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Thesis summary

Activin receptor-Like Kinase 1 (ALK1) is a type | TGF-B family receptor that is predominantly
expressed on endothelial cells (ECs) and binds with high affinity to bone morphogenetic
proteins 9 and 10 (BMP9 and BMP10), inducing the phosphorylation of Smad1/5 transcription
factors that subsequently regulate target gene expression. ALK1-mediated signaling generally
promotes vascular quiescence, and heterozygous loss-of-function mutations in ACVRL1
(encoding ALK1) are associated with the development of a rare genetic vascular disease called
hereditary hemorrhagic telangiectasia (HHT). Very rarely, mutationsin ACVRL1 have also been
described in heritable pulmonary arterial hypertension (hPAH). Haploinsufficiency is the
current model for these two diseases.

The aim of this work was to characterize the transcriptomic response of primary ALK1-
mutated ECs to BMP9 and BMP10 stimulation, in order to better understand the pathogenic
molecular mechanisms underlying these two diseases and identify potential therapeutic
targets.

Endothelial colony-forming cells (ECFCs) and microvascular endothelial cells (MVECs) carrying
heterozygous loss-of-function ALK1 mutations were isolated from cord blood of newborn HHT
donors and explanted lungs of PAH patients, respectively. RNA-sequencing was performed on
each type of cells compared to control counterparts following an overnight stimulation with
BMP9 or BMP10. In both EC control models, BMP9 and BMP10 stimulations induced very
similar transcriptomic responses with nearly no differentially expressed genes (DEGs)
between BMP9 and BMP10 stimulation. Surprisingly, comparison of the transcriptome
between control and ALKI-mutated ECFCs revealed very similar profiles, both at the baseline
and upon stimulation with BMP9 or BMP10. Consistently, control and ALKI mutated ECFCs
displayed a similar activation level of Smad1/5 by BMP9, which could not be explained by a
compensation in cell-surface ALK1 levels. On the other hand, ALK1-mutated PAH HMVECs,
derived from a sick environment, revealed, already at the baseline, a strong transcriptional
dysregulations compared to controls, with >1200 DEGs. Two-factor differential expression
analysis, which takes into account the two involved variables (ALK1 genotype and BMP
stimulation), identified 44 protein-coding genes with impaired regulation by BMP9 in ALK1-
mutated HMVECs, but none in ALKI-mutated ECFCs. We focused on 6 of them (LFNG, JAG2,
TNFRSF1B, SLC6A6, SOX13 and CEBPG) and found that at least one, LFNG, encoding lunatic
fringe, which is a modulator of Notch signaling, could be validated by RT-qPCR on ALK1-
mutated HMVECs, ECFCs and HUVECs (Human Umbilical Vein ECs; isolated from HHT
newborns).

This work reveals that ALK1 heterozygosity does not impair Smad1/5 activation nor strongly
affect the transcriptomic response to BMP9 or BMP10, which were shown to exert equivalent
transcriptomic roles in vitro. Nevertheless, deeper bioinformatic analysis highlighted few
genes exhibiting impaired regulation by BMP9/BMP10 even in newborn cells. The paucity of
transcriptomic dysregulations in mutated ECFCs indicates that the overt changes observed in
mutated HMVECs cannot be solely attributed to ALK1 heterozygosity, but might additionally
involve second hits (somatic mutation/ inflammation/ angiogenesis) potentially present in the
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sick lungs of endstage PAH patients. In conclusion, these findings challenge the
haploinsufficiency model for HHT and PAH, and favor the notion that a second hit might be
necessary for driving vascular pathogenesis, while highlighting few potential therapeutic
targets (like LFNG) that could be highly sensitive to reductions in functional ALK1 levels and
might act as priming events for early disease onset.
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Résumé de these

Activin receptor-Like Kinase 1 (ALK1) est un récepteur de la famille des TGF-B exprimé
principalement dans les cellules endothéliales (CE) et qui lie avec une grande affinité les BMP
(Bone Morphogenetic Protein) 9 et 10 (BMP9 et BMP10), induisant la phosphorylation des
facteurs de transcription Smad1/5 qui régulent ensuite I’expression de génes cibles. Le role de
la signalisation ALK1 est de contribuer a la quiescence vasculaire. Les mutations hétérozygotes
perte de fonction du gene ACVRLI (codant pour ALK1) sont associées au développement de
deux maladies vasculaires rares : la télangiectasie hémorragique héréditaire (HHT) et, plus
rarement, I'hypertension artérielle pulmonaire héréditaire (HTAP) dont I’haploinsuffisance est
le modele actuel. L'objectif de ce travail est de caractériser la réponse transcriptomique de CE
primaires mutées pour ALK1 apres stimulation par BMP9 et BMP10, afin de mieux comprendre
les mécanismes moléculaires pathogenes et d'identifier des cibles thérapeutiques
potentielles.

Des CE formant des colonies (ECFC) et des CE microvasculaires (HMVEC) portant des mutations
hétérozygotes perte de fonction pour ALK1 ont été respectivement isolées a partir du sang de
cordon de donneurs nouveau-nés HHT et de poumons explantés de patients atteints d'HTAP.
Chaque type cellulaire, ECFC et HMVEC a été stimulé pendant 18h avec du BMP9 ou du
BMP10, I’ARN a ensuite été séquencé et les niveaux d’expression comparés a ceux de cellules
témoins saines. Dans les deux modéles EC, les stimulations BMP9 et BMP10 ont induit des
réponses transcriptomiques trés similaires avec peu de genes différentiellement exprimés
(DEGs) entre les deux ligands. La comparaison du transcriptome entre les ECFC témoins et
mutés par ALK1 a également révélé des profils similaires, au niveau basal et lors de la
stimulation avec du BMP9 ou du BMP10. De plus, les ECFC témoins et mutés activent de la
méme maniére la voie de signalisation Smad1/5 en réponse au BMP9, et ce résultat n’a pas
pu étre expliqué par une compensation des niveaux d'ALK1 a la surface cellulaire. En revanche,
les HMVEC HTAP mutées, issues d'un environnement malade, présentent de fortes
dérégulations transcriptionnelles par rapport aux témoins, avec plus de 1200 DEGs a I'état
basal. Une analyse de I'expression différentielle a deux facteurs, prenant en compte les deux
variables (génotype et stimulation), a permis d’identifier 44 genes codant pour des protéines
avec une régulation différentielle dans les HMVEC mutées, mais aucun dans les ECFC mutées.
Je me suis intéressée a 6 d’entre eux (LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13 et CEBPG). Parmi
eux, j'ai validé LFNG, codant pour lunatic fringe, un modulateur de la voie de signalisation
Notch, dans les cellules HMEVCs, ECFCs et HUVECs (CE de la veine ombilicale de nouveau-nés
isolées de couples HHT) mutées pour ALK1.

Ce travail a révélé que I'hétérozygotie ALK1 n'altére pas l'activation de Smad1/5 ni n'affecte
fortement la réponse transcriptomique a BMP9 ou BMP10. Une analyse bioinformatique plus
approfondie a cependant mis en évidence quelques génes avec une régulation altérée dans
les cellules de nouveau-nés, ce qui indique que les changements observés dans les HMVEC
mutées ne sont probablement pas uniqguement dus a I'hétérozygotie d’ALK1, mais pourrait
impliquer d’autres facteurs (mutation somatique/inflammation/angiogenése). En conclusion,
ces résultats remettent en question le modele d'haploinsuffisance pour HHT et I'HTAP, et
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favorisent I'idée qu’un second facteur pourrait étre nécessaire pour conduire a la pathogeneése
vasculaire, tout en mettant en évidence quelques cibles thérapeutiques potentielles qui
pourraient étre tres sensibles a la réduction des niveaux fonctionnels d'ALK1 et pourraient agir
en tant qu'événements déclencheurs pour I'apparition précoce de la maladie.
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Introduction

1. The blood vascular system

1.1. Vascular components and architecture

The proper functioning of all body organs fundamentally relies on the adequate supply of
oxygen, nutrients and metabolites, accompanied by the removal of metabolic waste products.
The cardiovascular system fulfills this role and ensures the nourishment of tissues via the
blood circulation that is transferred through a vast network of blood vessels, under the

Capillary bed of lungs where
gas exchange occurs

Pulmonary arteries Pulmonary veins

Aorta and branches

Vena cavae

— Left atrium

Left ventricle
Right atrium —

Right ventricle Systemic arteries

Systemic veins -

W Oxygen poor,
CO, - rich blood

B Oxygen rich,
E)O2 - poor blood

Capillary bed
of all body
tissues where
gas exchange
occurs

Figure 1. The systemic and pulmonary circulation systems. The
blood circulatory system is composed of the pulmonary circuit
that ensures oxygenation of the blood and disposal of carbon
dioxide (COz2) in the lungs and the systemic circuit that distributes
the oxygenated, CO2-poor blood to all vascularized tissues under
the pumping action of the heart. Image taken from
https://difference.qguru/difference-between-pulmonary-and-
systemic-circulation/

pumping action of the heart. The
blood vasculature is made up of five
structurally distinct vessel types that
carry out specific functions:

(1) arteries, which pump oxygenated
blood away from the heart (with the
exception of the pulmonary and
umbilical arteries),

(2) arterioles, which are smaller
ramifications of arteries and are the
main regulators of vascular tone in
response to changes in blood flow,

(3) capillaries, which are the smallest
vessels and represent the sites of
gaseous, nutrient and metabolic waste
exchange between blood and tissues,
(4) venules, which are post-capillary
small veins that receive deoxygenated
blood following nutrient and oxygen
exchange in tissues,

(5) veins, which are formed by
converging venules and carry
deoxygenated blood back to the heart
(with the exception of pulmonary and
umbilical veins).

Oxygen-poor blood collected from the
tissues is returned through veins to
the right atrium of the heart and then

transferred to the right ventricle, where it gets pumped to the lungs through the pulmonary
artery for oxygen replenishing (pulmonary circulation). Oxygen-rich blood returning through
the pulmonary vein from the lungs into the left atrium is then transferred to the left ventricle,
which pumps blood into the tissues through arteries (systemic circulation; Figure 1)
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In order to support each of their respective functions, the 5 types of blood vessels display
different structural features, in terms of lumen diameter and wall architecture (Figure 2).
Except for capillaries, blood vessel walls are composed of three layers:

(1) the innermost tunica intima, formed by a monolayer of endothelial cells (ECs), which come
in direct contact with blood at the luminal side and are surrounded by a basement membrane
on the basolateral one,

(2) the middle tunica media, composed of a variable number of circumferential vascular
smooth muscle cell (vSMC) layers in addition to collagen and elastic fibers and

(3) the outermost tunica adventitia, also composed of collagen and elastic fibers in a loose
connective tissue, in addition to fibroblasts in the large vessels, and is responsible for
maintaining vessel integrity?.

Artery Arteriole Capillary Venule Vein

Smooth muscle cell
Endothelial cell

-

O

A Tunica media I
Tunica externa

" Tunica intima

) Capillary .
| W
Artery Arteriole Continuous | Fenestrated | Sinusoidal Venule ein
Pressure 1t 1 1 - i
Oxyeen Tt Tt 1 - -
Velocity 1t t - T 11
Diameter/
lumen ({in pm)
Human =4000/2000 -30/10 -8/6 -20/16 =2000 /400
Mouse ~150/50 ~18/9 ~5/4 ~14/12 ~250/150
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Figure 2. Key structural and functional characteristics of different types of blood vessels. With the exception of
capillaries, the walls of blood vessels are composed of three layers: the tunica intima (single endothelial cell
layer), tunica media (layers of smooth muscle cells) and the outermost tunica externa or adventitia composed of
connective tissue and fibroblasts. To accommodate high pressure of blood received by the heart, arterial walls
have more layers of smooth muscle cells in the tunica media, yet smaller tunica externa compared to veins.
Compared with arterioles, venules have a thicker tunica externa, but a poorly developed tunica media, generating
thinner walls and a larger lumen compared with arterioles. A comparison of rheological and functional
characteristics of different blood vessels is provided. Image adapted from “Understanding angiodiversity: insights
from single cell biology” by Jakab and Augustin, Development, 2020.
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The thickness of the vSMC layer of the tunica media and the relative abundance of elastic
fibers varies considerably between the different types of vessels and even within arteries,
which are either classified as elastic or muscularized arteries. Arteries generally possess
narrower lumens, but thicker, more muscularized walls compared to veins, in order to
maintain and withstand the high pressure of blood pumped by the heart. Arteries closer to
the heart are more elastic, i.e. contain more elastic tissue and less vSMCs, compared to other
arteries in order to maintain a relatively constant pressure gradient in response to the heart’s
constant pumping action?.

On the other hand, because of the extensive branching of the vascular tree, veins receive low-
pressure non-pulsatile blood flow from the venules, and thus require thinner, less elastic and
muscularized walls. However, to prevent backflow of low-pressure venous blood, especially in
lower and upper limbs where blood has to be delivered upwards, veins contain bicuspid valves
that transiently open and shut, ensuring unidirectional flow. In addition, contracting muscles
surrounding the veins, such as the skeletal muscles of the legs and contracting thoracic and
abdominal muscles during respiration, aid in pumping venous blood towards the heart?. The
walls of arterioles and venules are also composed of
the three aforementioned tunics, but with much
thinner media and adventitia compared to larger
vessels (Figure 2).

Continuous Capillary

On the contrary, capillaries lack the tunica media and
adventitia described for other vessels, and are
composed of a single endothelial layer, surrounded
by a basement membrane. Instead of VSMCs, ¢ e capiliary

capillaries are surrounded by a discontinuous layer of : , —
contractile mural cells called pericytes. These cells : )
provide physical support to the capillaries,
controversially regulate capillary blood flow and take
on different tissue-specific roles such as maintenance
of the blood-brain-barrier, immune regulation and
tissue regeneration3. Knowing that the flow rate of
blood is inversely proportional to vessel diameter,
and because the sum of the diameters of all
capillaries within a capillary bed is larger than that of
the feeding artery, blood flow drops as arteries
branch into arterioles and further into capillaries.
Thus, blood reaches the capillaries with a very low
flow rate. This drop in flow rate, together with the
thin wall architecture and the large surface area of
the capillary, facilitate the efficient exchange of gases
and metabolites between blood and the surrounding
tissue through passive diffusion and pinocytosis. In
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Figure 3. The three different types of
capillaries. Depending on the required tissue-
specific vascular permeability, capillaries can
be either continuous, fenestrated or sinusoidal,
displaying different structural features. Image

order to further support tissue-specific functions and
physiological needs, capillaries in different tissues

taken from https://my.clevelandclinic.org/health/
body/21788-continuous-capillaries
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can exhibit different structural features. Depending on the level of required exchange in each
tissue and consequently the degree of endothelial permeability, capillaries can be classified as
continuous, fenestrated or sinusoidal* (Figure 3). Continuous capillaries are the least
permeable and the most common type of capillaries, found for example in the lungs, heart,
skin and skeletal muscles. ECs within continuous capillaries are closely attached to one
another through tight junctions, but still exhibit small intercellular clefts that allow the passage
of small molecules such as gases and ions across the capillary wall. Exceptionally, cerebral
continuous capillaries lack these clefts and form tighter junctions at the blood-brain-barrier in
order to further limit the access of molecules and protect the brain from harmful substances®.
On the other hand, fenestrated capillaries exhibit, in addition to the aforementioned clefts,
transendothelial fenestrations, that are around 60nm-wide pores that allow the passage of
larger molecules. These fenestrae are particularly important in organs with active absorption
and filtration functions, such as the intestinal mucosa and the kidneys, as well as in endocrine
glands. In most fenestrated capillaries, the fenestrae are covered by a diaphragm composed
of radially-disposed fibrils with only 5nm-wide openings, thus restricting permeability to only
water and small solutes like small peptide hormones and steroids. On the other hand, kidney
glomerular ECs and liver sinusoidal ECs (LSECs) have exceptional non-diaphragmed, open
fenestrations. Unlike glomerular ECs that maintain a well-organized basement membrane,
LSECs have a discontinuous basal lamina. Fenestrations in LSECs were also found to cluster
together, forming large sieve plates. Therefore, LSECs form the third type of capillaries, called
discontinuous or sinusoidal, with characteristic wide open pores. These unique features of
LSECs makes the hepatic microcirculation the most porous endothelial barrier, supporting its
critical scavenger role. Discontinuous capillaries can also be found in the spleen and bone
marrow, allowing homing of hematopoietic progenitors to these tissues, which together with
the liver represent hematopoietic sites at different stages during development?.

1.2. Development of the blood vascular system

Being essential for the growth of all other systems, the vascular system is one of the earliest
to develop during embryogenesis. The fascinating, intricate vascular network is formed
through two collaborating mechanisms, termed vasculogenesis and angiogenesis. Once the
developed vasculature fulfills all metabolic tissue needs, it becomes quiescent with a very low
turnover rate and an estimated half-life of 6 years for normal ECs of the heart>. During
adulthood, the quiescent endothelium is only reactivated under specific physiological
conditions, such as wound healing, placentation and endometrial regeneration after
menstruation, and in many pathological settings including tumorigenesis®. In the two
upcoming sections, a description of the events taking place during vasculogenesis and
angiogenesis, in addition to insights on the underlying molecular mechanisms are provided.

1.2.1. Vasculogenesis

The earliest stage of blood vessel development relies on vasculogenesis, which is a process
involving a series of cell differentiation and spatial organization events leading to the
formation of the primary vascular plexus. This process starts with the differentiation of stem
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cells into vascular endothelial growth factor
receptor 2-expressing (VEGFR2+) mesoderm
under the influence of bone morphogenetic
protein 4 (BMP4), Notch and Wnt signaling and
via  upregulation of the erythroblast
transformation-specific variant transcription
factor 2 (ETV2)’. ETV2 also induces
differentiation of the VEGFR2+ mesoderm into
hemangioblasts’, the common precursors of
hematopoietic and endothelial progenitors,
which migrate into the yolk sac. There, under
the action of basic fibroblast growth factor-2
(FGF2), hemangioblasts form aggregates that
differentiate into hematopoietic and
endothelial precursors. The latter, called
angioblasts, localize peripherally, surrounding
the hematopoietic precursors, giving rise to the
blood islands. These islands then fuse to form
the primitive plexus (Figure 4). Angioblasts also
migrate to initiate vascular plexus formation at
distant sites. In organs that do not receive
angioblasts, such as the brain, angiogenesis
takes over to supply this tissue with blood
vessels. In the presence of VEGF, angioblasts
further differentiate into endothelial cells that
expand and interact with each other to form a
primitive network®°. This network then
undergoes remodeling and maturation steps,
which require interactions with extracellular
matrix (ECM) components through integrins on
the endothelial surface and recruitment of
mural cells®. This gives rise to a vascular
network composed of differentiated arteries,
capillaries and veins, under the control of
several molecular players described later in this

A) VASCULOGENESIS

_y EPCs or angioblasts

Mesenchymal cells
Blood island

Vascular plexus

B) SPROUTING

ANGIOGENESIS/

C) INTUSSUSCEPTIVE
ANGIOGENESIS

Mother vessel

Figure 4. Vasculogenesis (A) and Angiogenesis (B-C) :
central processes in vascular development. (A)
Schematic representation of vasculogenesis, defined
by de novo vessel formation from aggregated
endothelial precursors (EPCs or angioblasts) that
assemble in the blood islands. Fusion of multiple blood
islands then gives rise to the early vascular plexus from
which primtive blood vessels are generated. (B,C) The
primary vascular network expands through sprouting
angiogenesis with nascent sprouts led by migrating tip
cells and elongated by proliferating stalk cells (B) and
through intussuseptive angiogenesis charcterized by
splitting of a vessel in two (C). Image taken from
“Endothelial TRPV1 as an Emerging Molecular Target
to Promote Therapeutic Angiogenesis” by Negri et al,
Cells, 2020.

chapter. Interestingly, with the identification of circulating endothelial progenitors in
adulthood, it became evident that vasculogenesis can also occur postnatally, during which
these progenitors migrate to sites of active vessel formation in response to physiological or
pathological pro-angiogenic cues®®. However, the main mechanism governing blood vessel

formation in adults is angiogenesis.
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1.2.2. Angiogenesis

Following the formation of the primary vascular networks during embryogenesis, the
vasculature further expands to support fetal and neonatal growth. This process of forming
new blood vessels from pre-existing ones is called angiogenesis and also involves EC
proliferation and migration, accompanied with cell and ECM reorganization. However, unlike
in vasculogenesis, where vascular networks are formed de novo from precursor cells, during
angiogenesis, new microvessels are generated from pre-existing ones either by splitting or by
sprouting 1° (Figure 4). Sprouting angiogenesis is a tightly regulated process involving diverse
molecules and signaling pathways that govern every step, starting from induction of sprout
formation until assigning arterial/venous identity to newly-formed mature vessels®. Some key
pathways involved in this process are introduced in the following section.

1.2.2.1.
angiogenesis

1.2.2.1.1. Vascular endothelial
growth factor (VEGF) pathway

VEGF-mediated signaling is the main molecular driver
of vascular development, regulating virtually all
underlying key events, including the early
differentiation of angioblasts during vasculogenesis
and the induction of sprouting during
developmental, but also pathological angiogenesis.
The discovery of VEGF dates back to the early 1983,
when it was first identified by Senger et al as vascular
permeability factor (VPF)!. Six years later, two
groups independently purified VEGF from different
sources'?13, gave it its current name and provided its
sequence'®, which turned out to be identical to that
of the previously described VPF*°.

VEGF-Ais the prototypical member of the VEGF family,
which later expanded to include 4 other members in
mammals: placental growth factor (PIGF), VEGF-B,
VEGF-C and VEGF-D. All 5 members mediate their
cellular responses by binding to their cognate cell
membrane-bound tyrosine kinase receptors called
VEGFR1-3. The three receptors show partially
overlapping expression patterns, with VEGFR1 being
mostly found in monocytes and macrophages, VEGFR2
in vascular ECs and their embryonic precursors, and
VEGFR3 in lymphatic ECs?®.

VEGF-A is the most important pro-angiogenic member
of the family, and its responses in ECs are mostly

Key signaling pathways controlling sprouting

| VEGF-E |

PIGF
VEGF-C
b ] [Eara VEGF-D
N & _f 4
sFit-1 |]
VEGFR-1 VEGFR2 VEGFR-3

\/

Angiogenesis  Lymphangiogenesis

Figure 5. Specificity of VEGF ligand-receptor
interactions. VEGF-A binds VEGFR-1 and VEGFR-
2, playing a major role in vasculogenesis and
angiogenesis. sFlt-1, the soluble form of VEGFR-
1, has an anti-angiogenic role. PIGF and VEGF-B
also bind VEGFR1 and are respectively involved
in placental angiogenesis and vascular survival
under pathological conditions. VEGF-C and
VEGF-D bind mainly to VEGFR3, regulating
lymphangiogenesis, and to a lesser extent to
VEGFR2. Finally, the viral VEGF-E binds to
VEGFR2, promoting angiogenesis. Image
adapted from “Vascular Endothelial Growth
Factor (VEGF) and Its Receptor (VEGFR)
Signaling in Angiogenesis: A Crucial Target for
Anti- and Pro-Angiogenic Therapies” by Shibuya,
Genes and Cancer, 2011
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conveyed through VEGFR2. Heterozygous and homozygous deletion of Vegfa and Vegfr2 in
mice, respectively, leads to embryonic lethality with hematopoietic and endothelial defects!’~
13, Different VEGF-A isoforms, generated by alternative splicing of exons 6 and 7, were
identified, including VEGF121, VEGF165, VEGF139 and VEGF,06. These isoforms display different
affinities for their neuropilin (Nrp) co-receptors and to heparan sulfates of the basement
membrane, influencing their spatial distribution in tissues?°. Among them, VEGFi¢s is the most
physiologically relevant and the most abundant isoform in tissues?. Interestingly, some
isoforms with splice sites in the last 6 amino acids of the terminal exon (exon 8) were even
shown to play anti-angiogenic roles. The latter are named “b isoforms” and are denoted with
a “b” preceded by the number of amino acids (VEGFxxxb)?%2.

VEGF-A can also bind VEGFR1 and with higher affinity than VEGFR2, but this receptor has low
kinase activity, making it a decoy receptor?3. Alternative splicing of VEGFR1 results in a soluble
form of the receptor, known as sFlt-1 that is produced by various cell types and plays an anti-
angiogenic role?*. On the contrary, VEGF-A does not bind VEGFR3. Instead, this receptor,
which is enriched in the lymphatic vasculature, binds VEGF-C and VEGF-D, promoting
lymphangiogenesis. Proteolytically processed VEGF-C and VEGF-D can also play a minor
angiogenic role by binding VEGFR2%*. The remaining 2 family members, PIGF and VEGF-B, can
only bind VEGFR1 and unlike other members, are both dispensable for embryonic vascular
development®® (Figure 5). However, PIGF is later involved in the development of the placental
vasculature?®, and VEGF-B in driving vascular survival under pathological conditions?® and
promoting fatty acid uptake in
ECs?’. In addition to the 5
mammalian ligands of the VEGF
family, VEGF-E has been
described as a pro-angiogenic
VEGF-related protein encoded
by the Orf virus genome that

VEGF-A

VEGFR2

specifically binds VEGFR2%8
(Figure 5). Other than VEGFRs, :
VEGF ligands also bind to co- - : 5. ~
receptors Nrp1 and Nrp2, which PI3K \‘ src
enhance VEGF signaling activity s v :
in  ECs. Interestingly, these AKT .PLCYl Fyn v
multifunctional  co-receptors : v v i FAK
form complexes with a variety v DAG IP3 .
of receptors and are thus EC survival . ' p38 'V]APK
involved in many different  EC permeability Y N v v
. . . . PKC Ca? ) )
signaling pathways, including : : EC migration
those of class 3-semaphorins, v v
platelet-derived growth factor ERK eNOS
and transforming growth factor v v
B%. EC proliferation

. EC permeability
In response to hypoxia, the

Biorender

hypoxia inducible factor 1la
(HIF-1a) binds to its response
element in the promoter of
VEGF-A (herein referred to as

Figure 6. Key signaling pathways downstream VEGF-A-VEGFR2.
MAPK: mitogen-activated protein kinase. Remaining abbreviations
are detailed in the main text. Image generated using Biorender.
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VEGF), increasing its expression3°. Consequently, VEGF binds to VEGFR2 on the surface of ECs,
activating several pro-angiogenic signaling molecules that increase EC proliferation, migration,
survival and permeability?*. Binding of a VEGF dimer to VEGFR2 results in receptor
dimerization and activation through transautophosphorylation on several tyrosine (Y) sites,
including Y951, Y1054, Y1059, Y1175 and Y1214'¢, Some of these p-Y form docking sites for
SH2 domain-containing proteins such as phospholipase Cy (PLCy), phosphoinositide 3-kinase
(P13K), SH2 domain containing adaptor protein B (SHB) and others. Binding of PLCy to p-Y1175
leads to its phosphorylation and activation3!. In turn, activated PLCy hydrolyzes
phosphatidylinositol (4,5)-bisphosphate (PIP2), producing diacylglycerol (DAG) and inositol 1,
4, 5-trisphosphate (IP3). DAG then activates PKC leading to the activation of the mitogenic
RAF/MEK/ extracellular signal-regulated kinase (ERK) cascade that increases EC proliferation3?
(Figure 6). On the other hand, IP3 activation induces the intracellular release of Ca?*, activating
endothelial nitric oxide synthase (eNOS) and thus increasing the synthesis of the vasodilator
nitric oxide (NO) and enhancing vascular permeability3® (Figure 6). In parallel, activation of
PI3K results in the production of membranous PIP3 that leads to recruitment and
phosphorylation of protein kinase B (PKB/AKT) by phosphoinositide-dependent kinases 1 and
216, Subsequently, activated AKT phosphorylates multiple downstream effectors, including
Mammalian target of rapamycin (mTOR) and eNOS, increasing vascular permeability and pro-
apoptotic BAD and caspase 9, leading to their inhibition and promoting cell survival® (Figure
6). Activation of the proto-oncogene non-receptor Tyrosine kinases Src or Yes was also
proposed to increase vascular permeability by opening intercellular adherens junctions
through direct or indirect phosphorylation of vascular endothelial cadherin (VE-cadherin)?®.
Src is also one of the several effectors mediating the effect of VEGF on cell migration. Src
phosphorylates p-Y1175-bound SHB, which binds phosphorylated focal adhesion kinase (FAK)
leading to regulation of cell attachment and migration'®. Fyn, a member of the Src kinase
family, is also recruited to phosphorylated VEGFR2 where it binds to the adaptor molecule
NCK1 bound to p-Y1214. Fyn/NCK1/PAK2 complex then leads to the activation of
CDC42/MEKK1/MEK3/p38 pathway that promotes EC migration3* (Figure 6).

1.2.2.1.2. Angiopoietin-1-Tie2 pathway

Angiopoietins 1-4 (Angl-4) constitute another family of angiogenic growth factors, whose
cellular activities are mediated through the tyrosine kinase receptor Tie2, predominantly
expressed on ECs. Angl is a Tie2 agonist enhancing the structural integrity of vessels, while
Ang2 mostly functions as a Tie2 antagonist. Murine Ang3 and human Ang4 are orthologues
that also bind Tie2, but their role is less characterized?.

Angl, the best studied member, is secreted by mural cells and acts as a vessel stabilizing agent
through binding to Tie23®. Both Ang1- and Tie2-deficient mice display embryonic lethality and
similar vascular remodeling defects defined by decreased sprouting, vessel dilation, reduced
mural cell coverage and vessel rupturing. Angl-Tie2 signaling promotes EC survival by
activating the anti-apoptotic PI3K/AKT axis*’. Angl-Tie2 signaling also reduces vascular
permeability by strengthening intercellular endothelial junctions. Specifically, Angl-Tie2
signaling was shown to decrease phosphorylation levels of the junctional proteins VE-cadherin
and platelet endothelial cell adhesion molecule 1 (PECAM1) and support their localization into
junctions3®, This pathway also displays anti-inflammatory properties, by inhibiting VEGF-
induced expression of the pro-inflammatory adhesion molecules ICAM-1 and VCAM-13°,
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On the other hand, Ang2 acts as a natural antagonist of Tie2 in a context-dependent manner,
and transgenic mice overexpressing Ang2 display similar phenotypes to Angl- and Tie2-
deficient mice. Under hypoxic conditions, ECs secrete intracellularly-stored Ang2, which
antagonizes Tie2 signaling, leading to vascular destabilization*®*!. This feature is essential
during the activation phase of sprouting angiogenesis. Afterwards, the decrease in Ang2
secretion shifts the Ang1/Ang2 balance back to the former, promoting vessel maturation. Tiel
is another receptor modulating Ang signaling, likely indirectly through interacting with Tie2.
Loss of Tiel in vivo increases vascular density and disrupts vascular integrity, highlighting its
role in maintaining vascular quiescence®?*3. In lymphatic ECs (LECs), which express low levels
of Tiel, the resulting low Tiel-Tie2 interaction promotes an agonistic activity of Ang2 through
binding Tie2 and activating the PI3K/AKT pathway, resulting in increased LEC survival and
proliferation**. Interestingly, gain of function mutations in the gene coding the catalytic
subunit of PI3K (PIK3CA) are responsible for 75.5% of lymphatic malformation cases®. In
addition, activating somatic mutations in both PIK3CA% and TIE2*, leading to excessive
endothelial proliferation, are a common cause of venous malformations. Altogether, this
highlights the importance of this pathway in maintaining vascular homeostasis.

1.2.2.1.3. Platelet-derived growth factor (PDGF-BB)-PDGFRp
pathway

As indicated by its name, platelet derived growth factor was initially purified from platelets,
but was later found out to be secreted by a variety of cells®®. PDGF is a potent
chemoattractant, survival factor and mitogen of cells of mesenchymal origin, including
pericytes, smooth muscle cells and fibroblasts*®°°, Through its action on fibroblasts, PDGF is
considered an essential promoter of wound healing*®.

There are five isoforms of PDGF that are either homodimeric (PDGF-AA, -BB, -CC and -DD) or
heterodimeric (PDGF-AB) and signal through 2 structurally-related receptor tyrosine kinases
PDFGRa and PDGFRB. All five isoforms of PDGF contain a conserved PDGF/VEGF homology,
domain, and just like for VEGF, PDGF binding to its receptor induces dimerization and
autophosphorylation followed by signal transduction involving ERK and PI3K/AKT effectors®?,
among others. PDGF-BB is secreted by ECs during angiogenesis and is responsible for
recruiting and inducing the proliferation of PDGFRB-expressing vSMCs and perciytes, which
cover the nascent vessels*®. Hence, PDGF is a key vessel maturation factor during both
embryogenesis and wound healing.

1.2.2.1.4. Notch pathway

The Notch pathway is a master regulator of vascular sprouting and arteriovenous
specification®?. In mammals, this signaling pathway is mediated through 4 receptors (named
Notch1 to Notch4) and 2 different families of ligands: (1) Delta-like ligands (DII), including DII1,
DII3 and DIl4 and (2) Jagged ligands (Jag), including Jagl and Jag2. Endothelial cells express all
Notch receptors and ligands at variable levels, with Notchl, Notch4, DIl4 and Jagl displaying
higher expression levels than others®?. Both Notch ligands and Notch receptors are
transmembrane proteins that mostly signal through trans-activation, whereby a ligand on one
cell binds to its receptor on the adjacent cell, activating Notch signaling in the receptor
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presenting cell. Then, ligand binding promotes sequential proteolytic cleavage events on the
Notch receptor leading to the release of the Notch intracellular domain (NICD) by y-secretase.
NICD then translocates to the nucleus, where it forms a transcriptional complex with
recombination signal binding protein for immunoglobulin kappa J region (RBPJk), also known
as CSL, and the co-activator mastermind-like (MAML) that together regulate target gene
expression>? (Figure 7A).

The extracellular domain of Notch receptors contains several epidermal growth factor—like
(EGF) repeats that are heavily glycosylated by various enzymes®3. Among those are the 3
mammalian fringes, namely manic, lunatic and radical fringe, which represent a family of b-
1,3-N-acetyl-glucosaminyltransferases. These fringes transfer N-acetyl-glucosamine moieties
to O-linked fucose residues on the Notch receptor®3, enhancing the activation of Notch1 by DIl
ligands while inhibiting activation by Jag ligands>*>® (Figure 7B).

A Ligand-
presenting Intracellular
cell space

Extracellular

Notch ligand space

(Delta-like,
Jeoec) B Signal Sending Cell Signal Sending Cell

Notch

receptor I
Delta errate/  pelta
R - ul
rasanting el Notch Notch
cell
-Fringe +Fringe
Nucleus Signal Receiving Cell Signal Receiving Cell
e b A Fucose H GIcNAc O Galactose @ Sialic Acid

! genes
/\.:/
Nature Reviews | Drug Discovery

Figure 7. Activation of Notch signaling. A, Notch receptor is activated upon binding to its ligand on an adjacent
cell. Ligand binding leads to cleavage of Notch intracellular domain (NICD) that translocates to the nucleus, forms
a transcriptional complex with CSL and MAML leading to regulation of Notch target genes. B, Before glycosylation
by fringes, the Notch receptor can be activated by both Delta or Serrate/Jagged ligands. However, upon
transferring N-acetyl-glucosamine (GIcNAc) to O-fucosylated sites on the extracellular domain of Notch receptor
by fringes, activation of the receptor by Delta ligands is strengthened while that by Serrate/Jagged ligands is
inhibited. Images taken/adapted from “Therapeutic modulation of Notch signalling — are we there yet?” by
Andersson and Lendahl, Nature Reviews Drug Discovery, 2014 (A) and “Deciphering the Fringe-Mediated Notch
Code: Identification of Activating and Inhibiting Sites allowing Discrimination between Ligands” by Kakuda et al,
Developmental Cell, 2017 (B).

Notch signaling is required for regulating key mechanisms during sprouting angiogenesis,
namely controlling vascular branching by regulating tip/stalk cell ratios, and promoting arterial
specification®?, both of which will be described in an upcoming section.
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1.2.2.1.5. BMP9/BMP10-ALK1 pathway

Bone morphogenetic proteins 9 and 10 (BMP9 and BMP10) and their high affinity receptor
activin receptor-like kinase 1 (ALK1) are members of the transforming growth factor-B (TGF-
B) superfamily of signaling molecules. BMP9/BMP10 signaling through ALK1 in ECs is a key
promoter of vascular quiescence’. This signaling pathway has a separate chapter dedicated
toit.

1.2.2.2. Sprouting angiogenesis

Sprouting angiogenesis is the process involving the formation and extension of endothelial
sprouts from pre-existing vessels, followed by anastomosis, perfusion and stabilization. This is
a biphasic process involving an activation and a maturation phase®, which are described
below.

1.2.2.2.1. Activation Phase

In response to hypoxia during development or wound healing, starved parenchymal cells
secrete the master proangiogenic factor VEGF to recruit adequate blood supply by directing
blood vessel formation towards the hypoxic region® (Figure 8A). The spatial distribution of
VEGF in the surrounding microenvironment promotes the differentiation and is sensed by
endothelial tip cells at the vascular front through their long filopodial protrusions rich in the
VEGF receptor, VEGFR22. Consequently, tip cells respond by initiating directional migration
towards the VEGF gradient>® (Figure 8C). This migration is preceded by ECM degradation via
matrix metalloproteinases and urokinase-type plasminogen activator, which clears the way
for migrating ECs to invade the surrounding tissue, in addition to VEGF-induced increase in
vascular permeability through NO-mediated vasodilation® (Figure 8B). The roles of these
changes are to weaken EC-EC and EC-matrix interactions and to allow the extravasation of
plasma proteins that build a provisional scaffold for migrating ECs®. VEGF or hypoxia
(independently of VEGF) also loosen the interactions of ECs with mural cells*?, by enhancing
the production of the Tie2 antagonist, Ang2, from ECs®. Once the stage is set, tip cells start to
migrate through interactions of cell surface integrins, particularly avp3, with ECM
components®2, The level of this integrin is normally low in the quiescent endothelium, but
NO, whose production is enhanced by VEGF, maintains adequate levels of avB3%3. Then, as the
leading tip cell migrates, the angiogenic sprout extends by means of VEGF-induced
proliferation of trailing stalk cells®* (Figure 8D). The growing sprouts extend until tip cells at
the front interact with each other through their filopodia and fuse to form nascent vessels
(Figure 8E). At this stage, cell migration stops, and lumen formation takes place through a
complex process involving cell repulsion within EC cords, junctional rearrangement and
changes in cell shape®.

