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ABSTRACT

Fibrodysplasia ossificans progressiva (FOP) is a progressive, debilitating genetic disease in which skeletal muscle and connective tissue is
episodically replaced by heterotopic bone. Discovery of surrogate biomarkers of disease (genotype)-related and flare-up-associated
activity of FOP in a readily accessible matrix, such as plasma, would facilitate an understanding of the complex pathophysiology of
FOP, aid patient care, and provide a valuable tool for the development and monitoring of potential therapeutics. In a case-control study,
using a carefully collected and curated set of plasma samples from 40 FOP patients with the classic ACVR1%2°®" mutation and 40 age-
and sex-matched controls, we report the identification of disease-related and flare-up-associated biomarkers of FOP using a multiplex
analysis of 113 plasma-soluble analytes. Adiponectin (implicated in hypoxia, inflammation, and heterotopic ossification) as well as
tenascin-C (an endogenous activator of innate immune signaling through the TLR4 pathway and a substrate for kallikrein-7) were highly
correlated with FOP genotype, while kallikrein-7 was highly correlated with acute flare-up status. Plasma-soluble biomarkers for FOP
support a flare-up-related acute inflammatory phase of disease activity superimposed on a genotypic background of chronic inflamma-
tion. © 2021 American Society for Bone and Mineral Research (ASBMR).
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Introduction

ibrodysplasia ossificans progressiva (FOP; MIM#135100) is an
F ultra-rare, genetic disorder of heterotopic ossification
(HO) that results in progressive joint ankylosis, ultimately render-
ing movement impossible.""* FOP may progress insidiously but
most often episodically, heralded by flare-ups—spontaneous or
trauma-associated inflammatory events—characterized variably
by swelling, pain, redness, joint stiffness, and/or loss of mobility
and leading to clinical and radiographic HO.®
FOP is caused by a recurrent heterozygous activating muta-
tion in activin receptor A type | (ACVR1), a bone morphogenetic
protein (BMP) type | receptor, in all classically affected individuals
(617G>A; R206H).”” Currently, diagnosis of FOP is confirmed by
mutation analysis, not by any single or combination of bio-
markers. In vitro and in vivo evidence from human and mouse
studies in FOP strongly suggests that the ACVR1%2°®" mutation

confers a chronic pro-inflammatory state independent of acute
flare-ups.®?

There have been limited published studies on the discovery of
biomarkers in FOP.!""'? Tissue biopsy and evaluation of lesional
biomarkers would exacerbate the disease and therefore is not
clinically feasible.? Progress toward identifying biomarkers has
been impeded by the ultra-rare nature of the condition, difficulty
with sample collection due to the burden and potential for harm
in the collection process, as well as the logistics of timely and
accurate sample collection with respect to disease activity.

Discovery of surrogate biomarkers of disease (genotype)-
related and flare-up-associated activity of FOP in a readily acces-
sible matrix, such as plasma, would facilitate an understanding of
the complex pathophysiology of FOP and would be helpful for
patient care and for the development and monitoring of poten-
tial therapeutics. Using a carefully collected and curated set of
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plasma samples, we identified potential FOP biomarkers using
multiplex analysis of 113 plasma-soluble analytes.

Materials and Methods

Patients and sample collection

Blood samples were collected from FOP patients and their family
members as part of routine clinical care visits in the Department
of Orthopaedic Surgery at the Perelman School of Medicine of
the University of Pennsylvania. Blood was collected in 10 mL K2
EDTA tubes (BD [Franklin Lakes, NJ, USA] cat. #366643) for adults
and children older than 2 years or 4 mL K2 EDTA tubes (BD cat.
#367861) for children younger than 2 years of age. Samples were
maintained at room temperature until processing 2 to 24 hours
later.

Preparation of samples

Plasma was separated by one of two methods, depending on
whether peripheral blood mononuclear cells (PBMCs) were iso-
lated from the samples for other reasons. Undiluted blood was
layered over Ficoll-Paque (GE Healthcare [Chicago, IL, USA] cat.
#17-1440-02) in one to two 15 mL conical tubes, and centrifuged
at room temperature for 20 minutes at 800g with no brake.
Plasma was collected from the top layer (leaving behind PBMCs,
red blood cells, and Ficoll) and then transferred to a new 15 mL
tube. The plasma was centrifuged for 10 minutes at 1400g with
brake to remove residual cells, and the supernatant was ali-
quoted into 1.5 mL cryovials. Completed samples were stored
at or below —80°C. Alternatively, undiluted blood was centri-
fuged in the original collection tube at 1400g for 20 minutes at
room temperature. Plasma was transferred to a new 15 mL tube
and centrifuged for 10 minutes at 1400g to remove residual cells.
The resulting supernatant was aliquoted into 1.5 mL cryovials
and stored at or below —80°C.

