
run in duplicates at 0.6 ng, 6 ng, and 60 ng. Plasma samples of
mice from naïve, SHAM-operated and SCI groups with CDTX-
injured muscles were tested for endotoxin using an Endotoxin
ELISA Kit (Aviva Systems Biology, San Diego, CA, USA; catalog
#OKEH02559). Blood plasma samples from mice with acute coli-
tis induced by 7 days of drinking water containing 3% 40 kDa
DSS were used as positive controls for endotoxemia.

Human study approvals

Muscle samples were obtained with the informed consent of the
patients and the approval from the Comité de Protection des
Personnes (CPP approval n�09025) and from the National Comis-
sion Nationale de l’Informatique et des Libertés (CNIL approval
no. Eyo1066211J).

As this retrospective studywas noninterventional with best prac-
tice procedures andwithout additional interventions, patients’ con-
sent was not needed. The authors confirm that the named
institutional review board specifically waived the need for consent
for this study (Comité de Protection des Personnes, Ile de France XI,
Pavillon Jacques Courtois – 2ème étage 20, rue Armagis 78105
Saint Germain en Laye Cedex. Tel: 0139274258. Fax: 0139274901.
E-mail: cppidf11@chi-poissy-st-germain.fr). According to the French
law from January 6, 1978, amended in 2004, the present work has
been declared to the French Comission Nationale de l’Informatique
et des Libertés (CNIL) no. 2212374 v 0).

Isolation of human PDGFRα+ cells from NHO biopsies

Muscle surrounding NHOs were collected fromNHO surgical waste
aftertheirexcisionfrom4patientswithbrain injury,spinalcordinjury,
or stroke. NHO resection surgeries were performed at Raymond
PoincaréHospital (Garches, France).Muscle fragmentswereminced
using scalpel and small scissors, placed in a 50 mL Falcon tube,
and incubated in 1.5 mg/mL pronase (Sigma-Aldrich, catalog
#10165921001) in α-MEM, 45 minutes in a 37�C water bath. After
addition of α-MEM supplementedwith 15%FCS and 1%antibiotics,
thecell suspensionwasfilteredthrougha100 μmcell strainer, thena
40 μm cell strainer (BD Falcon). Isolated muscle progenitor cells
(MuPCs) were maintained in αMEM supplemented with 15% FCS,
1% antibiotics and 10 ng/mL basic fibroblast growth factor (bFGF)
(R&D Systems). Human MuPCs were trypsinized and incubated
30 minutes with biotinylated anti-human PDGFRα (clone 16A1,
R&D Systems) and CD56-PE (clone B159, BD Pharmingen)monoclo-
nal antibodies in PBS 2% FCS, 2 mM EDTA. Cells were washed and
incubated 30 minutes with Streptavidin-APC/Cy7 and the viability
dye 7-actinomycinD (Sony). Cellswerewashed and filtered through
a 30 μmcell strainer (Sysmex, Kobe, Japan) and sorted using a FAC-
SAria III SORP sorter (BD Biosciences). PDGFRα+ CD56� cells
(FAPs)(19)were seededat3000per cm2 inαMEMsupplementedwith
20% FCS, 1% antibiotics, and 10 ng/mL bFGF (R&D Systems).
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In vitro osteogenic differentiation and quantification of
mineralization of human PDGFRα+ cells

PDGFRα+CD56- cells were seeded in 24-well plates at 3000 per
cm2 in αMEM supplemented with 10% FCS and 1% antibiotics.
Once cells adhered to the wells, medium was replaced by αMEM
supplemented with 10% FCS, 1% antibiotics, and 0.052 μg/mL
dexamethasone, 12.8 μg/mL ascorbic acid, and 2.15 mg/mL ß-
glycerophosphate (Sigma-Aldrich) to induce osteogenic differ-
entiation. LPS was added at 1, 10, or 100 ng/mL. Cells were cul-
tured for 14 days at 37�C in 5% CO2 atmosphere, and medium
was changed twice a week. Quantification of mineralization
was performed using Alizarin Red S staining. Cells were washed
with PBS, fixed in 70% ethanol, quickly washed with distilled
water, and incubated 5 minutes in 20 g/L Alizarin Red S,
pH = 4.2 (Sigma-Aldrich). Cells were washed with distilled water
and dried. Alizarin Red S dye was extracted with 0.5 N hydrochlo-
ric acid and 5% SDS and quantified by spectrophotometry at
405 nm.

qRT-PCR of human muscle PDGFRα+ cells

After 7 days of osteogenic differentiation, PDGFRα+ CD56- cells
were lysed in Qiazol (Qiagen) followed by chloroform/
isopropanol total RNA extraction. Reverse transcription was per-
formed using QuantiTect Reverse Transcription Kit (Qiagen). qRT-
PCR were performed on a LightCycler 480 instrument (Roche)
using QuantiTect SYBR Green RT-PCR Kit and QuantiTect Primers
(Qiagen) (Supplemental Table S1). Three housekeeping gene
mRNAs (RPLP0, PPIA, HPRT) were selected based on their expres-
sion stability using geNorm analysis. ALPL and RUNX2 mRNA
quantification were performed as the geometric mean of the
quantifications obtained with each reference RNA.

Retrospective control–case study in TBI patients

A case–control design was used for this study, following guide-
lines for epidemiological studies(35) because of the low numbers
of TBI-related NHO in this patient group. Case and control
patients were all treated in the same intensive care unit (ICU)
department and the same head injury rehabilitation center.

Participants: Patients enrolled in this study were all admitted
for TBI in the same ICU of a tertiary care Hospital (Hôpital Beau-
jon, Assistance Publique des Hôpitaux de Paris, France) for vital
care and the same neurorehabilitation center (Hôpital Raymond
Poincaré, Assistance Publique des Hôpitaux de Paris, France)
between January 2016 to June 2018. In this population of
patients, we then stratified TBI patients with and without NHO.
Patients involved in the study had surgical excision for trouble-
some NHO by the same surgeon in the orthopedic department.
Patients were excluded if they developed a NHO before the TBI.

Outcomemeasures: Medical records that contained complete
details of the patient’s medical history were compared in order
to (i) confirm and document the relationship between infection
and NHO at an early stage after TBI in a context of polytrauma
and (ii) define precocious inflammatory factors (circumstances
of the accident, neurological and respiratory state, drugs used,
associated trauma) involved in NHO development.

Data collection: The data were obtained via the Medical Data-
base of ICU department and “Head Injury Database” database.
We listed for each patient the age at the time of the accident
(years), the sex, and the body mass index (BMI) (kg/m2).The
following data related to infections in ICU were recorded for
each patient: infection location (pulmonary, urinary, cutaneous,

abdominal), number of sepsis-related infection(36) and septic
shock(37) during ICU stay, bacteria family (gram-negative, gram-
positive, non-documented) and individual bacteria species for
each infection, polymicrobial infections, and delay from TBI to
the first infection (days).