The molecular differences between tip and stalk cells provide instructions on how to interpret
and respond to the VEGF signal. While tip cells respond to the gradient of VEGF by initiating
cell migration, stalk cells respond to the local VEGF concentration by inducing proliferation®°.
Maintaining the proper equilibrium of tip to stalk cell ratios during sprouting angiogenesis is
of outmost importance to ensure efficient, controlled branching. To date, several players have
been implicated in regulating tip/stalk cell specification, of which DIll4-mediated Notch
signaling is the most studied®2. In response to proangiogenic VEGF signals, tip cells respond by
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upregulating the Notch ligand DII4, acquiring an invasive, migratory phenotype®%, Binding of
DIl4 to Notch1 on the adjacent, trailing cells activates Notch signaling and confers a stalk cell
phenotype on these cells, making them less sensitive to proangiogenic VEGF signals. This
effect was attributed to Notch1l-mediated upregulation of target genes of the Hes/Hey family
of transcription factors, which in turn downregulate DLL4 and the VEGF receptors KDR
(VEGFR2) and FLT4 (VEGFR3), while upregulating the levels of the decoy receptor FLT1
(VEGFR1)%>%%, Imbalances in Notch signaling were reported to cause excessive or inadequate
sprouting. For instance, reduction of Dll4-mediated Notch signaling during embryonic or
developmental angiogenesis, either by genetic or pharmacological means, resulted in tip cell
overrepresentation, leading to exaggerated sprouting®®7-7%, On the other hand, enhanced
DIl4-Notch activation reduced tip cell specification and vascular density®’. In addition to DI|4,
Jagl was also found to be involved in regulating tip/stalk cell specification. While tip cells
express high levels of DIlI4 and low or no Jagl expression, stalk cells show inverse regulation
of these 2 ligands. Jagl on stalk cells was found to act as an antagonist, where high levels of
Jagl competed with the low levels of the more potent ligand DII4 for binding to Notch1 on tip
cells, but Jagl did not promote Notch activation. The inability of Jagl to activate Notch
signaling in tip cells was attributed to the post-translational modification of Notchl by
fringes>*. Complete loss of lunatic fringe phenocopied DII4 deletion in the developing retina
model, highlighting an importance of this fringe in modulating DIl4-mediated effects on tip
cell specification®*.
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Figure 8. Sprouting angiogenesis: a multistep process. (A) Under local hypoxic conditions, the hypoxic tissue
secretes VEGF-A to activate angiogenesis, which starts with the degradation of the extracellular matrix (ECM) (B)
accompanied with the selection of tip cells and stalk cells (C). Tip cells on the leading front of the sprout migrate
in the direction of the VEGF-A gradient that is sensed through their extensive filopodia, and the trailing stalk cells
ensure elongation of the sprout by actively proliferating, while maintaining connection with the original vessel (D).
The sprout continues to elongate until it fuses with another (anastomosis), forming a nascent lumenized vessel (E)
that becomes perfused, leading to enhanced tissue oxygenation. Consequently, VEGF-A production declines and
the nascent vessel undergoes maturation and stabilization through secretion of new ECM components and
recruitment of mural cells (F). Image taken from “VEGF and Notch in tip and stalk cell selection” by Blanco and
Gerhardt, Cold Spring Harbor Perspectives in Medicine, 2013.
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Similar to Notch-mutant animal models, mice deficient in ALK1 display strong hypersprouting
in their developing retinas’!, and others deficient in its downstream mediators display
hypersprouting from the dorsal aorta accompanied by an increase in tip cells’?, pointing to a
role of ALK1 signaling in tip/stalk cell specification. Indeed, activated ALK1 and Notch were
found to synergistically upregulate stalk cell-enriched Notch targets HES1, HEY1, HEY2 and
FLT1 (VEGFR1) while downregulating the expression of the tip cell marker APLN’Y72,
Interestingly, blocking both signaling pathways resulted in an exacerbated hypersprouting
phenotype compared to the separate targeting of each, and activation of ALK1 signaling in the
retinas of pharmacologically Notch-inhibited mice drastically decreased the number of tip cells
and normalized vascular sprouting’®.

Other players regulating tip/stalk cell selection include Nrp1, a co-receptor for diverse ligands,
including class 3 semaphorins and VEGF-A. This tip cell-enriched receptor was shown to be
important for tip cell function and guidance’?® and emerged as an active repressor of stalk cell
phenotype in tip cells. On the other side, Notch activation in stalk cells downregulates Nrp1,
relieving its inhibitory effect on stalk cell phenotype’4.

In addition to the aforementioned actors, a number of classical axon guidance molecules and
their receptors, including ephrins, semaphorin/plexin and slit/robo families, were shown to
display tip- or stalk-cell specific expression and to act as repulsive or attractive cues that
reinforce tip/stalk cell specification’>.

1.2.2.2.2. Maturation phase

The newly formed vessel is leaky, fragile and requires maturation and stabilization to become
fully functional (Figure 8F). This involves cessation of EC proliferation and migration, formation
of a new basement membrane, recruitment of mural cells to the nascent vessel and finally
determination of arterial/venous identity’®. These complex processes are orchestrated by a
plethora of tightly regulated signaling molecules.

To begin with, BMP9, the high-affinity ligand of the endothelial-enriched receptor ALK1, is a
known endothelial quiescent factor that inhibits EC proliferation and migration’’. Hence,
BMP9, and its closely-related family member BMP10, could be the players responsible for
establishing vascular quiescence of the activated endothelium®’. The stationary, non-
proliferative ECs establish intercellular adherens and tight junctions under the action of Ang1l-
Tie2 signaling”®.

At the level of structural stabilization, TGF-B1, binding to its ALK5 receptor on ECs and
fibroblasts, protects the provisional matrix from degradation by suppressing the secretion of
proteolytic enzymes while enhancing the synthesis of protease inhibitors. TGF-f1 in
fibroblasts also increases the synthesis and secretion of ECM components that make up the
basement membrane of the new vessel’”®. TGF-B1 is additionally involved in promoting mural
cell coverage of the growing sprout. Following the recruitment and proliferation of mural cell
progenitors driven by PDGF-B, whose expression is limited to ECs in areas of immature
capillaries and growing arteries*®, TGF-B1 promotes their differentiation into pericytes and
vSMCs, both of which are important elements of the mature vasculature3%®1, Pericytes enwrap
capillaries to provide structural support for these thin-walled vessels and also carry out
numerous tissue-specific functions, as mentioned previously3. On the other hand, vSMCs are
mostly components of larger vessels and are responsible for modulating vascular tone in
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arteries and arterioles. By contracting or relaxing, vSMCs modify the caliber of the blood
vessel, thus adjusting local blood flow according to physiological needs and controlling total
peripheral resistance?. In addition to PDGF-B, sphingosine-1-phosphate-1 (S1P1), secreted by
platelets and multiple cell types, can escape from leaky vessels, leading to recruitment of
mural cells that express its receptor (endothelial differentiation sphingolipid G-protein-
coupled receptor-1)22,

Finally, as blood flow kicks in, areas with excessive vascular density undergo vascular pruning
of unnecessary vessels, giving rise to a more differentiated vascular networkC. Blood flow is
also implicated in reinforcing arterial specification. For instance, arterial flow upregulates the
arterial-specific ligand ephrin-B283-8> that binds to its venous-specific ephrin receptor B4
(EPHB4), leading to arterial-venous cell repulsion that aids in maintaining vessel identity
during development8®,

Early observations of the restricted expression of Notch receptors and ligands to the arterial
versus venous endothelium highlighted the involvement of this pathway in arterialization®’.
This hypothesis was later consolidated by several in vivo studies demonstrating aberrant
arterial-venous specification in different Notch-defective mouse and zebrafish models®°, As
this aberrant differentiation is a hallmark of the development of arteriovenous malformations
(AVMs), which are abnormal direct shunts between arteries and veins, some of these models
readily developed AVMs%%!, In addition, Notch signaling was also found to strongly
upregulate the arterial-specific® ephrin-B2 ligand while suppressing vein-restricted EphB4
receptor in the early vasculature®®°2, and EFNB2 (encoding ephrin-B2)- and EphB4-mutant
mice phenocopied AVM formation of Notch1 activation®3,

While blood flow plays a role in arterial specification, initiation of this specification goes back
to the early angioblast level, before the onset of flow, where observations in zebrafish pointed
to the presence of different angioblast populations giving rise to arterial versus venous ECs.
Those at the origin of arterial ECs were shown to possess higher VEGF and sonic hedgehog
(SHH) signaling, favoring arterial identity®*. Mechanistically, in the presence of high VEGF
concentrations, VEGFR2 activation is believed to activate Wnt signaling and upregulate the
transcription factors SOX7, SOX17 and SOX18, which altogether increase Notch activation. In
turn, Notch signaling increases the expression of arterial-specific genes, including EFNB2. In
parallel, strong VEGF-VEGFR2 signaling also activates ERK1/2-dependent signaling, favoring
arterial identity®>. On the other hand, signaling through low VEGF levels can alternatively
activate the PI3K-AKT downstream signaling axis, which antagonizes ERK1/2 signaling. Venous
ECs also display an enrichment of chicken ovalbumin upstream promoter-transcription factor
Il (COUP-TFII) that downregulates Notch signaling, inhibiting arterial specification®. In line
with arterial and venous ECs deriving from different angioblast populations, different blood
islands in chicken embryos selectively expressed either the arterial VEGF co-receptor Nrp1 or
the venous co-receptor Nrp2°¢.

In addition to the aforementioned factors, a recent study using Fluorescent Ubiquitination-
based Cell Cycle Indicator (FUCCI)-based cell cycle reporter mice proposed a role of cell cycle
stage in promoting arteriovenous specification. This work revealed that ECs in remodeling
veins and arteries are enriched in different cell cycle stages, namely early G1 and late G1,
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respectively. Notably, these different stages permit the differential activation of BMP versus
TGF-B signaling, respectively. In turn, BMP signaling (specifically BMP4) upregulates venous
markers while TGF-B signaling favors arterial gene expression?’.

1.2.2.3.  Intussusceptive angiogenesis

A different, non-sprouting mode of angiogenesis is defined by splitting of pre-existing vessels
to generate new, smaller ones. This phenomenon was first observed in 1986 by Caduff et al in
pulmonary capillaries in rat®®, but was later found out to be a common feature of vascular
growth in many vascular beds and different species*>®°. Interestingly, intussusceptive
angiogenesis was also detected in small arteries and veins, and was shown to play a role in
vascular pruning and in altering the branch angle of bifurcating vessels, thus also establishing
it as a mechanism of vascular remodeling®.

Figure 9. Intussusceptive angiogenesis: a multistep process. Three-dimensional (A-D) and two-dimensional (A’-
D’) schematic representations of the steps of intussusceptive angiogenesis are shown. (A-B, A’-B’) Intussusception
begins with the intraluminal protrusion of opposing capillary walls. After formation of the intussusceptive pillar
(C,C’), the endothelial (EC) bilayer and the basal membranes (BM) are centrally perforated as fibroblasts (Fb) and
pericytes (Pr), which produce collagen fibrils (Co) (d,d’) infiltrate the pillar splitting the capillary into two. Image
adapted from “Intussusceptive angiogenesis: Its emergence, its characteristics, and its significance” by Burry et
al, Developmental Dynamics, 2004.

Rigorous electron microscopic investigations in lung sections of rats by the same group
uncovered the mechanism behind intussusceptive angiogenesis®. This process was found to
involve an initial step of intraluminal protrusion of ECs facing each other in the capillary wall,
giving rise to an intussusceptive pillar. This was followed by the formation of new junctional
complexes that seal the two newly-formed channels. Finally, infiltration of interstitial
components to the pillar, including pericytes and collagen-secreting myofibroblasts, aided in
the separation of the two channels from each other. As this process continued to occur
longitudinally, the pillar grew in size, ultimately splitting the whole capillary into two®® (Figure
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9). Unlike sprouting angiogenesis, whereby the underlying molecular mechanisms were
extensively studied, those regulating intussusceptive angiogenesis remain largely unknown.
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2.BMP9/10-ALK1 signaling pathway
2.1. TGFp superfamily ligands

The transforming growth factor-B (TGF-B) superfamily comprises 33 cytokines in humans,
presented in Figure 10, that regulate extremely diverse cellular processes involved in
embryonic development, tissue homeostasis and regeneration. These processes include cell
differentiation, proliferation, adhesion, migration, communication, survival and ECM
remodeling. In line with its systematic functions, this family of cytokines is highly ubiquitous,
with almost every cell in the human body expressing and responding to at least one of its
members!01,102,
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Figure 10. Phylogenetic tree of the 33 TGF-8 superfamily ligands in humans. The tree was generated through
alignment of the C-terminal mature domains. Image adapted from “Structural studies of the TGF-8s and their
receptors” by Hinck, FEBS Letters, 2012.

All members of the TGF-B superfamily are structurally-related, sharing a conserved cystine
knot structure, but are mostly subdivided into 2 major subfamilies based on differences in
sequence similarity and signaling properties: the TGF-B subfamily and the bone
morphogenetic protein (BMP) subfamily. The former includes the 3 TGF-B ligands (TGF-B1,
TGF-B2 and TGF-B3), activins (A and B), nodal, myostatin and a number of growth and
differentiation factors (GDFs). On the other hand, the BMP subfamily comprises all 10 BMPs
(named BMP2-10 and BMP15), Anti-Mullerian hormone and the remaining GDFs°,

As indicated by their name, BMPs were originally isolated from bones and were identified as
inducers of ectopic cartilage and bone formation%-1%_ However, as the pleiotropic functions
of BMPs, extending beyond the limits of bones to the kidneys, pancreas, cardiovascular system
and others, were progressively uncovered, the name “body” morphogenetic proteins was
alternatively proposed for this group of ligands%’.
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2.2. TGFP superfamily receptors

TGF-B superfamily ligands elicit a classical membrane-to-nucleus signal through
transmembrane receptor complexes composed of two type | and two type Il serine/threonine
kinase receptors, in addition to a co-receptor that lacks any enzymatic activity. In humans,
TGF-B superfamily receptors comprise 7 type | receptors, called activin receptor-like kinase
(ALK) 1-7, 5 type Il receptors (ActRIIA, ActRIIB, BMPRII, AMHRII and TGFBRII) and the two high
molecular weight glycoprotein co-receptors, betaglycan and endoglin'!. These co-receptors,
comprising a very short cytoplasmic domain of around 40 amino acids, lack any enzymatic
activity but play a role in potentiating the responses to selected ligands, such as the 3 TGF-
isoforms by betaglycan and BMP9 and BMP10 by endoglin®8,

2.3. Intracellular signaling

2.3.1.  Canonical Smad signaling

2.3.1.1. Classes of Smad proteins

Mothers Against Decapentaplegic (Smads) are a family of transcription factors that mediate
signaling in response to activated TGF-B family receptors'®. This family of transcription factors
comprises 3 classes of proteins with structural and functional differences: (1) receptor-
regulated Smads (R-Smads) comprising Smad1, Smad2, Smad3, Smad5 and Smad8, (2) the
common mediator (co-Smad) Smad4 and (3) inhibitory Smads (I-Smads) Smad6 and Smad7.
The classical structure of R-Smads and Smad4 consists of two conserved globular domains
called Mad homology (MH)1 (N-terminal) and MH2 (C-terminal) that are connected by a
divergent linker region (Figure 11)%°. The MH1 domain is mainly responsible for DNA binding,
while MH2 mediates interactions with various proteins such as the type | receptor (for R-
Smads), other Smads and nuclear transcriptional partners!® (Figure 11). In addition, R-Smads
possess a Ser-Ser-Xxx-Ser (SSXS) motif in their C-terminal extremities that is phosphorylated
by activated type | TGF-B family receptors, leading to activation of R-Smads as described
below. On the other hand, I-Smads are structurally distinct from R-Smads and Smad4. The
MH1 domain and the C-terminal type | receptor phosphorylation site are missing in Smad6
and Smad7, while the rest of the MH2 domain is conserved (Figure 11). This allows Smad6 and
Smad7 to compete with R-Smads for receptor binding, but without being phosphorylated
themselves®?,
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Smad1,2,3,5 and 8 and the co-Smad, Smad4 are composed of two Mad homology (MH) domains (N-terminal
MH1 and C-terminal MH2) that are joined by a linker region. R-Smads additionally harbor the Ser-Ser-Xxx-Ser
(SSXS) motif in their C-terminal extremities. On the contrary, I-Smads lack the MH1 domain and SSXS motif. Image
adapted from “The complex pattern of SMAD signaling in the cardiovascular system” by Euler-Taimor and Heger,
Cardiovascular Research, 2005.
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2.3.1.2. Initiation of the Smad signal

Upon binding of the dimeric ligand to its specific receptor complex, the constitutively active
type Il receptor phosphorylates the type | receptor on serine and threonine residues located
in the glycine- and serine-rich (GS) region, which is a 30 amino acid regulatory region just
before the kinase domain of type | receptors. Consequently, the phosphorylated type |
receptor becomes activated and phosphorylates R-Smads on their C-terminal SSXS motifs',
Depending on the activated type | receptor, two different groups of R-Smads can be
implicated. In response to TGF-B subfamily ligands, the type | receptors ALK4, ALK5 or ALK7
phosphorylate Smad2/3, while in case of BMPs, ALK1, ALK2, ALK3 or ALK6 rather activate
Smad1/5/8%° (Figure 12). Phosphorylation of R-Smads’ SSXS motif generates a docking site
that allows the binding of Smad4, which is a common mediator of both TGF-3 and BMP ligand
subfamilies. In the absence of an activating signal, R-Smads, are predominantly cytoplasmic.
However, phosphorylation of their SSXS motif allows the nuclear accumulation of R-Smads, by
decreasing their affinity to cytoplasmic anchors that consequently allows their interaction
with Smad4 and nuclear transcription factors''l. Non-phosphorylated R-Smads can still enter
the nucleus at low levels by interacting with the nuclear pore complex, but are
transcriptionally inert. Smad4, on the other hand, undergoes continuous nucleocytoplasmic
shuttling in unstimulated cells and displays equivalent distribution between the two
compartments. Binding of Smad4 to the phosphorylated R-Smad homo- or heterodimer,
whether in the cytoplasm or in the nucleus, enables its nuclear accumulation, potentially by
masking the nuclear export sequence of Smad4''%112 |n the nucleus, the Smad complex binds
Smad-binding elements in the promoters of target genes and regulates their expression levels,
as explained below.
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2.3.1.3. Factors shaping transcriptomic response specificity

It is noteworthy that each TGF- superfamily ligand modulates the expression of a somewhat
unique set of target genes, in accordance with the functional diversity of these ligands. So how
is this ligand-gene set coupling specified? The first line of selectivity relies on the differential
expression of different TGF-B superfamily receptors in different cell types, the bioavailability
and local concentration of each ligand and its affinity to the different receptor combinations
expressed by the cell. However, as the downstream response of any TGF-B family receptor
complex is mostly mediated through either the activation of Smad2/3 or Smad1/5/8,
additional factors had to be involved. Indeed, Smads bind DNA, specifically CAGA and GC-rich
regions, with very low affinity that is not enough to ensure effective binding in vivo. By
interacting with DNA-binding coactivators or corepressors, Smads form transcriptional
complexes that have multiple DNA-binding sequences. These complexes then specifically bind
to gene promoters containing the corresponding binding motifs in the proper orientation and
separating distance and with higher affinity compared to Smads alone. Therefore, the second
line of selectivity relies on the specificity of interaction between cofactors and either Smad2/3
or Smad1/5/8, but also on the pool of expressed cofactors within each cell type. These include
members of transcription factor families FOX, RUNX, E2F, AP1, CREB/ATF and others.
Moreover, these factors themselves can be under the control of other signaling pathways, as
for FoxO for example, whose phosphorylation by various kinases leads to its extrusion from
the nucleus. Hence, signals affecting these factors might also influence the Smad response.
Notably, it was also shown that baseline differences in chromatin accessibility between cell
types, dictated by distinct histone methylation patterns for example, influence transcriptional
regulation by Smads'!3. Thus, the role of the TGF-B superfamily signals could be thought of as
ensuring the accumulation of the proper Smad complex in the nucleus. Then, it is up to the
cell to integrate its expressed nuclear Smad-binding partners with this complex to determine
which of the many potential targets that lie in open chromatin regions get regulated.

But what about the distinct effects of two different BMPs for example on the same cell type?
Morikawa et al nicely demonstrated by ChIP-seq of Smad1/5 that stimulating human umbilical
vein ECs with either 1ng/mL BMP9 (strongly binds ALK1) versus a higher concentration of
BMP6 (50ng/mL to accommodate for its lower affinity to its cognate receptor ALK2), resulted
in the identification of mostly overlapping Smad-binding sites between the 2 ligands®3.
However, despite the fact that these 2 stimulations resulted in equivalent phospho-Smad1/5
(p-Smad1/5) levels, several BMP9-specific binding sites such as HEY1 and JAG1 loci were
detected. By further increasing the concentration of BMP6 up to 200ng/mL, Smad1/5 binding
to these BMP9-specific sites was enhanced in a BMP6 dose-dependent manner. On the other
hand, common BMP6/BMP9 Smad1/5 binding sites, such as the /D1 locus that exhibits strong
Smad1/5-binding affinity, were already strongly upregulated at 20ng/mL BMP63, Hence,
since Smad-binding sites within the regulatory elements of different target genes can exhibit
variable affinities to the Smad complex, the authors suggested that stimulations by some
ligands with limited potency might not be strong enough to promote the binding of Smads to
low-affinity sites. Therefore, differences in ligand affinity and potency, which are intriguingly
not necessarily reflected by the level of phosphorylated Smads measured by traditional
methods, can define another level of response specificity!!3.
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2.3.1.4. Termination of Smad signal

The duration of the active Smad signal is tightly controlled at several levels. The
phosphorylated trimeric Smad complex is dephosphorylated by phosphatases in the nucleus,
leading to its dissociation and the export of its individual components from the nucleus. As
long as the type | receptor remains active, these Smads undergo repeated cycles of
phosphorylation, assembly and nuclear import followed by the inverse events. Once the signal
is terminated, the R-Smads no longer undergo phosphorylation and mostly accumulate in the
cytoplasm. These repetitive cycles ensure a constant re-evaluation of receptor activity by R-
Smads that accordingly control signaling duration!'*. The receptor itself can also be actively
dephosphorylated by phosphatases, such as protein phosphatase 1 a that inactivates ALK11>,
In addition, both the type | receptors and their associated Smads can be targeted for
degradation by Smad E3 ubiquitin ligases Smurfl or Smurf2116-118 |nterestingly, the two
inhibitory Smads, Smad6 and Smad?7, are transcriptionally upregulated by TGF-B superfamily
cytokines, but negatively regulate downstream signaling, establishing a critical negative
feedback loop. Specifically, Smad7 is upregulated by TGF-B, activin, and BMP signaling and is
a global inhibitor of all of these pathways, while Smad6, which is highly expressed in the
cardiovascular system and is induced by BMP signaling, specifically inhibits the latter. Because
Smad6 and Smad7 retain the MH2 domain'®, they can compete with R-Smads for receptor
binding, but as I-Smads lack the C-terminal SSXS motif and the MH1 domain, they block
downstream signaling. In addition, these inhibitory Smads were shown to inhibit signaling by
competing with R-Smads for binding to Smad4 and by facilitating Smurf-dependent receptor
degradation?'®18  Another way for regulating signal duration is by manipulating the linker
region of R-Smads. Phosphorylation of Ser and Thr residues in the linker regions of Smads 1, 2
and 3 by different endogenous kinases, including ERK MAP kinases and cyclin-dependent
kinases, was shown to impair their nuclear accumulation and corresponding signaling
activity?°,

2.3.2. Smad-independent signaling

Besides the canonical Smad signaling, TFG-B and BMP ligands have been shown to activate
several signaling transducers independently of Smads, in a cell context-dependent manner.
Various studies demonstrate direct activation of various mitogen-activated protein kinases
(MAPKs), including c-Jun amino terminal kinase (JNK) and p38 MAPK in a TFG-B activated
kinase 1 (TAK1)-dependent manner, in addition to ERK MAPK. TGF-B superfamily signaling was
also shown to activate PI3K-AKT signaling, IkB kinase (IKK) and several Rho-like GTPases!'’.
Most of these signal transducers could also be indirectly-activated following Smad-mediated
transcriptional regulation, and in turn some of them were shown to positively or negatively
regulate Smad signaling. Collectively, these pathways have been shown to mediate key TGF-3
and BMP-induced functions, such as the well-known TGF-B-driven epithelial-to-mesenchymal
transition (EMT) and BMP2-enhanced cell motility and invasiveness in the context of cancer.
In addition, inhibition of EC migration via constitutively active ALK1 was shown by our group
to be Smad-independent and to rely instead on JNK and possibly ERK pathways'?°. However,
it is important to note that under different conditions or in different cell types, some of the
aforementioned non-Smad transducers were either not regulated or were even inactivated by
TGF-B superfamily signaling, highlighting their high context dependency!'®. Therefore, a
deeper understanding of these non-Smad arms of TGF- signaling is required to address their
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potential input in the pathophysiology of diseases involving impaired TGF-B/BMP signaling
and consequently considering them potential therapeutic targets.

2.4. BMP9/BMP10-ALK1 signaling axis

2.4.1. BMP9 and BMP10: high affinity ligands of endothelial
receptors ALK1 and endoglin

Among the receptors of this family, the type | receptor ALK1 and the co-receptor endoglin are
predominantly expressed on ECs, and their expression is upregulated in the actively
angiogenic endothelium but reduced in the adult quiescent endothelium?®?%122, ALK1
expression is predominantly arterial and is higher in the pulmonary compared to the hepatic
vasculature'?%123, While endoglin shares similar expression patterns to ALK1 during early
embryogenesis'??, its expression in adult mice is stronger on the venous side and is low in the
lungs, skin, brain and intestine but high in the liver'?*, Both ALK1 and endoglin are present in
capillaries to variable extents'?%124, Besides ECs, endoglin is also expressed in mesenchymal
stem cells, some hematopoietic progenitors and immune cells such as monocytes,
macrophages and mast cells'?>, and ALK1 expression was recently reported in hepatic resident
macrophages called Kupffer cells!?®,

Early studies demonstrated the activation of chimeras composed of ALK1 extracellular domain
fused to the cytoplasmic domain of the TGF-B receptor ALK5 by TGF-B1 and TGF-B3'?” and
enhanced ALK1/ALK5 complexing by TGF-B1%?8, Thus, ALK1 was first proposed as a TGF-B
receptor. However, this hypothesis was debated as ALK1 and ALK5 displayed non-overlapping
expression patterns in vivo'?® and ALK5-deleted mice do not develop the vascular defects
characteristic of ALK1-deletion?®°. In addition, the same work proposing TGF-B1 and TGF-B3
as ALK1 ligands identified the presence of an additional unknown ALK1 ligand in the serum'?’,
which remained elusive for years. It was only in 2007 that our group and others identified
BMP9 and BMP10 as the physiologically-relevant, high affinity ligands of ALK11317133, These
two BMPs were shown to bind ALK1 with an ECso of approximately 50pg/mL*3!, i.e. with much
higher affinity compared to other BMPs binding to their cognate receptors ALK2, ALK3 and
ALK6 (ECsp of around 50ng/mL). BMP9 and BMP10 were also shown to bind to other BMP type
| receptors, although with much lower affinities compared to ALK1. Specifically, BMP9 was
reported to bind ALK2, while BMP10 was proposed to bind ALK3 and ALK6>’. Both BMP9 and
BMP10 also bind directly and with high affinity to the homodimeric co-receptor endoglin®4134,
Endoglin was described as a co-receptor for several other ligands, such as TGF-f1, TGF-B3,
BMP2, BMP7 and activin A, but unlike for BMP9 and BMP10, binding of BMP2, BMP7 and
Activin A to endoglin was indirect, necessitating the co-expression of the type | or type Il
receptor’3>136, The role of endoglin is thus to capture circulating BMP9 and BMP10 and
present them to the type | and type Il receptors. This is important for increasing the local
supply of BMP9 and BMP10, especially that these 2 ligands lack the heparin-binding region
that permits other BMPs to interact with some ECM components, regulating their
bioavailability*3’. As BMP9 binds directly to both ALK1 and endoglin with high affinities, it was
proposed to be efficiently captured by both ALK1 and endoglin, but endoglin additionally plays
a potential role in displacing the prodmain of BMP9 (presented in the next section), allowing
signaling through ALK1'3%, Besides the membrane-bound form of endoglin, a soluble
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circulating form (sENG) is generated upon shedding of its extracellular domain by matrix
metalloproteinase-14'3°, Interestingly, SENG, mostly in a monomeric form, was demonstrated
to bind BMP9 and was proposed to enhance BMP9 signaling via cell-surface endoglin instead
of acting as an inhibitory ligand trap!3. As for the type Il receptors, BMP9 and BMP10 bind to
the classical BMP receptors ActRIIB, BMPRII and ActRIIA, in decreasing order of affinity for
BMP9, but with similar affinities for BMP104°. However, the 3 receptors show considerable
variations in endothelial expression levels, with BMPRII being much more expressed than
ActRIIA and ActRIIB in the endothelium®’. Of note, there are several naturally occurring BMP
antagonists, such as noggin, gremlin, BMPER and chordin, which mostly act as secreted BMP
ligand traps, in addition to the TGF-B family pseudoreceptor BAMBI that acts as a
transmembrane ligand trap!4l. Nonetheless, to date, no in vivo antagonists influencing BMP9
or BMP10 activity have been confirmed®’ and noggin was demonstrated to be incapable of
binding BMP9 and BMP10%42,

2.4.2. Synthesis and expression of BMP9 and BMP10

BMP9 and BMP10 are two closely-related members of the TGF- family of ligands that share
a high degree of sequence similarity and bind to the same receptor complex on ECs. These 2
ligands, just like other BMPs, are first synthesized as pre-pro-proteins composed of an N-
terminal signal peptide that directs them towards the secretory pathway, a prodomain that
ensures proper folding and a C-terminal mature growth factor region that binds cognate
receptors. Dimerization of pre-pro-proteins through the formation of a single disulfide bond
linking two mature regions results in pro-proteins. The latter then undergo proteolytic
cleavage by furin-like pro-protein convertases to displace the prodomains, which often remain
non-covalently bound to the mature form in case of BMP9, BMP10 and some other BMPs.
Interestingly, prodomains were shown to confer latency to TGF- and some other members,
but this isn’t the case for BMP9 and BMP10 binding to ALK143, The prodomain-bound form,
in addition to the isolated mature forms of BMP9 and BMP10 can be detected in circulation
and represent active signaling forms of these ligands®’ (Figure 13).
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As for their sites of expression, the right atria represent the main postnatal site of synthesis
of BMP10'#4, whose expression in mice starts at embryonic day (E) 8.5, whereas hepatic
stellate cells are responsible for producing both BMP9, around E9.75-E10, and a low amount
of BMP10%*. Some recent reports also suggest that low levels of BMP9 could be secreted by
the brain septum and by the lungs from a yet-unidentified cellular origin4®147, Interestingly,
in addition to their homodimeric forms, our group detected biologically active circulating
BMP9-BMP10 heterodimers in both mouse and human plasma and proposed hepatic stellate
cells as their physiological source!*. Heterodimerization of BMPs is a well-known
phenomenon that increases the functional diversity of this family of ligands and often
enhances the potency of the formed dimers. Several heterodimers, including BMP2-BMP7148
and BMP4-BMP7%°, were shown to regulate key aspects of embryonic development that were
not driven by the corresponding homodimers, and GDF9-BMP15 heterodimer was shown to
synergistically enhance ovarian function in adults'*°. Regarding BMP9-BMP10 heterodimers,
further work is required to unravel their physiological role.

2.4.3. Role of BMP9 and BMP10 in vascular quiescence

As previously mentioned, BMP9 and BMP10 bind receptor complexes composed of ALK1 and
BMPRII, ActRIIA or ActRIIB with the help of endoglin. Unlike TGF-B and activin that have a
higher affinity to and thus initially bind the type Il receptor, BMP9 and BMP10 are thought to
first bind endoglin, which transfers them to ALK1, forming a transient ligand-endoglin-ALK1
complex. Then, endoglin is released, allowing the interaction of ligand-ALK1 with the type Il
receptor’3*, However, it is noteworthy that direct binding of BMP9/10 to ALK1 and to the
aforementioned type |l receptors can also occur in the absence of endoglin'*?, and that ALK1
overexpression rescues defective signaling caused by Eng deletion in vivo'. The
juxtapositioning of ALK1 and the type Il receptor allows the latter to phosphorylate ALK1,
which in turn phosphorylates Smad1/5/8. These activated R-Smads then form a trimeric
complex with Smad4 and translocate to the nucleus to regulate the expression of target genes
(Figure 14), including the strong targets DNA-binding protein inhibitor 1 (/D1) and ID2 and the
inhibitory Smads, SMAD6 and SMAD7%3! that form a negative feedback loop. The outcome of
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this signaling pathway is to ensure vascular quiescence, which is a hallmark of the mature
endothelium. This role had been established through various in vitro and in vivo studies
summarized below. In addition, BMP9 was shown to induce Smad2 phosphorylation in an
ALK5-independent manner, although with a much weaker intensity compared to p-Smad1/5/8
and only with BMP9 concentrations > 1ng/mL, while p-Smad1/5/8 could already be detected
with 0.1ng/mL BMP9 in pulmonary artery ECs'>>153, This ALK1-mediated activation of Smad2
was found to depend on ActRIl receptor, while Smad1/5/8 and Id responses relied on both
BMPRII and ActRIl. In addition, among the type Il receptors, only BMPRII was important for
the anti-proliferative effect of BMP9%2, Hence, the different type Il receptors were proposed
to play a role in balancing the activation of predominant Smad1/5/8 and weaker Smad2
branches by BMP9-ALK1 signaling!>2.

2.4.3.1. Effect on cell growth and migration

Prior to the identification of BMP9 and BMP10 as the ALK1-specific ligands, the function of
ALK1 was investigated in primary ECs by expressing a constitutively active form of the receptor
(ALK1ca). These studies yielded distinct conclusions. For example, one group showed that
ALK1ca expression in human umbilical vein ECs (HUVECs) inhibited cell proliferation but had
no impact on tube formation!*. Another group reported enhanced migration in ALK1lca-
expressing microvascular ECs*?8, Our group, however, found that ALK1ca expression inhibited
both proliferation and migration of dermal HMVECs, the migration of pulmonary HMVECs and
HUVECs®>, and the sprouting of ALK1ca-expressing mouse embryonic stem cells in cultured
embryoid bodies!®®,

Then, with the discovery of the ALK1 ligands, the role of this receptor was revisited. Our group
has shown that both BMP9 and BMP10 potently suppress HMVECs proliferation and
migration3!. This was consolidated by another group demonstrating the same effects of
BMP9 on FGF2-stimulated bovine aortic ECs'33, and a study reporting ALK1 and BMPRII-
dependent BMP9 inhibition of human pulmonary artery ECs proliferation?>2. This growth
inhibitory effect of BMP9 was validated ex vivo in the mouse metatarsal culture model in the
presence or absence of VEGF!33, In vivo, BMP9 inhibited FGF2-induced neo-angiogenesis in
the mouse sponge assay and prevented blood circulation in the chorioallantoic membrane
assay®’.

2.4.3.2. Effect on vascular permeability

In addition to its role on endothelial growth and migration, BMP9 was shown to modulate
vascular permeability. In a hyperglycemic setting recapitulating diabetic retinopathy, BMP9
administration decreased vascular permeability in vitro in hyperglycemic ECs and in vivo in
diabetic mice retinas. This effect was mediated by inhibition of VEGF-induced VE-cadherin
internalization and by upregulation of the tight junctions component occludin®8. Besides the
hyperglycemic context, BMP9 also reduced vascular permeability induced by the classical
permeabilizing agents tumor necrosis factor alpha (TNFa), lipopolysaccharide (LPS) and
thrombin in blood outgrowth ECs and/or pulmonary artery ECs'>°.
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2.4.3.3. Physiological roles of BMP9 and BMP10

While the aforementioned studies highlighted the roles of BMP9 and/or BMP10 on somehow
isolated aspects of angiogenesis, their global physiological roles were rather derived from
Bmp9 and/or Bmp10-deficient mouse models. Bmp9-knockout (KO) mice of the C57BL/6
genetic background were viable, fertile and had no overt vascular defects!®%-162, However,
these Bmp9-KO mice displayed subtle defects in their lymphatic vasculature, defined by
enlarged collecting vessels, reduction in the number of lymphatic valves and consequently
suboptimal lymphatic drainage'®3164. Bmp9 deletion in a different mouse strain, the 129/0la,
resulted in a more severe phenotype characterized by a strong reduction in fenestrations of
liver sinusoidal ECs (LSECs) accompanied with inflammation and liver fibrosis'®. Other studies
also pointed out a role of BMP9 and/or BMP10 in preventing lung inflammation'621 Hence,
BMP9 seems to play a non-redundant role in lymphatic vasculature development and in
maintaining liver homeostasis. Addressing the effect of Bmp10 loss on the lymphatics would
clarify if the lymphatic phenotype observed in Bmp9-KO mice is due to reduction in overall
ALK1 signaling due to the absence of one ligand or whether it is strictly BMP9-specific function.
Similarly, the outcome of Bmp10-deletion on liver vasculature was not investigated, but as the
liver is the site of BMP9 secretion, | would expect that the high local concentration of Bmp9 in
the liver would compensate for a reduction in BMP10. Nonetheless, if these two reported
functions of BMP9 were mediated by BMP9-BMP10 heterodimers, then loss of either ligand
would result in these defects.

On the other hand, Bmp10-KO mice die during gestation between embryonic day (E) 9.5 and
10.5 due to failed cardiac trabeculation!44. It is noteworthy that the expression of BMP10 in
mice, starting at E8.5, precedes BMP9 expression by the liver, which is detected around E9.75-
E10. Hence, the absence of Bmp9 before E9.75 was suspected to be involved in this cardiac
phenotype. Nevertheless, knocking in the Bmp9 gene in the Bmp10 locus failed to prevent this
phenotype, confirming a Bmp10-specific role in cardiac development that might be ALK1-
independent®!, To overcome embryonic lethality and investigate the effect of Bmp10 loss on
adult mouse vasculature, Bmp10 was deleted postnatally through various methods, including
inducible knockdown and administration of neutralizing Bmp10 antibodies. Until recently,
several studies using these models showed that postnatal Bmp10 deficiency alone in mice did
not generate blood vasculature defects'0-162,

On the contrary, only the combined loss of both Bmp9 and Bmp10, either genetically or via
antibodies or ligand traps, led to overt vascular phenotypes, characterized by retinal
vascularization defects (increased vascular density and arteriovenous shunting) and impaired
closure of the ductus arteriosus’/160-162,167,168 Hence, BMP9 and BMP10 were thought to play
redundant roles during postnatal angiogenesis. Nevertheless, very recent work by Paul Oh’s
group proposed a BMP10-specific role, where inducible Bmp10 KO but not Bmp9 KO mice
showed AVMs in developing retinas, postnatal brain, and adult wounded skin'®. In addition,
BMP10, but not BMP9, administration, prevented retinal AVM in Bmp9/10-dKO mice'®.
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2.4.3.4. Involvement of hemodynamic shear stress

The BMP9/10-ALK1 signaling pathway was shown to be a mechanosensitive pathway that is
modulated by hemodynamic shear stress. In vitro, HUVECs exposed to increasing levels of fluid
shear stress (FSS) in serum-containing medium displayed peak activation of Smad1 in response
to physiological FSS levels ranging from 10 to 20 dyn/cm? 7%, Moreover, flow was shown to
potentiate the Smad1/5/8 response to soluble BMP9 in HUVECs, by promoting ALK1-endoglin
association at the cell membrane, reinforcing several aspects of the mature endothelium.
Namely, flow reduced HUVECs proliferation, increased their expression of mural cell
recruitment genes PDGFB, TGFB1 and JAG1 and enhanced migration of pericytes towards
HUVECs exposed to flow in an HUVEC/pericyte coculture model, all occurring in an ALK1-
dependent manner'’?, In vivo, ALK1 expression was found to be stronger in areas experiencing
higher blood flow in both mice and zebrafish, suggesting its regulation by hemodynamic
forces'?%123, |n zebrafish, besides promoting Alk1 expression, flow enhanced ALK1 activity by
distributing its ligand bmp10. In turn, activated ALK1 signaling in nascent arteries was shown
to reinforce their maturation by preventing excessive outward remodeling and endothelial
proliferation, possibly through downregulating the expression of the proangiogenic
chemokine receptor cxcr4a and upregulating the potent vasoconstrictor ednl (encoding
endothelin-1)1?3172, On the other hand, in vessels harboring a primary cilium, Alk1 signaling
was rather induced by low FSS levels. The strengthened signaling activity in the presence of
cilia was proposed to be required for the stabilization of weakly-perfused capillaries during
vascular development. Indeed, cilium-harboring ECs are more abundant during development
compared to the adult vasculature, where stronger FSS levels seem to decrease the number
of ciliated ECs'”3.

