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Hereditary hemorrhagic telangiectasia (HHT) is a genetic disorder
characterized by vessel dilatation, such as telangiectasia in skin and
mucosa and arteriovenous malformations (AVM) in internal organs such
as the gastrointestinal tract, lungs, and brain. AVMs are fragile and tortuous
vascular anomalies that directly connect arteries and veins, bypassing healthy
capillaries. Mutations in transforming growth factor B (TGFB) signaling
pathway components, such as ENG (ENDOGLIN), ACVRLI (ALK1), and
SMAD4 (SMAD4) genes, account for most of HHT cases. 10-20% of HHT
patients develop brain AVMs (bAVMs), which can lead to vessel wall rupture
and intracranial hemorrhages. Though the main mutations are known,
mechanisms leading to AVM formation are unclear, partially due to lack of
animal models. Recent mouse models allowed significant advances in our
understanding of AVMs. Endothelial-specific deletion of either Acvrll, Eng
or Smad4 is sufficient to induce AVMs, identifying endothelial cells (ECs)
as primary targets of BMP signaling to promote vascular integrity. Loss of
ALK1/ENG/SMAD4 signaling is associated with NOTCH signaling defects and
abnormal arteriovenous EC differentiation. Moreover, cumulative evidence
suggests that AVMs originate from venous ECs with defective flow-migration
coupling and excessive proliferation. Mutant ECs show an increase of
PI3K/AKT signaling and inhibitors of this signaling pathway rescue AVMs in
HHT mouse models, revealing new therapeutic avenues. In this review, we
will summarize recent advances and current knowledge of mechanisms
controlling the pathogenesis of bAVMs, and discuss unresolved questions.
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Introduction

Hereditary hemorrhagic telangiectasia (HHT), or Rendu-
Osler disease, is an autosomal-dominant inherited syndrome
with a prevalence of around 1:5,000-8,000 people (Bideau
et al,, 1989; Kjeldsen et al., 1999), characterized by vascular
anomalies. The major lesions found are telangiectasia, widened
small vessels located near the surface of the skin or
mucous membranes such as lips, tongue, nasal, buccal, and
gastrointestinal mucosa. These lesions are fragile and prone to
bleeding mostly in the nasal mucosa and gastrointestinal tract
(Shovlin, 2010). Most HHT patients also develop pulmonary,
hepatic, spinal or brain arteriovenous malformations (AVMs),
which are abnormal connections between arteries and veins.
While 33% of patients develop pulmonary AVMs, 10-20%
will develop brain AVMs (bAVMs) (Haitjema et al., 1995).
Although bAVMs are less frequent, their consequences can be
detrimental for the patient. Indeed, in addition to intracranial
hemorrhages, bAVMs can lead to blood-brain-barrier (BBB)
defects, promoting neuronal dysfunction and seizure such as
epilepsy (Mohr et al., 2013; Rohn et al., 2014). However, bAVM
pathogenesis is not well understood.

It is now well known that ALK1 signaling, one of the
canonical pathways of the TGFp superfamily, plays a critical
role in vascular morphogenesis (Roman and Hinck, 2017).
BMP9 and BMP10 are cytokines produced by the liver and
the heart, respectively (Figure 1; Neuhaus et al., 1999; Bidart
et al, 2012). BMP9 expression has also been reported in
the lung and the brain septum, although at a significantly
lower level than in the liver (Lopez-Coviella et al., 2000;
Bidart et al., 2012). Cardiac BMP10 expression is associated
with the development of the trabeculated myocardium during
embryonic development and then becomes mainly restricted
to the right atria in post-natal life (Neuhaus et al., 1999;
Somi et al., 2004). These cytokines can have an autocrine and
paracrine action but can also enter blood circulation to act
on endothelial cells (David et al., 2008; Chen H. et al., 2013).
Indeed, BMP9/10 bind with high affinity to the TGFp receptor
1 ALK1, a serine/threonine kinase receptor, and its coreceptor,
ENDOGLIN (Figure 1), which is expressed predominantly on
ECs (David et al., 2006; Alt et al., 2012; Townson et al., 2012).
BMP9/10 ligands bind to ALK1 which will heterodimerize
with BMP receptor II (BMPRII) to transduce downstream

Abbreviations: ACVRL1, Activin A receptor like type 1; AVF, Arteriovenous
fistulas; AVM, Arteriovenous malformations; bAVM, Brain AVM; BBB,
Blood-brain-barrier; BMP, Bone Morphogenetic Protein; CK2, Casein
Kinase 2; CNS, Central nervous system; CVM, Capillary vascular
malformation; EC, Endothelial cell; ENG, Endoglin; HHT, Hereditary
hemorrhagic telangiectasia; JP-HHT, Juvenile polyposis-HHT, LSS,
Laminar Shear Stress; NVU, Neurovascular unit; PC, Pericyte; PDGF,
Platelet-derived growth factor B; PDGFR, Platelet-derived growth factor
B receptor; PNVP, Perineural vascular plexus; SMC, Smooth muscle cells;
TGFB, Transforming growth factor p; VEGF, Vascular endothelial growth
factor; VEGFR, Vascular endothelial growth factor receptor.
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FIGURE 1

Endothelial BMP/ALK1 signaling pathway. Soluble BMP9 and
BMP10, secreted, respectively, by the liver and the heart in the
bloodstream, bind their receptor ALK1, a SER/THR kinase, and its
coreceptors BMPRIl and ENDOGLIN at the surface of ECs. The
activation of the BMP receptor complex will trigger the
downstream SMAD signaling. Phosphorylated SMAD1/5/8 will
recruit SMAD4. This SMAD complex accumulates in nucleus to
regulate transcription of target genes, including genes involved
in angiogenic processes.

signaling. The ENDOGLIN receptor interacts with the receptor
complex to promote the phosphorylation of the transcription
factors SMAD1/5/8 (Chen and Massagué, 1999; Oh et al., 2000),
leading to their association with the common regulator SMAD4
(Nakao et al., 1997). Then, the SMAD complex translocates and
accumulates into the nucleus (Figure 1) in order to regulate
the expression of specific target genes such as DNA-binding
protein inhibitor 1 (IDI) and ID3 (Valdimarsdottir et al., 2002).
For example, the BMP9/ALKI signaling pathway regulates
angiogenesis by modulating the expression of genes involved in
vascular quiescence, cell junction, response to shear stress, and
the recruitment of mural cells.

HHT patients can be subdivided into five groups. Mutations
in the ENG gene (encoding for ENDOGLIN) are responsible
for HHT1 (McAllister et al., 1994), while mutation of ACVRLI
(encoding for ALK1) leads to HHT2 (Johnson et al, 1996).
HHT1 and HHT2 represent around 90% of HHT cases (Prigoda
et al,, 2006). Moreover, mutations of SMAD4 represent 2% of a
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type of HHT called juvenile polyposis (JP)-HHT (Howe et al.,
1998; Gallione et al., 2004). Finally, loci on chromosomes 5
and 7, unlinked to ENG, ACVRL1, or SMAD4 mutations, have
been associated with subsets of HHT patients and have been
referred to as HHT3 and HHT4, respectively (Cole et al., 2005;
Bayrak-Toydemir et al., 2006), while HHT features (HHT5)
have also been observed in individuals with heterozygous
mutations of growth differentiation factor 2 (GDF2), which
encodes BMP9 (Wooderchak-Donahue et al., 2013). It should
be noted that the vascular phenotype varies depending on
the mutated HHT genes but also on the individual. Indeed,
mutations in the same gene can trigger different vascular
anomalies from one patient to another, suggesting context-
dependent pathogenicity of vascular malformations (Kjeldsen
et al., 2005; Bayrak-Toydemir et al., 2006).

This review will focus on HHT bAVMs and summarize
recent advances in organotypic pathogenicity, animal models,
cellular and molecular mechanisms, and therapeutics.