Inflammatory factors were also recorded: duration of stay in
ICU (days), duration of coma (days), circumstances of the acci-
dent (TBI etiology, velocity, crush-projection of the body during
the accident, presence of alcohol in the first blood test), neuro-
logical and respiratory state, drugs used, associated trauma.

Neurological state after TBI was investigated using: the first
Glasgow Coma score recorded, intracranial lesions on the
first CT scan, increase in intracranial pressure >25 mmHg, associ-
ated traumatic spinal cord injury, and motor and cognitive disor-
der (time and space orientation) at patient’s discharge from ICU.

Respiratory state was defined by the duration of oro-tracheal
intubation (days), duration of mechanical ventilation (days),
implantation of tracheotomy, and acute respiratory distress syn-
drome. Information about patient drug treatments was
recorded, including the types of drugs used, the duration of
the prescription (days), and the dose administrated.

Associated traumas were also recorded, including the number
of bone fractures, number of surgeries for bone fracture,
number of chest-pelvis-abdominal traumas sustained and sur-
gery or drain implantation for chest-pelvis-abdominal trauma,
craniectomy, craniotomy, extracranial cerebrospinal fluid deriva-
tion, and injury severity score (ISS).(38)

The Sequential Organ Failure Assessment (SOFA) score was
calculated 24 hours after the accident to evaluate the degree
of organ dysfunction in the patients studied.(39,40) The Simplified
Acute Physiological Score II (SAPS II) estimates mortality in ICU
patients and was collected within the first 24 hours of ICU admis-
sion.(41) Other complications previously related to NHOwere also
collected, such as bedsores and deep venous thrombosis.

Statistical analyses

For mouse experiments, data are presented in boxplots with
median with maximum and minimum values. Statistically signif-
icant differences were determined using either two-sidedMann–
Whitney test, one- or two-way ANOVA, or nonparametric Fried-
man test using Prism software (version 8.0; GraphPad Software,
La Jolla, CA, USA).

For the correlative study in TBI patients, data are described as
their frequencies and percentages for the categorical variables
and as their medians (25th–75th percentile range) for the quan-
titative variables. Univariate analysis was then performed. Cate-
gorical variables were compared using the chi-square test or
the Fisher exact test as appropriate and quantitative variables
using Wilcoxon’s ranked-sum test. All tests were two-sided, and
statistical significance was set at the p = 0.05 level.

Results

LPS purified from gram-negative bacteria exacerbates
NHO development after SCI in mice

Most pathogens causing nosocomial infections in ICU are gram-
negative bacteria such as Enterobacteriaceae, Acinobacter spe-
cies, Bacteroides fragilis, and Pseudomonas aeruginosa.(40) As
LPS production is exclusive to the wall of gram-negative bacteria,
we used purified LPS in our mouse model of SCI-NHO to mimic a
local infection by gram-negative bacteria.
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We first performed a titration to investigate the effect of local
LPS administration to NHO development. Mice received a SCI
and a muscle injury via an intramuscular CDTX injection, where
increasing doses of LPS were mixed with the CDTX before injec-
tion. NHO bone volumes were measured at 7 days post-surgery

via μCT. This dose range of LPS was selected based on previous
experiments in our laboratory and other publishedmodels using
intramuscular LPS injections.(42) Doses started at 0.025 mg/kg up
to 1.25 mg/kg, all doses well below lethal dose.(43) Compared
with LPS administration at 0.025 mg/kg, LPS at 0.15 mg/kg and

(Figure legend continues on next page.)
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above showed a significant increase in NHO volumes at 7 days
post-surgery (Fig. 1A, B).

We have previously shown in injured muscles developing
NHO that expression of the pro-inflammatory cytokines OSM,
IL-1β, and IL-1α is abnormally elevated compared with injured
muscles without SCI at 2 or 4 days post-injury.(22,23) To investi-
gate whether increased NHO bone volumes after LPS administra-
tion was due to enhanced innate immune responses, we
quantified the absolute numbers of multiple innate immune
populations in hamstring muscles 4 days post-surgery, a time

point that we have previously confirmed as the peak of macro-
phage infiltration. Mice received a SCI and a muscle injury via
CDTX injection, co-injected with either saline or 0.15 mg/kg of
LPS (the minimum LPS concentration that displayed significantly
increased NHO bone volumes in Figure 1A). There were no signif-
icant changes to total CD45+ leukocytes, CD45+CD11b+myeloid
cells, CD45+CD11b+Ly6G�F4/80+ monocytes/macrophages, or
CD45+CD11b+Ly6G+F4/80� granulocytes after LPS treatment
(Fig. 1C). In sharp contrast, mRNA encoding OSM, IL-1α and IL-
1β were significantly upregulated 12-fold, 49-fold, and 16-fold,

(Figure legend continued from previous page.)
Fig. 1. Lipopolysaccharide (LPS) exacerbates spinal cord injury (SCI)-induced neurogenic heterotopic ossifications (NHO) in a dose-dependent manner in
mice. (A, B) NHO volumes quantified at 7 days post-surgery by μCT in C57BL/6 mice, which underwent SCI surgery and muscle injury induced via an
i.m. injection of CDTX, co-injected with increasing doses of LPS with representative μCT images at 7 days post-surgery. Each dot represents an individual
mouse. Data are from two independent experiments and presented as median with interquartile ranges, using a one-way ANOVAwith Dunnett’s multiple
comparison test. (C) C57BL/6 mice underwent SCI surgery and intramuscular injection of CDTX alone or in combination with 0.15 mg/kg LPS. Muscle
leukocytes were extracted from hamstrings at 4 days post-surgery and frequencies of each leukocyte population relative to total live muscle cells per
hamstring were quantified by flow cytometry. Populations in were identified as (i) total CD45+ leukocytes (FVS700-, CD45+), (ii) Total CD11b + myeloid
cells (FVS700-, CD45+, CD11b+), (iii) monocytes/macrophages (FVS700-, CD45+, CD11b+, Ly6G-, F4/80+), and (iv) granulocytes (FVS700-, CD45+, CD11b
+, F4/80-, Ly6G+). Each dot represents an individual mouse. Data from a single experiment, presented as median with interquartile ranges. (D) C57BL/6
mice underwent CDTX muscle injury alone, or SCI + CDTX or SCI + CDTX in combination with 0.15 mg/kg LPS. Relative mRNA expression for inflamma-
tory cytokines Osm, Il1a, or Il1b in hamstrings 17 and 72 hours post-injury. Each dot represents an individual mouse. Data from a single experiment, pre-
sented as median with interquartile ranges, using a two-way ANOVA with Tukey’s multiple comparisons test. (E) C57BL/6 mice underwent SCI + CDTX or
SCI + CDTX in combination with 0.15 mg/kg and NHO volume was quantified at 3, 5, and 7 days post-surgery. Each dot represents an individual mouse,
data from a single experiment, presented as median with interquartile ranges, using a two-way ANOVA with Sidak’s multiple comparisons test. (F) Mas-
son’s Trichrome and immunohistochemistry for osterix (OSX), osteocalcin (OC), and F4/80 expression in serial sections of hamstringmuscles from C57BL/6
21 days post SCI + CDTX + LPS (1.25 mg/kg i.m.). Numerous NHO foci are present within the injured muscle (*). Osterix+ cells are noted on NHO foci
(arrows) and can also be embedded within the NHOmatrix (arrowhead). NHO foci also express osteocalcin on bone surfaces (arrows) and are surrounded
by F4/80+ macrophages (green arrowheads). * symbols also denote the same anatomical landmarks in each serial section. (G, H) NHO volumes at 7 days
post-surgery in C57BL/6 mice, which underwent SCI surgery and CDTX muscle injury and subsequently administered saline or LPS (1.25 mg/kg of body
weight) via intraperitoneal injection at days 2, 4, and 6 post-surgery, with representative μCT images at 7 days post-surgery. Each dot represents an indi-
vidual mouse. Data are from two independent experiments and presented as median with interquartile ranges and Mann–Whitney test.