Having explained the physiological importance of BMP9/10-ALK1 signaling in maintaining
vascular quiescence, it is of no surprise that imbalances in this pathway are at the basis of
vascular dysfunction. Indeed, mutations in components of BMP9/10-ALK1 pathway were
identified as causative factors of two vascular diseases, namely hereditary hemorrhagic
telangiectasia and pulmonary arterial hypertension. The two upcoming chapters will be
dedicated for the description of these two diseases.
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3.Hereditary Hemorrhagic Telangiectasia (HHT)

3.1. Brief overview

Hereditary Hemorrhagic Telangiectasia (HHT) is a genetic multisystemic disorder affecting 1 in
5,000 to 8,000 individuals worldwide!’4-17_ It is inherited as an autosomal dominant trait and
displays nearly complete penetrance with age albeit with variable expressivity. The disorder
is described as a hemorrhagic vascular dysplasia, characterized by spontaneous, recurrent
episodes of epistaxis, the most common feature of the disease, and by the development of
muco-cutaneous telangiectases and visceral arteriovenous malformations (AVMs) in specific
sites. Named after the physicians who first characterized it, HHT is also known as Rendu-Osler-
Weber syndrome?””,

3.2. Historical background

The primary description of HHT dates back to 1864, when Henry Gawen Sutton described a
hemophilia-like disorder manifested by epistaxis, internal bleeding and skin telangiectases. A
year later, Benjamin Guy Babington highlighted the hereditary aspect of the disease upon
reporting the occurrence of epistaxis across five generations of a family. From this point
onwards, the disease was described by several others, including John Wickham Legg, but it
wasn’t until 1896 that HHT was differentiated from hemophilia by the French physician Henri
Jules Louis Marie Rendu. Rendu reported a 52-year-old man suffering from recurrent epistaxis,
similar to his mother and brother, and displaying multiple telangiectases on his face and trunk.
Notably, he was the first to hypothetically link epistaxis in HHT to nasal lesions.'’® Five years
later, William Osler, a highly-renowned Canadian physician and professor often described as
the father of modern Hippocratic medicine,'”® credited Rendu's report and corroborated the
hereditary characteristic of the disease by describing a few related cases displaying recurrent
epistaxis and mucocutaneous telangiectases on the face and within the oronasal cavities. In
addition, Osler reported, for the first time, that viscera in HHT patients could also be affected
when he detected several dilated venules and capillaries in a gastric autopsy belonging to an
HHT patient that died of gastric cancer. Frederick Parkes Weber, an English dermatologist,
continued characterizing the disease. In 1907, he provided a clinical description of a series of
patients, documenting the presence of several minute-sized reddish lesions on the fingers,
brought to his attention by Osler'’2. In recognition of the major contributors to the description
of this disease, the latter was referred to as Rendu-Osler-Weber or Osler-Weber-Rendu
syndrome. In 1909, the disease was given the name “Hereditary Hemorrhagic Telangiectasia”
by the American physician Frederick Moir Hanes, yet HHT is still widely known by its triple
eponym?0,
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3.3. Etiology

HHT is an autosomal dominant
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and deletions (http://www.arup.utah.edu/database/hht/). Other mutations include
duplications, nonsense mutations, splice site variants and insertions. Mutations in ENG and
ACVRL1 were detected across the whole coding sequences of the two genes, thus no mutation
hotspots were identified'®®17_ In addition to ENG and ACVRL1, mutations in the SMAD4 gene
(2004, chromosomal locus 18qg21.2) were identified in some HHT patients, estimated to
constitute 2% of total cases. These germline SMAD4 mutations result in a combined syndrome
of HHT and juvenile polyposis (JP-HHT; OMIM 175050)%%588_juvenile polyposis syndrome (JP;
OMIM 174900) is a rare autosomal dominant disorder characterized by the development of
multiple hamartomatous polyps in the gastrointestinal tract and the increased predisposition
to gastrointestinal cancers'®. Based on the SMAD4 mutation repository constructed by ARUP
laboratories, at least 26 different SMAD4 mutations were described in patients with the
combined JP-HHT syndrome, most of which are missense mutations and deletions mainly
concentrated at the MH2 domain of Smad4!®°. Another rare form of HHT, HHT5 (OMIM
#615506), has been described in few cases carrying mutations in GDF2 (chromosomal locus
10g11.22, encoding BMP9). However, due to the atypical site of telangiectases detected in
these patients, particularly on the upper limbs and trunk, and their abnormally large size in
one of the cases, their condition was described as a vascular-anomaly syndrome having a
phenotypic overlap with HHT?1-194,

Besides the components of BMP9/10-ALK1 signaling, two additional HHT-linked chromosomal
loci have been identified in some families presenting classical HHT features: 5q31.3-5g32 and

42



7p14, responsible for HHT3 (OMIM 601101) and HHT4 (OMIM 610655) forms respectively.
Nonetheless, the corresponding affected genes for both loci remain ambiguous!®>1%. Despite
the identification of all aforementioned loci in HHT patients and the recent advances in
molecular genetic testing, the genetic basis for around 5% of clinically diagnosed patients
remains unknown'®’. Although the absence of molecular diagnosis could sometimes be linked
to limitations in variant detection, there might still be room for identifying new loci implicated
in HHT pathogenesis. In accordance, in 2018, Jiang et al reported an overrepresentation of
rare mutations in DROSHA, which is a critical enzyme for miRNA processing, in clinically
diagnosed HHT patients lacking mutations in the typical HHT-mutated genes®®’. Interestingly,
this group also demonstrated that endothelial-specific Drosha-deficient zebrafish and mice
developed vascular defects resembling those of HHT patients!®’. In addition, EPHB4 loss-of-
function variants were very recently reported in few individuals presenting atypical HHT
manifestations and HHT-like liver abnormalities!®.

3.4. Diagnostic criteria

As decided by the scientific advisory board of
the HHT Foundation International Inc., the
clinical diagnosis of HHT is based on the four
Curacao Criteria (Figure 16), which are:
spontaneous and recurrent nose bleeds,
multiple mucocutaneous telangiectases at
characteristic sites, visceral lesions including
gastrointestinal  (Gl) telangiectases and
arteriovenous malformations, and a family
history of the disease (in first-degree
relatives)'®?. Initially, manifesting two of these
symptoms was considered sufficient for the
clinical diagnosis of HHT?%, Later on, in order to
limit over-diagnosis within HHT families, where
an unaffected first-degree relative of a patient
may be falsely diagnosed on the sole basis of
epistaxis or misinterpreted cutaneous vascular
lesions, the diagnosis was agreed to be
considered definite only when at least three out
of the four criteria were satisfied. Conversely,
the diagnosis is said to be possible or suspected
with only two fulfilled criteria, and unlikely with
less than that. These clinical diagnostic criteria
are particularly beneficial when diagnosing
older adults, but can be insufficient for properly
diagnosing children or young adults, as
telangiectases and epistaxis might have a late

Curacao criteria for HHT diagnosis

Mucocutaneous telangiectases

Visceral arteriovenous
malformations (AVMs)

Normal
capillary bed AVM
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Figure 16. HHT diagnosis is based on the 4 Curagcao
criteria. These consist of: (1) mucocutaneous
telangiectases in the ears, hands, nose, mouth and
gastrointestinal tract, (2) arteriovenous
malformations in visceral organs such as the brain,
lungs and liver, (3) epistaxis and (4) family history of
the disease. Image adapted from “Review of
Pharmacological Strategies with Repurposed Drugs
for Hereditary Hemorrhagic Telangiectasia Related
Bleeding” by Albifiana et al, Journal of Clinical
Medicine, 2020.

43



onset and usually worsen with age!®%29%202_|n such cases, clinicians may resort to genetic
testing for validating or rejecting a suspected diagnosis®®201,

3.4.1. Epistaxis

The most common clinical manifestation in HHT patients is epistaxis, affecting more than 90%
of patients in different populations??3-2%, The severity and frequency of this symptom greatly
vary from one patient to another, ranging from mild, self-limited intermittent dripping of
blood to continuous nasal bleeding that interferes with the patient’s daily activities. The mean
onset age of epistaxis in HHT patients is 12 years, but this symptom can appear as early as at
5 years of age?®3. HHT1 patients are reported to experience an earlier onset of epistaxis
compared to HHT2 patients?%. By the age of 20, more than half of HHT patients have already
experienced epistaxis, and most patients report an increased severity with age?203205207,
Another factor affecting severity is seasonal change, as some patients experience worsened
severity during the winter, when the humidity levels drop. These patients are thus advised to
use humidifiers and to apply topical moisturizers to the nasal mucosa, providing moderate
relief2°3, On average, the frequency of epistaxis in HHT patients is 18 episodes per month with
a mean bleeding duration of 7.5 minutes?°3, The severity level and the frequency of epistaxis
needed to fulfil the diagnostic criterion are not specified, yet nose bleeds must occur
spontaneously and repeatedly to be regarded in the proper diagnosis of HHT%?,

3.4.2. Telangiectases

HHT-associated telangiectases are circular pinhead-sized red or purple vascular lesions that
appear near the surface of the skin or on mucous membranes. These lesions can be
distinguished by blanching during diascopy, i.e. momentarily disappearing upon slight
compression due to prevention of blood flow to that region?%>2% |n HHT patients, multiple
telangiectases commonly appear at characteristic sites in the body, mainly in the nose, in the
oral cavity, on the lips, on fingers and in the Gl tract?® (Figures 16 and 17).
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Figure 17. Typical telangiectases of HHT patients. A, Telangiectases on the lip and tongue of an HHT patient. B-
C, Endoscopic views of telangiectases in the nasal septum (B) and small intestine (C) of HHT patients. Images
taken from “ The pulmonary vascular complications of hereditary haemorrhagic telangiectasia” by Faughnan et
al, European Respiratory Journal, 2009 (A), “Manifestations of hereditary hemorrhagic telangiectasia in children
and adolescents” by Folz et al, Eur Arch Otorhinolaryngol, 2006 (B), “Diagnosis and treatment of patients with
hereditary hemorrhagic telangiectasia (Rendu-Osler-Weber syndrome) at a university hospital in Colombia” by

Mosquera-Klinger et al, Revista colombiana de Gastroenterologia, 2019 (C).

Mucous telangiectases in the nose and Gl tract are highly prone for rupture leading
respectively to epistaxis and Gl bleeding. While epistaxis occurs in the majority in HHT

44



patients, Gl bleeding only affects around 25%, most of which are older than 40 years old?°%,
As a consequence of chronic bleeding of telangiectases, mostly of the nasal ones, patients
commonly develop iron-deficiency anaemia?®l. On the other hand, dermal and oral
telangiectases might bleed upon trauma but are generally only a cosmetic concern?®, In a
study describing the clinical profiles of 324 HHT patients, telangiectases were found in 74% of
the cases??, and other studies suggest even a higher prevalence?!C. These lesions are not
apparent at birth but gradually develop, usually in the third decade, and generally increase in
number and size with time?20>210,

Histologically, cutaneous telangiectases appear as focal dilatations of post-capillary venules in
the upper plexus due to an increase in both luminal diameter and vascular wall thickness?*.
They are also associated with pericytes that exhibit atypical, prominent stress fibers.
Interestingly, the dilatation of these venules was suggested to be the earliest morphologic
event in AVM formation. According to 3D reconstructions of fully developed lesions in the
mid- and lower dermis, the dilated venules connect with enlarged arterioles through capillary
segments which subsequently disappear, leading to direct arteriovenous connections that are
perivascularly infiltrated by lymphocytes. Mucosal telangiectases were not thoroughly
investigated but were assumed to share the same organization as cutaneous ones?!?,

3.4.3. Arteriovenous malformations

Last but not least, HHT is characterized by the
development of visceral AVMs. These are
direct connections between arteries and
veins that bypass the interconnecting
capillary network (Figures 16 and 18). AVMs
in HHT patients affect vital organs including
the lungs, liver, brain and spinal cord at
various frequencies!®. Hepatic involvement
in HHT is very common, touching up to 74%
of patients, but is asymptomatic in most
cases. HHT-associated hepatic vascular
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malformations include diffuse telangiectases, /9uré 18 Pulmonary AVMs in an HHT patient.
Computed tomography of the chest of an HHT patient

which could develop into larger shunts. These during severe haemoptysis showing numerous bilateral
shunts could involve different vessels and are  pulmonary AVMs (white arrows). Image taken from

thus classified as arteriovenous, arterioportal Nearfatal  haemorrhage — from  pulmonary
212 . . arteriovenous malformation in HHT with increased
. While aterioportal

or portovenous shunts cardiac output” by Cottin el al, European Respiratory
shunts connecting the hepatic artery to the Review, 2009.

portal vein can result in portal hypertension, arteriovenous shunts connecting the hepatic
artery to the hepatic vein can lead to high-output cardiac failure?!>213, Direct shunting of
oxygenated blood from the hepatic artery to the hepatic vein, bypassing the liver, reduces
effective hepatic perfusion and decreases systemic vascular resistance, leading to a higher
cardiac output that gradually results in left heart failure?!3. Consequently, orthotopic liver
transplantation is required for some patients with severe hepatic involvement?!?. Pulmonary
AVMs are also relatively common, affecting up to 50% of patients. On the other hand, brain
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AVMs occur in only 10-20%, and spinal cord AVMs are the least common, reported in less than
1% of patients?!4. Interestingly, a clear correlation exists between the genotype of the patient
and the location of developed AVMs, with HHT1 patients being more prone to develop

pulmonary and cerebral AVMs while HHT2 patients more frequently presenting hepatic
one5206'21°'215'216.

These abnormal connections are problematic for two reasons. First, AVMs are tortuous and
fragile structures that allow the conduit of high pressured arterial blood into the veins, whose
walls cannot normally accommodate this pressure. Consequently, at rare occasions, AVMs
spontaneously rupture, leading to life-threatening internal hemorrhages in the
aforementioned sites. Second, AVMs can give rise to a variety of complications due to shunting
of blood per se. For example, focal loss of capillaries in pulmonary AVMs can impair the normal
gaseous exchange leading to insufficient blood oxygenation. Moreover, pulmonary AVMs can
provide a direct route to the systemic circulation for bacteria and small emboli that are
normally filtered by the pulmonary capillaries, increasing the risk of brain abscesses and
embolic strokes?!*. On the other hand, hepatic AVMs can give rise to high output cardiac
failure due to excessive blood flow through the hepatic artery-hepatic vein shunt?'2. As for
brain AVMs, these can undermine the critical blood-brain barrier, supporting neuronal
dysfunction and seizures?!’. Therefore, AVMs are a major concern for HHT patients.

3.5. Current hypotheses behind lesion development

3.5.1. Haploinsufficiency

The fact that HHT causal ENG and ACVRL1 mutations lead to loss of function of the
corresponding protein product and that these mutations are inherited in an autosomal
dominant manner raised plausible postulations that HHT vascular defects are caused by
haploinsufficiency of the mutated gene product. This implies that a single wildtype (WT) copy
of ENG or ACVRL1 is not sufficient for producing enough functional protein to maintain the
WT phenotype. This hypothesis was corroborated with several reports demonstrating a
reduction in endoglin levels in HHT1 patient-derived cells. Endoglin protein expression levels
of HHT1-derived HUVECs in addition to peripheral blood activated monocytes and endothelial
colony forming cells (ECFCs) were found to be significantly lower than in healthy
counterparts?'8220, Functional analysis in endoglin overexpressing cells revealed that many
mutants couldn’t reach the plasma membrane, and some even exerted dominant negative
effects by heterodimerizing with WT endoglin in the endoplasmic reticulum and trapping it
intracellularly??*222, On the other hand, some mutants retained normal cell surface
expression, but were functionally inactive due to lost ability to bind BMP92%L, In all cases, ENG
mutations found in patients with a definite clinical diagnosis resulted in less functional
endoglin at the cell membrane.

Unlike most ENG mutations that result in decreased endoglin expression, HHT2-derived ECs
and cells exogenously expressing ALK1 missense mutants did not necessarily display a
reduction in cell surface ALK1 level compared to controls?!®220.223 This is in line with the high
prevalence of non-sense or frameshift mutations leading to premature termination codons in
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case of ENG mutations, versus a higher occurrence of missense mutations in case of ACVRL1
(http://arup.utah.edu/database). Mutations that did decrease cell surface ALK1 expression
were either nonsense mutations or mutations that impaired ALK1 trafficking to the plasma
membrane, while most other mutants (mut) were kinase dead and some could not bind
BMP9%%4, In all cases, the mutations resulted in a partial or complete abolishment of ALK1-
mediated signaling compared to exogenous WT ALK1-overexpressing cells?2%:224225 |n contrast
to a study by our group??4, Gu et al and Fernandez-Lopez et al reported a dominant negative
effect for some missense mutants upon their co-transfection with WT ALK1 in luciferase
reporter cells?2%22>, However the authors of these studies used TGF-B, not BMP9 or BMP10,
as the inducer for luciferase activity under the control of BMP responsive element (BRE). Since
TGF-B activates Smad1/5/8 through binding heterodimeric ALK5/ALK1 complexes, the authors
were testing the collective activity of ALK5/WT ALK1 and ALK5/mut ALK1 instead of WT
ALK1/mut ALK1. So, all ALK5/mut ALK1 complexes will fail to activate BRE luciferase leading to
a decrease in overall activity. Moreover, while the relative amounts of co-transfected WT and
mutated ALK1 plasmids were not reported by Fernandez-Lopez et al, Gu et al introduced twice
as much mutated ALK1 compared to the WT-encoding plasmid. This could lead to
overrepresentation of the mutated form on the cell surface, which is not physiologically
relevant and might explain the further decrease in luciferase activity in some co-transfected
cells that was interpreted as a dominant negative effect??>, In the functional analysis study
performed by our group, equal amounts of WT and mutated ALK1 plasmids were co-
transfected into mouse fibroblasts and BRE luciferase activity was measured in response to
BMP9. As a result, luciferase activity was reduced in co-transfected cells compared to cells
transfected with an equal total amount of only WT ALK1, but was similar to activity induced
by cells expressing only the WT ALK1 portion (half the total amount)??4. All in all, despite the
discrepancies regarding the dominant negative effect, all ALK1 mutations that were believed
to be causative of HHT led to reduced signaling activity when transiently co-expressed with
WT ALK1.

In line with these studies, mice constitutively heterozygous for mutations in Eng or Acvrll

(Eng+/' or AIk1+/') exhibit reduced expression of the affected gene and present few HHT-like
vascular lesions, including nosebleeds, telangiectases and dilated vessels with reduced vSMC
coverage??6-228_ Nevertheless, these defects had a low penetrance, were unpredictable and
occurred after a long delay starting from 3 months in Eng*/"mice and 7 months in Alk1*/" mice
up until 2 years old. Interestingly, most lesions were detected in heterozygous 129/0la inbred
mice or mice in a mixed C57BL/6-129/0la genetic background, while heterozygous deletion in
C57BL/6 was much less penetrant, indicating an involvement of modifier genes in
pathogenesis?26-22°,

3.5.2. Need for a 2" hit

Despite the initial studies summarized above, the haploinsufficiency model presents some
limitations when explaining the cause of HHT vascular lesions. HHT is caused by germline LOF
mutations in ENG or ACVRL1 that are expressed by all vascular beds in the body, yet vascular
malformations appear focally and strictly in characteristic locations?°L. In addition, related
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patients carrying the same mutation can display different manifestations of the disease, which
might be due to modifier genes or other causes?3°. These discrepancies suggest that additional
local factors in each patient might be involved in driving the formation of these vascular
defects. Some in vivo studies propose a role of environmental triggers in HHT pathogenesis?3?.
For instance, Eng*/" mice, in the highly sensitive 129/0la genetic background, which had
abnormal fragile vessels in the eyelids displayed hemorrhages from these vessels only
following local inflammation??°. In line with that, endoglin was shown to play a role in
leukocyte trafficking and extravasation that was impaired in Eng*" mice compared to
controls?32233, Similarly, 8-10 week old mice heterozygous for Eng or Alk1 in the less penetrant
C57BL/6 background, which don’t normally show any vascular defects until several months
later, developed cerebrovascular dysplasia upon local delivery of VEGF-encoding viral vectors
in their brains, while WT mice treated with the same vectors had normal angiogenesis?3423>,
Hence, inflammatory and/or angiogenic stimuli can act as drivers of vascular dysplasia in
susceptible heterozygous Eng or Acvrll mutated vessels.

In addition to heterozygous mice, Eng or Acvrll null mice were shown to readily and
consistently develop AVMs when stimulated with pro-angiogenic or inflammatory signals?3-
238 To overcome embryonic lethality and gain insights on HHT pathogenic mechanisms in
neonates or adults, several inducible knockout models of Eng or Acvr/1 were developed using
various tamoxifen-inducible Cre drivers. Inducible deletion of Eng or Acvrl/l in the brain of
adult mice with an established, mature endothelium resulted in minimal effects on the
vasculature. On the contrary, additional local overexpression of VEGF in the brains of these
mice drastically increased vascular dysplasia and induced AVM formation?3224%, Subsequent
administration of the anti-VEGF monoclonal antibody bevacizumab resulted in regression of
the established dysplastic vessels?4. Similarly, Eng or Acvrl1 deletion in adult mice resulted in
dermal AVMs only after wounding, and the malformation was restricted to the site of the
wound?3®242 Wounding itself elicits a healing response involving inflammation and the
formation of new blood vessels, and as such is thought to provide environmental triggers
supporting AVM development. Indeed, injection of VEGF or LPS into the skin of Acvr/1 KO mice
mimicked the effect of wounding in terms of dermal AVM development?38. Moreover, blocking
VEGF in Acvrl1 KO mice using the VEGF-neutralizing antibody G6.31 effectively prevented new
AVM development triggered by both LPS and wounding, highlighting angiogenesis as an
essential element for driving AVM formation in the response to wounding?38. Interestingly,
this work also revealed that VEGF was required for all stages of AVM development, which
were described as an initiation, maturation and maintenance phase, and blocking VEGF at any
of these stages had positive therapeutic impacts to variable extents?3®. In addition,
endothelial-specific inducible deletion of Eng in adult mice failed to produce any AVMs in the
vital organs, but did give rise to AVMs in the cartilage of the pelvic symphysis. Interestingly,
this peculiar tissue naturally expresses high levels of endogenous VEGF. Consequently,
systemic anti-VEGFR2 treatment in these mice blocked AVM formation?*3. Similarly, earlier
deletion of Eng, Acvrll or Smad4 in neonates reproducibly results in AVM formation in the
developing retinal’%244-246 which is a unique tissue characterized by postnatal vascularization
through angiogenesis during the first week of life in mice?*’.

On the other hand, it is important to note that some studies reported the spontaneous
formation of AVMs in adult inducible Acvril1 KO mice, in the absence of apparent
environmental triggers, especially in the Gl tract within one week, followed by death?36242,
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While this might seem to contradictory, it could be that subtle inflammation induced by the
gut microbiota isinvolved in lesion development. Furthermore, spontaneous brain AVMs were
also reported in some conditional non-inducible Eng or Acvrl1 KO models. Deletion of Eng
from vSMCs and elongating ECs using the SM22a-Cre line cells?*® resulted in reproducible brain
AVMs by 5 weeks of age shortly followed by death in more than half of the mice?¥”. Similarly,
Acvrll deletion using the endothelial-specific L1-Cre induced early postnatal cerebral AVMs
followed by death by postnatal day (P) 5%%. In both cases, gene deletion occurred since
gestation, yet mice survived beyond embryonic stages. This could be explained by variable
degrees of activities of the Cre lines used and in the case of SM22a-Cre the fact that it doesn’t
target all ECs. The development of these seemingly spontaneous shunts might have
commenced prenatally during active embryonic angiogenesis, or it might have been triggered
early postnatally as the murine brain vasculature was shown to maintain a certain level of
microvascular expansion during the first postnatal month characterized by endothelial
sprouting, cell proliferation and vessel elongation?%.

3.6. HHT treatment
3.6.1. Current treatments

Current HHT treatments aim to reduce the risk and severity of bleedings, while managing the
resulting anemia®°. Epistaxis, the most common HHT symptom, can occur at any time,
repetitively and can last for hours. This causes a great deal of discomfort for patients and poses
serious psychological and social limitations on patients’ personal and professional lives.
Several measures are used in practice to limit HHT-related epistaxis, and treatment plans are
usually stepwise and tailored to bleeding severity in each patient?*°. The simplest treatment
relies on the use of topical moisturizers, typically saline, to keep the nasal mucosa hydrated?>°.
Reducing mucosal dryness in the nose caused by turbulent airflow using various moisturizing
agents helps prevent the cracking and bleeding of nasal telangiectases and was shown to
significantly reduce epistaxis severity?>>2>2, If not sufficient, the antifibrinolytic agent
traxenamic acid, which slows down the breakdown of clots, can be taken orally to prevent or
manage HHT-related epistaxis?>°. The effectiveness of this agent in reducing epistaxis severity
has been validated in two randomized control trials, with minimal adverse events?>32>4,
Although no increased risk of thrombosis was associated with tranexamic acid in HHT patients,
its use is avoided in patients with high risk or history of thrombosis?*°. In patients showing no
improvements with moisturizers or traxenamic acid, ablative therapies such as laser
photocoagulation, electrocautery, radiofrequency ablation, coblation and injection
sclerotherapy are used to seal or collapse the abnormal hemorrhagic nasal vessels, but these
approaches only provide temporary improvement?°%2>, More severe cases are treated with
septodermatoplasty, i.e. replacement of anterior nasal mucosa with a split-thickness skin
graft, typically from the thighs?>%2°%. Patients with recurrent epistaxis despite treatment
typically undergo multiple and various procedures to manage their bleeding. In extreme cases,
where epistaxis becomes life-threatening and other treatment options fail, patients are
proposed surgical full nasal closure that effectively stops bleeding, but leads to obligatory
mouth breathing and loss of olfaction?>0:257:258,

Treatment options for Gl bleedings in HHT patients are more limited, including argon plasma
coagulation during diagnostic endoscopy and antifibrinolytics>*°. For both epistaxis and Gl
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bleeding, moderate to severe cases are currently proposed systemic anti-angiogenic
therapies?®®, as described in the following section. Epistaxis and Gl bleeding, separately or
collectively, often lead to iron-deficiency anemia, which is treated with iron supplementations
or red blood cell transfusions?>°.

Regarding visceral AVMs, pulmonary AVMs and some accessible brain AVMs are surgically
resected or undergo embolization to stop blood from flowing into the lesions and reduce the
occurrence or risk of bleeding'’”:2°%2>° Asymptomatic liver AVMs are left untreated, and
embolization is not recommended for symptomatic ones due to high risk of serious
complications. Patients with severe hepatic involvement are thus referred to orthotopic liver
transplantation?°°.

While most of the aforementioned treatments provide temporary relief, they are by no means
curative as they do not address the underlying pathophysiology, and symptoms continue to
worsen with age. Even following liver transplantation, disease was found to be recurrent with
new hepatic lesions developing several years following the transplantation?®°. To date, there
are no FDA or EMA-approved drugs for HHT, despite it being the second most common
bleeding disorder worldwide (after Von Willebrand disease), but significant advances have
been made in the last decade?®.

3.6.2. Future treatments

Individual case reports of HHT patients treated with bevacizumab (humanized anti-VEGF
antibody) for cancer treatment and immunosuppressors with anti-angiogenic properties
following organ transplantation drastically improved HHT symptoms26272%4 These initial
observations, the relative ease of drug repurposing, in addition to the large body of preclinical
studies highlighting the involvement of angiogenesis in lesion development, triggered the
launch of several clinical trials assessing anti-angiogenic therapies in HHT?>%265-270, The most
prominent therapy so far is intravenous bevacizumab, for which a phase lll clinical study was
completed (NCT03227263; pending results)?’!. In addition, following promising results from
several case reports and small cohorts from separate treatment centers, an international,
retrospective study evaluating the efficacy and safety of systemic bevacizumab in alleviating
bleeding in 238 HHT patients across 12 treatment centers was implemented. This study,
known as InHIBIT-Bleed, defined intravenous bevacizumab as a safe and effective treatment
modality for managing HHT chronic bleeding as it led to general improvements in mean
hemoglobin levels, reduction in RBC units transfused and iron infusions and decreased
average epistaxis severity scores?®. On the other hand, applying bevacizumab as a nasal spray
was not more effective than placebo?>2. Other anti-angiogenic agents recently tested include
the tyrosine-kinase inhibitors Sorafenib, Pazopanib and Nintedanib. Case reports using each
of these inhibitors reported improved epistaxis severity or Gl bleeding and a number of clinical
trials have addressed or are currently evaluating their efficacies?’?.

PI3K-AKT signaling pathway is a key signaling hub promoting EC survival and proliferation
downstream of several angiogenic factors, such as VEGF and Angl, and is activated by blood
flow?’2. BMP9/BMP10 signaling normally counterbalances these proangiogenic triggers by
reducing the phosphorylation and thus activating an inhibitor of this pathway called
phosphatase and TENsin homolog (PTEN). However, in the context of defective BMP9/BMP10
signaling, PI3K-AKT pathway was found to be overactivated in cutaneous telangiectasia
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Figure 19. Signaling therapeutic targets for future treatments for HHT. Mutations in components of the
BMP9/BMP10 signaling pathway (red asterisks) result in reduced downstream signaling combined with
increased activity of VEGF and ANGPT2 signaling pathways. A number of drugs targeting these pathways are
currently in use in clinical trials (blue boxes) or under evaluation in preclinical studies (gray boxes) for HHT
treatment. Image taken from “Future treatments for hereditary hemorrhagic telangiectasia” by Robert et al,
Orphanet Journal of Rare Diseases, 2020.

biopsies from HHT2 patients?’3 and in the vascular lesions of several HHT mouse models?46:274,
Interestingly, blocking PI3K-AKT signaling in these mice by genetic or pharmacological means
not only prevented, but also reversed HHT-associated vascular dysplasia?¢273274_|n addition,
mTOR signaling downstream AKT was found to be overactivated in BMP9/BMP10-
immunoblocked mice, and blocking it reduced vascular defects in these mice?’. In line with
that, several case reports of HHT patients treated with the immunosuppressor sirolimus
(rapamycin, mTOR inhibitor) showed great reduction of nosebleeds and anemia?’!. Of note,
combining Sirolimus with the kinase inhibitor Nintedanib, which targets the receptors of
PDGF, FGF and VEGF, displayed a synergistic effect in preventing and reversing vascular
malformations, bleeding and anemia in 2 different HHT mouse models?’>. Inhibiting mTOR or
MEK pathways, but not eNOS or MAPK pathways downstream VEGFR2 was also effective in
preventing the formation of vascular defects in Eng mutant zebrafish?’®. Interestingly, in
addition to inhibiting mTOR signaling, Sirolimus was detected in a screen of FDA-approved
drugs for activators of BMP signaling as one of the 3 top hits?’’. The number one hit, in two
independent screens for the same purpose, was Tacrolimus (FK506)%77?78, Tacrolimus was
then shown to potently activate Smad1/5/8 signaling in ALK1-mutated ECs and BMP9/10-
immunoblocked mice, and to block VEGF-induced AKT activation, collectively leading to
reduction in vascular dysplasia?’®. Following these studies, clinical trials assessing the effect of
tacrolimus on bleeding in HHT patients revealed a positive impact on epistaxis or Gl bleeding,
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hemoglobin levels and transfusion needs upon oral administration or during (but not after)
local application as a nasal ointment?79280,

While these novel therapies, summarized in Figure 19, proved promising in terms of
management of HHT-associated bleeding and subsequent anemia, their effects on patient
AVMs are still poorly defined. Moreover, using systemic anti-angiogenic drugs during active
growth (before maturity) could be troublesome, as extension of the vascular network is
essential for supporting the increasing metabolic demands of developing tissues. Hence, there
is still room for improvement, and better understanding of the mechanisms leading to vascular
dysplasia in HHT might uncover other dysregulated knobs that can be safely targeted for
therapeutic purposes.
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4.Pulmonary arterial hypertension (PAH)

41. Brief overview

Pulmonary arterial hypertension (PAH) is a rare vascular disease affecting around 50
subjects/million in European countries?®!. It is a devastating disorder associated with poor
prognosis and a mean survival of 2.8 years when left untreated?®2. As indicated by its name,
PAH is characterized by an elevated mean pulmonary arterial pressure (PAP), exceeding 20
mmHg at rest, associated with high pulmonary vascular resistance (PVR, >2 Wood Units) and
a normal pulmonary arterial wedge pressure (<15 mmHg), measured by right heart
catherization?®. This progressive disease affects distal muscular-type pulmonary arteries and
arterioles, which become vasoconstricted in patients and whose walls undergo intense
pathological thickening and stiffening. Consequently, the arterial lumen gradually becomes
occluded, resulting in an increased PVR and a subsequent elevation in PAP?84 (Figure 20).
These changes compromise normal gaseous exchange in the lungs, resulting in dyspnea,
angina, fatigue, dizziness and syncope. More importantly, the sustained elevation in PAP
progressively leads to right heart failure and eventually death?®. The similarity of initial
symptoms of PAH with other common respiratory conditions and the progressive nature of
the disease lead to a delayed proper diagnosis of typically more than 2 years?%®. Unfortunately,
no cures for PAH have been identified to date, other than lung transplantation in eligible cases.
To slow disease progression, patients are commonly treated with vasodilators, but still
generally experience progressive functional decline with high mortality rates?87.288,
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Figure 20. Defining features of PAH pathophysiology. In PAH patients, the walls of small pulmonary arteries (PA)
undergo extensive remodeling leading to lumen obstruction, elevated pulmonary vascular resistance (PVR) and
mean pulmonary artery pressure, measured by right heart catherization. Elevated PVR and mPAP progressively
lead to right ventricular hypertrophy and failure. Image adapted from “Pulmonary Arterial Hypertension” by Lai
et al, Circulation Research, 2014.
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4.2. Pulmonary arteries in normal and PAH lungs

4.2.1. Structural features of normal pulmonary arteries

Physiologically, the pulmonary circulation, which is responsible for replenishing deoxygenated
blood received from the right ventricle with oxygen in the lungs, is a high-flow, low-resistance
and low-pressure system. Similar to the systemic circulation, this system receives the entirety
of the cardiac output but circulates it with remarkably lower resistance and pressure values.
These unique hemodynamic characteristics of the pulmonary circulation are mainly attributed
to two important traits. First, the small arteries and pre-capillary arterioles in the lungs are
highly compliant, due to their distinctively thin walls. The large pulmonary arteries that are in
close proximity to the heart are classified as elastic-type arteries, whose medial layers contain
a high level of elastic fibers. This feature enables them to maintain a relatively stable pressure
gradient as the heart pumps blood into the lungs. As these elastic arteries branch into smaller
ones (cross-sectional diameter below 500um), they give rise to “muscular-type arteries” that
are less elastic and more muscularized. However, pulmonary muscular-type arteries are less
muscularized and have wider lumens than their systemic counterparts. In addition, the
muscular layer is gradually minimized as the pulmonary arterial tree progresses distally into
the lungs. Finally, the pre-capillary arterioles are barely muscularized and lack the elastic
laminae. Consequently, distal pulmonary arteries and pre-capillary arterioles are less resistant
to flow than their systemic counterparts due to their wider lumens and can easily distend in
response to increased flow rates due to their weakly muscularized thin walls, helping them
maintain low levels of vascular resistance. Second, the pulmonary circulation comprises a
relatively non-perfused vascular reservoir that can be readily recruited and employed when
needed. Because of these properties, the pulmonary vasculature circulates blood at low
pressure, which is important for proper gaseous exchange, and can withstand rapid increases
in cardiac output that are experienced during strenuous exercise without strongly affecting
PAP284'289.

4.2.2. Pathological features of PAH pulmonary arteries

PAH lungs are characterized by abnormally high PVR and mean PAP, which interfere with
proper gaseous exchange and impose right ventricular strain. The hypertensive lungs of PAH
patients and animal models present a set of vascular abnormalities specifically affecting
muscular-type arteries and arterioles. These vessels display defects in all 3 tunics of their walls,
collectively leading to the progressive obstruction of their lumens (Figures 21 and 22A). Early
events in PAH vascular pathogenesis include endothelial dysfunction, characterized by a
plethora of irregularities. These comprise an imbalance in the levels of secreted vasodilators
and vasoconstrictors in favor of the latter, reduced anticoagulant properties, increased
production of reactive oxygen species, impaired DNA repair, cancer-like metabolic changes
characterized by increased rate of aerobic glycolysis (Warburg effect), endothelial-to-
mesenchymal transition (EndMT) characterized by an upregulation of mesenchymal markers
at the expense of endothelial markers, enhanced expression of pro-inflammatory adhesion
molecules and local dysregulated secretion of various chemokines and growth factors?°%2°1,
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Figure 21. Pathophysiology of PAH. (1)
Early events in PAH include endothelial
dysfunction, of which a key feature is
imbalanced secretion of vasodilators,
including nitric oxide (NO) and prostacyclin
(PGI2) versus vascoconstrictors, including
endothelin-1 (ET-1) and thromboxane A2
(TXA2). The increased secretion of the
latter leads to constriction of pulmonary
artery smooth muscle cells (PASMC) in the
medial layer. (2) The wall of small PAs
undergoes extensive vascular remodeling
characterized by medial hypertrophy, with

a pathogenic switch of PASMCs from contractile to synthetic phenotype, intimal fibrosis and inflammatory cell
infiltration. (3) Advanced disease stages reveal characteristic plexiform lesions and in situ thrombosis. Combined
image adapted from “Pulmonary Arterial Hypertension” by Lai et al, Circulation Research, 2014 and “Phenotypic
Diversity of Vascular Smooth Muscle Cells in Pulmonary Arterial Hypertension” by Lechartier et al, CHEST, 2022.

These abnormalities facilitate chronic pathogenic vascular remodeling that gradually leads to
narrowing of the vascular lumen. The most common structural feature of PAH lungs is medial
thickening of small pulmonary arteries (Figures 21 and 22B) and muscularization of normally
non-muscularized arterioles. An artery is said to present medial thickening when the diameter
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of its medial layer surpasses 10% of its total cross-sectional diameter, which occurs due to
medial hyperplasia and hypertrophy?®. This process is accompanied by a pathogenic switch
of vSMCs from the mature contractile phenotype to the dedifferentiated synthetic phenotype
exhibiting enhanced proliferation, migration, and ECM synthesis capacity (Figure 21). This last
feature increases matrix deposition in the vascular wall, contributing to its stiffening?®2. Medial
thickening can occur as an isolated event, considered early and potentially reversible as occurs
in pulmonary hypertension associated with high altitudes, or is more commonly accompanied
by other changes described below?%3,

Figure 22. Histological representations of classical pulmonary artery lesions in PAH. Haematoxylin-and-eosin
staining of PAs displaying (A) some intimal fibrosis, marked medial hypertrophy and adventitial fibrosis, (B)
medial hypertrophy (delimited by arrow), (C) neointimal proliferation (delimited by arrow), (D) concentric intimal
laminar fibrosis composed of multiple concentrically arranged fibrous layers, (E) eccentric intimal fibrosis, (F)
plexiform lesion comprised of slit-like vessels lined by endothelium and surrounded by loose fibrous tissue. (G)
Elastic van Gieson staining showing an organized and re-canalized thrombus with multiple lumens. Images taken
from “Diagnosis and management of pulmonary hypertension over the past 100 years” by van Wolferen et al,
Respiratory Medicine, 2007, “Recent advances in pulmonary arterial hypertension” by Wilkins et al,
F1000Research, 2018 and “Pathology and pathobiology of pulmonary hypertension: state of the art and research
perspectives” by Humbert et al, Eur Respir J, 2019.