Cerebral arteriovenous
malformation anatomy

Brain vasculature

The blood supply of the human brain relies on only two
pairs of large arteries: the internal carotids, which supply the
blood to the cerebrum, and the vertebral arteries, which join
distally to form the basilar artery, and finally vascularize the
cerebellum and the brain stem. Proximally, the basilar artery and
the internal carotid arteries join to form a ring at the brain’s base
known as the circle of Willis.

The circle of Willis gives rise to three pairs of main
arteries: the anterior, middle, and posterior cerebral arteries,
which divide progressively into smaller arteries and pial
arterioles within the brain’s subarachnoid space meninges.
Then, penetrating arterioles dive into the cortex and divide into
precapillary arterioles and capillaries, the most predominant
brain vessels. Similarly, the pial venular network from the
brain surface is connected to ascending venules diving into
the parenchyma, followed by postcapillary venules, which
branch to capillaries.

Even if human brain vascularization is well described, its
development is based on studies done in animal models, such
as rodents. Comprehensive studies on the mouse brain showed
that vascularization starts at embryonic day (E) 7.5-8.5 by
vasculogenesis at the ventral region of the neural tube, followed
by the invasion of capillary sprouts into the neuroepithelium
at E9.5 (Hogan et al, 2004). Branching and arborization of
capillary sprouts from the pial surface subsequently lead to
the formation of the perineural vascular plexus (PNVP) at the
brain’s surface (Tata et al., 2015; Biswas et al., 2020). Then, the
first sprouts of the PNVP invade the ventrolateral forebrain
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following an angiogenic gradient of Vascular Endothelial
Growth Factor (VEGF) induced by the hypoxic tissue at
postnatal day (P) 9.5 (Bautch and James, 2009; Tata et al., 2015;
Peguera et al,, 2021). The vascularization will then continue
to invade the tissue in a ventrolateral to dorsomedial fashion
by angiogenesis, the growth of pre-existing blood vessels. The
cerebral vascular network is still expanding and remodeling for
a few weeks after birth (Biswas et al., 2020). While canonical
pro-angiogenic signaling pathways, such as VEGE, WNT, and
TGEFf, are essential, mechanisms controlling this postnatal
angiogenesis wave remain unclear (Paredes et al., 2018). Neo-
angiogenic sprouts and EC proliferation are observed until P14.
Then, from P14 to P25, a progressive decrease in the angiogenic
rate will favor the stabilization of the vasculature (Biswas et al.,
2020; Coelho-Santos and Shih, 2020). Moreover, the capillary
density varies depending on the brain region. Indeed, the
angiogenesis rate is far higher in gray matter, enriched in
neuronal cell bodies, than in white matter to supply the energy
needed (Coelho-Santos and Shih, 2020).

The ECs lining vessels have developed a unique and highly
selective BBB to maintain brain homeostasis and neural function
(Daneman and Prat, 2015). This organotypic feature of the
CNS capillaries depends on the interaction and communication
between the neurovascular unit (NVU) cells, which includes
ECs, pericytes (PCs), astrocyte endfeet as well as neurons
(Siegenthaler et al., 2013; Kaplan et al., 2020). In the mouse,
brain angiogenesis begins at E9.5-E11.5, and the initiation
of BBB starts soon after (Biswas et al., 2020). ECs acquire
both paracellular and transcellular barriers to prevent the
movement of small molecules between ECs (Daneman and
Prat, 2015; Biswas et al., 2020). The endothelial BBB is
characterized by abundant tight junctions (paracellular barrier)
and a low rate of endocytosis (transcellular barrier) to control
passive exchanges and caveolae-dependent receptor-mediated
transcytosis. Therefore, the BBB allows a high control of the
nutrient exchange, low permeability, and immune privileges
(Siegenthaler et al., 2013; Daneman and Prat, 2015; Haddad-
Tovolli et al., 2017).

Brain AVMs anatomy

A healthy blood vascular network has capillary plexuses
between arteries, a high flow region, and veins, a low flow region.
Capillaries are essential for the delivery of oxygen and nutrients.
Therefore, neurovascular coupling, the blood flow regulation
by neurons, is essential for neuronal function (Kaplan et al,
2020). The main characteristic of AVM is a direct connection
between veins and arteries, bypassing the capillary bed. The
loss of capillaries in bAVMs leads to cerebral hemodynamic
changes with the increased blood flow in the arteries and veins.
Thus, bAVMs are considered high-flow vascular malformations.
bAVMs are also characterized by one or several feeding arteries

frontiersin.org


https://doi.org/10.3389/fnhum.2022.1006115
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Drapé et al.

and one draining vein. Moreover, bAVMs are associated with
ECs proliferation and mural cell coverage defects.

There are different types of bAVMs defined by specific
features (Matsubara et al., 2000): arteriovenous fistulas (AVF),
nidal AVMs, and capillary vascular malformations (CVM).
AVFs correspond to direct fistula connections between one
artery and one vein, whereas nidal AVMs and CVMs are
characterized by the presence of a nidus, defined as tangles of
abnormal blood vessels. Nidal AVMs have a nidus between 1
and 3 cm with multiple feeding arteries and veins, whereas the
nidus of CVM is less than 1 cm and has one feeding artery and
vein (Matsubara et al., 2000; Griauzde et al., 2020). Patients with
AVF and nidal AVM have more chance of rupture risk and may
present symptoms such as seizure, hemorrhage, and headache,
whereas most patients with CVM are asymptomatic (Matsubara
et al,, 2000; Brinjikji et al., 2017). The different types of bAVMs
can also be discerned by the age of the patients. Indeed, AVFs are
observed in young children, whereas nidus AVMs and CVMs
develop later in life (Matsubara et al., 2000; Krings et al., 2005).

Even if the different AVMs have different characteristics,
no differences in the localization in the brain have been
reported (Krings et al., 2005). AVMs are located mostly in
superficial regions of the cerebral cortex, with a majority in
the supratentorial region compared to the infratentorial region.
However, very few AVMs can be found in deeper areas such as
the basal ganglia or brain stem (Matsubara et al., 2000; Saleh
etal., 2013; Komiyama et al., 2015; Krings et al., 2015).

Consequences and symptoms of brain
AVMs

Most bAVMs are asymptomatic, and the diagnosis is often
made by brain imaging after hospitalization or examination for
another medical reason. However, some patients may develop
symptoms such as headaches, seizures, and hemorrhages
(Brown et al,, 1996). In addition, it seems that there is a
correlation between the hemodynamic changes, the patients’
age, and the AVM’s cerebral location (Gross and Du, 2013;
Abecassis et al., 2014). The exact causes of seizures are not yet
well understood. However, frontal or temporal lobe locations of
AVMs are associated with a higher risk of seizure compared to a
deep location (Hoh et al., 2002). In addition, it also appears that
hemodynamic changes may influence the occurrence of seizures
(Fierstra et al., 2011).

The risks of hemorrhage may be increased by the position of
the AVM in the brain, with a deep location having a higher risk
of rupture (Yamada et al., 2007). However, the bAVM:s found in
HHT patients predominantly have a cortical area and therefore
have a relatively low risk of rupture (around 2% per year)
(Willemse et al., 2000). Moreover, it has also been documented
that the size of the AVM and its association with aneurysms may
also influence the risk of hemorrhage (Gross and Du, 2013). The
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high blood pressure generated by bAVM may also increase the
risk of rupture (Langer et al., 1998). Hemorrhage after bAVM
rupture leads to mortality or morbidity development (Fleetwood
and Steinberg, 2002). Indeed, it has been shown that patients
with hemorrhagic bAVMs have a higher risk of subsequent
epileptic seizure (Josephson et al., 2011).

