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A B S T R A C T   

Fibrodysplasia ossificans progressiva (FOP) is an extremely rare disease in which bone tissue forms in extra-
skeletal sites, which is known as heterotopic ossification (HO). Extracellular vesicles (EVs) are small 
phospholipid-enclosed particles released by various cells which have an emerging, but not completely under-
stood role in various (patho)physiological processes. In order to further study the pathophysiology of FOP we 
conducted a small observational study comparing the proteomic profiles of EV cargo, derived from pooled 
plasma of four patient groups: FOP patient (N = 1) during active disease phase (flare-up), FOP patients during 
remission (N = 2), patients after long bone fracture (N = 20) and healthy controls (N = 10). After isolation of EVs 
– their protein cargo was determined using liquid chromatography / mass spectrometry, after which a functional 
gene enrichment analysis was performed. Our results show a sizeable difference of the proteomics profiles in 
which EVs from the bone fracture group show significant activity of integrin interactions, Wnt, VEGF, IGF-1 and 
PDGF pathways; conversely, FOP patients' EVs indicate that HO occurs via processes of innate immunity and the 
Ephrin B signaling pathway. We hypothesize that the Ephrin B signaling (expressed in EVs) contributes to HO by 
aiding in mesenchymal stem cell recruitment and osteogenic differentiation, as well as by contributing to the 
inflammatory response, including macrophage chemotaxis and activation. This is, to our knowledge, the first 
published analysis of EV protein cargo in FOP.   

1. Introduction 

Bone fractures are the most common large-organ traumatic injuries, 
and they heal by regeneration (Einhorn and Gerstenfeld, 2015). This 
process is similar to embryonal development, as it includes a cascade of 
consecutive events that take place with significant overlaps. The repair 
starts by blood clotting at the injury site, followed by an inflammatory 
phase, a fibrocartilaginous phase (including callus formation), primary 
bone formation and secondary bone remodeling (Morgan et al., 2014). 
Inflammation is a key initiator of this cascade that activates the innate 
immune system, thus triggering the secretion of proinflammatory cy-
tokines, such as tumor necrosis factor alpha (TNF-α) and several 

interleukins (IL-1, IL-6, IL-11, IL-23) (Hauser et al., 1997; Schmidt-Bleek 
et al., 2014). These in turn attract to the injury site the immune cells 
involved in fracture healing, such as macrophages, monocytes and 
lymphocytes. The recruited cells remove necrotic tissue and secrete 
growth and signaling factors, important prerequisites for the transition 
between different phases of fracture healing (Einhorn and Gerstenfeld, 
2015; Morgan et al., 2014; Schmidt-Bleek et al., 2014; Bahney et al., 
2019; Hankenson et al., 2015). In response, mesenchymal stem/pro-
genitor cells (MSCs) are recruited to the callus, where they modulate 
skeletal repair. Many of these cells will foster bone forming osteoblasts 
and chondrocytes, and initiate endochondral and intramembranous 
ossification (Hankenson et al., 2015). These processes are regulated by a 
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number of known signaling pathways, such as BMP, TGF-β, Wnt, VEGF, 
IGF-1, PDGF and, more recently implicated, Eph tyrosine kinase re-
ceptors (forward signaling) and their ephrin ligands (reverse signaling) 
(Hankenson et al., 2015; Kan et al., 2018; Hsu and Keenan, 2010; 
Matsuo and Otaki, 2012; Arthur and Gronthos, 2021; Arthur et al., 
2011). In addition to bone healing and development, studies have linked 
these pathways to immune response regulation, such as in immune cell 
development, activation, and migration (Darling and Lamb, 2019). 
Therefore, all of these mechanisms work in concert to aid the process of 
bone healing and form new bone tissue at the fracture site. 