One cryovial for each chosen sample was thawed on ice,
mixed briefly by flicking the tube, and then 500 pL aliquots were
distributed into 1.5 mL screw-top microfuge tubes, which had
been prelabeled and chilled. These were flash-frozen in a dry-
ice/ethanol bath and then organized into freezer boxes. These
were stored at —80°C and transported by overnight shipment
on dry ice to Myriad Rules Based Medicine (RBM; Salt Lake City,
UT, USA) for multiplex analysis.

Clinical determination of flare-up status

We measured the levels of 113 analytes in plasma samples from
four subject groups: unaffected individuals and individuals with
FOP by flare-up status (active, remote, quiescent). Flare-up status
was arbitrarily defined by the time from appearance of symp-
toms and signs clinically determined to be consistent with the
last episodic exacerbation at the time of sample collection.
Flare-up status was defined as following: (i) an active flare-up is
a current/ongoing clinical flare-up at the time of sample collec-
tion; (ii) a flare-up is remote when it has occurred within 1 to
2 years of sample collection; and (iii) quiescent status occurs
when the last flare-up occurred more than 2 years before sample
collection.

Multiplex Luminex analysis

Multiplex Luminex analysis was performed by Myriad RBM. All
samples were stored at less than —80°C until tested. Samples

were thawed at room temperature, vortexed, spun at 3700g for
5 minutes for clarification, and transferred to a master microtiter
plate. Using automated pipetting, an aliquot of each sample was
added to individual microsphere multiplexes of the selected
Multi Analyte Profile and blocker. This mixture was thoroughly
mixed and incubated at room temperature for 1 hour. Multi-
plexed cocktails of biotinylated reporter antibodies were added
robotically and, after thorough mixing, incubated for an addi-
tional hour at room temperature. Multiplexes were labeled using
an excess of streptavidin-phycoerythrin solution, thoroughly
mixed and incubated for 1 hour at room temperature. The vol-
ume of each multiplexed reaction was reduced by vacuum filtra-
tion and washed three times. After the final wash, the volume
was increased by addition of buffer for analysis using a Luminex
instrument and the resulting data interpreted using proprietary
software developed by Myriad RBM.

For each multiplex, both calibrators and controls were
included on each microtiter plate. Eight-point calibrators to form
a standard curve were run in the first and last column of each
plate and controls at three concentration levels were run in
duplicate. Standard curve, control, and sample QC were per-
formed to ensure proper assay performance. Study sample
values for each of the analytes were determined using four-
and five-parameter logistics, with weighted and non-weighted
curve fitting algorithms included in the data analysis package.

IBM-Watson for drug discovery (IBM-WDD)

IBM-WDD was used to generate relationship networks from bio-
marker predictions. Biological relationship network extraction
was applied to proteins significantly associated with FOP geno-
type and flare-up status based on previously described methods
for analysis of pathway interactions between differentially
expressed proteins."® The confidence was set to >95%, and cap-
tured links were supported by at least two published documents.

Study design and statistics

This was a case-control study. Forty patient samples, with age-
and sex-matched controls to the extent possible, were stratified
on the basis of flare-up status at the time of sample collection.
There were 113 biomarkers investigated in the analysis. For any
biomarker, if more than 50% of assessment values were either
below the lower limit of quantification (LLOQ), or below the
lower limit detection (LDD), not readable (NR), or above the
upper limit of quantification (ULOQ), the biomarker was not ana-
lyzed in any models. No imputation was performed. Adjustment
for age (ie, <15 years and =15 years) was based on =95% skeletal
maturity.'¥

Two-way ANOVA model

To determine whether there was any significant difference for a
given biomarker between FOP subjects and control subjects, a
two-way ANOVA model was fit for the individual biomarker
assessment value adjusted for FOP genotype and age group. A
p value <0.05 for FOP genotype was considered statistically
significant.

