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CHAPTER 1  

1.  General introduction 

1.1   Physiological endothelial cells activation in tissue repair 

With a turnover of 100 days, endothelial cells (EC) are one of the most 

static cells of the human body, by lining the entire vascular system with 

an inner single layer they accomplish several functions, in addition to 

supply tissues with blood, oxygen and nutrients, they are involved in 

the regulation of PH, blood pressure, coagulation and host defence 

(1,2). 

Besides being the gatekeeper of blood homeostatic conditions 

endothelial cells perform other necessary physiological tasks: 

sustaining the homeostasis of resident stem cells and guiding the 

regeneration and repair of adult organs without provoking fibrosis. 

Tissues belonging to skeletal system, skin, liver and muscle system 

show an impressive capacity of regeneration, when a damage occurs 

the restoration of tissue integrity and function comes along and is 

highly interconnected to the re-establish of vessels network (3).  

 

 

1.1.1   Angiogenesis 

The re-establish of vasculature after a damage occurs through 

neovascularization and angiogenesis. Angiogenesis is the 

development of vessels network starting from pre-existing vessels, 
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while neovascularization is a de novo process mainly present and 

better characterized in embryo (4).  

Usually ECs cells lining blood vessel are in a quiescent state, showing a 

cobblestone appearance and associated with poor migratory and 

proliferative activity. Upon damage or in presence of hypoxia signals 

they turn into an “activated” phenotype that leads to proliferation and 

migration toward the stimuli released by the demanding tissue. The 

formation of new vessels requires complex and morphologic changes 

comprising sprouting morphogenesis, intussusceptive growth, 

splitting, remodeling, stabilization and differentiation into arterioles, 

venules and capillaries (5).  

 

1.1.1.1   Tip-stalk model 

The cellular and molecular mechanism underlying angiogenic 

sprouting process have been quite elucidated and described with the 

tip-stalk model (6). 

When sprouting takes place it is possible to distinguish two different 

types of ECs: tip and stalk, tip cells are the “leaders” cells that start the 

migration toward the local environmental stimuli and guide the 

“followers” (stalk cells), that rapidly proliferate and build the physical 

structure of the vessels. 

Leader cells at the front row or in the tip position in a migrating chain 

of cells (therefore, also called tip cells), show a more polarized 

morphology and generate more cytoskeletal dynamics than the 
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follower (to leaders in sheets) or stalk (to tip cells in chains) cells. 

Leading cells also form a clear lamellipodium and are often less 

ordered and mesenchyme-like. These differences in polarity are a 

consequence of a differential expression of surface receptors, like 

those for chemokines. 

Tip and stalk cells do not represent two definitive states of endothelial 

differentiation, but the shift between the two types is highly dynamic 

and reversible (6).  

Selection of tip cell is the first event of sprouting: it is important that 

only one cells acquires tip phenotype otherwise the migration would 

be disorganized and unfunctional. This process is influenced by 

environmental molecules and mainly governed by VEGF and Notch 

pathway (7,8).  

VEGF is present in the tissue, acts as a chemoattractant by binding 

VEGFR2 and enhances the expression of Dll4. Dll4 is produced by 

endothelial cells and binds its receptor Notch1 expressed by 

neighbouring ECs. Activation of Notch signalling leads to inhibition of 

VEGFR2 production and indirectly also to a decrease of Dll4. Due to 

stochastic different levels of VEGF in the environment, regulation of 

VEGF and Notch pathway results into an unbalance of VEGFR2-Notch 

pathway activation in adjacent ECs: cells with high Dll4 expression will 

be selected as tip cells, on the contrary, high Notch activity cells 

become stalk.  

Tip cells are migratory and polarized; they extend long filopodia that 

scan the environment for attractant or repellent signals, and hence 
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serve to guide new blood vessels in the direction of the chemotactic 

stimulus. In order to migrate cytoplasm of migrating cells undergo to 

spatially and temporal changes that begin with cell polarization (9). 

Different molecules like, PIP3 and Cdc42 show a particular intracellular 

localization that induces sub sequential cytoskeleton rearrangements 

starting with filipodia and lamellipodium formation (10,11), followed 

by the establishment of adhesion complex between cell and ECM at 

the leading edge, disruption of focal adhesion at the rear front and 

contraction of actin and myosin filaments to enable the forward 

movement (12).  

An endothelial tip cell guides the developing capillary sprout through 

the ECM toward an angiogenic stimulus such as VEGF-A (9). Filopodia 

secrete large amounts of proteolytic enzymes, which digest a pathway 

through the ECM for the developing sprout (13). The filopodia of tip 

cells are heavily endowed with VEGF-A receptors (VEGFR2), allowing 

them to “sense” differences in VEGF-A concentrations and causing 

them to align with the VEGF-A gradient. Meanwhile, stalk cells 

proliferate as they follow behind a tip cell causing the capillary sprout 

to elongate. Vacuoles develop and coalesce, forming a lumen within a 

series of stalk cells. These stalk cells become the trunk of the newly 

formed capillary. When the tip cells of two or more capillary sprouts 

converge at the source of VEGF-A secretion, the tip cells fuse together 

creating a continuous lumen through which oxygenated blood can 

flow. When the local tissues receive adequate amounts of oxygen, 

VEGF-A levels return to near normal. Maturation and stabilization of 

https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Tip/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Extracellular/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/VEGF-A/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Filopodia/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/VEGFR2/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Stalk/
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the capillary requires recruitment of pericytes and deposition of ECM 

along with shear stress and other mechanical signals (14). 

 

1.1.1.2   New players in angiogenesis regulation 

A recent work unveiled the role of RNA editing in controlling sprouting 

angiogenesis in endothelial cells.  

The work of Stellos et al. (15), shows that silencing Adar1, an enzyme 

able to edit RNA by converting adenosine in inosine, causes a 

significant inhibition of angiogenic sprouting in HUVEC, while 

overexpression of Adar1 results in an increase in endothelial cell 

sprouting. The effect is mediated by the increased cathepsin S 

expression as a result of editing activity. Cathepsin S, is a cysteine 

protease with elastolytic and collagenolytic activities, is expressed in 

endothelial cells and various other cell types, and it controls 

extracellular matrix protein degradation, antigen presentation (16,17) 

and angiogenesis. Another work (18) demonstrates how A-to-I RNA 

editing changes the targetoma of microRNA-487b in human vascular 

cells stimulating multiple proangiogenic pathways.  

 

1.1.1.3   Contribution of macrophages to angiogenesis 

The reconstruction of blood vessel network is a complex process in 

which also non endothelial cells participate at multiple levels. Multiple 

kind of interactions exist between endothelial cells and macrophages. 

https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Pericyte/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Shear/
https://www.ncbi.nlm.nih.gov/books/NBK53238/
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Evidences of macrophage-endothelium collaboration in vasculature 

establishment is found during development, wound healing repair and 

in cancer (19).  

Macrophages are an heterogeneous population of phagocytic cells 

that vary for their origin, function and spectrum of cytokines. 

Macrophages can be mainly 

divided in two groups depending on the phenotype induced by 

different cytokines: classical M1 macrophages are stimulated by TLR 

ligands and IFN-γ, while stimulation with IL-4/IL-13 leads to alternative 

M2 macrophages (20). The M1 phenotype is characterized by the 

expression of high levels of proinflammatory cytokines, high 

production of reactive nitrogen and oxygen intermediates, promotion 

of Th1 response, and strong microbicidal and tumoricidal activity. In 

contrast, M2 macrophages are considered to be involved in parasite 

containment and promotion of tissue remodeling and tumor 

progression and endowed with immunoregulatory functions. However 

this classification has been defined on the base of in vitro polarization 

experiments, in vivo situation is much more complex and it has been 

suggested that M1 and M2 phenotypes represents the extremes of a 

continuum in a universe of activation states (21).  

Regarding the role of MP in angiogenesis, MP produce VEGF, but their 

effect is not only restricted to the production of this proangiogenic 

factor (22). It has been demonstrated that during hindbrain 

development, MP promote vascular anastomosis by physically 

assisting endothelial tip cell fusion through direct cell-to-cell contacts 
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(23). Similar finding has been shown also for in the developing retina 

where MP increase the number of numbers of filopodia-bearing 

sprouts and influence the orientation of sprouts, in macrophage-

deficient mice retinal vascular sprouts were fewer and mostly radially-

oriented, whereas those of wild-type mice displayed much higher 

complexity and were both radially- and forward-oriented, thus 

forming more intersections (24).  

MP can influence not only the sprouting and anastomosis but have 

also been implicated in the post-natal remodeling of the retinal 

vasculature (25).  

Noteworthy, also cancer provides some insights of functions of MP on 

vasculature, a particular type of MP, named TIE2-expressing 

macrophages (TEMs), physically interact with tumor blood vessels and 

promote angiogenesis in mouse tumor models (26). 

During wound-healing, studies show that MP recruited during the 

diverse phases of skin repair (i.e., the inflammatory; tissue formation; 

and tissue maturation phases) exert distinct functions: in particular, 

macrophages appear to play an important role in promoting 

angiogenesis in the granulation tissue during the early phase of skin 

repair; vascular maturation and stabilization in the subsequent phases 

(27). 

In addition to macrophages, also fibroblasts and pericytes play 

important role during tissue repair and angiogenesis.  

It is known that the deposition of ECM by fibroblasts after a tissue 

damage constitutes a temporary scaffold, but fibroblasts can also 

affect angiogenesis by releasing angiopoietin-1 (ANG-1), angiogenin, 
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hepatocyte growth factor (HGF), transforming growth factor-α (TGFΒ-

α), and tumor necrosis factor (TNFα) and VEGF that increase sprouting, 

while secretion of collagen I, procollagen C endopeptidase enhancer 

1, secreted protein acidic and rich in cysteine, transforming growth 

factor-β–induced protein ig-h3, and insulin growth factor–binding 

protein 7 enhance lumen formation (28).  

Pericytes are defined morphologically as periendothelial support cells 

that elongate and wrap along ECs. Through transbasement membrane 

interactions, pericytes are thought to regulate capillary diameter and 

physically influence EC behaviour. Regarding the angiogenesis, 

pericytes have been shown to both stabilize and promote capillary 

sprouting (29). The prominent signaling pathways are PDGF-B/PDGFR-

β, angiopoietin 1 (Ang1)/Tie2 and transforming growth factor-β (TGFβ) 

(30), which regulate pericyte recruitment, EC viability and mural cell 

differentiation, respectively. Pericytes can also influence the local 

extracellular matrix (ECM) to guide endothelial migration by 

modulating deposition of basement and they have also been shown to 

lead sprouting ECs and bridge the gaps between two sprouting 

segments in some cases.  

 

1.1.2   Instructive niche 

The importance of circulatory system is not important in tissue 

regeneration just for supplying nutrients and oxygen, but genetic and 

biochemical studies have shown that ECs serve as a fertile, instructive 
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niche that plays key roles in directing organ regeneration in a 

"perfusion-independent". Angiocrine factors are paracrine factors 

released by ECs comprising stimulatory and inhibitory growth factors, 

morphogens, extracellular matrix and chemokines that act on the 

repopulating cells. 