However, mechanisms that lead to the development of those
symptoms are not yet well understood, mainly because only
a few patients develop cerebral symptoms, the distribution of
these symptoms are heterogeneous among patients, and the lack
of experimental models.

Animal models of hereditary
hemorrhagic telangiectasia

Mouse models

It is crucial to develop animal models that recapitulate
HHT pathophysiology to improve our knowledge of AVMs’
pathogenesis and reveal new therapeutic avenues. Several
studies have used new sophisticated models to decipher AVM
mechanisms in the last two decades, as summarized below
(Tual-Chalot et al., 2015).

Three transgenic mouse models with global knockout
for Eng were first developed in order to recapitulate HHT1
(Bourdeau et al., 1999; Li et al., 1999; Arthur et al., 2000). These
mice show marked defects in yolk sac angiogenesis and cardiac
development, leading to lethality at E10.5. Similarly, global
knockout mice for Acvrll have been developed to study HHT2
(Oh et al.,, 2000; Urness et al., 2000; Srinivasan et al., 2003).
These mice also die around E10.5 with pronounced angiogenic
defects. Indeed, mutant embryos exhibit hyperdilated vessels
and the formation of arteriovenous shunts. The embryonic
lethality of these mutant mice highlights the importance of the
BMP/ALK1/ENG signaling pathway in vascular development
and morphogenesis but makes it challenging to study the
mechanisms underlying these angiogenic defects. Thus, the
following studies were carried out on heterozygous mice.
In addition, to be viable, these models are closer to HHT
physiopathology, as HHT patients also carry heterozygous
mutations (Srinivasan et al, 2003; Torsney et al, 2003).
Moreover, heterozygous mutant mice display some features
found in patients, such as mucocutaneous vascular lesions in
internal organs, such as lungs, liver, spleen, and intestines.
However, these mice develop very few cerebral AVMs at a lower
frequency than that found in patients.

The creation of inducible and tissue-specific mutant mice
was crucial for the investigation of the role of key genes in
developmental and pathological processes. Reporter mice have
shown that ALK1 and ENG are mainly expressed in ECs of
blood vessels (Jonker and Arthur, 2002; Seki et al., 2003). In
line with these findings, the endothelial-specific Acvrll deletion
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is sufficient to trigger blood vessels dilation, hemorrhages and
AVMs in the brain, lungs and intestine (Park et al., 2009).
However, endothelial mutant mice showed improved survival
until postnatal day 5 compared to global KO which induces
embryonic lethality. New inducible and endothelial-specific
models allowed studying AVMs in postnatal mice. Interestingly,
an early postnatal endothelial-specific deletion of Eng or Acvrll
is sufficient to induce an HHT-like phenotype, including AVM
(Table 1; Allinson et al., 2007; Park et al., 2008, 2009; Mahmoud
et al, 2010). However, the deletion of Eng in perivascular
smooth muscle cells does not promote arteriovenous shunt
formation, in line with its expression profile (Garrido-Martin
et al,, 2014). Altogether, these findings revealed the essential
role of ECs in the pathogenesis of HHT. These models also
confirmed the hypothesis that a second hit is necessary to induce
AVM in HHTs, also known as the three events hypothesis
(Tual-Chalot et al., 2015). This refers to the fact that 3 stimuli
are necessary for AVM formation: gene loss, protein loss,
and then an angiogenic stimulus. While an early endothelial
deletion of Eng and Acvrll promotes AVMs formation in the
angiogenic context of developing tissues, the deletion in adults
is not sufficient unless there is an angiogenic or inflammatory
stimulus. Indeed, local injection of VEGF or LPS following
an endothelial Acvrll or Eng deletion induces several vascular
anomalies including bAVMs in adult mice (Walker et al., 2011;
Choi et al.,, 2012, 2014; Han et al., 2014). In addition, AVMs
also develop in the skin of adult Acvrll mutant mice when
angiogenesis is induced with a wound, proving the necessity of
an angiogenic hit for AVM formation (Park et al., 2009).

In patients, heterozygous mutations in Smad4 lead to JP-
HHT, but the mechanisms are still poorly understood. Similar
to Acvrll and Eng knockout mice, a global loss of Smad4
results in lethality at the E10.5 (Lan et al, 2007). Constitutive
endothelial Smad4 deletion decreases blood vessel integrity
and leads to cerebral bleeding, specifically during embryonic
development (Li et al,, 2011). In addition, postnatal loss of
Smad4 induces the formation of AVMs in the retina, brain,
and gastrointestinal tract, phenocopying vascular phenotypes
observed in endothelial Acvrll and Eng mutant mice (Table 1;
Ola et al., 2018).

Mutations in the GDF2 gene are responsible for less than 1%
of HHTs (Wooderchak-Donahue et al., 2013; Hernandez et al.,
2015). In mice, injection of antibodies blocking both BMP9 and
BMP10 has been shown to phenocopy endothelial Eng, Acvrll,
and Smad4 mutant mice to some degree, with AVM formation
in the retina and the gastrointestinal tract, suggesting that it
could be a model of HHT (Table 1; Baeyens et al., 2016; Ola
et al., 2016; Ruiz et al., 2016, 2020). Moreover, while deletion
of either Gdf2 or Bmp10 does not promote vessel dilatation and
AVM formation (Ricard et al., 2012), postnatal double Gdf2 and
Bmp10 deletion induces vascular anomalies, including AVMs in
the gastrointestinal tract (Bouvard et al., 2021).
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Recently, new genetic tools have been developed to delete
genes in specific EC subtypes, such as capillaries, veins, arteries,
and tip cells, to study the onset and progression of AVMs.
Therefore, it has been shown that deletion of Eng (Singh et al,,
2020), Smad4 (Lee et al., 2021), and Acvrll (Park H. et al., 2021)
in venous ECs is sufficient to induce AVMs, unlike deletion in
other EC subpopulations (Table 1). The underlying mechanisms
will be discussed in later sections.

Despite the development of new mouse models, the study
of bAVMs remains complicated due to their 3D structure and
unpredicted location in the brain. Therefore, many studies
have been performed on the retina which has a vascular
network growing in 2D that can be imaged in wholemount.
Moreover, retina and brain blood vessels share numerous
features including the NVU and Blood Retina Barrier (BRB).
The retina is a part of the central nervous system and is a well-
established model for studying angiogenic processes such as
endothelial sprouting, arterio-venous specification, and vascular
remodeling (Adams and Alitalo, 2007; Fonseca et al., 2020).
In mice, the vascularization of the retina starts at birth, and
blood vessels grow from the optic nerve to the periphery until
P7 to form a superficial vascular plexus. Then, blood vessels
dive into the neuroretina to form the deep vascular plexus
until P12, followed by the formation of the intermediate plexus
until P15, and the vascular network is completed and fully
mature at P21 (Gariano and Gardner, 2005). Compared to the
brain, the superficial retinal plexus is a stereotypic vascular
network that can be imaged by wholemount, allowing the
study of complex vascular structures such as AVMs. Therefore,
we and others have shown that endothelial deletion of Eng,
Acvrll, or Smad4 induces AVMs in mouse retinas, which
has greatly improved our understanding of the mechanisms
involved in the pathogenesis (Mahmoud et al., 2010; Tual-
Chalot et al., 2014; Baeyens et al., 2016; Ola et al., 2016, 2018;
Crist et al., 2018).