The intima layer also plays an active role during PAH-associated vascular remodeling. ECs of
small arteries and arterioles in PAH lungs display excessive apoptosis with the emergence of
apoptotic-resistant highly proliferative cell populations?®#2°> (Figure 22C). In addition, the
gradual occlusion of the pulmonary arteries by vasoconstriction and medial thickening results
in hemodynamic changes that were proposed to act as an additional necessary trigger for the
formation of neointimal lesions. These represent new vascular structures mainly composed of
migrating and proliferative vSMCs and fibroblasts with enhanced deposition of ECM
components. Together, these elements accumulate between the endothelium and the medial
layer and worsen lumen occlusion?®¢. Abnormally proliferating fibroblasts and myofibroblasts
in the intima also give rise to fibrotic intimal lesions that may be either uniform (concentric,
Figure 22D) or focal (eccentric, Figure 22E)?%3. Fibrotic intimal lesions are also commonly
associated with fibrosis of the adventitia, thus additionally implicating this final layer in PAH.

Furthermore, PAH lungs reveal an obliteration of pre-capillary arteries due to excessive
vascular pruning leading to patterns of vascular rarefaction?®. At late stages, PAH pulmonary
arteries additionally develop plexiform lesions, which are the most typical manifestations of
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PAH lungs?®3. These complex lesions involve monoclonal masses of apoptosis-resistant
hyperproliferative ECs, as well as fibroblasts and ECM components that completely block the
vascular lumen?®? (Figures 21 and 22F). In situ thrombosis is also a common feature of PAH
lungs (Figures 21 and 22G) and some patients reveal elevated plasma levels of D-dimers and
fibrinopeptides A and B, indicative of excessive coagulation?®3. In addition to changes in the
different vascular components, the complex pathobiology of PAH was found to involve an
immune arm, as excessive perivascular infiltration of various inflammatory cells was reported
in PAH lung sections and animal models?°. All in all, PAH pathogenesis is a complex process
involving various malfunctioning vascular components that participate in increasing wall
stiffness and lumen occlusion of distal pulmonary arteries and arterioles through
vasoconstriction, abnormal vascular remodeling and thrombosis.

4 3.Clinical classification of PAH

Pulmonary hypertension (PH), affecting around 1% of the world population, is an umbrella
term encompassing a wide variety of conditions commonly characterized by an elevated mean
PAP, such as PH due to left heart disease, obstructive lung disease or hypoxia due to high
altitudes. These conditions are clinically classified into 5 groups, of which the first is PAH?83. In
turn, PAH is further subdivided into several categories based on the underlying cause. As
defined during the 6™ World Symposium on Pulmonary Hypertension in 2018, these
categories are: (1) idiopathic PAH with an unknown underlying cause, (2) heritable PAH caused
by genetic mutations, (3) PAH induced by toxins and drugs such as methamphetamines and
the structurally related anorexigens, (4) PAH associated with other diseases such as
connective tissue and congenital heart diseases, (5) PAH with features of venous/capillary
involvement and (6) persistent PH of the newborn (Figure 23)283:2%,

PAH
| 1 1 1 1 1
Associated Associated with overt Persistent PH of
Idiopathic Heritable Df‘“9f and with other features of the newborn
toxin-induced di venous/capillary
iseases : syndrome
involvement
Two subgroups based || Mutated genes: + Aminorex + Connective tissue
on response to vaso- |+ BMPR2 70-80% ||+ Fenfluramine disease
tivity testing: || * EIF2AK4 8.5% ||, . ’ ——
reactivity testing . ACVRL1 6.5% Dexfenfluramine HIV infection
Non-responders « TBX4 4.1% ||+ Benfluorex + Portal hypertension
Acut d « GDF2 ﬁ « Meth hatami; o« C i
cute responders | - SOX17 2 2% Met p genital heart

- ENG 1.4% « Dasatinib disease
« KCNK3  1.4% ||, .. e o
. BMP1O 1% Toxic rapeseed oil Schistosomiasis
+ SMADS <1%
* SMAD1 1%
« ABccs <1%
« ATP13A3 <1%
* CAV1 <1%
« AQP1 <1%
« KDR <1%
. 66CX <1%
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Figure 23. Updated clinical classification of PAH based on underlying etiology. The 7 subcategories of PAH, as
defined in the 6% World Symposium on Pulmonary Hypertension, as well as lists of mutated genes in heritable
form with their respective prevalence, drugs and toxins definitely associated to PAH and diseases responsible for
PAH are presented. Mutated aenes encodina components of the BMP9/BMP10 sianalina bathwayv are underlined.
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4 4. Heritable PAH

441 Genetic basis

The heritable PAH (HPAH) group comprises familial (>2 clinically diagnosed family members
with or without a detected germline mutation, making up around 3.9-6% of all PAH
cases?®>2%9), but also sporadic (initially idiopathic) cases in which PAH-associated mutations
were identified. Familial and sporadic PAH cases are assigned to the HPAH group when they
are not additionally associated with other PAH subcategories3®.

The first identified PAH-mutated gene was BMPR2, encoding one of the three type Il TGF-3
superfamily receptors that can mediate BMP signaling and in particular BMP9/BMP10
signaling in ECs. Mutations in this gene were later identified in at least 70% (Figure 23) and 11-
40% of familial and sporadic HPAH cases, respectively?®?. These mutations reveal an
autosomal dominant inheritance, but exhibit incomplete penetrance of 42% in females and
only 14% in males31. The majority of identified BMPR2 pathogenic mutations in PAH patients
are nonsense, frameshift or splice-site mutations, whose corresponding transcripts are
predicted to be degraded by nonsense-mediated mRNA decay. In addition, large deletions or
duplications affecting 21 exon, which significantly distort protein structure, are also
common3®, Therefore, haploinsufficiency is expected to be the molecular mechanism in these
cases. Missense mutations, often in the kinase domain of BMPRII, also occur and some are
expected to act as dominant negatives3®. In all cases, PAH-predisposing pathogenic BMPR2
mutations lead to loss of function of the protein product.

In the last 2 decades, rare

BMP10
mutations in several other genes . 2
have been linked to PAH (Figure A4
14), many of which encode BMP9/10

components of the endothelial- \ Y
specific BMP9/BMP10 signaling
pathway.  These included:
ACVRL1, GDF2 (encoding BMP9),

ENG, BMP10, SMAD1, SMAD9 ) o e
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Figure 24. BMP9/BMP10 signaling components are mutated in
pathogenesis, and that’'s what peritaple PAH. Around 80% of HPAH patients are caused by mutations
drew our attention to this in the gene encoding BMPRII (in thick black box). Several other
disease (Figure 24). components of the BMP9/BMP10 pathway have been reported to be
mutated in patients with PAH, including: endoglin, ALK1, BMP9, BMP10,
Smadl and Smad8 (in thin black boxes). Image generated using
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4.4.2. Pathogenesis

4.4.2.1. Reduction of BMPRIT expression and signaling in PAH
patients

For a very long time, the molecular mechanisms underlying the aforementioned vascular
abnormalities have been largely obscure. The identification of PAH-causing BMPR2 mutations,
despite occurring in only a subset of PAH patients, provided important mechanistic insights
into PAH pathogenesis. BMPRII expression is high in normal lung vasculature and displays a
predominantly endothelial expression pattern with a more focal and weaker expression on
vSMCs3%4, The lungs of PAH patients carrying BMPR2 mutations were found to exhibit a
reduced BMPRII expression and weakened canonical downstream signaling in terms of
Smad1/5 activation and downstream expression of Id proteins in pulmonary artery (PA) SMCs
and ECs3%4-310 On the other hand, the effect of BMPR2 mutations in patient PASMCs on non-
canonical MAPK signaling is controversial, with studies from the same group showing either a
decrease in BMP4-mediated ERK1/2 phosphorylation or no change in ERK1/2 and p38
activation30>3%_ On the contrary, in PAECs, BMPRII silencing led to constitutive activation of
Ras/Raf/ERK1/2 pathway, which normally enhances EC proliferation3!!. Interestingly, reduced
BMPRII expression and signaling was also reported in idiopathic PAH patients not carrying any
BMPR2 mutations, pointing to a common mechanism in PAH pathogenesis regardless of the
mutation status30439>310_ Several mechanisms explaining the decrease in BMPRII expression
or signaling activity in PAH patients in the absence of BMPR2 mutations have been proposed.
These include downregulation of BMPRII expression by miRNAs under different conditions,
such as hypoxia (miR-21, miR-125a) and interleukin (IL)-6 stimulation (miR-17/92), TNF-a
stimulation or by estrogen receptor signaling, which is consistent with the higher disease
prevalence in female patients compared to males. Interestingly, disturbed blood flow was also
associated with a reduced expression of BMPRII in the systemic vasculature3!?, Since PAH
lungs display impaired hemodynamics with many occlusions, it is possible that disturbed flow
can further suppress BMPRII in the pulmonary vasculature. Furthermore, BMPRII signaling can
be weakened through upregulation of its antagonist gremlinl by the vasoconstrictor
endothelin-1 (ET-1), whose production is increased by dysfunctional ECs in PAH lungs3!2. A
recent study even attributed reduced BMPRII expression in PAECs and PASMCs of idiopathic
patients to the decrease in the expression level of the chromatin remodeler SIN3a3!3. In line
with those studies, ubiquitous heterozygous or homozygous BMPRII-deficiency in vivo was
shown to induce spontaneous PH or exacerbate it in response to chronic hypoxia. This was
also the case when BMPRII was targeted specifically in ECs or vSMCs in various transgenic
animal models, in accordance with the heavy implication of these cell types in PAH vascular
lesions?82,

4.4.2 2. Functional consequences of BMPRIT deficiency

To date, the pathogenic mechanisms underlying PAH pathogenesis are still not fully
elucidated, but a clear link has been established between loss of BMPRII signaling in response
to several BMPs on one hand and the disrupted proliferation and apoptosis of vascular cells
on the other one. For instance, BMP2, BMP4 and/or BMP7, which preferentially bind BMPRII
as the type Il receptor3'4, were shown to inhibit the proliferation of rat and human PASMCs in

59



an |d1/Id3-dependent manner306:307.315316 gnd to induce apoptosis of human PASMCs
accompanied with downregulation of the anti-apoptotic protein Bcl-23%, However, in PASMCs
from PAH patients, these BMP-induced anti-proliferative and pro-apoptotic effects were
reduced396:308316 in accordance with the characteristic medial hyperplasia in PAH lungs.

At the level of the endothelium, EC apoptosis is a hallmark of PAH lungs and is later on
accompanied by increased proliferation of apoptosis-resistant ECs. Indeed, BMP signaling,
either via BMP2 and BMP7 that bind ALK2, ALK3 or ALK6 or via BMP9 that binds ALK1, was
shown to enhance PAEC survival by conferring protection from apoptosis'®>®3%’. In line with
that, silencing BMPRII increased basal apoptotic levels in PAECs in one study3!” and reduced
the protective effect of BMP9 against pro-apoptotic stimuli in another!>. In parallel, BMP9
inhibited the proliferation of control PAEC and mouse pulmonary EC, but surprisingly had an
opposite effect on BMPRII-deficient ECs, which showed enhanced proliferation in response to
BMP9 due to prolonged canonical Smad1/5/8 signaling3!8. In addition, silencing BMPRII in
human PAECs, without exogenous BMP stimulation, was sufficient to promote cell
proliferation and migration through constitutively activating Ras/Raf/ERK1/23L. Furthermore,
in line with the inhibitory effect of BMP9 on vascular permeability (described in Chapter 2),
reduced BMPRII signaling was shown to increase endothelial permeability both in vitro and in
vivo, enhancing inflammatory cell transmigration, which is required for the observed excessive
infiltration of inflammatory cells in PAH lungs®>319320 Al in all, BMPRII, which mediates
signaling of various ligands, is essential for the proper functioning of the pulmonary
vasculature, and reduction in its expression and activity predisposes to PAH.

The subsequent identification in PAH patients of LOF germline mutations in ACVRL1 and ENG,
which are not expressed by vSMCs, and their ligands BMP9 and BMP10, further emphasized
the specific role of BMP9/BMP10 signaling axis in PAH pathophysiology. In other words, ECs
with defective BMP9/BMP10 signaling are probably enough to drive PAH pathogenesis. These
cells can then project their abnormalities on neighboring cells through defective intercellular
communications. In line with that, pulmonary ECs from idiopathic PAH patients were found to
secrete excessive amounts of cytokines and growth factors that can act on neighboring vSMCs
in a paracrine manner. These include the mitogenic vascoconstrictors ET-1 and angiotensin Il
and the growth factor FGF-2?°1. Moreover, BMP9 and BMP10 were shown to suppress the
basal expression and secretion of CCL2, an important chemokine for monocyte and
macrophage chemotaxis, in control human PAEC in a BMPRII and ALK1-dependent manner3?L.
More generally, RNA-sequencing analysis of the lungs of double BMP9/BMP10 KO mice
compared to controls identified massive dysregulations in genes related to inflammation and
immunity. This means that deficient endothelial BMPRII signaling might also drive defective
communication with immune cells, enhancing their recruitment62,

4.4 2 3.Need for 2nd hits

BMP9/BMP10 signaling is required for preventing abnormal pulmonary vascular remodeling
characteristic of PAH. Nevertheless, it is important to note that carriers of PAH-predisposing
mutations display a low PAH penetrance, meaning that not all pathogenic mutation carriers
will develop PAH?852%° This can be clearly appreciated in HHT patients with ENG or ACVRL1
mutations, as most of these patients don’t present PAH symptoms. This implies that additional
events on top of the germline heterozygous mutation might be needed for PAH manifestation.
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Accordingly, both genetic and environmental hits have been proposed to play a role in driving
PAH pathogenesis.

Recently, FHIT, a tumor suppressor gene encoding fragile histidine triad diadenosine
triphosphatase, was identified as a potential BMPR2 modifier gene that is consistently
downregulated in PAH patients with different etiologies3?2. This gene is highly expressed in
the lungs and is a chromosomal fragile site gene that is readily mutated and downregulated in
response to environmental insults32. In turn, FHIT downregulation was shown to reduce
BMPRIl expression, and its loss in vivo exacerbated chronic-hypoxia-induced PH3%2,
Interestingly, BMPRII dysfunction in lung ECs was strongly associated with increased
susceptibility to DNA damage, suggestive of impaired DNA repair responses. In turn, excessive
DNA damage resulted in reduced BMPRII expression levels, constituting a vicious cycle324, This
can facilitate the generation of somatic mutations in FHIT for example, but also in other genes
that could be important for vascular homeostasis. Somatic mutations leading to loss of
heterozygosity of BMPRII in PAH are not common, but a patient with germline BMPR2
mutation was reported to harbor a somatic deletion of the gene encoding Smad8, which itself
is infrequently mutated in PAH32, Collectively, these studies suggest that additional genetic
hits that further suppress BMPRII expression or signaling below a critical threshold might serve
as drivers of PAH pathogenesis.

Environmental triggers, such as inflammation, can also play a role in that sense. LPS
administration to BMPR2-mutated patient PASMCs was shown to further suppress BMPRII
signaling compared to untreated mutated cells3%’, and TNF-a was found to reduce BMPRII
expression and promote its cleavage post-translationally326. BMPRII deficiency, in turn,
promoted exaggerated responses to inflammatory stimuli in both BMPR2-mutated patient
cells and BMPR2-KO cells3?7328, In vivo, chronic LPS administration induced PH in heterozygous
Bmpr2 KO mice but not in WT littermates, whereas amelioration of the exaggerated
inflammatory response inhibited PAH development3?’. Therefore, while inflammation is
known to be involved in advanced disease stage, it might also be a driver of PAH onset.

45 PAH treatments

451. Current treatments

Currently approved therapies for PAH aim to slow down clinical worsening by reducing
pulmonary artery vasoconstriction. These therapies target 3 central pathways that regulate
pulmonary vascular tone and are dysregulated in PAH patients: the ET-1, NO and prostacyclin
pathways (Figure 25). Physiologically, these 3 pathways result in the release of
vasoconstrictors or vasodilators from ECs that directly act on neighboring vSMCs via paracrine
signaling to regulate their contractility.

Endothelin-1 is one of the most potent vasoconstrictors that also promotes vSMC
proliferation. It is produced by ECs, and to a lower extent by vSMCs and other cell types and
exerts its effects by binding to two different G-protein coupled receptors called ETA and ETB.
ETA is primarily expressed on vSMCs and mediates ET-1’s action as a vasoconstrictor. On the
other hand, ETB is expressed by both ECs and vSMCs and mediates opposing outcomes in the
2 cell types: while ET-1 binding to ETB on vSMCs also promotes vasoconstriction, its binding
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on endothelial ETB can exert vasodilatory and antiproliferative effects by reducing its
bioavailability with respect to vSMCs and promoting synthesis of the vasodilators NO and
prostacyclin by ECs3?°. Interestingly, ET-1 is more expressed in the lungs than other organs,
and its levels were found to be elevated in hypertensive lungs33° and plasma of PAH
patients33L. The levels of ET receptors were also found to be increased in the distal arteries of
pulmonary hypertensive patients332. As such, approved treatments for PAH include the
selective ETA inhibitor ambrisentan and the dual ETA/ETB inhibitors bosentan, which was the
first approved oral treatment for PAH, and more recently, its derivative macitentan, all of
which improved hemodynamics and exercise capacity in patients?®’ (Figure 25).
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Figure 25. The three key vasomotor pathways targeted by current PAH therapies. Endothelial dysfunction in
pulmonary arterial hypertension (PAH) results in reduced production of endogenous vasodilatory molecules (nitric
oxide and prostacyclin) and the upregulation of the vasoconstrictor endothelin-1 (ET) that also promotes smooth
muscle cell proliferation. Inhibitors of ET pathway include selective and nonselective ET receptor antagonists; the
nitric oxide (NO) pathway can be targeted by direct administration of exogenous NO, inhibition of
phosphodiesterase type-5 (PDE-5), or stimulation of soluble guanylate cyclase (sGC); and the prostacyclin
pathway can be activated by administratering prostanoid analogues or nonprostanoid I-prostanoid (IP) receptor
agonists. Image taken from “Advances in Therapeutic Interventions for Patients with Pulmonary Arterial
Hypertension” by Humbert et al, Circulation, 2014.
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Nitric oxide is an endogenous vasodilator produced in ECs by endothelial NO synthase (eNOS)
upon l-arginine oxidation and also presents anti-proliferative and anti-thrombotic effects.
Gaseous NO released from the endothelium diffuses to the underlying medial layer, where it
binds and activates soluble guanylyl cyclase (sGC) in vSMCs. This enzyme converts guanosine
triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which promotes vSMC
relaxation. As a regulatory mechanism, cGMP is degraded by phosphodiesterase 5 (PDE5) that
is highly expressed in vSMCs?28. In PAH patients, NO bioavailability was found to be reduced,
either due to downregulation of eNOS expression or to its reduced activity33. Hence, the NO-
sGC-cGMP pathway represents an attractive target for enhancing vasodilation in PAH lungs,
and indeed several drugs targeting different aspects of it have shown beneficial outcomes and
were approved for PAH patients?®” (Figure 25). These include the sGC stimulator riociguat,
which enhances cGMP synthesis by (1) sensitizing sGC to NO and stabilizing their interaction
and (2) by directly stimulating sGC via an NO-independent manner. Other approved drugs
include sildenafil and tadalafil, which are PDES inhibitors?®’. In addition, direct administration
of NO by inhalation is approved for treating PAH due to persistent PH in newborns, but its
complex delivery system hampers its universal use for other patients?®’.

Prostacyclin is a potent vasodilator belonging to the prostanoid family of signaling molecules
and is produced mainly in ECs from arachidonic acid by prostacyclin synthase. Following its
release from ECs, prostacyclin binds to its specific I-prostanoid (IP) receptor on underlying
vSMCs, promoting adenylyl cyclase activation. The latter catalyzes the conversion of
adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP), which leads to
vSMC relaxation and subsequent vasodilation. By the same mechanism, prostacyclin also
inhibits vSMC proliferation, platelet aggregation and thrombosis and promotes anti-
inflammatory effects®33. In PAH patients, the expression of both prostacyclin synthase and
prostacyclin receptor were found to be reduced in pulmonary arteries, and deletion of the
prostacyclin receptor in mice exacerbated chronic hypoxia-induced PH33433>, The first
approved treatment for PAH was intravenous administration of synthetic prostacyclin, known
as epoprostenol. This treatment is associated with improved survival in patients with severe
PAH. However, due to its very short half-life of approximately 3 minutes, it requires
continuous infusion through a permanent central venous catheter, whose handling
necessitates proper patient education and vigilance to avoid complications?®’. Other approved
prostacyclin analogues for PAH include iloprost and treprostinil that can be administered
through multiple routes (Figure 25). It is noteworthy that besides the specific IP receptor, the
3 aforementioned prostacyclin analogues can bind various prostanoid receptors with variable
affinities. This has implications on both drug potency and adverse side effects, especially that
prostanoid receptors are widely distributed throughout the body?®. A newer agent, selexipag,
is a nonprostanoid IP receptor agonist that is highly selective for the IP receptor, and its active
metabolite has a longer half-life than prostacyclin analogues (9-14 hours), limiting its adverse
events and permitting a reasonable administration regimen of twice daily,
respectively33%337, Selexipag was recently shown to improve PVR and exercise capacity in PAH
patients and was associated with better survival338,

To sum up, PAH patients are currently treated with different agents that aim to restore normal
vascular tone. While the aforementioned approved vasodilatory agents have all, to some
extent, provided beneficial effects in terms of cardiopulmonary hemodynamics, exercise
capacity and/or rate of disease progression, the disease does progress in spite of these
treatments and they are rarely associated with lower mortality rates. The limited long-term
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effectiveness of current treatments highlights the need for exploring new therapeutic
modalities that can effectively block or preferably, reverse disease progression.

45.2. Future treatment perspectives: restoration of
BMPRIT signaling

Our enhanced understanding of the involvement of BMPRII signaling in PAH pathogenesis
supports restoration of normal BMPRII signaling as a potential curative approach for PAH.
Indeed, several studies have highlighted the utility of normalizing this pathway for improving
clinical outcomes. As a direct proof of concept, Reynolds et al tested the outcome of BMPRII
overexpression in the lungs of two different non-genetic rat models of PH (induced by
monocrotaline or chronic hypoxia) that exhibit reduced lung BMPRII expression levels. The
targeted adenoviral delivery of BMPR2 gene to the pulmonary endothelium successfully
improved mean PAP and PVR in these models33°. Other ways for restoring BMPRII expression
levels included the use of specific antagomiRs against miRNAs that repress BMPRII levels34,
ribosomal read through-inducing drugs to promote the full protein expression of BMPRII
variants with truncating nonsense mutations34!, chemical chaperones that enhance cell
membrane trafficking of specific missense-mutated BMPRII variants3*> and lyososmal
inhibitors to prevent BMPRII lysosomal degradation31%343, These methods succeeded in
increasing BMPRII levels and downstream signaling, to varying extents, and had beneficial
outcomes on disease phenotype in vitro and/or in vivo. Moreover, as described in the previous
chapter, tacrolimus (FK506) was identified as a potent activator of Smad1/5/8 signaling?®”’.
Low-dose tacrolimus treatment was capable of reversing PH in 3 in vivo models (EC-specific
Bmpr2 KO mice, monocrotaline-treated rats and rats exposed to sugen with hypoxia) and
stabilized 3 patients with end-stage PAH?77:3%, Consequently, the safety and tolerability of
tacrolimus were validated in a randomized placebo-controlled clinical trial that additionally
revealed improvements of BMPRII expression levels and clinical endpoints in a subset of
tacrolimus-treated patients3*®. Therefore, BMPRII signaling restoration seems to hold a real
potential for treating PAH. Nonetheless, as BMPRII expression is not limited to the pulmonary
vasculature, and since BMPRII-signaling mediates the various biological functions of many
BMPs, caution should be warranted when systemically manipulating such a universal signaling
axis. A safer alternative would be local administration of therapy, or specific targeting of the
endothelium, which could also have therapeutic benefits for HHT. As such, Long et al showed
in 2015 that administration of BMP9, that predominantly binds endothelial ALK1, attenuated
disease development in several PH animal models, raising hopes for the use of BMP9 or
receptor agonists for PAH treatment®°. Nevertheless, subsequent studies by our group and
collaborators strikingly uncovered protective effects of the loss of BMP9, but not BMP10,
against PH development and progression in relevant animal models, which was associated
with a decrease in ET-1 expression specifically in Bmp9KO mice'®?3%, |n addition, a more
recent study on PAH pulmonary microvascular ECs revealed that BMP9 treatment supported
EndMT, which is a known feature of dysfunctional ECs in PAH, and that this effect was
exacerbated by IL63*’. BMP9 was also shown in a separate study to promote the proliferation
of PAH BMPR2-mutated ECs via prolonged signaling response3!8, Therefore, while a large body
of evidence supports the notion of enhancing BMPRII signaling in pulmonary vasculature as a
therapeutic approach for PAH, its execution might not be as simple as initially anticipated.
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It is noteworthy that deficiency in BMPRII in the pulmonary endothelium disrupts the balance
between the growth-inhibitory Smad1/5/8 signaling and the growth-promoting Smad2/3
signaling by activins binding to ActRIIA3*8, Thus, a novel therapeutic approach aiming to
restore this balance and normalize cellular proliferation is currently being tested for PAH
patients34°-351, This is based on the use of sotatrercept, which is a first-in-class fusion protein
composed of the extracellular domain of ActRIIA fused to human IgG1 Fc domain. Sotatercept
acts as a ligand trap for TGF-B superfamily members, including activins, some BMPs and
growth differentiation factors. By sequestering free activins, sotatercept was found to balance
these 2 signaling axes and reduce proliferation of ECs and vSMCs in vitro, while reversing
pulmonary vascular and right ventricular remodeling in preclinical PH models34,
Consequently, sotatercept was very recently tested in clinical trials on PAH patients receiving
background therapy, resulting in reduced PVR and improved exercise capacity3*>-3>1,

65


https://www-ncbi-nlm-nih-gov.proxy.insermbiblio.inist.fr/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=9005865_gr2.jpg
https://www-ncbi-nlm-nih-gov.proxy.insermbiblio.inist.fr/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=9005865_gr2.jpg

5.Gene expression analyses in the scope of HHT and
PAH

Both HHT and HPAH can arise from LOF mutations in the BMP9/BMP10 signaling pathway.
Intriguingly, these two vascular diseases have very different manifestations, with HHT
affecting various specific vascular beds that display excessive vasodilation, while PAH being
confined to the small pulmonary arteries that become largely constricted. Interestingly,
despite these differences, the same germline ACVRL1 mutations could be detected in HHT and
HPAH patients, and some of these patients even develop both diseases3>?73>*, To date, it
remains largely ambiguous what determines which pathology develops downstream these
mutations, but we do know that deficiency in this signaling pathway can have detrimental
effects on the vasculature. As reviewed in Chapters 3 and 4, both diseases require new
therapeutic avenues that place the BMP9/BMP10 signaling pathway at their core. The
development of such therapeutic approaches, whether in HHT or PAH, relies heavily on our
understanding of the downstream effectors of this pathway. Since a main outcome of
BMP9/BMP10 signaling is regulation of target gene expression, transcriptomic profiling of
BMP9 and/or BMP10-stimulated control (CTL) ECs and ECs defective in BMP9/BMP10 signaling
can help unravel key effectors mediating EC dysfunction and lesion development. These
effectors might serve as potential therapeutic targets to stop disease progression or even
reverse it. Using microarrays and with the advent of bulk RNA-sequencing (RNA-seq), and
more recently single cell RNA-sequencing (scRNA-seq) technologies, a number of studies have
addressed the transcriptomic profiles of HHT or PAH patient-derived cells or tissue
homogenates in comparison to CTLs. Some studies also assessed the response of CTL or
patient (PT) cells to BMP9 and BMP10. Studied PT-derived cells included ECs and peripheral
blood mononuclear cells for both HHT and PAH, in addition to PASMCs and fibroblasts for PAH.
Aligned with the focus of my thesis, this chapter is dedicated for providing an overview of the
aforementioned transcriptomic studies strictly involving ECs, as the BMP9/BMP10-ALK1
pathway is mainly limited to the endothelium (summarized in Table 1).

5.1. Introduction to utilized EC models

Different types of EC models have been used to study vascular dysfunction in the scope of HHT
and PAH. In general, a commonly used model is human umbilical vein ECs (HUVECs), which
are derived from the single vein of umbilical cords. Their wide use is attributed to their high
accessibility, limited by the number of births, and the ease, success and non-invasiveness of
the employed isolation procedure3*>. In the context of PAH, pulmonary artery ECs (PAECs) and
HMVECs respectively isolated from the large arteries and microvessels of the lungs have been
commonly employed as in vitro models>347:356357 |limited by the access to patient explanted
lungs during transplantation events. In this case, CTL counterparts are usually derived from
unused healthy donor explanted lungs3°¢3>, Alternatively, ECFCs, formerly known as blood
outgrowth ECs, have become popular candidates for studying EC dysfunction due to their non-
invasive isolation method from adult peripheral blood or umbilical cord blood3>2. These cells
represent a unique population of circulating EC progenitors that give rise to mature ECs
capable of promoting postnatal angiogenesis and vascular repair at sites of damage. ECFCs are
distinct from mature circulating ECs shed from the injured vasculature and from early EC
progenitors that are of hematopoietic origin and do not give rise to mature ECs3°%3%,
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Table 1. List of transcriptomic studies on human endothelial cells addressing BMP9/10 response and/or
comparing HHT or PAH transcriptomes to those of controls

Study Reference Transcriptomic Cell type Treatment
category approach
Morikawa M et al, microarra CTL HUVECS stimulated or not with
201113 H 1ng/mL BMP9 for 2hrs
Long L et al, microarra CTL PAECs and stimulated or not with
2015 y CTL ECFCs 1ng/mL BMP9 for 4hrs
stimulated or not with
) . Salmon RM et al, ) 0.3ng/mL of prodomain-
zzzls::z;og}'f 2020%° IS CTL PAECs bound BMP9 or BMP10 for
1.5hrs
ECs upon
BMP9/BMP10 treated or not for 2hrs with
stimulation either:
1) 200 pg/mL BMP9 at static
conditions
Peacock HM et al, bulk RNA- 2) 30 dyn/cm? shear stress
TLHMVE
2020361 sequencing ¢ Cs with the ALK1-ligand trap
ALK1-Fc
3) 30 dyn/cm? shear stress in
combination with low BMP9
concentration (1 pg/mL)
Transcriptomic Thomas B etal, microarray CTL/HHT1/HHT2 none
362
studies on 2007 HUVECs
HHT-:Cerlved Fernandez-Lopez A icroarra CTL/HHT1/HHT2 none
> et al, 200733 y ECFCs
Rhodes CJ et al, bulk RNA-
2015557 sequencing CTL/IPAH PAECs none
Transcriptomic . .
Asosingh K et al, single cell RNA-
i TL/IPAH PAE
Hi:;ﬁ";;;:_ 202136 sequencing cT/ Cs none
derived ECs . .
Szulcek R et al, bulk RNA- CTL/IPAH-HPAH 15;’;?5359‘1;?0; \:P:’: o
202037 sequencing HMVECs & ’

24hrs

CTL: control, EC: endothelial cell, BMP: Bone Morphogenetic Protein, HPAH: heritable pulmonary arterial
hypertension, IPAH: Idiopathic pulmonary arterial hypertension, HUVEC: Human Umbilical Vein Endothelial Cell,
PAEC: Pulmonary Artery Endothelial Cell, ECFC: Endothlial Colony-Forming Cell, HMVEC: Human Microvascular
Endothelial Cell, hrs: hours,
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5.2. Characterization of the normal transcriptomic response
to BMP9/BMP10

By combining ChlIP-seq and microarray expression data, Morikawa et al unraveled a list of
putative direct BMP9 target genes in HUVECs!'3. Gene expression analysis of serum-starved
HUVECs stimulated or not with 1ng/mL BMP9 for 2hrs identified 108 upregulated and 37
downregulated genes with a |fold change| (|FC|) > 2. The resulting gene expression profiles
were combined with mapping data from ChIP-seq of Smad1/5-bound chromatin in HUVECs
stimulated with 1ng/mL BMP9 for 1.5hrs'3, As a result, 70 of the 108 upregulated genes and
9 of the 37 downregulated ones were shown to be directly bound by Smad1/5 and considered
putative direct BMP9 targets in ECs. The list of 70 upregulated targets was provided, and the
10 top upregulated targets in decreasing order of FC were: SMADG6, Notch targets HEY2 and
HEY1, ID2, SMAD7, NOG, C8orf4 encoding the endothelial inflammatory regulator TC13%4,
FZD1 and ID1'*3. The authors did not perform functional or pathway enrichment analysis using
this list of targets, but by scanning through the list one can appreciate an overrepresentation
of genes related to Notch signaling pathway (HEY2, HEY1, LFNG, HES1, JAG1 and NRARP), in
addition to some belonging to Wnt signaling (FZD1 and FZD8), several transcription factors
(GATA2, GATA3, GATA6, RUNX1T1, SOX18 and FOXC1), the well-known mechanosensitive
flow-induced transcription factor KLF43%> and its related members KLF10 and KLF3,
membrane-bound solute transporters (SLC6A6 and SLC38A2) and of course canonical BMP
signaling targets (SMAD6, ID2, SMAD?7, ID1, ID3 and BMPR2)”.

Following this short descriptive gene expression analysis, a few other studies have examined
BMP9 transcriptomic responses in CTL ECs at greater depth. Long et al used microarray to
explore gene expression changes in PAECs and ECFCs in response to BMP9'>°. PAECs or ECFCs
in low serum (0.1%) medium were either left untreated or were stimulated for 4hrs with
1ng/mL BMP9. BMP9 stimulation induced considerable transcriptional changes in both cell
types, with 1883 statistically significant regulated targets in PAECs (adjusted p-value < 0.05,
no LF threshold), including ID1, ID2 and BMPR2. The upregulation of BMPRII was validated at
the mRNA and protein level in BMP9-treated PAECs. Generally applicable gene set enrichment
analysis for common pathways and cellular processes highlighted TGF-f signaling as the only
significant BMP9-upregulated pathway and identified apoptotic cell signaling as a
downregulated one. Functionally, BMP9 was shown to inhibit apoptosis and
hyperpermeability that were induced by inflammatory factors in CTL PAECs and ECFCs, but
also in HPAH patient-derived ECFCs with heterozygous BMPR2 mutations. Interestingly, both
the upregulation of BMPRII and the anti-apoptotic effects of BMP9 on CTL PAECs were
dependent on BMPRIlI and Smadl or Smad5, highlighting the importance of the canonical
Smad signaling in mediating these effects of BMP9. Nevertheless, the dependence on BMPRII
also highlights that only cells sustaining a BMPRII expression level sufficient for signaling are
to benefit from BMP9 supplementation. In this study, BMP9 also reversed PH development in
several PH rodent models, without inducing heterotopic ossification. As a conclusion of this
study, BMP9 administration was proposed as a therapeutic approach for PAH?, but this was
later questioned®234¢ as described previously in the last section of Chapter 4.
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Another interesting transcriptomic study on CTL PAECs was published by Salmon et al in 2020,
this time using prodomain-bound forms of BMP9 and BMP10 (pro-BMP9 and pro-BMP10)3¢0.
This study demonstrated that the BMP9 and BMP10 prodomains do not interfere with the
ligands’ binding to ALK1 nor with their signaling potencies, as pro-BMP9 and pro-BMP10
exhibited similar sub-nanomolar ALK1 binding affinities and /DI mRNA induction when
compared to their respective mature forms. In addition, similar to their mature forms3®, pro-
BMP10 exhibited a slightly higher ALK1 binding affinity compared to pro-BMP93,
Nevertheless, microarray analysis on CTL PAECs in low serum (0.1%) treated with 0.3ng/mL of
pro-BMP9 or pro-BMP10 for 1.5hrs compared to PBS-treated CTLs revealed similar
transcriptomic changes between the 2 ligands when compared to CTLs. Notably, the 2 ligands
shared the same top 9 upregulated genes (adjusted p-value < 0.05; SMAD6, ID1, SMAD7, NOG,
PTGS2, encoding prostaglandin-endoperoxide synthase 2, the EndMT-associated transcription
factor SNAI13%7, ATOHS8, whose loss mimics PAH phenotype in vivo3®®, HEY2 and C8orf4 ) and
the same 3 top downregulated ones (ADM, encoding the vasodilator adrenomedullin,
C100rf10, also called DEPP Autophagy Regulator 1 and the tumor suppressor gene PLK2). Both
ligands also induced a significant downregulation of the pro-angiogenic chemokine receptor
CXCR4 and upregulation of the canonical BMP target /D3, the Notch signaling family members
LFNG and NRARP and the transcription factors FOXC2, GATA2 and GATAG6. Although a different
number of significantly regulated genes was identified with pro-BMP9 (48) and pro-BMP10
(110) compared to CTLs, direct comparison of gene expression profiles between the 2 revealed
no significant transcriptional differences, demonstrating that low dose pro-BMP9 and pro-
BMP10 act as functionally equivalent transcriptional regulators in PAECs3¢°,

All of the aforementioned studies investigated BMP9 (or BMP10) transcriptional responses
under static (no flow) conditions. Nevertheless, as described in Chapter 2, flow-induced shear
stress, is known to potentiate the Smad1/5/8 response to soluble BMP9 in ECs'’L. In addition,
shear stress itself activates downstream pathways that can modulate the levels of
transcription factors present within the nucleus, such as KLF2 and KLF435, It is thus reasonable
to speculate that shear stress might modify the levels of Smad-binding partners,
hypothetically interfering with BMP9 signaling. For those reasons, Peacock et al examined
transcriptional changes in CTL HMVECs in response to BMP9 alone, FSS alone, or both in order
to identify transcriptional changes by BMP9 that exclusively occur in the presence of shear
stress31, As such, HMVECs in low-serum medium (0.1%) were treated for 2hrs with either (1)
200 pg/mL BMP9 at static conditions, (2) 30 dyn/cm? shear stress with the ALK1-ligand trap
ALK1-Fc or (3) 30 dyn/cm? shear stress in combination with low BMP9 concentration (1
pg/mL), and each condition was compared to cells treated with ALK1-Fc under static
conditions. The BMP9 doses were selected such that the high BMP9 dose condition induces a
similar Smad1/5/8 signaling level (assessed by /D1 induction) as the combined low BMP9 dose
with shear stress. Interestingly, using RNA-seq, 61 genes were shown to be differently
regulated (|FC| = 2 and adjusted p-value < 0.05) in the presence of both BMP9 and FSS
compared to each alone. This indeed confirms that shear stress plays additional roles in
modulating BMP9 transcriptional responses besides potentiating the signal. Among these 61
targets, the authors focused on three involved in arteriovenous identity, which are GJA4
encoding the endothelial gap junction component connexin 37, SEMA3G, and UNC5B. In
accordance with previous reports'33%0 their expression levels were increased by BMP9 under
static conditions. However, their levels were rather decreased when low dose BMP9 was
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combined with shear stress, and shear stress alone had no impact on their regulation. This
strongly highlights the importance of taking shear stress into account when studying
transcriptional regulation in ECs. Nevertheless, while the authors shed the light on the 61
genes that were differently regulated when combining BMP9 and shear stress, they did not
point out how many genes were commonly and similarly regulated between the conditions.
In the absence of such piece of information, one cannot disregard the potential of studies
assessing transcriptional regulations under static conditions, but it would be important to
check whether an interesting finding can be reproduced in the presence of shear stress, which
is more physiologically relevant. Another interesting finding of this study was that BMP10 can
exert distinct transcriptional roles than BMP9 under shear stress36%. While both BMP9 and
BMP10 upregulated GJA4 under static conditions, only BMP10 maintained this upregulation
in the presence of shear stress. In fact, under shear stress condition, the upregulation of GJA4
by BMP10 was even more pronounced than at the static state, and this translated in an overall
increase of GJA4 expression in HMVECs exposed to normal serum conditions in the presence
of shear stress. To better characterize the transcriptional regulation of GJA4 by BMP9,
Smad1/5-silenced HMVECs were stimulated with BMP9 with or without shear stress. While
BMP9 failed to induce GJA4 expression in the absence of Smad1/5 under static conditions, its
level was increased under shear stress. This implies that under shear stress, upregulation of
GJA4 by BMP9 is likely mediated through non-canonical signaling, which could be mitigated in
the presence of Smads. Hence, the authors proposed that the difference in GJA4 regulation
under shear stress between BMP9 and BMP10 could be a reflection of stronger activation of
non-Smad signaling by BMP10 compared to BMP9, possibly due to differences in their binding
affinities to type Il receptors. Whether this hypothesis holds true remains to be validated, but
such mechanisms do seem rational in explaining the recently described BMP10-specific role
in the development of proper arteriovenous networks®°,

5.3.Transcriptomic profiling of HHT-derived ECs

In 2007, two independent gene expression studies using microarrays on cultured HHT ECs
were published323%3, Thomas et al. studied HUVECs isolated from 3 CTL, 4 HHT1 and 3 HHT2
newborns in low serum medium3®2, Using an FC threshold of <0.67 or >1.5 and a false
discovery rate (FDR) < 10%, they identified 70 non-redundant differentially expressed genes
(DEGs) in HHT1 HUVECs and 396 in HHT2 HUVECs compared to CTLs. Functional clustering of
these DEGs using NCBI Entrez database highlighted an enrichment of genes related to
development, cell-cell signaling, signal transduction, cell growth or maintenance, cell adhesion
and metabolism. In terms of molecular function, most seemed to be either enzymes, receptors
or signal transducers. Among the identified DEGs, 70 involved in cell adhesion or growth,
signal transduction, TGF-B signaling, development and vascular remodeling were selected for
individual validation by reverse transcription polymerase chain reaction (RT-PCR) on a larger
cohort of CTL (10) and HHT (12 HHT1 and 5 HHT2) HUVECs. As such, 50 genes were validated
to be dysregulated in HHT1 or HHT2, including some which were found significantly modulated
in both groups by RT-PCR, despite their initial non-redundancy by microarray analysis.
Accordingly, hierarchical clustering using expression data of selected DEGs was able to
separate CTL from HHT cells, but could not distinguish between the two HHT subgroups.
Among the validated DEGs, TNFSF4, encoding TNF ligand superfamily member 4 that
promotes T cell adhesion to the endothelium and T cell activation was the most upregulated
in HHT HUVECs. Other top upregulated genes included the key angiogenic players VEGFR2,
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NOTCH4 and the chemokine receptor CXCR4. Genes encoding the VEGF co-receptors Nrp1 and
Nrp2, Ephrin-B2 and the chemokines CXCL1 and CXCL2 were also upregulated in HHT HUVECs
compared to CTLs. In parallel, several ECM components were dysregulated, with a strong
upregulation in nidogen 2 and a downregulation of elastin and collagen Il alpha1362,
Collectively, the aforementioned changes seem consistent with the increased vascular density
in Alk1 or Eng KO mouse retinas and the fragility of affected vessels in HHT patients.