Instructive functions of ECs have been demonstrated in studies 

showing that the deletion of angiocrine factors in adult ECs disrupts 

stem-cell homeostasis and impairs organ repair without compromising 

blood supply (3). 

The ability of endothelial cells to model the niche to guide the proper 

differentiation of surrounding cells relies on the existence of 

endothelial cells with specific tissue-identity. For example, in bone 

tissues it is possible to recognizes a type of capillaries with a specific 

function: capillaries with high expression of CD31 and Endomucin 

(type H) are found closely associates with osteoprogenitors influencing 

their proliferation (31).  

Mounting evidence show that EC are organ-specific and have a unique 

profile able to promote proliferation or differentiation of specific stem 

cells during development and in regenerating conditions (32). 

Noteworthy, partial hepatectomy reveals the contribution of liver 

sinusoidal ECs to regeneration process (33). During the initial 

angiogenesis-independent inductive phase, which occurs 1–4 days 

after partial hepatectomy, VEGFR-2–AKT-dependent upregulation of 

transcription factor Id1 in non-proliferating liver sinusoidal ECs 

stimulates the expression of Wnt2 and hepatocyte growth factor 

(HGF). Activation of VEGFR-1 on non-angiogenic liver sinusoidal ECs 
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also induces the production of HGF and other pro-hepatic factors, such 

as heparin-binding EGF (HB-EGF), TGF-α and connective tissue growth 

factor (CTGF), to drive liver regeneration (34). On days 4–12 after 

partial hepatectomy, liver sinusoidal ECs promote proliferative 

angiogenesis to meet the metabolic demands of the enlarging liver. 

Putative bone-marrow-derived ECs that co-express CD133, CD45 and 

CD31 and have the capacity to produce HGF can also engraft into 

populations of regenerating liver sinusoidal ECs, which helps to boost 

regeneration of the liver (35). 

 

1.1.3   A particular regenerating niche: the muscle tissue 

Muscle niche is another proof of EC potential in guarding homeostasis 

and driving regeneration after a damage. 

It has been known for more than a century that skeletal muscle, the 

most abundant tissue of the body, has the ability to regenerate new 

muscle fibers after it has been damaged by injury or as a consequence 

of diseases such as muscular dystrophy (36). 

The disruption of muscle architecture is followed by a precise multi-

phase process in which several cell types, in particular immune cells, 

fibroblasts, pericytes, fibroadipogenic (FAP) cells and endothelial cells, 

take part in the repair following a highly complex cascade and with 

distinct temporal and spatial kinetics (37). 
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1.1.3.1   Satellite cells 

Muscle is composed by multinucleated fibers, syncytial cells that 

contain several hundred nuclei within a continuous cytoplasm. Fibers 

regeneration mainly relies on the presence of muscle stem cells: 

satellite cells (SC), SC are found underneath the basal lamina of muscle 

fibers, closely juxtaposed to the plasma membrane. Under steady-

state conditions SCs are present in adult mammalian muscle as 

quiescent cells and represent 2.5%–6% of all nuclei of a given muscle 

fiber. However, when activated by muscle injury, they can generate 

large numbers of new myofibers within just a few days (38).  

Three different basic states can be recognized in SCs: quiescence, 

proliferation and differentiation. In homeostatic conditions the 

environment remains essentially static and imposes signals that 

promote the quiescent stem cell state. Several studies have identified 

the Notch receptors as being critical for the maintenance of satellite 

cell quiescence. In these conditions SCs express Pax7 and Pax3 genes 

(38). 

Upon injury the cell niche changes rapidly and leads to the activation 

and proliferation of SCs. At this stage, they are often referred to as 

either myogenic precursor cells (mpc) or myoblasts. Several signals, 

deriving both from damaged fibers and infiltrating cells, are involved 

in SC activation, including HGF, FGF, IGF, and NO (39,40). The 

progression of activated SCs toward myogenic differentiation is mainly 

controlled by Myf5 and MyoD. Once differentiated into myocytes, the 

cells will align and form new syncytial muscle fibres or fuse to existing 
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fibres. On completion of this regenerative response, the tissue returns 

to its homeostatic state and the resident cell populations re-enter a 

resting state (41). 

A pool of undifferentiated SCs is maintained within the muscle, thanks 

to asymmetrical divisions, one of the daughter cell does not express 

Myf5, is not primed to myogenic differentiation and returns to 

quiescent state (42).  

 

1.1.3.2   Immune cells in the muscle regenerating niche 

Satellite cells and their progeny are essential for muscle regeneration, 

but their presence alone is insufficient for muscle regeneration; the 

cells must have the capacity to proceed through the sequence of 

activation, proliferation and differentiation, the immune system plays 

a pivotal role in guiding these sequential stages in multiple ways. 

Although they appear scant in histological observations, a surprisingly 

high number is present within muscle tissue: there are 500 to 2,000 

leukocytes per mm3 of adult, rodent limb muscles, which is equivalent 

to approximately 109 leukocytes per litre of muscle. Although 

intramuscular leukocytes comprise various  cell types, including CD8+ 

cytotoxic T cells, regulatory T (Treg) cells, neutrophils and eosinophils, 

each population constitutes a small proportion of the total leukocyte 

population in healthy muscle. The vast majority of intramuscular 

leukocytes are monocytes or macrophages located primarily in either 
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the sheath of connective tissue that surrounds entire muscles or near 

blood vessels. 

Muscle damage triggers a well-orchestrated inflammatory response in 

which the number of intramuscular leukocytes can rapidly increase 

more than 100-fold. Within hours after a damage, neutrophils invade 

damaged muscle and reach maximum numbers at approximately 12 to 

24 hours post injury, after which they rapidly return to near-normal 

numbers (43,44).  

In addition to support angiogenesis, as discussed above, macrophages 

hold specific tasks in muscle regeneration. 

Resident macrophages (that express F4/80, LY6C and CD11b, but lack 

expression of CXC-chemokine receptor 1 (CXCR1)) promote this 

marked neutrophil influx by releasing the neutrophil chemo 

attractants CXC- chemokine ligand 1 (CXCL1) and CC-chemokine ligand 

2 (CCL2). 

Neutrophils invasion contributes to the establishment of a pro-

inflammatory environment. Following their invasion, circulating 

monocytes and macrophages extravasate and enter a muscle tissue 

that is enriched with pro-inflammatory cytokines, including interferon-

γ (IFNγ) and tumour necrosis factor (TNFα). Together, these cytokines 

can activate macrophages to a pro-inflammatory phenotype (M1 

macrophages).  

M1 MP number reaches a peak approximately 48 hours after damage 

and then starts to reduce, 4 days later they are barely detected. It has 
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been demonstrated that M1 MP phagocyte cellular debris and 

damaged fibers creating space for new tissue, but they also affect SCs. 

By promoting a proinflammatory environment they sustain 

proliferation of myogenic cells and reduces their differentiation and 

fusion capacity (43). 

In particular, the proliferative M1 effect seems to be mediated by IFN-

γ: inducing CIITA expression suppresses the expression of myogenin, 

an essential transcription factor for muscle terminal differentiation. 

Maintaining myoblasts in a proliferative, non-differentiated state, they 

expand and support tissue repair. Also the release of insulin-like 

growth factor 1 (IGF1), a strong mitogen for MPCs in muscle, sustains 

myoblasts expansions (45). 

Histological observations show a shift from M1 to M2 phenotype with 

the proceeding of muscle regeneration: the peak number of CD68hi 

CD163−phagocytic M1 macrophages that occurred 2 days post injury 

was replaced by a population of non-phagocytic CD68low CD163+ M2 

macrophages that reached peak numbers approximately 4 to 7 days 

post injury, coinciding with the expression of genes that are markers 

of terminal differentiation. 

M2 macrophages participate to muscle regeneration by mitigating 

inflammatory response and promoting myoblasts differentiation.  

Transition from M1 to M2 phenotype is controlled by cytokines but is 

also regulated by muscle cells, remarking again the strict correlation 

between the two systems during muscle regeneration. 
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It has been demonstrated that IL-10 induces M1-M2 transition, the 

loss of the IL-10-mediated phenotype switch caused impairments of 

regeneration resembling those caused by deletion of F4/80+ or 

CD11b+ cells42. In addition to IL-10, also IGF1 promotes M1-M2 

transition (43).  

Also the removal of debris promotes M2 phenotype, macrophage 

phagocytosis of apoptotic neutrophils suppressed the expression of 

TNFα, and phagocytosis of necrotic or apoptotic neutrophils increased 

the expression of TGFβ, which indicates a shift towards an M2-biased 

phenotype. 

CD163, a M2 marker, regulates macrophage phenotype and plays an 

active role in the late phase of the regeneration. CD163 is a 

transmembrane glycoprotein, by binding haemoglobin– haptoglobin 

complexes, enables the complexes to be internalized and degraded. 

This is important in regeneration because haemolysis in injured tissue 

causes local and toxic elevations of haemoglobin that amplify damage. 

Similarly, CD206 mediates M2 macrophage functions that can lead to 

a reduction of muscle inflammation and damage. CD206 is a mannose 

receptor that binds and internalizes sugar moieties on molecules 

present at high levels in inflamed tissue. In the context of muscle 

damage and regeneration, MPO is an important ligand for CD206 

because it serves a prominent role in muscle membrane lysis that is 

caused by neutrophils, and its ligation and internalization by M2 

macrophages would reduce cytotoxicity. CD206 expression by M2 

macrophages is promoted by anti-inflammatory cytokines, and its 
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binding increases the expression of anti-inflammatory cytokines, 

leading to positive feedback that can enable M2 macrophages to more 

rapidly deactivate Th1 cells that are capable of free radical-mediated 

damage of muscle cells (46). 

Supporting role of M2 macrophages on myoblast differentiation is 

suggested by macrophage depletion between days 2 and 4. Normally, 

MyoD-expressing muscle cells decrease in number and myogenin-

expressing muscle cells increase in numbers between days 2 and 4 , 

reflecting the withdrawal of myogenic cells from the cell cycle, as they 

transition to early differentiation. Instead, numbers of MyoD-positive 

cells remained elevated, and myogenin expression does not increase 

in the macrophage-depleted muscles (47). 

 

1.1.3.3   Endothelial cells in the muscle regenerating niche 

As already mentioned, EC cells are pivotal players in regenerating 

process, specific mechanisms have been discovered in the muscle 

niche . The location of SCs suggests that EC are privileged partners: in 

normal human adult muscle, satellite cells are localized at the 

proximity of capillaries (88% at less than 21 µm of a capillary) (48). 

One of the most important crosstalk between myogenic cells and EC is 

represented by VEGF signalling. During skeletal muscle regeneration, 

angiogenesis and myogenesis proceed at the same time as formation 

of new capillaries and formation of new myofibers are observed 

concomitantly. The delivery of AAV-VEGF markedly improved muscle 
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fibre reconstitution in ischemic limb. Inversely, in mice exhibiting delay 

and impairment of muscle regeneration (CCR2-/-mice), VEGF level is 

decreased until day 21, time of restoration of maximal capillary 

density. The authors showed that maximal capillary density developed 

concurrent with the restoration of tissue VEGF, and observed an 

inverse relationship between the size of regenerated muscle fibres and 

the number of capillaries (49). 

