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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,



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



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 DIl4. DIll4 is produced by
endothelial cells and binds its receptor Notchl expressed by
neighbouring ECs. Activation of Notch signalling leads to inhibition of
VEGFR2 production and indirectly also to a decrease of DIl4. 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 DIl4 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



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
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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 Adarl, an enzyme
able to edit RNA by converting adenosine in inosine, causes a
significant inhibition of angiogenic sprouting in HUVEC, while
overexpression of Adarl 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.
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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-y, while stimulation with IL-4/1L-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 Thl 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

12



(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-a (TGFB-
a), and tumor necrosis factor (TNFa) and VEGF that increase sprouting,
while secretion of collagen |, procollagen C endopeptidase enhancer
1, secreted protein acidic and rich in cysteine, transforming growth
factor-B—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-
B, angiopoietin 1 (Angl)/Tie2 and transforming growth factor- (TGFp)
(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-a 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

17



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 mm?3 of adult, rodent limb muscles, which is equivalent
to approximately 10° 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

18



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-
v (IFNy) and tumour necrosis factor (TNFa). 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-
y: 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
TNFa, and phagocytosis of necrotic or apoptotic neutrophils increased
the expression of TGFB, 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 Th1l 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 um 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 Angl that acts on myogenic
cells expressing its receptor Tie2. Angl 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 TGFB 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,
aSMA, 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
aSMA+ 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
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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 TGFB 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 TGFp.

TGFB is a multi-functional cytokine involved in the regulation of
proliferation, differentiation, migration, and survival of many different
cell types (70). The relevance of TGFp signalling in endothelium is
made clear by the number of mutations in TGFp 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.

TGFpB pathway is composed by 3 TGFp ligands: TGFB1, TGFB2, TGFB3
that in endothelial cells signal mainly through ALK1 or ALK5 receptors.
These two receptors both bind TGFBR2 to activate the intracellular
mediator: Smad proteins. Once phosphorylated by ALK1 or ALK5 Smad
factors translocate into the nucleus where they activate TGF( target
genes (70).

TGFB 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 TGFB. 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 TGFpB-
h/ALKS5 pathway leads to inhibition of EC migration and proliferation,
the TGFB-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 1d-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 ALKS5, since ALKS is important for ALK1 recruitment in TGF
receptor complex and kinase activity of ALKS is essential for efficient
ALK1 activation. In addition, ALK1 signalling is not only opposite to
ALKS but directly antagonizes ALK5/Smad2/3 signaling.

The molecular mechanism behind TGFB induced EndMT involves the
Snail family of transcription repressors. In mouse embryonic stem cell

derived endothelial cells TGFB induces EndMT and expression of Snail.
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This upregulation of Snail TGFB was shown to be dependent on the
activation of Smad, MEK, PI3K and p38 MAPK by TGFB (75).
Subsequent knockdown of Snail blocked the TGFB induced EndMT.
Although overexpression of Snail was sufficient to induce for EndMT
Snail expression alone is insufficient (76). The inhibitor of Snail, GSK-
3B, 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 TGFB can lead to
EndMT. In myocardial infarction (MI) for example, canonical (B-
catenin-dependent) Wnt signaling is induced 4 days after experimental
Ml 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-a (TNFa), IL-1B, 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-1B, TNFa, nuclear factor kappa B
(NF-kB) 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 TNFa, [L10, TGFB, 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 Tiel-
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 | 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 | BMP receptor belonging to
TGFB superfamily. Similarly to TGFB signalling, also BMP ligands
require type | and type Il receptor association to activate the pathway

(108).

In particular, in mammals, there are seven type | receptors, the BMPR-
| group (ALK3 and ALK6), the ALK-I group (ALK1 and ALK2) and the TbhR-
| group (ALK4, ALK5) receptors in mammals, i.e., BMPR-II, ActR-1l and
ActR- 1IB and MISR-II, of which BMPR-II, ActR-Il and ActR- IIB can serve
as type Il receptor for BMPs that are expressed in multiple tissues
(108). Both type | and type Il receptors are required for signal
transduction (109). The type Il receptors are constitutively active and
are responsible for activating type | receptors. The type | 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 | receptors located N-
terminal to the serine-threonine kinase domain controls the kinase
activity of type | receptors. The phosphorylation of serine and

threonine residues in the GS domain by type Il receptor activates the
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kinase activity of the type | receptor and initiates signal transduction
mediated by the type | receptor (108). Under normal circumstances,
type | receptors can form oligomeric complexes with type Il receptors
in the absence of ligands. To prevent type | receptor activation
independent of ligand stimulation, the negative regulator FKBP12
binds to the intracellular GS domain of type | receptors thereby
preventing it from being phosphorylated in the absence of a ligand
(110). Upon ligand stimulation, FKBP12 dissociates from the type |
receptors, allowing the phosphorylation by type Il receptors on serine

and threonine residues in the GS domain.

Upon formation and subsequent activation of a BMP ligand-receptor
complex, the activated type | 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 Il 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 TNFa can stimulate the expression
of BMP2, an important bone inducer in endothelial cells (125). In
addition, TNFa 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 (TNFa) 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 TGF 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 | 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 | 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.

50



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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ABSTRACT

The ACVR1 gene encodes a type | receptor of bone morphogenetic
proteins (BMPs). Activating mutations in ACVR1 are responsible for
fibrodysplasia ossificans progressiva (FOP), a rare disease
characterized by congenital toe malformation and progressive
heterotopic endochondral ossification leading to severe and
cumulative disability. Until now, no therapy has been available to
prevent soft-tissue swelling (flare-ups) that trigger the ossification
process. With the aim of finding a new therapeutic strategy for FOP,
we developed a high-throughput screening (HTS) assay to identify
inhibitors of ACVR7 gene expression among drugs already
approved for the therapy of other diseases. The screening, based
on an ACVRT1 promoter assay, was followed by an in vitro and in
vivo test to validate and characterize candidate molecules. Among
compounds that modulate the ACVR? promoter activity, we
selected the one showing the highest inhibitory effect,
dipyridamole, a drug that is currently used as a platelet anti-
aggregant. The inhibitory effect was detectable on ACVR1 gene
expression, on the whole Smad-dependent BMP signaling pathway,
and on chondrogenic and osteogenic differentiation processes by in
vitro cellular assays. Moreover, dipyridamole reduced the process
of heterotopic bone formation in vivo. Our drug repositioning
strategy has led to the identification of dipyridamole as a possible
therapeutic tool for the treatment of FOP. Furthermore, our study
has also defined a pipeline of assays that will be useful for the
evaluation of other pharmacological inhibitors of heterotopic
ossification.

KEY WORDS: ACVR1, Transcriptional regulation, BMP signaling
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INTRODUCTION

Fibrodysplasia ossificans progressiva (FOP; OMIM 135100) is a
rare genetic disease with a prevalence of about one per 2-million
people. The inheritance is autosomal dominant, although most cases
are due to sporadic new mutations (Shore et al., 2005). Individuals
with FOP are characterized by a peculiar congenital toe
malformation and, usually starting within the first decade of life,
by a progressive heterotopic ossification (HO) that takes place
following some types of injury (such as trauma, medical surgery,
intramuscular  immunization, infections) or spontaneously.
Inflammatory soft-tissue swellings, commonly called flare-ups,
progressively transform skeletal muscles, tendons, ligaments, fascia
and aponeuroses into a second skeleton of heterotopic bone (Kaplan
et al., 2008).

The FOP gene (ACVRI) encodes a type I receptor of bone
morphogenetic proteins (BMPs), ACVRI (also known as ALK-2).
The most recurrent ACVR] mutation is in the glycine-serine (GS)
domain (c.617G>A, p.R206H) (Shore et al., 2006). Additional
mutations have been identified in the GS and in the kinase domain
of the protein in 3% of all known individuals with FOP (for a
review, see Kaplan et al., 2009; Bocciardi et al., 2009). The
consequence of ACVRI mutations is an alteration of inter-
intramolecular interaction of the mutant receptor that causes a
deregulation of the downstream BMP signaling (Shore et al., 2006;
Bocciardi et al., 2009; van Dinther et al., 2010; Song et al., 2010;
Groppe et al., 2011; Chaikuad et al., 2012).

At present, no established medical treatment is available for FOP.
Early diagnosis prevents unnecessary interventions, such as
biopsies or surgical operations that can exacerbate the progression
of the disease, and high-dose glucocorticoids are used in the
management of inflammatory flare-ups (Kaplan et al., 2013).

In recent years, much effort has been devoted to designing new
therapeutic approaches to FOP treatment and to identify new,
potentially useful, drugs (Kaplan et al., 2013; Sanvitale etal., 2013;
Yu et al., 2008a; Kitoh et al., 2013). A promising alternative to the
discovery of new drugs is the drug repositioning strategy, in which a
drug already developed for a specific disease can be used to treat a
different condition. Drug repositioning reduces costs and accelerates
the drug development process. Moreover, this approach might
contribute to clarify the mechanism of action of a given compound
by establishing a relationship between the molecular basis of the
disease and the ability of the compound to intervene at a certain step
of the disease process (Shameer et al., 2015).

A possible strategy to find drugs for the treatment of a genetic
discase could rely on a sensitive, specific and fast cell-based assay.
In this way, a large number of small molecules can be screened
[high-throughput screening (HTS)] to find agents that correct the

685

v
=
o
c
@©
d=
v
)
=
]
i)
0]
©
O
=
)
v
©
@
4
(@)




RESEARCH ARTICLE

Disease Models & Mechanisms (2016) 9, 685-696 doi:10.1242/dmm.023929

basic defect. The recent identification and characterization of the
promoter region of ACVRI (Giacopelli et al., 2013) inspired us to
develop an HTS assay by generating cells stably expressing the
luciferase reporter gene controlled by a 2.9-kb region of the gene
promoter. We expected that this type of assay would allow the
identification of molecules that, by inhibiting the ACVRI promoter,
would also negatively regulate the downstream signaling that is
upregulated and hyper-responsive to BMPs because of the mutation
in the receptor.

In this work, we describe the screening of a library of 1280 US
Food and Drug Administration (FDA)-approved compounds, in
order to identify modulators of ACVRI gene expression.
Characterization of hit molecules included a series of second-level
assays to evaluate the effect of compounds on chondrogenic and
osteogenic differentiation models in vitro and in vivo.

We found that dipyridamole, commonly used as an
antithrombotic and vasodilator drug, has an inhibitory effect on
ACVRI expression, as well as on the whole BMP signaling pathway,
and is able to affect chondrogenesis and osteogenesis, both in
cellular assays and in a BMP-induced HO mouse model.

RESULTS

Screening of the Prestwick Chemical Library

Our primary screening was designed to find drugs that downregulate
BMP signaling by targeting the expression of the ACVRI gene at the
transcriptional level. Accordingly, we developed a quantitative
assay based on expression of a reporter gene under the control of
the ACVRI promoter. To this end, we generated clones of the
ATDCS5 cell line (mouse chondrogenic cell line derived from
teratocarcinoma) stably expressing the luciferase coding sequence
under the control of the 2.9-kb promoter of the gene, previously
characterized by our group (Giacopelli et al., 2013). We obtained
several clones that were expanded and selected for the level and
stability of reporter gene expression over time. The availability of
different clones, with putative different integration sites of the
reporter construct in the genome of ATDCS cells, allowed us to
verify that the effect measured for a given compound was not related
to a ‘position effect’ operated by the genomic region surrounding
the reporter construct itself.

The generated cell system and the compound analysis procedure
were tested by screening a small library of 43 molecules with
chromatin-modifier properties. This allowed us to validate the
protocol for the primary screening and provided us with a positive
control because we identified resveratrol as a transcriptional
activator of ACVRI gene expression (Fig. S1).

