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Abstract

ANTI-VASCULAR ENDOTHELIAL GROWTH FACTOR THERAPY
IN MOUSE MODELS OF VASCULAR DYSPLASIA AND CHRONIC COLITIS
Daniela Simona Ardelean, Doctor of Philosophy,
Department of Immunology, University of Toronto, 2014

Hereditary hemorrhagic telangiectasia (HHT) and inflammatory bowel disease
(IBD) are associated with pathological angiogenesis. Vascular endothelial growth factor,
VEGF, is a major angiogenic modulator implicated in HHT and IBD. Hence, we
hypothesized that VEGF-targeted therapy might be beneficial in these disorders.

HHT is an inherited vascular dysplasia characterized by arteriovenous
malformations in organs leading to severe complications. HHT is caused by mutations in
Endoglin (ENG; HHT1) or Activin receptor-like kinase 1 (ALKI1; HHT2) genes, coding
for transforming growth factor B (TGF-B) superfamily receptors. We studied the
angiogenic phenotype of Endoglin and Alkl heterozygous mice and determined their
response to anti-VEGF therapy. We demonstrated that lungs, but not liver, heart or
colon, showed dysregulated angiogenesis, characterized by reduction in peripheral
microvessel density (MVD). An increase in angiostatic thrombospondin-1 (TSP-1) and
vascular destabilizing factor angiopoietin-2 (Ang-2), was associated with reduced MVD
in Eng™” and AlkI™" lungs respectively. Surprisingly, anti-VEGF treatment increased
peripheral pulmonary MVD and normalized levels of TSP-1 and Ang-2, suggesting that
the treatment restored the angiogenic balance by distinct pathways in HHT1 and HHT2

models.



IBD is characterized by severe, relapsing gut inflammation, leading to multiple
complications. Pathological angiogenesis in chronic colitis is persistent, excessive and
abnormal. We tested the effect of anti-VEGF therapy in chronic colitis using the Eng” .
mouse model subjected to dextran-sodium sulphate, characterized by severe, chronic
intestinal inflammation and pathological angiogenesis. We demonstrated that pathologic
angiogenesis is characterized by high colonic MVD and increased in vivo microvascular
hemodynamics, as assessed by ultrasound. Interestingly, colitic Eng” “mice showed an
inflammation-induced rise in colonic endoglin, several pro-inflammatory cytokines and
myeloid chemotactic factors. They had a further increase in G-CSF and amphiregulin,
when compared to wild type mice. This suggests that endoglin might have a triple role,
as a protective regenerative factor and as a marker of inflammation and angiogenesis in
colitis. Importantly, anti-VEGF therapy showed effects associated with resolution of in
vivo and in vitro inflammation and pathological angiogenesis in the Eng” " model of
chronic colitis.

Our findings establish the foundation for future translational studies in patients

with vascular dysplastic and chronic inflammatory diseases.
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Chapter One
Introduction

1.1 Overview

Angiogenesis, the process of new vessel growth from the pre-existing vascular
structures, plays a major role in health and disease. Since the pioneer work of Dr. Judath
Folkman demonstrated more than 40 years ago that tumorigenesis is angiogenesis-
dependent and that targeting angiogenesis could be beneficial in controlling the growth
of tumors, the field of angiogenesis and anti-angiogenic therapy has grown
considerably’. Moreover, the spectrum of "angiogenic diseases” is increasing
continuously”.

Among non-malignant angiogenic diseases, two distinct disorders deserve
special consideration: hereditary hemorrhagic telangiectasia (HHT) and inflammatory
bowel diseases (IBD). HHT is an inherited systemic vascular dysplastic disease,
characterized by the development of arteriovenous malformations (AVMs) in multiple
organs, leading to life-long and sometimes life-threatening complications, such as
recurrent bleeding, stroke, cardiac failure and even pulmonary arterial hypertension
(PAH). It is now known that more than 80% of HHT cases are due to haploinsufficiency
in endoglin (ENG) and activin receptor- like kinase 1 (ACVRLI or ALKI) genes, a co-
receptor and receptor respectively for the transforming growth factor superfamily of
ligands®. IBD is a group of chronic inflammatory conditions characterized by severe,
relapsing gut inflammation of multifactorial causes, leading to severe complications,

including gut perforation, strictures and even cancer”.



Despite their differences, HHT and IBD have several common characteristics.
First, the disruption of the homeostatic vascular angiogenic/angiostatic balance leads to
pathological angiogenesis in both diseases. Second, inflammation plays a role in HHT
and IBD. In HHT, inflammation may trigger the development of AVM; in IBD,
persistent inflammation is the major inducer of abnormal vessel formation in the
inflamed gut. Third, several molecules have a crucial role in HHT, IBD, angiogenesis
and inflammation: transforming growth factor TGF-1, endoglin, ALK1 and vascular
endothelial growth factor VEGF. TGF-B1 plays both pro- or anti-angiogenic and
inflammatory roles, in a context-, cell- and concentration-dependent manner in these two
diseases. Endoglin, a co-receptor for TGF-B1, has a regulatory role on TGF-B1-mediated
signals and modulates in both positive and negative manners numerous effects after
TGF-B1 stimulation. ALK1 is the binding receptor for bone morphogenic protein 9
(BMP9) of the TGF-B superfamily of ligands that has a crucial role in vascular
development and remodeling in health and HHT.

VEGEF is a major angiogenic factor that has the ability to act upon numerous
immune cells and induce their migration, differentiation and functional alterations,
therefore exerting indirect immune effects. Moreover, an increase in circulatory and
tissue VEGF levels was reported in both HHT and IBD.

Data presented in Chapter Two demonstrate that the angiostatic factor
thrombospondin-1 (TSP-1) negatively correlates with endoglin and that Ang2 inversely
relates to A/kl in HHT. Hence, it appears that these two proteins might contribute to the
pathogenesis of dysregulated angiogenesis in HHT. Furthermore, several studies have
shown that TSP-1 is a protective factor in IBD, whereas the role of Ang-2 in colitis has

not been fully elucidated.



The introduction will summarize briefly our understanding of physiological and
pathological angiogenesis, review the pertinent roles of VEGF, TGF-B1, endoglin,
ALK1, Ang2, and TSP-1 in angiogenesis and inflammation. I will also highlight the
contribution of dysregulated angiogenesis in HHT and IBD and the role of anti-VEGF

therapies in these diseases.

1.2. Vessel formation during life span

The vascular system develops through three distinct processes during the life
span of an organism: vasculogenesis, angiogenesis and arteriogenesis. During embryonic
life, blood vessels are generated mainly through vasculogenesis, whereas in adulthood,
angiogenesis 1s the major process for new vessel formation. Arteriogenesis
(collateralization) is a compensatory vascular response to vessel occlusion, leading to
formation of collateral bridges between arterial networks™ °.

Vasculogenesis or de novo formation of blood vessels, comprises two successive
steps: a) differentiation of angioblasts from mesoderm and b) migration of angioblasts to
form blood islands and the vascular plexus or the primitive endothelial tubular network”
®During the establishment of blood flow, the vascular plexus is remodeled further into a
hierarchical system of vessels, which adopt either an arterial or venous identity®. This
specification of vessels is one of the first factors to influence the heterogenic tissue
response to angiogenic stimuli.

It was long-believed that vasculogenesis is a phenomenon exclusively
embryonic. However, recently it was shown the vasculogenesis can also occur
postnatally through participation of endothelial precursors cells (EPC) and circulating

endothelial cells (EC) to de novo vessel formation’.



1.3. Angiogenesis

1.3.1 Definition and characteristics

Under physiological conditions, blood vessels are kept in a quiescent state. The
main role of this network of vascular conduits is to transport oxygen, nutrients,
electrolytes, hormones and patrolling immune cells’. When stimulated, blood vessels
become activated and acquire angiogenic, immune, endocrine and metabolic properties.

Physiological angiogenesis occurs in healthy individuals in response to a local
stimulus, during wound healing, in ovaries and uterus during menstrual cycle and

12 and in hair follicles'’. The release of local growth factors, such

pregnancy'’, in testis
as VEGF, triggers angiogenesis that is amplified by several immune cells, including
myeloid cells, through cell-assisted angiogenesis’. Moreover, intracellular events, such
as sequestration, internalization, degradation of specific receptors or proteins are
involved in maintenance of the angiogenic balance'*.

Physiological angiogenesis has two phases: activation and resolution. The
activation phase includes a) basement membrane dissolution; b) EC migration towards
the angiogenic factors and the invasion of the extracellular matrix (ECM); c) EC
proliferation; d) capillary lumen formation. The resolution phase consists of vessel
maturation and regression and includes a) inhibition of EC proliferation; b) cessation of
EC migration; c) basement membrane reconstitution and completion of vascular

coverage with pericytes and smooth muscle cells (SMC)'™ '¢

. Importantly, physiological
angiogenesis is short-lived and reversible through vessel regression. Vessel regression

occurs when a) the angiogenic process is switched from "on to off", and commences



when the angiostatic factors prevail; b) vascular perfusion is inadequate; c) pericyte
coverage is established; d) ECM proteolysis is minimal™ '°.
Whether physiological angiogenesis leads to further vascular proliferation or

regression is dictated by the balance of angiogenic and angiostatic factors, or the

angiogenic balance.

1.4. Major mediators and regulators of angiogenesis

The microvascular system is designed to remain quiescent. However, vessels can
respond rapidly to physiological or pathological demands, such as chronic inflammation
and neoplastic conditions'*. Irrespective of circumstances, the angiogenic fate of the
activated vessel depends initially on the tissue amount and gradient of angiogenic and
angiostatic factors. This balance will determine and guide the type and duration of

vascular responses in various organs.

1.4.1. The angiogenic balance

The angiogenic balance is a tightly regulated, dynamic equipoise between factors
that promote and control the rate of vascular growth, the pro-angiogenic mediators, and
those that induce the vascular regression, the angiostatic factors. This angiogenic
balance is finely tuned so that even a minor loss of the homeostatic distribution of
opposing factors will skew the process towards uncontrolled proliferation or excessive
inhibition of new vessel formation.

According to Folkman, angiogenic factors are "direct" or "indirect" mediators of
neovascular growth, depending on their ability to promote in vivo and in vitro EC

migration and proliferation, two key angiogenic events. Some "direct" angiogenic



factors, such as acidic FGF (aFGF), basic FGF (bFGF) and TGF-a, can stimulate EC
migration, proliferation or both. Other angiogenic factors do not target directly the
vascular endothelium and have no effect on EC in vitro. They likely act on some
"indirect" pathways, by a) stimulating macrophages to secrete growth factors; b)
activating chemotactic factors for vascular EC or c) releasing intracellular stores of
endothelial growth factors'®. Table 1 lists a few direct and indirect angiogenic
mediators.

Several angiogenic mediators and regulators play an important role in
angiogenesis, inflammation, vascular and tissue remodeling, and will be reviewed

briefly in the next section.

1.4.2.VEGF family
1.4.2.1 Ligands and receptors

The VEGF family of growth factors has a fundamental role in vasculogenesis,
angiogenesis, and cardiovascular, haematopoietic and lymphatic development. This
family comprises five members, VEGF-A (known as VEGF), placenta growth factor
(PIGF), VEGF-B, VEGF-C, VEGF-D and VEGF-E. It also includes several alternate
spliced isoforms of the human VEGF-A gene, VEGF-A|,;, VEGF-A 45, VEGF-Ajgs,
VEGF-Ag9 and VEGF-Ajp. Interestingly, the recently discovered VEGF-Axxx
isoforms, VEGF-A,;b, VEGF-A4sb, VEGF-A s3b, VEGF-A g9, have anti-angiogenic

2431

properties in tumors and in retinal neovascularization in mice” . For the purpose of this

thesis, I will focus on the VEGF-A and its receptors.



Table 1. A partial list of angiogenic mediators

Angiogenic Angiostatic Dual factors | Vascular
factors factors (pro- stabilizers
and anti- and
angiogenic) | quiescence
factors
Growth factors Growth factors TGF-p1" Ang2,
VEGF-A, VEGF-B, Pigment epithelial derived factor Angl®;
PIGF, bFGF & aFGF'*; (PEDF)*; VEGF165b%, Endoglin®’” | BMP9**
HGF'’; PDGF"* VEGF121b, VEGF145b, %,
VEGF183b, VEGF189b™ TNF-o

Hormones
Adrenomedullin19;
insulin-like growth

factor, leptin”, growth
hormone /parathyroid
hormone, thyroid-
stimulating hormone™;
human chorionic
gonadotropin,lutenizing
hormone, follicle-
stimulating hormone '

Cytokines

TNF-a, IL-8'7; MCP-1"7;

IL-6, IL-4, M-CSF ,
G-CSF, IL-17"

Other factors
Angiogenin,
prostaglandins (PGE1,
PGE2), adipocyte lipids,
heparin, copper'*; ovp3
integrin'’; collagens I,
III, IV and XV, laminin-
1 and -8, fibronectin,
perlecan and tenascins
(after proteolytic
degradation)*'; adenosin,
CCL2, endothelin-1,
CXCL12, TLR2
ligands'®

Hormones
Circulating angiostatic
steroidsM; prolactin, I1L-4,
IL-13"7; ghrelin, gonadotropin-
releasing hormone,
somatostatin®’

Cytokines
IL-4, IL-13 17; interferon—B22

Other factors
Angiostatin, endostatinM;
TSP-1&2, sVEGFR1,
alphastatin, arrestin, anti-
thrombin III (truncated),
canstatin, fibulin, semaphorin
3A, troponin I, TIMP-2,
tumstatin, Vasostatinzz; restinzs;
sEng26

Note: The angiogenic

highlighted in blue.

mediators that will be discussed further in the thesis are



VEGEF-A is produced by most parenchymal cells and also by EC** and has a
crucial role in vasculogenesis and angiogenesis. Mice lacking one Vegf-a allele die in
utero at embryonic day E11-12, due to severe blood-island, angiogenic and
developmental defects in heart, large vessels and brain®. Conversely, even a two-fold
increase in Vegf-a leads to embryonic lethality, highlighting the importance of
appropriate VEGF gene dosage during development®”. Extensive work has shown that
VEGF induces EC migration, proliferation, survival and vascular permeability®. What
determines if the vascular angiogenic response is normal or aberrant is the VEGF
concentration in the microenvironment, and not the total VEGF tissue level*. It was
reported in mice with Vegf-a gene deletion in EC (VEGF**9) that VEGF levels in
plasma, serum and several organs were similar, indicating that the endothelial VEGF is
not a major source of circulating or tissue VEGF levels. Additional experiments showed
that both VEGF" ° mice and wild type controls had similar capillary density,
angiogenic response and vascular permeability. These findings indicate that the
paracrine  VEGF signaling is essential for angiogenesis, proliferation, survival,
permeability responses and endothelial differentiation, whereas the autocrine VEGF
signaling was needed for survival signals32. Moreover, Vegf ECKO mice developed at 40-
50 weeks of age a systemic vascular pathology resembling the one seen after long-term
use of bevacizumab, an antibody to human VEGF: hemorrhages, intestinal perforations,
multiple micro-infarcts and disruption in the elastic lamina of larger vessels. These
results demonstrated that long-term blockage of VEGF signaling in EC can alter the
vasculature of normal tissues™”.

The role of VEGF in initiation and resolution of inflammation is less understood.

Several studies showed that tissue VEGF was increased in chronic inflammatory

8



diseases such as rheumatoid arthritis, psoriasis and IBD™*. Moreover, Lee et al

ECKO mice with a deletion of endothelial VEGF could survive the

demonstrated that Vegf
embryonic window of lethality, but display a chronic inflammatory state and significant
fibrosis in several organs between 8 and 20 weeks of age’. These changes were not
associated with alterations in Vegfr2 protein levels, the major signalling receptor for
VEGF™.

The VEGF family signals through three receptor tyrosine kinases, VEGFRI, -2, -
3, two co-receptors neuropilin 1 (Nrp-1) and neuropilin 2 (Nrp-2) and through
transmembrane heparan sulphate proteoglycan (HSPG) receptors™, as depicted below in
Figure 1.

VEGFRI1 (Flt-1) has vasculogenic, pro-inflammatory, and both pro-and anti-anti-
angiogenic effects. VEGFRI1 is expressed in tissues and in monocytes and macrophages.
VEGFR1 binds with high affinity to VEGF, but its kinase activity is low, as
demonstrated by the deletion of the Vegfrl tyrosine kinase domain in mice, which is
compatible with vascular development®™. In contrast, Vegfr]'/' embryos die at E9 of
abnormal, disorganized vessels that lack lumen®. Thus, VEGFR1 has an important role
in vasculogenesis. Moreover, VEGFRI1 facilitates migration of monocytes and
macrophages, participates in haematopoiesis, recruitment of hematopoietic progenitor
cells from the bone marrow, and has a role in vascular permeability*.