To assess a possible relationship between a biomarker and
flare-up status, FOP subjects were grouped into two categories,
active disease and inactive disease. The FOP active group
included subjects who had current/ongoing clinically-confirmed
flare-ups at the time of sample collection. The FOP inactive group
included subjects whose last flare-up was at least 1 or more years
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before the time of sample collection (ie, remote and quiescent
disease status as defined above). Similarly, to investigate
whether there was any significant difference in a given bio-
marker between the FOP active group and FOP inactive group,
a two-way ANOVA model was fit for each biomarker assessment
adjusted by FOP flare-up status and age group. Only FOP sub-
jects were included in this model. A p value <0.05 was consid-
ered statistically significant.

Logistic regression model

A logistic regression model was conducted for predicting FOP
genotype adjusted by individual biomarker assessment and
age group. If the p value was <0.05 for biomarker assessment,
the biomarker was considered as a statistically significant predic-
tor of FOP genotype (ie, could distinguish between FOP subjects
versus control subjects) for a given age group.

Similarly, a logistic regression model was also built for predicting
FOP flare-up status adjusted by individual biomarker assessment
and age group. If the p value was <0.05 for the biomarker assess-
ment, the biomarker was considered as a statistically significant
predictor for FOP flare-up status (ie, could distinguish between
active versus inactive disease state) for a given age group.

Hierarchical clustering analysis (HCA)

A hierarchical clustering algorithm was applied to organize bio-
markers, FOP genotype, and flare-up status variables into groups
or clusters. First, all variables were treated as clusters (initially of
size 1) and similarity distances between all pairs of clusters were
calculated. The closest pair of clusters were merged, the similar-
ity distances were updated, and the process repeated until only
one cluster remained, which contained all of the original vari-
ables. The sequence of merges is presented as a dendrogram.
Variables that share a common link near the “branches” of the
dendrogram (right side) were merged earlier and are considered
more closely related to those that are linked near the “root” of
the dendrogram (left side).

Study approval

Collection of samples was approved by the Institutional Review
Board of the University of Pennsylvania and written informed
consent was received before inclusion in the study.

Results

Patient age and flare-up status

We measured the levels of 113 analytes in plasma samples
(Supplemental Table S1) from four subject groups: unaffected
individuals and individuals with FOP with known flare-up status
(active, remote, quiescent). The age and flare-up status of the
FOP patients from whom the samples were obtained are shown
in Table 1. Control samples (ie, from individuals without FOP)
were obtained from 17 males (age range 6 to 32 years) and
23 females (age range 2 to 31 years).

Soluble biomarkers altered by classic FOP genotype
(ACVR1 R206H)

The biomarkers with the most significant results by ANOVA or
logistical regression related to genotype are shown in Table 2.
Although 18 analytes showed relationships with respect to FOP
genotype, after adjustment for age, adiponectin and tenascin-C

Table 1. Demographics of Sample Donors

Age (years) Sex Flare-up status
1.78 F Active
2.12 F Active
2.18 M Active
3.99 F Active
3.21 M Active
5.49 M Active
5.20 F Active
6.34 M Active
6.56 F Active
8.50 M Active
9.02 F Active
1043 F Active
10.79 F Active
16.22 F Active
17.96 F Active
20.36 M Active
23.73 F Active
23.77 F Active
2448 F Active
28.11 F Active

0.6 F Quiescent
6.12 F Remote
7.13 F Remote
8.68 F Remote
9.09 F Remote
11.69 M Remote
12.33 F Quiescent
13.72 F Quiescent
15.79 M Quiescent
16.81 F Quiescent
18.37 F Remote
19.91 F Remote
20.15 M Quiescent
22.72 F Remote
2557 M Quiescent
25.40 M Quiescent
26.28 M Quiescent
28.19 F Quiescent
28.24 M Quiescent
31.38 M Quiescent

F = female; M = male.

displayed the highest level of significance across the analyses.
Fig. 1 shows the distribution of adiponectin and tenascin-C
plasma levels between individuals with FOP and unaffected
individuals.

As an alternative method to evaluate biomarkers related to
genotype, hierarchical clustering analysis (HCA) was used. The
dendrogram in Fig. 2 shows that analytes most similar to the
FOP genotype variable are myoglobin (MB) and tumor necrosis
factor receptor 2 (TNFR2).