Fig. 2. Lipopolysaccharide (LPS) exacerbates spinal cord injury (SCI)-induced neurogenic heterotopic ossifications (NHO) via TLR4. (A) NHO volumes quan-
tified at 7 days post-surgery in C57BL/6 or Tlr4�/� mice that underwent SCI + CDTX co-injected intramuscularly with either PBS or LPS (0.15 mg/kg). (B)
Expression of Tlr4mRNA transcript in sorted muscle monocytes/macrophages (CD45+ Ter119� B220� CD3ε� CD11b+ F480 +Ly6Chi/mid/lo), granulocytes
(gran) (CD45+ CD11b+ F4/80� Ly6G+), or muscle fibroadipogenic progenitors (FAPs) (CD45� Lin� CD31� Sca1+ CD34+) and satellite cells (SCs) (CD45�

Lin� CD31� Sca1� CD34+) 4 days post SCI + CDTX. All dots represent an individual mouse, data in (A) two independent experiments, presented as
median with interquartile ranges, using a one-way ANOVA with Sidak multiple comparison test. (C) TLR4 surface expression in muscle FAPs and SCs, as
well as BM monocyte/macrophage cells (positive control for TLR4 surface expression), in both wild-type (WT) and Tlr4�/� mice. Each profile represents
a different mouse; black vertical bar is placed on the peak of the histograms for cells from Tlr4�/� mice as negative controls.
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respectively, in injured muscles of SCI + CDTX mice that
received LPS compared with mice with SCI + CDTX without
LPS, as early as 17 hours post-injury (Fig. 1D). At 72 hours
post-injury, treatment with LPS had no more significant effect
on expression of these cytokines in injured muscles compared
with SCI + CDTX mice without LPS. Consistent with our previ-
ous findings,(22,23) expression of OSM and IL-1β mRNA at
72 hours was higher in injured muscles of mice with SCI
+ CDTX injury compared with CDTX injury alone, but this
was not significant in a two-way ANOVA. This early pro-
inflammatory cytokine spike remained confined within the
injured hamstring muscle as no changes were detected for
these cytokines in the plasma at either time point
(Supplemental Fig. S1).

To determine whether this early pro-inflammatory cytokine
spike in injured muscles of mice treated with LPS may cause an
acceleration of NHO development, we performed a longitudinal
analysis by live μCT imaging at earlier time points (3, 5, and
7 days post-injury) (Fig. 1E). Intramuscular LPS injection at the
site of injury did not accelerate NHO formation but amplified it
from day 5 onward.

Masson’s trichrome staining at 21 days post-surgery in SCI
+ CDTX + LPS mice showed abundant collagen I deposition
with numerous NHO foci present throughout injured muscle
(Fig. 1F). Similar to mice that develop NHO in the absence of
LPS,(17,22,23) NHO foci were associated with osterix+ and osteo-
calcin+ osteoblast lineage cells and F4/80+ macrophages
(Fig. 1F). Next, to mimic a systemic infection (endotoxemia), we
injected LPS intraperitoneally at 2, 4, and 6 days after surgery
(Fig. 1G, H) at 1.25 mg/kg (the highest LPS dose tested via intra-
muscular injection in Fig. 1A). Similar to local administration of
LPS, systemic administration also significantly increased NHO
volumes compared with saline injected mice.

LPS increased NHO size via TLR4 receptors and TRIF

The LPS receptor is composed of transmembrane protein TLR4
dimers complexed with its obligatory partner protein myeloid
differentiation factor-2 (MD-2).(44,45) To demonstrate the effect
of LPS was specifically mediated by TLR4, C57BL/6 and Tlr4�/�

mice underwent SCI and intramuscular CDTX injection together
with PBS or LPS at 0.15 mg/kg (the minimum LPS concentration

Fig. 3. Lipopolysaccharide (LPS) exacerbates spinal cord injury (SCI)-neurogenic heterotopic ossifications (NHO) via the endosomal TLR4/TRIF pathway.
(A, B) NHO volumes quantified at 7 days post-surgery in C57BL/6 andMyd88�/�mice that underwent SCI + CDTX, co-injected intramuscularly with either
PBS or LPS (0.15 mg/kg), with representative μCT images at 7 days post-surgery. (C, D) NHO volumes quantified at 7 days post-surgery in C57BL/6 or
Ticam1�/� mice that underwent SCI + CDTX, co-injected intramuscularly with either PBS or LPS (0.15 mg/kg), with representative μCT images at 7 days
post-surgery. All dots represent an individual mouse, two independent experiments, presented as median with interquartile ranges, using a one-way
ANOVA with Sidak multiple comparison test.
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that displayed significantly increased NHO bone volumes in
Fig. 1A). NHO volumes measured at 7 days post-surgery demon-
strated that while LPS significantly increased NHO in C57BL/6
mice, LPS had no effect in Tlr4�/� mice (Fig. 2A), thereby estab-
lishing that the enhancing effect of LPS on NHO formation is
mediated by TLR4.

The expression Tlr4 mRNA has been shown in both immune
and non-immune cell populations, including mesenchymal
cells.(46) Therefore, we investigated which cell populations pre-
sent in muscle have the potential to respond to LPS via expres-
sion of TLR4. We sorted multiple immune and non-immune
cell populations from mouse hamstring muscles, including
Ly6Cbright, Ly6Clow, and Ly6C� monocytes/macrophages,

granulocytes, and mesenchymal fibro-adipogenic progeni-
tors (FAPs), which are the cells-of-origin of NHO,(19) and satel-
lite cells (SCs), which are the myogenic stem cells,(47) to
quantify Tlr4 mRNA expression by qRT-PCR. All Ly6C mono-
cyte/macrophage subsets and muscle FAPs expressed Tlr4
transcripts, whereas granulocytes and SCs expressed Tlr4
transcripts at approximately 10-fold lower levels (Fig. 2B).