The other study, by Fernandez-Lopez et al, assessed gene expression changes of ECFCs
isolated from the peripheral blood of healthy donors or HHT patients3%3. The transcriptomic
profiles of ECFCs from 1 HHT1 patient carrying nonsense ENG mutation, 1 “HHT2n” carrying
nonsense ACVRL1 mutation and 1 “HHT2m” with a missense ACVRL1 mutation were each
compared to that of a single CTL using microarray. 277 downregulated and 63 upregulated
genes (no FC threshold, adjusted p-value < 0.05) were commonly identified in all 3 patients
compared to the CTL. These genes were found to be involved in metabolism, cell adhesion,
cell migration, cytoskeleton, DNA and RNA regulation, cell cycle and survival, leukocyte
transmigration and inflammation, signal transduction and angiogenesis. RT-PCR analysis
validated a few selected DEGs including those coding for eNOS, cell cycle molecules cyclin B2
and cell division cycle 25B, the adhesion molecules VE-cadherin and PECAM1 and Ang2, which
were all upregulated in HHT ECFC compared to CTLs, and the TGF-B target plasminogen
activator inhibitor 1, which was downregulated3®3, Hence, these 2 studies showed that
endoglin- or ALK1-mutated HHT HUVECs or ECFCs display transcriptional alterations that are
relevant to HHT pathogenesis. Nonetheless, both studies were not strict with the DEG
selection criteria in terms of both FC and statistical thresholds for the first and the absence of
a FC threshold for the second. This might lead to a higher identification of false positives.
Additionally, comparing patient cells to only a single CTL in the study by Fernandez-Lopez et
al can be tricky3®3, as it doesn’t take into account normal inter-individual heterogeneity
between healthy subjects.

5.4.Transcriptomic profiling of PAH-derived ECs

Lung transplantation in end-stage PAH patients provides researchers with valuable material
for studying PAH remodeled vasculature. Consequently, multiple groups have assessed the
transcriptome of whole explanted PAH lung homogenates using microarrays or bulk RNA-
seq3%°. However, given that microarray and bulk RNA-seq analyses do not distinguish between
different cell types, this approach is very tricky, since intrapulmonary arteries represent only
a small portion of the lung. Consequently, gene expression changes in other types of cells can
mask changes occurring in the vascular cells®®°, As a more refined approach, some groups
resorted to laser capture microdissection in order to specifically isolate and study small
pulmonary arteries3®®, but these samples would still consist of several cell types. Finally, at the
most specific level, a few groups have selectively isolated ECs from the explanted lungs or
circulating ECs from the blood of PAH patients to characterize them at the phenotypic and
molecular levels. As BMP9/BMP10 signaling is the main focus of my work, and since BMPRII
deficiency is commonly observed in HPAH and idiopathic PAH (IPAH) patients, this section will
describe the transcriptomic studies performed on ECs from these 2 PAH subgroups.

In 2015, Rhodes et al performed the first RNA-seq on PAECs isolated from IPAH and CTL donor
lungs3*’. Using a fold difference threshold > 50%, they identified 23 DEGs, of which 12 had a
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p-value below 0.1. Among those 12, 10 were validated by RT-PCR to be significantly
dysregulated in IPAH PAECs compared to CTLs. Notably, EFNA1, encoding the ephrin ligand
ephrin-Al was downregulated in IPAH PAECs compared to CTLs. In addition, the mRNA levels
of COL4A1 and COL4A2, encoding the 2 a chains of collagen IV that is a major constituent of
endothelial basement membranes, as well as its corresponding protein expression level were
significantly reduced in IPAH PAECs. To relate BMPRII dysfunction to the expression changes
of these genes, the authors assessed their expression levels in BMPRII-silenced CTL PAECs
versus control siRNA-treated cells. BMPR2 Knockdown (KD) cells mimicked IPAH cells in terms
of upregulation of DNAJB4 (encoding a chaperone known to stabilize E-cadherin®’%), HMGA1
(encoding an oncogenic and pro-inflammatory chromatin remodeling protein37%372) and NOS3
(encoding endothelial NO synthase) and downregulation of EFNA1, COL4A1 and COL4A2. The
upregulation of HMGA1 in IPAH and BMPR2 KD cells is in agreement with different studies
describing heightened inflammatory responses in PAH (described in chapter 4). On the other
hand, the unexpected increase of NOS3 was proposed by the authors to reflect an uncoupling
of the production of NO and peroxynitrite, which was reported in specific cases3’3. Knowing
that ephrin-Al can modulate collagen IV secretion from ECs, secreted collagen IV levels were
measured in the conditional medium of BMPR2 KD cells and were found to be lower than
those from CTLs. Functionally, the authors showed that collagen IV and ephrin-Al are required
for EC adhesion, migration and tube formation in vitro. In parallel, mice deficient in EFNA2,
the receptor of ephrin-Al, developed more severe PH when exposed to hypoxia and sugen
5416 compared to WT mice3>’. Altogether, this study uncovered some gene dysregulations in
PAECs from IPAH patients lacking any BMPR2 mutations, and showed that most could be
reproduced in BMPRII deficient PAECs. This study also highlighted ephrin-Al and collagen IV
as important players in PAH EC dysfunction3>’.

It is noteworthy that while Rhodes et al chose to address the IPAH ECs as PAECs, which usually
correspond to ECs isolated from large proximal pulmonary arteries, the cells that they used
were rather isolated from small arteries in peripheral lung tissue3*’. It is important to make
the distinction between the two types of cells since it is the small arteries and arterioles which
constitute the main site of pathogenic vascular remodeling in PAH. It would thus be more
relevant to study cells isolated from small peripheral PAs for a better understanding of PAH
pathogenic mechanisms. However, this doesn’t rule out endothelial dysfunction in larger
arteries, as was recently shown using scRNA-seq on PAECs isolated from the main PA and its
first 4 branches in CTL and IPAH lungs®®. This study by Asosingh et al revealed that PAECs
isolated from large PAs are vastly heterogenous and can be subgrouped into at least eight
unique clusters, for both CTL and PAH samples, with varying expression profiles3>¢. Most
identified clusters were assigned as either displaying a proliferative (with upregulated genes
required for cell proliferation), angiogenic (with upregulated genes involved in cell adhesion,
migration and angiogenesis) or quiescent phenotype (with downregulated genes related to
cell cycle and proliferation) in comparison with the remaining clusters. While CTL and PAH
PAECs shared several similar groups, more proliferative and angiogenic clusters were
identified on the PAH side3®%, in accordance with the enhanced endothelial proliferation
characteristic of small PAs in PAH lungs.

Another interesting RNA-seq study, published during my PhD in 2020, was carried out by
Szulcek et al on HMVEC from peripheral lungs sections of 4 IPAH patients and 1 HPAH patient
carrying a BMPR2 mutation3¥’. Following contradictory reports regarding the therapeutic
benefit of BMP9 treatment for PAH patients (described in the last section of chapter
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4)159,162346  the same group that showed potential benefit of BMP9 treatment in PAH
models!>® decided to characterize the transcriptomic response of CTL and PAH patient-derived
ECs to BMP9. Instead of assessing gene expression patterns under complete medium with
growth factors and 5% serum as in the study by Rhodes et al®*’, this group analyzed cells in
low serum condition (1%) without additional growth factors, stimulated or not with 1 ng/mL
BMP9 for 90mins and for 24hrs. The short 90min BMP9 stimulation induced the regulation of
2431 and 1706 in CTL and PAH HMVECs respectively (|FC|>2), with 1358 DEGs shared
between the two groups. This shows that PAH cells seem to display moderately impaired
responses to BMP9. However, this impairment was much more pronounced at the 24hr time
point, where BMP9 regulated the expression of only 100 genes in the PAH HMVECs versus
1874 genes in CTL cells, potentially pointing to an altered negative feedback in PAH HMVECs.
Nevertheless, gene set enrichment analysis (GSEA) highlighted a strong enrichment of genes
related to EndMT in CTL BMP9-treated cells that persisted in PAH HMVECs. Subsequently,
phenotypic and functional analyses of BMP9-treated CTL and PAH HMVECs revealed that
BMP9 promoted EndMT and decreased barrier function strictly in PAH cells, warning against
its use in PAH patients. GSEA also highlighted a negative enrichment of gene sets related to
apoptosis, hypoxia and IL6/JAK/STAT3 signaling following BMP9 stimulation in CTL HMVECs,
which were not anymore negatively enriched in BMP9-treated PAH HMVECs. Interestingly,
these gene sets all shared /L6, whose mRNA and protein expression levels were respectively
found elevated in PAH HMVECs and PAH patient sera compared to CTLs. In addition, the
EndMT phenotypic switch in PAH HMVECs was found to be exacerbated by IL6, while blocking
it using a neutralizing IL6 antibody effectively prevented BMP9-induced EndMT in PAH
HMVECs. Thus, the authors proposed to continue investigating the therapeutic potential of
BMP agonists while considering anti-inflammatory add-on therapy for PAH patients exhibiting
elevated IL6 levels34’.

To sum up, some studies have compared the transcriptomes of HHT ECFCs or HUVECs to CTLs,
but not in response to BMP9 or BMP10, and used non-stringent criteria for selection of
DEGs362383, Others assessed the response of CTL ECs to BMP91593%8 one study compared the
responses of low dose pro-BMP9 to pro-BMP10 in CTL ECs3®°, and one study compared the
response of CTL ECs to BMP9 in the presence of absence of shear stress36l. The only study
comparing the response of patient and CTL cells to BMP9 was performed on HMVECs from 4
IPAH patients and one HPAH patient with a BMPR2 mutation3¥’. Therefore, to the best of my
knowledge, there are no studies assessing BMP9 and BMP10 responses in ECs with
heterozygous ACVRL1 mutations.
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Aims

Mutations in the endothelial BMP9/BMP10 signaling pathway give rise to two distinct vascular
diseases with no currently identified cures. The first disease, HHT, is caused by heterozygous
LOF mutations mostly in genes coding the type | receptor ALK1 or the co-receptor endoglin.
Mutations in the same genes can also give rise to HPAH, albeit at a very low frequency. On the
other hand, mutations in BMPR2 are found in HPAH which has never been described in HHT.
Currently available treatments for HHT and PAH do not block disease progression, because
they target the outcome rather than the cause of vascular dysplasia. This is mainly due to our
limited understanding of the molecular mechanisms linking the aforementioned mutations to
the developed abnormalities. To tackle part of this question, my project aimed to investigate
the molecular mechanisms linking heterozygous ALK1 mutations to the pathogenesis of HHT
and HPAH, in order to identify new therapeutic targets. Accordingly, since ALK1 is the receptor
of BMP9 and BMP10, whose binding leads to regulation of target gene expression, the focus
of my project was to investigate the transcriptomic response of heterozygous ALK1-mutated
ECs to BMP9 or BMP10 by RNA-sequencing.

I.  As such, the first objective of my project was to isolate primary patient-derived ECs
carrying heterozygous ALK1 mutations.

a. The EC model of choice for HHT, as described shortly afterwards, was ECFCs
from the cord blood of HHT and CTL newborns, in addition to HUVECs for
validations.

b. As for PAH, | had access to HMVECs isolated from the lungs of the only 2 PAH
patients in France with ALK1 mutations receiving lung transplantation. These
cells were generously provided by our collaborator Dr. Christophe Guignabert
from The National Reference Center for PAH, Marie Lannelongue hospital, Le
Plessis Robinson, France.

II.  The second objective was to carry out and analyze the two RNA-sequencing studies,
one for HHT-derived ECFCs and another for PAH-derived HMVECs. The aim was to
identify common irregularities in the transcriptomic response of two different primary
ALK1-mutated EC models to the ALK1 ligands BMP9 and BMP10, and to check whether
ALK1-mutated ECs from newborns respond differently to BMP9/BMP10 compared to
ECs from the sick lungs of adult patients. With that in mind, the experimental setup
was designed to answer 4 main questions:

a. Do BMP9 and BMP10 have redundant or unique roles in terms of target gene
regulation?

b. What are the molecular functions and biological processes controlled by BMP9
and BMP10 under physiological conditions?

¢. What is the impact of heterozygous ALK1 mutations on gene regulation by
BMP9 or BMP10 in ECFCs isolated from newborns that don’t show signs of the
disease?

d. What is the impact of heterozygous ALK1 mutations on gene regulation by
BMP9 or BMP10 in HMVECs isolated from sick lungs of adult PAH patients?
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Results and Methodology

All main results of my project and the associated materials and methods are provided in the
manuscript draft below that is currently in the submission process. Few preliminary results
are presented after the manuscript draft.

Clarification regarding the choice of utilized cellular models

As explained in the introduction chapter 4, PAH is a very rare disease affecting around 50
individuals per million. Among these cases, only a small subset is heritable, of which only 6%
carry ALK1 mutations. Through our collaboration with Dr. Christophe Guignabert’s group, we
had access to HMVECs that were isolated from the lungs of the only 2 identified PAH patients
in France with ALK1 mutations that had a lung transplantation. As CTLs, HMVECs isolated from
non-sick sections from resected lungs of cancer patients were used. Since the mutated
HMVECs were isolated from the explanted lungs of endstage PAH patients, we believe that
these cells were exposed to a pathogenic microenvironment likely involving aberrant
secretion of growth factors and pro-inflammatory signals characteristic of PAH lungs®®°.
Consequently, some transcriptomic changes identified in these cells might be related to early
pathogenic events, while others might be an outcome of long-term pathogenic remodeling.
Identification of early transcriptomic dysregulations might uncover disease predisposition
mechanisms and pave the way for developing therapeutic targets that block disease onset or
progression. In order to dissect which of the identified transcriptomic changes can be
considered as early pathogenic events, we decided to use ECs isolated from newborn HHT
patients with heterozygous ALK1 mutations. HHT is a late-onset disease, whereby epistaxis,
which is usually the earliest symptom to appear, begins around early teenage years3’4. With
the exception of congenital cerebral and pulmonary AVMs, HHT babies are usually healthy and
do not show any signs of the disease3’>. A group investigating potential vascular dysplasia in
umbilical cords of 18 HHT1 newborns compared to 45 CTL newborns in terms of vessel
dilatation, endothelial wall rupture and leukocytic infiltration found no abnormalities in the
HHT1 (ENG) group, despite the lower endoglin protein levels in the assessed vessels37®. This
suggests that ECs isolated from the umbilical cord of HHT patients are good models for
studying early disease pathogenesis, as this tissue does not present any vascular abnormalities
at time of birth. Two different EC models can be derived from umbilical cords: (1) the widely
used HUVECs from the umbilical vein and (2) ECFCs from the umbilical cord blood. As
described in Chapter 5.1, circulating ECFCs are believed to play vasoregenerative roles at
vascular repair sites®”’. Interestingly, Dumortier et al recently showed that several HHT
patients that had undergone liver transplantation due to severe hepatic involvement
demonstrated recurrence after a long delay?®°. This implies that the transplanted liver was
possibly infiltrated with mutant ECs from the circulation, generating new hepatic vascular
lesions. Given their ability to give rise to mature ECs, ECFCs could be the cells involved in post-
operative disease recurrence in the liver of HHT patients. Therefore, we isolated ECFCs from
the cord blood of HHT2 (ALK1) newborns and CTL subjects to study the effect of ALK1
heterozygosity on the transcriptomic response to BMP9 or BMP10 by RNA-seq in the context
of a non-sick environment. We also isolated HUVECs from some of these newborns for
validation of transcriptional targets by qPCR.
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Main results and methodology

Impact of heterozygous ALK1 mutations on the transcriptomic response to
BMP9 and BMP10 in endothelial cells from Hereditary Hemorrhagic
Telangiectasia and Pulmonary Arterial Hypertension donors
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Abstract

Background: Heterozygous ALK1 (Activin receptor-Like Kinase 1) mutations are associated with the
development of two vascular diseases: hereditary hemorrhagic telangiectasia (HHT) and more rarely
pulmonary arterial hypertension (PAH). Here, we aimed to understand the impact of ALK1 mutations
on BMP9 and BMP10 transcriptomic responses in endothelial cells.

Methods: Endothelial colony-forming cells (ECFCs) and microvascular endothelial cells (HMVECs)
carrying heterozygous loss-of-function ALK1 mutations were isolated from the cord blood of newborn
HHT donors and explanted lungs of PAH patients, respectively. RNA-sequencing was performed on
each type of cells compared to control counterparts following an overnight stimulation with BMP9 or
BMP10. Results were validated by qPCR on ALKI1-mutated ECFCs and HMVECs.

Results: In control ECFCs, BMP9 and BMP10 stimulations induced similar transcriptomic responses
with around 800 differentially expressed protein-coding genes (DEGs). Comparison of the
transcriptome between control and ALK1-mutated ECFCs revealed very similar profiles, both at the
baseline and upon stimulation. Consistently, control and ALKI-mutated ECFCs displayed a similar
Smad1/5 response, which could not be explained by a compensation in cell-surface ALK1 level.
Conversely, PAH HMVECs carrying heterozygous ALK1 mutations revealed strong transcriptional
dysregulations compared to controls with >1200 DEGs at the baseline. Because our study involved two
variables, ALK1 genotype and BMP stimulation, we performed a two-factor differential expression
analysis and identified 44 genes associated with BMP9 regulation in mutated HMVECs, but none in
ECFCs. Yet, the impaired regulation of at least one hit, namely LFNG (Lunatic Fringe), was validated by
gPCR in different ALKI-mutated cellular models.

Conclusions: ALK1 heterozygosity does not impact the activation of the canonical Smad pathway by
BMP9/10, nor causes overt transcriptional dysregulations, but could be enough to induce slight
variations in the regulation of few genes, including LFNG involved in NOTCH signaling, which might be
important in the pathogenesis of HHT and PAH.

Key words: ALK1; BMP; HHT; PAH; RNA-seq, LFNG
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Introduction

Hereditary hemorrhagic telangiectasia (HHT [MIM: 187300, 600376, 175050]), also known as Osler—
Weber—-Rendu syndrome, is a rare genetic vascular disease characterized by the development of
multiple focal vascular malformations (VMs), including muco-cutaneous telangiectases responsible for
recurrent, spontaneous epistaxis and visceral arteriovenous malformations®. HHT is an autosomal-
dominant disease presenting complete penetrance over the age of 50, but with highly variable
expressivity. It is mostly caused by mutations in ENG (MIM: 131195) and ACVRL1 (MIM: 601284), which
account for 85% of cases, and more rarely in SMAD4 (MIM: 600993) accounting for less than 2%%3.
Additionally, mutations in GDF2 (MIM: 615506) were reported in few individuals presenting HHT-like
symptoms®. The protein products of all 4 genes are components of the BMP/TGFR signaling pathway.
ACVRL1 (herein referred to as ALK1) encodes for the type | receptor ALK1, ENG for the co-receptor
endoglin, SMAD4 for a transcription factor downstream of the receptors and GDF2 for BMP9, a high
affinity ligand for this receptor complex®. The current signaling model is that BMP9 or BMP10 binds
the co-receptor endoglin, which facilitates their binding to the signaling compex composed of the type
| receptor ALK1 and a type Il receptor that can either be BMPR2, ActR2B or ActR2A. Upon ligand
binding, the type Il receptor phosphorylates the type | receptor, which subsequently phosphorylates
the transcription factors Smad1, Smad5 and Smad8, allowing their interactaction with Smad4. The
formed trimeric Smad complex then translocates to the nucleus, where it binds to DNA together with
other transcription factors in order to regulate the expression of many genes®. The receptor ALK1 and
its co-receptor endoglin are mostly expressed on endothelial cells, supporting a key role for these
receptors in vascular physiology’. It has been demonstrated that the BMP9/BMP10-ALK1-endoglin
signaling pathway promotes vascular quiescence®. The current working model is that mutations within
this signaling pathway would lead to an increase in angiogenesis. Thus, anti-angiogenic drugs, mainly
blocking VEGF signaling pathway, have been proposed as a therapeutic option for HHT patients and
tend to improve symptoms (bleedings and high cardiac output secondary to liver AVMs) but do not
cure the disease®?°,

HHT causal mutations result in the loss of function (LOF) of the gene produc and are inherited
through an autosomal-dominant manner. Therefore, HHT has long been speculated to be caused by
haploinsufficiency of the mutated ENG or ALK1 gene product, with previous reports pointing at a
reduction in endoglin and ALK1 expression in HHT1 and HHT2 patient-derived cells, respectively®,
However, haploinsufficiency does not explain why vascular lesions in HHT patients occur focally in
specific vascular beds!4, despite the systemic presence of the pathogenic germline mutation in all
blood vessels.

In recent years, mutations in the same signaling pathway have been identified in rare cases of
pulmonary arterial hypertension (PAH)'®. PAH is characterized by a resting mean pulmonary artery
pressure (mPAP) > 20 mmHg with a pulmonary artery wedge pressure < 15 mmHg and elevated
pulmonary vascular resistance (PVR) of > 2 Wood units®*¥. PAH can develop sporadically, in
association with risk factors such as drug, toxins or other diseases (i.e., connective tissue disease, HIV
infection, portal hypertension, congenital heart disease, or schistosomiasis), or can be inherited.
Although germline mutations in BMPR2 gene are major predisposing factors for idiopathic (15-40%)
and heritable (60-80%) PAH, less common or rare mutations in other genes encoding key members of
the Smad1/5/8 signaling including ALK1, GDF2 (BMP9) and BMP10 have been identified, underlining
the critical role of this signaling pathway in PAH?.

ALK1 mutations are responsible for nearly half HHT cases and a minority of PAH patients, and the same
ALK1 mutations can predispose to the two vascular disorders!®2, Despite our understanding of the
genetics and downstream pathways involved in HHT and PAH, the molecular mechanisms that initiate
HHT-related VMs and PAH are poorly understood?!. Here, we aimed to understand the impact of ALK1
mutations on the downstream BMP9/BMP10-ALK1 signaling pathway by studying the transcriptome
of heterozygote ALKI1-mutated primary endothelial cells to better understand the underlying
molecular mechanisms and to propose new therapeutic approachs for these two diseases. To address
this question, we used two different endothelial models carrying heterozygous LOF ALK1 mutations:

t11,12

77



(1) endothelial colony-forming cells (ECFCs) that were isolated from the cord blood of HHT newborns
and (2) microvascular endothelial cells (HMVECs) isolated from explanted lungs of PAH patients.

We first used ECFCs, which allowed us to address the sole role of heterozygous ALK1 mutations in cells
not yet exposed to a sick microenvironment. These circulating cells, possessing vasoregenerative
potential??, are a particularly interesting model as they could be involved in endothelial cell turnover
in the liver leading to new malformations. Indeed, it has been shown that some HHT patients who had
received liver transplantations developed new HHT hepatic lesions several years later, leading to a
second liver transplantation?®. We also had access to ALKI-mutated HMVECs from the explanted lungs
of two PAH patients, which is a very rare event as ALK1 mutations occur in around 6% of patients with
heritable PAH. In turn, heritable PAH patients represent only a subset of all PAH patients, which are
estimated as 15-50 individuals per million'>. The limited availability of ALKI-mutated HMVECs
prompted us to additionally include HMVECs from 3 PAH patients with more frequent heterozygous
mutations in the type Il BMP9/10 receptor BMPR2, for validation of target genes by RT-qPCR. In order
to validate some of the results, we also used human umbilical vein endothelial cells (HUVECs) derived
from the umbilical cords of HHT newborns.

We performed RNA-sequencing on each type of cells compared to control counterparts, nonstimulated
or following an overnight stimulation with BMP9 or BMP10. Altogether, our data support that ALK1
heterozygosity does not impact the activation of the canonical Smad pathway by BMP9/10, nor cause
overt transcriptional dysregulations in ECFCs. However, using two-factor differential expression
analysis, in order to take into account the two variables (ALK1 mutation and stimulation), we were able
to highlight from HMVECs’ RNA-seq analyses few genes exhibiting impaired regulation by
BMP9/BMP10 in mutated cells. These included LFNG, encoding the NOTCH signaling modulator lunatic
fringe, which was also found to be differentially regulated in ALKI-mutated ECFCs and HUVECs and
might thus be important in the pathogenesis of HHT and PAH.

Results

Isolation and characterization of ECFCs carrying ALK1 mutations

Control (CTL-H) and ALK1-mutated ECFCs (MUT-H) from newborns who have inherited heterozygous
ALK1 mutations from an HHT parent were clonally isolated from cord blood following the
recommendations of the Vascular Biology Standardization Subcommittee?*. Isolated ECFCs (3 CTL-H
and 2 MUT-H, Table 1) displayed the classical endothelial cobblestone-like morphology (Suppl Figure
1A) and were VE-cadherin (CD144) positive (Suppl Figure 1B and C). These cells were also positive for
the endothelial cell markers CD31 and CD146 and negative for the hematopoietic cell-specific surface
antigen CD45 (Suppl Figure 1, D-F), confirming their endothelial identity. The functional activity of the
two ALK1 mutants (MUT-H1; non sense mutation p.Trpl41X and MUT-H2; missense mutation
p.His280Asp, Table 1) was tested using the BMP response element (BRE) luciferase reporter assay
(Figure 1A), as previously described by our group?. Our data indicate that these two ALK1 pathogenic
variants are not able to respond to a BMP9 stimulation (100 pg/mL, Figure 1A), supporting that they
are both LOF mutations.

RNA-seq analysis in CTL ECFCs in response to BMP9 or BMP10 stimulation

In order to decipher the impact of ALKI-mutations on gene regulation in response to BMP9 and
BMP10, RNA-sequencing was performed on ECFCs from 3 CTLs (CTL-H1, -H2 and -H3) and 2 ALK1
mutated ECFCs (MUT-H1 and H2, Table 1) that were either nonstimulated (NS) or stimulated for 18hrs
with BMP9 or BMP10 (10 ng/mL). The experiment was repeated three times, after which RNA
extraction for all samples was performed, followed by quality control, library preparation and RNA
sequencing. Principal component analysis (PCA) showed that we could discriminate stimulated (BMP9
or BMP10, blue and red shapes, respectively) from NS conditions (grey shape) in all ECFCs but could
not discriminate CTL from ALKI-mutated ECFCs (Figure 1B).
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Table 1. List of ALKI-mutated ECFCs and HUVECs isolated from HHT donors

Type of

ID ALK1 mutation mutation Domain Cells isolated Assays
MUT-H1  c.423G>A p.Trpl41X Nonsense Transmembrane ECFC RNA-seq, RT-qPCR, p-Smad1/5 IF, BLA, FC
MUT-H2  ¢.838C>G p.His280Asp Missense Kinase ECFC RNA-seq, RT-qPCR, p-Smad1/5 IF, BLA, FC
MUT-H3  ¢.190C>T p.GIn64X Nonsense Extracellular ECFC/HUVEC RT-qPCR (ECFCand HUVEC), p-Smad1/5 IF, BLA, FC
MUT-H4  ¢.1231C>T p.Argd11Trp Missense Kinase ECFC/HUVEC RT-gPCR (ECFCand HUVEC), p-Smad1/5 IF, BLA, FC
MUT-H5 c¢.1112dup p.Thr372HisfsX20 Frameshift Kinase ECFC/HUVEC RT-gPCR(ECFCand HUVEC), FC
MUT-H6  ¢.1413C>G p.Cysd471Trp Missense Kinase ECFC/HUVEC BLA, FC

List of ALKI-mutated ECFCs and HUVECs that were isolated from newborns with their mutation, indicating the carried
mutation (DNA and protein), the type of mutation, the mutated ALK1 domain and the assays in which they were used. RNA-
seq: RNA-sequencing, RT-qPCR: reverse transcription quantitative polymerase chain reaction, p-Smad1/5 IF: phospho-
Smad1/5 immunofluorescence, BLA: (BRE) BMP Responsive Element Luciferase Assay, FC: flow cytometry.

We first analyzed the BMP9 and BMP10 response versus (vs) NS condition in CTL ECFCs. Differential
gene expression analysis using an absolute log, fold change threshold of 1 ( ILFC (BMP response/NS
condition)l 21) and an adjusted p-value (padj) <0.05 (Benjamini-Hochberg procedure) (Supplementary
information SI1) identified respectively 828 and 787 differentially expressed genes (DEGs) coding for
proteins upon BMP9 or BMP10 stimulation (Table 2). These DEGs were nearly equally distributed
between up- and down-regulated genes (Table 2). Interestingly, BMP9 and BMP10 induced a highly
similar transcriptomic response evidenced by the high Pearson correlation coefficient = 0.993 when
plotting the LFCs of the DEGs obtained in response to BMP9 vs those obtained in response to BMP10
(Figure 1C) and the high number of shared DEGs regulated by both ligands 81.4% (Suppl Figure 2A).
This similarity was also reflected in the volcano plots of BMP9- and BMP10-stimulated vs NS ECFCs,
which highlighted the same top dysregulated genes, in terms of LFC or padj (Figure 1D and E). Among
these top DEGs, we detected many genes known to be regulated by BMP9 and BMP10 in other
endothelial cell types (SMAD6, SMAD7, SMADS, ID1, ID2, ENG, HEY2, BMPER, TMIEM100, APLN) (Figure
1D and E). We also identified new DEGs with very similar regulation patterns between BMP9 and
BMP10, including STAT4, SLC40A1, SLC9A9, CLEC1B, CLEC3B, BMP4, KAT7, MPP4, HDDC2, CREBL1,
DRC1, GCHFR, and LEFTY2 (Figure 1D and E). In accordance with the high similarity between BMP9 and
BMP10 response, no DEGs could be identified when directly comparing BMP9 to BMP10-stimulated
CTL ECFCs (Table 2). Additionally, gene set enrichment analysis (GSEA) using hallmark gene sets from
MsigDB was performed independently on total genes (whether DEGs or not) regulated by BMP9 or
BMP10 in CTL ECFCs (Supplementary information SI2). The top 20 enriched genesets identified were
very similar between BMP9 and BMP10 (Figure 1F). As expected, TGFR signaling was positively
enriched by BMP9 and BMP10 stimulation, but we could also identify a positive enrichment of
epithelial to mesenchymal transition, protein secretion and several signaling pathways (IL6-JAK-STAT3,
KRAS and MTORC1) (Figure 1F). On the other hand, many hallmarks related to cell cycle were
negatively enriched (MYC-targets, mitotic spindle, G2M checkpoint and E2F targets, Figure 1F),
supporting the reported role of BMP9 and BMP10 in maintaining vascular quiescence®?*. Together,
these results demonstrate that under these stimulatory conditions, BMP9 and BMP10 induce a very
similar transcriptomic response in CTL ECFCs.
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< Figure 1. BMP9 and BMP10 induce a similar transcriptomic response in control ECFCs
A, Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells overexpressing either WT or mutant
ALK1 plasmids identified in ALKI-mutated ECFCs (p.Trp141X, MUT-H1) and (p.His280Asp, MUT-H2) used in the ECFC RNA-seq
analysis. BRE firefly luciferase activities were normalized to renilla luciferase activity. Data shown are mean + SEM from 3
independent experiments. B-F, 3 CTL (CTL-H1, CTL-H2 and CTL-H3) and 2 ALK1-mutated ECFCs (MUT-H1 and MUT-H2) were
stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three times after which bulk
RNA-seq analysis was performed. B, Principal component analysis (PCA) showing clustering of RNA-seq samples by treatment

NES
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(NS vs BMP9 or BMP10 stimulation) in CTL and MUT ECFCs. Each dot represents the mean of 3 experiments for 1 sample. C,
Scatter plot comparing log; fold change (LFC) values of protein coding DEGs regulated in CTL ECFCs by BMP9 vs those
regulated by BMP10 both compared to NS. Pearson correlation is reported. D-E, Volcano plot representations showing global
changes in gene expression in CTL ECFCs after BMP9 (D) or BMP10 (E) stimulation. DEGs with high LFC and high statistical
significance are annotated. F, Gene-set enrichment analysis (GSEA) performed using hallmark gene sets. The bar plot
represents the top significant gene set categories enriched in CTL ECFCs upon BMP10 or BMP9-stimulation ordered using
normalized enrichment scores (NES).

ALK1 heterozygosity in ECFCs does not impair the global transcriptomic response to BMP9 or BMP10
To uncover the effect of heterozygous ALK1 mutations on gene regulation, we analyzed the basal
transcriptome of MUT vs CTL ECFCs, before any stimulation, and in response to BMP9 or BMP10. In
accordance with the PCA, which could not differentiate CTL from MUT ECFCs (Figure 1B), only 28 DEGs
were identified between NS CTL and MUT ECFCs (Table 2). Similarly, following a BMP9 or BMP10
stimulation, only 19 and 30 DEGs were significantly differentially expressed between the two ECFC
groups, respectively (Table 2).

Upon analyzing the transcriptomic response of MUT ECFCs to BMP9 or BMP10, 604 and 564 DEGs were
identified, respectively (Table 2). As in CTL ECFCs, BMP9 and BMP10 induced a similar response in
ALKI-mutated cells, with 77.2% DEGs commonly regulated by both ligands (Suppl Figure 2B) and a
highly similar global regulation pattern (Pearson correlation coefficient = 0.989, Sup Figure 2C).

We next compared the log; fold changes of each list of target genes in stimulated CTL vs stimulated
ALKI1-mutated ECFCs and found that most regulated genes demonstrated the same regulation patterns
in the two cell groups upon BMP9 or BMP10 stimulation (Pearson correlation coefficient= 0.958 and
0.962 respectively, Figure 2A and B). Consistently, we could identify in ALKI-mutated ECFCs the same
top protein-coding genes regulated by BMP9 or BMP10 as in CTL ECFCs (SMAD6, SMAD7, SMADS, ID1,
ID2, ENG, HEY2, BMPER, TMEM100, STAT4, APLN, SLC40A1, SLC9A9, CLEC1B, CLEC3B, BMP4, KAT7,
MPP4, HDDC2, CREBL1, DRC1, GCHFR, LEFTY2; Figure 2C and D). Altogether, these data unexpectedly
show that CTL and ALKI-mutated ECFCs display highly similar transcriptomic profiles following BMP9
or BMP10 stimulation.

Table 2. Number of protein-coding DEGs identified by differential expression analysis in CTL and ALK1-mutated ECFCs
and HMVECs

ECFCs HMVECs
Comparison Total DEGs Upregulated Downregulated i Total DEGs Upregulated Downregulated

CTL NS vs B9 i 828 456 372 é 704 366 338
CTL NS vs B10 i 787 418 369 E 481 225 256

CTLBS vs B10 i 0 0 0 i 2 0 2
MUT NS vs B9 E 604 310 294 : 295 158 137
MUT NS vs B10 . 564 278 286 E 206 90 116

MUT B9 vs B10 i 0 0 0 E 0 0 0
CTL NS vs MUT NS § 28 11 17 i 1261 528 733
CTL B9 vs MUT B9 ; 19 6 13 i 1262 502 760
CTL B10 vs MUT B10 é 30 7 23 E 1164 503 661

3 CTL ECFCs and 2 ALKI-mutated ECFCs (MUT-H1-H2) or 3 CTL HMVECs and 2 ALK1-mutated HMVECs (MUT-P1-P2) were
stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three times to generate
technical replicates, after which bulk RNA-seq analysis was performed using DESeq2 package with an absolute log, fold change
threshold of 1 (ILog,FCI>1) and an adjusted p-value <0.05 (Benjamini-Hochberg procedure). Data show protein coding DEGS
analyzed by NS: non-stimulated, B9: BMP9-stimulated, B10: BMP10-stimulated
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< Figure 2. ALK1 heterozygosity in ECFCs does not impair the global transcriptomic response to BMP9 or BMP10

A-D, 3 CTL (CTL-H1, CTL-H2 and CTL-H3) and 2 ALKI-mutated ECFCs (MUT-H1 and MUT-H2) were stimulated or not with BMP9
or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three times after which bulk RNA-seq analysis was
performed. A-B, Scatter plots comparing log, fold change (LFCs) values of protein coding DEGs regulated by BMP9 (A) or
BMP10 (B) in CTL ECFCs vs MUT ECFCs. Pearson correlation is reported. C-D, Volcano plots representations showing global
changes in gene expression in ALK1-mutated ECFCs after BMP9 (C) or BMP10 (D) stimulation vs NS. DEGs with high LFC and
high statistical significance are annotated.