In contrast to physiological bone formation, heterotopic ossification 
(HO) is a pathological process that results in spontaneous bone forma-
tion at extraskeletal sites, such as muscles and soft tissues (Meyers et al., 
2019). It can occur after trauma, surgery or as a result from a rare, ge-
netic disease, such as fibrodysplasia ossificans progressiva (FOP). This 
disease has a prevalence of about one in every two million, and leads to a 
lifelong, progressive ossification of patients' soft tissues, such as skeletal 
muscles, tendons, ligaments, fascia, and aponeuroses (Kaplan et al., 
2008; McCarthy and Sundaram, 2005; Pignolo et al., 2011). Unfortu-
nately, there are no successful treatment options available and the pa-
tients are fated to periods of disease exacerbations called flare-ups that 
drive further bone formation (Pignolo et al., 2011). The accumulating 
HO leads to decreased mobility, cumulative and progressive disability, 
as well as thoracic insufficiency syndrome, which over time often be-
comes fatal (Kaplan et al., 2008; Kaplan and Glaser, 2005). Disease flare- 
ups are reported to be triggered by several factors, such as small tissue 
injuries, intramuscular injections, muscle fatigue and even viral in-
fections (Kaplan et al., 2008; Scarlett et al., 2004; Lanchoney et al., 
1995; Grgurevic et al., 2021). As inflammation is an important compo-
nent of HO, innate and adaptive immunity, as well as inflammatory 
cytokines have an important role in HO occurrence and progression 
(Matsuo et al., 2019; Grgurević et al., 2019). Furthermore, the signaling 
pathways related to bone physiology, such as BMP/TGF-β, are believed 
to have a central role in the HO of FOP (Kan et al., 2018). 

Extracellular vesicles (EV) as a group of phospholipid enclosed ves-
icles released by cells have recently triggered interest as important, 

naturally released paracrine mediators of health and disease. The 
functionally relevant cargo dispatched in EVs can be efficiently deliv-
ered to neighbouring or remote cells receiving these molecular mes-
sages. This process has also been implicated in skeletal metabolism, in 
particular in bone formation and bone regeneration following trauma or 
disease (Roy et al., 2018; Li et al., 2015; Haffner-Luntzer and Ignatius, 
2020; Carnino et al., 2019; Rappsilber et al., 2007). Despite being 
researched extensively, to the best of our knowledge, there are no re-
ports on the possible roles of EVs in HO or FOP. In order to further our 
understanding of fractured bone healing, we compared the dynamics of 
uncontrolled ectopic bone formation to normal bone remodeling. 
Therefore, we conducted a small prospective observational study in 
order to observe the differences and similarities in plasma-derived EV 
protein content that is found in physiological fracture healing in com-
parison to pathological HO in FOP patients. These findings will hope-
fully contribute toward a better understanding of the differences in 
cellular mechanisms and pathways involved in these processes. 

2. Participants and methods 

2.1. Study outline 

This prospective observational study was approved by the Ethics 
Committee of the Sisters of Charity (“Sestre milosrdnice”) University 
Hospital Center (SCUHC) (EP-003-06/20–03/023). The study included 
three subject groups: i) patients with FOP (N = 3), ii) patients with long 
bone fractures (N = 20) and iii) healthy control group (volunteers; N =
10) (Fig. 1). Blood plasma samples were obtained from different subject 
groups and used to isolate EVs, followed by further isolation of their 
protein content, liquid chromatography-mass spectrometry (LC-MS) and 
bioinformatic analysis, as outlined in Fig. 1. Subjects were enrolled in 
the study at the SCUHC, Zagreb. All participants provided a signed 
informed consent and had to meet the following inclusion criteria: 
18–70 years of age, have clinical and radiological verification of fracture 
(for the fracture group), had to be free of any malignant disease, active 
infection or osteoporosis and could not be immunocompromised. A total 