All this work shows that endothelial deletion of Eng, Acvrll
and Smad4 are appropriate models to study pathology. In
the retina, in addition to the formation of AVMs, mutants
show an increase in EC sprouting, proliferation, and vessel
dilatation. Mural cells are also affected with a decrease in
pericyte coverage on the one hand and arterialization of the
veins on the other with the recruitment of vascular smooth
muscle cells (vSMC). However, despite some degree of similarity
in the vascular phenotype, these mutant mice also present
distinct phenotypes. For example, 60% of Acvrll mutants
develop AVMs in the retina (Tual-Chalot et al., 2014), whereas
this percentage is around 70 and 82% in Eng and Smad4
mutants, respectively (Mahmoud et al, 2010; Crist et al,
2018). Moreover, both Eng and Smad4 mutants exhibit a
delay in vessel outgrowth but not Acvrll mutants. Acvrll
mutants show a hyperbranching more pronounced than Eng
and Smad4 mutants, which is associated with a strong increase
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TABLE1 Summary of the major HHT mouse models.
Target Deletion  CRE-line Brain/Retina Other phenotype References
genes site phenotype
Eng All cell type - - Homozygous deletion: Lethality at E.10 - E.10.5/Altered ~ Bourdeau et al., 1999; Li et al.,
angiogenesis in the yolk sac/Defects in cardiac 1999; Arthur et al., 2000; Torsney
development etal, 2003
Heterozygous deletion: Viable/Telangiectasia in the nose,
mouth and ears/Hemorrhages/Subcutaneous AVMs
Acvrll All cell type - - Homozygous deletion: Lethality at E.10 - Oh et al., 2000 Urness et al., 2000;
E.10.5/Angiogenesis defect/Vessel Srinivasan et al., 2003
hyperdilatation/Arterio-venous shunt
Heterozygous deletion: Viable/Cutaneous, mucocutaneous
and internal organ vascular defects (Vessel dilatation)
Eng Endothelial Cdh5- Postnatal deletion: Dense ~ Adult deletion: Angiogenesis defect in subdermal matrigel Mahmoud et al., 2010
cell CREFRT2  capillary plexus increase ECs assay with vessel dilatation
proliferation and AVMs
formation in the retina.
Eng Endothelial ~ Scl-CREERT2 - Adult deletion: AVMs formation after skin injury Garrido-Martin et al., 2014
cell
Eng Venousand ~ Apj-CREFRT2  Postnatal deletion: AVMs - Singh et al., 2020
capillary formation in retina
endothelial
cell
Acvrll Endothelial ~ Scl-CREFRT? - Adult deletion: AVMs formation after skin injury, in Garrido-Martin et al., 2014
cell gastrointestinal tract and hemorrhages in caecum
Acvrll Endothelial Cdh5- Postnatal deletion: Postnatal deletion: Lung hemorrhages Tual-Chalot et al., 2014
cell CREERT2 Hyperbranching, ECs
proliferation and AVMs
formation
Adult deletion: Ceacal hemorrhages
Acvrll Endothelial Pdgfb- Adult deletion: bAVMs - Chen W. et al., 2014
cell CREERT2 formation after VEGF
stimulation
Acvrll Venous and Mfsd2a-  Postnatal deletion: brain and Postnatal deletion: Gastrointestinal AVMs Park H. et al., 2021
capillary CREFRT? retinal AVMs
endothelial
cell
Acvrll Arterial  Bmx-CREPRT2  Post-natal deletion: no - Park H. et al., 2021
endothelial AVMs in brain or retina
cell
Acvrll Tip cell Esml- Post-natal deletion: Vascular Post-natal deletion: AVMs in intestinal villi and Park H. et al., 2021
CREFRT2  malformation in retina and mesenteries
brain but no AVM
Smad4 Brain SP-A-CRE Embryonic deletion: brain - Lietal, 2011
endothelial hemorrhages, BBB
cell breakdown and ECs
proliferation
Smad4 Endothelial Cdh5- Postnatal deletion: bAVMs Postnatal deletion: Gastrointestinal AVMs Olaetal., 2018
cell CREFRT2  and retinal AVMs associated
with ECs proliferation and
change in arterio-venous
identity
Smad4 Venous Gm5127- Postnatal deletion: AVMs - Lee etal, 2021
endothelial CREFRT2  formation in retina with ECs
cell proliferation
Bmp9/10 Blood - Postnatal deletion: - Ruiz et al., 2016; Baeyens et al.,
circulation Hypervascularization and 2016; Ola et al., 2016
(Blocking Ab) AVMs formation in the
retina
Eng Smooth Myhl1- Adult deletion: No AVM Adult deletion: No AVM formation Garrido-Martin et al., 2014
muscle cell CREFRT? formation
Acvrll Smooth Myhl1- Adult deletion: No AVM Adult deletion: No AVM formation Garrido-Martin et al., 2014
muscle cell CREFRT? formation
Acvrll Smooth Tagln-CRE ~ Embryonic deletion: AVM - Han et al., 2021

formation in the brain and
microhemorrhages

muscle cell
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in the number of tip cells. However, it should be noted
that the dose of tamoxifen used and the age of the mice
at time of injection could also influence these differences.
Further investigation is required to accurately compare vascular
phenotypes of those models.

Overall, these new transgenic mouse models showed that
the BMP/ALK1/ENG/SMAD4 signaling pathway is essential for
both developmental and adult vascular morphogenesis. Indeed,
in addition to AVMs, the postnatal endothelial deletion of Eng,
Acvrll, and Smad4 are lethal, and survival varies depending on
the gene and age.

Zebrafish models

Zebrafish also represent an important model for studying
bAVMs. First, because of the high degree of homology between
zebrafish and vertebrates regarding vasculature and angiogenic
mechanisms (Schuermann et al., 2014). Secondly, thanks to
the transparency of the embryos it is easy to follow the
vasculature and the development of vascular malformation
using fluorescence imaging. Finally, the facility to perform
genetic mutations makes the zebrafish an essential model for
studying vascular development and disease. acvrll mutation
in zebrafish induces cranial vessel defects and enlargement,
ultimately leading to the formation of AVMs with direct
connections between the basilar and basal communicating
arteries with the primordial midbrain and hindbrain veins
(Roman et al,, 2002; Corti et al., 2011). Moreover, bmpl0
mutants phenocopy acvrll mutants, with vessel enlargement,
increase of ECs number and formation of direct connection
between arteries and the midbrain and hindbrain veins (Laux
et al, 2013). Indeed, bmpl0 mutants exhibit blood vessel
abnormalities in liver, heart dysmorphology, vascular defects
correlating with increased cardiac output and embryonic
lethal cranial AVMs indistinguishable from acvrll mutants
(Capasso et al.,, 2020), highlighting that in zebrafish, bmpl0
encodes the only required Alkl ligand in the juvenile-to-
adult period. By contrast, bmp9 mutants survive to adulthood
and do not develop cranial AVMs (Capasso et al., 2020),
although they do display transient remodeling defects of the
caudal venous plexus (Wooderchak-Donahue et al, 2013).
Recently, Sugden et al. (2017) have shown that zebrafish
mutated for eng at the embryonic stage survive, whereas
they develop AVM-like vascular defects. The authors also
showed that loss of eng in adults leads to dilation of
cerebral vessels, and that only induction of an angiogenic
hit through fin amputation lead to bAVM formation (Sugden
et al, 2017). Finally, the contribution of Smad signaling
in AVM formation was also highlighted in zebrafish by
a study showing that Smad9 morphants develop cranial
AVMs with morphologic similarities to human bAVMs
(Walcott et al., 2018).
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Hereditary hemorrhagic
telangiectasia and BMP/ALK1
signaling pathway

AVMs develop in high blood flow regions and are often
associated with vascular proliferation. The ECs lining blood
vessels are exposed to blood flow which induces mechanical
forces. The generated laminar shear stress (LSS), within the
physiological range, triggers a number of flow responses in EC,
including PI3K/AKT signaling pathway activation, alignment
in the direction of flow (Tzima et al., 2003; Coon et al., 2015),
migration against the blood flow (Parmar et al.,, 2006; Ouarné
et al,, 2021), inhibition of proliferation (Akimoto et al., 2000),
and PCs recruitment (Van Gieson et al., 2003). Therefore, LSS
is essential for blood vessel integrity, vascular remodeling, and
morphogenesis. Recent studies have demonstrated an essential
role for the BMP/ALK1/ENG signaling pathway in the LSS-
induced PI3K/AKT activation and vascular quiescence (Laux
et al,, 2013; Ola et al., 2016, 2018; Jin et al., 2017). Indeed,
PI3K/AKT signaling pathway is an important regulator of
EC proliferation (Graupera and Potente, 2013), and it can
be inhibited to promote vascular quiescence. Therefore, the
understanding of the BMP/ALKI/ENG-LSS crosstalk could
allow the identification of new therapeutic strategies.