We used these cells to screen the Prestwick Chemical Library,
which includes 1280 FDA-approved compounds, with the idea that
‘repositioning’ of an already approved drug could have the great
advantage to overcome several steps of the drug discovery process.
The screening detailed in Table 1 (see also Fig. S2) was performed
in duplicate: compounds were added to cells seceded in 96-well
plates for 24 h at the concentrations of 20 and 2 pM, respectively.
We included in each plate DMSO, the vehicle in which compounds
are dissolved, and resveratrol (20 M) as a transcriptional activator
of the ACVRI promoter and positive control. When we started this
work, no transcriptional inhibitors of the ACVRI expression were
known. However, during the screening of the second plate of the
Prestwick Chemical Library, we detected dipyridamole as an
inhibitor of ACVRI expression. Therefore, this compound was
subsequently included in all the remaining plates as an additional
control. To monitor the performance of the screening, we used the
Z'-factor statistical parameter (Zhang et al., 1999). The calculated
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Table 1. HTS assay protocol

Step Parameter Description
1 Cell plating (Pr2.9- 3x10° cells/well
Luc ATDCS)

2 Controls 10 uM resveratrol, positive control; 1%
DMSO, neutral control; 20 uM
dipyridamole, negative control*

3 Prestwick 1200 compounds diluted to 20 and

Chemical Library 2uM

4 Incubation 24 h at 37°C and 5% CO,

5 Viability assay Addition of 20 pl CellTiter-Fluor
reagent to living cells

6 Viability assay 1hat37°C and 5% CO,

(incubation)
7 Viability assay Detection of the fluorescent signal
(detection) (GLOMAX Automated Plate Reader
380-400¢,/505¢,,, nm)

8 Reporter gene Addition of the ONE-Glo reagent

assay (100 l), cell lysis

9 Assay readout Detection of the luminescence signal
(GLOMAX Automated Plate Reader)

10 Evaluation of HTS Calculation of the Z'-factor statistical

performance parameter according to Zhang et al.
(1999)

1" Data analysis Evaluation of cell viability (Vi) and
effect of compounds (E) on the
reporter gene activity. Selection of
compounds for further
characterization

Step Notes

1 96-well format culture plates

23 80 compounds per plate (columns 2 to 11); columns 1 and 12 were

used for positive, negative and neutral controls (8 wells for
DMSO, 4 wells for each control)

5-7 12-tip dispense of the CellTiter-Fluor reagent; automated

fluorescence detection

8-9 These steps are fully automated; the ONE-Glo reagent is added

in situ by injection followed by luminescence detection

10 0>2'<1, with Z'>0.5 for a good HTS (Zhang et al., 1999)

Z' (+Resw=0.6320.1 and Z'(_pp,,,=0.65+0.1
1 Evaluation of cell viability, Vi=(fluoC,/average fluopyso)*100

Normalization, N,=LumC,/fluoC, and Npyso=LumC,/fluoC,
Effect of compounds, E=(N,/averageNpyso)*100

*|dentified in the second experimental plate and introduced as negative control
from plate 5 to 15.

Z'-factor was 0.63+0.1 and 0.65+0.1 when considering resveratrol
and dipyridamole, respectively. These values are considered
optimal for an HTS assay (Zhang et al, 1999). During the
primary screening, we also evaluated the toxicity of all tested
compounds by an in situ fluorescence-based assay (Table 1 and see
Materials and Methods for details). We therefore normalized the
activity of the luciferase reporter gene driven by the ACVRI
promoter with a fluorescence signal proportional to the number of
viable cells at the end of the treatment. This allowed us to select
molecules not affecting cell viability, inducing a reduction in the
luciferase activity of at least 0.4- or an upregulation of at least 2.4-
fold compared to cells treated with DMSO (Table S1).

Validation assays of dipyridamole

According to our inclusion criteria, the primary screening provided
a list of compounds putatively working as activators (4 hits) or
inhibitors (18 hits) of ACVRI transcriptional activity (listed in
Table S1). Among these latter molecules, we found that
dipyridamole (abbreviated henceforth as Dipy), was the
compound that, during the retesting of primary hits, generated the
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most reproducible and significant results. Therefore, Dipy was
selected for further experimental confirmations.

Dipy showed a dose-dependent suppression of the luciferase
activity driven by the ACVRI promoter, with the strongest effect
at 50 uM (Fig. 1A). The inhibition was detectable after 6 h of
treatment for the highest dose, further increasing at 24 h (Fig. 1B).
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Fig. 1. Cellular assays of Dipy treatment. (A) Dose-response curve of Dipy
on the luciferase reporter gene controlled by the promoter region of ACVR1 in
ATDCS5 cells (Pr2.9-Luc). The ratio of luciferase (Luc)/fluorescence (Fluo) was
normalized to that obtained with DMSO [untreated (Un); value 100]. Bar graph
represents the mean and s.d. of three independent experiments. 5p<0.001.
(B) Time course of Dipy treatment in ATDC5 Pr2.9-Luc clones. The ratio of
luciferase/fluorescence was normalized to that obtained with DMSO (Un; value
100) for each time point. (C) Effect of Dipy on the expression of ACVR1T mRNA
in native ATDC5 and C2C12 cells. Values were normalized on GAPDH and
B2M and compared to expression level measured in cells treated with DMSO
(Un). Bar graphs represent the mean and s.d. of at least three experiments,
*P<0.01, SP<0.001, ns, non-significant.
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Normalization of the luciferase activity and monitoring of cell
viability were obtained as described for the primary screening.

In accordance with the inhibitory effect of Dipy on the promoter
of the ACVRI gene, we found that Dipy was able to downregulate
the expression of ACVRI mRNA, as assessed by reverse-
transcription quantitative PCR (RT-qPCR), both in native ATDCS
and C2C12 (mouse myoblast cell line) cells (Fig. 1C). After 24 h of
treatment, we observed a gene-expression reduction of nearly 20%
at 20 uM and 60% at 50 uM.

The effect of Dipy on the expression of genes encoding other
type I and IT receptors of the BMP family was also tested (Fig. S3).
The highest degree of mRNA reduction was exerted on ACVRI
(Alk2) but was also observed with A/k3 and BMPRII. AlkS,
involved in the growth differentiation factor (GDF)—transforming
growth factor B (TGF-p) signaling cascade, and Alk4, ActRIla and
ActRIIb showed a low level of expression that was not affected by
Dipy. Other type I receptors, such as Alkl, Alk6 and Alk7, were not
expressed in ATDCS cells.

Effect of dipyridamole on the Smad-dependent BMP pathway
In order to test the effect of Dipy on the activation state of the Smad-
dependent BMP signaling pathway, we generated ATDCS clones
stably expressing the luciferase reporter gene under the control of a
minimal promoter carrying a BMP-responsive element (BRE-Luc)
isolated from /d/, a well-known BMP target gene (Monteiro et al.,
2008). Cells were treated with Dipy in the presence of BMP2 for
6 h. As reported in Fig. 2A, Dipy weakened the amplitude of the
activation induced by BMP2 in a dose-dependent manner.
Consistently, we found a downregulation in the mRNA
expression of native /dI, Id2 and Id3 target genes, as assessed by
RT-qPCR in ATDCS cells (Fig. 2B), and a significant reduction in
the phosphorylation state of the Smad1/5 proteins both in ATDCS
and C2C12 cells (Fig. 2C,D and Table S2 for immunoblot
densitometric analysis).

Effect of dipyrid. le on chondrogenic differentiation
The heterotopic bone that forms in individuals with FOP derives
from an endochondral ossification process. ATDCS cells are able to
differentiate into mature chondrocytes when grown in three-
dimensional (3D) cultures in differentiating medium (Tare et al.,
2005).

ATDCS cells were induced to develop 3D pellets in the presence
of differentiating medium (DM), with and without Dipy (50 uM).
After 3 weeks of culture, pellets were embedded in paraffin, and
histological sections stained with Alcian Blue to verify the
deposition of glycosaminoglycans typical of the cartilage
extracellular matrix. As shown in Fig. 3A (left panels), compared
to what was observed in proliferative medium (PM), pellets grown
in DM are characterized by the presence of cells with peculiar
morphology, with typical lacunae embedded in the extracellular
matrix. By contrast, pellets grown in the presence of Dipy, both in
PM and DM, showed the presence of small and undifferentiated
cells (Fig. 3A, right panels).

The result was confirmed in ATDCS5 cells cultured in alginate
spheres. In the presence of inductive medium, we observed changes
in cell morphology correlating with the differentiation state
(Fig. 3B, upper panels). By contrast, treatment with Dipy induced
a significant reduction of extracellular-matrix deposition as assessed
by Alcian Blue staining of sections (Fig. 3B, left panels) and
reduced expression of matrix proteins Sox9 and collagen II (Col II)
as assessed by immunohistochemical analysis with specific
antibodies (Fig. 3B, central and right panels, respectively).

687

v
=
2
=
(4]
s
o
9]
=
&
M
]
7o,
o
=
)
v
@
]
)
(@]



RESEARCH ARTICLE

Disease Models & Mechanisms (2016) 9, 685-696 doi:10.1242/dmm.023929

A B Fig. 2. Effect of Dipy on the BMP-mediated
10— = Un ignaling pathway. (A) Lucif activity measured
2000 — @ BMP2 in ATDC5 BRE-Luc cells treated with the indicated
0.8~ 8 BMP2/Dipy 20 uM doses of Dipy and activated with [50 ng/ml] BMP2.
§ § B BMP2/Dipy 50 uM The ratio of luciferase (Luc)/fluorescence (Fluo) was
1500 — _8 § 0.6 4 normalized to that obtained with DMSO (value 100).
. a = Bar graph represents the mean and s.d. of three
2 e 0.4 — c independent experiments. $P<0.001. (B) Effect of
_g g Dipy on the expression level of /d1, /d2 and /d3 BMP
& 1000 o 027 target genes in native ATDCS5 cells. Values were
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T oiai ’ § target=2"“"). Bars represent the mean and s.d. of
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= ’ *P<0.05, *P<0.01, 5P<0.001. (C,D) Effect of Dipy on
/ 0.01 ‘ B the activation of the Smad-dependent pathway.
0 72 0.00 — “ || ATDCS5 (C) and C2C12 (D) cells were treated with
Dipy - ' -T20"50! HM ™ a2 1 Dipy and activated with [200 ng/ml] BMP2 for 1 h.
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BMP2 - th ® + BMP2 = A & *
p-Smad1/5/ = “ p-Smad1/5 * 2 E
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ATDCS cells

In accordance, RT-qPCR analysis on mRNA extracted from cells
cultured in alginate spheres showed that the expression level of
ACVRI and markers of cartilage differentiation [Runx2, Sox9, Col 11
and collagen X (Col X)] was downregulated upon Dipy treatment
compared to untreated cells (Fig. 4).

Effect of dipyridamole on osteogenic differentiation

We also investigated the effect of Dipy on the osteoblastic
transformation of C2C12 cells upon BMP2 induction (Katagiri
et al,, 1994). As shown in Fig. 5A and B, Dipy caused a dose-
dependent reduction in alkaline phosphatase activity without
significantly affecting cell viability (Fig. S4). The effect was
accompanied by a downregulation of the mRNA of markers
typical of the osteoblastic differentiation — Runx2, osterix and
osteocalcin — which was statistically significant at the highest dose
(Fig. 5C). During the differentiation process, in the presence of
Dipy, we confirmed the reduction in the expression of ACVRI
mRNA.

Effect of dipyridamole on heterotopic ossification in a BMP-
induced mouse model

We examined the effect of Dipy on a BMP-induced model of HO
in vivo. C57BL/6 2-month-old mice were injected with BMP2
intramuscularly in the quadriceps and treated with vehicle or 10 mg/
kg (body weight) Dipy, administered daily by intra-peritoneal (IP)
injection as described in Wang et al. (2013), according to two
different experimental protocols as schematically represented in
Fig. S5. Serum concentration of Dipy in mice was assessed
according to Oshrine et al. (2005), and results were comparable to
what was described in the same work (not shown).

Ossicle formation and HO volume were evaluated by uCT scan
after 10 (n=6 for each group, Fig. S5 protocol A) and 21 (n=11 for
each group, Fig. S5 protocol A) days of treatment. After 10 days of
treatment, we observed highly variable volumes of HO (mineralized
volume, mm?) in control mice and no significant difference in HO
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volume was observed in treated mice compared to controls
(Fig. 6A,B). By contrast, after 21 days of treatment, pCT scans
showed a significant reduction of HO volume in mice treated with
Dipy compared to controls (Fig. 6C,D). Histological analysis
revealed that HO lesions (Fig. 7A) in treated mice were reduced,
possibly due to a delay in maturation. In particular, Toluidine Blue
staining indicated a reduced deposition of cartilage matrix, also at
10 days of treatment (Fig. S6), whereas Alizarin Red staining at
21 days and quantification of the area of calcium deposition showed
a decrease in lesions of Dipy-treated mice (Fig. 7B,C), in agreement
with the pCT scan results.

Smad1/5 phosphorylation in the injured tissue was assessed at the
two different time points, 10 and 21 days, by immunofluorescence
with a specific anti-phospho-Smad1/5 (p-Smad1/5) antibody.

We observed that, at 10 days after injury, the number of cells
showing Smad phosphorylation was higher than at 21 days. This
is consistent with the ongoing osteogenic differentiation of the
HO lesions at the early time point, when the extent of mature
heterotopic ossification was still comparable in untreated and
treated mice, as described above. This is also indicated by the
shape and intensity of p-Smad staining per cell. Interestingly, the
effect of Dipy at this stage was already detectable as a
statistically significant reduction in the expression of p-Smad1/5
(Fig. S7). This decrease was still present as a trend at 21 days of
treatment (Fig. S7B), when the overall number of p-Smad1/5-
positive cells was reduced in the lesions of both control and
treated mice.

When Dipy was administered to the mice starting from 10 days
after the ossification trigger by BMP2 (Fig. S5, protocol B), the
uCT-scan analysis of ectopic lesions (Fig. S8A) showed a trend of
reduction (P=0.074) of the HO volume increase between 10 and
21 days (Fig. S8B,C). Histological analysis revealed that, at day 21,
calcium deposition was also significantly reduced as assessed by
Alizarin Red staining (Fig. S9A) and corresponding quantification
(Fig. S9B).
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Fig. 3. Histological analysis of ATDC5

genic differ 1. (A) Alcian Blue

staining of sections from ATDCS5 cell 3D cultures
grown in proliferative medium (PM, upper panels)
and in differentiation medium (DM, lower panels), in
the presence of 50 uM Dipy or DMSO. Scale bars:
100 um (10%) and 50 um (20x). (B) Histological and
immunohistochemical analysis of ATDCS cells
cultured as alginate spheres grown in DM in the
presence of DMSO or 50 uM Dipy (upper and lower
panels, respectively). Scale bars: 25 pm.