In addition, VEGFRI1 negatively regulates VEGFR2 signaling by binding VEGF
directly or indirectly, through its product, sFlt-1°°. Further modulation of VEGF
signaling occurs through heterodimerization of VEGFR1-VEGFR2, as well as of

VEGFR2-VEGFR3.



VEGF-A

VEGF-A VEGF-C
VEGF-B VEGF-D ~ VEGF-C ‘
PIGF VEGF-E VEGF-D
g Cell
.. .' HSPG .. membrane
NFp-1 Nrp-2
VEGFR1 - VEGFR2 —= VEGFR3
(FIt-1)  dimerization (KDR/FIk-1)  dimerization (Fit-4)
INFLAMMATION ANGIOGENESIS LYMPHANGIOGENESIS

INFLAMMATION

Figure 1. The VEGF family of ligands, receptors and co-receptors. VEGF-A, VEGF-
B and PIGF bind VEGFR1; VEGFRI1 has a dual role in angiogenesis and stimulates the
migration of monocytes and macrophages, thus playing a role in inflammation. VEGF-
A, -C, -D, -E isoforms bind VEGFR2; VEGFR2 has a major pro-angiogenic effect. The
ligands for VEGFR3 are VEGF-C and -D. This receptor plays a major role in
lymphangiogenesis and through stimulation of macrophages, might have a role in
inflammation. The three corresponding soluble VEGF receptors have different roles:
sVEGFRI binds VEGF-A”’, VEGF-B and PIGF” effects via VEGFRI1 or VEGFR2
pathways; sVEGFR2*® inhibits VEGF-C, therefore blocking its effects on VEGFR2 and
on lymphangiogenesis; sVEGFR3 sequesters VEGF-C and inhibits lymphangiogenesis
and through inhibition of VEGF-C-mediated VEGFR2 phosphorylation, also blocks
angiogenesis™ . Neuropilin 1(Nrp-1) and 2 are co-receptors, and modulate the activity of
VEGFR1, R2 and R3, respectively. Heparin-sulphate proteoglycan (HSPG) influences
the signaling through VEGFR2%.
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VEGFR2 (KDR/Flk-1) has a vasculogenic and a major pro-angiogenic role.
VEGFR2 is the primary transducer of VEGF-A effects on EC differentiation,
proliferation, survival, migration, tube formation, and in vascular permeability, even
though it binds VEGF-A with ten-fold lower affinity than VEGFR1%°. This affirmation
is supported by the observation that Vegfr2'/ " mice die at E8.5 from impaired
development of hematopoietic cells and EC, similarly to Vegf-a” mice. Alternative
splicing of VEGFR2 leads to formation of soluble VEGFR2 (sVEGFR2), which is
present in various tissues (skin, heart, spleen, kidney, ovary) and in plasma®®. sVEGFR2
binds mostly VEGF-C, hence it inhibits lymphatic EC proliferation™.

VEGFR3 has a critical lymphangiogenic and possible inflammatory role.
VEGFR3 is expressed in vascular and lymphatic ECs and is up-regulated during
angiogenesis and lymphangiogenesis. Without Vegfr3, mice die at E10-11 because of
severe growth and vascular defects. Moreover, VEGFR3 is also expressed on
macrophages™®.

Neuropilin (Nrp) Nrp-1 and Nrp-2 lack an intrinsic catalytic function. Nrp-1
appears to act primarily as a co-receptor for VEGFR1/2, modulating receptor signaling
particularly during vessel sprouting and branching. Nrp-2 functions as a co-receptor for
VEGFR3. During development, Nrp-1 is preferentially expressed in arteries, whereas
Nrp-2 is localized on veins and lymphatics. Disruption of Nrp/ in mice led to embryonic
lethality at E12.5-13.5, caused by multiple vascular abnormalities®. In contrast, Nip2
knockout mice have abnormal development only in capillaries and small lymphatics™®.

Membrane heparan sulphate proteoglycans (HSPGs) mediate VEGF interactions

with VEGFR2 in cis, inducing cell signaling and subsequent internalization of the
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complex or in trans, delaying internalization of the signaling complex, trapping the

VEGFR? at the cell surface and enhancing VEGF response™.
1.4.2.2 Signaling pathways and effects

VEGF-A induces and stimulates EC proliferation through VEGFR2-mediated
activation of the RAS/RAF/ERK/p42/44 MAPK pathway. Furthermore, activation of
VEGFR2-PI3K leads to membrane recruitment and phosphorylation of AKT, which
inhibits the activity of the BCL-2 associated death promoter (BAD) and caspase 9, thus
promoting the survival of EC. VEGF-A also triggers the expression of the anti-apoptotic
proteins BCL-2 and A1, and of the inhibitors of apoptosis XIAP and survivin, while
blocking the terminal effectors caspases 3 and 7, which further enhances the survival of
EC. Moreover, VEGF-A is a powerful vascular permeability factor*'.

Some of the pathways that regulate VEGFR2-mediated vascular permeability
include Src, eNOS, p38MAPK?®. However, VEGF-mediated vascular permeability
mostly depends on the communication between VEGFR2 and VEGFRI1, through their
heterodimerization. Furthermore, VEGF-A-induced EC migration via VEGFR2 includes
activation of the focal-adhesion kinase (FAK) and its substrate paxillin. These main
effects of the VEGF-A signalling are shown below in Figure 2.

Furthermore, modulation of VEGFRs is critical for VEGF signaling. Depending
on the binding ligand, VEGFRs can form heterodimers. Dimerization of VEGFRs leads
to activation of their receptor kinase activity and auto-phosphorylation of the receptors.
Phosphorylated receptors recruit various proteins and induce the activation of diverse

downstream signalling pathways.
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Figure 2. Main VEGF-A signaling pathways. VEGF-A signals through VEGFR1 and
VEGFR2. VEGFR2 is mainly responsible for EC proliferation, survival, migration. It
also participates in vascular permeability in conjunction with VEGFRI, via

heterodimerization (adapted from*?).
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Negative regulation of receptor tyrosine kinases (RTKs) is important for limiting the
response of the target cells. This occurs through rapid RTK dephosphorylation,

internalization, lysosomal and proteomic degradation®.

1.4.3. TGF-$ family
1.4.3.1 TGF- and BMP ligands

The transforming growth factor-f (TGF-f) superfamily of ligands has a
fundamental role in embryonic development, lineage determination, vasculogenesis,
angiogenesis and inflammation®. This superfamily has a least 40 members, grouped into
TGF-B and bone morphogenic protein (BMP) families. The TGF-f superfamily includes
TGF-B isoforms, activins, nodal and myostatin ligands that activate mothers against
decapentaplegic homologs Smad2 and Smad3. The BMP family includes BMPs and
growth and differentiation factors (GDFs) that activate Smadl, Smad5 and SmadS8
molecules.

Among the three TGF-f isoforms, TGF-B1 is the crucial regulator of
vasculogenesis, cardiac development and angiogenesis, as shown by the 7gf~f/ knock-
out mice that die in utero due to severe cardiovascular defects**. TGF-B1 also modulates
several immune and hematopoietic cells, and has a major role in tissue repair
mechanisms, including fibrosis®.

The bone morphogenetic protein (BMP) family has a least 20 members, some of
which have been recently involved in angiogenesis®. BMP9 (or GDF2) is a factor
secreted mainly by the liver that circulates in inactive (40%) and active (60%) forms™.
The active BMP9 keeps EC in a resting state, hence BMP9 is a vascular quiescence

molecule®. BMP9 appears to be necessary for post-natal development, as BMP9 cannot
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be detected in utero, but can be measured during the 3 weeks after birth, after which its
levels decrease®. Furthermore, BMP9 inhibits*’ or promotes® angiogenesis, in a
context-dependent manner, further substantiating the complexity and versatily of the

angiogenic modulation through this ligand.

1.4.3.2 Endoglin

Endoglin (CD105), a co-receptor for TGF-f1 and TGF-B3, activin-A, BMP9,
BMP10, BMP7 and BMP?2 ligands, has an important modulatory role in vasculogenesis,
angiogenesis, inflammation and fibrosis. Endoglin was first identified, cloned and
sequenced in Dr. Michelle Letarte's laboratory’’. Endoglin is a homodimeric
glycoprotein (180kDa) constitutively expressed on all blood vessels. It is present on
quiescent vascular endothelium and up-regulated on activated vessels in tumors and

49,50 -
7. For these reasons, endoglin has been used as a

chronic inflammatory disorders
marker of pathological angiogenesis, even though is also present on resting vessels™’. In
addition, endoglin is expressed by erythroid precursors’', mesenchymal stem cells™,
activated monocytes and macrophages, vascular SMC and fibroblasts®*”> and long-
term hematopoietic stem cells’®. Furthermore, endoglin is expressed on the placental
syncytiotrophoblast throughout pregnancy’’ and in extravillous trophoblast cells during
first term’®. Endoglin is also transiently expressed in the mesenchymal endocardium
during valve formation®”.

The vital role that endoglin plays in developmental angiogenesis, cardiac
organogenesis, early myelopoiesis and erythropoiesis is demonstrated by the Endoglin
null (Eng”) mice that die at E10.5 of cardiovascular defects and impaired

60-62

hematopoiesis™ . Further work revealed that absence of endoglin leads to severe
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impairment in myelopoiesis, definitive erythropoiesis and mild impairment of
lymphopoiesis®. Moreover, endoglin has also a role in early hematopoiesis, contributing
to hemangioblast specification and hematopoietic commitment®. Lastly, endoglin is
required for early patterning of the heart and endocardial to mesenchymal transition
during formation of the endocardial cushions. Interestingly, the same study showed that
the lack of endoglin does not affect vasculogenesis, but reduces branching ability or
angiogenesis®*.

Two isoforms arising by alternate splicing of endoglin, L-endoglin (L, long) and
S-endoglin (S, short) that differ in the amino acid composition of their cytoplasmic tails,
have been characterized more than 20 years ago. L-endoglin (180kDa) and S-endoglin
(170kDa), contain 47 and 14 residues respectively in the cytoplasmic tail. Both isoforms
bind TGF-B1 and are co-expressed on myeloid cells, EC and placenta, with L-endoglin
being the predominant isoform®. L-endoglin stimulates the ALK1-mediated pathway
and appears to have a pro-angiogenic role, while S-endoglin promotes ALKS signalling
and might have an anti-angiogenic effect®.

Recently, it was shown that a soluble form of endoglin, sEng, binds with high
affinity to BMP9 and BMP10, and act as an anti-angiogenic factor*®. A molecular model
for the extracellular domain of endoglin has been proposed, but no definite 3D structure

has been identified yet®’. A structural diagram of endoglin is depicted in Figure 3.
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Figure 3. Structure of human endoglin. The N-terminal orphan domain binds TGF-
B1, in association with the type II receptor; the arginine-glycine-aspartic acid (RGD)
tripeptide is a recognition motif for several integrins; ZP = zona pellucida domains are
involved in protein-protein interactions; a single transmembrane domain and the C-
terminal cytoplasmic domain, rich in serine/threonine, and interacting with endothelial
NO synthase. The molecular model of the extracellular domain of endoglin (1-586) is

shown for an endoglin monomer (adapted from®").
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1.4.3.3 ALK-1 receptor

The HHT?2 disease results from haploinsufficiency in the ALK receptor. ALK1
can associate with endoglin, responsible for HHT1. Although both ALK1 and endoglin
participate in the pathogenesis of HHT, ALK differ in several aspects from endoglin.

The ALKI receptor, expressed almost exclusively in arterial EC®, binds with
high affinity to BMP9 and BMP10; it also binds TGF-B1 in complex with the TGF-$3
type Il receptor and ALKS. It is generally accepted that ALK plays an important role in
angiogenesis; however, controversies exist about the pro- or anti-angiogenic role of
ALK1. Several groups have shown that ALK1 has a pro-angiogenic effect,* ® 7% 71773,
Other studies noted that 4/k/ has a role in resolution of angiogenesis’’ and that targeting
ALK1 leads to retinal hypervascularization in mice*’ or to a sligh increase in number of
cerebral EC in mutant zebrafish vbg’*. This indicates that the role of Alkl in modulating
angiogenesis is context- and model-dependent.

In addition, ALK1 is involved in the homeostatic maintenance of mature vessels,
since total deletion of the A/k] gene in postnatal mice results in AVM formation, severe
internal hemorrhaging and lethality””. Moreover, 4/kI homozygous null embryos die at
E11.5 due to defective EC and SMC coverage of the primary capillary plexus and AVM
formation®’®, further substantiating the role of Alk/ in vascular remodeling. These
findings were later confirmed in the ALK/ deficient zebrafish (namely violet
beauregarde) embryos’ """,

However, in the same zebrafish model, an increase in the number of EC in the
dilated cranial vessels suggested that A/k] might inhibit EC proliferation’”’*. Similarly,

in the early postnatal period, Akl appeared to have an anti-angiogenic role, as inhibition

of Alkl with an ALK1Fc ligand trap resulted in retinal hypervascularization and AVM
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formation, by cooperation with the Notch pathway®’. Yet, it is unknown if this is a
tissue-specific effect or a more generalized phenomenon. Potential reasons for these
opposing findings could be the context-, cell type- and ligand-specific effects exerted by
Alk1 during signaling.

Furthermore, ALK1 expression is increased during wound healing and tumor
growth, demonstrating that it plays a role in physiological and pathological

M2 mice, arterial Alkl expression had a specific pattern

angiogenesis. In the Alkl
during wound healing: it started to rise by day 3, culminated on day 10 and was almost
completely reduced by day 14 upon wound closure®. Moreover, increased Alkl

871 Importantly, the

expression was found in blood vessels of several tumors
generation of tumoral vessels was reduced following treatment with a soluble chimeric

protein (ALK 1-F¢)”?,

1.4.3.4 ALKS receptor

ALKS is the type I receptor for the TGF-f1-mediated angiogenic signaling. The
ALKS receptor, expressed ubiquitously in tissues, is detected primarily in vascular

87 Recent experimental

SMC, but is present at much lower levels in the endothelium
data showed that ALKS5 appears to control EC adhesion, mural cell recruitment and

remodeling of ECM, promoting the maturation of blood vessels or the late resolution

. . 4
phase of angiogenesis™.
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1.4.3.5 Signaling pathways and effects

TGF-B/BMP signaling is one of the most complex and heterogeneous signaling
systems, regulating cell proliferation, differentiation, motility, and apoptosis, in a
context-, cell-, receptor- and concentration-dependent manner in health and disease.

Members of the TGF-B superfamily of ligands signal through heteromeric
complexes formed by type II (TGFBR2 and BMPR?2), type I serine/threonine kinase
receptors (ALK1 and ALKS5) and the co-receptor endoglin. Upon ligand binding, the
constitutively active type Il serine/threonine kinase receptors phosphorylate and activate
the type I receptors. The activated type I receptors phosphorylate downstream the
receptor-regulated Smads (RSmads) proteins, which bind the adaptor protein Smad4
(Co-Smad). Smad2 and Smad3 transduce signals for TGF-B1 and activins, whereas
Smad1/5/8 mediate the signaling for BMPs. Smad complexes move into the nucleus and
regulate the transcription of specific target genes. In addition, TGF-B/BMP signaling is
negatively modulated by intracellular inhibitory Smads (Smad 6 and 7) that compete for
Co-Smad binding or cause degradation of RSmads™, or by extracellular molecules, such
as noggin, chordin, cerberus, and gremlin for BMPs or the pseudo-receptor BAMBI, for
TGF-p1%.

Furthermore, TGF-B1 activates two distinct canonical Smad pathways: Smad2/3
pathway through ALKS5 activation, and the Smad1/5/8 pathway via ALK stimulation.
Endoglin, by modulating the effects of various ligands, extracellular proteins and
transmembrane receptors, can either stimulate or inhibit responses to the TGF-B
superfamily ligands. In EC, endoglin generally inhibits the TGF-B1-ALKS pathway,
while promoting the TGF-B1/ALK1 signaling pathway. In addition, ALK can indirectly

inhibit ALKS5-induced Smad-dependent transcriptional responses. Moreover, BMP9 can
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interfere with Smad?2/3 phosphorylation through activation of
BMPR2/ACVR2/ALK1/ALK2 pathways®'. However, ALKI-ALK5 crosstalk is
bidirectional, as ALK5 is required for optimal ALKI activation® and ALKS5
phosphorylation of the endoglin cytoplasmic domain regulates Smad1/5/8 signaling®.
Thus, even though ALK1 and ALKS5 have distinct functions during angiogenesis, their
balance is crucial for the fine-tuning and control of vasculogenesis and angiogenesis®.
Moreover, this "lateral" crosstalk between TGF-f1 and BMP9-mediated pathways at the
level of ligands, transmembrane receptors and cytoplasmic proteins, allows the system to
display a flexible and versatile angiogenic response in the activated endothelium. The
effects of TGF-$1/BMP9 stimulation are depicted in Figure 4.