Cellular and molecular regulation of
hereditary hemorrhagic telangiectasia
arteriovenous malformations

HHT1: ENG mutation

Angiogenic ECs express high levels of Eng in development
and disease, whereas its expression is attenuated in adult
quiescent endothelium (Miller et al., 1999; Jonker and Arthur,
2002; Torsney et al.,, 2002). Moreover, Eng depletion inhibits
TGFB-induced proliferation arrest in vitro and in vivo, resulting
in hyperproliferation and migration defects (Park et al., 2013).

In endothelial Eng mutant mice mimicking HHT1, 70%
of retinas develop multiple AVMs and bleeding. These retinas
also exhibit several other vascular anomalies, such as increased
vascular branching, sprouting, vessel diameter, and endothelial
proliferation (Mahmoud et al., 2010). Loss of Eng induces
arterial and venous identity defects, and it can also be noted
that AVMs are positive for venous markers such as EPHRIN
B4 (EphB4) and APELIN receptor (ApinR). Blood flow was
shown to promote the association of ALKI and ENG at the
EC membrane, thereby enhancing BMP signaling and vascular
quiescence (Baeyens et al., 2016). A recent study showed that
Eng mutant ECs fail to migrate against the flow and exhibit
an increase in VEGF-induced PI3K/AKT activation (Jin et al.,
2017). Inhibition of VEGFR2 or PI3K/AKT signaling decreased
the number of AVMs in Eng mutant retinas. In addition, the
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authors also showed that Eng mutant ECs tend to proliferate
mainly in arteries. One study in which Eng was specifically
deleted only in capillaries and veins but not in arteries (Singh
et al,, 2020) showed that these mice still have AVMs in the
retinas, suggesting that the loss of Eng in arteries is not involved
in the development of AVMs. Similar observations have been
made in zebrafish, where eng mutations lead to the formation of
AVMs with an increase in vessel diameter (Sugden et al., 2017)
caused by defects in flow response and cell polarization leading
to vessel enlargement. The role of Eng in the flow response and
the pathogenesis of AVMs, therefore, appears to be a conserved
process. Altogether, these studies demonstrate that Eng is
essential for EC specification, migration against the flow, and
shear stress-induced quiescence to prevent AVMs formation.

HHT2: ACVRL1 mutation

In the HHT2 mouse model, the endothelial Acvrll deletion
induces an increase in vascular density, endothelial sprouting
as well as the formation of AVMs in the retina (Park et al,,
2009; Larrivée et al., 2012; Ola et al., 2016). Similar to HHT1
models, endothelial Acvrll deletion decreases PC recruitment,
arterial marker expression such as JAGGEDI1, and AVMs are
positive for the venous marker EPHRIN B4. Interestingly,
retinal shunts develop near the optic nerve in high flow regions,
while hyperbranching and hypersprouting develop mainly at
the migration front, a low flow region (Bernabeu et al., 2014;
Baeyens et al., 2016). These data suggest that, like the HHT1
models, LSS is important in the development of HHT2’s AVMs.
Moreover, several studies in zebrafish have shown that acvrll
expression is induced by blood flow (Corti et al,, 2011; Laux
et al.,, 2013). acvrll deletion also decreased the expression of
genes involved in the flow-response, such as Ednl and Cxcr4.
However, the expression of Kif2, a transcription factor essential
for the endothelial flow-response (Parmar et al., 2006), is
not altered. Although endothelial Acvrll inhibition promotes
arterial enlargement associated with an increase in the number
of ECs, a recent study showed AVM:s formation requires mutant
capillary and venous and not arterial ECs (Park H. et al,
2021). While arterial-specific Acvrll deletion did not induce
obvious vascular phenotypes and lethality, deletion in venous
ECs results in retinal AVMs and is lethal 5-6 days after gene
deletion. Moreover, Acvrll inhibition in endothelial tip cells,
cells leading vascular sprouts and arteries formation (Xu et al,,
2014; Pitulescu et al., 2017), failed to induce retinal AVMs (Park
H. et al.,, 2021). However, these mutant mice develop capillary
malformations in the retina, intestinal villi, and brain, and they
die 10-11 days after tamoxifen injection, suggesting that they
might develop AVMs in other tissues. Therefore, Park H. et al.
(2021) proposed that HHT2’s AVMs originate from defective
venous ECs. Indeed, mutant ECs present a polarization defect
and migrate randomly instead of being directed against the
blood flow. This phenomenon has also been observed in the
zebrafish model (Rochon et al., 2016).

Frontiers in Human Neuroscience

08

10.3389/fnhum.2022.1006115

Skin biopsies of HHT?2 patients showed an increase in the
PI3K/AKT pathway suggesting an involvement of this pathway
in AVM formation (Alsina-Sanchis et al., 2018). In vitro, BMP9
stimulation blocks VEGF-induced EC proliferation, and this
effect is lost with the ACVRL1 knockdown. Moreover, inhibition
of ACVRLI increased VEGF-induced VEGFR2 activation and
AKT phosphorylation (Ola et al.,, 2016; Alsina-Sanchis et al.,
2018). While VEGFR?2 is the main VEGF receptor that mediates
VEGF-induced EC proliferation and angiogenesis, VEGFRI1
cannot transduce VEGF signaling and acts as a decoy receptor.
Therefore, VEGFRI traps VEGF ligand, and VEGFRI1 inhibition
increases VEGF bioavailability and signaling. Interestingly,
patients and mouse models of HHT2 show decreased VEGFR1
expression. Thalgott et al. (2018) have recently shown that
blocking VEGFRI induces retinal AVMs in a VEGFR2-
dependent manner. In addition, VEGFR2 inhibition, using
DC101 blocking antibody, can also rescue the formation of
AVMs, as well as hypersprouting and hyperbranching, in Acvrll
mutant retinas highlighting that exacerbated VEGF signaling
is associated with AVM formation in Acvrll mutant models
(Ola et al., 2016).

Pharmacological or genetic inhibition of the PI3K/AKT
signaling pathway also rescues EC proliferation and AVMs
in Acvrll mutant mice (Ola et al.,, 2016; Alsina-Sanchis et al.,
2018), demonstrating the contribution of this signaling pathway
in the development of AVMs. PTEN is a phosphatase that
negatively regulates the PI3K/AKT pathway by modulating the
phosphatidylinositol 3,4,5-trisphosphate (PIP3) conversion into
phosphatidylinositol ~ 4,5-bisphosphate  (PIP2) (Graupera
and Potente, 2013). In vitro studies have shown that
BMP9/ALKI signaling increase PTEN activity in ECs, thereby
decreasing PI3K/AKT signaling (Ola et al, 2016; Alsina-
Sanchis et al.,, 2018). However, while the loss of endothelial
PTEN in ECs increases EC proliferation and induces retinal
vascular hyperplasia, it does not induce AVM formation
(Serra et al., 2015).