DM/Dipy

40x

DISCUSSION

To date, no therapy is available to prevent or control HO in FOP
patients. Therefore, intense work is being carried out to find
potential therapeutic intervention essentially based on inhibition of
BMP signaling using different approaches (Kaplan et al., 2013).

The rationale basis of a therapeutic approach for FOP is that small
molecules might function as inhibitors, thus correcting the hyper-
functioning BMP signaling pathway(s), either by inhibiting directly
the receptor function or the transcriptional or post-transcriptional
expression of the encoding gene, which will in turn result in the
quantitative reduction of the receptor protein.

Following the identification of dorsomorphin as an inhibitor of
BMP type I receptors, through HTS in zebrafish (Yu et al., 2008b),
other inhibitors have been described (Yu et al., 2008a; Cuny et al.,
2008; Hao et al., 2010). Previously published work demonstrated
that treatment of bone-marrow-derived mesenchymal stem cells
(MSCs) with RAR-y agonists negatively regulates BMP signaling.
This is due to the reduction of the intracellular concentration of
p-Smads by a post-translational mechanism of degradation,
supporting the idea that quantitative reduction of components of
this pathway might cause a reduction of signaling function
(Sanvitale et al., 2013; Shimono et al., 2011; Sheng et al., 2010).

In the current work, we introduced an HTS approach aimed at
identifying potential therapeutic candidates acting by modulation of
the ACVRI gene expression. The primary screening was made
possible by the generation of a cell system consisting of murine
ATDCS cells stably expressing the luciferase gene controlled by the
2.9-kb promoter region of ACVR1 that was previously identified and

81

functionally characterized by our group (Giacopelli et al., 2013).
Our method was able to pinpoint molecules with both positive and
negative effects. However, in the context of FOP pathogenesis, in
which activating mutations of ACVR/ cause an inappropriate BMP-
mediated signaling, our interest was focused on molecules able to
reduce the expression level of the gene.

In addition to the primary screening, our approach included
assays to confirm the effect of candidate molecules on the different
steps of the BMP pathway, on chondrogenic and osteogenic
differentiation processes and on HO in vivo. The experimental
procedure described in this workflow can also be exploited to test
compounds able to affect BMP signaling, even when discovered by
other cell-based HTS assays or by in silico virtual screening
approaches.

An advantageous approach to search for innovative treatments for
rare disease in a relative short time is to perform an HTS approach
with a drug repositioning purpose (Muthyala, 2011; Li and Jones,
2012; Sardana et al., 2011; Yamamoto et al., 2013). To this aim,
we screened a library of 1280 FDA-approved compounds. We
identified a list of interesting molecules with positive or negative
effect and decided to focus on the candidate with the most
significant effect as a transcriptional inhibitor, dipyridamole.

Validation assays confirmed a specific negative effect of Dipy on
the ACVRI gene expression and demonstrated that such an effect
resulted in the attenuation of the entire BMP-specific signaling
pathway. This was demonstrated by the reduction of BMP2-induced
activation tested by the luciferase reporter gene under the control of
BMP-responsive element (BRE-Luc). Consistently, this effect was
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Fig. 4. Effect of Dipy on the exp! ion of ch g
# markers. RT-gPCR on RNA extracted from ATDC5 cells
cultured as alginate spheres for 14 days in differentiation
medium. Bars show mean and s.d. of three independent
experiments. Expression levels were normalized on GAPDH
and 78S and compared to that of cells at T, (cells harvested at
the beginning of the differentiation protocol). Un, untreated
cells. ns, non-significant; *P<0.05, $p<0.001.
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confirmed as reduced expression of the Smad-signaling target genes
1dl, 1d2 and Id3, and as reduced phosphorylation of Smadl/5
mediators.

Although the highest effect of Dipy treatment was found to
impact ACVRI (Alk2) expression, we found that Dipy could also
affect the expression of other BMP receptors that can synergistically
contribute to the downregulation of the overall BMP signaling, such
as, among type I receptors, Alk3 or, among type II, BMPRIL, which
cooperates with ACVR1 as a type I partner in the receptor complex.
It is of interest to note that Dipy did not affect the expression of
specific receptors, such as A4/k5, which is involved in cascade
mediated by TGF-B type I, or Alk4, ActRIla and Actllb, which
intervene in GDF-BMP signaling. This finding suggests that the

downregulating effect of Dipy is mainly, but not exclusively,
exerted on Alk2 (ACVR1), possibly because of common regulatory
mechanisms for the expression of molecules belonging to the same
family and participating in common pathways.

Because HO in FOP derives from an endochondral ossification
process (Kaplan et al., 1993; Medici and Olsen, 2012; Shore, 2012),
we set up assays to evaluate both chondrogenesis and osteogenesis.
To simulate differentiation in vitro, we took advantage of the ability
of ATDCS cells to differentiate towards mature chondrocytes in 3D
cultures, with cell morphological changes and deposition of
glycosaminoglycans typical of the cartilage extracellular matrix.
Using this assay, we observed that Dipy could inhibit chondrogenic
differentiation.

Fig. 5. Effect of Dipy on osteoblastic
differentiation of C2C12 cells. (A) Specific
staining for alkaline phosphatase activity in
C2C12 native cells cultured for 6 days in the
presence of [200 ng/ml] BMP2, +Dipy as
indicated (20 or 50 uM). Un, untreated.

(B) ALP activity measured in C2C12 cells
treated as in A, normalized against the
number of nuclei (cells) obtained by
automated count after Hoechst staining in
each well (see Materials and Methods and
Fig. S3). (C) Gene expression level of
osteogenic marker genes in C2C12 untreated
or treated with Dipy (20 or 50 uM). Bar graphs
represent mean and s.d. of three independent
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Vehicle

n=6

Mineralized Volume (mm’)

C2C12 cells were used to evaluate osteogenic differentiation,
which was inhibited by Dipy as indicated by the reduction in the
alkaline phosphatase (ALP) activity and expression of different
markers (Runx2, osterix and osteocalcin).

The effect of Dipy was also verified in vivo in a BMP-induced
mouse model of HO (Medici et al., 2010). During the induction of
the ectopic ossification process, triggered by the implantation of a
BMP2-embedded Matrigel coupled to cardiotoxin (CTX) injection,
muscle fibers degenerate and the site of injury is infiltrated by
different populations of inflammatory cells that contribute to the
orchestration of the subsequent repair/differentiation process
(Zordan et al., 2014; Rigamonti et al., 2014). During the first
week after injury, progenitor cells of different origin are then
recruited to the site of the lesion (Bentzinger et al., 2013) and
committed towards the endochondral ossification process by the
local presence of BMP2. At 10 days, HO lesions are not completely
differentiated, and recruitment and activation of cells is ongoing:
this was consistent with our finding that, at this stage, the overall
number of cells able to respond by activating a specific BMP2/
Smad-dependent signaling was higher than what was observed at
21 days after BMP2 induction.

At the earliest time point, the effect of treatment with Dipy
became evident as a statistically significant decrease in the number
of cells expressing an activated BMP/Smad pathway inside the
HO lesions that finally resulted in the reduction of the volume
of mineralized heterotopic ossicles, of decreased deposition of
extracellular matrix and of a reduced area of calcified nodules that
we observed after 21 days of treatment.

Most interestingly, Dipy effect was evident also when mice were
treated after the establishment of heterotopic ossification, and
resulted in a reduced calcium deposition within the ectopic bone and
a decreased mineralization. However, concerning the choice of an
in vivo prevention strategy versus a treatment on established/
ongoing lesions, it is important to consider that the course of FOP is
episodic with quiescent phases, lasting even for years, and acute
phases that can be triggered by several types of recognizable stimuli
(trauma, vaccinations, infection, iatrogenic harms etc.), but that can
also occur apparently spontaneously or, more likely, without a
recognizable trigger. In this context, a treatment for FOP is ideally a
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Fig. 6. Effect of Dipy on HO in vivo.

(A) Micro-computerized tomography (uCT)
scans of C57BL/6 mice treated with
vehicle or Dipy (10 mg/kg body weight) for
10 days. (B) Quantification of the
mineralized ossicle volume. n=6 mice/
condition. (C) uCT scans of C57BL/6 mice
after 21 days of treatment with vehicle or
Dipy (10 mg/kg body weight).

(D) Quantification of the mineralized
ossicle volume (left panel) and lesion bone
density (HUlmma, right panel). n=11 mice/
condition. Bars represent mean and s.e.m.
#P<0.01. HU, Hounsfield unit.
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drug that can be administered chronically or for long periods of time
in order to prevent the occurrence of even unpredictable flare-ups,
thus counteracting their consequences.

Dipy is a commercially available drug that was introduced on the
market more than 50 years ago as a coronary vasodilator (Kadatz,
1959). At present, it is widely used as an antithrombotic and
vasodilator agent both as monotherapy and in combination with
aspirin to prevent secondary stroke or transient ischemic attack
(Gresele et al., 2011; Balakumar et al., 2014; de Vos-Koppelaar
ct al., 2014). At the pharmacological level, Dipy acts by different
mechanisms. By inhibiting the activity of phosphodiesterases 5 and
3 (PDES5 and PDE3), it increases the intracellular level of cyclic
adenosine monophosphate (¢cAMP), which is a potent inhibitor of
platelet activation, and of cyclic guanine monophosphate (¢cGMP),
which has a vasodilator effect on smooth muscle, thus potentiating
the platelet inhibitory actions of prostacyclin (PGI2) (Gresele et al.,
2011; de Vos-Koppelaar et al., 2014; Kim and Liao, 2008; Yip and
Benavente, 2011). Moreover, Dipy inhibits the re-uptake of
adenosine by blocking the equilibrative nucleoside transporters
(ENTs), thus increasing plasma levels of this nucleoside, which also
plays a role in inhibiting platelet aggregation (Kim and Liao, 2008;
Visser et al., 2005; Dresse et al., 1982; German et al., 1989),
regulation of vascular tone, vasodilation, immunity and
inflammation (Kim and Liao, 2008).

It should be noted that the effect of Dipy in our in vitro assay of
C2C12 cells was not in accordance with other in vifro experiments
performed to correlate adenosine level to osteoblast differentiation
(Costa et al., 2011; He et al., 2013). This discrepancy might be due
to differences in the cellular model and experimental conditions.
Moreover, very recently, Mediero and colleagues (2015) reported
that local daily injection of Dipy administered with a collagen
sponge was able to induce bone regeneration and proposed this
treatment as an alternative to recombinant human BMP2 (rhBMP2).
At difference with the above report, in the BMP-induced in vivo
model that we used, HO was locally triggered in quadriceps
muscles, whereas treatment with Dipy was systemic, by daily IP
injection. Moreover, it has been shown that, in humans, blood cells
tend to accumulate the drug (Serebruany et al., 2009), and Dipy is
able to inhibit at the mRNA level the production of TNF-o: and
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MMP-9 of peripheral blood mononuclear cells (PBMCs) and
derived macrophages (Massaro et al., 2013). Because several types
of immune cells are recruited at the site of HO lesions, this might
contribute to the overall effect observed in our HO model.

Several observations suggest a role of an immune-mediated
response in FOP pathogenesis, in particular a possible relevant
contribution to the episodic neo-formation of ectopic bone. In
humans, FOP flare-ups can be triggered or exacerbated by trauma,
immunizations, medical procedures and infections, all of which are
conditions in which the immune response is solicited/stimulated
(forareview, see Kaplan et al., 2016). Both in humans and in animal
models, histological examination of early pre-osseous lesions has
clearly demonstrated that several types of immune cells, such as
lymphocytes, monocytes/macrophages and mast cells, are readily
recruited to these sites (Kaplan et al., 1993; Chakkalakal et al.,
2012). In addition, it has been demonstrated that in vivo targeted
ablation of macrophages or of macrophages and mast cells
concomitantly leads to a significant reduction in the ectopic bone
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Fig. 7. Chronic Dipy treatment decreases BMP2-
induced HO lesions and calcium deposition.

(A) Hematoxylin and eosin (H&E) staining showing
lesions in muscle injected with BMP-2 and cardiotoxin in
mice treated with vector or Dipy for 10 or 21 days. No
lesions appear in muscle damaged without BMP. Scale
bars: 1 mm. (B) Alizarin Red S staining showing calcium
deposition in tissue sections of muscle injected with
BMP2 and cardiotoxin in mice treated with the vehicle or
Dipy for 21 days. Scale bars: 500 um. (C) Graph
representing the relative quantification of the Alizarin-Red-
S-positive area. Data represent meants.e.m. *P<0.05
(n=3, Dipy versus control).

formation in FOP mouse models (Kan et al., 2009; Convente et al.,
2015).