Fig. 1. Study outline showing subject groups and the methodological approach. The EVs were isolated from patient plasma samples, and their protein content was 
released and analysed by LC-MS. For EV analysis, samples were divided into 4 groups which were used to form sample pools (except for the FOP flare-up group, 
which consisted only of one sample). EV – extracellular vesicles, FOP – fibrodysplasia ossificans progressiva, LC-MS – liquid chromatography – mass spectrometry. Created 
with BioRender.com. 
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of 20 patients treated for bone fractures were included in the study in the 
Traumatology Hospital of SMUHC, admitted between January 1st and 
March 31st, 2021. The long bone fractures included metaphyseal or 
diaphyseal part of the radius, ulna, humerus, femur, tibia or fibula. 
These types of fractures were selected for their presumed similarity to 
animal fracture models used in the existing studies (Li et al., 2015; 
Haffner-Luntzer and Ignatius, 2020). Blood samples were drawn be-
tween the 7th and 21st day after fracture occurrence, a timeframe that 
was presumed to reflect the transition period from the inflammatory to 
the fibrocartilaginous phase of fracture healing: we therefore presumed 
that at this time the patients would have peak blood expression levels of 
growth and signaling factors (Einhorn and Gerstenfeld, 2015; Morgan 
et al., 2014; Bahney et al., 2019; Hankenson et al., 2015). Due to the 
extreme rarity of the disease, only three (N = 3) patients treated for FOP 
at the SMUHC were included in this study. Two patients provided blood 
samples during disease remission and one patient during a disease flare- 
up. The control group consisted of blood samples provided by ten (N =
10) healthy women aged 20–70, free of any active infections, malignant 
or other life-endangering disease. Further information regarding par-
ticipants' characteristics is shown in Supplementary Table 1. 

2.2. Methods 

2.2.1. Plasma sample collection 
Blood samples (~10 mL per participant) were drawn by venipunc-

ture and stored in two 5 mL vacuette blood collection tubes containing 
3.8% sodium citrate (blood to anticoagulant ratio 1:9). Plasma was 
isolated by centrifugation at 1500g for 15 min and stored at − 80 ◦C until 
further analysis. For FOP patients, gentle baby-systems were used with 
utmost care to reduce tissue injury and prevent potential secondary 
ossification. 

2.2.2. Extracellular vesicle isolation 
Plasma samples were pooled into 5 groups (Fig. 1) and EVs were 

isolated by centrifugation (35 min/21,000 g). Vesicle membranes were 
lysed by sonication (5 min / 75% amplitude). The released proteins were 
precipitated by acetone (1 h / -80 ◦C), centrifuged (10 min / 16,000 g) 
and resuspended in 8 M urea. Protein concentrations of isolates were 
determined by Lowry assay (BioRad RC DC Proteins Assay) and a plate 
reader (SpectraMax i3x - Molecular Devices LLC.) (Carnino et al., 2019). 

2.2.3. Liquid chromatography–mass spectrometry (LC-MS) analysis 
Protein pools (40 μg) were further processed in 10-kDa centrifugal 

filter units. After alkylation with 55 mM iodoacetamide in 8 M urea (20 
min / RT / dark) and digestion by 0.8 μg of trypsine (ON / 37 ◦C; 
Worthington, TPCK treated), the obtained peptides were purified using 
Stage tips (Rappsilber et al., 2007). Peptides were then separated on a 
15 cm C18 nano-column by HPLC (Ultimate 3000, Thermo Fischer 
Scientific) and injected to an LTQ Orbitrap Discovery (Thermo Fischer 
Scientific) mass spectrometer. Raw data was processed using MaxQuant 
software version 1.5.1.2. (Max Planck Institute of Biochemistry) using 
the default settings. Samples were analysed in technical triplicates. 

2.2.4. Data analysis 
Functional enrichment analysis of the identified EV proteins across 

sample pools was performed using FunRich 3.1.3 software, which uti-
lizes gene enrichment analysis (Fonseka et al., 2021). The software used 
for analysis identified a majority of protein isoforms identified in each 
group, using the protein IDs as input data (additional information shown 
in Supplementary Table 2). Some of the sequenced peptides were 
consistent with more than one protein isoform, in which case multiple 
isoforms were included in the analysis. Gene enrichment analysis was 
performed and the results were deemed significant if the p-values 
calculated by the software were p ≤ 0.05, both by hypergeometric test 
and after Bonferroni correction. The data was analysed for cellular 
component, biological process, and biological pathway of the isolated 

EV cargo proteins. 