LSS-induced EC polarity and migration are regulated by
integrin binding to extracellular matrix proteins and signaling
to CDC42 (cell division control protein 42 homolog) (Etienne-
Manneville and Hall, 2001; Tzima et al., 2003). Integrins are
transmembrane receptors that allow the adhesion of ECs to
the extracellular matrix, which is an important process for
angiogenesis (Serini et al., 2008). Some integrins interact with
VEGFR2 at the EC membrane regulating its activity and the
activation of the PI3K/AKT and YAP/TAZ signaling pathways.
A recent study showed that Acvrll deletion increased the
expression of integrin 1, a5, and av in AVMs (Park H. et al,,
2021). They also found an increase in the integrins-VEGFR2
interaction and the YAP/TAZ signaling pathway activation. In
addition, pharmacological inhibition of integrins or YAP/TAZ
signaling prevents the formation of AVMs as well as the
endothelial polarization defects in Acvrll mutant mice.
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All these studies demonstrate that BMP9/ALK1 signaling
is essential to control LSS-induced EC quiescence and

polarity via the VEGFR2-integrins complex and the
activation of downstream signaling pathways, such as
PI3K/AKT and YAP/TAZ.

JP-HHT: SMAD4 mutation

In the mouse model of JP-HHT, postnatal endothelial
Smad4 deletion induces retinal AVMs and hypersprouting, as
observed in the Acvrll and Eng mutant mice (Crist et al,
2018; Ola et al., 2018). However, the authors found a vascular
outgrowth defect that was also found in the HHT1 models
but not in the HHT2 model (Crist et al., 2018). Similar to
Acvrll and Eng deletion, AVMs developed near the optic nerve
where blood flow is high, and Smad4 AVMs originate from
defective venous ECs (Lee et al., 2021). In line with its upstream
effectors, Smad4 deletion also increased EC proliferation and
PI3K/AKT signaling and inhibited EC migration against the
flow, suggesting a similar mechanism in SMAD4 AVMs.
Indeed, the inhibition of the BMP9/ALK1/SMAD4 signaling
pathway promotes excessive AKT signaling, which inhibits
the transcription factor Forkhead box protein O1 (FOXOL)
and increases the expression of the proto-oncogene c-MYC
(Ola et al,, 2018). Ola et al. (2018) proposed that SMAD4
activation regulates Casein Kinase 2 (CK2) expression, which
is responsible for PTEN phosphorylation and inhibition.
Moreover, CK2 inhibition prevents PI3K/AKT overactivation
and the formation of AVMs in Smad4 mutant mice. These
data suggest that the BMP9/ALK1/SMAD4 signaling pathway
is essential in venous EC to prevent abnormal PI3K/AKT
signaling, proliferation, and LSS-induced migration defect.

In line with these observations, knockdown of receptor-
regulated SMADs (R-SMADs) SMAD1 and SMADS5 has also
been shown to result in the formation of AVMs. Benn
and colleagues reported that endothelial-specific simultaneous
deletion of Smadl and Smad5 resulted in the formation of
retinal AVMs in areas with high blood flow, while reduced
vessel regression and increased loop formation were observed
in areas of lower blood flow (Benn et al., 2020). The formation
of vascular shunts was also observed in yolk sacs of endothelial-
specific Smad1/5 knockout embryos at E9.25, which occurred
in part as a consequence of decreased Cx37 expression, leading
to vessel enlargement and the formation of shunts in vessel
segments of higher flow (Peacock et al., 2020). Altogether, these
studies further highlight the crucial role of SMAD signaling in
preventing AVM development.

Constitutive Smad4 deletion in brain ECs increased EC
proliferation, leading to cerebral hemorrhages (Li et al., 2011).
In addition, the authors observed a decrease in NOTCH
expression, suggesting a connection between the NOTCH and
ALK1/SMAD4 pathways in the maintenance of brain vascular
integrity. Interestingly, mutant mouse embryos for NOTCH
effectors, such as delta-like-4 (DIl4) and Recombination Signal

Frontiers in Human Neuroscience

09

10.3389/fnhum.2022.1006115

Binding Protein For Immunoglobulin Kappa ] Region (Rbpj),
exhibit bAVMs (Krebs et al,, 2004). The involvement of this
pathway in bAVM formation is discussed in a later section.

HHT5-BMP9/10

BMP9 and BMPI10 signaling have redundant functions
in mice during postnatal life, and both ligands have to be
inhibited to phenocopy Acvril and Eng mutant mice. Indeed,
the injection of BMP9 and BMP10 blocking antibodies in
neonatal pups induces retinal AVMs near the optic nerve, as well
as hypersprouting and hyperplasia (Baeyens et al., 2016; Ruiz
et al.,, 2016). Moreover, BMP9 inhibition is sufficient to increase
PI3K/AKT signaling and proliferation of EC under-flow in vitro.
Similar to other HHT models, inhibition of the PI3K/AKT
or VEGFR2 pathway prevents and rescues EC proliferation
and AVMs formation induced by BMP9 and BMP10 blockade
(Baeyens et al., 2016; Ola et al., 2016).

Interestingly, sirolimus, an inhibitor of AKT downstream
effector mammalian target of rapamycin (mTOR) pathway, can
rescue SMAD1/5/8 signaling and AVMs by activating ALK2 in
BMP9/10 immunodepleted mice (Ruiz et al., 2020).

Despite the specificities of distinct HHT types, the
different mouse models suggest that there is one common
mechanism that controls AVM formation. The loss of the
BMP/ALK1/SMAD4 signaling pathway in venous ECs leads to
an abnormal response to blood flow, including the increase
of PI3K/AKT signaling activation and EC proliferation and
inhibition of LSS-induced EC polarity and migration against
the flow. Then, mutant ECs accumulate in abnormal capillaries,
which get enlarged, experience higher blood flow, and acquire
venous markers. Whereas arterial ECs might be dispensable, the
decrease of NOTCH signaling and arterial marker expression
are associated with AVMs. Ultimately, the loss of capillary bed
and distinct EC phenotypes forms fragile AVMs (Figure 2).
Further studies are required to investigate whether this
mechanism is conserved in other tissues and humans.

NOTCH signaling and brain AVMs

The NOTCH pathway is a highly conserved cell
signaling system involved in cell fate decisions during
several developmental processes, including cardiovascular
development and neurogenesis. Mammalian cells possess
four specific transmembrane NOTCH receptors, NOTCH]I,
NOTCH2, NOTCH3, and NOTCH4 (Gordon et al., 2008).
NOTCH ligands are also transmembrane proteins that are
members of the Delta-like and Jagged families in mammals:
delta-like-1 (DLL1), DLL3, and DLL4, JAGGED-1, and
JAGGED-2 (D’Souza et al., 2008). Upon activation by their
specific ligands, NOTCH receptors undergo proteolytic
processing, releasing the NOTCH intracellular domain (NICD),
which translocates to the nucleus, where it can form a complex
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FIGURE 2

hyperproliferation of ECs and migration defects against the flow.

Signaling pathways known to be involved in the pathogenesis of AVMs. In healthy capillary networks, blood flow potentiates BMP/ALK1 signaling
pathway in ECs to regulate the expression of genes involved in arterio-venous specification and NOTCH signaling pathway. BMP/ALK1/SMAD4
pathway will inhibit blood flow- and VEGFR2-induced PI3K/AKT signaling. Indeed SMAD4 inhibits the expression of CK2, which allows the
phosphorylation, and inhibition of PTEN, a negative regulator of the PI3K/AKT signaling, which will promote ECs quiescence and polarization
against the flow. HHT1, HHT2, JP-HHT, and HHT5 are induced by ENG, ACVRL1 (ALK1), SMAD4, and GDF2 (BMP9) heterozygous mutations,
respectively. CK2 inhibition is removed and its expression increases leading to an enhanced phosphorylation of PTEN which will not be able to
inhibit PI3K/AKT signaling induced by blood flow and VEGFR2. Increased AKT phosphorylation leads to higher YAP/TAZ expression and activity,