The deregulated BMP signaling in cells harboring the mutated
ACVRI gene might contribute to the amplification of inflammatory
pathways (Convente et al., 2015); moreover, it has been recently
demonstrated that the presence of FOP mutations specifically
confers to the mutated receptor the ability to respond to activin A
(Hatsell et al., 2015; Hino et al., 2015). Activin A is a ligand
member of the TGF-B superfamily that is rapidly released during
inflammation and considered a crucial mediator of inflammation
and immunity. Its activity is stimulated by inflammatory cytokines,
Toll-like receptor ligands and oxidative stress, and it is involved
in regulating growth and maturation of mast cells, monocyte/
macrophage differentiation, and interaction between natural killer
(NK) and dendritic cells (Funaba et al., 2003; Ogawa and Funaba,
2011; Aleman-Muench and Soldevila, 2012; Seeger et al., 2014).

Given the known pleiotropic effect of Dipy, with anti-
inflammatory, anti-oxidant and anti-proliferative properties, and
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the complexity of the action of a drug in vivo, related to its
absorption, metabolism and distribution, we cannot exclude that the
observed decrease of ectopic ossification in our in vivo model might
depend on the involvement of different pathways. However, we
showed that Dipy is also able to affect specifically the Smad-
dependent pathway in HO lesions of treated mice.

Summarizing, the overall effect of Dipy on the process of HO
in vivo might be mediated by different mechanisms of action, such
as the metabolic effect of extracellular adenosine, regulatory
properties on differentiation and activation of immune cells, and
anti-inflammatory action.

In conclusion, our study implicates this molecule as a candidate
drug for the treatment of FOP, considering the great advantage that
Dipy is already widely used in the therapy of cardiovascular
disorders, and that safety and adverse effect profiles have already
been evaluated and established.

MATERIALS AND METHODS

Chemicals and reagents

The Prestwick Chemical Library was purchased from Prestwick Chemical
(Ilikirch-Graffenstaden, France) and supplied in a special academic format
with the 1280 FDA-approved compounds at 10 mM concentration in
DMSO, in 16 96-well format plates, cach containing 80 compounds.

Resveratrol (CAS no. 501-36-0, Enzo Life Sciences, Farmingdale, NY,
USA) and dipyridamole (CAS no. 58-32-2, Sigma, Buchs, SG, Switzerland)
were dissolved in DMSO and prepared as 1 M and 200 mM stock solutions,
respectively.

Recombinant human BMP2 [thBMP2; Chinese hamster ovary (CHO)-
derived, R&D Systems, Minncapolis, MN, USA ] was prepared as a 100 pg/
ml stock solution in 4 mM HCI containing 0.1% bovine serum albumin
(BSA; Sigma-Aldrich, Buchs, SG, Switzerland).

Antibodies for western blot analyses were: anti-p-Smad1/5 (138208, Cell
Signaling, Danvers, MA, USA), anti-GAPDH (MAB3749, Millipore,
Billerica, MA, USA), and horseradish peroxidase (HRP)-conjugated anti-
rabbit and anti-mouse secondary antibodies (Dako, Glostrup, Denmark). For
immunohistochemical analyses, the following antibodies were used: rabbit
anti-bovine polyclonal antibody anti-collagen type II (AB746P, Millipore,
Billerica, MA, USA), rabbit polyclonal antibody anti-Sox9 (ABS5535,
Millipore, Billerica, MA, USA), and anti-rabbit (K4002) and anti-mouse
(K4000) EnVision System-HRP Labelled Polymer (Dako, Glostrup,
Denmark).

P F preg
The isolation of the genomic region, corresponding to the ACVR! promoter,
was previously described by our group (Giacopelli et al., 2013). The whole
2.9-kb genomic fragment was subcloned in the pGL4.17 vector (Promega
Corporation, Madison, W1, USA) upstream of the luciferase coding sequence
as a reporter gene; this expression plasmid carries the Neomycin-resistance
gene for sclection of stable transfectants. The obtained reporter construct is
reported as Pr2.9-Luc throughout the present work. A sccond reporter gene
construct was also prepared by isolating a minimal promoter containing the
BMP-responsive element (BRE) of the /d/ gene from the pGL3-(BRE),Luc
plasmid (kindly provided by Dr Peter ten Djike, Leiden University Medical
Center, Leiden, The Netherlands) (Monteiro etal., 2008). BRE was transferred
into the pGLA.17 vector upstream of the luciferase reporter gene (referred to as
BRE-Luc) plasmid, carrying the Neomycin-resistance gene that allowed the
generation of stable transfectants as described below.

Cell culture

ATDCS cells (mouse chondrogenic cell line derived from teratocarcinoma)
were obtained from the Cell Bank of the Riken BioResource Center upon
material transfer agreement (MTA); C2C12 myoblasts were purchased from
the ATCC Cell Biology Collection (LGC standards, Bury, Lancashire, UK).
ATDCS cells were routinely cultured in complete medium consisting of 1:1
mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium
(DMEM/F12), containing 5% fetal bovine serum (FBS, Gibco, Thermo Fisher
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Scientifics, Waltham, MA, USA). C2C12 cells were cultured in DMEM
containing 10% FBS. Both culture media were supplemented with 2 mM
glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin (EuroClonc™ S.pa.,
Pero, MI, Ttaly), and cells were maintained at 37°C in a humidified atmosphere
with 5% CO,. Where indicated, in depletion media, FBS was replaced by 0.1%
BSA (Sigma-Aldrich, Buchs, SG, Switzerland).

T fection and g tion of the cellular sy

For stable transfection, ATDCS cells were plated in 100-mm dishes at a density
0f2x10%cm?. The next day, cells were transfected with 30 pg of the Pr2.9-Luc
and of the BRE-Luc constructs, using the Lipofectamine 2000 reagent protocol
(Invitrogen, Thermo Fisher Scientifics, Waltham, MA, USA). After 24 h and
for 2 wecks, transfected cells were maintained in complete medium containing
400 pg/ml of Neomycin/G418 (Sigma-Aldrich, Buchs, SG, Switzerland) as
selective agent. Thercafter, Neomycin-resistant clones were picked up and
expanded. For each clone, 1x10° cells were collected afler every cell-culture
passage and lysed to evaluate the Luciferase activity with the ONE-Glo™
Luciferase Reporter Assay (Promega Corporation, Madison, WI, USA)
according to the manufacturer’s instruction. Clones showing stable expression
of the reporter gene over the time course were considered suitable for our
purposes and used to set up the culture and treatment protocols in 96-well
format plates.

S ing of the F Chemical Library in ATDC5 cells

A selected clone of ATDCS5 Pr2.9-Luc was seeded into 96-well plates in
depletion medium (3x10° cells/well). After overnight culture, cells were
treated with compounds at the final concentration of 20 uM and 2 uM. We
tested 80 molecules in each plate; cells in columns 1 and 12 were treated
with 1% DMSO as neutral control, resveratrol (10 pM) as positive control
and dipyridamole (20 pM) as negative control (8 wells for DMSO, four
wells for each control).

After 24 h, we measured the effect of the compounds on both cell
viability and Luciferase activity by using the ONE-Glo™+Tox Luciferase
Reporter and Cell Viability Assay (Promega Corporation, Madison, WI,
USA) as suggested by the manufacturer. In bricf, 20 ul of the CellTiter-
Fluor Reagent were added in situ to living cells; after 1 h at 37°C, a
fluorescent signal proportional to the number of viable cclls in the culture
well was measured by Glomax Multi Detection System (Promega
Corporation, Madison, WI, USA). 100 ul of the second ONE-Glo
Reagent were then added directly to each well to allow cell lysis and
detection of the luciferase signal (Glomax Multi Detection System, Promega
Corporation, Madison, WI, USA).

Fluorescence (fluo) and luminescence (ACVR! promoter activity; Lum)
raw data were handled with the Instinct Software (Promega Corporation,
Madison, WI, USA) and analyzed as an Excel spreadsheet. Cell viability
(Vi) was first evaluated by comparing the fluo signal obtained in cells treated
with compounds (fluoC,) versus that of cells exposed to the vehicle [Vi=
(fluoC/average fluoppso)* 100, with 0>Vi>100]. In parallel, the effect of
compounds (E) on ACVR/ transcriptional activity was evaluated as follows:
first, by normalizing luminescence signal over the fluorescence signal for
each test well (N,=LumC,/fluoC,) and for the neutral control
(Npmso=Lumpyso/fluopyso), then by comparing the normalized values
of compounds with that of the vehicle [E=(N,/averageNpys0)*100].

RNA extraction and quantitative RT-PCR (RT-qPCR)

For expression studics, treated and untreated cells (ATDCS and C2C12)
were harvested and total RNA was isolated by using the RNcasy Mini Kit
(Qiagen, Valencia, CA, USA), according to the provided protocol.

RNA was quantified with a Nanodrop Spectrophotometer (Thermo
Scientific, Thermo Fisher Scientifics, Waltham, MA, USA), and first-strand
c¢DNA was synthesized by the Advantage RT-for-PCR Kit (Becton) from
200 ng of total RNA.

Expression of endogenous ACVRI gene and of selected markers was
evaluated through RT-gPCR using specific TagMan Gene Expression
Assay (Life Technologies, Thermo Fisher Scientifics, Waltham, MA, USA)
(see Table S3 for specification). Samples were measured in triplicate and
the results were normalized on reference genes /8S, GAPDH and f2-
microglobulin (82M), depending on the cell line. gPCR was run on the IQS
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instrument from Bio-Rad and data analysis was performed using the
provided Bio-Rad iQ5 software for Gene Expression Study.

Western blot

For detection of p-Smad, 1.2x10° cells were plated in 100-mm dishes in 1:1
complete/depletion medium for ATDCS cells, and in depletion medium for
C2C12 (DMEM containing 1% FBS). The next day, serum-starved cells were
treated with Dipy for 24 h and, where indicated, with BMP2 (R&D Systems,
Minneapolis, MN, USA) 200 ng/ml for 1 h. Cells were then washed once with
PBS and lysed in 1x RIPA buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 1% sodium deoxycholic, 0.1% SDS) containing phosphatase
and protease inhibitors (PhosSTOP cocktail and Complete tablets, Roche,
Basel, Switzerland). Protein concentration was determined by the Picrce™
BCA Protein Assay Kit (Thermo Scientific, Thermo Fisher Scicntifics,
Waltham, MA, USA) according to the manufacturer’s protocol and 15 pg of
total lysates run onto precasted 4-15% Mini Protean®TGX-gels (Bio-Rad,
Hercules, CA, USA). Proteins were transferred onto PVDF membrane
(Millipore, Billerica, MA, USA) and probed with the indicated primary
antibody at 4°C overnight. Afier incubation with HRP-conjugated secondary
antibodies, protein bands were revealed by chemiluminescence with the ECL
kit (Pierce, Thermo Fisher Scientifics, Waltham, MA, USA ) and detected with
the ChemiDoc instrument (Bio-Rad, Hercules, CA, USA). Densitometric
analysis of western blot signals was performed by using the ImagelJ software.

Culture in 3D pellets

ATDCS cells were trypsinized from monolayer cultures and 1 ml of cell
suspension with 5x10° cells in DMEM was added to 15 ml polycarbonate
sterile tubes according to Tare et al. (2005). The cell suspension was
centrifuged at 400 g for 10 min at 4°C to obtain pellets that were cultured both
in standard complete medium and in chondrogenic medium containing 10 ng/
ml TGF-B3 (Calbiochem, Millipore, Billerica, MA, USA), 107 M
dexamethasone  (Sigma-Aldrich, Buchs, SG, Switzerland), 100 mM
ascorbate-2-phosphate  (Sigma-Aldrich, Buchs, SG, Switzerland), 1x
insulin-trasferrin-selenium  (ITS) solution (Life Technologies, Thermo
Fisher Scientifics, Waltham, MA, USA). Pellets were cultured for 21 days in
a humidified incubator at 37°C and 5% CO,. Pellets were swirled within to
allow medium access to all sides and prevent adhesion to the inner walls of the
tube. Once compact pellets were formed, both proliferative and differentiating
media were replaced every 3 days and thereafier over the culture period. Three
pellets from each group were harvested and processed for histological analysis.

Culture in alginate spheres

ATDCS cells were cultured in alginate spheres according to Culbert ct al.
(2014). Briefly, cell suspensions at 6.7x10° cells/ml in 1.2% alginate acid
sodium salt (Sigma-Aldrich, Buchs, SG, Switzerland) solution were
extruded through 16-gauge needles as ~30 pl drops in 30 ml of 102 mM
CaCl, (Sigma-Aldrich, Buchs, SG, Switzerland) in order to allow sphere
formation. After drop solidification, cells/alginate spheres were washed with
PBS and cultured in chondrogenic medium, replenishing every 3 days. A
number of alginate spheres for each condition were formalin-fixed and
processed for histological stainings and immunohistochemical assays. In
parallel, spheres were also incubated with 55 mM sodium citrate (Sigma,
Buchs, SG, Switzerland) to recover cells for total RNA extraction and
expression analysis of markers specific for chondrogenesis such as Runx2,
Sox9, Col 11, Col X, aggrecan and also ACVRI by RT-gPCR with TagMan
Assays probes (Life Technologies, Thermo Fisher Scientifics, Waltham,
MA, USA) (see Table S3 for specification).