Soluble biomarkers altered by FOP flare-up status

For analyses of biomarkers that were altered by disease activity
or flare-up status, individuals with remote and quiescent activity
were combined into a single group with inactive status. For each
analyte, flare-up status (active versus inactive) was evaluated by
ANOVA and logistical regression (Table 3), respectively.
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Table 2. Biomarkers Associated With Fibrodysplasia Ossificans Progressiva (FOP) Genotype

Model (FOP? versus control, n = 80)

ANOVA Logistical Logistical regression
ANOVA [age group adjusted] regression [age group adjusted]
Biomarker (p value) (p value) (p value) (p value)
Adiponectin (ADIPOQ) <0.0001 <0.0001 <0.0001 <0.0001
Alpha-1-antitrypsin (AAT) 0.0366 0.0202 0.0497 0.0342
Alpha-2-macroglobulin (A2M) 0.0278 0.4106 0.0324 0.4050
Apolipoprotein(a) (Lp(a)) 0.0269 0.0990 0.0335 0.1055
Collagen IV 0.0280 0.1166 0.0327 0.1173
Ferritin (FRTN) 0.0945 0.0097 0.1049 0.0185
Insulin-like growth factor-binding protein 2 0.0004 0.0011 0.0015 0.0037
(IGFBP-2)
Insulin-like growth factor-binding protein 7 0.0077 0.0278 0.0136 0.0329
(IGFBP-7)
Kallikrein-7 (KLK-7) 0.0119 0.0191 0.0209 0.0269
Leptin (LEP) 0.0445 0.1345 0.0631 0.1500
Macrophage inflammatory protein-1 beta 0.0327 0.0860 0.0407 0.0865
(MIP-1 B)
Matrix metalloproteinase-3 (MMP-3) 0.2454 0.0099 0.2632 0.0369
Osteocalcin 0.0399 0.6415 0.0458 0.6310
Periostin (POSTN) 0.0037 0.0261 0.0125 0.0838
Prostasin (PRSS8) 0.0393 0.0565 0.0093 0.0087
Tenascin-C (TNC) <0.0001 0.0004 0.0004 0.0018
Tissue inhibitor of metalloproteinases 0.0993 0.1311 0.0445 0.0311
3 (TIMP-3)
Vascular cell adhesion molecule-1 0.0015 0.0107 0.0038 0.0175
(VCAM-1)

?n = 40 individuals with FOP and 40 unaffected individuals (controls); bolded p values are significant to <0.05; The gray shading fills the cells containing
significant p-values and links these cells across the various statistical methods (e.g., shaded cells across an entire row indicates that a specific biomarker

was statistically significant for all methods used).

Five analytes showed any statistical relationship with respect
to disease activity. After adjustment for age group, only
kallikrein-7 (KLK-7) showed significance across all four analyses.
Fig. 3 shows the distribution of KLK-7 plasma levels between
active and inactive FOP disease state, which is further stratified
by individual donor levels (Supplemental Fig. S1). Using HCA
(Fig. 2), analytes most similar to the flare-up status variable were
leptin (LEP) and suppression of tumorigenicity 2 (ST2).

Network relationships among biomarkers

Network relationships among proteins significantly associated with
FOP genotype and flare-up status were generated using IBM-
Watson for Drug Discovery (IBM-WDD) (Fig. 4). The following pro-
teins were used to generate relationship networks: ADIPOQ, serpin
family A member 1 (SERPINA1), ferritin, IGFBP2, IGFBP7, KLK7,
MMP3, TNC, VCAM1, MB, tumor necrosis factor (TNF), POSTN, LEP,
ST2, and TNF receptor superfamily member 1A (TNFRSF1A). Not
all proteins, however, could be placed in the networks based on
our stringency criteria, including SERPINA1, ferritin, IGFBP2, IGFBP7,
KLK7, TNC, MB, POSTN, and ST2. TNFRSF1A mapped to TNF and is
represented by TNF in the network analysis (Fig. 4).