To confirm these data at the protein level, we isolated muscle
FAPs and SCs from C57BL/6 or Tlr4�/�mice that were stained for
TLR4 cell surface expression analyzed by flow cytometry. Bone
marrow myeloid cells from the same mice were used as positive
controls. TLR4 cell surface staining (Fig. 2C) confirmed the tran-
scriptional data, illustrating that muscle FAPs transcribe and

Fig. 4. Spinal cord injury (SCI) at vertebrae T11 to T13 does not cause gut leakage in the SCI-neurogenic heterotopic ossifications (NHO) mouse model. (A)
FITC-dextran concentration in blood plasma 7 days post-SCI or sham surgeries with an intramuscular injection of CDTX (0.32 mg/kg). Mice with 3% DSS-
induced colitis (3% DSS) were performed as positive controls. FITC-dextran (4 kDa) was administered by oral gavage 12 hours post-fasting, and blood col-
lected 4 hours later to measure FITC-dextran leakage into blood plasma. (B, C) Histopathology scores for intestinal inflammation in either small (SI) or large
intestine (LI), in naïve or sham + CDTX and SCI + CDTX and mice 7 days post-surgery, or 3% DSS-treated mice as positive controls. (D) Representative
images of hematoxylin and eosin (H&E) staining from both SI and LI in sham + CDTX or SCI + CDTX mice 7 days post-surgery, illustrating negligible
inflammatory infiltrate, with no hyperplasia, ulceration, goblet cell loss, or abnormal crypts across the epithelium and mucosa, 3% DSS-treated mice
included as positive controls. Images 20� magnification; scale bar = 100 μm. (E) Quantification of prokaryote 16s rRNA gene in blood of naïve, and
sham + CDTX or SCI + CDTXmice 7 days post-surgery. Three-percent DSS-induced colitis mice were used as positive controls. (F) Plasma endotoxin con-
centration was measured by ELISA from either naïve, sham + CDTX, or SCI + CDTX mice 7 days post-surgery. Three-percent DSS-induced colitis mice
were used as positive controls. Each dot represents an individual mouse, presented as median with interquartile ranges, using a one-way ANOVA with
Sidak multiple comparison test.
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express low levels of TLR4, whereas TLR4 levels are very low in
muscle SCs. Overall, this suggests that both immune and mesen-
chymal cell populations, which contain the cells-of-origin of
NHO,(19) have the potential to respond to LPS in the muscle
in vivo.

TLR4 expressed on plasma membrane signals via myddo-
somes containing MYD88 adaptor protein complexed with
IL-1 receptor-activated kinases (IRAK)-1, -2, and -4(48) to acti-
vate NF-κB transcription factor. In addition, LPS from intracel-
lular bacteria can also be recognized by TLR4 expressed on
endosomal membranes. In this case, endosomal TLR4 signals
via the adaptor TRIF/TICAM-1 in trifosomes instead of
MYD88, to elicit a type I interferon response.(30,45,49) To eluci-
date which TLR4 signaling pathway(s) were involved in the
exacerbation of NHO after SCI, Myd88�/� mice and C57BL/6

controls underwent SCI and intramuscular CDTX together
with PBS or LPS at 0.15 mg/kg. Unexpectedly Myd88�/� mice
showed a trend toward increased NHO bone volumes com-
pared with C57BL/6 mice in the absence of LPS (p = 0.10 by
ANOVA and p = 0.025 by Mann–Whitney). Similar to
C57BL/6 mice, LPS treatment resulted in a significant increase
in NHO volumes in Myd88�/�mice (Fig. 3A, B) and LPS-treated
Myd88�/� mice also displayed a trend of higher NHO bone
volumes compared with LPS-treated C57BL/6 mice, albeit
not significant (p = 0.0549) (Fig. 3A, B). Next, we examined
the development of NHO after SCI in C57BL/6 and Ticam1�/�

mice. Interestingly, we found that the enhancing effect of
LPS on NHO bone volumes was abated in Ticam1�/� mice
(Fig. 3C, D), demonstrating that LPS exacerbates NHO devel-
opment via the TRIF/TICAM-1 endosomal route.

Fig. 5. Lipopolysaccharide (LPS) stimulates calciummineralization and RUNX2 and ALPL expression of human neurogenic heterotopic ossifications (NHO)-
derived fibroadipogenic progenitors (FAPs) in vitro. (A) Dose-response of LPS stimulation (1, 10, and 100 ng/mL) on calcium mineralization of PDGFRα+

CD56� FAPs derived from 4 different NHO biopsies/patients cultured in control (CT) or osteogenic medium (OB). After 14 days in culture, mineralization
was measured using Alizarin Red staining and quantified. (B–E) Relative expression of RUNX2 and ALPL mRNA levels, measured by RT-qPCR in PDGFRα+

CD56� FAPs derived from 4 different NHO biopsies/patients cultured in CT or OB with indicated LPS concentration. RT-qPCR was performed at 2 and
7 days after osteogenic induction. Each line represents results from FAPs purified from the same NHO biopsy/patient; data presented as median with
interquartile ranges. Statistical differences were calculated using one-way ANOVA for matched measures with Dunnett’s post hoc correction for multiple
comparisons.
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LPS produced by the gut microflora does not translocate
to the circulation after SCI

There are two possible avenues for LPS to enter the body and
enhance NHO development: via increased permeability of
the gut epithelial barrier or infections (local, distant, or sys-
temic). In respect to the first possibility, it has been reported
that SCI at vertebrae T2 or T9 leads to gut dysbiosis in mice
with increased gut permeability, translocation of bacteria
from the gastrointestinal tract into blood, lymph nodes, and
spleen together with endotoxemia.(50) To assess if increased
gut permeability was a source of LPS in our NHO mouse
model with SCI between T11 to T13, mice underwent Sham
or SCI surgery together with CDTX-mediated muscle injury
and at 7 days post-surgery, mice were gavaged 4 kDa FITC-
dextran, and plasma FITC fluorescence was measured. Naïve
mice gavaged FITC-dextran were used as negative controls
and mice with dextran sulphate sodium (DSS)-induced colitis
were used as positive controls for increased intestinal perme-
ability.(51) SCI and/or CDTX muscle injury did not lead to
detectable FITC-dextran leakage into the circulation, whereas
FITC-dextran leakage was clearly noted in mice with DSS-
induced acute colitis (Fig. 4A). Pathological scoring from sim-
ilar cohorts of mice showed no significant pathology score
increase in small and large intestine of these mice (Fig. 4B–
D), which remained low on a 0–14 histopathology score
scale.(34) We also assessed whether increased bacterial trans-
location from the gut into the circulation or endotoxemia
occurred after SCI and muscle injury (Fig. 4E, F). The 16s pro-
karyote rRNA gene remained undetectable in the blood of
mice from all treatment groups except for DSS-induced coli-
tis positive control (Fig. 4E). Likewise, endotoxin (LPS) plasma
concentration remained extremely low with exception of
DSS-induced acute colitis mice, which demonstrated clear
endotoxemia (Fig. 4F). Thus, we conclude that T11 to T13 SCI
and muscle injury does not alter intestinal permeability or
cause a detectable endotoxemia or gut bacteria transloca-
tion. Thus, LPS leakage from the gut microflora is not neces-
sary to trigger NHO development in our model.