Histological analysis

Cell aggregates were fixed with 4% formaldehyde (Santa Cruz
Biotechnology, Dallas, TX, USA) in PBS for 10-15min, and
embedded in paraffin according to standard protocols. Paraffin
sections (5 um) were obtained by microtome, dewaxed and rchydrated
with dcercasing cthanol solutions. For histological analysis, scctions
were stained with Alcian Blue 8GX (Sigma-Aldrich, Buchs, SG,
Switzerland) following established procedures and viewed in transmitted
and polarized light microscopy.
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Immunohistochemistry

Dewaxed and rehydrated sections were incubated with 3% hydrogen peroxide
in methanol for 30 min to inhibit endogenous peroxidase activity, rinsed in
PBS/0.2% Triton X-100, then were subjected to digestion with 1 mg/ml
hyaluronidase in PBS, pH 6.0 for 15 min at 37°C prior to use. Sections were
exposed to normal goat serum (Dako, Glostrup, Denmark) 1h before
incubation with the primary antibodies (24 h, 4°C). Slides were then washed
with PBS (four times for 5 min cach) and incubated with the HRP-conjugated
sccondary antibodics for 1h at room temperature (RT). The peroxidasc
reaction was developed using 3,3’-diaminobenzidine tetrahydrochloride
(DAB) as chromogens. After rinsing in distilled water, sections were
dehydrated in increasing ethanol solutions, cleared in xylene and mounted.

C2C12cell and ost ic diff

In order to induce C2C12 differentiation towards the ostcoblastic lincage
(Katagiri et al., 1994), 1.2x10* cells were seeded in 6-well plates and
cultured in complete medium supplemented with 5% FBS (low-mitogen
medium). The day afier, cells were treated with 300 ng/ml BMP2 (R&D
Systems, Minneapolis, MN, USA) for 6 days. Where indicated, Dipy
(50 pM) was also added to both standard and differentiating media.

Cells were processed to evaluate the alkaline phosphatase (ALP)
enzymatic activity by the Alkaline Phosphatase (Sigma Diagnostics,
Buchs, SG, Switzerland) kit following the manufacturer’s instructions and
total RNA was cxtracted to evaluate the expression of Runx2, osterix and
osteocalcin by RT-gPCR with TagMan Assays probes. In order to quantify
the ALP activity in C2C12 cells induced by BMP2 treatment, 5x10° cells
were plated in CellCarrier-96-well™ microplates (Perkin Elmer, Waltham,
MA, USA) and cultured in the presence of BMP2+Dipy as described. After
6 days, Hoechst 33342 Nuclear Stain (ENZ-51031-HOE33342, Enzo Life
Sciences) was added to the culture medium at a 1:1000 dilution and
incubated for 20 min. Cells were then visualized with the NIKON Ti Eclipse
microscope; 16 640x490-um ficlds for cach well and condition were
acquired and analyzed by the NIS-Elements AR software to obtain an
automated count of the present nuclei. The number of nuclei has been used
to normalize the ALP activity measured as follows. Afteranalysis, cells were
washed with PBS and incubated with 200 ul of the Alkaline Phosphatase
Yellow liquid substrate system (nNPP) (Sigma, Buchs, SG, Switzerland).
Reaction was stopped with 60 ul 3 M NaOH and ALP activity measured at
405 nm by Mithras LB940 plate reader (Berthold Technologies).

Heterotopic ossification in vivo

0.05 pg/ul of BMP2 (Peprotech, Rocky Hill, NJ, USA) in 200 pl growth-
factor-reduced Matrigel (BD Biosciences) were injected intramuscularly in
the quadriceps of CS57BL/6 2-month-old mice (11 mice/group). The
contralateral muscle was used as internal control and injected with Matrigel
only. Both quadriceps were injected with 50 pl cardiotoxin 5 uM (CTX
from Naja mossambica mossambica, Sigma-Aldrich, Buchs, SG,
Switzerland) to increase muscle damage. Animals were anesthetized by
inhalation of 2-bromo-2-chloro-1,1,1-trifluoroethane, >99% (CAS no. 151~
67-7, Sigma-Aldrich, Buchs, SG, Switzerland) before the injection. 10 mg/
kg (body weight) dipyridamole was administered daily IP to the trcated
animals (#=11, for Protocol A; n=5 for Protocol B, see Fig. S5) in a solution
composed of 10% cthanol, 5% 2-pyrolidone, 12-15% propylene glycol,
10% Cremophor ELP, saline to 100% (Wang et al., 2013). Control mice
(n=11, for Protocol A; n=5 for Protocol B, see Fig. S5) received the injection
solution without drug. Mice were houscd at the San Raffacle Institute SPF
animal facility and were kept in pathogen-free conditions. All procedures
were in accordance with Italian law and were performed under internal
regulations for animal care and handling.

In vivo CT imaging of heterotopic ossification

At day 10 and 21 after BMP injection, in vivo micro-computerized
tomography (UCT) scans were carried out to assess progression of
ossification and any cffect on the normal skeletal structure. /n vivo pCT
imaging was performed using the IVIS SpectrumCT Pre-clinical in vivo
imaging system (Perkin-Elmer, Waltham, MA, USA). CT images were
acquired without any contrast medium with the following parameters: x-ray
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tube voltage=50 kV, tube current=1 mA, x-ray focal spot size=50 um. The
CT images calibrated in Hounsfield unit (HU) were reconstructed with a
voxel size of 75 pm?>. Threshold-based image scgmentation were performed
to obtain a 3D rcconstruction and quantification of the ossification.

The total mineralized volume V=Nxvoxel size (mm’) was quantificd using
MIPAV (medical imaging processing analysis and visualization) and
MATLAB software, where N is the number of voxels corresponding to
bone derived from the image segmentation procedure. The bone density
quantification was calculated by using the following formula: Y'Ni=1 HUV/V.

in vivo experiments; L.J.V.G. provided support for HTS protocols and critical reading
of the manuscript; A.E.S. performed mouse uCT scan analyses; S.B. supervised in
vivo experiments and critical discussion of data; R.B. and R.R. conceived and
supervised the experiments and manuscript preparation.
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Morphologi
ossification
At 21 days after BMP injection, muscles were collected and processed for
further morphological and histological analyses. BMP/Matrigel-injected
and Matrigel-injected quadriceps from treated and control mice were frozen
in liquid-nitrogen-cooled isopentane, to allow preparation of 10-um-thick
sections.

Muscle sections were stained with hematoxylin and eosin (H&E) (Sigma-
Aldrich, Buchs, SG, Switzerland) or Toluidine Blue (Bio-Optica, Milano,
Italy) or Alizarin Red (Sigma-Aldrich, Buchs, SG, Switzerland) according
to the manufacturers’ instructions. Images were acquired using a Nikon
Eclipse E600 microscope (Nikon, Tokyo, Japan). To quantify heterotopic
ossification, images of Alizarin-Red-stained sections were subsequently
analyzed using the batch mode of the Imagel vs1.49 macro. The color
thresholding algorithm used by this macro is based on an algorithm written
by G. Landini (version v1.8) available at http:/www.mecourse.com/
landinig/software/software.html.

I and hi ysis of the | pi

on
For immunofluorescence, 8-um sections from OCT-embedded muscles
were fixed with 4% PFA in PBS. They were permeabilized with a 0.2%
Triton X-100, 1% BSA solution in PBS for 30 min at RT and then blocked
in 10% serum, 1% BSA solution in PBS for 30 min before incubation with
the primary antibody p-Smadl/5 (1:800; Cell Signaling, Danvers, MA,
USA), after a demasking step in sodium citrate 10 mM pH 6 for 10 min
between fixation and blocking steps (2 h). Alexa-Fluor-546-conjugated
antibody (1:500; Invitrogen, Thermo Fisher Scientifics, Waltham, MA,
USA) was used as second-step reagents. Specimens were counterstained
with DAPI (Sigma, Buchs, SG, Switzerland) and analyzed using a Zeiss
LSM710 confocal microscope. Images showing double fluorescence were
first acquired scparatcly using appropriate filters, then the different layers
were merged using Adobe Photoshop CS4.

Statistical analysis

All luciferase reporter gene assays were performed in triplicate and repeated
independently at least twice (2-5 times). Z’ factor was evaluated by using the
formula [Z'=1-3%(o,+06.)/|us—p./ ], where 6, and o, are the s.d. of positive or
negative sample and of the solvent (control) and pg and p, represent the
average. Experiments to evaluate gene expression by RT-gPCR were
performed in triplicate from at least two independent RNA extractions. Both
the non-parametric Mann—Whitney test (Social Science Statistics) and the
unpaired two-tailed Student’s r-test (GraphPad r-test Calculator; http:/
graphpad.com/quickcalcs/ttest].cfm) were applicd to verify statistical
significance of the observed variations. Significant differences were given
as *P<0.05, "P<0.01 or ¥P<0.001.
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ABSTRACT

Altered macrophage infiltration upon tissue damage results in inadequate healing due to
inappropriate remodeling and stem cell recruitment and differentiation. We investigated in vivo
whether cells of endothelial origin phenotypically change after heterotopic ossification induction
and whether infiltration of innate immunity cells influences their commitment and alters the ectopic
bone formation. Liposome-encapsulated clodronate was used to assess macrophage impact on
endothelial cells (ECs) in the skeletal muscle upon acute damage in the ECs specific lineage-
tracing Cdh5CreER™:R26REYFP transgenic mice. Macrophage depletion partially shifts the fate of
ECs toward endochondral differentiation. Upon ectopic stimulation of BMP signalling, monocyte
depletion leads to a further contribution of ECs to ectopic bone formation, with increased bone
volume and density, that is reversed by ACVR1/SMAD pathway inhibitor Dipirydamole. This
suggests that macrophages contribute to preserve endothelial fate in trauma-induced heterotopic
ossification. Therefore, alterations of the macrophage-endothelial axis may represent a novel
target for molecular intervention in heterotopic ossification.
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Introduction

The regenerating skeletal muscle niche is a complex environment where distinct cell populations
play crucial and non-redundant roles. Progenitors in the muscle comprise the satellite cells, which
are quiescent stem cells that, once activated, are the primary myogenic cells responsible for
skeletal muscle regeneration (Relaix and Zammit, 2012). Vascular progenitors and interstitial cells,
such as fibroadipogenic precursors (FAPs) and PW1*/Pax7- interstitial progenitor cells (PICs),
contribute to muscle regeneration in several ways. They induces the formation of the new capillary
network to provide nutrients and oxygenation, they directly differentiate to muscle fibers (Dellavalle
et al., 2011; Pannerec et al., 2013) and produce growth factors and other soluble signals essential
for proper stem cell activation, myogenic differentiation and reconstitution of the contractile
apparatus (Abou-Khalil et al., 2009; Christov et al., 2007; Fiore et al., 2016; Joe et al., 2010).
Disruption of vessel assembly and jeopardized angiogenesis concur to muscle wasting (Abou-
Khalil et al., 2010; Shireman, 2007).

Increasing evidences support the hypothesis that these interactions and processes need to be
orchestrated and coordinated by cells of the immune system, in particular macrophages (MPs),
that infiltrate the muscle immediately after the initial tissue injury and necrosis and release several
cytokines (Arnold et al., 2007; Rigamonti et al., 2014). The two main macrophage populations, i.e.
the classically activated inflammatory MPs and the alternatively activated MPs, play a sequential
role to set the pace of muscle regeneration upon acute injury(Corna et al., 2010; Mantovani et al.,
2012; Rigamonti et al., 2013; Rigamonti et al., 2014). Failure of macrophage recruitment or altered
polarization result in impaired tissue regeneration and fibrosis, as described in several chronic
pathological conditions (Arnold et al., 2007; Lemos et al., 2015). Furthermore, we have previously
demonstrated that a proper macrophage recruitment in muscle after an acute sterile damage is
also essential for maintaining a correct angiogenic program and prevent the endothelial
contribution to scar formation This seems to occur through a complex biological process, referred
to as endothelial to mesenchymal transition (EndoMT). EndoMT involves loss of endothelial cell
identity in favour of a multipotent mesenchymal phenotype, which often contributes to exacerbate
the severity of many different fibrotic disorders not only in the muscle but also in kidney, liver and
heart (Medici, 2016; Pessina et al., 2015; Piera-Velazquez et al., 2016). Many recent studies have
suggested that ECs have the potential to differentiate along other mesenchymal derived lineages,
including chondrocytes and osteogenic precursors (Tang et al., 2012; Yao et al., 2013; Yung et al.,
2015).