TGF-B1 stimulation can also alter the EC-ECM interface, by enhancing cell-cell
adhesion, increasing the expression of some ECM components, such as collagen and
fibronectin, the latter enhancing the TGF-f1 and BMP9-induced Smadl/5/8
phosphorylation via endoglin and ALK1*,

In addition, TGF-B1 signals through several non-canonical molecules and
pathways which a) are directly stimulated by Smads; b) can directly modify Smad
function; c) can directly interact with or become phosphorylated by the TGF-f receptors,
without altering the function of Smads®™. Some of these non-canonical TGF-Bl
pathways include ERK/MAPK, JNK and p38 MAPK, RhoA and PI3K/AKT signaling
cascades. MAP kinases, including ERK, JNK and p38, can also be activated by BMPs,
which increases the need for fine-tuning and regulation of this multi-layered and

complex system®” *> 5.
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Figure 4. A working model for TGF-f1 and BMP9 signaling. TGF-B1 binds
TGFBR2, which subsequently recruits and phosphorylates TGFR1 (ALKS) or ALKI.
Activated ALKS recruits and phosphorylates Smad2/3, whereas ALKI induces
Smad1/5/8 phosphorylation, resulting in activation of ALKS5- and ALK 1-specific target
genes, respectively. BMP9 binds to ALK1 and BMPR2 and signals via Smad1/5/8
pathway; by stimulating activin type II receptor (ACVR2), BMP9 can also activate the
Smad2/3 pathway. sEng and sAlkl bind with high affinity to BMP9 and exert anti-

angiogenic effects. Endoglin modulates all of these pathways in a ligand-, receptor-,

cell- and context-dependent manner.
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1.4.4. Angiopoietin family
1.4.4.1 Ligands and receptors

The angiopoietin-Tie receptor system is essential for controlling vessel
quiescence, vascular maturation and remodelling, processes that are critical for
physiological and pathological angiogenesis. The angiopoietin family includes 4
secreted ligands, Ang-1 and Ang-2 being the main ones; Ang-3 (mouse) and Ang-4
(human) are interspecies orthologsg7. Ang-1 and -2 bind Tie2, a tyrosine kinase receptor.

Even though Tiel receptor has no known ligand, it can bind Ang-1 when present
at high concentration, via integrins®. In addition, there are seven newly discovered
orphan Ang-like molecules (Angpll-7) that do not bind to Tiel or Tie2. Ang-like
molecules can regulate the metabolism and Angpl1-4 and Angpl6 can transduce survival
and migration signals, thus exerting a pro-angiogenic effect””. Moreover, the
angiopoietin—Tie2 signaling system is negatively regulated by the EC-specific
transmembrane receptor tyrosine phosphatase VE-PTP, also called PTPRb*. The
complexity of the Ang-Tie signaling is further increased by the presence of four Ang-1
alternatively spliced isoforms, two of which could act as dominant negative molecules®’.

Ang-1 is constitutively expressed in the perivascular region, in SMC, pericytes
and fibroblasts. Ang-1 stabilizes the quiescent vasculature and reduces endothelial
permeability under basal conditions and after VEGF stimulation. Ang-1 also mediates
migration, adhesion and survival of EC, demonstrating a pro-angiogenic effect. Angl-
deficient mice, similar to Tie-2-deficient mice, die in utero due to severe vascular and

cardiac impairment, indicating that Ang-1 is critical for cardiovascular maturation™.
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Ang-2 has a dual role, agonist or antagonist for the angiopoietin-Tie system, in a
context-dependent manner. Ang-2 is primarily produced by EC during angiogenic
remodeling and can be induced by VEGF, among other factors. Ang-2 is the functional
antagonist of Ang-1 and binds to Tie2 without inducing a signal transduction. In fact, the
balance of Ang-1 and Ang-2 levels determine Tie2 activity. Moreover, Ang-2 disrupts
the connections between the endothelium and perivascular cells and promotes apoptosis
and vascular regression, thus exerting an anti-angiogenic effect. Yet, in conjunction with
VEGF, Ang2 can promote neo-vascularization. Interestingly, 4Ang2-deficient mice are
born apparently normal, implying that the developmental angiogenesis is not affected.
However, these mice have a delayed, inflammation-mediated up-regulation of ICAM1
and VCAMI1 adhesion molecules after TNFa stimulation, indicating that Ang-2 might
play a protective, anti-inflammatory role®”. These findings support the observation that
Ang-2 expression is low in quiescent mature vessels, but markedly increased in
inflammatory and angiogenic diseases.

Tiel and Tie2 are receptor tyrosine kinases (RTKs), which similar to VEGF
receptors, are expressed by EC and hematopoietic cells. Recently it was shown that Tie2
is also expressed on neutrophils (PMN) and a subset of monocytes®” °'. Several recent
studies reported that Tie receptors play an essential role in late vascular and lymphatic
development. For example, Tiel/-deficient mice die between E13.5 and birth due to

9293 and Tie2-null mice die earlier at E10.5-12.5 of lack of vascular

extensive edema
development beyond the capillary plexus, defective hematopoiesis and cardiac

. . 94
impairment” .
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1.4.4.2 Signaling pathways and effects

Ang-1 binds Tie2. Ang-2 is a weak agonist of Tie2 and can even inhibit Ang-1-
mediated Tie-2 activation, in a context-dependent manner. In comparison, Tiel, without
a known ligand, is able to heterodimerize with Tie2 and modulate Tie2 signal
transduction®’.

Several lines of evidence point to the role of Ang-1 in maintenance of vascular
endothelium quiescence®. Ang-1-mediated Akt signaling directly inhibits EC apoptosis.
Moreover, Ang-1 inhibits Ang-2 expression and secretion. Ang-1 blocks Src and
maintains vascular permeability under basal conditions and in response to VEGF .

The role of the Ang-1-Ang-2 system in inflammation is controversial. Tie2
activation recruits A20-binding inhibitor of nuclear factor NF-kB (ABIN-2), which
inhibits the NF-kB pathway and the inflammatory response. However, it was recently
demonstrated that Ang-1 and Ang-2 together can activate the Tie2 receptor on PMN,
leading to enhanced neutrophil adhesion, thus acting as pro-inflammatory mediators”".

Furthermore, Ang-2 and VEGF can cooperate and alter the angiogenic responses.
A high ratio of Ang-2 to VEGF levels leads to vessel regression, whereas high VEGF
Ang-2 levels results in angiogenesis. Some of the Ang-1 and Ang-2 effects are

represented in Figure 5.
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Figure 5. Angiopoietin-Tie signaling effects depend on the ratio of Ang-1 to Ang-2
levels. Ang-1 binds Tie2 and Ang-2 inhibits the Ang-1 stimulation. Tie 1 can dimerize
with Tie 2 receptor. Tie2 downstream signaling involves activation of survival Akt
pathway and inhibition of Src-mediated vascular permeability. Ang-1 activation
decreases the expression of adhesion molecules ICAM1 and VCAMI1 and of NF-kB,

hence reducing inflammation.

26



1.4.5. Thrombospondin family
1.4.5.1 Ligands and receptors

The thrombospondin (TSP) family includes several naturally occurring
endogenous angiostatic proteins, with major role in angiogenesis, tissue remodeling and
inflammation. Among the five members of the TSP family, TSP-1 to TSP-5, TSP-1 is
the most studied of all.

TSP-1 is a matrix glycoprotein secreted by platelets, EC, fibroblasts, SMC,
monocytes, macrophages and adipocytes’®. Recently, a soluble form of TSP-1 (sTSP-1)
was generated by cleavage of the N-domain of TSP-1"".

TSP-1 has multiple and often opposite cellular effects, possibly due to the
interaction of its domains with an array of receptors and proteins. TSP-1 has direct anti-
angiogenic effects, by signaling through its receptors CD36 and CD148. However, by
activating the latent TGF-B1 and releasing the VEGF sequestered in the ECM, TSP-1
may exert, in a context-dependent manner, some pro-angiogenic effects. The CD36
receptor is expressed in EC and SMC, whereas CD47 is ubiquitously found, including in
T cells and PMN’. CD148 (DEP-1/PTPn) is a tyrosine phosphatase receptor expressed
in several cell types, including vascular EC, hematopoietic lineages, megakaryocytes
and platelets *°.

TSP-1 can also interact with fibronectin, fibrinogen, heparin sulfate
proteoglycans (HSPG) and a number of integrins, and therefore can modulate cellular
motility and adhesion’’. Moreover, TSP-1 is involved in maintenance of immune

tolerance through signaling via its receptors CD36 and CD47"’.
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1.4.5.2 Signaling pathways and effects

In physiological conditions, high TSP-1 expression is restricted to
megakaryocytes and platelets. In pathological conditions, TSP-1 is synthesized by many
other cell types, including EC, SMC, fibroblasts, macrophages, T cells and PMN.

TSP-1 signaling through CD36 is responsible for most of the anti-angiogenic and
inflammatory functions”’. TSP-1 binding to CD36 induces subsequent activation of
MAPK and FAS, which results in activation of caspases’". TSP-1 also inhibits epithelial
and hematopoietic cells, but these effects are less well studied.

Furthermore, TSP-1 binds and activates latent TGF-f1. Activated TGF-B1 can
also induce TSP-1 expression, indicating a positive feedback loop in the signalling
pathway97. Moreover, TSP-1 can release VEGF sequestered in the ECM and modulate
phosphorylation of VEGFR2 directly and through complexes formed by CD36, CD47
and VEGFR2. Interestingly, in Tsp-/-null mice, VEGF-A-driven vascular permeability
is reduced. Moreover, Tsp-1-null EC have altered expression or activation of fibronectin,
Src, PI3K, Akt and p38MAPK, the additional pathways through which TSP-1 exerts its
effects”™.

Soluble thrombospondin-1 (sTSP1) binds to the extracellular segment of CD148
with high affinity and specificity. CD148 dephosphorylates and inhibits several
receptors involved in angiogenesis, such as VEGFR2, EGF receptor, hepatocyte growth
factor receptor (HGFR), FGF receptor (FGFR), PGDF receptor (PDGFR), thus exerting
an anti-angiogenic effect. Growing evidence indicates a prominent role for CD148 in
inhibition of cell proliferation and transformation®. Some of the TSP-1 complex roles

are shown below in Figure 6.
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Figure 6. The complexity of the TSP-1 system and its potential roles. N=N-terminal
domain; C= C-terminal domain; R1, R2, R3 - type 1, 2, 3 central repeats; SMC = smooth
muscle cells. CD36, CD47, CD148 are transmembrane receptors for TSP-1. TSP-1 can
bind directly various ECM proteins, including latent TGF-B1, leading to its activation.
The angiostatic effects of TSP-1 are transduced mainly by CD36 and CD148. CD47,
being ubiquitously expressed on several subsets of immune cells, can induce cell

migration, angiogenesis and promote inflammation.
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1.5. Pathological angiogenesis

Pathological angiogenesis contributes to progression of tumors, chronic

inflammatory and vascular dysplastic disorders.

1.5.1 Definition and characteristics

When angiogenesis becomes defective, it leads to formation of abnormal vessels,
different from those observed in steady state. Some of the angiogenic steps that become
dsyregulated and the particularities of pathological angiogenic vessels are described in
Table 2.

Pathological angiogenesis can occur in one or multiple organs, being systemic in
the latter case. Moreover, pathological angiogenesis can be inherited or acquired (often
multifactorial). The three major types of pathological angiogenesis, excessive,
insufficient and abnormal neovessel formation, are depicted below in Figure 7.

Is pathological angiogenesis '"good or bad"? In general, excessive, insufficient
or abnormal angiogenesis is bad, because it contributes to disease progression. For
example, excessive, abnormal, inflammation-induced pathological angiogenesis 1is
detrimental to patients with chronic inflammatory diseases, such as IBD' and
arthritis'”'. Similarly, insufficient angiogenesis has been implicated in the pathogenesis

4

of muscular dystrophy'®, preeclampsia'®, myocardial infarction'™, stroke'®’

and
duodenal ulcers'®.

When dysregulated angiogenesis affects multiple organs, it becomes systemic.
Systemic abnormal angiogenesis is present in HHT, an inherited vascular dysplastic

disease characterized by AVM development, leading to multiple complications'®’.
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Table 2. Dysregulated angiogenesis generates pathological angiogenic vessels

Parameter

Characteristics of pathological angiogenic vessels

Excessive
or deficient

angiogenesis

Too many or too few vessels

Poor vascular

Loose/incomplete pericyte coverage; disappearance of

quality basement membrane; fibrotic, occluded, tortuous vessels; thin-
walled vessel, without nervous and muscular components' '
Defective Disorganized, misguided sprouting; aberrant (direct)
branching/transition communications between vessels (e.g. arteriovenous

between vessels

malformations); lack of hierarchy of arterioles, capillaries and

. 112
venules in tumors

Dysfunctional

vasculature

Increased permeability; altered hemodynamics; impaired

vascular tone

Distinct molecular

vascular profile

Changes in adhesion molecules, proteins, genes, transcription

.
factors repertoires
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Figure 7. Formation and types of pathological angiogenic vessels. Quiescent vessels,
when activated, generate angiogenic vessels. This process is reversible and initiated by
the vascular regression towards the end of the healing process. Angiogenic vessels
proliferate, migrate and mature. When vascular regression is delayed, excessive
angiogenesis occurs. Similarly, exaggerated vascular regression can lead to insufficient
angiogenesis, which is pathological. Abnormal vascular remodeling can lead to
arteriovenous malformations (AVM), characterized by direct communication between
arterial and venous branches, focal vascular ballooning and lastly, development of

vascular malformations.
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Interestingly, the organ-specific microvascular phenotype of certain "angiogenic

. 14
diseases"

may differ within the spectrum of a given disease. For example, some of the
complications of long-standing diabetes can result from deficient (e.g. impaired wound
healing, embryonic vasculopathy) or excessive pathological angiogenesis (e.g. diabetic
retinopathy and nephropathy)'®®. This suggests that organ-specific factors can alter the
angiogenic response in the affected tissues. It is unknown if other angiogenic systemic
diseases, such as cancerzs, rheumatic diseasesml, IBD, obesity109 or atherosclerosis''”
have similar "mixed" pathological angiogenic phenotypes.

Moreover, the timing of angiogenic stimuli can influence organ-specific
microvascular manifestations. For example, in retinopathy of prematurity113 , there are
two stages of abnormal retinal vascularization: a) incomplete delayed retinal vascular
development due to prematurity, followed by b) excessive vaso-proliferation, triggered
by oxygen administration in babies delivered prematurely.

Some other factors that influence the pathological angiogenic phenotypes are

explored in the next sections.

1.5.2 Angiogenic diseases

The spectrum of "angiogenic diseases" is expanding continuously and
consequently, the need for novel therapies is increasing. Several non-malignant
angiogenic diseases are listed in Table 3.

To understand the pathogenesis of abnormal vessel formation in angiogenic
diseases, we need to elucidate what tissue-specific factors might influence the organ-

dependent vascular response to angiogenic stimuli.
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Table 3. Examples of several angiogenic diseases

Primary organ

Congenital diseases

Central
nervous system

Moya Moya angiopathy''®; Cerebral

117
cavernous malformation ’;

CADASIL"®: brain AVM in HHT'"?

Acquired diseases
b

Stroke'®” ; Alzheimerlzo; Parkinson' ;

Multiple sclerosis'*

Eye Congenital vascular malformations Diabetic retinopathy'*; ROP'*; Age-
of the retina and choroid'**; HHT'** related macular degenerationl%;
Choroidal neovascularization'?’
Oral cavity Telangiectases in HHT'*® Chronic periodontitis®
Heart Congenital heart diseases' ; Myocardial infarction'™;
DiGeorge syndrome'’ Cardiac hypertrophy'?’
Lungs Primary pulmonary hypertension'>; Asthma'>, nasal polyps
AVM in HHT
Liver Polycystic liver disease'”; Portal hypertension, liver cancer, liver
telangiectases and AVM in HHT'® | regeneration after partial hepatectomy'*°
Gastrointestinal Telangiectases in HHT'"’ Duodenal ulcer'™;
tract IBD'”
Musculo-skeletal Muscular dystrophy'®* Arthritis™

Skin Cutaneo-mucosal venous Psoriasis’’
malformations''’; Hemangiomas 10,
HHT
Adipose tissue Unknown Obesity'”

Kidney Autosomal dominant polycystic Chronic kidney diseases'’
kidney disease'*®
Reproductive Unknown Endometriosis, infertility, ovarian cysts,
tract preeclampsia'*’

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy; HHT (hereditary hemorrhagic telangiectasia)
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1.5.3 Organ-dependent angiogenesis

Blood vessels exist in every tissue. However, their response to angiogenic stimuli
is contextual and depends on the presence and concentration of several factors, some of
which are organ-specific'®.

First, the organ-specific angiogenic response is influenced by the tissue-specific
vascular signature. Table 4 shows a few general and tissue-specific characteristics of
vessels. For example, liver is an unique organ, with a heterogeneous vasculature,
including sinusoidal endothelium, well-adapted to the complex functions of this
organ''*, as depicted in Figure 8.