LPS increases osteogenic differentiation of FAPs isolated
from muscles surrounding human NHO

As FAPs are the cells-of-origin of NHO inmouse and humanmus-
cles(19) and CNS injuries can alter FAP behavior in muscles,(52) we
sorted PDGFRα+ CD56- FAPs from muscles surrounding NHO
biopsies from four different NHO patients (not from healthy
donors) to confirm the pro-osteogenic effect of LPS in the human
setting. Cells were then cultured in osteogenic conditions with
increased doses of LPS. LPS caused a dose-dependent increase
in mineral calcium deposition as measured with Alizarin Red
(Fig. 5A) and stimulated the expression of RUNX2 transcripts at
day 7 (Fig. 5B, C) and ALPL transcripts at day 2 and day
7 (Fig. 5D, E), suggesting FAP osteoblastic differentiation.

NHO prevalence is significantly higher in TBI patients with
pseudomonas infections

As the incidence of TBI is higher than that of SCI, we performed a
case–control retrospective study on TBI patients to investigate
the role of infection and inflammation in NHO development by
comparing data from case TBI patients with reported NHO to
matched control TBI patients without NHO. A total of 70 TBI
patients were admitted to the same ICU and neurorehabilitation
department. From this cohort, 6 patients developed NHO (8.6%)
(Table 1) typical of reported incidence of NHO in patients suffer-
ing TBI at this clinic.

Of the 6 patients who developed NHO, 5 weremales (sex ratio:
83.3%). Median age at time of the TBI was 22 years. NHO were
located around the hip for 3 patients and at the inner part of
the knee for 3 other patients. Diagnosis of NHOwas clinically sus-
pected in attendance of joint pain, limitation of range of motion,
signs of per-articular inflammations with red, warm, and swollen
skin, and confirmed by imaging (X-ray or CT scan).

The remaining 64 patients sustained TBI without developing
NHO (53 males; sex ratio: 82.1%). Median age at the time of TBI
was 29 years.

No difference was found between case and control groups
in term of age, sex, and body mass index. Both groups had a

Table 1. Relationship Between NHO Occurrence and Patients’ Characteristics and Circumstances of Head Trauma Analyzed in Univariate
Analysis

Variables Cases (n = 6) Controls (n = 64) p Value

Sex ratio, n (%) 5 males (83.3%) 53 males (82.1%) 1.000
Age (years), median [IQR] 22 [20; 29] 29 [22; 40] 0.300
Body mass index (kg/m2), median [IQR] 25 [23; 26] 23 [21; 26] 0.310
Active smoker, n (%) 2 (33.4%) 24 (37.5%) 1.000
Autoimmune disease, n (%) 0 (0%) 3 (4.7%) 1.000
Addiction (alcohol, cannabis) 2 (33.4%) 13 (20.31%) 0.600
Duration of stay in ICU (days), median [IQR] 31 [27; 46] 17 [9; 29] 0.048
Duration of coma (days), median [IQR] 23 [14; 28] 9 [2; 15] 0.009
Causes of TBI, n (% patient) 0.910
Four-wheel vehicle accident 0 (0%) 11 (17.4%)
Two-wheel vehicle accident 3 (50%) 19 (30.1%)
Pedestrian 1 (16.7%) 8 (12.6%)
Falls 2 (33.3%) 12 (19.1%)
Other 0 (0%) 14 (21.8%)

High velocity of the trauma, n (%) 3 (75%) 28 (66.7%) 1.000
Crush-projection of the body during the accident, n (%) 4 (80%) 16 (35.6%) 0.140
Presence of alcohol in the first blood test, n (%) 1 (16.7%) 14 (22.6%) 1.000

Abbreviations: ICU = intensive care unit; IQR = interquartile range; NHO = neurogenic heterotopic ossification; TBI = traumatic brain injury.
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similar medical history regarding percentage of active
smokers, autoimmune disease, and addiction to alcohol and
cannabis (Table 1).

The duration of stay in ICU was significantly prolonged in
patients with NHO compared with patients without NHO (31 ver-
sus 7 days, p = 0.048). The duration of coma was twice longer in

Table 3. Relationship Between NHO Occurrence and Inflammation Variables Analyzed in Univariate Analysis

Themes Variables
Cases
(n = 6)

Controls
(n = 64) p Value

Associated traumas Bone fracture, n (%) 4 (66.7%) 30 (46.9%) 0.420
ISS total, median [IQR] 38 [35; 42] 25 [17; 33] 0.007

AIS Head–neck 5 [5; 5] 4 [3; 5] 0.031
AIS Face 0 [0; 0] 0 [0; 1] 0.081
AIS Chest 2.5 [0.5; 3] 2 [0; 3] 0.490
AIS Pelvis-abdomen 2 [0.5; 2.8] 0 [0; 0] 0.012
AIS Limbs 2 [2; 2.8] 0 [0; 2] 0.074

Surgery or drain implantation total, n (%) 6 (100%) 35 (54.7%) 0.038
Bone fracture 5 (83.3%) 15 (23.4%) 0.006
Chest-pelvis-abdominal trauma 3 (50%) 9 (14.1%) 0.050
Craniectomy, craniotomy and extracranial derivation 4 (66.7%) 22 (34.4%) 0.190

Neurology Glasgow Coma scale, median [IQR] 6 [4.5; 6.8] 7.5 [4.8; 12] 0.250
Focal intracranial lesions on first CT scan, n (%) 4 (66.7%) 51 (79.7%) 0.600
Diffuse intracranial lesions on first CT scan, n (%) 6 (100%) 55 (85.9%) 1.000
Intracranial hypertension >25 mmHg, n (%) 4 (66.7%) 25 (47.2%) 0.420
Cognitive disorder at discharge from ICU, n (%) 6 (100%) 52 (81.3%) 0.580
Motor deficiency at discharge from ICU, n (% patient) 4 (66.7%) 24 (37.5%) 0.210