VEGF has been shown to be expressed by satellite cells, myogenic cells, 

and particularly by differentiating myogenic cells and regenerating 

myofibres. Importantly, VEGF secreted by myogenic cells confers an 

angiogenic activity to the myogenic cells. As myogenic cells bear the 

VEGF-R, it also acts by stimulating their migration and protecting them 

from apoptosis. VEGF participates also to the myogenic differentiation 

programme through its regulation by the myogenic transcription 

factor MyoD (50). 

Also FGF signalling has shown a double effect in muscle repair 

enhancing both myofibers growth and angiogenesis: myogenic cells 

express bFGF that leads to angiogenesis in a paracrine fashion to help 

muscle regeneration in ischemic limb, while introducing FGF2 or FGF6 

transgenes into muscle enhances the number of CD31+ structures, i.e., 

vessels, and muscle repair. (51,52) 

Finally, Nerve Growth Factor (NGF) has been demonstrated to 

enhance angiogenesis and arteriogenesis after ischemia in vivo while 

it protects ECs and myofibres from apoptosis in vitro (53). 
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Another proof of endothelial capacity of promoting muscle repair is 

the release of factors like: IGF, HGF, and PDGF-BB that promote the 

growth of myogenic cells (53). 

The importance of angiogenesis during muscle repair is not limited to 

the effect of endothelial cells, also pericytes and SMCs affect the 

repair. While EC stimulate the proliferation of satellite cells, pericytes 

and SMCs associated to vessels release Ang1 that acts on myogenic 

cells expressing its receptor Tie2. Ang1 signalling results in inhibition 

of their growth, promoting the appearance of the quiescent cell/ self-

renewing population and the increase of the expression of markers 

associated with quiescence (Pax7, p130, M-cadherin, Myf5), while 

expression of markers associated with differentiation is decreased 

(MyoD, p57). 

Although the effects of vessels and pericytes can appear opposite on 

myogenic cells: the timing of angiogenesis and fibers regeneration 

solves the incongruence: nascent vessels are lacking in pericytes and 

SMCs, in this way the pro-differentiation signals are released in the 

late phase of muscle regeneration (53). 

It is evident how muscle damage activates a complex physiological 

response that requires the coordination of many different types of 

cells to re-establish the integrity and the function of the tissue. 

Endothelial cells carry out important tasks throughout the process, 

alterations in these cells can seriously compromise the outcome of 

regenerating process with different consequences. 
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1.2   Pathological endothelial cells activation: EndMT 

1.2.1   Maintenance of endothelial identity 

Even if endothelial cells are one of the most inactive cells in the body, 

they are rapidly activated upon damage and can quickly acquire 

pathological behaviour. If on the one hand endothelial cells are 

exposed to a myriad of stimuli that accounts for their marked 

plasticity, on the other, maintenance of endothelial identity is not a 

passive behaviour but requires a strong signature . 

Endothelial cell-junctions are fundamental, not only to accomplish 

endothelium barrier function, but also to preserving endothelial 

identity. VE-Cadherin, the cell specific major organizer of endothelial 

cell-to-cell adherens junctions (54), through the interaction with a 

complex network of intracellular partners, transduces intracellular 

signals that mediate contact inhibition of cell growth, cell polarity and 

lumen formation. Disruption of VE-cadherin organization leads cells to 

grow in multiple layers, altering endothelium structure: they are 

unable to form a correct vascular lumen and establish adhesion 

contacts with the surrounding pericytes and smooth muscle cells (55). 

FGF is the most important gate keeper of endothelial fate, its 

reduction causes loss of VE-cadherin-p120-catenin association and 

decreases VEGFR2 transcription leading to a compromised barrier 

function and to endothelial apoptosis (56,57).  
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When endothelial identity is threatened, endothelial cells can undergo 

a pathological process known as Endothelial to Mesenchymal 

Transition (EndMT) in which they convert into mesenchymal cells. FGF 

prevents this transition by blocking activation of TGFβ signalling 

cascade that is central to the induction of EndMT transition both in 

blood and lymphatic endothelial cells (58,59). 

 

1.2.2   Loss of endothelial identity: EndMT 

EndMT is characterized by loss of cell-cell junctions and endothelial 

markers: CD31, VE-Cadherin, Tie2, von Willebrand Factor with 

concomitant upregulation of mesenchymal markers like: N-cadherin, 

αSMA, transgelin, fibroblast specific protein (FSP)-1, vimentin and 

fibronectin. The acquirement of mesenchymal phenotype results in 

loss of cobble-stone appearance in favour of spindle morphology, in 

addition to deposition of ECM and highly migratory potential (60).  

EndMT occurs naturally in the embryo as a physiological process of 

valve formation, but in the adult life is involved in the pathogenesis of 

several fibrotic diseases (60). The abundant presence of 

myofibroblasts is the main culprit in fibrosis leading to accumulation 

of fibrous connective tissue and excess of extracellular matrix (ECM) 

components, such as collagen and fibronectin in and around inflamed 

or damaged tissue. The increased expression of these genes is 

accompanied by a concomitant reduction in the activity of ECM 

degrading enzymes caused by the heightened production of Tissue 
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Inhibitors of Metalloproteinases also known as TIMPS. The altered 

tissue often brings about organ dysfunction and death. 

Several theories have been proposed to explain the origin of 

myofibroblasts. Proliferation of resident fibroblasts was firstly 

hypothesized, but different works demonstrated alternative origins: 

bone marrow-derived CD34+ differentiate in myofibroblasts after 

migrating into the fibrotic area; macrophages and pericytes can also 

undergo to myofibroblasts differentiation. Finally, it has been shown 

that endothelial cells can give rise to myofibroblasts (61,62). 

Involvement of EndMT has been described in many fibrotic disorders 

63, 64, 65, 66, 67, 68) and it takes place also in skeletal muscle (69). In 

particular it has been demonstrated that in mice, depleting 

macrophages during muscle repair results in failure of vessels 

assembly, impairment of muscle repair, accumulation of collagen and 

αSMA+ cells. By taking advantage of endothelial lineage tracing mice 

the authors showed that endothelial cells lose CD31 expression and 

up-regulate Collagen I. 

The molecular mechanism underlying this pathological transition in 

muscle has not been clarified yet, but is evident how macrophages do 

not just guide endothelial cells during angiogenesis but guard their 

identity and prevent pathological activation.  

Considering the role of inflammation and in inducing EndMT, it is clear 

how orchestrated participation of immune cells accomplishes 

physiological functions in tissue repairing, while alterations of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4850468/#B55-jcm-05-00045
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inflammatory muscle environment affect muscle niche derailing the 

fate of endothelial cells and potentially of the entire tissue.  

 

1.2.2.1   TGFβ pathway in regulating physiological and pathological 

endothelium 

The molecular bases of EndMT encompass several pathways. One of 

the most studied pathway in driving EndMT is represented by TGFβ.  

TGFβ is a multi-functional cytokine involved in the regulation of 

proliferation, differentiation, migration, and survival of many different 

cell types (70). The relevance of TGFβ signalling in endothelium is 

made clear by the number of mutations in TGFβ ligands, receptors or 

intracellular mediators that leads to embryo death for vascular failure 

and abnormalities (71). In post-natal life it is required during 

angiogenesis to induce differentiation of mesenchymal precursors in 

pericytes and smooth muscle cells. 

TGFβ pathway is composed by 3 TGFβ ligands: TGFβ1, TGFβ2, TGFβ3 

that in endothelial cells signal mainly through ALK1 or ALK5 receptors. 

These two receptors both bind TGFβR2 to activate the intracellular 

mediator: Smad proteins. Once phosphorylated by ALK1 or ALK5 Smad 

factors translocate into the nucleus where they activate TGFβ target 

genes (70). 

TGFβ signalling in endothelial cells can have opposite effects 

depending on the cellular contest, the type of the receptor activated 

and the presence of coreceptors that can modulate the signal. Cellular 
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proliferation can be both induced and inhibited by TGFβ. Also the 

induction of protease activity and extracellular matrix remodelling are 

highly dependent on the source of ECs and culture conditions used 

(71). 

The contrary effect can be in part explained by the fine balance 

between ALK1 and ALK5 transduced signalling. Whereas the TGFβ-

h/ALK5 pathway leads to inhibition of EC migration and proliferation, 

the TGFβ-h/ALK1 pathway induces EC migration and proliferation. 

Transcriptional profiling using microarrays with constitutively active 

forms of ALK1 (caALK1) or ALK5 (caALK5) has demonstrated 

remarkable differences between the target genes regulated by ALK1 

or ALK5 in ECs (72). ALK1 specifically stimulates the expression of Id-1, 

an inhibitor of basic helix-loop-helix (bHLH) proteins that promotes EC 

proliferation and migration. ALK5 specifically induces expression of 

fibronectin expression, an extracellular matrix protein, and the 

plasminogen activator inhibitor type 1 (PAI-1). PAI-1 is a negative 

regulator of EC migration in vitro (73) and angiogenesis in vivo.  

The work of Goumans et al. (74) reveals a multilevel interplay between 

ALK1 and ALK5, since ALK5 is important for ALK1 recruitment in TGFβ 

receptor complex and kinase activity of ALK5 is essential for efficient 

ALK1 activation. In addition, ALK1 signalling is not only opposite to 

ALK5 but directly antagonizes ALK5/Smad2/3 signaling. 

The molecular mechanism behind TGFβ induced EndMT involves the 

Snail family of transcription repressors. In mouse embryonic stem cell 

derived endothelial cells TGFβ induces EndMT and expression of Snail. 
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This upregulation of Snail TGFβ was shown to be dependent on the 

activation of Smad, MEK, PI3K and p38 MAPK by TGFβ (75). 

Subsequent knockdown of Snail blocked the TGFβ induced EndMT. 

Although overexpression of Snail was sufficient to induce for EndMT 

Snail expression alone is insufficient (76). The inhibitor of Snail, GSK-

3β, needs to be inhibited by phosphorylation by kinases such as AKT 

to induce EndMT (75). Also Notch can induce EndMT in endothelial 

cells in vitro in a similar way and the Snail family member Slug has been 

shown to be play an important part in this pathway. Both Snail and 

Slug are known to repress the expression of VE-cadherin (77). 

It has also been reported that other pathways than TGFβ can lead to 

EndMT. In myocardial infarction (MI) for example, canonical (β-

catenin-dependent) Wnt signaling is induced 4 days after experimental 

MI in the subepicardial endothelial cells and perivascular cells. 

Coincidently with canonical Wnt activation EndMT was also triggered 

after the infarction. In addition, canonical Wnt signaling induced 

mesenchymal characteristics in cultured endothelial cells, suggesting 

a direct role of canonical Wnt signaling in EndMT (78). 