Second, different types of EC can coexist in the same organ, which alter the
tissue response to angiogenic cues and/or anti-angiogenic therapies. For example, the
kidney contains fenestrated EC in the peritubular capillaries, discontinuous EC in the
glomerular capillaries and continuous EC in other regions'".

Third, cell-assisted angiogenesis can alter the organ-specific vascular response in
pathological conditions. Recently, it was demonstrated that monocytes migrating
towards the perivascular space in response to organ-induced VEGF expression can be
reprogrammed in the targeted organ to express a short-term pro-angiogenic and pro-
arteriogenic phenotype, which contributes to organ-specific angiogenic response’.

Fourth, tissue microenvironment, through specific soluble mediators, adhesion
molecules, matrix proteins or local regulatory pathways can influence the vascular
angiogenic response. For example, it was reported previously that transplantation of
quail brain fragments to chick coelomic cavity resulted in formation of new vessels
devoid of blood-brain barrier characteristics, whereas transplantation of quail somites to

chick brain ventricles led to formation of vessels whose structures were similar to
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Table 4. Some general and tissue-specific characteristics of vessels.

Type of vessel Characteristics

Artery No valves Strong SMC coverage;
Specific arterial markers (EphrinB2, D114, Alkl, Nrpl, EPAS-1 Heyl/2, Depp);
Notch pathway components are highly expressed’

Vein Valves; Lower SMC coverage;
Specific venous markers (EphB4, Nrp2, COUP-TFII);
Notch pathway components are poorly expressed' !

Capillaries Organ-specific endothelium
Continuous Discontinuous
-non-fenestrated (brain, lungs, skin, muscles) - liver, bone marrow'*?
-fenestrated (gastrointestinal tract, kidney
glomerulus)'*?

ALK indicates activin-receptor-like kinase 1; Depp, decidual protein induced by
progesterone; DIll4, delta-like 4; EPAS-1, endothelial PAS domain protein 1; Nrpl,

neuropilin 1.
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Figure 8. The hepatic macro-and microvasculature. In liver, 80% of blood enters
through the portal vein (PV), the remaining 20% coming from the hepatic artery (HA).
At the PV-HA anastomotic site, the blood is transported slowly through a network of
specialized sinusoidal ECs that normally lack basement membrane and have multiple
fenestrations, called "sieve plates". Sieve plates are tightly regulated portals that permit
translocation of specific molecules. The Space of Disse (perisinusoidal space) forms
between the endothelial lining and the surrounding hepatocytes, because hepatic ECs do
not have an organized basement membrane. Stellate cells (SC) are specialized hepatic
pericytes; Kupffer cells’ are embedded in the sinusoidal wall and act as specialized

phagocytes (adapted from''?).
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blood-brain barrier EC'®. Yet, some form of “early” endothelial commitment exists
even in the absence of the interaction with the harboring tissue, as demonstrated in the
developing brain vessels'"”.

Additional new tissue-specific factors that influence the organ-specific vascular
responses were detected in several organs. For example, the endocrine-gland VEGF
(EG-VEGF) and its receptors, endothelial gland EG-VEGFR1 and EG-VEGFR2, are

140

found exclusively in ovary, testis, adrenal cortex and placenta . Moreover, two anti-

angiogenic proteins, chondromodulin-I and tenomodulin, are expressed in the avascular

- . - 144
cartilages, ligaments, tendons and specific ocular structures

. Thus, these avascular
tissues will be resistant to anti-angiogenic therapies. Recently, it was demonstrated that
sVEGFR3 isolated so far only from the human and mouse corneas sequesters VEGF-C,
inhibits lymphangiogenesis and blocks angiogenesis through inhibition of VEGF-C-
induced VEGFR2 phosphorylation”.

Fifth, the distribution of common angiogenic and angiostatic factors and/or their
receptors differ among organs. For example, in avascular cornea, the expression of the
angiostatic factors TSP-1, TSP-2, angiostatin, and endostatin is increased"”. Moreover,
VEGF receptors have an organ-specific expressionm. VEGFR1, VEGFR2 and VEGFR3
coexist in the human ocular microvasculature, gastrointestinal mucosa, liver, kidney and
lymphoid tissues. In contrast, only VEGFR-1 expression could be detected in the
microvasculature of the brain and retina'*’. Furthermore, Ang-2, a vascular destabilizing

and remodeling factor, has a high expression in brain, but is barely detectable in skeletal

2
muscle?’.
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Sixth, the organ-specific angiogenic response will depend on the genetic
background of the host, as shown in congenital disorders, such as HHT, muscular
dystrophy etc (see Table 3).

Overall, these findings suggest that the organ-specific angiogenic response plays
a major role in health and disease and in understanding the effects of vascular-targeted

therapies in experimental models and in patients.

1.5.4 Inflammation and angiogenesis

Inflammation is a rapid tissue defensive reaction to trauma, infection or sterile
stimuli. Tissue cells release cytokines, which attract leukocytes from the bone marrow,
circulation and vascular lumen. The vascular system is a vital participant in both acute
and chronic inflammation and immune-mediated diseases. Vessels respond to
inflammation through: a) functional alterations that occur first and include activation,
vasodilation, increased permeability, extravasation of circulating cells, release of
mediators; b) structural changes that lead to angiogenesis. The expansion of the inflamed
vascular bed enhances the influx of immune cells, which further augments vessel
growth. However, immune and vascular systems influence each other. Several immune
cell can display pro-angiogenic properties, and the activated endothelium acquires some
immune properties. Therefore, inflammation and angiogenesis are interdependent and
coexist. Some of these interchangeable effects of the activated immune and vascular

systems are highlighted below.
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1.5.4.1 Immune cells and their cytokines have angiogenic effects

A. The role of immune cells in angiogenesis

Most activated immune cells, especially monocytes, macrophages, PMN,
platelets, T and B cells, and some progenitors cells can intervene in the angiogenic
switch and orchestration of both physiological and pathological angiogenesis®. For
example, in health, PMN and natural killer cells (NK) cells are involved in cyclic uterine
angiogenesis in menstruation, whereas in endometriosis, they contribute to disease
pathogenesis.

a) Immune cells secrete known angiogenic mediators

PMN, myeloid-derived suppressor cells (MDSCs), dendritic cells, natural killer

(NK) cells, macrophages, B cells and regulatory T cells'*

can produce angiogenic
factors, such as VEGF, placental growth factor (PIGF), platelet-derived growth factor
(PDGF), bFGF, Ang2, epidermal growth factor (EGF), TGF-B1, monocyte chemotactic
protein (MCP-1) and several proteinases'®. Interestingly, leukocytes can also secrete
anti-angiogenic molecules, such as TSP-1, indicating that immune cells have a role both
in the stimulation and inhibition of angiogenesis.

Although the amount of VEGF released by the circulating and tissue-infiltrating
PMN is relatively low, the high traffic and turnover of PMN in inflammatory infiltrates
may increase their contribution to the tissue VEGF pool. Moreover, PMN-derived
elastase, by degrading vascular basement membranes, can facilitate EC migration into
the wounded tissues'*’.

Moreover, human and mouse CD4'CD25 FOXP3" Treg cells, at steady state and

under hypoxic conditions, can secrete VEGF-A, thus having a pro-angiogenic effect.

Interestingly, Treg cells also constitutively express Nrpl and can transport additional
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VEGEF-A to the affected tissue'*®. Furthermore, it has recently been demonstrated that
activated CD4" T cells can acquire the Nrp-1 receptor from mature DC during their

interaction, and become VEGF-A-shuttling cells'®.

b) Monocytes contribute to the differentiation of endothelial progenitor cells
(EPC) into endothelial-like cells

Activated macrophages can stimulate angiogenesis'®. Recently, it was
demonstrated that monocytes may contribute to EPC that differentiate into endothelial-
like cells. For example, acetylated LDL"ulex-lectin” monocyte/macrophage-derived
EPCs have a low proliferation and endothelial differentiation potential, but are able to
secrete growth factors'®. Moreover, Ly6C™" monocytes, known as precursors for
mouse macrophages and inflammatory DC and bearing VEGFR1 on their surface, can
be recruited by VEGF to sites of inflammation. After entrapment in the target organ,
Ly6Chigh monocytes change their surface markers, transiently populate the inflamed
tissue without proliferating or differentiating into persistent macrophages, and disappear
by day 7°. This constant influx of new monocytes, which will be reprogrammed in situ,
is required for continuous and efficient neovascularization, and provides a simple mean
to terminate the angiogenic response after the VEGF signal ends. However, these

monocytes are incapable of direct VEGF signaling”.

B. Cytokines exert pro-angiogenic effects

Cytokines, mostly known for their pro- or anti-inflammatory properties, can
induce EC proliferation, migration or survival, and/or can modulate the expression of
pro- or anti-angiogenic factors.

IL-1 can reprogram the function of EC, by triggering the synthesis of some
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genes and repressing others' .

TNF-a has both pro- and anti-angiogenic effects. The pro-angiogenic effect of
TNF-o. occurs in a dose and time-dependent manner, by inducing the secretion of
VEGEF, IL-8 and bFGF in EC. It is unclear if TNF-o has direct angiogenic effects'®’.

IL-8, produced by PMN, T cells, mast cells, EC and keratinocytes, is a strong
pro-angiogenic factor, as it stimulates EC proliferation, migration, survival and tube
formation. Importantly, this pro-angiogenic effect is independent of its pro-inflammatory
functions, as IL-8 can stimulate angiogenesis in the absence of inflammation'’.

IL-17 is a pro-angiogenic factor, which induces EC proliferation, migration and
tube formation and stimulates the expression of pro-angiogenic factors, including
VEGF"".

Stromal-derived factors 1 (SDF-1 or CXCL12) and monocyte chemotactic

protein 1 (MCP-1) can also directly stimulate EC”.

1.5.4.2. The activated vascular endothelium modulates the immune

response in inflammation

A. The effects of VEGF and TSP-1 on immune cells
Angiogenic and angiostatic factors can act as a) chemotactic factors; b)
functional modulators of immune cells.
a) VEGF-A regulates a diverse array of immune functions
VEGF is an  important  chemotactic  factor — for =~ VEGFRI"
monocytes/macrophages’, which can further exert pro-angiogenic and pro-vasculogenic
effects. VEGF can also recruit VEGFR1" hematopoietic progenitor cells to the affected

150

site, facilitating their differentiation into new vascular endothelium ™. The interaction
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between VEGF-A, circulating endothelial progenitor cells (EPC) and
monocytes/macrophages is depicted below in Figure 9.

Moreover, VEGF-A can impair DC function and maturation'*'. It is unknown if
a similar process occurs in patients with chronic inflammatory diseases. At
pathophysiologic concentrations, VEGF-A can also inhibit T cell development and
function through the impairment of early hematopoetic progenitor cells'*.

Furthermore, VEGF-A treatment of mouse splenocytes induced T-cell mediated
IL-10 production and suppression of interferon-y (IFNy) production through an
undefined mechanism'®.

b) TSP-1 has both anti- and pro-inflammatory effects, likely due to its
interactions with multiple receptors or diverse ECM proteins in the injured tissue. TSP-1
is transiently released during acute inflammation, facilitates phagocytosis of the affected
cells and promotes resolution of the inflammation. Thus, enhanced production of TSP-1
could be a compensatory mechanism for controlling the immune response and protecting
tissues from excessive damage.

TSP-1 mediates macrophage phagocytosis of apoptotic cells via the CD36
receptor co-expressed in macrophages and EC. By activating CD36, TSP-1 also controls
blood flow and leukocyte infiltration. The TSP-1 receptor CD47 is expressed in PMN
and other immune cells. CD47 activation enhances the expression of TSP-1 in

leukocytes, has a role in T cell activation and also activates Treg cells. Moreover, TSP-1

also induces leukocyte apoptosis through the CD47 pathway®.
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Figure 9. VEGF-induced recruitment and activation of circulating EPC, monocytes
and macrophages, and secretion of VEGF from activated monocytes/macrophages.
VEGF, secreted from EC and perivascular tissue, stimulates migration of endothelial
progenitor cells (EPC) and monocytes/macrophages bearing VEGFR1 on their surface
towards the inflamed vessel. Activated monocytes/macrophages secrete VEGF-A, C and

D, amplifying the immuno-angiogenic loop.
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In the early stages of injury and inflammation, high levels of TSP-1 increase the
tolerance of DC to antigens, ending the inflammatory response. TSP-1 can inhibit or
enhance IL-10 secretion, thus regulating DC functions. TSP-1 also inhibits APC by
decreasing their capacity to sensitize the T cells in the host.

Furthermore, TSP-1 has been shown to decrease immune responses by inhibition
of T effector cells, or by directly inducing T-cell apoptosis. In addition, TSP-1 promotes
T cell adhesion and chemotaxis”. Importantly, TSP-1 also promotes chemotaxis of
leukocytes to inflammatory sites. TSP-1 can also provide the co-stimulatory signal for
the activation of the autoreactive T cells through interaction with CD36 on APCs and

with CD47 on T cells, as shown in the inflamed rheumatoid synovium'™.

B. The immune role of the vascular endothelium

a) The vascular endothelium expresses receptors that mediate immune effects. EC
express TLRs in health or under pathological conditions, such as atherosclerosis.
Moreover, EC express nucleotide-binding oligomerization domains (NODs) 1 and 2,
two regulators of inflammation and sensors for microbial peptides. Furthermore, EC
express MHC class I and class II molecules and can potentially act as antigen presenting
cells in vitro. Lastly, EC also display several accessory molecules that may be involved
in direct stimulation of T cells, such as ICOS ligand (ICOSL), CD40, programmed cell

death ligand 2 (PD-L2), CD58 (LFA-3), CD80, CD86, CD137>*"*.

b) Activated EC synthesize numerous soluble mediators that suppress immune responses,

such as IL-6, IL-10, TGF-p1 and PGE2*.

¢) Endothelial-leukocyte and endothelial-platelet interactions influence T-cell function

indirectly"™*.
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1.5.4.3 Role of TGF-$1 in immunity and inflammation

Among the multiple roles of TGF-B1, the modulation of immune and
inflammatory responses is crucial. TGF-f1 controls the initiation and resolution of
inflammation by regulating chemotaxis, activation and survival of lymphocytes, NK
cells, DC, macrophages, mast cells, and granulocytes. This immune regulatory activity
of TGF-B1 is context-, cell-, and concentration-dependent'>”.

In general, TGF-B1 exerts an anti-inflammatory effect. It can a) suppress
proliferation of all T cell subsets and reduce T cell responses; b) inhibit proliferation and
function of B cells; c) decrease NK cells activity; d) modulate cytokine production by
immune cells; e) regulate macrophage function. This crucial anti-inflammatory effect of
TGF-B1 is demonstrated by the fact that 7gfb/-null mice, if surviving to birth, develop
by 2-3 weeks of age a lethal systemic inflammatory syndrome**.

However, TGF-B1 can also exert a pro-inflammatory activity. TGF-B1 is able to
recruit both monocytes and PMN at fentomolar concentrations, and is one of the most
potent monocytic and PMN chemotactic factors. In addition, TGF-B1 increases the
expression of FcyRIII (CD16) on monocytes, influencing their phagocytic activity. It
also promotes the monocyte-derived secretion of IL-1, IL-6, TNF-a, PIGF and TGF-f1,
maintaining the inflammatory state'*.

Interestingly, TGF-B1 has both inhibitory and stimulatory effects on B cells. It
reduces B cell proliferation, induces apoptosis of immature or resting B cells, blocks B
cell activation and class switching, except for IgA. Moreover, TGF-f1 suppresses NK
cell-derived IFN-y production and reduces their cytolytic activity. Lastly, TGF-B1 is a

strong chemotactic factor for mast cells'>.
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1.5.4.4. Role of endoglin in immunity and inflammation

The role of endoglin (CD105) in immunity and inflammation is mostly
unexplored. It was shown that endoglin is up-regulated upon differentiation of
monocytes into macrophages and in activated monocytes™. Moreover, most of the
human CD4" T memory cells and 30% of the naive T-cells constitutively express
CD105"". In these T-cells, endoglin expression is increased following TCR
engagement, which induces phosphorylation of CDI105. In contrast to the
immunosuppressive effect of TGF-B1 on T cells, endoglin enhances T cell proliferation,
by transducing a signal via ERK kinase phosphorylation'*’.

Endoglin expression was also found on some human CD19" (12%) and CD20" B

cells (15%) and a large proportion of Treg cells (69%)"’

. The fact that endoglin is
expressed in early B and stromal cells from fetal but not from adult bone marrow,
suggests that CD105 might play a role in early B cell differentiation'®.

Up-regulation of endoglin expression in inflammatory conditions, such as
inflammatory bowel diseases (IBD)", psoriasis%, is often associated with macrophage
and T cell inflammatory infiltrates®. However, in fibrotic tissues, high endothelial
endoglin expression was seen only in areas of inflammation, in association with
inflammatory cells, whereas vessels in the dermal scar had barely detectable endoglin®.