Respiratory Duration of oro-tracheal intubation (days), median [IQR] 36 [24; 54] 15 [10; 20] 0.001
Duration of mechanic ventilation (days), median [IQR] 32 [26; 54] 15 [10; 22] 0.001
Implantation of tracheotomy, n (%) 5 (83.3%) 17 (26.6%) 0.010
Acute respiratory distress syndrome, n (%) 4 (66.7%) 16 (27.6%) 0.071

Drugs Medications for sedation, median [IQR] 3.5 [2.2; 4] 2 [2; 3] 0.130
Length of sedation (days), median [IQR] 7.5 [4.5; 19] 6 [2; 12] 0.190
Use of curare >24 hours, n (%) 3 (50%) 16 (25%) 0.330
Use of vasoplegic drugs >24 hours, n (%) 6 (100%) 45 (70.3%) 0.180
Use of corticoids, n (%) 1 (20%) 13 (21.0%) 1.000

Complications Bedsores, n (% patient) 0 (0%) 5 (7.8%) 1.000
Vein thrombosis, n (% patient) 2 (33.3%) 5 (7.8%) 0.110

Chronic inflammatory
disease

Diabetes type 1 and 2, n (% patient) 0 (0%) 0 (0%) 1.000

Autoimmune diseases, n (% patient) 0 (0%) 3 (4.69%) 1.000
Metabolic syndrome, n (% patient) 0 (0%) 0 (0%) 1.000

Note: Bold indicates statistically significant value (p < 0.05).
Abbreviations: AIS =Abbreviated Injury Scale, min 1–max 6; ISS = Injury Severity Score, min 0–max 75; IQR = interquartile range; NHO = neurogenic

heterotopic ossification.

Table 2. Relationship Between NHO Occurrence and Infection Variables Analyzed in Univariate Analysis

Variables Cases (n = 6) Controls (n = 64) p Value

Patients with sepsis related to infection, n (%) 6 (100%) 45 (70.3%) 0.180
Patients with septic shock, n (%) 1 (16.7%) 2 (3.1%) 0.240
Patients with pneumonia, n (%) 6 (100%) 44 (68.8%) 0.170
Urinary tract infection, n (%) 2 (33.3%) 2 (3.1%) 0.034
GNB infection, n (%) 6 (100%) 37 (57.8%) 0.075

Enterobacter species 4 (66.7%) 28 (43.8%) 0.400
Pseudomonas species 5 (83.3%) 7 (11.0%) 0.001
Others GNB 2 (33.3%) 24 (37.5%) 1.000

GPC infection, n (%) 3 (50%) 32 (50%) 1.000
Polymicrobial infection, n (%) 6 (100%) 36 (80%) 0.570
Delay from accident to the first infection (days), median [IQR] 4.5 [2.5; 5.8] 5 [3; 6] 0.640
SOFA score, median [IQR] 9.5 [9; 11] 8 [4; 10] 0.140
SAPS II, median [IQR] 45 [34; 52] 34 [26; 49] 0.30

Abbreviations: GNB= gram-negative bacilli; GPC= gram-positive cocci; IQR= interquartile range; NHO= neurogenic heterotopic ossification; SAPS II=
Simplified Acute Physiology Score II, min 0–max 100%; SOFA = Sepsis-related Organ Failure Assessment Score, min 0–max 24.
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the population with NHO relative to patients without NHO
(p = 0.009).

We found no difference between cases and controls in term of
etiologies of TBI, high velocity of the trauma, crush-projection of
the body during the accident, and presence of alcohol in the first
blood test.

Patients who developed NHO all presented sepsis-related
infections during ICU hospitalization compared with controls
(Table 2). Urinary tract infections occurred significantly more fre-
quently in cases involving the development of NHO (p = 0.034).
Pneumonia acquired under mechanical ventilation happened in
all patients with NHO, but no statistical difference was detected
compared with the control group (p = 0.075). Infections with
gram-negative bacteria (GNB) were diagnosed in 100% of
patients who developed NHO versus 57.8% of patients without
NHO. However, this did not reach significance (p = 0.075). Pseu-
domonas aeruginosa were more commonly associated with
NHO-developing patients (83.3%) than patients who did not
develop NHO (11.0%, p = 0.034), suggesting a significant associ-
ation between the development of NHO and septic infection
during intensive care with gram-negative bacterium Pseudomo-
nas aeruginosa.

Associated traumas, including bone fracture and chest-
pelvis-abdominal traumas, weremore frequent in the group with
NHO (66.7% and 83.3%, respectively) than in the group without
NHO (46.9% and 53.1%, respectively) but statistical analysis
found no difference (Table 3). In contrast, total injury severity
score (ISS) was 13 points higher in patients with NHO formation
in comparison with patients with no NHO (p = 0.007). Surgeries
or drain implantations for an associated trauma were signifi-
cantly more frequent in patients who developed NHO compared
with patients who did not develop NHO (p = 0.038). These
results indicate that surgeries, drain implantations, and ISS after
TBI are associated with NHO formation.

For all neurogenic variables, we found no significant differ-
ence between the two groups of patients. Our results suggested
that both populations are quite similar in terms of neurological
presentation and variables related did not seem to impact NHO
development.

Oro-tracheal extubation was performed twice later on a
patient who developed NHO in contrast with a patient who
had no NHO (36 versus 15 days post-injury, p = 0.001). The need
of mechanical ventilator support was longer for patients with
NHO in comparison with patients without NHO (32 versus
15 days, p = 0.001). We found a higher incidence of tracheot-
omy in the group that develop NHO compared with the group
that did not develop NHO (p = 0.01). Although acute respiratory
distress syndrome was twice more frequent in cases compared
with controls, the difference between both groups was not
significant.

Medications and duration of sedation were comparable
between the two groups. Interestingly, curare and vasoplegic
drugs (adrenalin and noradrenalin) were more prescribed in
population of patients with NHO (50% and 100%, respectively)
in comparison with population of patients without NHO (25%
and 70.3%, respectively). We found no difference between the
two groups of patients in terms of SOFA score, SAPS II, bedsores,
and deep vein thrombosis.

Finally, very few patients had chronic inflammatory, autoim-
mune diseases, or metabolic syndromes that may have influ-
enced NHO development and progression (Table 3). Presence/
absence of inflammatory bowel disease was not recorded in
the patients’ database.