 

1.2.2.2   The role of inflammation in EndMT 

Accumulating evidence suggests that endothelial to mesenchymal 

transition (EndMT) represents a key link in the complex interactions 

between inflammatory stress and endothelial dysfunction (79). 
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Endothelial dysfunction is characterised by upset of the balance 

between vasodilation and vasoconstriction, inhibition and promotion 

of vascular smooth muscle proliferation, and prevention and 

stimulation of platelet aggregation, thrombogenesis, and fibrolysis by 

the endothelium. Many of these alterations, found in conditions like: 

angioplasty, stenting, diabetes, hypertension, and immune-mediated 

damage come along with inflammatory stress in vascular biology (80). 

Under conditions of chronic inflammation, sustained activation of ECs 

by inflammatory stimuli, such as interleukin (IL)-6, tumor necrosis 

factor-α (TNFα), IL-1β, and pathogens, causes alterations in normal 

endothelial function, resulting in impaired endothelial-dependent 

immune response, which is the hallmark of endothelial dysfunction 

(79).  

Indeed, it has been reported that EndMT contributes to endothelial 

dysfunction during inflammatory conditions, and that some 

inflammatory mediators, such as IL-1β, TNFα, nuclear factor kappa B 

(NF-κB) transcription factor, and endotoxins, can activate ECs and 

convert them to mesenchymal-like cells through the EndMT process 

(81). 

In addition, the above discussed work of Zordan et al, (69) 

demonstrates how, following macrophage depletion, muscle niche is 

altered, perturbing the natural inflammatory response to a muscle 

trauma by depleting macrophages leads to EndMT that comes along 

with alterations of TNFα, IL10, TGFβ, metalloproteinases and 

proangiogenic factors. 
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1.2.2.3   EndMT and pluripotency 

It has been suggested that EndMT endows endothelial cells with 

multipotency. During the initial phase of the process, endothelial cells 

undergo a dedifferentiation state in which they increase the 

susceptibility to external factors broadening the spectrum of 

differentiation fate.  

From this point of view myofibroblasts differentiation do not 

represent the ultimate fate of EndMT. Recent studies have shown the 

ability of EndMT to generate various different types of connective 

tissues (82).  

Several studies have suggested that in heterotopic ossification 

disorders, in which bone develops outside physiological sites, 

pathological osseous lesions have an endothelial origin (83). Lineage 

tracing and biomarker studies have sustained an endothelial origin of 

heterotopic cartilage and bone that develop in a rare disease called 

fibrodysplasia ossificans progressiva (FOP) (84, 85, 86). Patients with 

this disease carry a gain-of-function mutation in the gene encoding 

activin-like kinase 2 (ALK2) receptor (87). When endothelial cells 

express this mutated gene, they undergo EndMT and acquire 

properties of mesenchymal stem cells with the ability to transform 

into bone, cartilage, or fat cells (84). A recent study has shown that 

kidney cells isolated from FOP patients can be transformed into 

induced pluripotent stem cells (iPSC) and subsequently differentiated 

into endothelial cells, which spontaneously underwent EndMT in 

culture (88). The ability of EndMT to generate osteoprogenitor cells 
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has also been observed in vascular calcifications (89), valvular 

calcifications (90), and tumor calcifications (91). Another recent study 

has shown that BMP6 has the capacity to stimulate EndMT and 

subsequent differentiation to osteoblasts both independently and 

synergistically with oxidized low-density lipoprotein (92). Tang et al. 

(93) showed that high glucose levels mediate endothelial 

differentiation to chondrocytes through EndMT. Lineage tracing 

studies using VE-cadherin-Cre reporter mice have demonstrated an 

endothelial origin of white and brown fat cells (94). A recent study that 

isolated endothelium from vascular tumors showed that these cells 

spontaneously undergo EndMT in culture and have the ability to form 

adipocytes and mural cells such as pericytes and smooth muscle cells 

(95). Endothelial progenitor cells (EPCs) have also been induced to 

undergo EndMT and transform into smooth muscle cells (96). 

Endothelial plasticity has also been linked to generation of skeletal 

myocytes for muscle repair (97). Furthermore, lineage tracing in Tie1-

Cre and VE-cadherin-Cre reporter mice has demonstrated an 

endothelial origin of cardiomyocytes during cardiac homeostasis, 

which are proposed to arise by EndMT (98). 
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1.3   Study the role of EndMT and macrophages in heterotopic 

ossification. The point of view of the regenerating muscle niche 

 

1.3.1  Clinical aspects of acquired and hereditary heterotopic 

ossification 

Heterotopic ossification (HO) is defined as formation of bone in soft 

tissues. It is possible to distinguish between acquired and hereditary 

forms of HO. Acquired forms are by far the most common and arise 

from severe muscle-skeletal trauma like burns, explosions, fractures, 

total hip arthroplasty or have a neuro- genic cause (such as spinal cord 

injury or central nervous system injury) (99). Among hereditary forms, 

Fibrodysplasia Ossificans Progressiva has the most dramatic outcome 

leading to life-threatening conditions and extended immobilization. 

 

In the acquired forms, the clinical signs and symptoms of HO may 

appear as early as 3 weeks or as late as 12 weeks after the muscle-

skeletal trauma or a spinal cord injury (99). 

The incidence of HO after total hip arthroplasty (THA) ranges between 

16% and 53%. Post-traumatic HO formation can occur in any sites, but 

most frequently in the hip following total hip arthroplasty. The hip is 

also the most common site of involvement in patients with a traumatic 

brain or spinal cord injury. The knee is less frequently affected. The 

incidence of HO following open reduction and internal fixation of 

acetabular fractures ranges between 18% and 90%. 
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Also shoulders and elbows are common sites ossification. Loss of joint 

mobility and resulting loss of function are the principal complications 

of HO. For example, the hip that has HO may fuse or become ankylosed 

in a flexed position. Other complications of HO include peripheral 

nerve entrapment and pressure ulcers (100). 

Eighty percent or more of cases of HO run a relatively benign course 

without any of these complications. In the remaining 10%–20% of 

cases, significant loss of motion develops, with ankylosis in up to 10% 

of these.  

HO can manifest itself in the course of the disease with pain, fever, 

swelling, erythema, and decreased joint mobility. In this early 

inflammatory phase, the condition may mimic cellulitis, 

thrombophlebitis, osteo-myelitis, or tumor (99). 

Indomethacin is currently used as a prophylactic agent for total hip 

arthroplasty. Its action is two-fold: firstly, it exerts a direct effect 

through inhibition of the differentiation of mesenchymal cells into 

osteogenic cells; secondly, it has an indirect effect through inhibition 

of post-traumatic bone remodelling by suppression of the 

prostaglandin-mediated response (99). 

Radiation therapy, like indomethacin, has a generally accepted 

prophylactic effect after total hip arthroplasty or resection of HO, but 

literature data on its efficacy in patients with brain and spinal cord 

injuries are still non-existent. 

The rationale of bisphosphonate use is based on three effects: 

inhibition of calcium phosphate precipitation, slowing of 
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hydroxyapatite crystal aggregation and inhibition of the 

transformation of calcium phosphate to hydroxyapatite. 

After cessation of treatment the matrix undergoes uninhibited 

mineralization, known as the “rebound-effect”. Consequently, it is 

essential to start treatment as soon as possible and continue it for a 

sufficiently long period of time, i.e. at least 6 months (99,101). 

Once HO has developed to the point that it interferes significantly with 

the functional capacity of the patient, the only treatment option 

remaining is surgery, which most commonly is required at the hip 

(102). It is necessary to ensure that HO has reached maturity before 

resection, because removal of immature HO leads to recurrence rates 

of nearly 100%. Haemorrhage may be a significant problem at the time 

of surgery, with an average blood loss of 2100 mL reported (100). 

A genetic form of HO is Fibrodysplasia Ossificans Progressiva (FOP), a 

rare and disabling disorder with a worldwide prevalence of 

approximately one in two million individuals. There is no ethnic, racial, 

gender, or geographic predisposition (103). 

Two clinical features define classic FOP: malformations of the great 

toes and progressive heterotopic endochondral ossification (HO) in 

characteristic anatomic patterns. Individuals with FOP appear normal 

at birth except for malformations of the great toes that are present in 

all classically affected individuals and they can frequently show some 

minor abnormalities in the skeleton. During the first decade of life, 

most children with FOP develop episodic, painful inflammatory soft 

tissue swellings (or flare-ups). While some flare-ups regress 
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spontaneously, most transform soft connective tissues including 

aponeuroses, fascia, ligaments, tendons, and skeletal muscles into 

mature heterotopic bone. Ribbons, sheets, and plates of heterotopic 

bone replace skeletal muscles and connective tissues through a 

process of endochondral ossification that leads to an armament-like 

encasement of bone and permanent immobility. Minor trauma such 

as intramuscular immunizations, mandibular blocks for dental work, 

muscle fatigue, blunt muscle trauma from bumps, bruises, falls, or 

influenza-like viral illnesses can trigger painful new flare-ups of FOP 

leading to progressive heterotopic ossification. Some flare-ups also 

develop spontaneously without inflammatory triggers (104). 

HO in FOP progresses in characteristic anatomic and temporal patterns 

that mimic the patterns of normal embryonic skeletal formation. 

Typically occurring first in the dorsal, axial, cranial, and proximal 

regions of the body and later seen in the ventral, appendicular, caudal, 

and distal regions (105). Several skeletal muscles including the 

diaphragm, tongue, and extra-ocular muscles are spared from FOP. 

Cardiac muscle and smooth muscle are not involved. 

HO in FOP is episodic, but disability is cumulative. Most patients with 

FOP are confined to a wheelchair by the third decade of life, and 

require lifelong assistance in performing activities of daily living. 

Severe weight loss may result following ankylosis of the jaw. 

Pneumonia or right-sided heart failure may complicate rigid fixation of 

the chest wall. The median age of survival is approximately 40 years, 
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and death often results from complications of thoracic insufficiency 

syndrome (105) . 

Currently, the main treatment for FOP is trauma prevention. Anti-

inflammatory drugs are used with some doubts about their efficacy for 

the rebound effects. Surgical removal of heterotopic bone is not 

recommended since it would provoke explosive and painful new bone 

growth (105). 

 

1.3.2   Histopathology of HO lesions 

Whatever the cause, heterotopic bone formation appears to follow an 

endochondral process similar to the normal bone development, in 

which a cartilage intermediate serves as a scaffold for mature bone 

tissue. Differently form physiological process, ectopic lesions are 

enriched with immune cells. 