Recently it was shown that endoglin plays a modulatory role in leukocyte trans-
endothelial migration. In Eng” mice, the inflammation-induced leukocyte trans-
endothelial migration to peritoneum or lungs was significantly lower compared to Eng“ N
mice, and reversed by increased endoglin expression. Endothelial endoglin interacts with

leukocyte integrin aS5B1 via its RGD motif, an interaction stimulated by the

inflammatory chemokine CXCL12 (stroma-derived factor 1). Thus, the endoglin RGD
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extracellular domain motif might be responsible for the increased leukocyte
transmigration'’.

Furthermore, long-term treatment with TNF-a of human dermal microvascular
EC reduced by more than 50% the endoglin protein levels, but not the transcriptional

160
levels'®,

1.6 Hereditary hemorrhagic telangiectasia (HHT) and inflammatory

bowel diseases (IBD) are angiogenic diseases

1.6.1 Hereditary hemorrhagic telangiectasia (HHT)

1.6.1.1 Contribution of endoglin and ALK1 to HHT pathogenesis

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular
disease, characterized by multiple muco-cutaneous telangiectases, recurrent nose
bleeding episodes and development of arteriovenous malformation (AVM) in major
organs: lungs (~50%), liver (~30%), brain (~10%)"'®". More than 80% of cases of HHT
arise from mutations in ENG (HHT1) and ACVRLI (ALKI; HHT2) genes, respectively.
A few patients with mutations in MADH4 (the gene responsible for producing SMAD4)
can also develop HHT associated with juvenile polyposis (2% to 3%). Overall, ENG
mutations are more common (61%) than ACVRLI mutations (37%) or MADH4 (2%)"°".
The rest of patients (~ 20%) have no identifiable mutation. Recently, two new loci have
been reported in linkage disequilibrium with HHT: the HHT3 locus, on chromosome
5q31 192 and the HHT4 locus on chromosome 7p14163 .

Several studies have shown that ENG or ALKI haploinsufficiency is the

underlying mechanism of HHTI and HHT2 respectively. This implies that the lower
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level of expression of these two genes rather than specific mutations, is responsible for
some of the major phenotypic manifestations. For example, pulmonary and cerebral
AVMs are more frequent in HHT1 than in HHT?2 patients®. In contrast, hepatic AVMs
and gastrointestinal teleangiectases are more often found in HHT2 than HHT1 patients.
More recently, pulmonary arterial hypertension (PAH) has also been associated with

mutations in ALK and ENG, with most of the cases attributed to ALK deficiency'®".

1.6.1.2. Dysregulated angiogenesis in HHT

The experimental work done in the last two decades has shown clearly that HHT
is an inherited angiogenic disease'”’, leading to AVM formation. It is recognized that
haploinsufficiency in ENG and ALK represents the fundamental mechanism responsible
for HHT, leading to vascular malformations. A schematic diagram of how ENG and
ALK deficiency leads to dysregulated angiogenesis is shown in Figure 10. Confirming
this mechanistic concept, Endoglin® or AlkI® heterozygous null mice developed AVM.
How the targeted deletion leads to anomalies in vessels is still unclear. What is know is
that Eng”' 129/0la mice developed dilated postcapillary venules in skin, and ~ 70% of
them lack SMC. In addition, the perivascular collagen and elastin layers were irregular,
adding to the fragility of these vessels'®’. Furthermore, Alk/-conditional deletion
resulted in enlarged, tortuous vessels with thin walls, loss of capillaries and development
of severe AVMs”’.

However, other modifier genes, tissue-specific and environmental factors (such
as infections or trauma) might trigger the dysregulated angiogenesis in HHT and cause
the heterogeneous HHT manifestations. For example, the Eng+/' 129 strain developed

earlier and more severe HHT manifestations than Eng™” C57BL/6 mice'®®, suggesting
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Figure 10. Endoglin and ALK1 haploinsufficiency contribute to dysregulated
angiogenesis in HHT. Endoglin and ALK 1 bind TGF-$1 and BMP9 and modulate their
signaling. ENG haploinsufficiency (in HHT1) leads to impairment of the TGF-B1-
TGFBR2-TGFPR1(AlkS) downstream signaling and Alkl-mediated pathway. ALK1
deficiency (in HHT2) alters primarily the BMP9-mediated downstream route, and also
the TGF-B1-ALKS pathway. Overall, the outcome in both ENG and ALK deficiencies
is dysregulated angiogenesis. ENG and ALK haploinsufficiency are represented by 50%

reduced thickness of the bars, depicting the corresponding dimers.
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that perhaps modifier genes, some of which could be tissue-specific, may influence the
HHT phenotype. Furthermore, the endoglin/CD31 ratio was similar in pulmonary AVMs
and non-affected vessels in HHTI1 patients, suggesting that AVMs could not be
attributed to a focal loss of endoglin'®. Recently, a human polymorphic variant of non-
receptor tyrosine phosphatase PTPNI14 within the TGFBM?2 locus has been shown to
influence the severity of pulmonary AVM in HHT1 and HHT2 patients, by alterations in
angiogenic and/or arteriovenous fate in the affected vessels in HHT, via EphrinB2 and
ALK1 signaling'®’.

It is debatable whether the primary HHT lesions occur in the venous or arterial
vascular bed. From the pathologic point of view, the earliest vascular alteration in HHT
is the focal dilatation of postcapillary venules, followed by changes in SMC layers and
then loss of capillaries'®. This suggests that a venous defect could be the initiating
factor in AVM. However, defective arteries could undergo the primary vascular change
in HHT2, as ALKI is almost exclusively expressed in arteries, and ALKI
haploinsufficiency leads to HHT2,

Furthermore, the perivascular supporting tissue might be defective in HHT. Loss
of endoglin in E9.5 Eng” yolk sacs caused poor vascular SMC development and arrested
endothelial remodeling, demonstrating that endoglin mediates the endothelial-
mesenchymal contact that is essential for angiogenesis'®”. Moreover, in a telangiectasia
(small AVM) in HHT, pericytes display prominent stress fiber, in contrast to pericytes
from normal skin vessels' "*.

Moreover, intracellular changes in the organization and structure of the

cytoskeleton could precede the development of HHT lesions. For example, it was shown
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that blood outgrowth EC obtained from HHT1 patients have a disorganized cytoskeleton
and a depolymerized F-actin, which correlated with lower endoglin levels. Thus,
endoglin deficiency could lead to abnormal cytoskeleton structure and organization,
which may impair the endothelium and vascular strength'”".

It was postulated that a second hit is necessary to activate the abnormal EC to
proliferate and develop AVM®"®; for example, intracranial VEGF-induced angiogenic
stimulation in Eng and Alkl heterozygous mice led to brain AVM formation'”.
Moreover, the perivascular lymphocytic and monocyte/macrophage infiltrates observed

in cutaneous telangiestases might contribute to AVM development'®®.

1.6.2 Inflammatory bowel diseases (IBD)

IBD are chronic inflammatory disorders characterized by severe gut
inflammation and pathological angiogenesis, leading to multiple life-long complications.
Intestinal pathological angiogenesis accompanies and enhances the inflammation, thus

plays a pathogenic role in IBD.

1.6.2.1. Angiogenic dysregulation in IBD

In the last decade, the concept of pathological angiogenesis contributing to
progression of inflammatory bowel disease has gained more acceptance and interest. It is
now recognised that not only the infiltrating immune cells induce a pro-angiogenic
vascular response in the inflamed gut, but also that the non-immune vascular and

100,154
00,154 Hence, the

perivascular cells can modulate the immune response in IBD
bidirectional dysregulated immunity and angiogenesis drive the chronic inflammation in

IBD.

IBD is characterized by chronic gut inflammation, ulceration, and regeneration,
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accompanied by abnormal vessels. These vessels become activated, leaky, adhesive for
leucocytes, pro-coagulant and proliferative, in other words, angiogenic. The recruitment
of circulatory leukocytes occurs primarily at the level of postcapillary venules'™*. In
IBD, several adhesions molecules show an enhanced expression: selectins, integrins and
IgG superfamily molecules (especially ICAM-1, VCAM-1, CD31 and mucosal
addressin cell adhesion molecule, MAdCAM-l)m. In addition, intestinal EC in IBD
also express the CD40 co-stimulatory molecule, which binds to CD40L on T-cells and
platelets, increasing their adhesion, thus the influx of these cells towards the inflamed

174

gut' "". Furthermore, previous work by Burgio et al. showed that monocytes,

macrophages, CD19" B and naive T cells were preferentially recruited to the chronically

175 1t also appeared that the perivascular extravasate of naive T

inflamed intestine in IBD
cells underwent local activation and induction to express the memory phenotype after
further cell-cell interaction'”. Figure 11 depicts the interaction between an inflamed,
angiogenic vessel and several immune cells.

Furthermore, several studies confirmed in vivo that the intestine of patients with
IBD has an increased number of abnormal vessels in the inflamed gut areas, suggesting

that active angiogenesis has occurred'’®'”".
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Figure 11. Simplified model of the interaction between an inflamed, angiogenic
vessel and several immune cells. Persistent inflammation leads to emergence of
angiogenic vessels. These vessels become adherent for immune cells, lose their
angiogenic homeostasis and secrete VEGF, which mediates recruitment of immune cells
such as naive T, B cells, monocytes via activation of their VEGFRI1. These activated
inflammatory cells migrate towards the inflamed gut, become pro-angiogenic and further
differentiate into memory T cells and inflammatory/pro-angiogenic macrophages. These
events result in amplification of both gut inflammation and associated pathological

angiogenesis, leading to chronic IBD.
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In IBD, one of the mechanisms leading to pathological angiogenesis in the
inflamed gut is an increase in angiogenic or angiostatic factors, which alters the
angiogenic balance. The profile of the angiogenic/angiostatic factors depends on several
host- and environmental-dependent factors. For example, the angiogenic profile is
distinct in dextran sodium sulfate (DSS)-induced and CD4+CD45RB"" T cell transfer
models of colitis, two of the commonly used models to study the mechanisms in IBD. In
these two models that showed an increase in gut microvessel density (MVD), a marker
of pathological angiogenesis, the angiostatic factor TSP-1 was up-regulated in the
inflamed colon, whereas the tissue levels of one of the most potent angiogenic factors
VEGF and FGF levels were unchanged, suggesting that factors other than VEGF may
contribute to increase in MVD. Interestingly, an increase in the angiostatic molecules
angiostatin and endostatin in IBD might destabilize these angiogenic vessels, by
preventing the pericyte stabilization and maturation'’®.

Moreover, the inflammation-mediated pathological angiogenesis in IBD can be
influenced by the cytokine and chemokine milieu. Several pro-inflammatory cytokines
and chemokines, such as TNF-a, IL-1p, monocyte chemoattractant protein-1 (MCP-1),
CXCLI ( or Gro-1, KC), can have pro-angiogenic properties in IBD, hence enhancing

the pathological angiogenesis in the inflamed gut'”®.

1.6.2.2. Contribution of endoglin to IBD

Under physiological and pathological conditions, it has been shown that endoglin
can modulate TGF-B1-mediated signaling™. Thus, a deficiency in endoglin should lead
to impairment in TGF-B1 signaling, excessive angiogenesis and immune response.

When subjected to a single course of DSS, Eng™ mice develop severe gut inflammation
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and pathological angiogenesis, associated with increased VEGF tissue levels, suggesting
that the angiogenic and immune balance were lost'”’. The mechanisms through which
excessive inflammation and pathological angiogenesis occur in colitic Eng”' mice
remain to be determined.

TGF-B1 regulates initiation, resolution of inflammation and angiogenesis and
fibrosis. These processes are impaired in IBD'*’. As TGF-B1 is found both in epithelial
and T cells in the inflamed intestine, the amount of tissue TGF-B1 will reflect the degree
of epithelial damage and regeneration and the amount of immune cells infiltrating the
inflamed gut. Thus, the roles exerted by TGF-B1 in colitis are context- and cell-
dependent'™.

Interestingly, cultured fibroblasts from the strictures of patients with Crohn’s
disease showed increased cell-surface and whole-cell expression of endoglin relative to
control cells. In addition, siRNA silencing of endoglin in these fibroblasts led to
enhanced TGF-B1-mediated Smad3 phosphorylation, suggesting that endoglin is a
negative regulator of TGF-B1 signalling in the intestinal fibroblast and modulates Smad3

181

phosphorylation in IBD ®". However, in the active lesions of the inflamed gut mucosa,

the ratio of phosphorylated/total Smad3 was reduced, possible due to increase in Smad7

inhibitor levels in the inflamed mucosal and T cells'®?

. Importantly, TGF-B1 signaling
impairment led to loss on inhibition of the pro-inflammatory cytokines in isolated
lamina propria mononuclear cells from patients with Crohn's disease. These findings
indicate that impaired TGF-B1 signaling in IBD leads to increase gut inflammation.
Moreover, it appears that endoglin has a role in tissue repair. Protein levels of

endoglin (CD105) start to rise one to two days after human skin wounding, further

increase to 3-8 fold higher than the baseline values and remained high for up to 28 days,
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when they begin to fall. Maximal endoglin expression was noted at days 7 to 10,
coinciding with the peak of T cell extravasation and the point of maximum EC
proliferation, thus with peak of inflammation and angiogenesis. Throughout the wound
healing, endoglin was primarily detected in EC and myofibroblasts, not in SMC or
macrophages, the other tissue cells that can express endoglin. In contrast, tissue CD31
protein expression barely changed between days 0 to 7 of healing, even though CD31 is
considered a pan-endothelial marker*’. These findings imply that endoglin is an accurate
marker of tissue remodeling during wound healing.

Furthermore, Eng™ mice subjected to skin injury, showed a delay in wound
closure when compared to Engﬂ " mice, especially in the first 2 to 8 days after the injury,
demonstrating that endoglin is necessary for tissue repair'*>. The progression of tissue

endoglin expression during the wound healing is shown in Figure 12.

1.7 The role of vascular-targeted therapy in angiogenic diseases

1.7.1 Overview of role of anti-angiogenic therapy

Since Dr. Folkman demonstrated that targeting the tumor-dependent vasculature
can reduce the size of the tumor?, the field of "anti-angiogenic" therapy evolved
considerably. Initially, it was thought that targeting the activated but genetically stable
EC that comprise the tumor vasculature avoided the acquired drug resistance, often seen

111

with the genetically unstable tumor cells . However, this was not the case, particularly

when the anti-angiogenic agents were used as mono-therapy in cancer treatment, as

184

genetic alterations occur in tumor vasculature °". It has also become clear that VEGF is

one of the major driving factor in angiogenesis, including in tumors.
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Figure 12. Temporal progression of endoglin expression during wound healing.
Endoglin is expressed on quiescent and activated EC, and some immune and stromal
cells. Hemostasis is the immediate response to injury, followed rapidly by angiogenesis,
influx of immune cells and beginning of the repair process. Tissue endoglin expression
peaks between days 7 to 9 of injury, persists until day 28 after injury, after which it starts

to decrease (adapted from®).
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Importantly, in contrast to endogenous angiostatic proteins that are directly anti-
angiogenic, the anti-VEGF agents act as indirect anti-angiogenic factors when used in
tumors, as they inhibit the products of tumor cells'®’.

The first anti-human VEGF monoclonal antibody approved by FDA to treat
colon cancer in combination with standard chemotherapy was bevacizumab'*®. Later,
encouraging results were reported in a number of cancers, including metastatic non-
small cell lungm, renal'®® and ovarian'® cancers. Yet in breast cancer, the results were
inconclusive. Irrespective of the type of cancer, the benefits of this therapy in patients
were small, a few months gain in the overall survival. Several reasons could explain
these results: acquired or inherited drug resistance, short duration of therapy, facilitation
of tumor and vascular re-growth after discontinuation of anti-angiogenic therapy,
compensation by other alternative angiogenic factors, incomplete disruption of basement

- 112,190,191
membrane and pericytes etc ~

. Moreover, the increased use of anti-angiogenic
therapy in the last decade revealed that side effects can occur, serious ones being
systemic hypertension, gastrointestinal perforations, strokes, wound dehiscence, severe
proteinuria, bleeding episodes etc'*%.