Discussion

Previous retrospective studies in victims of SCI or TBI have shown
a significantly higher incidence of NHO in patients with systemic
infections, urinary tract infections, or pneumonia.(4,13-16) How-
ever, these studies did not determine whether mechanistically,
infectious pathogens are the direct cause of enhanced incidence
of NHO or a mere reflection of the immunodepression subse-
quent to severe TBI and high-level SCI.(53,54) Indeed, severe TBI
and high-level SCI can disrupt the central control of the sympa-
thetic nervous system and the neuroendocrine complex. Loss
of central control of sympathetic innervation of lymphoid organs
and adrenal glands can lead to lymphopenia and immunode-
pression.(53-55) In our model, the spinal cord is trans-sectioned
at relatively low levels between vertebras T11 to T13 below the
preganglionic neurons controlling sympathetic neurons inner-
vating the spleen(56) and does not cause autonomic dysreflexia,
which in itself causes a regression of lymphoid organs and
immunodepression.(55)

We demonstrate in our mouse model that local or systemic
administration of LPS exacerbates NHO development via the
LPS receptor TLR4 and the endosomal TRIF pathway, not via
the MYD88 pathway from extracellular LPS (summarized in
Fig. 6). Interestingly, we saw a trend toward increased NHO bone
volumes in Myd88�/� compared with C57BL/6 controls both in
the presence and absence of LPS. MYD88 is a key adaptor protein
in signaling mediated by the IL-1 receptor and toll-like receptors
expressed on the plasma membrane (TLR1/TLR2, TLR2/6, TLR4,
TLR5), as well TLRs expressed on endosomal surfaces (TLR7,
TLR9). MYD88 is also important in regulating myoblast fusion
as Myd88 gene deletion inhibits postnatal muscle growth.(57)

Whether the regeneration potential of satellite cells post-SCI
and muscle injury was impacted and favored NHO development
in Myd88�/� mice remains to be investigated. We also hypothe-
sized that this trend toward increased NHO in Myd88�/� mice
was due to TLR4 signaling being rerouted toward TRIF/TICAM-1.
In support of this interpretation, we found that NHO bone vol-
umes were abated in Ticam1�/� mice in the presence of LPS.

As TLR4 was expressed by both mesenchymal FAPs and
monocytes/macrophages in muscles, the effect of LPS on NHO
development could have contributions from both myeloid and
mesenchymal cells. Whether FAPs and myeloid cells both
respond to LPS after SCI and muscle injury was not investigated
in mice; however, future experiments with conditional deletion
of the Tlr4 gene in FAPs (eg, using Pdgfra-Cre or Prrx1-Cre mice)
or in myeloid cells (eg, with Lyz2-Cre mice) would clarify this.
Nevertheless, in vitro administration of LPS to human FAPs puri-
fied from muscles surrounding NHO biopsies resulted in
increased calcium mineralization in a dose-dependent manner
and expression of maturing osteoblast genes RUNX2 and ALPL,
thus suggesting that LPS has the potential to directly activate
an osteoblastic program in FAPs. We have also previously shown
that medium conditioned by LPS-activated human monocytes
increases mineralization and expression of osteoblast genes in
FAPs isolated from muscles surrounding NHO biopsies.(23) This
suggests that in humans, LPS may increase NHO formation both
directly by stimulating an osteogenic program in muscle FAPs,
and indirectly via macrophages infiltrating injured muscles.

Importantly, we find that intramuscular LPS injection did not
alter myeloid cell recruitment to the CDTX-injured muscle. How-
ever, LPS administration caused an early burst of mRNA encod-
ing OSM, IL-1α, and IL-1β in injured muscles, cytokines we have
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previously shown to functionally contribute to NHO develop-
ment in response to SCI.(22,23) However, this earlier burst of cyto-
kine mRNA expression did not accelerate NHO development as
NHO develops as early as day 5 in mice with or without LPS treat-
ment. Instead, mineralization was amplified by administration
of LPS.

Our data illustrating the role of LPS exacerbating NHO bone
formation is consistent with other studies investigating infection
in animal models of trauma-induced heterotopic ossification
(HO). In a rat traumatic blast HO model, the presence of biobur-
den (Acinetobacter and methicillin-resistant Staphylococcus
aureus) significantly increased ectopic bone formation and a
short-term treatment with vancomycin attenuated HO
formation.(58)

Our and these findings are in sharp contrast to two recent
reports in a model of HO driven by implantation of skin fibro-
blasts transduced with an adenovirus to overexpress mouse

bone morphogenetic protein (BMP)-2 or collagen sponge
impregnated with recombinant BMP-2, which both showed that
LPS treatment decreased HO development in vivo.(59,60) It must
be noted, however, that supraphysiological BMP-2 overexpres-
sion is nonphysiological, very osteogenic, and this does not rep-
resent a physiologically relevant model of SCI-induced
NHO.(12,19) Furthermore, LPS-activated mouse macrophages
express Acvr1 and Acvr2a mRNA (see www.biogps.org), which
encode BMP receptors, and this may alter their subsequent
response to LPS once stimulated by supraphysiological concen-
trations of BMP-2. Therefore, it is difficult to extrapolate from
these studies in which BMP-2 is artificially overexpressed, the rel-
evance to SCI-induced NHO that does not involve supraphysiolo-
gical expression of BMP-2 in the muscle.(19) On the other hand,
our results clearly suggest that LPS polarizes muscle-infiltrating
macrophages in vivo in ways that enhance NHO development
with increased expression of OSM, IL-1α, and IL-1β, which we

Fig. 6. Model of lipopolysaccharide (LPS) action on neurogenic heterotopic ossifications (NHO) development. A dual insult to the central nervous system
(CNS; spinal cord injury [SCI] or traumatic brain injury [TBI]) combined with muscle injury leads to the development of NHO in the injuredmuscle. We have
previously shown that the CNS injury triggers the release of of neuro-endocrine mediators such as catecholamines and the neuropeptide substance P,
which promote NHOdevelopment.(17,18) (A) In the absence of infection: (1) Inflammatorymacrophages are recruited to the site of injury, (2) with enhanced
release of pro-inflammatory cytokines OSM and IL-1α/β under the effect of neuro-endocrine stimulators; this (3) drives a pro-osteogenic program in FAPs,
which are the cells-of-origin of NHO, which subsequently differentiate into osteoblasts and deposit ectopic bone. (B) However, in the presence of an infec-
tion from gram-negative bacteria, LPS is released, which has the potential (dotted arrows) to exacerbate NHO development in a TRIF-dependent manner
(a) indirectly via TLR4/TRIF-mediated signaling in macrophages, which further increase OSM and IL-1α/β release, or (b) directly via TLR4/TRIF-mediated
signaling in FAPs, or both. Image created with BioRender.com.
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have previously shown to functionally contribute to NHO
development.(22,23)