The histopathology of FOP lesions has been well described (106). Early 

FOP lesions contain an intense mononuclear and perivascular 

infiltration of macrophages, mast cells, and lymphocytes. The precise 

roles of these cells in the evolution of FOP flare-ups are unknown, 

although focal inflammation from any cause is a known trigger of 

disease activity. Subsequent migration of mononuclear inflammatory 

cells into affected muscle precedes widespread death of skeletal 

muscle. 
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Following a rapid and destructive inflammatory stage, there is an 

intense fibroproliferative phase associated with robust angiogenesis 

and neovascularity. Early fibroproliferative lesions are histologically 

indistinguishable from aggressive juvenile fibromatosis. As lesions 

mature, fibroproliferative tissue undergoes an avascular condensation 

into cartilage followed by a revascularization stage with osteogenesis 

in a characteristic process of HO. Resultant new ossicles of heterotopic 

bone appear histologically normal with mature lamellar bone and 

often contain marrow elements (106). 

Mast cells have been identified at every histological stage of FOP lesion 

formation, and are found in much greater abundance compared with 

normal skeletal muscle and non lesional FOP muscle. In fact, during the 

intense fibroproliferative stage of the lesion, mast cells are found at a 

density much higher than in any other inflammatory myopathy (107). 

All stages of histological development are present in an active FOP 

lesion, suggesting that different regions within the lesion mature at 

different rates. Although heterotopic bone formation in FOP is similar 

in some respects to bone formation in embryonic skeletal 

development and postnatal fracture healing, an important difference 

is the lack of inflammation in primary skeletal formation (104). 
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1.3.3   Factors involved in HO pathogenesis 

1.3.3.1   BMP signalling in HO 

The majority of FOP patients carry a missense heterozygous mutation 

(c.617G>A; R206H) in the glycine-serine residue (GS) activation 

domain of activin A type I receptor/activin-like kinase 2 (ACVR1/ALK2) 

(87). Other mutations identified in FOP patients are all located in the 

GS domain of ALK2 (104). ALK2 is a type I BMP receptor belonging to 

TGFβ superfamily. Similarly to TGFβ signalling, also BMP ligands 

require type I and type II receptor association to activate the pathway 

(108). 

In particular, in mammals, there are seven type I receptors, the BMPR-

I group (ALK3 and ALK6), the ALK-I group (ALK1 and ALK2) and the TbR-

I group (ALK4, ALK5) receptors in mammals, i.e., BMPR-II, ActR-II and 

ActR- IIB and MISR-II, of which BMPR-II, ActR-II and ActR- IIB can serve 

as type II receptor for BMPs that are expressed in multiple tissues 

(108). Both type I and type II receptors are required for signal 

transduction (109). The type II receptors are constitutively active and 

are responsible for activating type I receptors. The type I receptor 

contains a so-called L45 loop that extends from the kinase domain and 

which is required for interaction and activation of downstream 

receptor regulated Smads (R-Smads) (108). The intracellular GS 

domain (glycine and serine-rich domain) of type I receptors located N-

terminal to the serine-threonine kinase domain controls the kinase 

activity of type I receptors. The phosphorylation of serine and 

threonine residues in the GS domain by type II receptor activates the 
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kinase activity of the type I receptor and initiates signal transduction 

mediated by the type I receptor (108). Under normal circumstances, 

type I receptors can form oligomeric complexes with type II receptors 

in the absence of ligands. To prevent type I receptor activation 

independent of ligand stimulation, the negative regulator FKBP12 

binds to the intracellular GS domain of type I receptors thereby 

preventing it from being phosphorylated in the absence of a ligand 

(110). Upon ligand stimulation, FKBP12 dissociates from the type I 

receptors,  allowing the phosphorylation by type II receptors on serine 

and threonine residues in the GS domain. 

Upon formation and subsequent activation of a BMP ligand-receptor 

complex, the activated type I receptors phosphorylate receptor 

regulated Smad proteins (R-Smads) at their two C-terminal serine 

residues. ALK1, -2, -3, and -6 mediate the phosphorylation of R-Smad1, 

-5, and -8. The phosphorylated R-Smads can form complexes with the 

common mediated Smad (Co-Smad), Smad4, and translocate into the 

nucleus. In the nucleus, this Smad complex binds the DNA and in 

collaboration with co-activators and repressors and other 

transcription factors regulates the expression of specific genes (111). 

BMP proteins derive their name, Bone Morphogenetic Proteins, from 

their osteo-inductive capacity when injected in tissue, as 

demonstrated by Urist in 1971. More than 20 BMPs have been 

identified and characterized, but not all show osteo-inductive 

properties. On the basis of phylogenetic analysis and sequence 

similarities, the osteo-inducing BMPs can be divided into three 
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subgroups: the BMP2/4 subgroup, the BMP5/6/7/8 subgroup and the 

BMP9/ 10 subgroup (108). All of the bone-inducing BMPs can induce 

mesenchymal stem cells to differentiate into osteoblasts in vitro (108). 

BMP proteins are fundamental for skeletal formation and fracture 

repair but the embryo lethality of knockout mice show that BMP family 

is involved heart development (112). Some of the BMPs knockout died 

after birth or show, in addition to skeletal defects, alterations in: 

kidney, eyes, spermatogenesis and are associated with type II diabetes 

and iron overload (113). 

Different molecular events have been described as consequence of 

FOP mutation, all resulting in aberrant BMP signalling: i) the mutation 

seems to decrease the affinity of ALK2 for FKBP12, resulting into leaky 

activation of the receptor in the absence of ligands (114). ii) Mutated 

receptor shows increased response to BMP proteins (115) and more 

recently it has been demonstrated that iii) mutation confers 

responsiveness to ActivinA (116, 117) behaving as an inhibitor 

molecule in wild-type cells, it competes with BMPs for binding the 

receptor without eliciting Smad activation. In vitro evidence has shown 

that ActivinA stimulation induces chondrocytes and osteoblasts 

differentiation only in FOP mutated cells (118). 

The pathogenesis of acquired forms is not well understood, the main 

inducer of HO in the acquired form seems to be tissue inflammation. 

Researchers have tried to find a link with fibrodysplasia ossificans 

progressiva (FOP), but a genetic predisposition has not yet been 

established. However, evidence from patients sample indicate that 
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BMP signalling is involved in acquired forms pathogenesis: in the valve 

where HO was identified, BMP2 and BMP4 were found to be expressed 

by myofibroblasts and preosteoblasts in areas adjacent to B- and T-

lymphocyte infiltrations (119). BMP9 was found to be up-

overexpressed within osseous ectopic lesion in a traumatic HO case 

(120). Moreover, multiple studies showed that BMP2, BMP4, and 

BMP9-induced HO in skeletal muscle by intramuscular injections (121, 

122, 85). It has been postulated that bone morpho- genetic protein is 

liberated from normal bone in response to venous stasis, 

inflammation, or diseases of connective tissue attachments to bone, 

conditions that often accompany immobilization or trauma (124). 

BMPs may mediate the induction of acquired HO. Like in FOP, 

inflammation is involved in the formation of ectopic bone in acquired 

HO. The pro-inflammatory cytokine TNFα can stimulate the expression 

of BMP2, an important bone inducer in endothelial cells (125). In 

addition, TNFα can augment the recruitment and differentiation of 

muscle-residing stroma cells (mrSCs) to enhance bone formation 

(126). 

Up to now several BMP inhibitors have been developed to interfere 

with HO development. Since the discovery of dorsomorphin (129), an 

ALK2, ALK3 and ALK6 inhibitor, different compounds have been 

synthetize to enhance efficacy and specificity to target ALK2: DMH1 

(128), K02288 (129), LDN-193189 (130), LDN-212854 (131), ML347 

(132). Also an antisense oligonucleotides (AONs) has been developed 

to mediated exon skipping of mutated receptor (133). However, none 
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of this attempts has provided an acceptable therapeutic profile to be 

translated in a clinical trial. 

 

  

1.3.3.2   The role of inflammation in HO 

Inflammation appears to be a central mediator of HO both in acquired 

and FOP, many evidences support a link between heterotopic 

ossification and immune system in FOP: onset of flare-ups are in most 

of the case preceded by soft tissue trauma: muscle fatigue, viruses, 

and immunizations (134) Trauma induced by surgical removal of 

heterotopic bone leads to new bone formation (105). Flare-ups in 

patients are characterized by swelling, oedema and pain that are 

accompanied by infiltration of mast cells, lymphocytes and 

macrophages, similarly to what happened in mouse model of FOP 

(105,86). Anti-inflammatory and immunosuppressive therapies seem 

to counteract the development of HO, ameliorate flare-ups symptoms  

or to prolong the quiescence phase between flare-ups episodes (135).  

A connection between BMP signalling and inflammation also exists. 

Complementary to their effect on stimulating HO, native and 

recombinant BMPs are potent pro-inflammatory proteins at 

heterotopic sites (136). Cunningham et al (137) showed that BMP4 

was a potent chemoattractant to monocytes in vitro and may promote 

HO through its profound effects on monocyte recruitment and 

cytokine synthesis. BMP4 can also cause early lymphocytic infiltration 
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in mouse models similar to that seen in FOP flare-ups. BMP6 induced 

expression of pro-inflammatory inducible nitric oxide synthase (iNOS) 

and tumor necrosis factor alpha (TNFα) in macrophages. 

In a recent study, Convente and colleagues reported that targeted 

ablation of macrophages and mast cells in ACVR1R206H+ mice 

dramatically impaired HO (138) 

The discovery of the ALK2 mutated sensitivity to ActivinA permits to 

establish a new connection between BMP signalling and inflammation, 

in physiological conditions ActivinA is a competitive inhibitor of BMP 

proteins since its binding does not trigger Smad activation but it is also 

an important cytokine in the regulation of inflammatory pathways. In 

particular, Act A regulates cell growth and maturation of mast cells, a 

critical innate immune cell involved in all stages of FOP flare-ups. Act 

A can be induced in many cell types under inflammatory conditions, 

and can stimulate multiple toll-like receptors (TLRs), a likely 

component of HO induction in FOP lesions. Act A is highly relevant to 

the pathogenesis of HO in FOP (134, 116,117). 

Act A expression is induced in skeletal muscle after cardiotoxin- 

induced injury and overexpression of Act A causes significant damage 

to skeletal muscle. Additionally, Act A neutralization improves repair 

and regeneration and restores normal muscle function in cardiotoxin-

induced skeletal muscle injury. Importantly, Act A inhibition after 

cardiotoxin-induced skeletal muscle injury is associated with 

histological improvements and alterations in inflammatory biomarkers 

(134) 
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While it is known that ActivinA enhanced chondrogenesis in mutated 

osteoprogenitors cells, the effect of the mutation in immune cells 

behaviour is yet to be investigated. 

Acquired HO forms arise after severe tissue trauma, the development 

of HO was found to be correlated with presence and severity of 

traumatic brain injury, amputation, and injury severity (100). Patients 

with traumatic HO exhibit an exaggerated inflammatory response with 

unique pattern of cytokines expression compared to patients with 

similar injuries but who do not develop HO (140). 

Regarding acquired forms, also neuroinflammation seems to be 

involved in the pathogenesis of HO following cord spinal injury. Upon 

nerve damage, substance P is released by mast cells and leading to 

BMP-mediated HO. In addition to inflammatory stimulus, other factors 

have been taking in consideration in favouring an osteo-inductive 

environment like hypoxia and neuroinflammation (141). 