Interestingly, several studies have shown that anti-endoglin DNA oral vaccines
exert anti-metastatic and anti-angiogenic effects in a mouse model of breast carcinoma

1 : . - 194
93 and aggressive melanoma over-expressing endoghn ? .

cells

Moreover, VEGF inhibitors have proven useful in diseases in which VEGF is the
principal pathogenic angiogenic factor, as is the case for retinal vascular disorders,
including ROP, glaucoma, and even inflammatory choroidal neovascularization

. 191,195
disorders " 7"
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1.7.2 Anti-VEGF therapy in HHT

The use of anti-angiogenic therapies in vascular dysplastic disorders has been
sporadic at best, in part because the mechanisms of dysregulated angiogenesis in these
disorders are still not deciphered. However, since VEGF emerged as one of the factors
that potentially plays a role in the pathogenesis of HHT, several studies have now
reported the effects of anti-VEGF therapy in patients with HHT. The first case report
described the dramatic decrease in the frequency of required blood transfusions and an
improvement in the cardiac output in a patient with HHT who received bevacizumab in
addition to standard chemotherapy for his mesothelioma'*®. Impressively, a second case
reported that six courses of bevacizumab (5 mg/kg) given over 12 weeks reversed the
need for liver transplantation and the cardiac failure due to severe and extensive HHT'.
Lately, several studies have reported the use of intranasal bevacizumab by submucosal

8 to0 100 mg'®’, with good results in reducing

injection, in doses varying from 3.75 mg
nosebleeds. Similarly, 1mg/nostril of bevacizumab added in hypertonic saline succeeded
to stop the nasal bleeding for 3 months after a total dose of 8 mg*”’. Importantly, a
single-center non-randomized phase 2 trial of bevacizumab (5 mg/kg every 14 days for a
total of 6 injections), in patients with severe liver involvement and high cardiac index
secondary to HHT demonstrated normalization of cardiac output, pulmonary
hypertension (in 5/8 patients) and improvement in some hepatic hemodynamic
parameters at 6 months of follow-up. However, given the short duration of treatment, the
long-term safety of this therapy could not be established*'.

Moreover, use of the direct anti-angiogenic inhibitor thalidomide in several

patients with HHT1 and HHT2 demonstrated that 100 mg/day of thalidomide lowered

the frequency of epistaxis within 1 month and that the average circulating hemoglobin
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concentration increased without additional dietary iron supplementation. In addition,
Eng” " mice treated with thalidomide displayed an increase in mural SMC cell
recruitment to the defective arteries, without changes in their vessel size, patterning or

microvessel density and without altering vascular growth.

1.7.3 Anti-VEGF therapy in inflammatory disorders

Immune-mediated inflammatory diseases, despite their treatment with a plethora
of anti-inflammatory, immunosuppressant and biological therapies, often progress,
relapse and lead to severe regional and systemic complications, some of which are
lethal. As pathological angiogenesis is intertwined with inflammation, it is critical to
determine if anti-angiogenic agents can reduce both the abnormal tissue vascularisation
and alleviate the inflammatory process.

Human data about efficacy of anti-angiogenic therapy in chronic inflammatory
diseases is scarce and originate from sporadic case reports. Recently it was shown that
treatment with bevacizumab (5 mg/kg every 2 weeks for a total of 4 and 14 cycles
respectively), in combination with standard chemotherapy in two patients with
metastatic colon cancer, was associated with remission of the underlying IBD'".
Moreover, remission of psoriasis following bevacizumab therapy (5 mgkg every 2
week) in addition to chemotherapy for colon cancer was noted 45 days after

202 However, it remains to be determined if

commencing the anti-angiogenic treatment
these effects are bevacizumab or chemotherapy-dependent.

Promising results have emerged from several experimental studies that
investigated the effects of anti-angiogenic therapy in psoriasis®™, IBD’” and

experimental autoimmune encephalomyelitiszm. These studies have demonstrated that in

addition to anti-angiogenic effects, the anti-VEGF agents can decrease the number
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and/or function, migration and transmigration of some immune cells involved in the
pathogenesis of these chronic inflammatory diseases, thus may have an additional anti-

inflammatory effect.

1.8 Thesis objectives

1.8.1 Rationale

Dysregulated angiogenesis plays a critical role in the pathogenesis of HHT and
IBD. A major angiogenic factor is VEGF that might play a pathogenic role in these
diseases.

Elevated circulatory and nasal tissue VEGF levels were reported in patients
diagnosed with HHT?*>2°°. Moreover, it was shown that VEGF injected intracranially in
either EngH " or AlkI™" mice increased the cerebral MVD and led to the development of
abnormal AVM-like structures, demonstrating that VEGF can trigger the abnormal

angiogenesis in these mouse models of HHT'"

. However, it is unknown if dysregulated
angiogenesis is organ-specific and if VEGF is the major contributor to abnormal
vesselsformation in HHT.

Furthermore, recent human studies showed that bevacizumab reduced the
frequency of epistaxis and requirements for blood transfusions'®®, decreased the
hyperdynamic cardiac output secondary to intrahepatic arteriovenous shunting,
improved PAH in several patients®®' and even eliminated the need for liver
transplantation in one case'’’. These observations suggest that anti-VEGF therapy may
have beneficial effects in HHT patients. However, the mechanisms through which anti-

VEGEF therapy might exert beneficial effects in HHT are unknown.
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In IBD, alteration in TGF-B1-mediated initiation and resolution of inflammation,

180

angiogenesis and fibrosis contributes to pathogenesis of disease’ . Moreover, an

increase in intestinal endoglin levels, the co-receptor for TGF-B1, was reported in

#-181 and mouse models of IBD*’”. In addition, the ratio of phosphorylated/total

patients
Smad3 was reduced in the active intestinal lesions of patients with Crohn's disease,
suggesting that the downstream TGF-B1-mediated signaling is impaired'®*. Furthermore,
Eng™” mice subjected to a single course of the chemical irritant DSS, developed severe
gut inflammation and pathological angiogenesis, indicating that endoglin might play a

role'”.

However, the endoglin-mediated mechanisms responsible for excessive
inflammation and pathological angiogenesis in IBD are unknown.

VEGEF is a major angiogenic factor that can modulate the response of several
immune cells in inflammation. Increased serum and colonic VEGF levels were reported
in patients diagnosed with IBD****'°. Moreover, DSS-induced colitic Eng”" mice had
elevated colonic VEGF levels'”. Yet, the role of VEGF in pathogenesis of IBD is
poorly understood. Furthermore, one case report' > and an experimental study showed

211

that the anti-VEGF therapy might have beneficial effects in IBD” . However, the

mechanisms of anti-VEGF therapy in IBD are largely unexplored.
1.8.2 Hypothesis

VEGF plays a pathogenic role in HHT and IBD and VEGF-targeted treatment
will improve the dysregulated angiogenesis in Eng™" and AlkI"" models of HHT,
attenuate inflammation and restore the angiogenic balance in the DSS-induced colitic

A
Eng " mice.
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1.8.3 Specific objectives

1) To investigate the organ-specific angiogenic phenotype, determine if VEGF plays a
major role in the pathogenesis of HHT and investigate the effects of anti-VEGF therapy

on dysregulated angiogenesis in Eng” “and AlkI"" models of HHT.

2) To determine if anti-VEGF therapy has beneficial effects on pathological
angiogenesis and chronic inflammation and restored the angiogenic balance in the DSS-

induced colitic Eng” " mice.

The results from objectives 1 and 2 are reported in Chapters Two and Three of

this thesis.
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Chapter Two

Endoglin and Activin receptor-like kinase 1 heterozygous mice
have a distinct pulmonary and hepatic angiogenic profile

and response to anti-VEGF treatment

Daniela S. Ardeleanl’2’3, Mirjana Jerkic1’4, Melissa Yins, Madonna Peter1’3, Bo Ngan6,

Robert S. Kerbel™’, F. Stuart Foster™’, Michelle Letarte'**’

'Molecular Structure and Function Program, Hospital for Sick Children, Toronto;
*Division of Rheumatology, the Hospital for Sick Children, Toronto; *Department of
Immunology, University of Toronto; * Heart and Stroke Richard Lewar Centre of
Excellence, University of Toronto; Biological Sciences, Sunnybrook Health Sciences
Center, Toronto; °Division of Pathology, Hospital for Sick Children and Department of
Laboratory Medicine and Pathobiology, University of Toronto; 'Department of Medical

Biophysics, University of Toronto, Toronto, Ontario, Canada

In this Chapter Two, I developed the treatment protocol, performed all mouse
experiments, monitored the mice for the entire duration of the experiments and treated
the mice with G6-31 antibody and PBS vehicle. I performed the blood pressure, heart
rate and proteinuria measurements, in collaboration with Dr. Mirjana Jerkic. I measured
the weight of all hearts; Dr. Mirjana Jerkic assisted and participated in weight
measurements of several hearts. In addition, I developed a new ultrasound hepatic
protocol, in collaboration with Ms. Melissa Yin from Dr. Stuart Foster's laboratory. Ms.
Melissa Yin performed all ultrasound experiments and I participated in these
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experiments. I collected all the tissues used in these experiments, quantified the MVD
and the alveolae in the lungs, and also measured the colonic MVD. Dr. Mirjana Jerkic
assisted in the repeated assessment of the lung MVD. In collaboration with the team
from the Pathology Core Centre from Modeling Human Disease Toronto Centre for
Phenogenomics (TCP) in Toronto, I developed a new hepatic and cardiac computerised
protocol for immunohistochemical MVD quantification in these organs. I performed all
the protein extractions, TGF-B1 and VEGF ELISA measurements, and western blot for
all lung and liver proteins tested in this chapter. Dr. Mirjana Jerkic did western blot
duplicates for lungs and performed the endothelial cell experiments. I carried out all
statistical analysis for these experiments. This project was supervised by Dr. Michelle

Letarte.

Copyright permission from Springer, the publisher of the Angiogenesis Journal, was
obtained with kind permission from Springer Science+Business Media B.V. The content
of this chapter was first published in Angiogenesis: Daniela S. Ardelean, Mirjana
Jerkic, Melissa Yin, Madonna Peter, Bo Ngan, Robert S. Kerbel, F. Stuart Foster,
Michelle Letarte. Endoglin and activin receptor-like kinase 1 heterozygous mice have
a distinct pulmonary and hepatic angiogenic profile and response to anti-VEGF
treatment Angiogenesis, January 2014, Volume 17, Issue 1, pp 129-146; DOI

10.1007/s10456-013-9383-4. The final publication is available at link.springer.com.
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2.1 Abstract

Hereditary hemorrhagic telangiectasia (HHT) is a vascular dysplasia associated
with dysregulated angiogenesis and arteriovascular malformations. The disease is caused
by mutations in endoglin (ENG, HHT1) or activin receptor-like kinase 1 (ALK1; HHT2)
genes, coding for transforming growth factor B (TGF-B) superfamily receptors. Vascular
endothelial growth factor (VEGF) has been implicated in HHT and beneficial effects of
anti-VEGF treatment were recently reported in HHT patients. To investigate the systemic
angiogenic phenotype of Endoglin and AlkI mutant mice and their response to anti-VEGF
therapy, we assessed microvessel density (MVD) in multiple organs after treatment with
an antibody to mouse VEGF or vehicle. Lungs were the only organ showing an
angiogenic defect, with reduced peripheral MVD and secondary right ventricular
hypertrophy (RVH), yet distinctly associated with a 4-fold increase in thrombospondin-1
(TSP-1) in Eng“' versus a rise in angiopoietin-2 (Ang-2) in Alkl ** mice. Anti-VEGF
treatment did reduce lung VEGF levels but interestingly, led to an increase in peripheral
pulmonary MVD and attenuation of RVH; it also normalized TSP-1 and Ang-2
expression. Hepatic MVD, unaffected in mutant mice, was reduced by anti-VEGF therapy
in heterozygous and wild type mice, indicating a liver-specific effect of treatment.
Contrast-enhanced micro-ultrasound demonstrated a reduction in hepatic microvascular
perfusion after anti-VEGF treatment only in Eng+/ " mice. Our findings indicate that the
mechanisms responsible for the angiogenic imbalance and the response to anti-VEGF
therapy differ between Eng and Alkl heterozygous mice and raise the need for systemic

monitoring of anti-angiogenic therapy effects in HHT patients.
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2.2 Introduction

Hereditary hemorrhagic telangiectasia (HHT) is a systemic vascular dysplastic
disorder affecting 1/5,000-8,000 people worldwide?'>. HHT is characterized by the
development of arteriovenous malformations (AVMs) in lungs, liver, gut, brain,
mucosae and skin’"’. These abnormal vascular structures can cause severe recurrent
bleeding episodes, stroke, or cardiac failure secondary to hyperdynamic hepatic
circulation.

Mutations in endoglin (ENG) and activin receptor-like kinase 1 (ACVRLI or
ALKI) genes lead to HHT1 and HHT2 respectively, and haploinsufficiency is the

- : - 214
underlying mechanism of disease

. Although the manifestations vary from patient to
patient, the frequency of pulmonary and cerebral AVMs is higher in HHT1 than HHT?2,
whereas hepatic and gastrointestinal involvement is more often diagnosed in HHT2 than
HHT]1 patients®'. This indicates some heterogeneity in the response of different organs
to a reduction in functional ENG or ALKI levels in HHT patients. Moreover, ALK
mutations (more often than ENG mutations) are associated with pulmonary arterial
hypertension (PAH), even in the absence of classical signs of HHT?">?'® These
observations suggest that different signaling pathways may be altered in the lung
vasculature of ENG and ALK deficient individuals.

Endoglin and ALK1 are predominantly expressed in endothelial cells and are
receptors of the transforming growth factor B (TGF-B) superfamily that mediate
responses to bone morphogenetic protein-9 (BMP9) and TGF-B1/83*'"*'®, Endoglin and
ALKI1 both bind BMP9 with high affinity and in association with BMPR2, signal via

Smadl1,5,8 pathways. For TGF-B1/B3 responses, endoglin acts as a co-receptor and

interacts with TBRII and ALKS to activate Smad2,3 dependent pathways, or with TBRII
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and ALKI to signal via the Smadl,5,8 pathways. Endoglin was reported to influence
mostly ALK 1-dependent pathways, while mutations in ALK lead to activation of the
ALKS5 cascade® *' 22°. Therefore, both ALK1 and ALK5-mediated pathways will be
affected in HHT1 and HHT?2, albeit with different outcomes. In general, ALKS signaling
is involved in the early phase of angiogenesis, whereas the ALK 1 pathway contributes to

the vessel maturation phase!

. TGF-B1 and BMP9 have been implicated in angiogenesis
and extracellular matrix remodeling, in a context-dependent manner”. Yet, the
regulation of angiogenesis through these ligands and signaling pathways and their
relevance to HHT is poorly understood.

Genetically-modified mice lacking either Endoglin or ALK die at mid-gestation

- - - 60,76
of cardiovascular and angiogenic defects™

. In agreement with the haploinsufficiency
model of disease, Eng™” °*** and Alkl 224 mice survive but may develop strain-
dependent vascular malformations. For example, Eng” mice on the 129/0la background
develop AVMs in multiple organs, including liver and lungs'®, and endothelial-specific

deletion of ENG or ALK can cause AVM-like structures in several organs’™ 3 On the
other hand, adult Eng™ and AlkI™" mice on the C57BL/6 background show oxidative
stress-dependent endothelial dysfunction in several organs and impaired vasomotor tone
226 but rarely develop AVMs. The major phenotype observed in these mutant mice is
spontaneous pulmonary arterial hypertension (PAH), associated with rarefaction of the
peripheral lung vasculature and secondary right ventricular hypertrophy (RVH)**"*%*,
Overall, these findings have led to the concept that mutations in ENG and ALK genes
are associated with dysregulated angiogenesis, predisposing to HHT and/or PAH'®* %,

Angiogenesis, the formation of new vessels from the preexisting vascular bed,

under physiological or pathological conditions, causes increase in tissue microvessel
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density (MVD), an established angiogenic parameter and a prognostic marker in patients
diagnosed with cancer and treated with anti-angiogenic agents®*’. In HHT patients and
animal models, tissue- and context-dependent excessive or reduced angiogenesis have
been observed. Increase in peripheral retinal MVD in mice with an Eng conditional
deletion’” and in skin MVD in Eng+/ “mice on the 129/0la background®’ have been
reported. Our laboratory, using x-ray micro-CT imaging and histological microvessel
quantitation, demonstrated that adult Eng+/ "~ and AlkI"" mice on the C57BL/6
background have a selective reduction in the peripheral pulmonary vascular bed**"*%,
Moreover, retinal hypo-vascularization was also recently shown in several HHT2
patients™'.

Vascular endothelial growth factor (VEGF), a major pro-angiogenic protein, has
been implicated in HHT. Circulating and nasal tissue VEGF levels were higher in HHT

205206 Intracranial injection of an adenovirus expressing VEGF to either Eng™

patients
or AlkI"™" mice led to an increase in cerebral MVD and development of abnormal AVM-
like structures, demonstrating that VEGF induces abnormal angiogenesis in a genetically
predisposed host**2. However, no comprehensive analysis of MVD and VEGF levels in
various organs of Eng” or AlkI™" mice has been undertaken to assess if systemic
pathological angiogenesis is associated with HHT.