Interestingly, the anabolic effect of LPS in our model of SCI-
induced intramuscular NHO is in contrast to other reports show-
ing that (i) chronic LPS administration in mice leads to skeletal
bone loss, mostly by increasing osteoclastogenesis as recently
reviewed in ameta-analysis,(61) and (ii) that addition of LPS in cul-
tures of the mouse pro-osteoblastic immortalized cell line
MC3T3-E1(62) or primary calvarial osteoblasts(63) reduces expres-
sion of osteoblasts markers. However, a number of articles have
also shown that LPS can have an anabolic effect on mesenchy-
mal progenitor cells isolated from human bone marrow,(64)

umbilical cord blood,(65) periodontal ligaments,(66) mouse bone
marrow,(67) and increases expression of osteoblast markers and
mineralization. Therefore, the effect of LPS may vary depending
on the tissue of origin of mesenchymal progenitor cells. This is
consistent with previous observations that mesenchymal pro-
genitor cells isolated from very different tissues (eg, frommuscle
versus periosteum) have very different differentiation potential
in vivo.(68)

LPS is restricted to gram-negative bacteria, which can enter
the body through a local infection or via the circulation. Several
reports have highlighted gut dysbiosis after SCI in humans and
mice (reviewed in Valido and colleagues(69) and Jogia and Rui-
tenberg(70)), with the potential of increased intestinal permeabil-
ity of gut microflora, which contain gram-negative bacteria such
as Bacteroidetes and Proteobacteria,(71) which comprises E. coli
and Pseudomonas species. One study reported that mice with a
T2 or T9 contusion had increased intestinal permeability with
bacteria translocation to lungs, spleens, and lymph nodes and
endotoxemia.(50) Using a raft of assays to measure gut perme-
ability after oral gavage with fluorescent FITC-dextran, gut histo-
pathology scoring, endotoxemia, and blood bacterial load by
PCR for the 16s prokaryotic rRNA gene, we could not detect
any increase of these parameters in mice with SCI between T11
and T13 in contrast to this previous report.(50) As we did not per-
form a transection at the same thoracic level at this study, it is
possible that changes in gut dysbiosis and intestinal permeabil-
ity are lesion-level dependent. However, we can conclude that
in our model with complete transection of the spinal cord
between T11 and T13, increased intestinal permeability and endo-
toxemia are not the driving force of and are not necessary for
NHO development. Together, these results suggest that infec-
tions with exogenous gram-negative bacteria may be an impor-
tant factor contributing to NHO development.

Finally, we performed a retrospective control–case study on
70 victims of severe TBI all treated at that same ICU and followed
in the same rehabilitation center, which, to our knowledge, is the
first detailing infectious and inflammatory features that occur
early after TBI and their relationship with NHO development.
We also provided evidence that involvement of gram-negative
bacteria infections, and more specifically Pseudomonas aerugi-
nosa, are significantly associated. A total of 83% TBI patients with
NHO had experienced a Pseudomonas infection, whereas only
11% of TBI patients without NHO had such infection. Why 7 of
70 (10%) TBI patients did not develop NHO despite experiencing
a Pseudomonas infection remains to be determined as the time
of infection relative to TBI did not seem to influence the occur-
rence or absence of NHO.

It was also noted that patients with severe TBI did not system-
atically develop NHO. Therefore, we propose that TBI predis-
poses patients to NHO by increasing the systemic level of
inflammation, similar to the effect of SCI on the inflammatory

response in injured muscles in mice,(22-24) but a higher level of
inflammation or muscle injury threshold is required to initiate
NHO. Similar to HO encountered in non-neurogenic pathologies
(burns, amputation, Guillain–Barre syndrome, long stay in ICU),
we found that surgeries, associated trauma, and infections are
significantly associated with NHO production, probably because
they drive more inflammation. Infection has also been shown to
be associated with the development of acquired HO in patients
with severe burns,(72,73) traumatic and combat-related
injuries,(74) and hip arthropathy.(75,76) Thus, we hypothesize that
NHO needs a certain inflammatory threshold to induce ossifica-
tion of muscle progenitor cells soon after the initial trauma.
Patients with CNS damage who are hospitalized in ICU for vital
care are more likely to develop infections, especially patients
with severe TBI and a Glasgow coma score <8.(77,78) The type of
neurological lesion influences the bacterial infections that occur
within patients. This can be observed in SCI patients who suffer
from bladder dysfunction, which often leads to urinary tract
infections.(79) On the other hand, TBI can be responsible for swal-
lowing deficiency and may also cause lung infections.(80) Infec-
tions, and more specifically pneumonia and urinary tract
infections, have been reported in the literature as risk factors of
NHO development after SCI(14,16) and TBI.(3,4) We also identified
a higher incidence of urinary tract infections in patients who
developed NHO. In contrast, pneumonia occurrence was not sig-
nificantly different between the groups, although 100% of
patients who developed NHO experienced at least one episode
of pneumonia during their stay in ICU. The number of sepsis
related to infection during ICU stay was not correlated with
NHO occurrence, but all patients who developed NHO had one
or more septic infections. Thus, our study does support the link
between infection, and more specifically urinary tract infections,
with NHO development.

The main limitation of this case–control correlative study is its
small size, which was due to the rigorous restrictive selection
process to ensure that all patients involved in this retrospective
study were recruited after receiving treatment in the same ICU
and neuro-rehabilitation departments, with homogenous
patient cohorts in respect to their neurological status. Therefore,
the low number of TBI patients with NHO (n = 6) limited the sta-
tistical analysis power of the study, particularly in respect to
infections with gram-negative bacteria and pneumonia (both
with p value of 0.075), and the ability to perform multivariate
analysis. Nevertheless, this study is the first to document in vic-
tims of TBI a significant association between incidence of NHO
and infections with gram-negative Pseudomonas aeruginosa
and to provide mechanistic insights demonstrating in a mouse
model of SCI-induced NHO that LPS produced by gram-negative
bacteria exacerbates NHO development in injured muscles.

Our work suggests that pharmacological compounds
targeting the TLR4/TRIF pathway may be beneficial to reduce
NHO incidence in SCI/TBI patients. However, the only known
cell-permeable selective TRIF inhibitor is the fusion peptide
pepinh-TRIF. To our knowledge, this compound has not been
tested in vivo. General inhibition of endotoxins (eg, by hemoper-
fusion through polymyxin B loaded cartridges as free polymyxin
B is nephrotoxic and neurotoxic), TLR4/MD2 antagonists (eg, eri-
toran), or general TLR4 signaling inhibitors (eg, resatovid) have
shown limited efficacy in clinical trials on patients with severe
sepsis.(81-83) Although these pharmacological treatments may
be beneficial to reduce NHO incidence in victims of TBI/SCI, the
best strategy forward until these drugs are trialed for their effi-
cacy to mitigate NHO is, in our opinion, to employ utmost aseptic
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procedures and environment and increase microbe vigilance
and prophylaxis, to reduce incidence of NHO in victims of SCI
and TBI. Further retrospective and prospective studies to link
specific gram-negative and gram-positive infections with NHO
incidence in larger cohorts of SCI and TBI patients are warranted.
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