 

1.3.4   Study of the cellular origin of HO osteoprogenitors 

A better comprehension of the cells involved in the pathogenesis of 

HO could bring about important findings valuable to develop a cure for 

HO. Identifying progenitors cells that give rise to ectopic bone can lead 

to the discovery on new therapeutic targets. Currently, the nature of 

osteoprogenitors cells is still a debated discussion. 
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Many studies have focused their attention on identifying progenitors 

cells that give rise to ectopic bone. Lineage tracing techniques, by 

enabling reporter gene expression in specific type of cells through 

inducible Cre-recombinase, used in mouse models of HO shed some 

light on this issue. Several mice models of HO have been developed to 

mimicry the different cues leading to HO. Basically mice models of HO 

have been achieved by i) injecting BMP proteins in tissue, ii) 

introducing hyperactive BMP signalling mutations , iii) inducing severe 

tissue trauma. 

As demonstrated first by Urist in 1965 (136) injections of BMP proteins 

trigger an endochondral program. It is known that BMP2, BMP4, BMP9 

can induce HO (121, 122, 85). Osteo-inductive BMPs effects can 

require or be potentiated by concomitant presence of cardiotoxin. 

Delivery of BMPs proteins has been achieved also by injecting cells 

infected with adenoviruses, retroviral viruses, overexpressing BMP-

genes (mostly BMP 2 or 4) are used to induce HO (141). Before the 

discovery of FOP mutation, several attempts at up-regulating BMP 

expression under the control of different promotors have been made, 

surprisingly most of the transgenic mice failed to induce HO, mainly 

for embryo or perinatal lethality, while in some cases led to no visible 

alterations or affected specific organs (142). Only BMP4 

overexpression under the control of neuron specific enolase promoter 

(Nse-BMP4) develops a phenotype that closely recapitulates the FOP 

phenotype and that also displays the histological hallmarks of typical 

acquired HO (142).  
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The identification of FOP mutation enabled the generation of ALK206H 

knock-in mouse that recapitulates all phenotypic features of FOP 

patients but germline transmission of the mutation causes lethality 

revealing the limits of this mouse model, partially overcome by the use 

of chimeric mice (86). Conditional knock-in has provided another 

strategy to bypass germline transmission and to maintain clinical 

features of FOP: development of ectopic bone in injured sites as well 

as spontaneous ossifications following the typical pattern (117).  

Models to study acquired heterotopic ossification includes Achilles 

tenotomy, immobilization and manipulation of joints, spinal cord 

injury, dorsal scald burn. All the above mentioned models lead to 

heterotopic ossification following an endochondral model (141) . 

Regarding the study of the osteoprogenitors nature, first lineage 

tracing experiments performed in mice overexpressing BMP4 ruled 

out lymphocytes, macrophages, somite derived cells as ectopic bone 

progenitors cells (143).  

Positive results from lineage tracing experiments have been achieved 

by Tie2 activated Cre-recombinase, Tie2 is a marker expressed by 

endothelial, hematopoietic and mesenchymal cells. Other 

experiments support the hypothesis of tissue resident mesenchymal 

cells as osteoprogenitors (144). The evidence of endothelial markers 

in the ossified region in the samples derived from patients affected by 

FOP (84) and acquired HO (83) suggest that EndMT can give rise to 

osteogenic mesenchymal cells. The work of Medici (84) illustrates how 

the introduction of FOP mutation in endothelial cells confers 
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multipotency: ALK2R206H EC cells express stem cell markers and 

acquire sensitivity to BMP stimulus enabling osteogenic 

differentiation. 

Generation of lineage tracing mice in which both the induction of 

mutation and the reporter gene occur only in FAP cells, shows how 

fibroadipogenic precursors directly differentiate in chondrocytes and 

osteoblasts of ectopic lesions (145). 

Due to the differences in the animal model used the question of 

cellular origin of osteoprogenitors is not fully addressed and evidence 

reported up to know suggest that more than one population is able to 

differentiate in chondrocytes and osteoblasts. 
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1.4   Scope of the thesis  

 

The aims of this project are: 

1) Identify new BMP inhibitors to counteract HO 

2) Study the role of Endothelial to mesenchymal transition and 

macrophages in heterotopic ossification 

3) Explore the involvement of Adar proteins in TGFβ signalling. 

 

Chapter 1 is an extensive review on the current knowledge on the role 

of endothelial cells in tissue regeneration in coordination with immune 

cells, and the pathological transition from endothelial to mesenchymal 

phenotype as a pathogenetic mechanism of heterotopic ossification, a 

disease in which muscle tissue turns into bone. The last part of this 

chapter introduces general aspects of HO and discusses the sources of 

osteoprogenitors cells. 

The work presented in Chapter 2 focusses on the pharmacologically 

targeting of ACVR1, (BMP type I receptor), found mutated in 

Fibrodysplasia Ossificans Progressiva (FOP), a genetic form of HO. A 

BMP signalling inhibition screening strategy led us to the identification 

of a drug able to counteract the development of HO in mice. 

In Chapter 3 I show the participation of endothelial cells to initial phase 

of HO and the protective role of macrophages in restricting the identity 

of endothelial progenitors and limiting the extent of ectopic bone.  
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Chapter 4 gathers preliminary results about the role of RNA editing 

enzymes in endothelial identity and interactions with TGFb pathway. 

Chapter 5 collects the implications of the findings described in chapter 

2, 3 and 4. “Future perspectives” paragraph discusses about the 

therapy for HO, paying special attention to FOP and unclear roles of 

ECs and macrophages in this pathology.   
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CHAPTER 2 
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discovery of potential therapeutics for fibrodysplasia ossificans 
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CHAPTER 4 

The role of Adar enzymes in endothelial cells 

(Preliminary data) 

 

4.1  Background 

Recent works unveiled the role of RNA editing in controlling 

angiogenesis in endothelial cells. Conversion of adenosine in inosine is 

a post-transcriptional deamination carried out by Adar1 and Adar2 

enzymes. Inosine are read by the translational machinery like G 

leading eventually to an aminoacidic change. While aminoacidic 

change is a quite rare event, most of the A to I RNA editing takes place 

in Alu elements of UTR genes and regulates gene expression. Adars 

activity can also target microRNA sequence generating a shift in 

microRNA targetoma (1). 

Although Adars are expressed in endothelial cells, most of the research 

in RNA editing focused the attention on the brain and its role in 

endothelium is almost an untapped field. The work of Stellos et al (2),  

describes how Adar1 edits Alu elements in Cathepsin S 3’ UTR, 

resulting in increased Hur binding and consequent mRNA stabilization. 

When Adar1 is knocked down in HUVEC, cathepsin S mRNA is 

decreased and it is followed by inhibition of angiogenic sprouting.  

It is well known that microRNAs influence complex vascular 

pathological processes, including atherosclerosis, restenosis, 

aneurysm formation and neovascularization (3). MicroRNA are 
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targeted by Adar enzymes during neovascularization as illustrated by 

the work of Reginald at al, (4) describing the occurrence of RNA editing 

in miR487b that has a known vasoactive effect and is upregulated 

during chronic hypertension formation. A-to-I editing alters the seed 

sequence of miR487b, generating a new targetoma that stimulates 

angiogenesis.  

 

The transcriptomic analysis described in Chapter 3 indicates that 

macrophages depletion from regenerating muscle induces EndMT. In 

addition to up-regulation of mesenchymal genes and down-regulation 

of endothelial genes, also Adar genes appear to be modulated by 

macrophage depletion.  

These data suggested a potential involvement of Adars in the 

triggering or progression of EndMT.  

On this basis we decided to explore the role of Adar1 and Adar2 in 

Ea.yh926 cells endothelial cells paying special attention to TGFβ 

signalling because of is  known capacity of inducing EndMT, in addition  

TGFβ levels are found increased in macrophage depletion conditions 

after muscle damage (5). 

 

4.2 Materials and methods 

Experimental procedures regarding mice and NSG data are described 

in chapter 3. 
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Cell culture  

EA.hy926 (ATCC® CRL-2922™) were maintained in MDCB131 medium 

(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) 

(Invitrogen, Carlsbad, CA), 10Mm L-Glutamine (Invitrogen), 1mg/ml 

Hydrocortisone (Sigma-Aldrich, Buchs, SG), penicillin/ streptomycin 

(Invitrogen) and VEGF 10 ng/µl (Sigma-Aldrich). Cells were grown on 

1% gelatin coated plates for gene expression analysis after 24h ligands 

treatment with 1 ng/µl BMP9 (R&D System, Minneapolis, Minnesota, 

USA), 5 ng/µl TGFβ3 (OSI Pharmaceuticals, Farmingdale, USA), 10 

ng/µl TNF-α (Thermo Fisher Scientific, Waltham, MA, USA), 50 ng/µl 

ActivinA (Fisher Scientific, Waltham, MA, USA), 10 μM kinase inhibitor 

SB431542 (Tocris Bioscience, Ellisville, MO, USA). 

 

Quantitative-RT PCR 

Total RNA extraction was performed using NucleoSpin RNA II (Machery 

Nagel, Düren, Germany). 500 ng of RNA were retro-transcribed using 

RevertAid First Strand cDNA Synthesis Kits (Fisher Scientific, 

Landsmeer, The Netherlands), and real-time reverse transcription-PCR 

experiments were performed using SYBR Green (Bio-Rad, Veenendaal, 

The Netherlands) and a Bio-Rad CFX Connect device. 

 

Lentiviral production. 

Lentiviral vectors were produced by transfecting HEK293T cells with 

helper plasmids: pCMV‐VSVG, pMDLg‐RRE (gag/pol), pRSV‐REV and 

Adar1 or Adar2 shRNAs (MISSION Sigma-Aldrich). As controls cells 

were also transfected with pLKO.1 or Scramble plasmids. Cell 
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supernatants were harvested 48 hours posttransfection and 

thereafter used for cell infection. At 48 hours after infection, EA.hy926 

cells were cultured in medium containing 4 µg/mL puromycin (Sigma‐

Aldrich) for 1 week to generate stable cell lines expressing pLKO.1 or 

Scramble construct or short hairpin RNAs (shRNAs) selectively 

targeting Adar1 or Adar2.  