Anti-angiogenic therapy, often in combination with chemotherapy, has been used
in preclinical tumor models and patients with metastatic cancers’. In HHT patients,
case reports showed that bevacizumab (monoclonal antibody to VEGF) reduced the
frequency of epistaxis and blood transfusions and even eliminated the need for liver

transplantation”***>. In a recent phase II clinical trial of bevacizumab in HHT patients

with severe liver disease, it was reported that hyperdynamic cardiac output secondary to
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intrahepatic arteriovenous shunting was significantly improved in treated patients, at 6
months follow-up. Interestingly, several patients also showed normalization of their
systolic pulmonary arterial pressure’®. These observations suggest that anti-VEGF
therapy may have beneficial effects in HHT patients. As the growth of blood vessels is
promoted by VEGF?’, it is expected that anti-VEGF treatment will decrease MVD in
HHT. We therefore tested the effects of systemic anti-VEGF therapy in multiple organs
in Eng™ and Alkl * mice, using the monoclonal antibody G6-31 to mouse VEGF-A. In
these murine models, we measured MVD in histological sections of lungs, heart, distal
colon and liver and in vivo hepatic microvascular perfusion, using contrast-enhanced
micro-ultrasound (CE-US). We also compared tissue levels of several
angiogenic/angiostatic factors in Eng”” and Alkl " mice, relative to wild type'"” mice,
after anti-VEGF or vehicle treatment.

We show a distinct increase in thrombospondin-1 (TSP-1) and angiopoietin-2
(Ang-2) expression in the lungs of Eng”' and AlkI™" mice respectively, and restitution
to normal levels by anti-VEGF therapy. Surprisingly, but in keeping with a reduction in
angiostatic factors, the anti-angiogenic treatment rescued the rarefied peripheral
pulmonary microvasculature and attenuated the secondary RVH in both models. We also
noted a significant in vivo functional response of the hepatic microvasculature of Eng”'
mice to anti-VEGF treatment. Overall, our findings show that Eng and Alkl
heterozygous mice have a somewhat distinct, organ-specific angiogenic profile and
response to anti-VEGF treatment and suggest that systemic monitoring of HHT1 and

HHT?2 patients undergoing anti-angiogenic therapy is needed.
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2. 3 Materials and Methods

2. 3.1 Mice and anti-angiogenic treatment

Congenic Eng”” and AlkI"" mice and their respective littermate controls were
generated by successive backcrosses (N26-N30 for Eng mice and N10-N15 for Alkl
mice) to C57BL/6 mice®®®. Mice were kept in ventilated racks, in a specific pathogen-
free facility at the Toronto Center for Phenogenomics (TCP), and were fed standard
chow and DietGel 76A (ClearH,O, Portland, ME, USA) during the antibody treatment.
15 week-old male and female Eng” “and Alkl"" mice were randomized to treatment and
control groups. The treated group received G6-31 monoclonal antibody, which has high
affinity and specificity for murine and human VEGF-A**, and was kindly provided by
Genentech Inc, South San Francisco, CA, USA. The control groups were injected with
PBS vehicle or with control IgG2a isotype antibody. Eng”' and AlkI™" mice were
injected 1.p. with 5 mg/kg of G6-31 antibody, weekly, for a total of 4 injections and were
sacrificed 5-8 days after the last injection. In all experiments, Eng“+ or AlkI™" mice
were also included for reference. A minimum of 5 mice/group was tested in each

experiment.

2.3.2 Blood pressure, heart rate and proteinuria

The average of ten consecutive tail systolic blood pressure (BP) and heart rate
(HR) measurements/mouse, taken with a tail cuff attached to the Hatteras MC4000
Multichannel Blood Pressure analysis System (Hatteras Instruments Inc. Cary, NC,
USA), was calculated. Proteinuria was assessed with the Multistix 8 SG strips for

urinalysis (Siemens Heathcare Diagnostics Inc, Burlington, ON, Canada). Measurements
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were done on PBS and anti-VEGF treated mice, at the end of treatment. Data were

reported as mean = SEM for each parameter.

2.3.3 Ultrasound imaging

Hepatic contrast-enhanced micro-ultrasound (CE-US) imaging was performed
with the Vevo2100 high-frequency ultrasound system (VisualSonics Inc., Toronto, ON),
in a blinded fashion, by an experienced investigator. Five to eight days after the last G6-
31 injection, mice were anesthetized with 2% isoflurane (Abbott Laboratories Limited,
Saint-Laurent, QC), delivered in combination with 1L/min oxygen (n = 7-10/group).
Each mouse was placed in supine position on a heated stage; HR was maintained above
400 beats/min and body temperature monitored throughout the imaging session. A 27G
butterfly needle was inserted into a tail vein for i.v. injection of the ultrasound contrast
agent (UCA). The bubble-free ultrasound gel (Parker Laboratories, Inc., Fairfield, NJ)
was applied on the upper abdomen, after the fur was removed. A solid-state array
transducer (MS-250) was used at a centre frequency of 18MHz. Dual-mode presentation
of a grayscale image side-by-side with a contrast-enhanced image, facilitated the
selection of the region of interest in real-time. The imaging plane, displaying the clearest
image of the inferior vena cava and abdominal aorta, was selected on the axial axis of
the liver. The following settings were kept consistent throughout the study: 4% power,
wide beam width, 35 dB contrast gain, zero persistence and 35 dB dynamic range.

The Vevo MicroMarker Ultrasound contrast agent (UCA (VisualSonics Inc.,
Toronto, ON) was reconstituted as previously described™”, then further diluted 10-fold
prior to each injection and given as a 50 uL i.v. bolus to each tested mouse. For image

analysis, a ROI encompassing the upper segment of the liver was drawn and matched for
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each mouse. The time-intensity curve (TIC) was obtained by plotting the average
intensity of pixels over time, within the ROI. Peak enhancement (PE) or the tissue blood
volume, the in vivo equivalent of MVD, represents the difference between the maximum
amplitude of the TIC and the baseline intensity. Wash-in-rate or the blood flow rate, is

the maximum slope of the TIC.

2.3.4 Tissue collection, processing and vessel staining

Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) i.p.
and blood collected by intracardiac puncture five to eight days after the 4th injection.
The heart was perfused with PBS and tissues were snapped-frozen in liquid nitrogen for
subsequent biochemical measurements. Other samples were washed in PBS and
immersed in 4% paraformaldehyde for histological analysis. After harvesting the heart,
RV was dissected from LV and septum (S) and the RV/LV + S weight ratio (Fulton
index) was calculated as reported previously?” %%

For microvessel density (MVD) measurements, tissues were cut as follows:
hearts were sectioned horizontally immediately under the atriae; lungs and liver-
transversally through the hilum; distal colon - along the mesenteric border. These
sections were subsequently processed, paraffin-embedded and sectioned (5 pum).

To visualize accurately the pulmonary microvasculature, lung sections were
stained with Movat’s pentachrome, a technique frequently used to study lung PAH-

. . . 241
related microvascular changes in animal models

. We previously used the Movat's
staining in the Eng and AlkI lungs, and confirmed the histological findings using x ray-

. . . 22722 . . . . .
micro-CT imaging”’**®. Cardiac, hepatic and colonic sections were stained for the

endothelial marker CD31. These sections were incubated overnight at 4°C with a rabbit
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antibody to CD31 (ABCAM Cambridge, MA, USA; 1:100 dilution) followed by
biotinylated goat anti-rabbit IgG (Vector Labs Inc, Burlington, ON, Canada; 1:200
dilution) and using an ABC detection kit (Vector Labs Inc, 1:50 dilution). Color
development was done for 10 min with diaminobenzidine tetrahydrochloride. Slides

were then counterstained with Harris Hematoxylin.

2.3.5 Quantification of microvessel density (MVD)

Lung MVD was measured in a blinded fashion by two independent investigators,
using the Olympus BX60 microscope (Carsen Group Inc, Center Valley, PA, USA),
equipped with a digital camera QImaging RETIGA 2000R (software QCapture 3-1.1.1)
and analyzed with OpenLab software 3.1.4 version (Improvision Inc. Lexington MA,
USA). The most vascularized area from 3 to 5 well-inflated pulmonary lobes was
selected at 100x magnification. Four to nine consecutive fields/lobe, from a minimum of
3 lobes/lung (total of 15-25 independent fields/lung) were then imaged at 400x
magnification. A minimum of 10 complete pulmonary peripheral small vessels per lobe
(outer average diameter < 40pum) was counted for a minimum of 5 mice per group. To
demonstrate the integrity of the pulmonary lobes, alveolae were counted in 7
consecutive fields, in the most vascularized area of the left medial pulmonary lobe, at
400x magnification.

In distal colon, the most vascularized area was first selected at 100x
magnification. CD31" vessels (< 40 um in outer average diameter) were counted in a
blinded fashion by two independent investigators, on 5 consecutive fields, at 400x

magnification. A minimum of 5 mice/group was analyzed.
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For heart and liver MVD, anti-CD31 stained slides were first scanned with a
Hamamatsu Nanozoomer 2 ORS. Digital automatic MVD quantitation of the entire
cross-sectional cardiac area and of three randomly selected well-preserved hepatic
sections was performed in a blinded manner, with the Visiopharm Integrator System
image analysis software (Visiopharm A/S, Hoersholm, Denmark), module Visomorph
DP™ 4.3 1.0 VIS, at 200x magnification. The cut-off for computerized small vessel

quantitation was established at < 306 pm? area (< 20 pm diameter) and > 5 pm? area

(2.5 um diameter). MVD was reported as the total number of small vessels/mm?.

2.3.6 Endothelial cell experiments

Eng™, Eng'" and Eng” endothelial cells were generated from E9.0 murine

embryos, grown and protein extracts prepared as previously described***.

2.3.7 Protein extraction and measurements

Tissue and plasma samples were collected 5 to 8 days after the last injection.
Frozen tissues were homogenized in 50 mM Tris-HCI, pH 7.4 buffer, containing 1%
Triton X-100 plus protease/phosphatase inhibitors (Roche, Canada, Mississauga, ON,
Canada), and centrifuged at 13,000 g for 30 min, at 4°C. Protein concentration in lysates

or plasma was determined with the Bradford assay.

2.3.8 ELISA assays

Tissue and plasma VEGF levels were quantified using the mouse Duoset ELISA
kit (R&D Systems, Minneapolis, MN, USA). Total plasma and tissue VEGF levels,
measured 5 to 8 days after the last injection of G6-31 antibody, included antibody-bound

VEGF and free VEGF. Free residual plasma and tissue VEGF levels were measured
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after immunodepletion, performed as previously described’®. Briefly, GammaBind G
Sepharose beads (GE Healthcare, Baie D’Urfe, QC, Canada) were washed with PBS and
incubated with tissue lysates or plasma. One and two-step immunodepletion were found
optimal and used for tissue lysate and plasma free VEGF measurements, respectively.
Tissue levels of endogenously active and total TGF-B1 (endogenously active
plus acid-treated) were determined with the mouse ELISA kit (R&D Systems). To
measure total TGF-B1 levels, samples were first acidified with IN HCI for 10 minutes at
room temperature and then neutralized with 1.2 N NaOH/0.5 M HEPES. All samples

were measured in duplicate.

2.3.9 Western blots

Equivalent amounts of proteins from lung or liver extracts were fractionated on
4-12% gradient SDS/PAGE under reducing or non- reducing conditions as specified in
the figure legends and immunoblotted with the following primary antibodies and their
appropriate dilutions: mouse anti-TSP-1, 1:1000, Thermo Fisher Scientific, Fremont,
CA, USA; goat anti-Ang-2, anti-CD31, and anti-ALKI1, 1:500, Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA; rabbit anti-Ang-1, 1:1000, Millipore
Termecula,CA,USA;rabbitanti-phosphor Smad1(Ser463/465)/Smad5(Ser463/465)
/Smad8(Serd26/428)(#9511), 1:1,000, rabbit anti-phoshor-Smad2 (Ser465/467) (#3101),
1:1,000, mouse anti-Smad2 (L16D3) (#3103), 1:1,000, mouse anti-phoshor-AKT
(Serd73), 1:1,000, rabbit anti-AKT, 1:1,000, Cell Signaling Technology Inc, Danvers,
MA, USA; mouse anti-Smad1/5/8 (sc-81378), 1:1,000, Santa Cruz Biotechnology Inc,
Santa Cruz, CA, USA; rat anti-Eng (clone MIJ7/18), 1:500, Southern Biotech,

Birmingham, AL, USA; mouse anti-VEGFR2, 1:500, R&D Systems, Minneapolis, MN,
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USA; mouse anti-f-actin, 1:10,000, Sigma, St. Louis, MO, USA. Appropriate secondary
antibodies conjugated with horseradish peroxidase (1:10,000 dilution) and enhanced
chemiluminescence reagent (ECL, Perkin Elmer, Shelton, Connecticut, USA) were used
for detection. Band intensities were quantified, expressed relative to B-actin (or total
proteins in the case of phosphorylated proteins), and normalized to values corresponding

to the mean of WT samples, for comparison between gels.

2.3.10 Statistical analysis

Statistical analysis was performed with #-test (for 2 groups) and one-way
ANOVA (for >3 groups), using GraphPad Prism 5 software (GraphPad Software, La
Jolla, CA, USA). If one-way ANOVA comparison led to a statistically significant result,
post-hoc analysis was performed using Tukey's test. Results are expressed as mean +

SEM; P < 0.05 was considered statistically significant.

Ethical approval

All protocols were approved by the Animal Care Committees of the Hospital for
Sick Children, the Toronto Center for Phenogenomics and the Sunnybrook Research
Institute, in accordance with the Canadian Council on Animal Care guidelines and

regulations.
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2. 4 Results

2. 4. 1 Anti-VEGF treatment normalizes pulmonary peripheral microvessel
density and attenuates right ventricular hypertrophy in adult Eng and Alk1
heterozygous null mice

To elucidate the effects of anti-VEGF therapy on pulmonary microvasculature in
Eng and Alkl mutant mice, we quantified peripheral MVD (< 40 um outer diameter) on
Movat-stained lung sections. This technique was proven reliable for such measurements

. . . . L s 227,228,241
in our previous studies and an independent publication™" ™

. Representative Movat-
stained peripheral lung images of the PBS-treated control and mutant mice and anti-
VEGF-treated Eng and Alkl heterozygous mice are shown in Figure 13. We confirmed

227228 of a significant decrease in lung peripheral MVD in EngH' and

previous reports
AlkI™ mice, relative to their respective wild type119 controls (Figure 14). Unexpectedly,
anti-VEGF treatment caused an increase in pulmonary peripheral MVD, restoring it to
normal levels in both Eng+/' and AlkI"" mice (Figure 14 a, b). This response was G6-31-
dependent, as IgG2a (isotype control) treatment had no effects on MVD in Eng mutant
lungs (Figure 14 a). The G6-31 antibody did not have a significant effect on the MVD in
WT Eng™ lungs; however, Tukey's posthoc analysis showed a trend towards lower
MVD in the anti-VEGF- versus PBS-treated Eng”" mice (27.6 + 1.6 versus 32.5 £ 2.2
vessels/mm?; n = 5-8/group; P = 0.09). Such a reduction in MVD would be the expected

result of anti-VEGF treatment, further highlighting the specificity of this agent in

reversing the abnormal vascular phenotype in mutant lungs (Figure 14 a).
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Figure 13. Representative images from peripheral lungs of PBS (vehicle) and anti-
VEGF-treated mice. Lung sections from PBS-treated WT and mutant mice and from
anti-VEGF-treated heterozygous mice were stained with Movat’s pentachrome. Intact
pulmonary small vessels in the periphery (outer average diameter < 40um) are illustrated
(v) and were counted in nine fields per lobe for a minimum of three lobes per mouse at

400x magnification. Scale bars: 40 um.
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Figure 14. Anti-VEGF treatment normalizes pulmonary microvessel density
(MVD) in Endoglin and Alkl mutant mice. Quantitation of pulmonary peripheral
MVD was done on Movat’s pentachrome stained sections, in a blinded manner (400x
magnification) on a) Eng and b) AlkI mice treated with PBS and G6-31 antibody; n = 3-
11/group. Circles and inverted triangles represent individual Eng and Alkl mice,
respectively. O V (wild type, PBS-treated); © (wild tye, G6-31 antibody-treated), @ ¥
(mutant, PBS-treated); @ (mutant, IgG-treated); ® ¥V (mutant, G6-31 antibody-treated).
Mean = SEM are shown. *P<0.05; ***P<0.001 by one-way ANOVA, followed by
Tukey's post-hoc test.
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Furthermore, integrity of lung tissues was demonstrated by a similar number of
alveolae in G6-31 antibody versus PBS-treated mutant mice, equivalent to that observed
in WT controls (Figure 15). Thus, anti-VEGF treatment rescued the peripheral lung
MVD in Eng+/' and AlkI"" mice to levels observed in WT controls.