Extra-skeletal osteogenesis is a sporadic event with serious clinical consequences. Defined as
heterotopic ossification (HO), it describes the development of an endochondral bone in soft tissues
due to fracture complication, neurological trauma or genetic defects, such as fibrodysplasia
ossificans progressiva (FOP, OMIM 135100) (Kaplan et al., 2008; Potter et al., 2007). FOP arises
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from gain-of-function mutations in the bone morphogenetic protein (BMP) type | receptor gene
ACVR1 (alias ALK2), resulting in aberrant activation of the BMP signaling pathway and acquired
sensitivity to unconventional ligands of the mutated receptor (Hatsell et al., 2015; Shore et al.,
2006) (Hino et al., 2015). Lineage tracing studies have suggested that several cell populations may
contribute to the ectopic bone formation both in genetic and pharmacological models of FOP,
amongst which are ECs (Cai et al., 2015; Dey et al., 2016; Lounev et al., 2009; Medici et al., 2010;
Wosczyna et al., 2012). Nonetheless, a definitive endorsement of endothelial cells as source of
heterotopic ossification remains controversial, partially due to the lack of strict specificity or
efficiency of such lineage tracing tools.

In this study, we rely on a specific in vivo endothelial genetic tracing mouse model to
unambiguously demonstrate the contribution of EC-derived cells to BMP-dependent ectopic
chondro-ossification and to determine that MPs play a non-redundant role in controlling this

process.

RESULTS

EC-derived cells in the regenerating skeletal muscle acquire an EndoMT/endochondrogenic gene

expression signature upon monocyte/macrophage depletion

To study how the interplay between immune system and ECs may contribute to trauma-induced
heterotopic bone formation, we chose a mouse model of severe muscle acute injury, where
macrophage infiltration is compromised. In such model, we have shown that EndoMT and fibrosis
are induced (Zordan et al., 2014). We generated double transgenic micde
Cdh5CreER™:R26REYFP by crossing Cdh5CreER™ transgenics with R26REYFP reporter mice.
This mouse model guarantees very high efficiency and specificity of the original endothelial
labeling, thus excluding marking any cell of mesenchymal or hematopoietic lineages (Zordan et al.,
2014). In this model, we first targeted MPs by intravenously injecting liposomes containing
clodronate (CLL) or PBS as control (Sham) one day before and every other day after acute
damage induction by cardiotoxin (CTX) injection, and we freshly sorted EYFP* ECs from muscle of
CLL- and Sham-treated mice five days after CTX (Fig.1A, left panel). The monocyte/macrophage
depletion efficiency was assessed by measuring the fraction of CD11b" cells in peripheral blood of
CLL- and Sham- treated mice by FACS (Fig 1A right panel, Suppl. Fig S1A). This depletion per se
did not affect the number of EC-derived cells that could be retrieved (Fig 1A, right panel, and
Suppl. Figure S1B).

We next characterized the transcriptome profile of genetically labelled isolated cells of endothelial
origin (EYFP* ECs), by deep sequencing (RNA-seq) analysis. As a result, we identified 1,399
differentially expressed genes (DEGs) (Suppl. Table 1) in CLL- vs Sham-treated samples. The
Gene Ontology enrichment analysis showed, as expected, that these DEGs are mainly involved in
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biological processes related to EndoMT and mesenchymal-fibrogenic features (Fig. 1C), as
confirmed by gPCR for a panel of lineage-specific markers (Fig 1D). Notably, we also found an
enrichment for ossification and bone development processes (Fig.1C) and the gene expression
upregulation of Sox9 and Runx2 (Fig. 1D), master genes of endochondral ossification (Hata et al.,

2017). This suggests that macrophage depletion enhances the osteogenic potential of ECs.

EC-derived cells contribute to BMP-induced chondrogenesis

To verify whether EC derived cells do really contribute to the process of ectopic chondro-
ossification, we induced the formation of cartlage and bone in the muscle of
Cdh5CreER™:R26REYFP or Cdh5CreER™:tdTomato mice, by intramuscularly injecting rhBMP2,
together with CTX, as described in (Cappato et al., 2016) (Fig. 2A). After seven days, we could
detect the presence of EYFP" ECs co-expressing the chondrocyte marker Sox9 and pSMAD1-5-8,
indicating they have activated the chondrogenic pathway and display high BMP signaling, whic h is
suggestive of BMP type | receptor kinase activation by rhBMP2 (Fig. 2B). Interestingly, some
EYFP*pSMAD® cells did not express anymore the endothelial marker CD31 (Fig. 2B). On the other
hand, after 10 days we could not detect EC-derived cells expressing the osteogenic master gene
Osterix (Osx) (Fig. 2C). These results are indicative that in these conditions ECs may contribute to

the formation of ectopic cartilage but not of bone.

Macrophages protect from BMP-induced ectopic ossification and conversion of EC-derived cells to

chondro-osteoblasts

Infiltrating MPs prevent EndoMT upon acute muscle damage (Zordan et al.,, 2014) and, as
demonstrated above, macrophage depletion per se is sufficient to induce the upregulation of the
chondrocyte marker Sox9 in EC-derived cells (Fig. 1D). To explore the role of infiltrating MPs
during BMP-induced HO, we experimentally depleted phagocytes by intravenously injecting
liposomes containing CLL (or PBS as control, Sham) every two days in BMP/CTX-treated
Cdh5CreER™:R26REYFP or Cdh5CreER™:tdTomato mice (Fig. 3A). Also in this condition, Cd11b*
cell counts in peripheral blood were significantly reduced in CLL- versus Sham-treated mice
(Supplementary Fig. S2A-B), as well as the number of F4/80" MPs in the muscle (Supplementary
Fig. S2C-D), indicating that phagocyte targeting was effective We first focused on the fate of EC-
derived cells at early stages of chondro-ossification, by freshly isolating them from the muscle
seven days after BMP/CTX treatment (Fig. 3B). dtTomato™ EC-derived cells from CLL-treated mice
showed an increased expression of Sox9 gene with respect to control samples (Fig. 3C). On the
other hand, the dtTomato™ fraction in CLL-treated mice showed the upregulation of Bmp4 and
Bmp6 gene expression, suggesting that MPs depletion leads to enhanced BMP signaling in the

muscle (Fig. 3C).
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Immunofluorescence (IF) analysis confirmed that, seven days after BMP/CTX, muscle from CLL
mice contains an increased number of EC-derived cells (EYFP™ or dtTomato®) expressing Sox9
protein (Fig. 3D). Only in this condition we also observed that, 10 days after BMP/CTX, some EC-
derived cells start to express Osx, indicating that the osteogenic fate has been switched on (Fig.
3E).

In vivo micro-computerized tomography (uCT) scan was carried out on both CLL- and Sham-
treated mice to assess the progression of ossification and any other effect on the normal skeletal
structure at later stages (10, 21 and 30 days after BMP/CTX treatment) (Fig. 4A). After 10 days, we
couldn’t detect significant differences in HO (measured as mineralized volume, mm3) or bone
density (HU/mm®) in control mice (Fig. 4C-D). By contrast, after 21 days of treatment, uCT scans
showed a significant increase of HO volume and bone density in CLL vs control mice (Fig. 4C-D).
The significant difference in HO volume was maintained also at 30 days after treatment, while bone
density further increased in CLL mice but with higher variability (Fig. 4B-D). These results were
confirmed by immunohistochemical analysis (IHC) using hematoxylin and eosin (H&E) or Masson
staining, which revealed that, at both 21 and 30 days after HO triggering, the area of ectopic bone
was greater in CLL- vs Sham-treated mice (Fig. 4E-F). This implies that proper MP infiltration from
the beginning of HO triggering is able to limit the extent of the ectopic bone lesions.

At 21 and 30 days, the high bone density of the HO lesions prevented the evaluation of EC-derived
cell contribution to the ectopic bone formation by FACS or IHC. Nonetheless, in vivo uCT imaging
allowed us to show that only in CLL-treated mice there is an increase of fluorescence signal in the
area of ectopic ossification at 10 and 21 days after BMP-induction, reflecting an increased
recruitment of EC-derived cells upon macrophage depletion (Supplementary Movie 1).

Finally, we wanted to assess whether we could prevent the exacerbated bone formation developed
upon macrophage depletion. We have previously shown that dipyridamole has an inhibitory effect
on the whole SMAD-dependent BMP signaling pathway and partially inhibits the process of BMP-
triggered HO (Cappato et al., 2016). Thus, dipyridamole was administered daily to Sham- or CLL-
treated mice (Fig. 5A). We first verified that dipyridamole did not lead to a differential macrophage
depletion in CLL mice (Fig. 5B). We therefore compared the extent of HO in Sham-, CLL- and
CLL/dipyridamole-treated mice by puCT and IHC (Fig. 5C), and found that after 21 days
dipyridamole was able to rescue HO in CLL mice, reducing the mineralized bone volume and bone

density to levels comparable to those of Sham mice (Fig. 5D-E).
DISCUSSION
Heterotopic ossification (HO) is a pathological condition where extra-skeletal bone forms in soft

tissues due to extreme trauma or genetic defects. Induction of ectopic bone formation, is highly

destructive. Therefore, its prevention has become an important focus of research, particularly with
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regards to pre- and post-operative preventive care in acquired heterotopic ossification and in
fibrodysplasia ossificans progressiva (FOP) patients. Of particular relevance is the research aiming
to identify the pathophysiological mechanisms of HO, thus eventually contributing to the
development of new and targeted treatment options.

FOP is caused by mutations of the ACVR1 gene, encoding the ALK2 bone morphogenetic protein
(BMP) type 1 receptor, and the consequent dysregulation of the BMP/Activin/TGF-B family ligand
signaling may be a shared property of both genetic and acquired forms of HO. Accordingly, it has
therefore been suggested that HO in FOP and in non-genetic conditions might be mediated by
common effectors and progenitor cells (Dey et al., 2016).

In the last years, several studies have focused on the cellular origin of ectopic ossification and
potential candidates have shown osteogenic potential both in vitro and in vivo (Agarwal et al.,
2016; Dey et al., 2016; Levy et al., 2001; Lounev et al., 2009; Medici et al., 2010; Sun et al., 2016;
Wosczyna et al., 2012). More recently, it was shown that the FAPs are the major contributors to
HO in a transgenic model of FOP carrying the ACVR17?% mutation (Lees-Shepard et al., 2018).
The endothelial involvement in induced and genetic HO is actively debated. By taking advantage of
an efficient and extremely endothelial-specific genetic lineage tracing mouse system, we have
followed the fate of ECs and their progeny in pathological chondro-osteogenesis leading to ectopic
bone formation. EC-derived cells show the potential commit to the chondrogenic lineage upon
EndoMT induction in the skeletal muscle. Furthermore, upon BMP2 stimulation, bona fide muscle
EC derived cells express pSMAD1-5-8, indicating that the BMP pathway has been switched on, as
well as the master gene of chondrogenesis Sox9 (Hata et al., 2017), while they downregulate
proper endothelial markers, such as CD31.

EndoMT has been suggested to contribute to traumatic HO (Agarwal et al., 2016; Sun et
al., 2016) and early lineage tracing studies indicated the Tie2-expressing vascular cells as the
leading candidates for the cellular origin of BMP2-mediated heterotopic cartilage and bone (Medici
et al., 2010). While Tie2" cells were initially considered to be endothelial cells, it was later
demonstrated that Tie2 is not an exclusively endothelial protein (Wosczyna et al., 2012). Indeed, it
has been recently shown that the Tie2" cells contributing to ectopic chondro-ossification are FAPs
(Lees-Shepard et al., 2018). This same study overruled the contribution of bona fide endothelial
cells to bone formation on the basis of a different VE-Cadherin dependent lineage tracing murine
system (Alva et al., 2006). This particular strain is not inducible and Cre activity starts in endothelial
cells from the embryos, resulting in labeling of hematopoietic lineages too. Moreover, labeling
efficiency in skeletal muscle, has never been properly evaluated.

Another aspect to be considered when evaluating and comparing the EC-derived cells contribution
to induced and genetic HO is the presence of the recurrent ACVR1R?%" mutation. It is quite
predictable that mutation in the ACVR1 (alias ALK2) locus would greatly impact the response and

fate of all potential osteogenic progenitors. Our results indicate that “wild-type” EC-derived cells in
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a “wild-type” environment are able to contribute to the initial phases of endochondral ectopic bone
formation.

Cells of both the innate and adaptive immune system have been increasingly implicated in
HO through various mechanisms (Kraft et al., 2016). A particular focus has been set on the role of
MPS, since they play a crucial function in the innate response to inflammatory stimuli (Mantovani et
al., 2005; Shi and Pamer, 2011). A generalization of what is in vivo a broad and partially continuum
set of differentiating populations suggests that activated MPs generate M1 (“classically activated”)
and M2 (“alternatively activated”) cells (Mantovani et al., 2005). M1 macrophages are mainly
involved in the response against pathogens, while M2 macrophages in the later phases of
inflammation, angiogenesis, clearance of dying cells and debris, and tissue regeneration and
adaptation (Mantovani et al., 2005; Novak and Koh, 2013). M2 macrophages prompt differentiation
of precursors to myofibroblasts, which oversee to the production of the matrix for tissue
regeneration. However, MP role might be more complex than anticipated, since M2 cells play also
angiogenic and vascular protective roles in inflamed tissues (Mantovani et al., 2005; Novak and
Koh, 2013). Indeed, we and other have demonstrated that MPs are necessary to orchestrate
proper tissue remodeling and repair upon muscle injury, also by favouring angiogenesis, via the
production of several secreted mediators and counteracting EndoMT (Latroche et al., 2017; Zordan
etal., 2014).