ALK1 heterozygosity in ECFCs does not impair p-Smad1/5 response to BMP9

To understand this surprising result, we next investigated the status of Smad1/5 phosphorylation
induced by BMP9 in a higher number of LOF ALKI-mutated ECFCs (n=6, Table 1, FiglA and Suppl Figure
3). We focused on BMP9 regulation as BMP9 and BMP10 showed a similar transcriptomic response
(Figure 1). MUT ECFCs stimulated with BMP9 (10 ng/mL) for one hour displayed similar levels of nuclear
p-Smad1/5 immunofluorescence intensities to stimulated CTLs (Figure 3A and B). To validate this
result, we performed a BRE luciferase reporter assay in CTL (n=2) and MUT (n=4) ECFCs (Table 1)
stimulated with increasing doses of BMP9 (0.2-10 ng/mL) for 6 hours. Both CTL and MUT ECFCs
exhibited a clear dose-dependent response to BMP9 (Figure 3C); yet, no significant differences were
observed between the 2 groups (Figure 3C), which displayed identical half maximal effective
concentrarions (ECsp: 517 pg/mL for CTL vs 514 pg/mL for MUT ECFCs; inset Figure 3C). We also
qguantified the mRNA levels of ID1, a target gene known to be strongly induced by BMP9, and found no
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<Figure 3. ALK1 heterozygosity in ECFCs does not impair the p-Smad1/5 response to BMP9

A-B, 3 CTL and 6 MUT ECFCs (MUT-H1-H6) were stimulated with BMP9 (10ng/mL) for 1hr then fixed and immunostained for
phospho-Smad1/5 (p-Smad1/5). Cells were stimulated in duplicates and at least 16 different fields were imaged in each well.
A, Representative p-Smad1/5 immunostainings in 1 CTL and 1 MUT ECFC in the absence or presence of BMP9 for 1hr. The
nuclei were counterstained using Hoechst 33342, B, p-Smad1/5 fluorescence was quantified in the nuclei using IN Carta Image
Analysis Software. Data presented are mean relative fluorescent intensity (RFU) + SEM of 3 independent experiments. C, 2
CTL and 4 MUT (MUT-H1-H4) ECFCs were transiently transfected with pGL3(BRE)2-luc and pRL-TK-luc. Cells were then either
non-treated or stimulated with increasing concentrations of BMP9 (0.2, 0.5, 1, 10ng/mL) for 6 hours. Firefly luciferase
activities were normalized to renilla luciferase activities. Data shown are mean + SD from 1 representative experiment of 4,
and each point corresponds to one donor. The inset represents the calculated BMP9 ECs for CTL and MUT ECFCs. D, RT-gPCR
quantification of IDI mRNA expression normalized to HPRT level in 4 CTL and 4 MUT (MUT-H1-H4) ECFCs following an 18hr
stimulation with 10ng/ml BMP9. Data are mean + SEM of 3 independent stimulations presented as AACt compared to CTL
NS. E, Flow cytometric analysis comparing cell-surface ALK1 levelsin 3 CTL vs 5 MUT ECFCs either carrying an ACVRL1 missense
mutations (MUT-H2, MUT-H4 and MUT-H6) or a nonsense mutations (MUT-H1 and MUT-H3). Isotypic control is illustrated in
grey. One representative flow cytometry histogram of 3 is shown. F, Quantification of the ALK1 cell-surface expression by
flow cytometry (in percentage of in MUT ECFCs with missense or nonsense mutations compared to CTL ECFCs). Data are
means + SEM of 3 independent experiments. Two-way Anova followed by Sidak's multiple comparisons tests were used for
statistical analysis of panels B-D, except for the inset of figure C where Mann-Whitney test was used. Kruskal-Wallis test
followed by Dunn’s multiple comparison’s test was used for F. For all panels, ns: non-significant, *P<0.05, **P<0.01,

***¥Pp<0.001 and ****P<0.0001.
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difference between CTL (n=4) and MUT (n=4) ECFCs (Table 1, Figure 3D). To examine whether the
similar Smad1/5 activation in MUT vs CTL ECFCs was due to a compensation in ALK1 protein levels in
ALKI1-mutated ECFCs, we assessed the levels of membranous ALK1 by flow cytometry analysis in 5
different MUT ECFCs (Table 1, Suppl Figure 3) in comparison to 3 CTL ECFCs. We found that ALK1-
mutated ECFCs carrying a missense mutation had a slightly lower level of membranous ALK1 level than
CTL ECFCs, and those carrying an ALK1 nonsense mutation displayed a 50% reduction in the level of
cell surface ALK1 (Figure 3E and F). Thus the similar Smad signalling response in CTL and ALK1-mutated
ECFCs cannot be attributed to a compensatory level of ALK1. Altogether, these results support that
ALKI1-mutated ECFCs maintain intact activation of the canonical Smad1/5 signaling pathway in
response to BMP9.

Table 3. PAH patient characteristics

Affected Type of PAPmM NYHA

ID mutation . Domain Age Gender Functional Therapies
gene mutation (mmHg)
class
MUT-P1  ACVRL1 €.955G>C p.Gly319Arg Missense Kinase 14 Female 920 v bosentan, sildenafil, treprostinil
MUT-P2  ACVRL1 c.1450C>T  p.Argd84Trp Missense Kinase 19 Female 100 1l bosentan, sildenafil, epoprostenol
MUT-P3 BMPR2 del exon 11- Large kinase + 37 Female 74 v bosentan, sildenafil, treprostinil
13 deletion cytoplasmic tail
MUT-P4  BMPR2 €.314+3A>T Splice site Extracellular 14 Female 1l bosentan
. none, transplanted immediately

MUT-P5 BMPR2 €.901T>C p.Ser301Pro Missense kinase 26 Female 99 v

upon diagnosis

List of ALK1- and BMPR2-mutated HMVECs that were isolated from explanted lungs of PAH patients, indicating the carried
mutation, the type of mutation and the mutated or deleted ALK1 or BMPR2 domain, in addition to some characteristics and
treatments of the patient. PAPm: mean pulmonary arterial pressure, NYHA: New York Heart Association.

PAH patient-derived lung endothelial cells carrying ALK1 mutations display different transcriptomic
profiles compared to CTLs at the basal state

Having not detected any differences in the transcriptomic nor in the early Smad1/5 response to BMP9
or BMP10 in newborn-derived ALKI-mutated ECFCs, we investigated the transcriptomic response in
HMVECs carrying ALKI-mutations derived from transplanted sick lungs of PAH patients (MUT-P1 and -
P2, Table 3). The two ALK1 mutations were missense mutations mapping to the kinase domain of ALK1
and were both confirmed as LOF mutations using the BRE luciferase assay (Figure 4A).

To delineate the transcriptomic signature of these cells, RNA-sequencing was performed, using the
same experimental conditions described for ECFCs, i.e. using 3 CTLs and 2 ALK1-mutated HMVECs from
PAH patients (MUT-P1 and -P2, Table 3) that were either stimulated overnight with BMP9 or BMP10
(10 ng/mL) or were left nonstimulated (NS). Hierarchical clustering discriminated four clusters: (1) NS
and stimulated MUT-P2 samples, (2) NS and stimulated MUT-P1 samples, (3) NS CTLs and (4) BMP9
and BMP10-stimulated CTL samples (from left to right, Suppl Figure 4). This clustering showed that,
unlike MUT-H ECFCs, the transcriptomes of MUT-P HMVECs were clearly different from those of CTLs.
Interestingly, MUT-P HMVECs of each patient separated into two different clusters (Suppl Figure 4),
highlighting variability between the two patients, which might be related to different disease stages or
different treatments. The differential expression analysis (ILFCI>1 and padj <0.05, Benjamini-Hochberg
correction) (Supplementary information SI3) comparing NS ALK1-mutated and CTL HMVECs identified
1261 protein coding DEGs (Table 2), with both down-regulated (58%) and up-regulated (42%) genes.
GSEA using hallmark gene sets in NS CTL vs ALKI-mutated HMVECs (Supplementary information Sl4)
revealed a positive enrichment of several gene sets involved in cell cycle (E2F targets, G2M checkpoint,
MYC-targets and mitotic spindle) and a negative enrichment in genes related to various signaling
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< Figure 4. ALK1-mutated HMVECs display substantially different transcriptomic profiles compared to controls

A, Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells overexpressing either WT or mutant
ALK1 plasmids identified in ALKI-mutated HMVECs (p.Gly319Arg, MUT-P1) and (p.Arg484Trp, MUT-P2) that are included in
the HMVEC RNA-seq analysis. BRE luciferase activities were normalized to renilla luciferase activities. Data shown are mean
+ SEM from of 3 independent experiments. B-F, 3 CTL and 2 ALKI-mutated (MUT-P1 and MUT-P2) HMVECs were stimulated
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or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The experiment was repeated three times after which bulk RNA-seq
analysis was performed. B, GSEA performed using hallmark gene sets. The bar plot represents the top significant gene set
categories enriched in non-stimulated MUT HMVECs compared to nonstimulated CTL HMVECs. Each bar represents a
hallmark gene set and bars are ordered from top to bottom by decreasing order of enrichment score (NES). C-D, Volcano plot
representations showing global changes in gene expression in CTL HMVECs after BMP9 (C) or BMP10 (D) stimulation. DEGs
with high LFC and high statistical significance are annotated. DEGs annotated in blue correspond to DEGs identified in CTL
ECFCs (Fig-1D-E). E-F, Scatter plots comparing log, fold change (LFCs) of DEGs regulated by BMP9 (E) or BMP10 (F) in CTL
HMVECs vs MUT HMVECs. Pearson correlation is reported.

pathways (KRAS signaling, WNT-beta-catenin signaling and TNFa signaling; Figure 4B). Together,
these data show that ALKI-mutated HMVECs derived from diseased lungs have a severely altered
basal transcriptome compared to CTL HMVECs.

BMP9 and BMP10 induce cell type-specific transcriptomic reponses

We then analyzed the BMP9 and BMP10 transcriptomic response in CTL HMVECs. Differential
expression analysis identified 704 and 481 DEGs in BMP9- and BMP10-stimulated CTL HMVECs,
respectively (Table 2). Although the number of DEGs was lower in BMP10-stimulated cells, the gene
regulation patterns in BMP9- vs BMP10-stimulated CTL HMVECs were highly correlated (Pearson
correlation coefficient = 0.844), further supporting, as for ECFCs (Fig 1C), that BMP9 and BMP10 induce
a very similar transcriptomic response in vitro. This similarity was also reflected in the volcano plots of
BMP9- and BMP10-stimulated vs NS cells, which highlighted similar top regulated genes, in terms of
LFC or padj (Figure 4C and D). Interestingly, by comparing BMP9/10-regulated genes in CTL HMVECs to
those in CTL ECFCs, with the limitation that these data come from two independent RNA-sequencing
analyses, only a quarter of the DEGS was shared between ECFCs and HMVECs (27% for BMP9 and 26%
for BMP10; Suppl Figure 5A and B). ID1, SMADG6, SMAD7, ENG, KAT7, CLEC1B, CLEC3B, and APLN were
identified as top targets in both ECFCs (Fig 1 D and E) and HMVECs (highlighted in blue in Figure 4C and
4D). On the other hand, some top target genes, such as LOX and NOG, were specific to HMVECs
(highlighted by an asterisk in Figure 4C and D).

ALK1-mutated HMVECs display slightly different transcriptomic responses to BMP9 and BMP10
compared to CTL HMVECs

We next analyzed the BMP9 or BMP10 response in ALK1-mutated vs CTL HMVECs. BMP9 and BMP10
stimulation resulted in the regulation of 295 and 206 DEGs, respectively (Table 2). This corresponds
to around 60% less DEGs compared to stimulated CTLs. This decrease in the number of DEGs suggests
that ALKI-mutated HMVECs might possess a reduced capacity to respond to BMP9 or BMP10. When
comparing the log; fold changes of each list of dysregulated genes in stimulated CTL vs patient
HMVECs, we obtained fairly high Pearson correlation coefficients (0.728 for BMP9 and 0.855 for
BMP10; Figure 4E and F). However, these correlations were lower than the ones obtained in ECFCs
(Figure 2A and B), suggesting that the BMP9 and BMP10 responses in ALKI-mutated HMVECs might be
more affected than in ALK1-mutated ECFCs.

Since we are simultaneously analyzing two variables (genotype and stimulation) and because there
was a clear difference between CTL and MUT HMVECs at the basal level (Table 2), we performed a
two-factor analysis as previously described?® (see Materials and Methods section), considering the two
factors: genotype and BMP9 or BMP10 treatment (Benjamini-Hochberg adjusted for multiple
comparisons padj < 0.05). We found 44 protein-coding interaction term genes differentially regulated
by BMP9 in CTL vs ALK1-mutated HMVECs and 15 in response to BMP10, which were all shared with
BMP9 stimulation (marked by an asterisk, Suppl Figure 6). We selected 25 genes out of these 44
(highlighted in blue in Suppl Figure 6) for validation by RT-gPCR on independent BMP9 stimulations.
Selection criteria were (1) to show clear visible differences in regulation between CTLs and MUTs in
response to BMP9 and BMP10 and (2) have minimal interindividual heterogeneity between members
of each group (CTL or MUT group; data not shown). The regulation of 24 out of the 25 selected genes
(the exception being MTUS1), were confirmed by RT-gPCR (data not shown), validating the robustness
of the two-factor analysis.
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< Figure 5. Regulation of LFNG mRNA expression by BMP9 in in CTL and ALK1-mutated HMVECs, ECFCs and HUVECs.

A, B, RT-gPCR quantification of the mRNA expression level of LFNG in 3 CTL, 2 ALKI-mutated (MUT-P1 and -P2) and 3 BMPR2-
mutated HMVECs (MUT-P3-P5) (A), 3 CTL and 4 ALKI-mutated ECFCs (MUT-H1-H4) (B). LFNG mRNA expression level is
normalized to HPRT mRNA expression and presented as AACt compared to mean CTL NS. Data shown are mean = SEM of at
least 3 independent stimulations. C, Count plot representation showing the regularized log transformed counts of LFNG mRNA
in CTL-P and ALK1-MUT-P HMVECs in nonstimulated (NS) and BMP9 or BMP10 stimulated cells. D, RT-gPCR quantification of
the mRNA expression level of LFNG in 3 CTL and 3 ALKI-mutated (MUT-H3-H5) HUVECs. LFNG mRNA expression level is
normalized to HPRT mRNA expression and presented as AACt compared to mean CTL NS. Data shown are mean = SEM of at
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least 3 independent stimulations. A, B, D, Two-way Anova followed by Sidak's multiple comparisons test were used for
statistical analysis of panels. ns: non-significant, **P<0.01 and ****P<0.0001 vs NS and #P<0.01 and ##P<0.0001 vs CTL. E,
2 CTLHMVECs were treated either with scrambled siRNA (siScr) or 2 different concentrations of siRNA against ACVRL1 (siALK1)
to generate a gradient of ALK1 expression and then stimulated with 10ng/mL BMP9 for 18hr. LFNG mRNA expression
normalized to HPRT mRNA level is presented as 2-2¢t, Data shown are mean + SD of 2 CTL HMVECs. Inset represents ACVRL1
mMRNA expression presented as AACt compared to scrambled siRNA-transfected cells.

LFNG (lunatic fringe) shows impaired regulation by BMP9 in ALK1-mutated HMVECs, ECFCs and
HUVECs

Among the 24 genes validated, we focused on 6 of them (LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13 and
CEBPG) as these were also identified as DEGs in response to BMP9 and BMP10 in CTL ECFCs with the
same sense of regulation, making them good candidates to compare the effect of ALK1 mutation on
gene regulation by BMP9 across the different models of endothelial cells. We tested their regulation
by RT-qPCR in CTL and ALK1-mutated ECFCs. Among these 6 genes, only LFNG mRNA expression was
found to be significantly differentially regulated between CTL and ALKI-mutated cells in both HMVECs
(n=2) and ECFCs (n=4) (Figure 5A, 5B and Suppl Fig 7A, 7B). As we were limited by the number of ALK1-
mutated HMVECs available and in order to test whether mutations in the same pathway would
respond similarly, we tested 3 BMPR2-mutated HMVECs derived from transplanted lungs of PAH
patients (Table 3). As shown on figure 5A, LFNG mRNA upregulation by BMP9 was strongly reduced in
HMVECs derived from PAH patients carrying either ALK1 or BMPR2 mutation compared to CTLs (10.3
folds in CTLs vs 2.7 and 2.6 folds in ALK1- (n=2) and BMPR2- (n=3) mutated cells respectively, Figure
5A). RT-gPCR analysis performed in CTL ECFCs, showed that LFNG mRNA expression was also
significantly upregulated by BMP9 (5.1 folds, Figure 5B), altough not as strongly as in CTLHMVECs (10.3
folds, Figure 5A), and that this increase was significantly reduced in ALKI-mutated ECFCs (3.1 folds,
n=4, Figure 5B). The results obtained by RT-qPCR in HMVECs validate the two-factor analysis generated
from the RNA-seq data in HMVECs, as illustrated in the count-plot representation (Figure 5A), which
shows that LFNG mRNA expression was significantly induced in response to BMP9 (14 folds) or BMP10
(10 folds) in CTLs, but only weakly induced in ALK1-mutated cells. The RNA-seq analysis performed in
CTL ECFCs also identified LFNG as DEG, but the two factor analysis did not identify any differentialy
regulated genes between BMP-stimulated CTLs and ALKI-mutated ECFCs. The BMP9 regulations of
JAG2, TNFRSF1B, SLC6A6, SOX13 and CEBPG mRNA expression were all confirmed by RT-gPCR in CTL
HMVECs and, consistent with the two-factor analysis, their induction was repressed in ALKI- and
BMPR2-mutated HMVECs, except for SLC6A6 that followed the same reduction trend but that did not
reach statistical significance (Suppl Fig 7A). The BMP9 regulation of these genes was confirmed in CTL
ECFCs, however their regulation in ALKI-mutated cells showed either similar or slightly weaker
regulation by BMP9 compared to CTLs (Suppl Fig 7B). Together, these results support that LFNG
transcriptional regulation by BMP9 could be affected by ALK1 heterozygosity but did not allow to
conclude on the other interaction term genes studied.

To further test this hypothesis, we studied the BMP9 response in HUVECs, another type of endothelial
cells that can be isolated from newborns. RT-qPCR for LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13 and
CEBPG were performed on 3 CTLs and 3 LOF ALK1-mutated HUVECs (CTL-H’ and MUT-H’) stimulated
or not with BMP9 for 18hrs. These genes were all induced in response to BMP9 in CTL HUVECs,
although SOX13 stimulation did not reach significance (Figure 5D and Suppl Fig 7C). As for HMVECs and
ECFCs (Figure 5A and B), we found a significant decrease in the level of induction of LFNG mRNA
expression by BMP9 in ALK1-mutated HUVECs compared to CTLs (4.9 folds in CTL-H’ and 2.6 folds in
MUT-H’; Figure 5D). The BMP9 regulation of JAG2, TNFRSF1B and SLC6A6 mRNA expressions were also
found to be significantly reduced in ALKI-mutated vs CTL HUVECs (Suppl Figure 7C).

To further validate these results, we next set-up an experiment using a siRNA approach, where we
could decrease ALK1 expression to the half, in order to mimic ALK1 heterozygosity. We found that
reducing ALKI mRNA levels in CTL HMVECs by 50 or 90% (inset in Figure 5F), dose-dependently
suppressed LFNG induction by BMP9 (Figure 5E). Together, these data show that ALK1 heterozygosity
could impair the BMP9 regulation of LFNG mRNA expression and possibly other genes, depending on
the endothelial cellular model.
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Discussion

To our knowledge, this is the first study assessing the BMP9 and BMP10 transcriptomic responses in
endothelial cells carrying heterozygous ALK1 mutations. In this work, we performed RNA-seq analyses
on two types of primary ALKI-mutated cells: (1) ECFCs derived from HHT newborns, whereby ECFCs
were not yet exposed to a sick environment and (2) HMVECs derived from severely ill explanted lungs
of end-stage PAH patients. This work uncovered several important findings, including the fact that
ALK1 heterozygosity does not impair Smadl/5 activation nor strongly affect the transcriptomic
response to BMP9 nor BMP10 stimulation. Consequently, our data challenge the current model of
haploinsufficiency, that needs to be reconsidered since a LOF mutation in a single ALK1 allele does not
strongly affect the transcriptomic response.

The first interesting point from this work was the comparison between BMP9 and BMP10
transcriptomic responses in endothelial cells. BMP9 and BMP10 have been identified as two high
affinity ligands for ALK1 with very similar affinities. BMP9, but not BMP10, can also bind the type |
receptor ALK2, yet with a much lower affinity than ALK1?’. In addition, different affinities for the type
Il receptors to BMP9 vs BMP10 have been described. Here, we show that BMP9 and BMP10, despite
the reported differences in receptor binding affinities, induced highly similar transcriptomic responses
in both ECFCs and HMVECs. This is in accordance with recent work that compared transcriptomic
regulation by precursor forms of BMP9 and BMP10 in pulmonary arterial endothelial cells using lower
BMP doses?®. Nonetheless, these in vitro findings do not rule out specific in vivo roles that can arise
from differences in spatiotemporal expression patterns, as recently described?.

Another interesting point was the use of two different endothelial cell types (ECFCs and HMVECs) for
studying BMP9 and BMP10 transcriptomic responses. With the limitation that these two RNA-seq
analyses were performed independently, it is interesting to note that the transcriptomic profiles of
ECFCs and HMVECs in response to BMP9 or BMP10 stimulation were not largely overlapping, with only
26-27% of genes commonly regulated in both cell types. Nonetheless, BMP9 or BMP10-induced gene
regulation patterns between ECFCs and HMVECs were still fairly correlated, with Pearson correlation
coefficients reaching 0.71 and 0.75 for BMP9 and BMP10, respectively. This suggests that a proportion
of the DEGs identified in one EC type are not detected in the other because they don’t reach the set
thresholds rather than displaying differential patterns of gene regulation. On the other hand, the other
group of genes presenting distint regulation patterns between the two cell types indicate that the
studied cells retain organotypic specificities despite being cultured in vitro. This specificity could be
due to predetermined BMP Smad binding sites in specific endothelial subtypes as already described*°.
Among the cell type-specific targets, we identified LOX as a strongly downregulated target in response
to BMP9 or BMP10 in HMVECs but not in ECFCs. Interestingly, LOX, which codes for a lysyl oxidase that
is implicated in crosslinking of extracellular matrix components, was previously found to be elevated
in the proliferating pulmonary endothelium of PAH patients®l. We also detected NOG, encoding the
strong BMP antagonist noggin3?? as a target upregulated by BMP9/10 in HMVECs but not in ECFCs.
This work also unexpectedly revealed similarity in the BMP9 or BMP10 response between CTL and
ALK1-mutated ECFCs, both at the transcriptomic level and at the Smad1/5 activation level. This result
is rather surprising, as it demonstrates, for the first time, that losing one functional ALK1 allele does
not considerably affect the downstream Smad signaling response. The intact activation of the pathway
in mutated ECFCs was neither due to the high dose of BMP9 and BMP10 used, as similar results were
obtained using low doses of BMP9 in the BRE luciferase assay on CTL and MUT ECFCs (Figure 3C), nor
due to a compensation in ALK1 expression, as decreased levels of membranous ALK1 were detected in
the heterozygote ECFCs (Figure 3F). Our findings thus support the hypothesis that 50% of functional
membranous ALK1 is sufficient for driving normal canonical signal transduction. Our data would
support the hypothesis that dimeric ALK1 signaling complexes composed of one functional ALK1
receptor and one non-funtional ALK1 receptor could be functionally active, but this point needs to be
further demonstrated. This hypothesis is consistent with a previous study reporting the sole need of
one functional type | receptor within the ACVR1/BMPR1 (in this case, an ACVR1 kinase active and a
BMPR1 kinase inactive) to phosphorylate Smad1/5 in response to BMP2/7 heterodimers®*.
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More importantly, the nearly identical transcriptomic responses to BMP9 or BMP10 between CTL and
ALKI1-mutated ECFCs suggest that haploinsufficiency might not be sufficient for the development of
HHT. This result is in accordance with the recent identification of a bi-allelic loss of ALK1 or ENG in at
least 50% of tested cutaneous telangiectasia samples isolated from HHT patients®, supporting the
hypothesis that a second ‘knudsonian’ somatic hit in the other allele is necessary to drive HHT
pathogenesis. This notion is not novel to the vascular anomalies field, as it was already shown for
venous, glomuvenous and cerebral cavernous malformations®®*’. These somatic mutations could
explain why some lesions develop only focally in HHT patients, and how related patients, carrying the
same mutation, can develop different manifestations of the disease. However, this hypothesis has not
yet been validated neither in liver or lung AVMs nor in diffuse lesions.

In contrast to ALKI-mutated ECFCs isolated from a non-sick microenvironment, ALKI-mutated
HMVECs isolated from the lungs of endstage PAH patients revealed strong dysregulations in gene
expression compared to controls, already in non-stimulated cells (1261 DEGs, Table 2). This might not
be surprising, as these cells not only harbored heterozygous ALKI mutations, but have also been
exposed to a pathogenic, likely inflammatory environment as is usually described for lungs of PAH
patients®® and as evidenced by the enrichment in proliferation and inflammation-related gene sets in
the mutated cells by our GSEA (Figure 4B). Due to these large transcriptomic differences already at the
basal level, it was difficult to pinpoint which genes are differently regulated by BMP9 and BMP10 in
the presence of an ALK1 mutation, regardless of their initial differences at the basal level. Hence, using
a two-factor analysis, which takes into account the two variables (genotype and BMP stimulation), we
identified 44 hits and validated six of them by RT-qPCR in both ALK1- and BMPR2-mutated HMVECs
(LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13 and CEBPG, Figure 5A and Suppl Figure 7A). Among them,
LFNG was found to be significantly dysregulated in the three ALKI-mutated endothelial cell types
(HMVECs, ECFCs and HUVECs), when assessed by RT-qPCR. However, its dysregulation in ALKI-
mutated ECFCs or HUVECs was not as drastic as in ALK1- or BMPR2-mutated HMVECs. Intriguingly, the
BMP9 regulation of LFNG was impaired in ALKI-mutated ECFCs, despite their normal Smad1/5
activation. One possible explanation for that, as proposed by Morikawa et al®’, is that different
Smad1/5 binding sites have different affinities for Smad1/5 complex, with some high affinity sites, such
as that of ID1, and other low affinity ones, such as those of JAG1 and HEY1, thus requiring higher or
more sustained levels of Smad1/5 activation or the involvement of other DNA binding protein partners
for their regulation®®. In that same study, LFNG’s promoter was shown by chromatin
immunoprecipitation-sequencing to be bound by Smad1/5 in response to BMP9 stimulation in
HUVECs®. LFNG could be one of these genes with low Smad1/5 binding affinity and/or needing other
Smad binding partners, making it more sensitive to ALK1 heterozygosity. ALKI-mutated HUVECs, but
not ALKI-mutated ECFCs, additionally displayed significant dysregulations in JAG2, TNFRSF1B and
SLC6A6 mRNA expression, suggesting that HUVECs might be more sensitive to ALK1 LOF than ECFCs.
This could be due to the fact that HUVECs are derived from a vessel environment in contrast to ECFCs,
which are circulating cells.

Interestingly, LFNG and JAG2 are two components of the Notch signaling pathway, which is a master
regulator of tip/stalk cell differentiation and arterial specification. Furthermore, multiple Notch-
defective mouse models were reported to develop AVMs*®3, which represent a major pathological
feature of HHT. In addition, BMP and Notch pathways synergistically upregulate several shared
transcription factors such as Hey1, Hey2 and Hes1%°, Here, we report a less studied intersection point
between BMP and Notch axes, through BMP9/10-mediated regulation of LFNG. LFNG codes for lunatic
fringe, a glycosyl transferase that post-translationally modifies Notch1, leading to inhibition of its
activation by Jagged ligands while enhancing its activation by Delta-like ligands (DII)*™, It is
noteworthy that reduced activation of DIl4-mediated Notch signaling results in excessive sprouting®®
during the activation phase of angiogenesis and promotes cell cycle reentry during the maturation
phase®0. Knowing that Alkl-depleted HHT mouse models display hypersprouting and increased
vascular density in their developing retinas®?, it is plausible that suppressed upregulation of LFNG by
BMP9 in the presence of ALKI-mutations might be contributing to this phenotype by mitigating DIl4
activation.
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This work provides, to our knowledge, the first in vitro line of evidence that ALK1 heterozygosity on its
own does not drastically impair the response of endothelial cells to BMP9 nor BMP10, neither at an
early step of signal transduction (phosphorylation of Smad1/5), nor downstream at the transcriptomic
level, supporting that one functional receptor could be enough for canonical signaling. We also show
that the two high affinity ALK1 ligands, BMP9 and BMP10, induce highly similar transcriptomic changes
in vitro, pointing to an overlapping function in this context. Interestingly, through deeper
investigations, we could identify at least one gene, i.e. LFNG, whose regulation by BMP9 was weakly
impaired in newborn heterozygous ALK1-mutated endothelial cells, but more intensely suppressed in
ALK1 or BMPR2-mutated HMVECs from PAH patients. Altogether, our findings suggest that
heterozygous ALK1 mutations could be priming events awaiting further triggers for driving lesion
development. This requires further validation by studying the effects of angiogenic or inflammatory
triggers or shear stress®? on BMP9/10-ALK1 signaling in heterozygous ALKI-mutated endothelial cells,
all of which were beyond the scope of this work. In parallel, future studies investigating the role of
LFNG, and more largely the Notch signaling pathway, are needed to establish their implication in
driving early HHT pathogenesis.
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Supplementary Material
Materials and Methods

Trial design.

The study was approved by the local research ethics committee (Hospice civils de Lyon, CPP 2021-
A01792-39) and by the French Medical Products Agency (ANSM). Written informed consent was
obtained from all patients in accordance with national regulations. The trial was conducted in
accordance with the principles of the Declaration of Helsinki® and Good Clinical Practice guidelines.
This trial was registered with the ClinicalTrials.gov Identifier #NCT05632484.
(https://clinicaltrials.gov/ct2/show/NCT05632484?cond=HHT&map cntry=FR&draw=3&rank=12).

Primary endothelial cell isolation

Human umbilical cord blood (UCB) samples (35-110 mL) were collected in heparin-coated syringes
from 6 newborns carrying HHT-linked ALK1 mutations and 3 healthy subjects (Table 1). Isolation of
endothelial colony-forming cells (ECFCs) was performed as recommended by the Vascular Biology
Standardization Subcommittee?. UCB samples were diluted at a 1:3 ratio in RPMI 1640 medium (Gibco)
supplemented with 2% fetal bovine serum (FBS; Biosera). Then, mononuclear cell (MNC) fractions were
isolated through density gradient centrifugation using 1.077 g/ml Pancoll solution (Pan Biotech)
followed by successive washing steps. Finally, MNC were plated in 10pg/mL fibronectin-coated 24-well
tissue culture plates in microvascular endothelial cell growth medium-2 (EGM-2 MV; Lonza) with 10%
FBS at a density of 5 x 10° cells/cm?. Cells were incubated in 5% CO; at 37°C and the medium was
changed daily during the first 7 days and every other day thereafter. Following the first passage, the
serum composition was reduced to 5%. ECFCs were used up to 45 days after cord blood processing.
In parallel, human umbilical vein endothelial cells (HUVECs) were isolated, as previously described?,
from the umbilical vein of a number of newborns from which ECFCs were isolated (Table 1).

Human microvascular endothelial cells (HMVECs) were isolated from the explanted lungs of PAH
patients during lung transplantation as previously described*® (Table 3).

Cell culture

ECFCs, HMVECs and HUVECs were maintained in EGM-2 MV medium (Lonza). For RNA-sequencing and
RT-qPCR, cells were washed twice with phosphate buffered saline (PBS) and were incubated for 18hr
in EBM-2 (Endothelial Basal Medium, Lonza) with or without 10ng/ml recombinant human BMP9
(3209-BP, R&D Systems) or recombinant human BMP10 (2926-BP; R&D Systems). Murine NIH-3T3
fibroblasts were maintained in high glucose, sodium pyruvate and GlutaMAX-supplemented
Dulbecco’s modified Eagle medium (DMEM; Gibco) with 10% FBS (Biosera) and 1% Pen/Strep (Gibco).

Immunofluorescence

For VE-cadherin staining, ECFCs were seeded at confluency in glass Lab-Tek Chamber Slides (Thermo
Fisher Scientific), fixed the next day with 4% paraformaldehyde, permeabilized with 0.1% Triton X100
in PBS, saturated with 1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS and incubated at 4°C for
1h with anti-VE-cadherin (1:100; #2158; Cell Signaling Technology). For detection, the cells were
subsequently incubated with alexa fluor 488 donkey anti-rabbit IgG (AB_2340620, Jackson
ImmunoResearch) for 30min at room temperature. Nuclei were counterstained with Hoechst 33342
(Sigma-Aldrich) and images were acquired using Axio Imager 2 (ZEISS) and analyzed on ZEN Microscopy
Software.

Phospho-Smad1/5 (p-Smad1/5) immunostaining in ECFCs was performed as previously described®.
20,000 cells/well were seeded in 96-well black cell culture microplate (Greiner Bio-One 655090) for
24h.Then, cells were starved for 2hr in EBM-2 and stimulated for 1hr with 10ng/mL recombinant
human BMP9 (R&D Systems). Cells were then fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X100 in PBS, saturated with 3% BSA in PBS and incubated overnight at 4°C with anti-p-
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Smad1/5 (1:800; #9516; Cell Signaling Technology). The cells were subsequently incubated with alexa
fluor 488 donkey anti-rabbit 1gG (AB_2340620, Jackson ImmunoResearch) and nuclei were
counterstained with Hoechst 33342. Images were acquired using IN Cell Analyzer 2500HS widefield
fluorescence microscope using a 20X objective. At least 16 different fields were imaged/well and 3
independent experiments were performed with 2 technical replicates each. To allow comparison
between wells, the exposure time was kept constant across all wells. The acquired images were then
analyzed using InCarta software (General Electrics Healthcare, USA).

Flow cytometry

Cells were seeded 25000 cells/cm? and allowed to grow for 48 hours. Cells were detached using
trypsin/EDTA solution (CC-5012; Lonza) diluted at 0.000714%, resuspended in 2% BSA in PBS at 1x10’
cells/mL and incubated with one of the following antibodies: fluorescein isothiocyanate (FITC)—
conjugated mouse anti-human CD31 (clone WM59; 557508; BD Pharmingen), FITC-conjugated mouse
anti-human CD45 (clone HI30; 560976; BD Pharmingen), phycoerythrin (PE)-conjugated mouse anti-
human CD144 (clone 55-7H1; 560410; BD Pharmingen), PE mouse anti-human CD146 (clone P1H12;
550315; BD Pharmingen), unconjugated goat anti-human ALK1 antibody (AF370; R&D Systems)
followed by alexa fluor 488 donkey anti-goat 1gG (AB_2340430, Jackson ImmunoResearch) or an
isotype control antibody. Ten to twenty thousand cells were analyzed on the BD FACSMelody sorter
(BD Biosciences) using FCS Express Flow Cytometry Software.

Site-directed mutagenesis

Plasmids encoding the ALK1 mutations understudied were generated by polymerase chain reaction
through site-directed mutagenesis of a pcDNA3-1(+) plasmid encoding WT N-terminal HA-tagged ALK1
using the QuikChange Lightning kit (Agilent) following the manufacturer’s instructions. All mutated
plasmids were verified by full sequencing (Eurofins). Primer sequences used for mutagenesis are listed
in Suppl Table 1.

Luciferase reporter assay

NIH-3T3 cells in white 96-well culture plates (Greiner) were transfected in Opti-MEM (Invitrogen) using
lipofectamine 2000 (Invitrogen) with 75ng pGL3(BRE)2-luc, 30ng pRL-TKluc and 5ng of plasmids
encoding either HA-tagged WT or mutant ALK1 as previously described’. Five hours post transfection,
cells were stimulated with or without recombinant human BMP9 (100 pg/mL) for 18 hours. For direct
luciferase activity measurements in primary ECFCs, the cells were transfected in Opti-MEM using
lipofectamine 3000 (Invitrogen) with 40ng pGL3(BRE)2-luc and 60ng pRL-TKluc. Three hours post
transfection, ECFCs were stimulated with or without recombinant BMP9 in increasing concentrations
(0.2 ng/mL—10 ng/mL) for 6 hours. Firefly and renilla luciferase activities were sequentially measured
with twinlite Firefly and Renilla Luciferase Reporter Gene Assay System (Perkin Elmer) using the SPARK
multimode microplate reader (Tecan) and final luciferase activities were reported as firefly luciferase
activities normalized to renilla luciferase activities.

RNA sequencing and bioinformatic analysis

Cells from each donor were seeded in 3 culture vessels and were stimulated or not overnight with
10ng/ml of BMP9 or BMP10. Stimulations were repeated two or three times for each donor, generating
technical replicates. After an overnight stimulation, the cells were trypsinized, spun and frozen as dry
pellets at -80°C prior sending to Genewiz (https://www.genewiz.com) for RNA extraction, quality
control, library preparation and RNA-sequencing. Mapped reads and sample metadata were imported
into R software (version 4.0.3%), and loaded in DESeq2 R package (version 1.30.1°%). Replicates were
collapsed using the “collapseReplicates” function from the DESeq2 package. In order to reduce noise,
genes that had less than 150 counts across all samples were filtered out. Differential gene expression
analysis was performed using the DESeq2 package, and the Wald test was used to determine the
significance of log, fold change. Pairwise comparisons between conditions, as well as intercept terms
for two-factor analysis, were retrieved using the “results” function from the DESeq2 package.
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Regularized log transformed data was used to perform Principle Component Analysis (PCA) and to plot
expression heatmaps and countplots. Heatmaps were generated using the “ComplexHeatmap”
(version 2.6.2%° R package, and hierarchical clustering was based on Euclidian distance and Complete
linkage. Gene set enrichment analysis (GSEA)!! was performed using the “clusterProfiler” R package
(version 3.18.1%2). The ordering vector for GSEA was based on the stat value of the Wald test. Gene
set on which GSEA was based was “Hallmark pathways”, obtained from Broad Institutes MsigDB
(version 7.5.13). All p-values were adjusted for multiple testing using the Benjamini-Hochberg
procedure, to obtain a false discovery rate (FDR). Only protein-coding DEGs are shown in volcano and
scatter plots.

RNA extraction and RT-qPCR

Cells were lysed and RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) according to
the manufacturer’s instructions. 1ug RNA was reverse-transcribed using iScript cDNA Synthesis Kit
(Bio-Rad) in a T100 thermal cycler (Bio-rad), and quantitative PCR was performed on 1/10 diluted cDNA
samples using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time System,
(Bio-Rad). Data analysis was performed with CFX Manager Software V3.1 (Bio-Rad) and relative
expression levels were calculated using the delta Ct (ACt) method with HPRT serving as the
housekeeping gene. Alternatively, fold changes in expression levels were calculated using the Livak’s
AACt method. Primer sequences used for RT-gPCR are listed in Suppl Table2.