Discussion

Using a carefully collected and curated set of plasma samples
from 40 FOP patients with the classic ACVR1%2°" mutation and
40 age- and sex-matched unaffected individuals, we identified
several disease/genotype-related and flare-up-associated

biomarkers of FOP that reflect a chronic pro-inflammatory state
as well as an acute flare-up-related inflammatory phase of dis-
ease activity. We found that adiponectin (implicated in hypoxia,
inflammation, and heterotopic ossification) and tenascin-C
(an endogenous activator of innate immune signaling through
the TLR4 pathway and a substrate for kallikrein-7) were highly
correlated with FOP genotype, while kallikrein-7 was correlated
with acute flare-up status.

Adiponectin was the biomarker most significantly associated
with FOP genotype. Adiponectin is an adipocyte-specific hor-
mone that has roles in the regulation of bone metabolism, is
associated with ectopic osteogenesis, and is implicated in the
metabolism of connective tissue progenitor cells.">'® Hypoxic
and inflammatory adipocytes are involved in early HO
formation,"® and adiponectin levels are responsive to hypoxia
and inflammation in human adipocytes.®® Thus, it is tantalizing
to speculate that adiponectin levels are indicative of microenvi-
ronmental priming and susceptibility to soft tissue injury in
FOP and perhaps even early (ie, preclinical) lesions. IBM-WDD
network analysis also suggests that adiponectin plays a role in
the regulation of lesion formation.

Intriguingly, tenascin-C was also highly associated with FOP
genotype. Tenascin-C is a large, extracellular matrix glycoprotein
not expressed in most healthy adult tissues but rapidly and tran-
siently induced at sites of tissue injury and inflammation.?'2?
Tenascin-C is implicated in bone morphogenesis and is regu-
lated by the transforming growth factor-p.?>2> Both BMP and
Whnt signaling can induce tenascin-C expression, and the induc-
tion is mediated by MAP kinases.)

Il 478 PIGNOLO ET AL.

Journal of Bone and Mineral Research



>

N
o
1

-
[%,]
1

wv
1

Adiponectin (ug/ml)
)

0 - =l

T T

FOP Control
Genotype

vs]

1200 A

1000 -

800 -

600 -

400 -

200 -

0 A —l

FOP Control
Genotype

Tenascin-C (ng/ml)

Fig. 1. (A) Boxplot of adiponectin levels in patients with fibrodysplasia
ossificans progressiva (FOP; n = 40) and in unaffected controls (n = 40).
(B) Boxplot of tenascin-C levels in patients with FOP (n = 40) and in unaf-
fected controls (n = 40). Group means are denoted by diamond markers
and outliers are denoted by circles. p < 0.0001.

Persistent tenascin-C expression is associated with patholo-
gies such as chronic, non-healing wounds, autoimmune dis-
eases, cancer, arthritis, and fibrotic diseases.?**” Tenascin-C
induces synthesis of proinflammatory cytokines via NF-xB
through endogenous activation of Toll-like receptor 4 (TLR4)
and is a potent and endogenous activator of innate immunity
and chronic inflammation.?'2%2%

FOP patients have spontaneous flare-ups, flare-ups with
exquisite sensitivity to trauma, as well as chronic disease exacer-
bation in the absence of flare-ups,”® suggesting that dysregu-
lated BMP pathway activation in FOP may cause altered
immune responses.'? Barruet and colleagues showed that dys-
regulated ACVR1 activity in FOP causes a chronic proinflamma-
tory state mediated in part through the TLR4 pathway.® The
finding that tenascin-C, an endogenous damage-associated
molecular pattern (DAMP) that stimulates the TLR4 pathway, is
elevated chronically in individuals with FOP strongly suggests
that chronic inflammation mediated by the TLR4 pathway is a
pathophysiologic signature of FOP. The exact DAMP(s) involved

in the chronic pro-inflammatory signature of FOP have been elu-
sive, but the findings described here may provide an important
clue that can be explored in future studies.