MPs have a quite established role in physiological osteogenesis in development and
fracture repair, both by differentiating into osteoclasts and by directly/indirectly stimulating other
progenitors in the osteogenic niche (Kraft et al., 2016; Raggatt et al., 2014) (Simkin et al., 2017).
However, their role in ectopic bone formation is still unclear, due to the use of different HO models
and conditions, genetic background, different MPs depletion models and protocols, and,
consequentially, to the heterogeneity of the immune cell population recruited upon tissue damage
and depletion. MPs have been suggested to enhance ossification in a neurological HO model
(Genét et al., 2015; Torossian et al., 2017). On the contrary, in other experimental conditions,
partial depletion of differentiated MPs with CLL promoted TGFR1 signaling and sustained an
osteogenic environment (Cho et al., 2014). Continuous BMP signaling alteration can also affect MP
behaviour: indeed, the sustained expression of the FOP mutant form of ALK2 alters cytokine
expression and cell response to injury. Moreover depletion of MPs or mast cells in the R206H
mouse model of FOP or in a transgenic mouse where BMP4 is overexpressed under the control of
the neuron specific enolase (Nse-BMP4) leads to a decreased ectopic bone formation (Convente
et al.,, 2017) (Kan et al.,, 2009). Noteworthy, we were able to partially inhibit HO in our model
system by administration of the ACVR1/BMP/SMAD inhibitor dipyridamole, suggesting that BMP
signaling still plays a key role inducing HO in our monocyte depleted model, where persistent
partial MP depletion delays muscle repair, hinders angiogenesis and, by increasing BMP/SMAD

signaling, promotes EndoMT and further funnels EC-derived cells, and certainly other progenitors,
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toward chondro-osteogenesis and extreme ectopic bone formation.

Further studies will be necessary to get more details in the signaling events at the basis of the
crosstalk between the different osteoprogenitor cells and the macrophages and other immune cells
remaining in the osteogenic niche after depletion. This would allow the identification of agents that
selectively sustain those macrophages that protect from acquired and hereditary HO, as a more

valuable strategy with respect to a general anti-inflammatory approach.

Materials & Methods

Animals. Mice were housed in the SPF facility at San Raffaele Scientific Institute (Milan, Italy) and
treated with the approval of the Institutional Animal Care and Use Committee (IACUC 489, 663).
Cdh5-CreER™ (Wang et al., 2010) and R26R-EYFP (Srinivas et al., 2001) or tdTomato (Madisen
et al., 2009) mice were bred to yield heterozygous siblings and genotyped as in (Wang et al.,
2010). Cre recombination was induced in Cdh5-CreER™R26R-EYFP or Cdh5-CreER™: tdTomato
mice at post-natal days 6-7-8 with three subcutaneous injections of Tamoxifen (250 pg/mouse;
Sigma-Aldrich, St. Louis, MO, USA).

Depletion of circulating phagocytes. Mice were injected intravenously (i.v.) with liposomes
containing either  clodronate (CLL; 1.8 mg/mouse) or PBS (Sham)
(http://www.clodronateliposomes.org/ashwindigital.asp?docid=26). The treatment was performed
one day before cardiotoxin (CTX) injection and every three days afterward (at 2, 5, 8, 11, 14, 17,
20 days after CTX injection).

Flow cytometry. EYFP" and Tomato® EC-derived cells from Cdh5-CreER™R26R-EYFP and
Cdh5-CreERT2:tdTomato mice, respectively, were isolated from P11 or adult mice after muscle
dissection. Tissues were cut in small pieces and dissociated with 0.15 mg/ml Collagenase IV
(Roche, Basel, Switzerland) and 0.25% Trypsin (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) or 0.4 mg/ml Dispase (Gibco). Dissociation reaction was performed at 37°C for 30 min for 2—
3 cycles. Resuspended mononucleated cells were filtered with 70 and 40 mM filters. Cells were
suspended in either DMEM with 20% FBS, 20mM HEPES, 2mM EDTA or PBS with 2% FBS, 2mM
EDTA (for antibody staining). For FACS analyses on circulating cells, blood was retrieved from the
mouse tail, washed with red lysis buffer and incubated at 4°C for 30 min in blocking solution (PBS
with 2% FBS, 2mM EDTA). Cell sorting was performed using the MoFLoXDP system (Beckman
Coulter, Inc., Brea, CA, USA) or FACSAria Fusion system (BD Biosciences, Bedford, MA, USA).
FACS analysis was carried out using the BD FacsCANTO system (BD BioscienceUSA). Data were
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analyzed by FloJo (TreeStar) and/or FCS Express 6 (De Novo Software, Los Angeles, CA, USA).

The antibodies used are listed in Table S1.

Transcriptome sequencing (RNA-seq). Total RNA samples were extracted from freshly sorted
EYFP* EC derived cells of muscle of CLL- and Sham-treated mice using ReliaPrep™ RNA Cell
Miniprep System (Promega, Milan, ltaly), checked for integrity on 2200 TapeStation instrument
(Agilent Technologies, Santa Clara, CA, USA) and stored at -80° until use. Starting from 200 ng
total RNA, RNA-seq libraries were prepared using the lllumina TruSeq Stranded mRNA Library
Prep Kit (lllumina, San Diego, CA, USA), according to manufacturers’ instructions, and sequenced
on MiSeq platform (lllumina) in 76-cycle paired-end runs. Three independent replicates were
sequenced for each condition (CLL and Sham). Raw sequence data are available in NCBI Short
Reads Archive (SRA) under Accession Number PRIJNA471032.

After fastq quality control by using FastQC tool, raw reads were mapped to the mouse reference
genome (Mus musculus UCSC mm10/GRCm38) using STAR aligner (v.2.3.1s) and gene counts
were calculated by HTSeq (v.0.6.1), using the Gencode M12 GTF file as gene model. Differential
gene expression analysis was carried out using DESeq2 software (v.1.0.17). A False Discovery
Rate (FDR, Benjamini and Hochberg (BH) correction) < 0.05 was used as cut-off to define
statistically significant differentially expressed genes (DEGs) in CLL vs Sham samples. ToppGene
suite was used to perform gene enrichment analysis for Gene Ontology (GO) categories and
pathways (https://toppgene.cchmc.org/enrichment.jsp). A FDR (BH correction) < 0.05 was applied

to all the annotation terms to defined statistically significant enrichment.

Quantitative Real-Time PCR. Reverse transcription (RT) was done using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). gqRT-PCR analysis
was carried out using the LightCycler 480 Instrument (Roche) or the 7900HT FAST Real-Time
PCR detection system (Applied Biosystems). cDNAs were amplified using the GoTag gPCR
Master Mix and the Hot Start Polymerase (Promega). Primer sequences are listed in Table S3. Ct
values greater than 35 were considered as negative. Data points were analyzed in ftriplicate.
Quantification was performed using the relative ddCt method. 28S or cyclophilin A genes were

used as internal controls.

In vivo heterotopic ossification. 0.1 ug/ul of rhBMP2 (Peprotech, Rocky Hill, NJ, USA) in 100 pl
growth factor-reduced Matrigel (BD Biosciences, 1:100 dilution) were injected intramuscularly in
the quadriceps of C57BL/6 2-month-old mice. The contralateral muscle was used as internal
control and injected with Matrigel only. Both quadriceps were injected with 5 ul CTX 100 uM (from

Naja mossambica mossambica, Sigma-Aldrich, Buchs, SG, Switzerland) to increase muscle
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damage. Animals were anesthetized by inhalation of 2-bromo-2-chloro-1,1,1-trifluoroethane, 299%

(Sigma-Aldrich) before the injection.

In vivo uCT imaging of heterotopic ossification. At day 10 and 21 after BMP injection, in vivo
micro-computerized tomography (uCT) scans were carried out to assess progression of
ossification and any other effect on the normal skeletal structure. In vivo uCT imaging was
performed using the IVIS SpectrumCT Pre-clinical In Vivo Imaging System (Perkin-Elmer,
Waltham, MA, USA). uCT images were acquired without any contrast medium, with the following
parameters: x-ray tube voltage=50 kV, tube current=1 mA, x-ray focal spot size=50 um. The uCT
images calibrated in Hounsfield unit (HU) were reconstructed with a voxel size of 75 um3.
Threshold-based image segmentation was performed to obtain a 3D reconstruction and
quantification of the ossification.

The total mineralized volume V=N x voxel size (mm?) was quantified using MIPAV (Medical Image
Processing Analysis and Visualization) and MATLAB software, where N is the number of voxels
corresponding to bone derived from the image segmentation procedure. The bone density
quantification was calculated using the following formula: ¥ Ni=1 HUi/V.

The IVIS SpectrumCT was also used to obtain 3D fluorescence images using a transillumination
excitation source placed below the animal. More precisely, a set of 2D fluorescence images were
acquired at different transillumination points within the region of interest. 3D images were then
reconstructed using the Fluorescence Imaging Tomography (FLIT) algorithm, as described in (Kuo
2008), and implemented in the Living Image 4.5 software (Perkin Elmer). Transillumination
fluorescence images were acquired using the following setting: excitation filter= 570 nm, emission

filter=620 nm, f-stop=2, camera binning=8, exposure= auto, field of view=13 cm.

Dipyridamole treatment. 10 mg/kg (body weight) dipyridamole was intraperitoneally administered
daily to the treated animals in a solution composed of 10% ethanol, 5% 2-pyrolidone, 12-15%
propylene glycol, 10% Cremophor ELP, saline to 100% as in (Cappato et al., 2016). Control mice
received the injection solution without drug.

IHC and IF. Serial muscle sections were stained with H&E (Sigma-Aldrich), according to standard
procedures. Muscle sections were stained with H&E or Masson Trichrome (Bio-Optica, Milan,
Italy), according to the manufacturers’ instructions.

IF on frozen section was carried out as in (Zordan et al., 2014). The antibodies used are listed in
Table S2. Images were taken using the following microscopes: Leica TCS SP2 Laser Scanning
Confocal or Zeiss LSM 710 Confocal Microscope. Images were processed using Adobe Photoshop
CS6 and Adobe lllustrator CS6.
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Statistical analysis. Data were analyzed with Microsoft Excel 14.1.0 and GraphPad Prism 6, and

were plotted as mean + standard deviation (SD) or mean + standard error of mean (SEM). To

evaluate statistical significance, unpaired two-tailed Student’s t- tests were used assuming equal

variance. Differences among three different experimental groups were evaluated by ANOVA

analysis with Bonferroni as post-hoc tests.

Table 1 Antibodies used for FACS analysis.

Primary Antibodies and Conjugates

Antibody Host Dilution Clone Supplier
F4/80-APC Rat 1:100 Cl:A3-1 Abd Serotec
CD45-PE Rat 1:100 30-F11 BD

CD11b-PeCy7 Mouse 1:100 M1/70 BD

Table 2. Antibodies used for IF analysis

Primary Antibodies

Antibody Host Dilution Supplier

CD31/PECAM1 (MEC13.3) Rat 1:2 Gift from E.Dejana

GFP Chicken 1:500 Abcam

p-SMAD1/5/8 (D5B10) Rabbit 1:800 Cell Signaling

Osterix Rabbit 1:300 Abcam

Sox9 Rabbit 1:300 Millipore

Secondary Antibodies

Antibody Host Dilution Supplier

Anti-Rabbit Alexa 488 Donkey 1:500 Molecular Probes

Anti-Rat Alexa 546 Goat 1:500 Molecular Probes

Anti-Rat Alexa 647 Chicken 1:500 Molecular Probes
Anti-Mouse Alexa 546 Goat 1:500 Molecular Probes

Table 3 Primers for qRT-PCR analysis

Gene Forward primer Reverse primer

28S AAACTCTGGTGGAGGTCCGT CTTACCAAAAGTGGCCCACTA
Cyclophillin A CATACGGGTCCTGGCATCTTGTCC | TGGTGATCTTCTTGCTGGTCTTGC
CD31 AGGGGACCAGCTGCACATTAGG AGGCCGCTTCTCTTGACCACTT
Collagen 1 GGTATGCTTGATCTGTATCTGC AGTCCAGTTCTTCATTGCATT
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Twist1 GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG
Tcf4 TCTGCAACTTCCCCTGACTT TGTCTTGCAGGTTCTCATCG
Runx2 GACTGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA
Sox9 TCCAGCAAGAACAAGCCACA CGAAGGGTCTCTTCTCGCTC
Osterix ACCAGAAGCGACCACTTGAG TTGGCTTCTTCTTCCCCGAC
Cadherin 5 GTACAGCATCATGCAGGGCG ATTCGTATCGGATAGTGGGG
FAP TCAACTGTGATGGCAAGAGC GTACCACATCGCCTGGAAAT
Bmp6 ATGGCAGGACTGGATCATTGC CCATCACAGTAGTTGGCAGCG
Bmp4 TTCCTGGTAACCGAATGCTGA CCTGAATCTCGGCGACTTTTT
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FIGURE LEGENDES

Figure 1 Gene expression profiling of EC-derived cells.