with the DNA-binding protein RBP-J to initiate transcription
of its downstream targets, such as members of the Hairy and
enhancer-of-split (HES), and Hairy and enhancer-of-split-
related (HEY, HESR, HRT, or CHF) gene families (Castel
et al,, 2013). NOTCH signaling plays a critical role during
vascular morphogenesis, as demonstrated by several studies in
which deletion of genes coding for NOTCH receptors, ligands,
or downstream effectors results in severe angiogenic defects
(Swiatek et al., 1994; Hamada et al., 1999; Xue et al., 1999;
Krebs et al., 2000; Domenga et al., 2004; Duarte et al., 2004).
Specifically loss of NOTCH signaling has been associated with
impaired tip/stalk EC specification in several in vitro and animal
models (Noguera-Troise et al., 2006; Hellstrom et al., 2007;
Leslie et al., 2007; Suchting et al., 2007). In addition to its roles
in sprouting angiogenesis, NOTCH signaling has also been
implicated in the specification of artery/vein EC. Indeed, studies
have shown that NOTCH signaling induces the expression of

several arterial markers and can suppress the expression of
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venous markers in developing blood vessels (Lawson et al,
2001; Iso et al.,, 2006; Trindade et al., 2008). As such, both
gain-of-function and loss-of-function in NOTCH have resulted
in abnormal arterial and venous specification (Lawson et al.,
2001; Duarte et al., 2004; Trindade et al., 2008).

The abnormal arteriovenous specification has in several
cases been associated with the development of arteriovenous
shunts, suggesting a role for NOTCH signaling in the
pathophysiology of AVMs. Interestingly, elevated NOTCH
signaling has been found in human patients with idiopathic
AVMs (ZhuGe et al., 2009, 2013; Yao et al., 2013; Li et al., 2014).
Moreover, AVMs have been found in both Notch gain- and loss-
of-function animal models, indicating that NOTCH signaling
must be tightly regulated in ECs to regulate proper vascular
morphogenesis. In mice, the expression of a constitutively
active NOTCH4 results in AVMs in the liver, uterus, skin,
and brain (Murphy et al,, 2008, 2014). Similarly, EC-specific,
constitutively active NOTCH1 also results in AVM formation
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during embryonic development, suggesting that increased
activity of either Notch receptor is sufficient to cause brain
AVMs (Krebs et al., 2010). DLL4 overexpression models have
also been shown to be prone to AVM formation (Trindade
et al, 2008). Conversely, decreased NOTCH signaling has
also been associated with the development of AVM lesions.
In zebrafish embryos, reduction of NOTCH signaling results
in the formation of AVMs (Lawson et al., 2001), while in
mouse embryos, both DIl4 £+ and Rbpj null embryos exhibit
the presence of AVMs (Krebs et al., 2004). Endothelial-specific
deletion of Rbpj from birth also results in abnormal AV shunting
and tortuous vessels in the brain, intestine, and heart of P14 mice
(Nielsen et al., 2014).

Several studies have documented the crosstalk between
endothelial BMP/ALK1/SMAD and NOTCH
pathways during vascular development (Larrivée et al., 2012;
Moya et al, 2012; Ricard et al, 2012). Functionally, it was
observed that BMP9 stimulation could counteract the effects

signaling

of NOTCH inhibition using in vitro angiogenesis assays as
well as mouse models of vascular development (Larrivée et al.,
2012). It was also demonstrated that NOTCH target genes are
decreased in Eng-deficient cells, but that ALK1 overexpression
could rescue their expression confirming the regulatory effects
of ALKI on NOTCH signaling (Hwan Kim et al, 2020).
Interestingly, activated SMADs can co-immunoprecipitate
with NICD to potentiate HEY1 expression, suggesting a direct
interaction between components of these signaling pathways
(Ttoh et al., 2004). Finally, similarly to flow-dependent activation
of ALKI (Baeyens et al., 2016), LSS at an arterial magnitude also
activates NOTCH signaling to control arterial specification and
ECs quiescence (Fang et al,, 2017). These insights suggest that
mechanical forces may also contribute to the crosstalk between
ALK1 and NOTCH signaling. Taken together, these studies
demonstrate that ALK1/BMP/SMAD signaling is an important
modulator of NOTCH signaling in ECs.

In contrast to several models of idiopathic AVMs, which
display increased NOTCH signaling, AVMs in HHT models
tend to display decreased NOTCH signaling. In AcvrlI knockout
mouse models, the development of AVMs has been associated
with reduced Notchl and Jagl expression (Tual-Chalot et al.,
2014). Other components of BMP signaling, which directly
affect ALKI signaling and lead to AVM formation, have also
been shown to have decreased Notch signaling. For example,
deletion of Mgp, which can act as a regulatory protein for BMPs,
causes AVM formation in multiple organs partly by modulating
Acvrll expression. Mgp depletion in ECs upregulated Acvrll
expression and, in turn, increased NOTCH signaling in an
ALK1-dependent manner (Yao et al, 2011, 2013). On the
other hand, other studies did not report alterations in NOTCH
signaling following impairment of ALKl or ENG signaling.
In zebrafish, Rochon et al. (2015) showed that AVMs in
acvrll mutants arose independently of perturbations in NOTCH
signaling, suggesting that it may not be critical for AVM
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formation in this context. Therefore, the role of NOTCH
signaling in HHT pathophysiology still remains unclear, and
further evaluations of NOTCH signaling components and
downstream targets in AVMs from HHT patients will be needed
to offer additional insights into its role in the pathogenesis
of these lesions.

Sporadic brain AVMs and RAS
signaling

bAVMs found in HHT patients are a familial form with
well identified mutations. However, most cases of bAVMs are
sporadic, involving somatic mutations mainly associated with
RAS signaling, and mechanisms are not well understood.

The MAPK/ERK signaling pathway is also involved in
controlling EC proliferation and arteriovenous specification
during development. Growth factor receptors, such as EGFR2
or VEGFR?2, activate proto-oncogene Rat sarcoma virus proteins
(RAS; HRAS, KRAS, and NRAS in humans), which triggers the
downstream MAPK/ERK chain, including Rapidly Accelerated
Fibrosarcoma (RAF) and Mitogen-activated protein kinase
kinase (MEK). Finally, the activated ERK will translocate into
the nucleus to regulate the expression of genes involved in
cell proliferation (Karar and Maity, 2011; Tan et al, 2013;
Simons et al., 2016).

Somatic mutations in the MAPK pathway lead to AVMs
formation, such as activating mutations of KRAS, BRAE, or
MAPK1/2. Moreover, loss-of-function mutations of RASA1,
a negative regulator of RAS signaling, are associated with
capillary-malformation arteriovenous malformation (CM-
AVM1) and bAVMs in humans (Eerola et al., 2003; Revencu
etal., 2008). These AVMs are all characterized by increased ERK
phosphorylation and cell proliferation (Eerola et al., 2003; Boon
etal., 2005; Couto et al., 2017; Hong et al., 2019).

In mice, overexpression of KRAS in brain ECs specifically
leads to the formation of bAVMs, confirming the importance
of ECs in the pathogenesis of AVMs (Fish et al., 2020; Park
H. et al, 2021). Furthermore, overexpression of KRAS in
zebrafish embryos leads to AVMs and increased activity of
proteins involved in angiogenesis, such as DLL4 (Al-Olabi et al.,
2018; Fish et al,, 2020). Interestingly, overexpression of KRAS
in mouse cerebral ECs results in overexpression of VEGFR2
expression (Park E. S. et al, 2021). Surprisingly, while Rasal
loss of function mice exhibit vascular and lymphatic defects,
they did not feature bAVMs (Henkemeyer et al., 1995; Lapinski
et al., 2012, 2017; Lubeck et al., 2014; Chen et al., 2019). MEK
inhibition decreases the number of shunts induced by KRAS
overexpression in brain ECs. Interestingly, inhibition of the
PI3K/AKT pathway has no effect (Fish et al., 2020). Therefore,
while EC proliferation is a common feature with HHT AVM,
mechanisms might differ regarding EC polarity and migration
against the flow.
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Perivascular cells contribution to
brain AVMs

The various HHT models developed in recent years have
demonstrated the importance of the endothelial BMP/ALK1
pathway in the pathogenesis of AVMs. However, PCs are also
essential for vascular integrity and morphogenesis (Armulik
et al,, 2011). To control capillary coverage by PCs, ECs express
soluble Platelet-derived growth factor B (PDGFB), which
activates the PDGF receptor (PDGFR) at the PC membrane.
PDGFB deletion induces PC loss and micro aneurysms (Lindahl
et al., 1997; Hellstrom et al., 2001; Lindblom et al., 2003). While
AVMs are associated with decreased PC coverage in mice and
humans (Chen W. et al,, 2013; Winkler et al., 2018), the PC
contribution to HHT AVMs remains unclear.