 

Immunofluorescence 

EA.hy926 grown on coverslip were fixed with 4% formaldehyde for 30 

minutes at room temperature, washed with glycine for 5 minutes, 

permeabilized with 0.2% Triton X-100 and blocked in PBS containing 

5% BSA for one hour. Next, the cells were incubated o/n at 4°C in 

blocking solution containing primary antibodies: anti-Adar1 (Abcam, 

Cambridge, UK), anti-Adar2 (Abcam), anti pSmad2/3 (Cell signaling 

Technology, Danvers, MA, USA) anti  with gentle shaking. Next day, the 

cells were washed 5 times in washing buffer (PBS containing 0.05% 

Tween-20 and 1% BSA) and incubated with secondary antibodies 

(Alexa Fluor, Invitrogen, Breda, the Netherlands) in PBS with 0.5% BSA 

for 1 one hour. Finally, the cells were washed 5 times in washing buffer 

and mounted in Prolong Gold containing DAPI (Invitrogen). After 

careful drying, the preparations were imaged in a Leica SP5 Confocal 

Scanning Laser microscope. A representative picture from each 

staining is shown. 
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Western blot 

Lysate were boiled for 5 minutes and electrophoresed in 10% 

SDS/polyacrylamide gel. Separated proteins were transferred to 

nitrocellulose membranes (0.5 A at 100 V; in ice) for 1 hour. Blots were 

blocked in Tris-Buffered Saline solution containing 0.1% Tween 20 and 

5% non-fat dry milk overnight at 4°C, and immune-detection of specific 

proteins was carried out with primary antibodies: anti-Smad3 antibody 

(Abcam), phosphorylated Smad2 antibody (Cell signaling Technology) 

and GAPDH antibody (Sigma) followed by horseradish peroxidase-

conjugated anti-mouse or anti-rabbit (GE Healthcare, Chicago, Illinois, 

USA) secondary antibodies using ECL system (Thermo Fisher Scientific) 

and quantified using ChemiDoc (Bio-rad).   

 

4.3  Results 

Deep sequencing (RNA-seq) analysis conducted (chapter 3) in 

endothelial progenitors (EYFP+ cells) isolated from regenerating 

muscle reveals that in addition to endothelial and mesenchymal genes, 

also Adar1 and Adar2 gene expression is affected by macrophages. 

When MP are depleted by clodronate treatment the level of Adar1 and 

Adar2 is reduced by about 50% (Fig.1).  

To establish a link between EndMT and Adars we used a HUVEC-

immortalized cell line (Ea.hy926), known to be sensitive to TGFβ-

induced EndMT (6), to evaluate modulation of Adar expression by 

ligands belonging to TGFβ family: BMP9, TGFβ3, ActivinA and TNFα for 

its EndMT-inducing capacity. None of these ligands alters Adar1 or 
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Adar2 gene expression in wild-type  Ea.hy926  cells after 24 hours of 

treatment (fig. 2a).  

Since Adars proteins shuttle out of the nucleus to accomplish different 

functions, as  promoting the activity of Dicer and the assembly of RNA-

induced silencing complex (RISC)  (1), we checked if TGFβ stimulation 

can affect Adar translocations (Fig 2B). Starvation has been induced in 

Ea.hy926 for 6 hours cells by FBS deprivation before TGFβ3 stimulation 

(45 minutes) to observe change in Adar proteins localization through 

immunofluorescence in fixed cells. As expected, TGFβ stimulation is 

followed by traslocation of Smad factor into the nucleus, while Adar 

proteins do not show appreciable changes in localization upon 

treatment, which appear to be mainly nuclear (Fig. 2B).  

 

We next interrogated the effects of silencing Adars enzymes in Smad 

activation. We therefore evaluated the efficiency of different specific 

short-hairpin RNAs targeting Adar1 or Adar2 proteins (Fig.3). All the 

constructs were directed against a region shared by all the transcripts 

of Adar1 or Adar2 reported in literature. As controls we used cells 

infected with empty (pLKO.1) and Scramble vectors. Adar1 KD does 

not appear to target Adar2 or to induce a compensatory up-regulating 

Adar2 mechanism, and the same for Adar2 KD towards Adar1, as 

expected by literature describing not overlapping editing sites for Adar 

enzymes.  

shAdar1 #4, as demonstrated by Western Blot  (Fig.3b)  has a low 

efficiency, while other constructs reach a substantial reduction of Adar 

proteins. Silencing of Adar1 and Adar2 knock downs were compatible 
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with Ea.yh926 cells vitality enabling us to stimulate the cells with 

TGFβ3 for 48 hours (Fig. 4, Fig. 5). Treatment with TGFβ, known to 

induce EndMT, cause, as expected, the acquirement of a spindle 

morphology in all conditions (Fig. 4-5), the mesenchymal shape seems 

to be more pronounced in ShAdar1 #1 KD (Fig. 4, arrows). We 

therefore wonder if Adars can increase sensitivity to TGFβ 

hyperactivating Smad factors. Evaluation of Smad2 phosphorylation 

does not reveal differences among KD and control (Fig. 6). Similarly, 

TGFβ target genes do not show to be modulated by Adars (Fig.7) after 

48 hours of treatment.   
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4.4  Conclusions 

In conclusion even if Adar enzymes regulate some aspects of 

endothelial functions (2,3), a direct interplay between Adars and TGFβ 

signalling has not been demonstrated yet.To understand if the 

acquirement of spindle morphology depends on TGFβ stimulation and 

Adar1 KD (#1), further experiments are required. In particular, TGFβ 

target genes or Smad activation are not increased by reduction of 

Adar1 protein. Non-canonical TGFβ signalling pathways, including 

MAP kinase, Rho-like GTPase and phosphatidylinositol-3-kinase/AKT 

(7) should be studied to evaluate a possible involvement of Adar1 in 

modulating TGFβ signalling. 

Analysis of the effects of non-canonical pathways in Adar1 KD should 

be carried out using specific pathway inhibitors to verify the effect of 

TGFβ.  

Since Adar enzymes control particular aspects of endothelium (2,3), 

like angiogenesis, it is possible that the effects of Adar KD cannot be 

seen in basal conditions and can only be appreciated when endothelial 

cells are challenged in a specific contest like in sprouting.  

Adar1 has a known role of mitigating the intracellular effects of 

inflammation (2,3) in different cell types, data from non-endothelial 

cells report that TNFα can induce the expression of Adar1, this effect 

was not reproduced in our system. This may be related with the 

specific endothelial cells used in this work (Ea.hy926 cells), since ECFC 

derived from FOP patients and healthy donors (data not shown) 

upregulate Adar1 in response to TNFα treatment.  
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It would be therefore interesting to evaluate how TNFα induced 

EndMT is affected when Adar1 expression is silenced in another type 

of endothelial cells.  

Endothelial heterogeneity can generate important differences in TGFβ 

sensitivity and pathways activation (8) explaining why in vivo we noted 

a reduction of Adars level in EndMT inducing conditions not 

reproduced in our in vitro conditions.  

Co-culture experiments, using macrophages and EC, can clarify the 

existence of possible regulating  mechanisms of Adar activity between 

these two cell-types. 
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CHAPTER 5 

5.   Discussion 

5.1   Summary 

The results presented in this thesis show that in vivo heterotopic 

ossification is in part caused by EndMT, and the process endochondral 

ossification can be modulated by inhibitors of BMP signalling and by 

the cells of the immune system.  

In particular we have shown that dipyridamole is able to counteract 

HO development. Dipyridamole is an ACVR1 modulator, in vitro it 

blocks the chondrocytes and osteoblasts differentiation of two cell 

lines. The in vivo study demonstrated a reduction of ectopic bone 

volume possibly due to the downregulation of Smad activation. 

We have observed indeed that in the muscle niche altered by 

cardiotoxin damage, endothelial cells are sensitive to the osteogenic 

stimulus of BMP2 and differentiate into chondrocytes. 

Most importantly we demonstrate that altered macrophage 

infiltration in the damaged muscle is deleterious for two main reasons: 

i) it increases the number of endothelial progenitors differentiating in 

chondrocytes leading also to osteoblasts differentiation. ii) it increases 

the bone ectopic volume and density. Even in this scenario 

dipyridamole is still able to reduce the extent of osseous lesion. 
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5.2  Conclusions 

When HO takes place in muscle, two opposite events are occurring in 

the tissue: on the one hand, a new, completely different tissue is 

developing, on the other hand, the muscle regeneration triggered by 

trauma fails to heal. In FOP patients indeed, not only we can observe 

an increased level of ossification, but also uncalcified areas show 

pathological conditions: a biopsy of masseter muscle reveals the 

presence fibroblastic cells next to the ossified zone, replacement of 

muscle with connective tissue, atrophied muscle fibers, dense collagen 

deposition between muscle fibers. Also the vessel network presents 

alterations with approximately 70% of these blood vessels showing 

various degrees of degenerative changes, e.g. artery with collapsed 

lumen, endothelial fragmentation associated with gaps in the vessel 

wall, some endothelial cells were dark and showed an almost 

complete hyalinization of the cell contents. The pericytes were 

similarly affected (1). These data suggest that, even if ossification is 

the main pathological manifestation of FOP and the most life-

threatening symptom  leading to reduced chest mobilization and 

respiratory insufficiency, the disease includes important defects not 

directly connected with ossification development. The design of FOP 

therapy should consider also the restoration of muscle functionality. 

Only the complete understanding of all cellular dysfunction occurring 

during HO may pave the way to a successful therapy. 
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5.2.1 Endothelial cells as players in HO 

Endothelial cells participating to the formation of the cartilage analgen 

exhibit activation of Smad1/5/8 pathway (2), necessary for osteogenic 

differentiation and loss of endothelial marker CD31, indicating that 

EndMT is a pathological mechanism concurring to HO development. 

Contribution of endothelial cells does not show a homogeneous 

pattern within the ossified sections. 7 days after HO induction it is 

possible to recognize different areas with Sox9+ cells, some of them 

co-express EYFP marker, while others do not derive from endothelial 

precursors. This suggest that osteogenic conversion of endothelial 

cells may require an additional stimulus, such as a specific 

concentration of BMP, the presence of particular inflammatory signals 

or the proximity to specific cell type. 

EYFP+ cells take part to HO formation also by assembling vessels within 

the ectopic lesion: understanding how endothelial cells are committed 

to vascular or osteogenic differentiation is still to be clarified. A 

different state of stemness or the heterogeneity of endothelial cells 

may account for this divergent behaviour: endothelial cells lining the 

inner wall of blood vessels exhibit diverse subtypes and different ECs 

have different structural and functional characteristics based on their 

exposure to distinct microenvironments (3). EC are activated by 

inflammatory signals and many studies showed that each EC subtype 

responds differently to different inflammatory stimuli in vitro (4). . As 

described by Scott et al.,(5), response to TNFα is indeed different 

accordingly to ECs subtype: VCAM-1 expression was only increased in 
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response to TNFα in HUVECs and glomerular ECs, but not in dermal 

microvascular ECs . In addition, they (6) reported changes in 

heterogeneous gene expression in response to TNFα, 

lipopolysaccharide (LPS), and IL-1β in HUVECs, human pulmonary 

microvascular ECs, HAECs, carotid artery ECs, coronary artery ECs, 

subclavian artery ECs, and brachiocephalic artery ECs. TNFα and IL-1β-

stimulated organ-specific endothelial heterogeneity has also been 

reported (7). Also the effects elicited by TGFβ treatment shows 

variability among EC subtypes. In human coronary artery ECs, both 

TGFβ1 and TGFβ2 upregulate the expression of the mesenchymal 

markers α-SMA and SM22α, but only TGFβ1 has an effect on α-SMA 

expression in human pulmonary microvascular ECs (8). Thus, 

differential behaviour in response to TGFβ and TNFα stimulus may 

generate increased or reduced propensity to undergo EndMT. 