Recent clinical and laboratory observations strongly suggest
that the innate immune system induces flare-ups in the setting
of dysregulated BMP signaling in FOP. Wang and colleagues
found that inflammatory stimuli broadly activate TLR expression
in FOP connective tissue progenitor cells (CTPCs) and that TLR4
signaling amplifies BMP pathway signaling through both
ligand-dependent and -independent mechanisms. Importantly,
Evolutionarily Conserved Signaling Intermediate in the Toll Path-
way (ECSIT) integrates TLR4 injury signaling with dysregulated
ACVR1 signaling in FOP CTPCs, thus providing a critical connec-
tion into cell autonomous integration of injury signals from the
innate immune system with dysregulated response signals from
the BMP signaling pathway.('”

Of the 113 biomarkers interrogated, only kallikrein-7 (KLK-7)
was significantly associated with flare-up activity across all
ANOVA and logistical regression models studied. What is partic-
ularly intriguing is that tenascin-C, a chronic driver of innate
immunity, is an endogenous substrate for kalikrein-7.6% The
kallikrein-kinin system is activated in inflammation and regulates
prostaglandin synthesis,®" suggesting that it may be involved in
the early inflammatory stages of FOP lesion formation. That
KLK-7 is decreased in active disease states suggests that TLR4
pro-inflammatory activity may be hyperactivated in acute flare-
up states that are superimposed on a chronic inflammatory
background.

Although HCA is not as strong a method as logistical regres-
sion modeling, HCA predicted that TNF pathways and leptin
were related to FOP genotype and flare-up status, respectively,
and both were linked by IBM-WDD to other biomarkers that were
significantly associated with FOP genotype and flare-up status.
These findings are consistent with the chronic pro-inflammatory
milieu of FOP as well as the inflammatory nature of lipid mobili-
zation in acute flare-ups and lesion formation."® The IBM-WDD
network analysis suggests that adiponectin and leptin regulate
inflammatory pathways®23% that downregulate TNFa expres-
sion, which in turn decreases VCAM-1 and MMP3 expres-
sion.®>39 |16 is produced by both contracting skeletal muscle
and adipose tissue and regulates adipogenesis and production
of adiponectin.®”)

Barruet and colleagues reported that quiescent FOP subjects
without clinically evident flare-ups showed increased serum
levels of proinflammatory cytokines, including IL-3, IL-7, IL-8,
and the anti-inflammatory cytokine IL-10.”) These cytokines
were not associated with FOP genotype or flare-up status in
our study. Possible reasons for these inconsistent results include
smaller sample size and no consideration for donor age in the
Barruet and colleagues study or differing methods for biomarker
quantification.

Taken together, our findings and those of others suggest a
hypothetical schema that broadly integrates the identified bio-
markers from this study with both the basal (chronic) and acute
inflammatory stages of FOP and provides a preliminary map for
navigating the complex pathophysiology of FOP (Fig. 5).

The current study is the first comprehensive evaluation of
plasma biomarkers in classically affected FOP patients using
carefully curated samples with respect to clinical flare-up status.
However, we are keenly aware that there are limitations to this
study. First, the selection of potential biomarkers was limited
by currently available panels that were enriched for markers that
might be dysregulated in FOP. Second, local (focal) effects may
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Fig. 2. Dendrogram from hierarchical clustering of analytes, fibrodysplasia ossificans progressiva (FOP) genotype, and flare-up status. Variables that share a
common link near the “branches” of the dendrogram (right side) were merged earlier and are considered more closely related to those that are linked near
the “root” of the dendrogram (left side). Biomarkers that are most closely related to flare-up status or FOP genotype are indicated by the shaded boxes.
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Table 3. Biomarkers Associated With Fibrodysplasia Ossificans Progressiva (FOP) Disease Progression (ie, Flare-Ups)

Model (FOP? active versus no active disease, n = 40)

ANOVA ANOVA [age group Logistical regression Logistical regression [age group
Biomarker (p value) adjusted] (p value) (p value) adjusted] (p value)
Beta- 0.0869 0.0278 0.0966 0.0361
2-microglobulin
(B2M)
Ferritin (FRTN) 0.0490 0.1440 0.0691 0.1491
Kallikrein-7 (KLK-7) 0.0020 0.0006 0.0078 0.0064
Periostin (POSTN) 0.0041 0.0102 0.0262 0.0556
Prostasin (PRSS8) 0.0445 0.0635 0.0592 0.0802

?n = 20 individuals with active FOP and 20 individuals with no active disease; bolded p values are significant to <0.05; The gray shading fills the cells
containing significant p-values and links these cells across the various statistical methods (e.g., shaded cells across an entire row indicates that a specific

biomarker was statistically significant for all methods used).

not be reflected in systemic, soluble biomarkers because of the
volume of the lesion relative to circulatory (systemic) volume.
Third, unlike in murine FOP studies in which the exact timing
and location of lesion formation is controlled and predictable,
the appearance and duration of flare-ups in humans with FOP
is often spontaneous and unpredictable in duration, location,
and evolution. Moreover, multiple lesions in various stages of
evolution often exist simultaneously in humans®® and thus
might confound stage-specific biomarker identity.