It has been shown that following Acvrll deletion, there
was a decrease in the expression of PDGFRB, but not PDGFB,
which could explain the defect in PC recruitment (Chen W.
et al,, 2013). Thalidomide had already been shown to inhibit
angiogenesis. The injection of thalidomide, a drug that reduced
the severity and frequency of epistaxis in HHT patients,
into mice depleted for Eng prevented AVMs-induced bleeding
and excessive angiogenesis. Interestingly, it also restores PC
coverage by increasing PDGFRB levels (Lebrin et al., 2010;
Zhu et al., 2018).

These data suggest that PCs may be involved in the onset
or progression of AVMs. Recently, it was shown that a PC-
specific deletion of Rbpj was sufficient to induce the formation
of retinal AVMs. Interestingly, the deletion of Rbpj in SMC leads
to the formation of AVMs in the retina (Nadeem et al., 2020).
It was also reported that Notchl +; Notch3-/- mice developed
AVMs in the retina (Kofler et al., 2015). Notch3 deficiency in this
model compromised PC function, which in turn exacerbated EC
activation caused by Notch1 haploinsufficiency.

vSMCs are cells found in arteries and veins, and this
coverage is also reduced in bAVMs. However, their involvement
in the formation of AVMs is controversial. Indeed, in 2014 a
study compared the effect of Acvrll and Eng deletion in ECs and
SMCs using Scl-CreER and Myh11-CreER driver mice (Table 1).
The authors showed that only endothelial deletion allowed
AVMs formation in a model of injury-induced skin AVMs
(Garrido-Martin et al., 2014). However, a recent study showed
that deletion of Acvrll in SMCs using Tagln-Cre mice induced
the formation of bAVMs associated with a better survival of the
mice that allows the monitoring of bAVMs formation over time,
and to have a pathological model more representative of the
patients. However, Tagln-CRE can be expressed by some ECs
which could be sufficient to induce AVMs. It is therefore possible
that Acvrll mosaic deletion in ECs would be the primary cause
of these bAVMs over time rather than the deletion in SMCs (Han
et al.,, 2021). Further studies are needed to understand the exact
role of SMCs and PCs in developing bAVM:s.
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Therapeutic perspectives

Currently, treatment options for bAVMs are limited and
only based on surgeries: surgical resection, endovascular
embolization, and/or stereotactic radiosurgery. Knowing the
risk of intracranial hemorrhage (ICH) (which varies from 0.9
to 34.3%), the treatment of unruptured bAVMs has become
controversial, as untreated patients’ fate may be less morbid
than those treated with invasive therapies. Thus, the demand for
pharmacologic treatment options is high (Chen W. et al., 2014;
Shaligram et al., 2019).

Because of the enhanced angiogenesis associated with
bAVMSs formation, the most common pharmacologic target
is VEGF. The anti-VEGF drug bevacizumab is currently
undergoing phase III clinical trial for HHT (NCT 03227263)
after showing promising effects on other HHT symptoms such
as epistaxis and gastrointestinal bleedings in phase II clinical
trials and case reports (Oosting et al., 2009), without showing
adverse effects. Altogether, these results suggest that anti-VEGF
therapies could represent good alternatives or complements to
surgical procedures (Chen W. et al., 2014; Epperla and Hocking,
2015; Snodgrass et al., 2021).

Elucidation of the signaling events associated with
HHT has confirmed the contribution of inadequate
BMP9/ALK1/SMAD signaling in the formation of bAVMs,
and as such, some research was done using tacrolimus,
an anti-inflammatory FDA-approved drug, to evaluate
whether it could potentiate the activity of the impaired
BMP9/ALK1/SMAD pathway present in HHT patients
resulting from haploinsufficiency. Indeed, a preclinical study
demonstrated that tacrolimus could reduce the development
of retinal AVMs in BMP9/10 immunodepleted mice, and it
is currently undergoing a clinical trial to evaluate its ability
to reduce epistaxis (NCT 03152019) (Robert et al, 2020;
Snodgrass et al., 2021).

A better understanding of the signaling pathways inducing
bAVMs opens up opportunities for pharmacological treatments
using other drugs such as tyrosine kinase inhibitors. Some
case reports already showed an improvement of epistaxis
and telangiectasia in mostly HHT1 and two patients with
different tyrosine kinase inhibitors (Robert et al., 2020;
Snodgrass et al., 2021) targeting the VEGFR2 and the ANGPT2
receptor TIE2, which are overactivated in HHT. Thus, two
clinical trials are beginning to test the impact of pazopanib,
a selective multi-targeted receptor tyrosine kinase inhibitor,
on epistaxis and telangiectasia (NCT03850964/NCT03850964).
However, preclinical studies in mouse models showed no
improvement in wound-induced skin AVMs, leaving little
hope for a potential rescue of bAVMs (Robert et al.,, 2020;
Snodgrass et al., 2021).

Other potential treatments are based on inhibiting
the PI3K/AKT/mTOR pathway, which is highly activated

frontiersin.org


https://doi.org/10.3389/fnhum.2022.1006115
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Drapé et al.

downstream of ANGPT2 and VEGF signaling. The most
common mTOR inhibitor is sirolimus (rapamycin), which
was shown to prevent bleeding and anemia in preclinical
mouse models of HHT by controlling VEGFR2 and mTOR
overactivation (Robert et al., 2020). One case report and
a clinical study suggested that sirolimus could control and
rescue HHT-induced bleedings and vascular malformations
(Skaro et al., 2006; Dupuis-Girod et al., 2010). Apart from
sirolimus, using PI3K inhibitors that are already FDA-approved
for chemotherapy could also represent an excellent potential
therapeutic avenue.

Altogether, although preclinical and clinical tests on
pharmacological treatments are ongoing, the probability of
reversing the bAVMs is still weak. Despite advances in research
to identify the mechanisms, surgical treatments are still the best
option to treat bAVMs. Thus, improving surgical conditions
and tools currently remains the optimal avenue to improve the
survival of HHT patients (Chen W. et al.,, 2014; Shaligram et al,,
2019; Robert et al., 2020).

Conclusion

Identifying the molecular mechanisms associated with
bAVM formation is an essential step toward elucidating
the mechanisms of these malformations. Several additional
questions, however, remain to be addressed. Are there
modifying genes that may explain the clinical variability of
bAVMs? How does inadequate ALK1/ENG signaling affect
the response of ECs to mechanical stress, and how does
this contribute to bAVM formation? Is PI3K/AKT signaling
increased in HHT bAVMs, and could it be targeted to improve
the malformations? What is the contribution of NOTCH
signaling in the formation of bAVMs in HHT patients? In
addition to these questions, one significant challenge remains
to characterize and understand the common mechanisms
underlying idiopathic bAVMs and those observed in HHT
patients. The recent identification of several signaling pathways
involved in bAVMs formation, as well as the analysis of
several experimental animal models, have provided several
clues to this goal and could pave the way for developing
novel therapies.
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