3. Results 

3.1. Identified EV proteins and determination of EV protein origin 

Separation of plasma EVs and further analysis of their protein con-
tent yielded different amounts of isolated EV proteins. Analysis of the 
isolated peptides by LC-MS and bioinformatics led to the identification 
of a varying number of proteins in each group (Supplementary Table 2). 
In order to ensure the validity of the results, we first analysed the cellular 
compartment of origin of the identified proteins. The majority of the 
identified proteins were of EV origin, as they were significantly associ-
ated with the term “exosomes” (Supplementary Table 2). The mass 
spectrometry proteomics data were deposited at the ProteomeXchange 
Consortium via the PRIDE partner repository and are available via 
ProteomeXchange with identifier PXD030478. Additional details about 
differential expression of identified proteins in their respective subject 
groups can be found in the “Supplementary material - differentially 
expressed proteins” which shows data obtained by LC-MS and subse-
quent bioinformatic analysis. 

3.2. Biological processes and pathways driven by the identified EV 
proteins 

Using the FunRich software, the EV proteins identified by LC-MS 
were associated to the biological processes and pathways that were 
designated as statistically significant. The number of identified proteins 
was expressed as percentage of proteins identified from the total number 
of proteins involved in these biological processes or pathways. Proteins 
from all subject groups were significantly associated to cell growth or 
maintenance, which seemed to be the most active process in the control 
group. The fracture group was the only one to contain proteins involved 
in the transport process, and conversely both FOP groups had proteins 
identified that were associated to immune response and protein meta-
bolism (Fig. 2). 

In order to interpret the data in more detail, we broadened the 
analysis to include the biological pathways the identified proteins were 
involved in. The significant biological pathways, as well as the per-
centage of proteins involved in them are shown in Fig. 3. Further 
analysis uncovered that the majority of pathways in both FOP groups 
were related to hemostasis (including platelet functions) and the com-
plement system (Fig. 3 A and B). The fracture group, beside pathways 

Fig. 2. Bar chart showing subject groups and biological processes to which the 
respective pathways were associated by FunRich 3.1.3. software with statistical 
significance, according to proteins identified by LC-MS. Percentages represent 
relative ratios of identified proteins involved in respective biological processes; 
some proteins are involved in multiple signaling networks and overlap. 
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related to hemostasis, showed a sizeable ratio of proteins (61.7%) to be 
involved in integrin family cell surface interactions, as well as sub-
stantial signaling by phosphoinositide 3-kinase (PI3K), phospholipase C 
(PLC) and p38 (Fig. 3C). The control group showed that the identified 
pathways were predominantly related to lipid and lipoprotein meta-
bolism, clotting and complement cascade pathways (Fig. 3D). 

3.3. Bone metabolism related biological pathways 

Selected biological pathways were analysed for presence of signaling 
cascades with known relation to fracture healing, endochondral 

ossification and HO, such as BMP, TGF-β, Wnt, VEGF, IGF-1 and PDGF 
(Hankenson et al., 2015; Kan et al., 2018; Hsu and Keenan, 2010). 
Significant associations were found only in the fracture group, which 
showed expression of proteins involved in the Wnt, VEGF, IGF-1 and 
PDGF pathways, while none of the selected pathways were active in 
other analysed groups. Proteins isolated from the EVs of patients in the 
fracture group showed that a sizeable ratio (57.5%) was related to the 
VEGF/VEGFR and PDGF receptor signaling network and the IGF-1 
pathway, while 21.3% of isolated proteins were involved in the Wnt 
signaling network. To further compare the processes of fracture healing 
and HO that is evident in FOP, we analysed the Ephrin-B pathway that is 