Fourth, reports of biomarkers associated with early lesional
events from genetic mouse models of FOP that display sponta-
neous HO are currently lacking. By limiting this analysis to studies
in humans that include both spontaneous as well as trauma-
induced flare-ups, we are more assured that the flare-up-
associated trauma markers are real. In fact, a number of the ana-
lytes found in our study, such as alpha-1 antitrypsin, ferritin and
osteocalcin, are classic acute-phase reactants, supporting the
finding that at least a subset of the markers identified represent
a non-specific inflammatory response found in both trauma-
induced and spontaneous FOP lesions in humans. Fifth, although
the prognostic importance of these findings is limited because of
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Fig. 3. Boxplot of kallikrein-7 levels in fibrodysplasia ossificans progressiva
(FOP) patients with active disease (n = 20) and in those with inactive disease
(ie, no flare-up symptoms for at least 1 year; n = 20). Group means are
denoted by diamond markers and outliers are denoted by circles. p = 0.0020.

the absence of information on the clinical course of these
patients subsequent to specimen acquisition, the stage-specific
snapshot of plasma analytes is invaluable in understanding both
the non-flare-up-related chronic pro-inflammatory stage as well
as the clinically active, acute flare-up stage of FOP.

Sixth, these results are limited by the cross-sectional design of
the study. Future analyses of promising biomarkers must be per-
formed in fully curated plasma samples collected longitudinally.
At this time, it is not possible to associate our biomarker results
with clinical stage or volume of heterotopic ossification (HO).
The clinical staging system we previously described® is still
not validated, but it can potentially be applied to subjects with
longitudinal data describing their disease progression, perhaps
using information that has been collected in a global FOP natural
history study (www.clinicaltrials.gov; Identifier NCT023322255).
Also, the cohort used in our biomarkers study is a clinical cohort,
and we do not routinely obtain imaging studies of high enough
resolution or with broad enough anatomical coverage (ie, whole-
body CT), and therefore we do not have volumetric HO data for
the same patients analyzed in the current study. Correlating bio-
marker data with clinical staging or volumetric HO may also be
feasible if current and future clinical trials adopt some of the
more promising biomarkers identified here.
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< +
ADIFOQ * TNFRSF1A
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Fig. 4. IBM-WDD network analysis inputting proteins significantly associ-
ated with fibrodysplasia ossificans progressiva (FOP) genotype and flare-
up status. Arrows indicate direction of influence. +, positive regulation;
—, negative regulation.
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Fig. 5. Hypothetical schema integrates biomarker identification with the pro-inflammatory pathophysiology of fibrodysplasia ossificans progressiva
(FOP). Arrows indicate positive influence; blunt-ended symbols indicate negative influence. Boxed entries indicate identified biomarkers. Filled circles indi-
cate tenascin-C that stimulates extracellular toll-like receptor-4 (TLR-4; cupped symbol). ECSIT = evolutionarily conserved signal intermediate in the toll
pathway. NFkB = nuclear factor-kappa B. BMP SP = bone morphogenetic protein signaling pathway. FAP cell = fibroadipogenic cell, a connective tissue
progenitor cell (CTPC). FOP skeleton represents non-flare-up (basal) FOP. Picture showing acute inflammatory lesion of the back (dashed circle) represents

an active flare-up.

Seventh and finally, biomarkers identified by our analysis span
a wide variety of functions, including regulation of inflammation,
extracellular matrix remodeling, angiogenesis, cellular adhesion
and migration, and cellular metabolism. Given the known pleio-
tropic functions of the genes that encode these identified
markers, it is also possible that their variation with genotype or
disease state is related to as yet undiscovered roles for these pro-
teins. Despite these limitations, this study identifies potential
biomarkers that, with further verification, may enable the stratifi-
cation of FOP stages by a minimally invasive blood draw, which
poses little to no risk to individuals with FOP, and provides a
real-world snapshot of both the chronic disease-related and
the acute flare-up-related inflammatory nature of this complex
disorder.
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