RNA interference

CTL HMVECs (250,000 cells/well in 6-well plates) were transfected using Lipofectamine RNAIMAX
Transfection Reagent (2.5uL/well, Invitrogen) with either Silencer Negative Control #1 siRNA (AM4611,
Ambion) at a final concentration of 1nM or Silencer Select pre-designed siRNA directed against human
ALK1 (siALK1, 4392420, siRNA ID s987, Ambion) at a final concentration of 0.0035nM or 1nM, to induce
different degrees of ALK1 silencing. Lipofectamine and siRNA mixes were incubated at room
temperature for 20mins followed by cell transfection in Opti-MEM (11058021, Gibco). Five hours later,
an equivalent volume to Opti-MEM of EGM-2MV medium with 10% FBS was added per well to obtain
5% final composition. Forty-eight hours post-transfection, cells were stimulated or not with BMP9
10ng/mL for 18hrs to study LFNG regulation by BMP9 as a function of ALK1 level.
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Supplementary Figures
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Supplemntary figure 1. Characterization of isolated ECFCs from CTL and ALK1-mutated donors

A, Representative phase contrast image of isolated ECFCs displaying the characteristic endothelial cell cobblestone
morphology. B, Representative immunostaining of the endothelial cell marker VE-cadherin on ECFCs. The nuclei were
counterstained using Hoechst 33342. C-F, Flow cytometric analysis of surface antigens on ECFCs, showing that the isolated
cells are positive for the endothelial cell markers CD144 (VE-cadherin, C), CD31 (PECAM-1, D) and CD146 (S-Endo 1 antigen,

E) but not for the leukocyte common antigen CD45 (F). Isotypic CTL is represented in grey, 3 CTL ECFCs in orange and 2
mutated ECFCs (MUT-H1-H2, Table 1) in blue.
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Supplementary Figure 2. BMP9 and BMP10 induce a similar transcriptomic response in CTL and ALK1-mutated ECFCs

A, B, Venn diagram demonstrating the percentage of common and specific protein coding DEGs induced by BMP9 and BMP10
vs NSin CTL ECFCs (A) and in MUT ECFCs (B). C, Scatter plot comparing log, fold change (LFC) values of DEGs that are regulated
in MUT ECFCs by BMP9 vs NS vs those regulated by BMP10 vs NS cells. Pearson correlation is reported.
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Supplementary Figure 3. BRE luciferase activity of ALK1 mutations identified in ECFCs and HUVECs

Relative BRE (BMP Response Element) luciferase activity measured in NIH-3T3 cells overexpressing either WT or mutant ALK1
plasmids identified in ALK1-mutated ECFCs or HUVECs that are included in different experiments (p.GIn64X: MUT-H3,
p.Argd11Trp: MUT-H4, Thr372HisfsX20: MUT-H5, Cys471Trp: MUT-H6, Table 1). Firefly luciferase activities were normalized
to renilla luciferase activities. Data shown are mean + SEM from of 2 independent experiments.
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Supplementary Figure 4. Hierarchical clustering of HMVEC transcriptomic data

3 CTL and 2 ALKI-mutated (MUT-P1-P2) HMVECs were stimulated or not with BMP9 or BMP10 (10 ng/mL) for 18 hours. The
experiment was repeated three times after which bulk RNA-seq analysis was performed. Heatmap demonstrating hierarchical
clustering based on Euclidian distance applied on all genes across all groups of samples. The samples are separated into 4
clusters: (1) non-stimulated and stimulated MUT-P2 samples, (2) non-stimulated and stimulated MUT-P1 samples, (3) non-
stimulated CTL samples and (4) BMP9 and BMP10-stimulated CTL samples. The color code reflects the expression level of a
given gene across different samples, with red signifying higher expression and blue signifying lower expression.
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Supplementary Figure 5. BMP9 and BMP10 induce specific transcriptomic changes in CTL ECFCs versus CTL HMVECs
Venn diagrams demonstrating the percentage of common and specific protein coding DEGs between CTL ECFCs and CTL
HMVECs in response to BMP9 (A) or BMP10 (B) vs NS counterparts.
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Supplementary Figure 6. Regulation patterns of hits identified by the two-factor analysis in ALKI-mutated HMVECs.
Heatmap demonstrating the log fold changes of the 44 protein-coding interaction genes, which were identified by the two-
factor analysis as significantly differentially regulated by BMP9 or BMP10 between control and ALK1-mutated HMVECs. Genes
identified as significantly differentially regulated by both BMP9 and BMP10 are marked by an asterisk and those that were
selected for validation by RT-gPCR are marked in blue.
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Supplementary Figure 7. RT-qPCR validation of genes identified by two-factor analysis in ALK1-mutated HMVECs, ECFCs

and HUVECs

RT-gPCR quantification of the mRNA expression levels of JAG2, TNFRSF1B, SLC6A6, SOX13 and CEBPG performed in 3 CTL, 2
ALK1-mutated (MUT-P1-P2) and 3 BMPR2-mutated HMVECs (MUT-P3-P5) (A), 3 CTL and 4 ALK1-mutated ECFCs (MUT-H1-
H4) (B) and 3 CTL and 3 ALKI-mutated HUVECs (MUT-H’3-H’5) (C). Target gene expression levels are normalized to HPRT
mMRNA expression presented as AACt compared to mean CTL NS. Data are mean + SEM of at least 3 independent stimulations.
Two-way Anova followed by Sidak's multiple comparisons test were used for statistical analyses. ns: non-significant, *P<0.05,

**P<0.01 and ****P<0.0001 vs NS and #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001 vs CTL.
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Supplementary Tables

Supplementary Table 1. Primers allowing the generation of mutant ALK1 constructs by site-directed
mutagenesis-associated PCR designed using the QuickChange Primer Design Program (Agilent)

GenBank
:i::]::sri];:ﬁ mutation Forward (5’-3’) Reverse (5’-3’)
number
p.Trp141X CGTCGGACATGCTACAGGCCCAGGACAC GTGTCCTGGGCCTGTAGCATGTCCGACG
p.His280Asp GAGCCGTGCTCGTCGTAGTGCGTGATG CATCACGCACTACGACGAGCACGGCTC
5 p.Gly319Arg GTTTGCCCTGTGTACGGAAGATCTCCACGTG | CACGTGGAGATCTTCCGTACACAGGGCAAAC
?\f p.Argd84Trp GTGTCTTCTTGATCCACAGCGCGGTGAGTCG | CGACTCACCGCGCTGTGGATCAAGAAGACAC
§ p.GIn64X CCCGATGTTCCTAGGGGTGCCTCCC GGGAGGCACCCCTAGGAACATCGGG
8| p.Argd11Trp ATTCACGATGGTCCAGCGGGCAATCTCCC GGGAGATTGCCCGCTGGACCATCGTGAAT
; p.Thr372HisfsX20 | GTACCGCTTGGTGCCCCACTCTCGGGT ACCCGAGAGTGGGGCACCAAGCGGTAC

p.Argd11GlIn

CATTCACGATGGTCTGGCGGGCAATCTCC

GGAGATTGCCCGCCAGACCATCGTGAATG

p.Cys471Trp

GGGTTTGGGTACCACCACTCCCGCATCAT

ATGATGCGGGAGTGGTGGTACCCAAACCC

Supplementary Table 2. Primers for quantitative RT-qPCR designed using Primer-Blast on GenBank sequences.
All listed primer pairs, except for those of SLC6A6, are separated by at least one intron on the corresponding
genomic DNA or span an exon-exon junction.

Gene GenBapk Sequence | ¢ \ward (5’-3") Reverse (5'-3’)

accession number
ID1 NM_181353.3 CTGCTCTACGACATGAACGGC TGACGTGCTGGAGAATCTCCA
LFNG NM_001040167 CTTCATCGCTGTCAAGACCAC GCCTCATCTTCCCCGTCAGT
JAG2 NM_002226 GTCGTCATCCCCTTCCAGTTC ATTCGGGGTGGTATCGTTGT
TNFRSF1B NM_001066 CATGCCGGCTCAGAGAATAC CTCACAGGAGTCACACACGG
SLC6A6 NM_001134367 ATGGGTGATGCTGAGAGCTG CGCGAAGGAAGCGGTAATTT
SOX13 NM_005686.3 AGAAGTGGTGCCAGCCATAG TCTGCTAGGCTCTCTTGGGT
CEBPG NM_001252296.2 CACTTCGCAGGCATAGTTGG TCTCCCTTGCCAACACAGAA
ACVRL1 NM_001077401.1 CACGGACTGCTTTGAGTCCT TCTGCTGATCCACACACACC
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Preliminary results

1. Characterization of LFNG regulation dynamics by BMP9/BMP10 in ECs

Because the transcriptomic analysis and the corresponding gPCR validations were all
performed on cells treated with BMP9/BMP10 for 18hrs, we wondered whether LFNG is
regulated by BMP9 at earlier time points. To monitor LFNG mRNA regulation by BMP9 with
time, a single stimulation kinetics with 10ng/mL BMP9 was performed on CTL and ALK1-
mutated ECFCs (3 CTLs and 4 MUTs), HUVECs (3 CTLs and 3 MUTs) and HMVECs (3 CTLs and 2

MUTs) for at least 5 time points: 1, 2,
4, 8 and 18hrs. The general
regulation profile of LFNG mRNA was
similar in CTL ECFCs, HUVECs and
HMVECs, which all displayed an early
stimulation peak after 1 or 2hrs of
stimulation followed by another
gradual increase in expression level
at later time points (Figure 26A-C). In
case of ECFCs, a peak induction of
5.6 folds was reached at 2hrs, and
the mRNA expression level started
increasing again after 4hrs, reaching
a maximum of 6.2 folds at 18hrs
(Figure 26A). For both HUVECs and
HMVECs, the initial peak was
reached already after 1hr, with a
similar fold change to ECFCs in
HUVECs (6 folds), but with a higher
induction in HMVECs reaching 10.7
folds (Figure 26B,C). The expression
level in HUVECs then started to
increase again but weakly after 8hrs,
while in HMVECs the 2" increase
started immediately after 2hrs,
reaching a maximum of 14 folds at
8hrs and decreasing afterwards
(Figure  26B,C). Thus, while
differences in the speed and level of
induction exist between the 3 EC
types, LFNG in all of them seems to

have an oscillating expression
pattern, in accordance with its
reported regulation pattern in
presomitic mesoderm that is
essential for proper
somitogenesis3’8. In ALK1-mutated
ECFCs, LFNG mRNA regulation
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Figure 26. Characterization of LFNG regulation dynamics in
different CTL and ALK1-mutated EC models. RT-qPCR
quantification of the mRNA expression level of LFNG in CTL and
ALK1-mutated ECFCs (A), HUVECs (B) and HMVECs (C) in a kinetics
BMP9 stimulation from 0.5 or 1hr until 18hrs. LFNG mRNA
expression level is normalized to HPRT mRNA expression and
presented as AACt compared to mean CTL NS at the earliest time
point. Data shown are mean + SD for cells from multiple donors.
Two-way Anova followed by Sidak's multiple comparisons tests
were used for statistical analysis. *p<0.05, **p<0.001 and
**%p<0.0001.
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pattern at the different time points mirrored that in CTL ECFCs, but with a slightly weaker
induction than CTLs. Mutated HUVECs were capable of inducing normal upregulation of LFNG
at the early 1hr peak, while mutated HMVECs already displayed a significantly weaker increase
of 6.1 folds at 1hr compared to their respective CTLs. LFNG induction then significantly
dropped at 4 and 2hrs in mutated HUVECs and HMVECs respectively, followed by only minor
inductions at the following time points. These preliminary results indicate that the cyclic
regulation of LFNG was almost lost in mutated HMVECs. The oscillating pattern could also be
impaired in mutated HUVECs, but since CTL HUVECs displayed slower induction in the second
cycle compared to CTL HMVECs, longer time points would help uncover whether the induction
level in mutated HUVECs will have the chance to rise again or not.

2. Assessment of the p-Smad1/5 response to BMP9/BMP10 in ALK1-mutated ECs under flow

Given the role of fluid shear stress (FSS) in potentiating Smad1/5/8 response to soluble
BMP9'71, and since BMP9 stimulation coupled to FSS was shown to induce some unique
transcriptomic changes not induced by BMP9 at static conditions3¢!, we wondered whether
ALK1-mutated (MUT) ECFCs might respond differently to BMP9 stimulation under flow
conditions compared to CTLs. Hence, as a preliminary experiment, the p-Smad1/5 response
to BMP9 of ECFCs from 2 CTLs (CTL-H2 and CTL-H3) and 2 MUTs (MUT-H1 and MUT-H2), which
were all included in the RNA-seq analysis, were assessed under FSS conditions by
immunofluorescence. The experiment was carried out in microfluidic chips placed on a lab
rocker that was set to 25 tilting degrees, performing 1 round per minute.

Figure 27. Presentation of the microfluidic device used to assess BMP9 response under laminar flow. A, Full
microfluidic plate showing 24 separate units filled with cell culture medium. B, Zoom in into one unit that was
previously filled with medium showing the 2 medium inlets at the ends and the 4 microfluidic branches. C,
Graphical model of one unit highlighting the three main areas with different diameters that inversely correlate
with shear stress levels. Approximate shear stress levels (in Pa) are indicated by the color code. Images provided
by Tuan Nguyen from Finnadvance.

The used microfluidic chips were fabricated by our collaborators, Finnadvance (Oulu
University) within the MSCA international training network VA Cure, and this experiment was
performed in our laboratory during a secondment of PhD student Tuan Nguyen from
Finnadvance. The microfluidic device contains 24 separate culture units, each composed of a
4-branch microchannel connecting two media reservoirs (Figure 27A,B). The 4 branches within
the same unit serve as technical replicates. Each branch has a conical shape with a varying
diameter along its length (Figure 27C) ranging from 190um (dark blue, at the 2 ends), 140um
(cyan) to 70 um (orange, in the center). This difference in diameter generates different FSS
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levels ranging from approximately 0.1Pa or 1dyn/cm? at the widest part (at the ends) to 0.65Pa
or 6.5dyn/cm? at the narrowest central part (Figure 27C). CTL or MUT ECFCs were seeded in
triplicates in fibronectin-coated (100ug/mL) units at a density of 120,000cells/unit in full
EGM2 medium and were incubated in 5% CO2 at 37°C on a rocker allowing bi-directional flow
for few days with daily change of medium. Four days later, migrating and proliferating ECs had
covered the full length of the branches and formed hollow tubular structures. At this point,
the cells were starved for 2hr in serum and growth-factor free EBM2, followed by 1hr
stimulation (or not) with BMP9 10ng/mlL, fixation by 4% paraformaldehyde and p-Smad1/5
immunostaining as described in the supplementary material of the manuscript draft. Cells
were co-stained with anti-VE-cadherin (in-house mouse monoclonal antibody generously
provided by Stephanie Bouillot) to label EC junctions, and nuclei were counterstained with
4',6-diamidino-2-phenylindole  (DAPI). Image acquisition using CX7 microscope
(thermofischer) and fluorescence quantification were performed by Emmanuelle Soleilhac at
the CMBA platform* in CEA Grenoble. Both the narrowest and widest segments of the
branches were assessed in order to capture the impact of 2 different FSS levels on the p-
Smad1/5 response of ECs (Figure 28). Eight to 12 different fields were analyzed per donor and
branch diameter, and results are presented as a function of branch diameter (Figure 29).

pSmad VE-Cadherin

Figure 28. Smad1/5 response of BMP9-stimulated CTL and ALK1-mutated ECs under flow. Representative p-
Smad1/5 and VE-cadherin immunostainings in non-stimulated (NS) or BMP9-stimulated CTL and MUT ECFCs
under flow are shown in 2 microfluidic segments of different diameters.

As expected, in both the narrow and wide segments, BMP9 induced the phosphorylation of
Smad1/5 in the 2 CTLs (Figure 28 and 29A,B). Interestingly, mean BMP9-induced p-Smad1/5
levels in each of the 2 CTLs were significantly higher in the narrow segment (higher FSS)
compared to the wider one (lower FSS; Figure 29C). While BMP9 induced MUT-H2 cells
carrying a missense ACVRL1 mutation showed comparable p-Smad1/5 levels after BMP9
stimulation to the 2 CTLs, MUT-H1 cells with a nonsense mutation had a very mild, yet

*Part of this work has been performed at the CMBA platform - IRIG-DS-BGE-Gen&Chem-CMBA, CEA-Grenoble,
F-38054 Grenoble, (a member of GIS-IBISA and ChemBioFrance infrastructure) supported by GRAL, a program of
the Chemistry Biology Health Graduate School of Université Grenoble Alpes (ANR-17-EURE-011,12003).



significant, induction of Smad1/5 phosphorylation in both segments (Figure 29A,B). Because
of this lower induction in MUT-H1, the average p-Smad1/5 levels in BMP9-stimulated MUT
ECFCs was lower than that of CTLs in both segments (Figure 29C,D).
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Figure 29. Effect of ALK1 heterozygosity on p-Smad1/5 response to BMP9 under flow. A-C, Average p-Smad1/5
levels in non-stimulated (NS) and BMP9-stimulated (B9) CTL (n=2) and ALK1-mutated ECFCs (n=2) in the
narrowest (A) and widest (B) segments of the microfluidic branches and side by side comparison of BMP9-induced
p-Smad1/5 levels between the 2 different segments for each donor (C). D-E, Graphs representing mean p-
Smad1/5 as a function of ALK1 genotype in the narrowest (D) and widest segments (E). Data shown are mean +
SD and each point corresponds to one field. Two-way ANOVA followed by Sidak's multiple comparisons tests were
used for statistical analysis. ns: non-significant, *P<0.05, ##p<0.001 and ****/##p<0.0001.

This indicates that FSS might uncover impairments in ALK1-mutated cells that are not evident
under static conditions. Nevertheless, no solid conclusions must be made yet, as this
experiment was performed only once and was intended to be a trial for the cell seeding and
staining steps and for optimizing the parameters for automated image acquisition.
Accordingly, several images had suboptimal resolution.
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3. Uncovering new functions of BMP9 and BMP10 using transcriptomic data

The main findings of this project have been based on differential expression analyses of the 2
RNA-seq studies in CTL vs ALK1-mutated EC. This kind of analysis provides information on all
transcriptional changes surpassing specified fold change and statistical thresholds.
Nevertheless, additional valuable information can be extracted from transcriptomic data using
enrichment analysis from CTL ECs stimulated with BMP9 or BMP10. We aim to exploit the
generated transcriptomic data on CTL ECFCs and CTL HMVECs upon stimulation with BMP9
and BMP10 to better characterize the functions of these 2 ligands in ECs using gene set
enrichment analysis. For that, several databases can be used that provide complementary
information on the enriched gene sets, including the three gene ontology (GO) categories
biological process (BP), molecular function (MF) and cellular component (CC). Some databases
like Kyoto Encyclopedia of Genes and Genomes (KEGG) and wikipathways can also be used to
provide information on enriched pathways based on transcriptional changes.

With the help of bioinformaticians, | have started performing GSEA using GO BP database on
CTL ECFCs or HMVECs upon stimulation with BMP9 or BMP10. The performed analysis is not
confined to DEGs identified by the differential expression analysis, but also takes into account
genes with mild changes not reaching the ser LFC or statistical thresholds. Due to the high
redundancy in the BP database, instead of highlighting a few enriched gene sets that give an
overview of the most important functions or pathways modulated by BMP9 and BMP10, more
than a thousand significantly enriched gene sets have been identified for each comparison. To
overcome this high redundancy in gene ontologies and improve the interpretability of the
data, two measures were taken. First, instead of using the full GO resource, GO slims database
was used to perform the GSEA. GO slims are cut-down versions of the GO ontologies that
contain a subset of the terms from the GO resource and give a broad overview of the ontology
content without the details of the specific, fine-grained terms. This step already reduced the
number of significant gene sets to a maximum of 400 in each of the 4 comparisons. Second,
significantly enriched gene sets related to each other were grouped together into clusters by
means of semantic similarities that are based on tree-like structure, meaning that GO terms
that are close neighbors on the hierarchical tree are grouped together. For example, mitotic
nuclear division, sister chromatid segregation, G2/M transition of mitotic cell cycle and around
70 more related gene sets were clustered together automatically. Following this automatic
clustering by the bioinformaticians, | performed additional fine-tuning by manually joining
together clusters that have a similar biological significance and providing relevant titles for all
clusters. After that, | manually compared all positively and negatively enriched clusters
identified in the 4 following comparisons: CTL ECFCs BMP9 vs NS, CTL ECFCs BMP10 vs NS, CTL
HMVECs BMP9 vs NS and CTL HMVECs BMP10 vs NS. The identification of a specific cluster in
two different EC types and by both BMP9 and BMP10 adds more power to the analysis and
confidence in the results. The positively and negatively-enriched clusters that have been
repeatedly identified in multiple comparisons are shown in Table 2. An enriched gene set is
said to be positively or negatively enriched when the majority of genes belonging to this set
are respectively upregulated or downregulated. Nevertheless, this sense of enrichment
shouldn’t be directly linked to an increase or decrease of a specific activity, since the
upregulated genes in a positively enriched gene set for example might be inhibitors of this
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pathway or function. All in all, the GSEA analyses highlighted the involvement of BMP9 and
BMP10 in regulating several key processes such as cell growth and cell cycle, cell-cell and cell-
matrix adhesion, actin cytoskeleton organization, lipid metabolism, and transport of various
ions and molecules including carboxylic acids, proteins and carbohydrates. In addition, these
analyses linked BMP9/10 signaling to several other pathways, notably Notch, Wnt, NF-kB and
ERK signaling pathways.

Table 2. List of positively and negatively-enriched clusters of BP gene ontology terms that have been repeatedly
identified the different EC models and under BMP9 and BMP10 stimulations

ECFC

HMVEC

Cluster name

BMP9 vs NS

BMP10 vs NS

BMP9 vs NS

BMP10 vs NS

positively
enriched

BMP signaling pathway

Biomineralization

Whnt signaling pathway

Inorganic ion homeostasis

Cell Growth

ERK1 and ERK2 signaling pathway

Lipid metabolism

Carboxylic acid transport

X | X | X [X [X | X

Notch signaling pathway

X |X [ X [X [X | X |X [X |X

Cell migration

Protein metabolism

Glycoprotein metabolism

Vesicle transport

Carbohydrate transport

X IX [ X | X | X [X [X [X[X |X|X [X|[X [X

X IX [X | X | X [X [X [X[X|X|X[X|[X [X

Response to steroid hormone

negatively
enriched

Actin cytoskeleton organization

NF-kappaB signaling

Activation of immune response

Cell-matrix adhesion

Cell-cell adhesion

X |X |X [X [X [X

X |X | X [X [X [X

Cell cycle

Cilium organization

Regulation of apoptosis

Nucleotide metabolism

X |X [X [X [ X | X |X |X [X

X |X [X [X [ X | X |X|X [X

G protein-coupled receptor
signaling pathway

x sign marks an enrichment of a BP cluster in a particular condition. NS: non-stimulated
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Discussion

This section is dedicated to elaborate some points that haven’t been brought up in the
discussion section of the paper and to further develop some others that had been briefly
discussed.

1. Discussion on technical points

1.1. Choice of ligand

Since BMP9 and BMP10 are the only identified ALK1 ligands*31133, this project addressed the
transcriptomic response of CTL and ALK1-mutated ECs to both BMP9 and BMP10 (individually)
instead of focusing on one of them. While establishing the experimental design at the start of
my PhD, the studies by Morikawa et al and Long et al were, to the best of my knowledge, the
only two transcriptomic studies assessing the global gene regulation by BMP9 in ECs, and no
studies were performed using BMP10%3%59, |t was thus interesting to include BMP10 and
provide a side-by-side comparison of these two ligands that share high sequence similarity,
have different binding affinities to the type Il receptors and display both redundant and
specific roles in vivo.

1.2. Stimulation duration

The 2 aforementioned studies assessed gene regulation by BMP9 after 2 or 4hrs of
stimulation?31>°, While this stimulation is sufficient for many direct targets, such as ID1 and
ID2, other genes, such as CXCL8 (IL-8) and SELE (E-selectin), require a longer period to display
changes in mRNA expression level'>2. Hence, to capture some early and late responders and
to complement already published microarray data, we assessed gene regulation after an
overnight (18hr) stimulation with BMP9 or BMP10. A limitation of this late time point is that
MRNA levels of some early responders might have normalized back to the basal levels and
would thus be missed. In addition, some genes might be differently, even inversely regulated
at different time points. Therefore, the ideal scenario would be to perform a kinetics
transcriptomic study, but this would be cumbersome given the high number of conditions
analyzed here. Nevertheless, in the recent study by Szulcek et al described in Chapter 5, the
authors compared CTL to PAH-derived HMVECs stimulated with BMP9 for either 90mins or
24hrs and found that after 90mins stimulation 55.9% the DEGs identified in CTLs are shared
with patient cells, while after 24hrs this number decreased to 4.5%3%’. This indicates that more
information on dysregulated pathways or functions could potentially be derived from longer
stimulation periods.

1.3. BMP dose

The concentration of BMP9 or BMP10 used in this work (10ng/mL) is higher than what was
utilized by other groups!'3159347.360 '\While lower concentrations, such as 1ng/mL, are enough
to induce a strong phosphorylation of Smad1/533, they might not be sufficient for inducing
transcriptional changes in some target genes. For example, a 1ng/mL dose of BMP9 can
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upregulate SMADG6 expression, but not EFNB2, while a 10ng/mL further increases SMAD6 and
induces EFNB2 expression (data not shown). Therefore, it seems that higher BMP9/10
concentrations might allow the identification of more targets. It was previously reported that
BMP9, but not BMP10, can bind and activate ALK2 in mesenchymal stem cells, but with a
weaker affinity than ALK1'33, Using 10ng/mL BMP9 might thus activate ALK2 in ECs360379,
However, since no DEGs were identified between BMP9- and BMP10-stimulated CTL ECFCs,
and only 3 were identified in HMVECs, ALK2 activation by BMP9, if any, doesn’t seem to have
a considerable effect on the BMP9-induced transcriptional regulation. Another limitation of
this dose is that it might induce Smad2 phosphorylation, as was shown in HPAECs starting
from 1ng/mL BMP9'>2, Nevertheless, the 10ng/mL dose is physiologically relevant, as it falls
within the normal 2 to 12ng/mL range of circulating active BMP9 that was determined by our
group using human sera and plasma samples'>’. In addition, with respect to comparisons
between CTL and ALK1-mutated ECFCs, we later showed using BRE luciferase assay that ALK1-
mutated cells respond similarly to CTLs even at lower BMP9 concentrations.

1.4. Number of samples

A limitation of our work was the relatively low number of samples analyzed by RNA-seq, which
was 3 CTLs and 2 ALK1-mutated in each study. A higher number of samples would have clearly
provided more statistical power, but it would have taken me too much time to have access to
more samples. In case of ECFCs, since these cells were isolated from the cord blood of
newborns, we were limited by the number of pregnant couples including an HHT patient in
nearby cities. Additionally, as HHT is an autosomal dominant disease, each newborn would
have only a 50% chance to inherit the HHT-causing mutation, and not all acquired blood
samples give rise to EC clones. Thus, the RNA-seq study on ECFCs was launched with 3 CTLs
and 2 MUTs, as no HHT childbirths were scheduled in the upcoming months of my PhD.
Concerning the PAH-derived HMVECs, the two patients from whom the cells were isolated
were the only 2 HPAH patients identified in France carrying an ACVRL1 mutation that had
undergone lung transplantation. Nevertheless, for each of the RNA-seq studies, the BMP9 and
BMP10 stimulations (along with the non-stimulated CTL) were repeated 3 times for most
samples, and twice for some, in order to generate technical replicates. Expression data from
these technical replicates were then collapsed, and averaged values were used for differential
expression analysis. Moreover, all qPCR validations for RNA-seq data were performed on a
larger number of MUT ECFC samples, since more were isolated in the subsequent year, and
HMVECs were corroborated with BMPRII-mutated HMVECs from 3 PAH patients.

2.  Discussion on specific analyses

2.1. BMP9 vs BMP10

Our findings indicate that BMP9 and BMP10 induce highly similar transcriptomic regulations
in both ECFCs and HMVECs, with or without ALK1 mutations. Although BMP9 and BMP10-
induced DEGs did not completely overlap, LFCs of genes regulated by each ligand were very
highly correlated, with Pearson correlation coefficients approaching 1. This implies that the
non-overlapping DEGs obtained with each ligand do have similar regulation patterns by both
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ligands, but they might not have reached the LFC or statistical threshold with one of the two
ligands. The high dose of BMP9 and BMP10 used might have theoretically masked some
differences in gene regulation between the 2 ligands due to differences in their binding
affinities to different type Il receptors®. However, this is unlikely to be the case since the
recent study by Salmon et al (2020) similarly showed no differentially expressed genes
between BMP9- and BMP10-stimulated CTL PAECs at the low dose of 0.3ng/mL30.

2.2. Two-factor analysis

Differential expression analysis comparing CTLto MUT HMVECs at the basal, BMP9-stimulated
and BMP10-stimulated states identified respectively 1261, 1262 and 1164 DEGs. The DEGs
identified between CTLs and MUTs in the stimulated states could be attributed to different
causes. Some of these DEGs might reflect impaired transcriptional regulation by BMP9 or
BMP10 in MUTs compared to CTLs, which are interesting for understanding the effect of the
ALK1 mutation on gene regulation. In contrast, others might not be targets of BMP9/10, but
appeared as DEGs between CTLs and MUTs at the stimulated state because they were already
DEGs at the basal level and the stimulation had little or no effect on their levels. The classical
differential expression analysis normally used to compare two conditions with one variable
cannot distinguish DEGs belonging to the two aforementioned cases from each other.
Therefore, we utilized a more advanced differential expression analysis, called two-factor
analysis that is specifically tailored to handle two variables simultaneously, in order to take
into account the 2 variables of this study, namely the ALK1 genotype and the BMP stimulation.
This kind of analysis has been previously applied in few transcriptomic studies38%-3%3, The two-
factor analysis pointed out respectively 44 and 15 protein-coding genes that were significantly
differently regulated by BMP9 and BMP10 in MUTs compared to CTLs, coined “interaction
term genes”. Then, plotting the normalized counts of these genes on countplots (as for LFNG
in Figure 5C of the results section) helps illustrate the direction of regulation of every
interaction term gene in each individual CTL or MUT and the difference in this regulation
amplitude between CTLs and MUTs, regardless of their initial basal levels. Based on the two-
factor analysis results and by examining all count plots of the identified interaction term
genes, 25 were selected for individual validation using gPCR on independent stimulations of
CTL, ALK1-mutated and BMPR2-mutated HMVECs, and 24 were confirmed to be significantly
different using Two-way ANOVA, highlighting the robustness of the two-factor analysis. It is
noteworthy that all 15 interaction term genes identified in BMP10-stimulated cells overlapped
with those identified in BMP9-stimulated cells. The remaining BMP9-specific genes revealed
very similar profiles in BMP10-stimulated cells in countplots, but probably did not reach
statistical significance by two-factor analysis due to some variations between samples of the
same group.

3.  General discussion of main findings

3.1. Challenging the haploinsufficiency model

The major finding of the current work is that ALK1-mutated ECFCs isolated from newborn HHT
donors have similar Smad1/5 activation and transcriptomic responses to BMP9/10 compared
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to CTLs, despite the decrease in cell surface ALK1 levels. At first glance, these findings seemed
contradictory to a previous study by our group reporting suppressed BRE luciferase activity in
3T3 mouse fibroblasts overexpressing a mix of WT and mutated ALK1 variants384. 3T3 cells co-
transfected with 0.5ng expression vector coding WT ALK1 and 0.5ng of vectors coding various
mutated ALK1 variants showed luciferase activities lower than cells transfected with 1ng WT,
but equivalent to those transfected with 0.5ng only. Nevertheless, 3T3 cells might not express
the full machinery required for maximum BMP9/10-ALK1 signaling, such as endoglin, and
endothelial cells with endogenous levels of ALK1 are more relevant for testing this hypothesis
than 3T3 cells exogenously overexpressing it.

Since the studied ALK1-mutated cells displayed a reduction in cell surface ALK1 expression,
reaching 50% in carriers of nonsense mutations, we hypothesized that 50% functional ALK1
seems sufficient for driving normal signal transduction. As we’ve shown, ECFCs carrying
nonsense mutations have roughly 50% the normal level of ALK1 on their surface, likely due to
non-sense mediated decay of the mutant transcripts. On the other hand, cells carrying
missense mutations had slightly lower levels. Cells carrying ALK1 missense mutations that do
not affect plasma membrane stability and trafficking are expected to exhibit on their surface
functional receptor complexes with 2 WT ALK1 receptors, non-functional complexes with 2
mutated ALK1 receptors and mixed complexes with one WT and one mutated receptor.
Mechanistically, our data might support the hypothesis that a single functional ALK1 copy in
the mixed complexes is sufficient to activate the signaling cascade. A similar phenomenon was
observed in ACVR1/BMPR1 complexes, where the kinase activity of only ACVR1 was needed
to phosphorylate Smad1/5 in response to BMP2/7 heterodimers, while that of BMPR1 was
dispensable3®>, On a functional level, our findings suggest that ALK1 heterozygosity on its own
might not be sufficient for driving pathogenesis. In turn, this indicates that the overt
transcriptomic dysregulations observed in the ALK1-mutated cells derived from explanted
lungs of end-stage PAH patients cannot be solely attributed to the heterozygous ACVRL1
mutation, but are likely the combined outcome of the germline mutation and other factors,
as proposed by the two-hit hypothesis for HHT. Along these lines, many in vivo studies have
highlighted the role of inflammation or angiogenesis in triggering characteristic vascular
malformations in HHT experimental mouse models (detailed in Chapter 3.5.2), and HHT
patients benefit from anti-angiogenic bevacizumab treatment?®l. Therefore, these
environmental triggers might be required for influencing and distorting transcriptional
responses in ALK1-mutated cells.

Interestingly, during the course of my PhD, exciting work by the group of Douglas Marchuk
provided the first ever piece of evidence backing up the two-hit hypothesis in HHT patients38°,
In this case, however, the second hit was not an environmental trigger, but a genetic one. In
9 out of 19 patient-derived cutaneous telangiectasia biopsies, low-frequency somatic
mutations in ENG or ACVRL1 were detected using next-generation sequencing. These somatic
mutations were confirmed to occur in trans configuration in at least 7 of these samples,
leading to bi-allelic loss of ENG or ACVRL1. For the remaining biopsies, the authors argued that
the failure to detect somatic mutations could be attributed to the limited power of the
sequencing methodology used in detecting large DNA alterations such as mitotic
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recombination, large deletions and chromosome loss38®. As such, it was hypothesized that the
malformations arise when endothelial clones acquire somatic mutations in the WT allele of
the affected gene leading to loss of heterozygosity38. This is a well-known pathogenic
phenomenon in cancer, known as the Knudsonian two-hit mechanism. This hypothesis is also
not new to the vascular anomalies field as it was previously shown in several familial vascular
malformations, including venous, glomuvenous and cerebral cavernous malformations387:388,
and it can help explain why symptoms increase with age in HHT patients?® since somatic
mutations accumulate with time.

Prior to the aforementioned study, another group indirectly addressed the possibility of the
two-hit mechanism by assessing endoglin levels in the endothelium of cerebral and pulmonary
AVMs of two HHT1 patients using immunostaining. Mutations carried by both patients
resulted in transient intracellular species that are not expressed on the cell membrane.
Endoglin levels were found to be reduced in the vasculature of these patients but could still
be detected in the AVMs. Hence, the authors disregarded the possibility of biallelic loss3.
However, since somatic mutations occur at low frequency, and vascular malformations could
arise from mosaic ECs?3723%, only a subpopulation of the ECs in the malformation are expected
to completely lose endoglin. Consequently, when surrounded by ENG-expressing cells, this
ENG-null subpopulation might go unnoticed by immunostaining. Moreover, although most
described HHT endoglin mutants led to transient intracellular proteins, some mutations give
rise to cell surface products incapable of binding BMP9. In this case, unless the somatic
mutation interferes with antibody binding, the mutant could still be detected by
immunostaining and the lesions might still appear to express the protein, even if it’s
nonfunctional. Besides immunostaining, the authors isolated DNA from the pulmonary AVM
and detected both the WT copy of ENG and mutated copy with the reported germline
mutation. Nevertheless, the sequencing technology used back then (in year 2000) might not
have been sensitive enough to detect low-frequency somatic mutations in a small
subpopulation of cells. Hence, the two-hit mechanism should not have been ruled out in that
study. On the PAH side, no somatic mutations leading to BMPR2 or ACVRL1 biallelic loss in
explanted lungs of patients have been reported, but this point might not have been sufficiently
investigated. However, a pro-inflammatory endothelial phenotype and increased perivascular
inflammatory infiltration are well-known characteristics of PAH lungs?®°, in accordance with
the enrichment of inflammation-related gene sets in mutated HMVECs compared to CTLs in
the current work. In addition, inflammatory triggers were reported to further reduce BMPR2
expression levels in BMPR2-mutated PASMCs3?® and to induce EndMT in PAH HMVECs in the
presence of BMP93%’. Therefore, similar to HHT vascular dysplasia, inflammatory triggers
might serve as potential 2" hits for promoting EC dysfunction in PAH.

3.2. Identification of genes potentially involved in early pathogenesis

Another important finding of this study is that some of the genes displaying impaired
regulation by BMP9 or BMP10 in mutated HMVECs also show impaired regulation in mutated
ECFCs or HUVECs, although to milder extents. These genes were LFNG, encoding the Notch
receptor regulator lunatic fringe, JAG2 encoding the Notch ligand Jagged 2, TNFRSF1B,
encoding a member of the TNF-receptor superfamily and SLC6A6 encoding a sodium-
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dependent taurine and beta-alanine transporter. Interestingly, LFNG was the only gene
showing significantly impaired regulation in both ALK1-mutated ECFCs and HUVECs. The other
3 genes were only significantly dysregulated in mutated HUVECs, with JAG2 and TNFRSF1B
showing a trend of weaker regulation in mutated ECFCs, while SLC6A6 did not show any
difference at all between CTL and mutated ECFCs. This suggests that although both ALK1-
mutated ECFCs and HUVECs were derived from the same microenvironment from newborns
that don’t show any signs of HHT, and sometimes from the same newborn, mutated HUVECs
are, for some reason, more sensitive to reduction in functional ALK1 than ECFCs. In all cases,
the use of newborn mutated cells in our study provided an opportunity to detect few genes
showing uniquely high sensitivity to reduced functional ALK1 that might be important for
disease onset. While mutated HMVECs allowed the initial identification of these genes by the
two-factor analysis, it is not possible to deduce from these data alone whether the interaction
term genes are a cause or outcome of endothelial dysfunction in the affected lungs. However,
since ECFCs and HUVECs were not isolated from a sick microenvironment, we can hypothesize
that dysregulations of these genes reflect early events in pathogenesis.