Fig. 3. Bar chart showing biological pathways of the identified proteins in each subject group with most statistical significance, listed from largest to smallest by ratio 
of proteins involved in each respective pathway. X - axis represents the relative ratio (defined as percentage) of isolated proteins that are associated to a specific 
pathway, Y - axis shows names of identified specific pathways. A/ FOP group with current flare-up, B/ FOP group without ongoing flare-up, C/ group with bone 
fracture, D/ control group. Percentages represent relative ratio of identified proteins involved in respective biological pathways; some proteins are involved in 
multiple signaling networks and overlap. 

Fig. 4. Venn diagram depicting proteins associated to Ephrin-B signaling in the FOP and fracture groups and corresponding proteins of FOP flare-up outliers. Eight 
proteins were present in all three groups, whereas three appear only in the FOP groups, and the FOP flare-up group shows four unique mediators. Ephrin-B reverse 
signaling in FOP flare-up and fracture groups is not shown. 
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enriched in HO and has important implications in it, such as enhancing 
endochondral ossification in fracture repair (Arthur et al., 2013; Yang 
et al., 2021). Ephrin-B activation was identified in the FOP and fracture 
groups, but not in the control group. Eight common proteins associated 
with the Ephrin-B pathway were identified in all three groups, three 
were present in both FOP groups, while only the FOP flare-up group 
showed four outliers which were identified as Src kinase family mem-
bers (Fig. 4) (Boggon and Eck, 2004). Specifically, Ephrin-B reverse 
signaling (through the ephrin ligand itself) was identified only in the FOP 
flare-up and fracture group. 

4. Discussion 

In this study we analysed for the first time the protein content of 
plasma derived EVs from FOP patients compared to patients that had 
fractured bones in the process of healing. Differences in the EV protein 
cargo in two similar, albeit different, conditions were established, since 
the pathophysiological background of HO was compared to normal bone 
regeneration. The analysis of EVs remains a challenge, due to the vari-
ability in isolation and analysis techniques, as well as vesicle nomen-
clature (Ramirez et al., 2018; Xu et al., 2016; Subedi et al., 2019). EVs 
isolated from different sources display varying content profiles, 
depending on their origin, sampling time point, patient age and other 
factors (Newman et al., 2021; Abramowicz et al., 2016). Due to their 
heterogeneity and small size, characterization and especially separation 
of these vesicles still presents a significant challenge. A consensus 
methodological approach for their isolation and study is therefore far 
from evident, as some insights can be gained through the use of 
immunological EV markers by flow cytometry or Western blotting, and 
others from direct visualization by electron microscopy (Linares et al., 
2017; Torres Crigna et al., 2021). Our results showed a high relative 
ratio of identified proteins was of EV origin, which confirmed the val-
idity of our experimental approach. Proteins of all subject groups were 
significantly associated to cell growth or maintenance, which is an 
important EV function (Eitan et al., 2015; Ogorevc et al., 2013; Des-
rochers et al., 2016). Additionally, the plasma EVs from the bone frac-
ture group contained growth factors important for bone remodeling, 
osteogenesis and angiogenesis during bone healing (Qiao et al., 2018). 
In contrast, the EVs of both FOP groups were significantly associated 
with immune response. This finding further confirms the importance of 
immune regulation in FOP pathogenesis, as inflammation established 
and sustained by the innate immune system seems to be a key trigger of 
disease flare-ups (Grgurević et al., 2019; Kaplan et al., 2011; Haviv et al., 
2019). Due to the fact that the ratio of involved proteins is comparable in 
participants with and without an ongoing flare-up, it could be argued 
that immune system activity is upregulated in FOP even in between 
flare-ups, although this needs to be further explored on a larger sample 
size. 