A) Experimental scheme of muscle acute injury and macrophage depletion (left panel) and
evaluation of the percentage of EYFP® sorted cells (EC derived cells) and Cd11b* cells
(macrophages) after clodronate (CLL) or control (Sham) treatments (right panel). B) Heatmaps
showing genes differentially expressed genes between EC derived cells isolated from muscle of
CLL- and Sham-treated Cdh5-CreER™:R26R-EYFP mice. C) Gene Ontology (GO) Biological
Process terms enriched in CLL vs control samples. Number of up- and down-regulated
differentially expressed genes (DEGs) associated to each term are shown as red and green bars,
respectively. All the enrichments shown are statistically significant (blue line indicates significance
expressed as -log Pvalue). D) gRT-PCR expression assays for a panel of selected genes. Values
are expressed as fold changes relative to Sham mRNA expression, and normalized on the

housekeeping (cyclophilin A). Bars represent mean £ SEM. n=3, p *<0.05; **<0.01; ***<0.001.

Figure 2. EC-derived cells contribute to the development of ectopic bone.

A) Experimental scheme of BMP2-mediated bone induction. B) IH of muscle section from
quadriceps of Cdh5-CreER™*:R26R-EYFP mice at seven days after bone induction and stained
with Sox9 and EYFP antibodies (top panels) or pSMAD1/5/8, EYFP and CD31 antibodies (bottom
panels). Right panels showed merged images, where nuclei are stained with Hoechst (blue). In the
top panels, arrows indicate cells that co-express both Sox9 and EYFP. In the bottom panels,
arrows show pSMAD1/5/8" cells of endothelial origin (EYFP") that have lost CD31 endothelial
marker. C) IH of muscle section from quadriceps of Cdh5-CreER™%dtTomato mice at 10 days after
bone induction and stained with Osterix (Osx) antibody (left panel). Central panel shows dtTomato®
cells. Right panel shows merged images, where nuclei are stained with Hoechst (blue).

Magnification 20X. Scale bar 50 pm.

Figure 3 Macrophage depletion increases EC-derived cells participation to HO.

A) Experimental scheme showing BMP2-mediated bone induction, clodronate (CLL) and Sham
liposome treatments, and sacrifice time-points. B) Gating of tdTomato™ sorted cells from Cdh5-
CreER™dtTomato mice quadriceps at seven days after bone induction (left panel). On the right:
graph showing the median percentage of diTomato® cells among the number of living cells (gated
on physical parameters) in Sham and CLL-treated mice. n=4 Bars represent mean + SEM. C) gRT-
PCR expression of Sox9 in dtTomato cells (left) and of Bmp4 and Bmp6 in dtTomato” cells (right),
isolated from CLL or Sham Cdh5-CreER™:dtTomato mice quadriceps at seven days after bone
induction. are expressed as fold changes relative to Sham mRNA expression, and normalized on
the housekeeping (cyclophilln A and/or 28S) (left). n=4. Bars represent mean + SEM. p*<0.05;
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**<0.01. D) Sections of quadriceps of CLL and Sham Cdh5-CreER™:R26R-EYFP mice at seven
days after HO induction. Left panels show images of sections stained with H&E (magnification
10X). Central panels show IH images of muscle sections stained with Sox9 and EYFP antibodies.
Right panels showed merged images, where nuclei are stained with Hoechst (blue). Arrows
indicate cells that express both markers. Scale bar 50 yM. Graphs on the right represent the
median number of Sox9" cells (top) and the median number of Sox9"/EYFP" cells (bottom). n=4.
Bars represent mean + SEM. p *<0.05. E) Sections of quadriceps of CLL and Sham Cdh5-
CreER™:dtTomato mice collected 10 days after HO induction. Left panels show images of sections
stained with H&E (magnification 10X). Central panels show IH images of muscle sections stained
with Osx antibody or of dtTomato fluorescence. Right panels showed merged images, where
nuclei are stained with Hoechst (blue). Arrows indicate cells expressing both Osx and dtTomato
markers. Scale bar 50 uM. Graphs (right) represent the median fraction of Osx™ cells (top) and the

median number of Osx’/dtTomato® cells (bottom). n=3. Bars represent mean + SEM. p *<0.05

Figure 4 Macrophage depletion increases HO
A) Experimental scheme showing BMP2-mediated bone induction, clodronate (CLL) and Sham

liposome treatments, and micro-computerized tomography (uCT) time-points. B) uCT scans of CLL
or Sham Cdh5-CreER™:tdTomato mice at 10, 21 and 30 days after bone induction C)
Quantification of the mineralized ossicle volume (mm?®). n=4 mice. Bars represent mean + SEM. p
*<0.05; **<0.01. D) Quantification of the ectopic bone density (HU/mm?®). n=4 mice. Bars represent
mean + SEM. p** <0.01. HU, Hounsfield unit. E-F) H&E and Masson Trichrome stainings of muscle
section showing lesions in Sham or CLL Cdh5-CreER™: tdTomato mice at 21 and 30 days after

bone induction.

Figure 5. Dipyridamole decreases HO induced by macrophage depletion.

A) Experimental scheme showing BMP2-mediated bone induction, clodronate (CLL) and Sham
liposome treatments, dipyridamole administration and micro-computerized tomography (uCT) time-
points. B) Graph representing the percentage of Cd11b” cells after Sham, Sham/dipyridamole
(Sham+Dipy), CLL or CLL/dipyridamole (CLL+Dipy) treatment. n=4 mice. Bars represent mean *
SEM. C) uCT scans of Cdh5-CreER™:tdTomato mice treated with CLL or CLL/dipyridamole
(CLL+Dipy) or PBS (Sham) at 21 days after bone induction. Lower panels show representative
images of bone lesions in muscle sections after H&E and Masson Trichrome staining. D)
Quantification of the mineralized ossicle volume and E) of the ectopic bone lesion density
(HU/mm3) (right). n=5 mice. Bars represent mean = SEM. p *<0.05; **<0.01 ***<0.001.
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Figure 2
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Figure 3
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Figure 4
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Figure 5

A Ctx + rhBMP MicroCT
Day Day Day
0 2 21
‘Cll/Sham Lip.‘ ______________ &
Dipy ‘ ______________ -

MicroCT

Hematox/Eosin

Masson

B

%cells on total population

15+
n.s.
10+ "7:| L
i V |
8
n.s.
5= |
il —_—
===
L] L)
Sham Sham + Dipy CII ClI+Dipy

(mm®)

-
=3
1=

Mineralized Volume
o

Sham Cll  CIl + Dipy

112

HU/mm?®

600
500
400
300
200
100

| CLL+Dipy

Sham Cll  Cll+ Dipy




113



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 Adarl 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 | 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 Adarl edits Alu elements in Cathepsin S 3’ UTR,
resulting in increased Hur binding and consequent mRNA stabilization.
When Adarl 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-l 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 Adarl and Adar2 in
Ea.yh926 cells endothelial cells paying special attention to TGF(B
signalling because of is known capacity of inducing EndMT, in addition
TGFp 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/ul (Sigma-Aldrich). Cells were grown on
1% gelatin coated plates for gene expression analysis after 24h ligands
treatment with 1 ng/ul BMP9 (R&D System, Minneapolis, Minnesota,
USA), 5 ng/ul TGFB3 (OSI Pharmaceuticals, Farmingdale, USA), 10
ng/ul TNF-a (Thermo Fisher Scientific, Waltham, MA, USA), 50 ng/ul
ActivinA (Fisher Scientific, Waltham, MA, USA), 10 uM kinase inhibitor
SB431542 (Tocris Bioscience, Ellisville, MO, USA).

Quantitative-RT PCR

Total RNA extraction was performed using NucleoSpin RNA Il (Machery
Nagel, Diren, 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
Adarl 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 ug/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 Adarl 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-Adarl (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, lllinois,
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 Adarl and Adar2 gene expression is affected by macrophages.
When MP are depleted by clodronate treatment the level of Adarl 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 TGFf-
induced EndMT (6), to evaluate modulation of Adar expression by
ligands belonging to TGFB family: BMP9, TGF(33, ActivinA and TNFa for

its EndMT-inducing capacity. None of these ligands alters Adarl 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 TGFB stimulation
can affect Adar translocations (Fig 2B). Starvation has been induced in
Ea.hy926 for 6 hours cells by FBS deprivation before TGFB3 stimulation
(45 minutes) to observe change in Adar proteins localization through
immunofluorescence in fixed cells. As expected, TGFB 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 Adarl or Adar2 proteins (Fig.3). All the
constructs were directed against a region shared by all the transcripts
of Adarl or Adar2 reported in literature. As controls we used cells
infected with empty (pLKO.1) and Scramble vectors. Adarl KD does
not appear to target Adar2 or to induce a compensatory up-regulating
Adar2 mechanism, and the same for Adar2 KD towards Adarl, as
expected by literature describing not overlapping editing sites for Adar
enzymes.

shAdarl #4, as demonstrated by Western Blot (Fig.3b) has a low
efficiency, while other constructs reach a substantial reduction of Adar

proteins. Silencing of Adarl and Adar2 knock downs were compatible
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with Ea.yh926 cells vitality enabling us to stimulate the cells with
TGFB3 for 48 hours (Fig. 4, Fig. 5). Treatment with TGFB, 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 ShAdarl #1 KD (Fig. 4, arrows). We
therefore wonder if Adars can increase sensitivity to TGFB
hyperactivating Smad factors. Evaluation of Smad2 phosphorylation
does not reveal differences among KD and control (Fig. 6). Similarly,
TGFp target genes do not show to be modulated by Adars (Fig.7) after

48 hours of treatment.
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Figure 1. RNA sequencing data analysis on VE-Cad+ cells (Eyfp+)
isolated from regenerating muscle 5 days after CTX damage in
Cll and Sham treated mice. mRNA expression of selected genes.
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Figure 2. A) RNA expression of Adars enzymes in Ea.hy926 cells
after 24h treatement with ligands: BMP9, TNFa, ActivinA
(ACTA),TGFB3, TGFB3 and TGFB inhibitor (SB).
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Magnification 40X.
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Ea.hy926 cells. Incubation with Adarl or Adar2 antibody.
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Figure 4. Images of Ea.hy926 cells (controls: pLKO.1 and
Scrambled vs Adarl KD) in untreated conditions and after
48h of TGFB3 treatment in the presence of 10% of
serum. Arrows indicate spindle cells in Adal KD #1.
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Figure 5 Images of Ea.hy926 cells (controls: pLKO.1 and
Scrambled vs Adar2 KD) in untreated conditions and after
48h of TGFB3 treatmentin the presence of 10% of serum.
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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 TGF
signalling has not been demonstrated yet.To understand if the
acquirement of spindle morphology depends on TGFp stimulation and
Adarl KD (#1), further experiments are required. In particular, TGF
target genes or Smad activation are not increased by reduction of
Adarl protein. Non-canonical TGFB signalling pathways, including
MAP kinase, Rho-like GTPase and phosphatidylinositol-3-kinase/AKT
(7) should be studied to evaluate a possible involvement of Adarl in
modulating TGFp signalling.

Analysis of the effects of non-canonical pathways in Adarl KD should
be carried out using specific pathway inhibitors to verify the effect of
TGFB.

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.

Adarl has a known role of mitigating the intracellular effects of
inflammation (2,3) in different cell types, data from non-endothelial
cells report that TNFa can induce the expression of Adarl, 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 Adarl in response to TNFa treatment.
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It would be therefore interesting to evaluate how TNFa induced
EndMT is affected when Adarl expression is silenced in another type
of endothelial cells.

Endothelial heterogeneity can generate important differences in TGF
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 TNFa is indeed different

accordingly to ECs subtype: VCAM-1 expression was only increased in
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response to TNFa in HUVECs and glomerular ECs, but not in dermal
microvascular ECs . In addition, they (6) reported changes in
heterogeneous gene expression in response to TNFa,
lipopolysaccharide (LPS), and IL-18 in HUVECs, human pulmonary
microvascular ECs, HAECs, carotid artery ECs, coronary artery ECs,
subclavian artery ECs, and brachiocephalic artery ECs. TNFa and IL-1(3-
stimulated organ-specific endothelial heterogeneity has also been
reported (7). Also the effects elicited by TGFB treatment shows
variability among EC subtypes. In human coronary artery ECs, both
TGFB1 and TGFB2 upregulate the expression of the mesenchymal
markers a-SMA and SM22a, but only TGFB1 has an effect on a-SMA
expression in human pulmonary microvascular ECs (8). Thus,
differential behaviour in response to TGFB and TNFa 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
AcvrltnR206H/+;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,
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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 TGFfB 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
TGFB, while apoptosis is driven by TNFa 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

138



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 |l

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 TGFB and
TNFa 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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