It has recently been reported evidence that in a mouse FOP model 

(Acvr1tnR206H/+;R26NG/+;Tie2-Cre mice) endothelial cells do not 

directly participate to heterotopic ossification, while FAP cells are the 

main cells contributing to the formation of ectopic bone (9). This 

discrepancy with our finding can be explained by the use of the 

different mouse model. In Shepard et al. work (9) the use of 

Acvr1tnR206H/+;R26NG/+;Tie2-Cre mice, in which FOP mutation is 

expressed in FAP cells appears to be sufficient to drive the formation 

of ectopic bone. The in vivo effects of the mutation can establish an 

osteo-inductive environment in which mutated FAP are the most 

sensitive cells to osteogenic differentiation. These data suggest that, 



134 
 

although acquired and genetic HO show that the process of 

ossification is phenotypic similar the mechanism governing the cellular 

differentiation are different. 

 

5.2.2   Macrophages: friends or foe in HO 

Correct muscle regeneration requires the presence of macrophages to 

guide myoblasts differentiation and permit the reconstitution of vessel 

network, equally important for tissue healing (10,11). In our work, 

macrophages depletion boosts EndMT and endothelial commitment 

to osteogenic fate, with an overall increase of calcified area. The 

molecular explanation of the EndMT and osteogenic stimulation 

induced by reduction of macrophages is still not completely 

elucidated. The work of Zordan et al (12), shows that macrophages 

depletion is associated with increased TGFβ level in the muscle, 

followed by up-regulation of Snail transcription and reduction of 

MMP2, MMP13 and MMP14. When BMP is added in the model of 

cardiotoxin muscle damage and macrophages depletion, we assist, in 

this work, to a significative up-regulation of BMP6 expression and an 

increased tendency of BMP4 in non-endothelial cells. In order to clarify 

if this is a direct effects of macrophages depletion, due for example to 

macrophages-secreted cytokines, in vitro studio are required to 

challenge macrophages in limiting osteogenic signals present in the 

muscle niche. 
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Another possible reason to explain the role of macrophages in 

counteracting heterotopic ossification is provided by the cross-talk 

between FAP and macrophages in regenerating muscle. FAP cells in 

healthy muscle are quiescent but become rapidly activated following 

injury and they are primary producers of connective tissue in injured 

muscle, providing a temporary scaffold to the tissue when muscle 

fibers are destroyed. Proliferation and apoptosis of FAP are regulated 

by macrophages: the first is induced by M2 macrophages secreting 

TGFβ, while apoptosis is driven by TNFα released from M1 

macrophages (13). Macrophages depletion can therefore increase or 

reduce the number of FAPs. This double effects of macrophages on 

FAPs can conciliate the discrepancy on their role in HO arisen in several 

works  where macrophages depletion impairs heterotopic ossification 

(14).  

In our model, we achieved approximately 50% reduction of circulating 

monocytes that turned into almost 90% macrophages depletion in 

ossified muscle. Although diminished, a number of macrophages is still 

present in the lesion, it would be interesting characterize their 

phenotype regarding M1-M2 markers and comparing the polarization 

state with the control mice. An in vitro study, could also complement 

and provide more information on eventual differences between M1 

and M2 polarization in promoting osteogenic differentiation. This 

differential capacity of M1-M2 in affecting the differentiation of cells 

comes true for endothelial cells derived from muscle, we have in vitro 
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evidence (unpublished data) that the state of  macrophages 

polarization can generates difference in EndMT process.   

 

Another unsolved issue about the role of macrophages in HO is how 

macrophages are affected by HO. It is not known if the occurrence of 

HO requires intrinsically alterations in immune cells. A bone-marrow 

transplant in a FOP patient showed that following the transplant no 

flare-ups occurred, when immunosuppressive therapy for avoiding 

rejection was suspended the patient underwent new ossification 

episodes (15). This suggests that also a wild-type immune system can 

triggers HO, but at the same time studying how immune cells are 

affected by the mutation can provide useful information since Act A is 

a powerful cytokine that acts as a key regulator of the immune system 

in mammals (15), especially in the inflammatory pathways. The work 

of Del Zotto et al., (16) reveals differences in the profile of 

immunological markers  of FOP patients. Of note DNAM1, an adhesion 

molecule expressed by both monocyte subpopulations, shows a strong 

increase in FOP monocytes. Interaction between CD155 and DNAM1 is 

pivotal in the regulation of monocyte migration by diapedesis through 

endothelial junctions (17). This finding may suggest the existence of a 

potential up-regulation of monocyte migration toward the sites of 

inflammation during the flare-up episodes.  
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In chapter 2 we showed that dipyridamole is an inhibitor of ACVR1 

transcription and can decrease the calcified area, moreover it is 

effective in reducing the calcified volume in macrophages-depleting 

conditions. The mechanism for this anti-osteogenic effect has not 

been elucidated, it has been demonstrated that dipyridamole can 

reduce the proliferation of several cell types (18). We noted that 

dipyridamole treatment is associated to a decrease of Smad1/5/8 

signalling and it might be a route for the drug to counteract HO 

development. We can exclude that the effect does not rely on the 

restoration of macrophages, since the number of monocytes does not 

appear to be affected by dipyridamole treatment. However, we cannot 

rule out an effect on macrophages.  

 

5.3   Future perspectives 

Up to now, while acquired forms of HO can be treated with surgical 

resection and anti-inflammatory therapy can limit the occurrence for 

high-risk procedures such as hip-replacement, the main treatment for 

FOP is trauma prevention and anti-inflammatory medications (19). If 

the first option cannot prevent spontaneous flare-ups occurrence and 

poses serious limits to the life quality, the second one has two main 

drawbacks: i) side effects and ii) doubtful efficacy of this type of drugs. 

Since the involvement of inflammation in the pathogenesis of HO, anti-

inflammatory drugs are currently use when a new flare-ups appears, 
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but side effects associated to anti-inflammatory drugs prevent a long-

term use.  

The nature of the disease and the lack of focused clinical trials arise 

uncertainties about the effects of these medications (20). The 

unpredictability of flare-ups evolution makes it hard to evaluate the 

efficacy, in some cases a flare-ups can spontaneously regress, in other 

cases symptoms vanish during anti-inflammatory assumption, but 

when medications are suspended, the flare-ups reappears and 

progresses through HO development, suggesting a rebound effect of 

anti-inflammatory drugs (20). The design of BMP inhibitors to block 

the effects of FOP mutation has revealed its limitation in the lack of 

specificity (21), both because it is difficult to produce a molecule that 

acts only on ALK2 without targeting other BMP receptors and because 

of the multitude and the importance of different physiological events 

controlled by BMP pathway (22). 

The two ongoing clinical trial that are evaluating the efficacy of 

palovarotene (NCT02521792) and anti-activinA antibody 

(NCT02870400) arise some concerns about the toxicity of the proposed 

therapy. The effects of palovarotene in inhibiting HO relies on 

targeting retinoic acid receptor (23), involved in the chondrogenesis 

process. The most attractive aspect of this strategy that led to clinical 

trial was the capacity of palovarotene to permanently derail the 

differentiation of osteoprogenitors toward a not osteogenic fate, but 

a recent study has highlighted potential toxicity of palovarotene 
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mechanism (24), especially for younger people since it exhibits 

pronounced skeletal toxicity in a mouse model of FOP. 

Inhibitors of ActivinA have been already tested for different 

pathologies and have shown occurrence of bleeding that can 

potentially endanger FOP patients who present alterations in 

vasculature network (25). Even if anti-ActivinA antibody has shown 

tempting results in mice, up to now there is no evidence in patients 

tissues that can support ActivinA is a driving-HO mechanism in human.  

Investigate the signalling induced by ActivinA could open the way to 

find new therapeutic targets. Some questions about ActivinA need to 

be addressed. For example is not established yet if ActivinA exerts a 

direct role on Smad signalling. Analysing the interaction with other 

BMP receptors might unveil unexpected obligatory partners to elicit 

intracellular response or the potential modulating effects by type III 

BMP receptors. 

A safer approach to target ActivinA requires study of conformational 

changes induced by the binding of ActivinA with the mutated receptor. 

This could lead to the design of inhibitors able to specifically bind the 

mutated receptor-ActivinA complex. A drug with this characteristic 

could be theoretically less harmful since it would permit physiological 

binding and activity of wild-type receptors. 

A limiting factor in this field is the reliance of FOP study on mice 

models, ALK2R206H engineered mice exhibit some divergence 

between human and mice in ALK2 function. While human embryos 
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develop quite normally, ALK2 mutation leads to mouse perinatal 

death. This discrepancy can have also an alternative explanation: since 

FOP is a very rare disease, affecting one person in two millions, it is 

legitimate to speculate that some specific genetic backgrounds may be 

compatible with life while other lead to embryonic death.  

Until this question is not addressed it is advisable to study FOP, when 

it is possible, using patients-derived material. Development of 

complex in vitro system could let make it possible to study interactions 

of human osteoprogenitors cells with endothelial and immune cells to 

mimicry in vivo environment. 

Regarding the pathological role of inflammation in triggering HO, the 

cross-talk between BMP signalling and immune cells requires further 

investigation to be elucidated. Each component of the inflammatory 

cascade should be accurately dissected to analyse the contribution to 

the pathogenesis of FOP. Understanding if the effect of mutation 

affects directly immune cells or if generates an aberrant inflammatory 

response it would be important in order to design a therapy aiming at 

rebalance the activation of inflammatory response to a physiological 

state instead of generally turn the immune system off. Even if 

inhibition of inflammation can abrogate heterotopic ossification, a 

reduced activation impairs muscle regeneration, limiting the beneficial 

effects of potential therapy  

The role of endothelial cells in HO have been up to now overlooked, 

their contribution to HO should be investigated beyond the osteogenic 

differentiation potential induced by EndMT. Bone and vasculature are 
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two connected systems, influencing their growth, differentiation, 

development and regeneration in a mutual manner. Bone cells 

produce VEGF that stimulates angiogenesis (27), fundamental to 

ensure proper bone vascularization. On the other hand, the work of 

Kusumbe et al. (28) demonstrates the existence of specialized vessels 

that control the differentiation of osteogenic precursors. Investigate 

the involvement of endothelium in the maintenance of bone structure 

can pave the way to treat late-stage osseous lesions, an issue that 

none of the approaches developed up to now has taken in 

consideration. Also new signalling pathways other than TGFβ and 

TNFα should be considered as therapeutic targets. Adar enzymes are 

emerging as new regulator of endothelial functions: getting new 

insights in the role of RNA editing mechanism in vasculature could 

open new therapeutic strategies for different disorders. 

In conclusion, the endothelium is able to define the microenvironment 

in order to promote tissue regeneration, on the other hand, alteration 

of endothelial cells can trigger a pathological activation eventually 

turning into EndMT, endangering the whole tissue integrity and 

function like in the many reporting of EndMT as a pathological 

mechanism occurring in several diseases. A deep comprehension of 

the mechanism governing endothelial biology is determinant to 

develop efficient therapy in several diseases.  
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