Analysis of significant biological pathways showed a substantial 
number of pathways related to hemostasis, platelet functions and the 
complement cascade in both FOP groups. These findings could in part be 
explained by the fact that ~25% of total blood EVs are considered to be 
platelet derived; and EVs provide a way for the platelet to participate in 
various physiological maintenance functions, such as hemostasis and 
immunity (Yáñez-Mó et al., 2015). Our results indicate that EV 
involvement in immunity in FOP patients is mainly through innate im-
munity, namely the complement system, which Convente et al. have 
previously described as a factor in HO (Convente et al., 2015; Janeway 
et al., 2001). The complement system has also been shown to influence 
the differentiation of human MSCs into mature osteoblasts, regulate 
physiological bone development and skeletal growth and modulate bone 
healing (Mödinger et al., 2018). The EVs from the fracture group showed 
the biggest ratio of analysed proteins (61.7%) belonging to integrin cell 
surface interactions. This further underlines the conclusions of studies 
which have shown the roles of integrin and cadherin adhesion molecules 
in the control of osteogenesis, bone mechanotransduction, and in 

mesenchymal cell osteogenic differentiation (Marie et al., 2014). 
Signaling by PI3K, PLC and p38 was also shown to be significant in the 
fracture group, which might be due to these molecules being part of 
signaling pathways important to osteogenesis, angiogenesis and fracture 
healing, such as PDGF signaling (Hankenson et al., 2015; Evrova and 
Buschmann, 2017; Albulescu et al., 2019; Dong et al., 2020). Analysis of 
pathways specifically associated to fracture healing and endochondral 
ossification revealed that EV proteins from the fracture group were 
significantly associated to Wnt, PDGF, IGF-1 and VEGF signaling path-
ways, while they were not significant in the FOP group. These pathways 
are well-established as crucial in fracture healing, while the VEGF and 
IGF-1 pathways are also known EV-based crosstalk mechanisms during 
this process (Hankenson et al., 2015; Qiao et al., 2018; Locatelli and 
Bianchi, 2014). These findings are in line with known phases of fracture 
healing in relation to our timeframe of sampling, as VEGF and PDGF 
stimulate angiogenesis and proliferation of the callus, and activation of 
Wnt signaling in osteoblasts stimulates bone formation (Einhorn and 
Gerstenfeld, 2015; Hankenson et al., 2015). Among others, these pro-
cesses lead to the transition of soft callus unmineralized tissue to hard 
callous or secondary bone, which usually occurs between 5 and 21 days 
after the fracture (Einhorn and Gerstenfeld, 2015). The results from the 
FOP patients were somewhat surprising, as several well-known signaling 
pathways related to bone metabolism, namely BMP/TGF-β signaling 
(which are thought to be crucial for HO in FOP) were not among the 
significant pathways: Our results suggest that EVs utilize other mecha-
nisms and pathways, possibly mediated by the immune system, which 
might be of greater importance than previously thought (Kan et al., 
2018). 