The only gene that showed significant dysregulations in mutated cells of all 3 EC models was
LFNG. The resulting protein, lunatic fringe, is a glycosyl transferase that transfers a sugar
moiety to the of Notch1 receptor, leading to an enhanced activation by DII1 or DIlI4 versus a
suppressed activation by Jag13°%3%1, This enzyme is known for its role during somitogenesis,
as Lfng-/- mice display abnormal formation and anterior—posterior patterning of the
somites®?2, Some of these mice die rapidly within few hours after birth due to breathing
difficulties secondary to rib abnormalities3?. Additionally, LFNG mutations have been
described in two patients with spondylocostal dysostosis, which represents to a group of
congenital disorders characterized by multiple vertebral segmentation defects and
malformations of the ribs3°33°4, One of the two patients had a homozygous missense mutation
that led to LOF of the protein product®®? and the other was a compound heterozygote with
one frameshift mutation leading to a truncated protein and a LOF missense mutation3°4,
Interestingly, assessment of Lfng-/- developing retinal vasculature revealed enhanced
angiogenic sprouting with a higher number of tip cells per field and increased vascular area
compared to WT mice3°, phenocopying DIl4+/- mice®>%®, A similar increase in vascular
sprouting and density is also observed in the retinas of inducible EC-specific Alk1-/- or Eng-/-
micel’1244245 Al in all, this raises the hypothesis that lunatic fringe, which is a target of
BMP9/BMP10-ALK1 signaling, might be involved in mediating proper vascular sprouting
downstream of ALK1 by enhancing DIl4-mediated Notch activation to limit the number of tip
cells and resulting nascent sprouts. This current work provides direct evidence in primary
ALK1-mutated ECs that LFNG induction by BMP9 or BMP10 is suppressed by ALK1
heterozygosity, even in newborn ECs that otherwise reveal mostly normal transcriptomic
responses to BMP9 and BMP10. However, although this induction was reduced compared to
CTLs, BMP9 in mutated ECFCs and HUVECs still significantly induced LFNG induction, and it is
not known whether the remaining lunatic fringe level is enough for efficiently modulating
Notch activity. While retinal vascularization was not examined in Lfng+/- mice, these mice did
not show any defects in somitogenesis and were viable and fertile32. In addition, neither
parent of the first spondylocostal dysostosis patient who themselves carried the heterozygous
LFNG mutation were affected3®3. This might indicate that partial loss of functional lunatic
fringe is tolerable, in line with the absence of HHT phenotype in newborns from whom the
cells were isolated. On the contrary, a stronger loss of LFNG expression, possibly due to a 2™
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hit, might play a role in promoting HHT vascular dysplasia. A lot needs to be tested before this
preliminary hypothesis can be validated, but the identification of an early modified target in
heterozygous-ALK1 mutated ECs might hold great potential for hindering disease progression
through proper early intervention.

4. Discussion on the p-Smad1/5 response to BMP9 under flow

The reduced p-Smad1/5 response to BMP9 in MUT-H1 under flow is consistent with a very
recent study showing that ENG-mutated ECs in 3D organ-on-chip devices with microfluidic
flow display defective vascular features that were not apparent in classical static 2D assays3°°.
Namely, 3D lumenized vessels formed by the mutated cells under flow had reduced vascular
density coupled to decreased EC proliferation and reduced vessel diameter, both of which are
inconsistent with the hyperdense and dilated retinal vessels of HHT mouse models. Vessels
formed by mutated ECs in the microfluidic chips also displayed impaired pericyte coverage
and were leakier than those formed by WT cells, while no differences in proliferation,
migration nor barrier function were detected under static 2D conditions between the 2
groups. Therefore, the authors concluded that the used 3D microfluidic system unraveled
HHT-features of mutated ECs that otherwise seemed normal®®>. However, it is important to
note that this experiment was performed using ECs differentiated from induced pluripotent
stem cells from only a single HHT patient that is mosaic to the ENG mutation, compared to
isogenic WT cells from the same patient. In addition, in the 3D microfluidic assays, cells were
first resuspended in EGM2 culture medium supplemented with 2U/ml thrombin, were grown
in the presence of the Notch signaling inhibitor DAPT for the first 24hrs and were replenished
with EGM2 supplemented with 50ng/mL VEGF on a daily basis®**>. Hence, not only did the
authors provide pro-inflammatory (thrombin)3°® and pro-angiogenic (additional VEGF) triggers
to the cells in the microfluidic chips, but they also interfered with Notch signaling. Given the
established role of inflammatory and angiogenic triggers in driving vascular dyslasia in HHT
mouse models (detailed in Chapter 3.5.2) and the dysregulation of LFNG and JAG2 in our ALK1-
mutated cells, it is highly plausible that these triggers could be the true drivers promoting the
observed defects in vessels formed by the ENG-mutated cells. Of course, FSS might still play a
role in that aspect, but this cannot be clearly deciphered in the presence of the
aforementioned confounding factors.
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Perspectives

1. LFNG as a therapeutic target in HHT

1.1. Further characterization of LFNG regulation by BMP9/BMP10 in vitro

Before moving forward with LFNG as a therapeutic target, its regulation dynamics by BMP9,
and perhaps BMP10, has to be confirmed since the kinetics studies were performed only once.
Additionally, it would be interesting to perform a dose response assay in order to determine
the minimum dose of BMP9 or BMP10 that induces LFNG mRNA upregulation in the different
EC models, and to check whether larger impairments in its regulation can be detected at lower
BMP9/BMP10 concentrations. Finally, it is necessary to check whether changes in LFNG mRNA
levels upon BMP9/BMP10 stimulation translate into changes at the protein expression level.
For that, western blots against lunatic fringe are planned for all 3 EC types at the different
time points and effective BMP doses.

1.2. Assessing LFNG expression levels in vivo and in patient samples

To investigate the outcome of BMP9/BMP10-ALK1 signaling deficiency in vivo, LFNG mRNA or
protein expression levels can be assessed in the retinas of constitutive BMP9; tamoxifen-

inducible BMP10 double KOs (Bmp9”"; R26CreERT2 Bmp10°°/°%) and in the retinas of EC-

specific tamoxifen-inducible AlkI KOs (Cdh5-CreERT2*/;Acvrizfo/flx), both of which are
available at our lab and show defects in postnatal retinal angiogenesis. LFNG mRNA or protein
expression levels in the retinas of these models can be compared to those of WT controls using
RNAScope in situ Hybridization or immunostaining, respectively.

At the patient level, LFNG mRNA or protein levels can also be assessed in tissue sections from
explanted lungs of HPAH patients with mutations in BMPR2 (ACVRL1 mutations very rare) or
from explanted livers or telangiectasia biopsies of HHT patients compared to control tissue.
We have already started testing lunatic fringe level by immunostaining in lung samples of PAH
patients in collaboration with Dr. Christophe Guignabert’s group.

1.3. Assessing the role of BMP9/BMP10 stimulation on selective Notch activation by DII
vs Jag ligands

The next step would be to assess whether changes in LFNG expression by BMP9/BMP10 in ECs
effectively regulate differential Notch-activation by DIl vs Jag ligands. This shall be tested via
luciferase assay using the Notch CSL reporter (4xCSL-luciferase; generously provided by Dr.
Bruno Larrivée), using the following planned experimental design:

a. Transfect ECs with 4xCSL-luciferase reporter and allow enough time for luciferase
expression.

b. Stimulate with 10ng/mL BMP9 (or lower concentration depending on the results of the
dose response assay) for 1hr (HUVECs and HMVECs) or 2hrs (ECFCs) to induce LFNG
expression. The selected durations are subject to modification based on western blot
results for lunatic fringe upregulation by BMP9/BMP10 kinetics stimulation.
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c. Trypsinize the cells and transfer to separate DIl- and Jag-coated wells or co-culture with
separate DIl and Jag-overexpressing 3T3 cells.
d. Allow enough time for Notch activation then lyse and measure luciferase activity.

1.4. Exploring means for restoration of oscillatory LFNG expression

Interestingly, many members of the Notch signaling pathway possess oscillatory regulation
patterns involving regulatory feedback loops, such as DLL1, DLL4, HES1 and HES73°73%, and
this cyclic regulation of DLL4 was proposed to allow dynamicity in the selection of tip and stalk
cells during sprouting angiogenesis3®®. Therefore, we can speculate that loss of cyclic
regulation of LFNG, whose encoded protein strengthens DIl4-mediated Notch activation, can
have important implications during sprouting angiogenesis. Importantly, in vivo studies
assessing the role of Lfng on somitogenesis revealed that expression of nonoscillating Lfng in
transgenic mice could not rescue defective somite patterning induced by the loss of cyclic
endogenous Lfng3’8, strongly highlighting the importance of the oscillatory expression
pattern. With that in mind, potential therapeutic strategies targeting LFNG should aim to
restore its normal oscillatory expression pattern rather than focusing only on its
overexpression. Factors regulating LFNG oscillation outside of the BMP9/BMP10-ALK1
signaling pathway might serve as therapeutic targets for rescuing LFNG regulation. In the
presomitic mesoderm of mice, Lfng oscillation was reported to be regulated by oscillatory
Hes7, and lunatic fringe in turn regulates oscillations in Notch activation, forming a continuous
feedback loop3’®. However, evidence also suggests the involvement of other Notch-
independent regulators of Lfng cyclic gene expression in the posterior paraxial mesoderm?372,
Here we show that LFNG oscillation can be induced by BMP9/BMP10. To gain better
understanding on the regulation of LFNG downstream of ALK1, its expression is to be assessed
in Smad4-silenced ECs. Since LFNG gene locus was shown by ChIP-Seq analysis to exhibit a
Smad1/5 binding region in BMP9-stimulated HUVECs'?3, it is expected to be Smad4-
dependent. However, its regulation can be co-dependent on additional Smad-independent
factors that might be targeted for normalization of LFNG induction. An overview of putative
transcription factors regulating LFNG expression can be derived from determining
transcription factor binding sites in the promoter region of LFNG (retrieved from Eukaryotic
Promoter Database) using for example PROMO tool (https://alggen.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF 8.3). The role of putative transcription factors
can then be validated by individual silencing of suspected factors followed by assessment of
BMP9-induced LFNG upregulation in ECs. Identification of the regulatory machinery behind
LFNG oscillatory expression in ECs might uncover key knobs that can be targeted for
promoting endogenous LFNG expression in its normal physiological dynamics.

2. Providing in vitro proof of concept for 2™ hit hypothesis

Since we hypothesized that ALK1-mutated HMVECs from the lungs of PAH patients might have
been exposed to genetic or environmental 2™ hits, we examined whether the ALK1-mutated
cells from the 2 PAH patients harbor somatic ACVRLI mutations using information on the
ACVRL1 reads from the RNA-seq analysis on these cells. For that and with the help of
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bioinformaticians, we used Mutect2, which is a somatic variant caller that uses local haplotype
assembly and realignment to detect short somatic mutations3%°. In other words, this tool scans
sequenced ACVRL1 reads and detects the presence of low frequency (i.e. somatic) short
mutations such as single nucleotide variations and small insertions or deletions. Using this
tool, we successfully detected the germline mutation carried by each PAH patient, at a
frequency of approximately 50%, but we could not detect pathogenic low-frequency short
mutations. While this could indicate the absence of somatic mutations in these cells, they
might still potentially carry larger DNA changes that cannot be detected by this method.
Interestingly, based on our findings and the recent identification of somatic hits in
telangiectasia of HHT patients by Snellings et al38¢, the group of Dr. Sophie Dupuis-Girod at the
HHT reference center in Lyon has started investigating the presence of somatic mutations
leading to biallelic loss of ENG or ACVRL1 in samples from vascular lesions of HHT patients.

As explained previously, the 2" hit might also be an environmental angiogenic or
inflammatory trigger. Proof of concept of the 2" hit hypothesis can be attained if ALK1-
mutated ECFCs and HUVECs display abnormalities in the presence of pro-inflammatory or pro-
angiogenic triggers that were not evident in the absence of those triggers. To test that, MUT
ECFCs and HUVECs can be treated with pro-inflammatory (LPS, IL-6 or TNF-a) or pro-
angiogenic (VEGF) triggers followed by assessment of their Smad1/5 response and the
regulation of some interaction term genes in response to BMP9 or BMP10 stimulation. If in
the presence of these triggers the mutated cells start to display reduced p-Smad1/5 levels in
response to BMP9 or BMP10 and the induction of LFNG, JAG2, TNFRSF1B, SLC6A6, SOX13
and/or CEBPG becomes weaker, this would validate that 2" hits are required to disrupt
canonical Smad signaling and transcriptional regulation of susceptible targets. Of course the
response of CTL ECs in the presence of these triggers has to be assessed in parallel and should
be considered as the reference point for responses in mutated cells. On the functional level,
a previous study reported that the combined treatment of BMP9 and IL-6 promotes the
appearance of EndMT features (reduction in peripheral VE-cadherin and gain of organized
SM22a expression) in CTL HMVECs, but to a stronger extent in IPAH or BMPR2-mutated HPAH
HMVECs3#’. However, BMP9 stimulation alone strengthened EC junctions in CTLs, but had an
opposite effect on patient HMVECs®*’. Hence, assessment of cytoskeletal changes in response
to BMP9/BMP10 alone or in combination with inflammatory triggers might also highlight 2n
hit- (inflammation) dependent alterations.

3. Assessment of the p-Smad1/5 response to BMP9/BMP10 in ALK1-mutated
ECs under flow

The image acquisition and analysis parameters for quantifying p-Smad1/5 fluorescence levels
in the microfluidic channels have been optimized following the first preliminary experiment
of BMP9 stimulation under flow, with the help of Emmanuelle Soleilhac at the CMBA platform.
An example of representative improved confocal fluorescence images of p-Smad1/5 and VE-
cadherin staining in 3 different areas of the branches (with diameters of 70, 140 and 190um)
are presented in Figure 30. Thus, future experiments using ECFCs from a larger number of
donors, as well as CTL and MUT HUVECs will provide a better view on the impact of
heterozygous ACVRL1 mutations on the p-Smad1/5 response to BMP9 under flow.
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Figure 30. Confocal fluorescence imaging of ECs in microfluidic channels with optimized acquisition
parameters. Representative images of CTL ECFCs stained with VE-Cadherin (red), p-Smad1/5 (green) and nuclei
counterstained with DAPI (blue) in the 3 sections of the channels with different diameters.

Alternatively, since this system relies on bidirectional flow, and given that ECs in vivo polarize
and migrate against the direction of flow in an ALK1- and endoglin-dependent manner*®, it
could be better to employ microfluidic devices that provide unidirectional flow through
pumps3©L. It would also be interesting to assess VE-cadherin by immunostaining as a marker
of barrier function following the combined treatment of BMP9 and an inflammatory trigger.
This would allow us to check if we can recapitulate results from static in vitro experiments that
were proposed in the second perspective, especially that laminar shear stress under
physiological levels is known to activate anti-inflammatory signals®°.

4. Uncovering new functions of BMP9 and BMP10 using transcriptomic data

After identifying the different BP GO clusters that are enriched in response to BMP9 and
BMP10 in CTL ECFCs and HMVECs, focus will be shed on one or few of the identified gene set
clusters for further investigation. BMP9 and/or BMP10 have already been reported to be
involved in regulating cell proliferation, migration, apoptosis, barrier function, cytoskeletal
organization and inflammation>”162, Therefore, it would be interesting to explore functions
that were not previously described, such as inorganic ion homeostasis and lipid metabolism.
The next step would be to first validate DEGs within these gene sets by gPCR and western
blotting on independent BMP9 and BMP10 stimulations using ECFCs, HMVECs, and HUVECs,
then use appropriate functional assays to confirm their roles in ECs. Double Bmp9/Bmp10 KO
mice available at the lab might also be used for in vivo validations.
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Annex

During my PhD, | have written a book chapter in the form of a minireview with my colleague
Mohammad Al Tarras, titled “BMP9/10-ALK1-Endoglin Pathway as a Target of Anti-Angiogenic
Therapy in Cancer”. This minireview tackled a side of BMP9/BMP10 signaling that is not
directly linked to my main PhD project, but is rather interesting. The minireview is provided in
the following pages.
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Abstract

The growth and dissemination of solid tumors heavily relies on
angiogenesis, making it an attractive therapeutic target in cancer.
Tumor angiogenesis is orchestrated by a plethora of secreted
factors and signaling pathways. The initial inhibition of the
VEGF-pathway, despite successful preclinical studies, yielded
only modest clinical benefits in patients, promoting the search
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for other anti-angiogenic targets. The BMP9/10-ALK1-endoglin
pathway is an important regulator of vascular development. This
pathway has been investigated by multiple groups as a
therapeutic target for tumor angiogenesis inhibition. For that,
various pharmacological and genetic means were used to target
different components of this pathway. Here, we recapitulate the
outcome of most cellular, preclinical and clinical studies
targeting BMP9/10-ALK1-endoglin pathway as an attempt to
block tumor angiogenesis.

Introduction

Angiogenesis, the formation of new blood vessels from pre-
existing ones, is active during physiological development to
provide the growing tissues with an adequate supply of oxygen
and nutrients while removing metabolic wastes. In adulthood, the
vascular tree generally reaches a quiescent state, with few
exceptions including wound healing and the female menstrual
cycle. This vascular quiescence is tightly regulated by a variety
of pro-angiogenic and anti-angiogenic factors that coordinate
angiogenic processes in a spatiotemporal manner [1]. Vascular
endothelial growth factor (VEGF), basic fibroblastic growth
factor  (bFGF), angiogenin,  thrombospondin (TSP),
angiopoietins, and transforming growth factor-f (TGF-f) are all
examples of angiogenic factors that control the ON-OFF
angiogenic switch [2]. In solid malignancies, dysregulation of
the angiogenic switch towards the pro-angiogenic phenotype
promotes the development of a highly vascularized niche that
supports tumor growth and provides an escape route for
metastatic dissemination [3]. Therefore, inhibition of tumor
angiogenesis is considered an important therapeutic strategy in
cancer treatment [4].

The main goal of anti-angiogenic therapies is to abrogate the
formation of new blood vessels within the tumor, in an attempt
to deprive cancer cells from oxygen and nutrients, and
consequently inhibit tumor growth and progression. Moreover,
tumor induced angiogenesis is associated with the formation of
aberrant vascular network characterized by acidosis, interstitial
hypertension and hypoxia. This abnormal microenvironment
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endangers the efficacy and proper delivery of therapeutics to
solid tumors [5]. Therefore, the development of anti-angiogenic
therapies and combining them with cytotoxic drugs constitutes
an important aspect in cancer therapies.

Targeting VEGF signaling has been demonstrated as the prime
antiangiogenic target in the clinic for the last two decades. Anti-
VEGF therapies, including blocking antibodies against VEGF
(bevacizumab), kinase inhibitors (sunitinib, imatinib, sorafenib,
axitinib and regorafenib), and decoy receptors, have been
included in the first line therapies against advanced and
metastatic cancers [6]. Unfortunately, in contrast to the
promising results from preclinical studies, the use of this
monotherapy has yielded only modest therapeutic benefit in
some tumor types, failed in others and was associated with the
generation of resistant and more aggressive tumors [7,8]. Hence,
alternative and/or complementary therapeutics directed at novel
targets of vascular development are urgently needed.

Members of the Transforming growth p (TGF-B) superfamily of
signaling molecules have been previously described as important
modulators of vasculogenic and angiogenic processes. Among
them, BMP9 and BMP10, which bind with high affinity to a
signaling complex of receptors composed of activin receptor-
like-kinase-1 (ALK1) and endoglin [9] which are mostly
expressed on endothelial cells, play an essential role in vascular
development [10]. This signaling complex is composed of two
type | receptors (ALK1), two type Il receptors (BMPRII,
ActRIIA or ActRIIB) and the co-receptor endoglin. Both type |
and type Il receptors possess Serine/Threonine kinase activities.
Binding of BMP9/10 to this receptor complex leads to the
phosphorylation of ALK1 by the constitutively active type Il
receptor. Consequently, activated ALK1 phosphorylates
transcription factors known as Smads that modulate target gene
expression [9,11,12]. Endoglin is a homodimeric cell-surface co-
receptor that lacks enzymatic activity and functions as a co-
receptor in association with ALK1, enhancing ALK1 signaling
[13]. ALK1 and endoglin display highly similar expression
patterns, being mostly restricted to endothelial cells. Complete
genetic ablation of either ALK1 or endoglin in mice results in
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embryonic lethality due to impairment of blood vessel
development [14]. In addition, heterozygous loss-of-function
mutations in either gene in humans give rise to two closely
related forms of the vascular disorder hereditary hemorrhagic
telangiectasia (HHT) [15].

Interestingly, an elevated expression level of both ALK1 and
endoglin was reported in the angiogenic tumor endothelium
[16,17] and the BMP9/10-ALK1-endoglin pathway was
proposed to be involved in resistance to anti-VEGF therapy in
tumors [18]. In addition, BMP9 is known to regulate the
development of lymphatic vessels [19,20], which has
implications for metastatic spread of tumor cells through
lymphatic vasculature [21]. As a result, the BMP9/10-ALK1-
endoglin signaling pathway emerged as an interesting candidate
target for anti-angiogenic cancer therapies. Consequently,
extensive in vitro and in vivo studies have been performed in the
past two decades to investigate the implication of this pathway in
tumor angiogenesis, using multiple cancer models. Most
preclinical studies revealed promising anti-angiogenic responses,
giving rise to several clinical trials aiming to improve the overall
survival of cancer patients. Here, we provide a brief overview of
the cellular, preclinical and clinical studies targeting BMP9/10-
ALK1-endoglin pathway as an attempt to block tumor
angiogenesis.

Targeting ALK1 as an Anti-Angiogenic
Therapy in Cancer

Different biological compounds have been designed/identified to
interfere with ALK1 signaling including the BMP type-I receptor
inhibitors LDN-193189 [22], OD16 and OD29 [23], and the
miRNA miR-199b-5p [24], all of which have demonstrated
effective inhibition of ALK1 signaling. However, the specificity
of designed drugs and crosstalk with other pathways make it
difficult to predict the final outcome of such inhibitors. For this
reason, targeting ALK1 have been majorly studied in the context
of tumor angiogenesis through highly specific designed products
such as ALK1-Fc fusion ligand trap (dalantercept/ACE-041)
developed by Acceleron Pharma Inc [25], and PF-03446962
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(fully human antibody that targets extracellular domain of
ALK1) developed by Pfizer [26], both of which have been
implicated in independent clinical trials.

Preclinical Studies
ALK1 Ligand Trap

The characterization of the ALKI1-Fc fusion protein has
demonstrated its ability to specifically trap BMP9 and BMP10,
but not any other ligand of the TGF-f family [27]. In vitro
studies showed that dalantercept, and its mouse counterpart
RAP-041, inhibited BMP9 and BMP10 induced Smadl/5
phosphorylation and downstream signaling (e.g, id1 gene
expression), without affecting TGF-p induced Smad2
phosphorylation [27,28]. Moreover, functional assays showed
that dalantercept blocks cord formation and endothelial sprouting
in vitro in human umbilical vein endothelial cells (HUVEC), as
well as FGF induced neovascularization and VEGF-induced
vessel formation in vivo in a chick chorioallantoic membrane
(CAM) assay [27]. The anti-tumor effects of ALK-1 Fc were
primarily investigated through the application of RAP-041 in rat
insulin promoter — SV40 large T antigen (RIP1-Tag2) model of
pancreatic neuroendocrine tumorigenesis. Results showed an
impaired tumor growth already after 2 weeks [28] and a decrease
in the number of hepatic micro metastasis compared to the
control cohort after a prolonged 4-week treatment [29]. Similar
results have been obtained by blocking metastatic dissemination
in the transgenic spontaneous mouse mammary tumor virus
(MMTV)-polyoma middle T antigen (PyMT) and the syngeneic
transplantable EQ771 breast cancer models [30]. Likewise,
dalantercept reduced tumor burden in MCF-7 mammary
adenocarcinoma orthotopic model [27]. On the other hand, in
another study of poorly/non-metastatic melanoma, breast, head
and neck cancer, no effect was observed on primary tumor
growth at the experimental endpoint following the use of RAP-
041 as a monotherapy [31].
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ALK1 Antibody

The ALK1 antibody (PF-03446962) directly binds to the
extracellular domain of ALK1 (residues 42-56) with a high
affinity, but doesn’t bind to other closely related ALKs, such as
ALK2/3/4/5/or ALKY7, thus reducing potential off-target effects.
In vitro studies demonstrated that PF-03446962 prevented
binding of BMP9 to endothelial cells (ECs), inhibited BMP9-
induced Smadl phosphorylation, and BMP responsive element
(BRE)-luciferase transcriptional reporter activity [32]. Moreover,
the monoclonal antibody efficiently blocked serum-induced
Smadl phosphorylation, migration, endothelial sprouting, as
well as tube formation in HUVECs [32,33]. Similarly, a
reduction in tumor growth and inhibition of both microvascular
and lymphatic vessel density has been reported in MDA-MB-231
human breast cancer xenografts when using PF-03446962 [33].

Although both strategies are directed to block the signaling
through ALK1, the modes of action of dalantercept and PF-
03446962 are distinct, one blocking the ligands the other
blocking the receptor. Both approaches demonstrated that ALK1-
targeting induces changes in the vascular network and
subsequent alterations in the tumor microenvironment, described
through in-depth vasculature characterization using several
approaches such as monitoring pericyte coverage, vascular
perfusion, as well as sprouting and leakiness of the vessels [30-
34], all of which are critical factors that describe what is known
by “vascular normalization”. In the context of tumor anti-
angiogenic therapies, the vascular normalization hypothesis
states that antiangiogenic therapy aims to restore the balance
between pro- and antiangiogenic factors back towards
equilibrium. As a result, vessel structure and function become
more normal: vessels are more mature with enhanced
perivascular coverage, blood flow is more homogeneous, vessel
permeability and hypoxia are reduced, and importantly the
delivery of systemically administered anticancer therapies into
tumors is more uniform [35]. Nevertheless, contradicting data
have been described when assessing the functionality of the
tumor-associated vasculature following administration of either
RAP-041 or PF-03446962. For instance, PF-03446962
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quantitatively disrupted vascular normalization in M24met/R
xenograft tumors [33], while ALK1-Fc treatment that increased
coverage of tumor endothelial cells by NG2-expressing cells (i.e.
pericytes) [31]. Hu-lowe et al [33] displayed that flow rates were
only affected in large, functional blood vessels, whereas smaller
ones were unaffected. Contradictory to this result, Hawinkels et
al [31] described a slight increase in perfusion. These results
demonstrate that targeting the same receptor by two different
approaches in different tumor models yields different results, and
suggests more investigation of the underlying mechanisms
following ALK1 activation.

Alk1+/- Mice

Other means of targeting ALK1 signaling as a therapeutic
approach in cancer angiogenesis include genetic approaches
using heterozygote mice. Cunha et al reported that blunted
ALK1 expression using RIP1-Tag2; Alk1*" mice showed a
significant retardation in tumor progression through the
angiogenic switch, reduced de novo tumor growth, and impaired
angiogenesis in comparison to RIP1-Tag2; AIk1** mice,
consistent with results of using RAP-041 which has been
addressed in this same work [28,29].

Combinatory Treatments

Combinatorial treatments of ALK1-blocking agents with other
targeted therapies have also shown promising results in targeting
both tumor angiogenesis and progression. For instance,
combined use of ALKI1-Fc fusion along with chemotherapy
(Doxorubicin or Cisplatin) has shown increased cytotoxic effect
and impaired tumor growth in melanoma, head and neck cancer,
and breast cancer models [31]. Likewise, in experimental breast
carcinomas, RAP-041-induced blunted vessel density was
further diminished in combined therapy group (RAP-041 +
Docetaxel), accompanied by a significant reduction in the
metastatic count in the lungs [30]. Moreover, Dual targeting of
VEGF and BMP9/10 signals using a newly designed
ALK1FLT1-Fc (ALK-Fc fused to VEGFR1-Fc) trap
significantly inhibited both angiogenesis and growth of human
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BxPC3 pancreatic tumor xenografts [36]. Of note, co-
administration of RAP-041 and VEGFR2 neutralizing antibody
DC101 showed no additional therapeutic benefit in MMTV-
PyMT breast cancer model [30]. Interestingly, tumors described
previously as resistant to VEGF inhibitors showed a significant
decrease in tumor burden and associated vasculature when
exposed to PF-03446962, through a mechanism suggesting
disruption of vascular normalization phenotype induced by
bevacizumab [33]. It was also shown that combinatorial use of
dalantercept with the VEGFR2 tyrosine kinase inhibitor sunitinib
leads to tumor stasis in renal cell carcinoma [37].

Clinical Trials

The results obtained from preclinical studies of the two ALK1
targeting agents in different cancer models prompted several
clinical  trials to assess safety, pharmacokinetics,
pharmacodynamics, and anti-tumor efficacy in patients with
advanced cancer, either as monotherapy or in combination with
other antiangiogenic approaches. Phase | clinical trials in
patients with different tumors, including non-small lung cancer
carcinoma, hepatocellular carcinoma (HCC), persistent or
recurrent ovarian carcinoma and related malignancies, as well as
relapsed/refractory multiple myeloma showed that both
dalantercept and PF-03446962 were generally well tolerated,
gave promising and motivating responses, and had a manageable
safety profile distinct from that of anti-VEGF therapy [26,38-
40]. None of the patients enrolled in these clinical trials
displayed the most severe adverse events (AE) reported
following bevacizumab treatment (gastrointestinal perforation,
impaired wound healing, and serious bleeding). Commonly
observed AE upon dalantercept administration were peripheral
oedema, fatigue and anemia, whilst fatigue, nausea and
thrombocytopenia (not associated with bleeding) were typical of
PF-03446962 infusion [25,26]. Moreover, several patients
enrolled in these trials developed telangiectases, which are often
observed in HHT patients, demonstrating an on-target effect of
blocking ALK1 receptor signaling. Though safe, independent
phase Il clinical trials utilizing dalantercept as monotherapy in
patients with recurrent/persistent endometrial carcinoma, ovarian
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carcinoma, and squamous cell carcinoma of the head and neck
revealed insufficient single agent activity with limited efficacy
that did not reach the intended primary endpoint [41-43].
Similarly, phase Il clinical trials assessing the efficacy of PF-
03446962 in pre-treated patients with refractory urothelial cancer
and advanced malignant pleural mesothelioma demonstrated no
or limited activity as single drug [44,45].

Acceleron Pharma Inc has recruited patients to test efficacy of
combining dalantercept with sorafenib and axitinib in advanced
HCC and renal cell carcinoma (RCC), respectively. Results from
the dose-escalation and expansion cohorts evaluating the
combination of dalantercept plus axitinib in advanced RCC
showed that the combination of these two therapies is well
tolerated and associated with a clinical response [46]. However,
the phase Il trial of this combination in RCC patients showed
that the addition of dalantercept to axitinib did not appear to
improve treatment-related outcomes in previously treated
patients with advanced RCC reporting 1 treatment related death
and a lower objective response rate in the combination group
(19%) in comparison to placebo plus axitinib (24.6%). Likewise,
combinatorial phase Ib study of dalantercept and sorafenib
showed no improvement in antitumor activity in patients with
HCC [47]. In a similar fashion, Pfizer also tested the
combination of PF-03446962 with regorafenib in patients with
refractory metastatic colorectal cancer, however the combined
therapy was associated with unacceptable toxicity and did not
demonstrate notable clinical activity in these patients [48].

Targeting Endoglin as an Anti-Angiogenic
Therapy in Cancer

Another proposed anti-tumorigenic target within the ALK1
signaling pathway is endoglin (CD105). Several lines of
evidence support the rationale for targeting endoglin as a novel
anti-angiogenic therapy in cancer. Endoglin is highly expressed
on the tumor-associated vascular and lymphatic endothelium,
and its expression holds prognostic significance in certain tumors
[17]. In addition, gene expression profiling of circulating
endothelial cells (CEC), which are elevated in the blood of
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cancer patients and are thought to contribute to tumor
angiogenesis, revealed an increase of endoglin expression of
CEC-enriched samples from metastatic patients compared to
healthy subjects [49]. Moreover, a soluble form of endoglin,
which is shed following cleavage of the membrane-bound form
by matrix metalloproteinase 14 [50], is detected in the serum of
patients with different solid tumors [17]. Last but not least, anti-
VEGF was shown to increase endoglin expression on tumor-
endothelial cells [51], in line with suggestions implicating the
ALKZ1 signaling pathway in resistance to anti-VEGF therapies.

With that, several groups focused on targeting endoglin to
suppress tumor angiogenesis, either by directly blocking
endoglin using an antibody raised against it or by sequestering its
ligands through an endoglin ligand trap composed of the
extracellular region of endoglin fused to an immunoglobulin Fc
domain (Eng-Fc).

Preclinical Studies
Endoglin Antibody

In vitro, TRC105, a chimeric antibody that binds human
endoglin with high avidity, triggered the apoptosis of HUVECs
through  antibody-dependent  cellular  cytotoxity  [52].
Preclinically, SN6j, a parental antibody of TRC105, showed
promising anti-tumorigenic effects without significant side
effects. Antibody treatment reduced microvessel density and
angiogenesis in multiple metastatic tumor models and
suppressed tumor metastasis, leading to prolonged survival of
the tumor-bearing mice [53]. In addition, combination of SN6j
with  the  chemotherapeutic  agent  cyclophosphamide
synergistically enhanced antitumor efficacy [54].

Endoglin Ligand Trap and Genetic Targeting

Endoglin ligand traps also triggered anti-angiogenic responses
both in vitro and in vivo. Exogenous treatment or expression of
HUVECs with Eng-Fc efficiently inhibited spontaneous and
VEGF-induced sprouting on matrigel and in 3D collagen
matrices [50]. In vivo, Eng-Fc blocked angiogenesis by
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suppressing VEGF-induced vessel formation or sprouting in
CAM assay and angioreactors respectively. The ligand trap also
successfully  decreased tumor burden in a colon-26
adenocarcinoma model [55]. Contrary to these findings, one
group exploring the impact of single or dual genetic targeting of
ALKZ1 and endoglin on tumor angiogenesis reported no effect of
genetic ablation of one copy of the Eng gene on tumor
angiogenesis and growth in a mouse model of pancreatic
neuroendocrine tumors [56]. On the other hand, reducing Acvrll
gene dosage in the same model decreased tumor vasculature and
delayed tumor growth. Interestingly, dual targeting of Acvrll
and Eng, through genetic ablation of one copy of each gene,
resulted in a synergistic reduction of overall tumor burden,
suggesting a beneficial impact of combinatorial targeting of
ALK1 and endoglin. The different effects of endoglin targeting
on tumor angiogenesis could be explained by the different levels
of target inhibition when using antibodies versus genetic ablation
of a single Eng allele or by inherent differences between disease
models rendering some more responsive to therapy than others.

Clinical Trials

The encouraging preclinical results led to some phase | clinical
studies assessing TRC105 safety, pharmacokinetics and anti-
tumor efficacy in patients with advanced or metastatic solid
tumors [57,58]. In these studies, TRC105 resulted in a short-term
stable disease in some patients with two showing exceptional
ongoing responses after 18 and 48 months. The safety
assessment of TRC105 identified well-tolerated adverse events
at clinically relevant doses mostly comprising infusion reactions,
low-grade headaches and anemia that is probably caused by
suppression of endoglin-expressing proerythroblasts.
Interestingly, some patients receiving TRC105 developed
mucocutaneous telangiectases [58] or epistaxis [57], well known
symptoms of the vascular disorder HHT caused by endoglin or
ALK1 mutations, demonstrating on-target effect of TRC105.
Finally, TRC105 treatment induced a significant induction of
VEGF levels in patients of one study, which could be a potential
compensatory mechanism for the anti-angiogenic effect of
TRC105 [57]. This further encouraged combination therapies
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comprising TRC105 and anti-VEGF treatments, which is
feasible due to the distinct identified safety profile of TRC105
compared to anti-VEGF therapies.

These studies were followed by a phase Il clinical trial assessing
the tolerability and efficacy of TRC105 administration on 13
heavily pre-treated patients with urothelial carcinoma. TRC105
was once again well-tolerated, but its anti-tumor activity was not
satisfactory with only 2 patients achieving stable disease for 4
months and a median overall survival of 8.3 months [59].
However, in this study TRC105 seemed to have a positive
impact on immune subsets, notably regulatory T cells,
suggesting potential benefit for combining TRC105 with
immunotherapy. In support of that, enhanced therapeutic effects
were recently reported when combining TRC105 with PD1
inhibition in four preclinical cancer models [60].

Another phase Il study aimed to investigate the efficacy of
TRC105 administration in HCC patients that have previously
progressed on sorafenib. Evidence of clinical activity was not
enough to proceed [61], but combination therapy with sorafenib
in HCC was tested in a following phase | trial [61]. The
combination of both agents was well-tolerated using the
recommended single agent doses and encouraging activity
triggered the launch of a phase Il study. A few other clinical
trials assessed the combination of TRC105 with other VEGF-
targeting agents such as bevacizumab [62,63] and axitinib [64].
The combination of TRC105 with bevacizumab was well-
tolerated [62]. Despite initial reports showing clinical response,
TRC105 addition to bevacizumab failed to improve progression-
free survival in patients with refractory metastatic RCC [63].
Following this trial, TRC105’s efficacy was assessed with
axitinib instead of bevacizumab in metastatic RCC patients. This
combination therapy was also well-tolerated and provided
encouraging evidence of activity leading to further investigations
[64].
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Targeting BMP9 and BMP10 as an Anti-
Angiogenic Therapy in Cancer

Most preclinical studies addressing the role of the ALK1
signaling pathway in tumor angiogenesis relied on the
pharmacological targeting of ALKZ1 or endoglin, either using
neutralizing antibodies or soluble forms of ALK1 or endoglin.
However, these approaches globally suppress the signaling
pathway without considering potential specific roles of BMP9
versus BMP10 in tumor angiogenesis. By following tumor
growth and dissemination in a syngeneic orthotopic mammary
cancer model genetically deficient in Bmp9, Bmp10 or both, we
showed that deletion of Bmp9, but not Bmp10, increases tumor
vascular density and decreases vessel normalization, leading to
enhanced tumor growth and metastasis [65]. In addition, mice
deficient in both Bmp9 and Bmpl10 did not show any added
therapeutic benefit compared to Bmp9-deficient mice. These
results suggest that BMP10 targeting can be omitted, and
specific targeting of BMP9 rather than ALK1 or endoglin could
be more suitable in this model. Interestingly, this study also
highlighted BMP9 as an angiogenic quiescence factor that
promotes vessel normalization. In this case, activating the BMP9
pathway rather than blocking it can provide new means for
cancer therapy, especially when combined with chemo- or
immunotherapies [65]. In line with the role of BMP9 as a
vascular quiescence factor, Bmp9 deficiency in a pancreatic
neuroendocrine tumor model led to hyperbranching and
increased metastases, despite a contradictory decrease in tumor
growth [56]. On the other hand, blocking BMP9 through a
monoclonal anti-BMP9 antibody showed anti-tumor activity and
an increase in the normalization of tumor blood vessels in a
model of RCC [66]. All in all, targeting different components,
and sometimes even the same element, within a signaling
pathway can yield different or opposing outcomes in different
models.

Conclusion

The BMP9/10-ALK1-endoglin pathway is an important regulator
of vascular development that recently captivated the attention of
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the scientific and medical community as a target for inhibiting
tumor angiogenesis and growth [67]. Several groups attempted
to block different components of this pathway (ALKZ1, endoglin
or BMP9) using distinct pharmacological and genetic means
either alone or in combination with chemo- or antiangiogenic
therapy. Despite the encouraging reported effects of blocking
this pathway on tumor angiogenesis and growth in most
preclinical models tested, single agent therapies in patients with
different solid malignancies generated only modest effects. In
this regard, combinatorial clinical trials integrating BMP9/10-
ALK1-endoglin and other pathways targeting agents are still
ongoing with the hope of better potential.

Targeting the tumor vasculature to “starve a tumor to death”
instead of targeting tumor cells with chemotherapeutic drugs was
conceived over four decades ago and has led to the development
of antiangiogenic drugs approved in cancer since now two
decades. However, antiangiogenic therapies so far have not
fulfilled  expectations and  provide only transitory
improvements. More recent work is now proposing the opposite,
that is to promote angiogenesis in order to increase influx of
chemotherapeutic drugs into tumor cells [68]. It will be
interesting in the future to see how the BMP9/10-ALK1-
endoglin pathway will fit into this new hypothesis.
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