Ephrin-B signaling, which was identified in the FOP and fracture 
groups, is of significant interest in this setting, as bones cannot properly 
form or be maintained without cell-cell interactions through ephrin li-
gands and Eph receptors (Matsuo and Otaki, 2012). Especially inter-
esting is its role in bone cell differentiation from precursor cells, as 
migration, attachment and spreading of mesenchymal stem cells are 
regulated by ephrin-B ligands and EphB receptors (Matsuo and Otaki, 
2012). Macrophage accumulation, also known to be important for HO in 
FOP, might in part be driven by ephrin signaling, which has been found 
to modulate the activation and chemotaxis of monocytes and macro-
phages (Darling and Lamb, 2019; Huang et al., 2021). Furthermore, 
activation of ephrin-B molecules expressed by MSCs was found to in-
crease osteogenic and promote chondrogenic differentiation (Arthur 
et al., 2011). Osteogenic and chondrogenic differentiation of MSCs is 
one of the factors necessary for the occurrence and development of HO, 
FOP being no exception (Huang et al., 2021). Not much is known about 
the connection between Ephrin signaling and HO, but the Ephrin-B3 
gene has previously been found to be intensively enriched in HO by 
gene expression analysis (Matsuo et al., 2019; Yang et al., 2021). Our 
results show that the FOP flare-up group showed expression of most 
Ephrin-B associated proteins, compared to other analysed groups. 
Furthermore, the FOP flare-up group showed 4 outliers, which were 
identified to encode members of the Src family of protein tyrosine ki-
nases (Parsons and Parsons, 2004). Src tyrosine kinases have been 
shown to be involved in regulation of MSC recruitment and mineral 
formation (Arthur et al., 2011; Strzelecka-Kiliszek and Bożycki, 2017). 
We hypothesize that the Ephrin-B pathway might contribute to the MSC 
recruitment and osteogenic differentiation in FOP, as well as contribute 
to the inflammatory response, as it has been shown to play part in im-
mune cell development, activation, and migration (Darling and Lamb, 
2019). Substantial evidence is missing to form solid conclusions on the 
importance of Ephrin-B signaling in FOP pathogenesis, but present ev-
idence makes it an interesting avenue for further exploration. 

In order to draw valid conclusions, the limitations of this study must 
be taken into account. One of them is the relatively small number of 
participants, especially in the FOP groups, which are limited due to the 
extreme rarity of the disease. Another limitation of the study is sample 
pooling across experimental groups which prevents the analysis of 
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individual patient EV cargo compositions. This was done to ameliorate 
the sampling and inter individual patient variability present in the 
expression of bone metabolism mediators and EV cargo proteins 
(Newman et al., 2021; Corrales et al., 2008; Sousa et al., 2015). Sample 
pooling allowed for the analysis of a “biological average” in each group, 
thus not losing focus on inter-individual within-group differences. An 
additional limitation of this pilot study is the lack of characterization of 
discrete EV subtypes. Despite these limitations, we are confident that 
our analysis accurately identified EV cargo proteins (Supplementary 
Table 2) and the biological phenomena related to the roles of EVs in 
these study groups. This is, to the best of our knowledge, the first study 
to explore the contents and functions of EVs in FOP patients. The 
importance of this study lies in making a step forward in the ongoing 
research of physiological bone formation and HO in FOP, as it under-
lined the importance of immunity and inflammation in FOP, and con-
trary to expectation, showed no connection of EV proteins to BMP/TGF- 
β signaling in FOP subjects, but showed a novel connection to Ephrin B 
signaling. 

5. Conclusion 

In the present study, we compared physiological bone healing to HO 
in FOP patients by analysing plasma derived EV protein cargo. Taken 
together, our findings suggest that EVs indeed influence and participate 
in bone healing and metabolism by transporting components of various 
signaling pathways. Their potential involvement in the development of 
HO in FOP is therefore not to be overlooked, as it is possibly an 
important contributing factor in HO pathophysiology. Our findings 
suggest sizeable differences between mechanisms of bone formation 
involved in fracture healing and FOP (at the site of EVs): the former 
seems to utilize well-known mechanisms of cell growth and bone-related 
signaling pathways, while immune response seems to have great 
importance in the latter. The fracture group showed an EV protein 
profile associated to specific, fracture healing related pathways, sug-
gesting direct involvement of EV proteins in bone healing through 
integrin interactions, Wnt, VEGF, IGF-1 and PDGF pathways. The novel 
association with Ephrin B signaling in FOP and fracture groups, together 
with its known association with immunity and bone cell recruitment 
from stem cells, warrants further research and interest in Ephrin 
signaling in these settings. In general, it can be concluded that localized 
processes of bone healing and HO likely influence EV protein content 
and functionality. These results shed new light on the similarities and 
differences in certain aspects of HO in FOP and physiological bone 
healing. As EVs and their protein cargo likely present some of the many 
cogwheels which move these processes, these topics demand further 
research in order to fully understand and potentially treat FOP. 
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