To exclude a primary cardiac anti-angiogenic effect of G6-31 antibody therapy,
which could be responsible for the improvement in pulmonary MVD, we quantified the
number of CD31" vessels on heart cross-sections in both Eng™ and AlkI™" mice, using
an automated computerized system. Under basal conditions, cardiac MVD was normal
in both heterozygous and WT mice. No significant change in cardiac MVD was
observed in Eng™” or AlkI™" mice treated with anti-VEGF antibody versus PBS vehicle
(Figure 16 a).

We previously showed that pulmonary peripheral rarefaction of vessels led to
RVH in EngH' and AlkI"" mice *" **®, Therefore, we analyzed the effect of anti-VEGF
therapy on the RV/LV+S weight ratio (Fulton’s index) in our models. In the present
study, PBS-treated Eng+/' and AlkI"" mice showed a 43% and 55% increase in Fulton’s
index respectively, relative to WT littermates. This increase was independent of body
mass and was caused by an augmentation in RV mass, as LV+S mass was similar in
PBS-treated mutant and WT mice (data not shown). Strikingly, anti-VEGF treatment
also normalized the Fulton’s index in both mutant mice (Figure 16 b). Collectively, we
conclude that anti-VEGF treatment restored pulmonary MVD by targeting the abnormal
lung peripheral microvasculature and consequently decreased secondary RVH in both

Eng""and AlkI™" mice.
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Figure 15. The number of alveolae is not altered by anti-VEGF treatment. Lung
sections derived from a) Eng and b) A/kl mice were stained with Movat’s pentachrome.
Alveolae were counted on seven consecutive fields/lobe/mouse. Circles and inverted
triangles depict individual Eng and Alkl mice, respectively: O V (wild type, PBS-
treated); @ ¥ (mutant, PBS-treated); ® ¥V (mutant, G6-31 antibody-treated); n = 8-11
mice/group. Horizontal bars represent the mean = SEM. Three-group comparison was

done using one-way ANOVA.

83



o

(a)

Heart MVD

(b)

RVILV+S

4000 4
2 %% s
3000 56
2000
1000
0
Eng"'""' En g+/. Eng-l-f-
PBS PBS Anti-VEGF
0.5 -
dodedk *
I I 1
0.4 - L]
o 0
0.3 - “ @
o offe
0.2 o® 5
3w e o>
0.1-
0.0
Eng+"+ En g+f- En g+f-
PBS PBS  Anti-VEGF

Heart MVD

RVILV+S

4000~
ﬂ%v ‘"! \ 4
3000 ﬁ!
2000+
1000-
0
A1 A1 Akt
PBS PBS Anti-VEGF
0.5- e .
[ 11 |
0.4' ‘
v
0.3- 5
A4 ;
0.2- WV VYY
0.1-
0.0
A1t a1t a1t~
PBS PBS  Anti-VEGF

Figure 16. Anti-VEGF treatment attenuates right ventricular hypertrophy and has

no effect on cardiac microvascular density (MVD) in Eng and Alkl heterozygous

mice. a) Computerized quantitation of cardiac MVD was performed on CD31-stained

sections (200x magnification); n = 4-5/group; b) Measurement of right ventricle (RV) to
left ventricle (LV) plus septum (S) weights (RV/LV+S) in Eng and Alkl mice treated

with PBS and G6-31 antibody; n = 8-15/group. Circles and inverted triangles represent

individual Eng and AlkI mice, respectively. O V (wild type, PBS-treated); ® ¥ (mutant,

PBS-treated); ® ¥ (mutant, G6-31 antibody-treated). Mean + SEM are shown. *P<0.05;

*#%P<0.001 by one-way ANOVA, followed by Tukey's post-hoc test.
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2. 4. 2 Blocking VEGF restores the angiogenic balance in Endoglin and Alkl
mutant lungs

To assess whether G6-31 antibody was efficient in binding VEGF, we measured
VEGEF levels in plasma, lungs and heart of anti-VEGF-treated Eng and A/kl mutant mice
at time of sacrifice, and compared to those observed in PBS-treated heterozygous and
WT mice (Table 5). Total circulating VEGF (antibody-bound + free) significantly rose
from ~ 10 pg/ml at baseline in PBS-treated WT and mutant mice, to approximately 5
ng/ml in both Eng and A/kl mutant mice. This represents a 500-fold increase in
circulating total VEGF levels, demonstrating that the G6-31 antibody was still present in
circulation and bound to VEGF, one week after cessation of treatment. Following
immunodepletion, circulating VEGF levels returned to baseline values at <10 pg/ml, in
anti-VEGF-treated Eng and Alkl mutant mice. Table 5 also illustrates that G6-31
antibody targeted multiple organs, as shown by the total VEGF levels in several tissues.
Lung and heart VEGF levels were similar at baseline in PBS-treated mutant versus WT
mice. Importantly, pulmonary VEGF levels were decreased by ~ 40% in both Eng+/ i
and Alkl™" mice after immunodepletion of antibody-bound VEGF. On the other hand,
cardiac VEGF levels were reduced by34% only in G6-31 antibody-treated Eng"” but not
in AlkI™" mice, indicating a stronger response in the heart of anti-VEGF-treated Eng”'
mice. This decrease in heart VEGF levels did not alter cardiac MVD nor systemic blood

pressure in Eng mutant mice treated with anti-VEGF therapy (Fig. 16; Table 5).
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Table 5. VEGF levels in Eng and Alkl mutant mice

Mice & n/group Plasma Lungs Heart Colon Liver
treatment (pg/ml) (pg/mg) (pg/mg) (pg/mg) (pg/mg)
Eng+/+ 5-10 5+1 481 + 15 328 +£39 71+6 1469 + 133
PBS-treated
Eng”' 5-10 5+1 549 + 46 336 +£42 93 + 13 1696 + 103
PBS-treated
EngH_ 6-22 *4488 + 369 *709 + 70 *516+ 54 *191 + 36 1753 £ 69
G6-31-treated
EngH_ 5-8 11£3 *334 4+ 33 *223+ 14 100 +£23 11462 £ 74
G6-31-treated
(after
immuno-
depletion)
Alkl™ 5-9 442 469 +16 309 + 29 88+ 3 1424 + 77
PBS-treated
Alk1" 5-10 7+2 510 £18 338 +53 98 + 7 1604 + 75
PBS-treated
Alkl™ 5-11 *5085+ 1184 *629 + 40 380 +£24 *213+ 15 *2025 + 140
G6-31-treated
Alkl™ 5-8 5+£3 *341+ 10 223 + 15 107 £9 1541 £ 169
G6-31-treated
(after
immuno-
depletion)

*indicates statistically significant results (P< 0.05 by one-way ANOVA, followed by

Tukey's post-hoc test for all G6-31 treated versus PBS-treated Eng™ or AlkI™ mice

respectively). T indicates a trend towards significance, when compared to PBS-treated

Eng™ mice (P = 0.08).
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Given the significant microvascular rarefaction observed in peripheral lungs in
mutant mice, we investigated whether factors involved in vascular regression may play a
role in this abnormal lung phenotype. Protein levels of the angiostatic factor TSP-1 and
the vascular destabilizing protein Ang-2 were measured by Western blot in Eng"” and
AlkI™ lungs of PBS and G6-31-antibody treated mice (Fig. 17a, b). The most noticeable
change was a near 4-fold increase in basal TSP-1 levels in PBS-treated Eng™ lungs
relative to controls (Figure 17 c, left). In contrast, PBS-treated Alk/ " lungs had normal
TSP-1 levels, but showed a 36% increase in Ang-2 levels (Figure 17 c, right).

To exclude a possible interference of the number of C57BL/6 backcrosses on
TSP-1 and Ang-2 levels in total lungs of Eng“+ and AlkI™" mice, we compared these
samples directly on the same gels. A representative gel and the quantitation of two
independent experiments revealed no difference in the basal levels of either TSP-1 or
Ang-2 in these samples (Figure 18 a, b). To further explore the changes in TSP-1 in Eng
deficient samples, we used extracts from cultured Eng™*, Eng™ and Eng™ (E9.0)
embryonic endothelial cells (Figure 18 c). We report that Eng™ and Eng” cells have 3.3
and 6.6 fold higher TSP-1 levels than Eng™" cells, and that TSP-1 is inversely correlated

with endoglin levels in endothelial cells.
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Figure 17. Pulmonary angiogenic profile differs between Endoglin and AlkI mutant
mice and is restored by anti-VEGF treatment. Expression of TSP-1, Ang-2, CD31
and Alkl (under reducing conditions, RD), and of Endoglin and VEGFR2 proteins
(under non-reducing conditions, NR) was measured by Western blot in total lung
extracts of a) Eng and b) Alkl mice treated with PBS or G6-31 antibody (for mutant
mice). Representative blots are shown; Eng and Alkl gels were run in different
experiments. ¢) Quantitation of protein expression relative to corresponding B-actin (RD
or NR), and normalized to mean values for WT samples; n = 3-8/group. *P< 0.05, **P<
0.01, *** P<0.005 as determined by one-way ANOVA, followed by Tukey's post-hoc

test.
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Figure 18. Similar levels of TSP-1 and Ang-2 in Eng™" and AIkI'™ mice and
increased TSP-1 expression in Eng- deficient endothelial cells. a) Representative
Western blots (run under reducing conditions) are shown for TSP-1 and Ang-2 protein

expression, measured in total lung extracts of Eng™"

and AlkI™ mice; samples were run
on the same gels and in two different experiments. Quantitation of protein expression
relative to B-actin, and normalized to mean values for Eng™* samples; n = 5-6/group. b)
Expression of TSP-1 proteins in endothelial cells derived from Eng™, Eng™ and Eng™
embryos (E8.5). A representative blot of 3 different gels is shown. Quantitation of TSP-
1 expression relative to p-actin, and normalized to mean values for Eng™" cells; n = 7-
9/group. Data are shown as mean + SEM. **P< 0.01, *** P< (.005 as determined by

one-way ANOVA, followed by Tukey's post-hoc test.
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These data suggest that the primary source of the increase in TSP-1 in the lungs of Eng™"

mice is the dysfunctional endothelium.

Our findings demonstrate that Eng™" and AlkI™" mice may have a distinct
pulmonary angiogenic molecular signature associated with reduced peripheral lung
microvasculature. Furthermore, elevated basal pulmonary TSP-1 and Ang-2 expression
were reduced to normal levels by anti-VEGF treatment in Eng™ and AlkI™" mice,
respectively (Figure 17 c¢). Overall, our data suggest that anti-VEGF treatment
normalized the peripheral rarefied lung vasculature in Eng and A/kl mutant mice by
restoring the pulmonary angiogenic/angiostatic balance in a VEGF-mediated and
mutant-dependent manner.

Next, to establish the effect of anti-VEGF therapy on several endothelial markers
244, we measured the protein levels of CD31, Alkl, endoglin and VEGFR?2 in total lung
extracts in both murine models (Figure 17 a, b, d, €). We showed that CD31 levels in
PBS-treated mutant lungs were comparable to those of WT mice (Fig. 17 a, b, d). Alkl
levels were unchanged in Eng+/ “mice and as expected, were decreased by 50% in lungs
of AlkI"™" mice (Figure 17 a, b, d). Endoglin levels were reduced by half in Eng+/ " lungs
and were normal in A/kI™" mice (Figure 17 a, b, e).

VEGFR2 expression was similar in mutant and WT mice (Figure 17 a, b, e).
Furthermore, pulmonary levels of CD31, Alkl, endoglin and VEGFR2 were not altered
after anti-VEGF treatment in either mutant group. These data indicate that the total lung
levels of these endothelial markers were not affected by the changes in peripheral
pulmonary microvascularization in Eng”" and AlkI"" mice, even after anti-VEGF

treatment (Figure 17 d, e).
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To determine if the effects of anti-VEGF therapy in the mutant lungs were
targeting VEGFR2-mediated pathways, we measured the phosphorylation of AKT, a
downstream target of VEGFR2 signaling, involved in apoptosis, cell proliferation and
migration. Our data show that AKT phoshorylation was not altered in lungs of Eng or
Alkl heterozygous mice prior to and after anti-VEGF treatment (Figure 19). These data
suggest that other VEGF-mediated pathways are implicated in the reversal of the
dysregulated pulmonary microvascular phenotype in mutant mice treated with G6-31
antibody.

We then tested if mutant lungs had an intrinsic defect in TGF-B1 levels and if
anti-VEGF treatment affected those levels. Total (endogenously active and acid-treated)
TGF-B1 levels were similar in both PBS-treated mutant versus WT lungs (Table 6).
Furthermore, total TGF-B1 levels remained stable after treatment with G6-31 antibody
in both mutant mice, showing that targeting pulmonary VEGF did not trigger a negative
feedback on TGF-B1 production in these lungs. Knowing that TSP-1 can activate latent
TGF-B1**, we then measured endogenously active pulmonary TGF-B1 levels and found
them similar in Eng”" and Eng™* mice (26.7 + 2.4 pg/mg protein versus 28.6 + 3.1
pg/mg protein; n = 10-13/group). Analysis of downstream targets for ALK1 and ALKS
signaling pathways showed no difference in pulmonary Smad 1/5/8 nor Smad 2
phosphorylation relative to total Smads, nor in total Smads, in Eng and Alkl
heterozygous mice, relative to WT controls (Figure 20). Thus, the elevation in lung TSP-
1 levels did not induce further activation of the endogenous TGF-B1 nor downstream

signaling via ALK1 or ALKS in Eng” " mice.
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Figure 19. Phosphorylation of AKT is not altered in lungs of PBS- and anti-VEGF-
treated mice. Representative Western blots (2 experiments/genotype) are shown for
phosphor-AKT and total AKT proteins (run under reducing conditions), measured in
total lung extracts of a) Eng and b) Alkl mice. Quantitation of phosphor-AKT relative to
total AKT proteins, and normalized to mean values for the respective WT samples; n =

3-4/Eng groups and n = 5-7/Alkl groups. Data are shown as mean = SEM.
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Table 6. TGF-f1 levels are not altered by anti-VEGF treatment

Mice & n/group Lungs Heart Colon Liver
treatment (pg/mg) (pg/mg) (pg/mg) (pg/mg)

Eng™" 8-14 926+ 168 | 262+57 76+ 8 625+ 97

Eng™” 6-13 789+ 121 | 598+ 116 T4+5 817+ 93

Eng™” 5-8 976 + 197 66 + 8 730 £ 102

G6-31 562 % 195

treated

Alk1™* 7-11 1221 + 164 + 12 7147 754 + 87
238

Alk1™" 5-10 1053 + 143 £29 78 +9 700 + 133
173

AlkI™" 4-6 808 +219 | 270+ 109 54+5 812 + 198

G6-31

treated

Total tissue TGF-B1 (endogenously active plus acid-treated) levels were measured by
ELISA in anti-VEGF and PBS-treated Eng and Alkl mutant mice and PBS-treated WT
mice. Mean = SEM are reported for each group. Results were not statistically different
in the G6-31 antibody-treated mutant versus PBS-treated mutant and WT mice (by one-
way ANOVA).
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Figure 20. Smad phosphorylation is not altered in lungs of Eng“ “and AlkI™" mice.
Representative Western blots for a) pSmad 1/5/8, total Smad 1/5/8, B-actin, and b)
pSmad 2, total Smad 2 and B-actin in heterozygous and control Eng+/ “and AlkI™" mice
respectively. Eng and Alkl samples were run on the same gel (under reduced conditions)
and processed at the same time. Quantitation of phosphor-Smads relative to

corresponding total Smads, normalized to mean values for Eng™" samples; n = 5-

6/group. Data are expressed as mean + SEM.



2. 4. 3. Anti-VEGF therapy has no anti-angiogenic effect in the colon of Endoglin

and AlkI mutant mice

The colon harbors multiple telangiectasiae in HHT patients. It was therefore of
interest to quantify the number of CD31" microvessels in colonic sections of Eng” and
AlkI™ mice, and to test the effects of anti-VEGF treatment. We report that colonic MVD
was similar in heterozygous versus WT mice and remained unchanged after treatment
with G6-31 antibody (Figure 21 a, b). Furthermore, basal colonic VEGF levels were
comparable in PBS-treated mutant versus WT mice (Table 5). Even though G6-31
antibody targeted the colon, as demonstrated by the increase in total VEGF intestinal
levels, residual free VEGF was unchanged in Eng and A/kI mutant mice (Table 5). TSP-
1 protein levels were undetectable by Western blot in PBS-treated Eng mutant and WT
mice (data not shown). In addition, total TGF-B1 levels were similar in the colon of both
PBS-treated mutant versus WT mice and remained unaltered after G6-31 antibody
treatment (Table 6). Therefore, we conclude that colon has a normal angiogenic

phenotype in both mutant models and is not affected by anti-VEGF treatment.
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Figure 21. Anti-VEGF treatment has no effect of microvascular density (MVD) in
distal colon in Eng and AlkI heterozygous mice. a) Colonic sections from PBS-treated
Eng”" and Eng”” mice and G6-31 antibody-treated Eng"” mice were stained for CD31
and MVD quantified at 400x magnification; n = 9-13/group. b) Equivalent samples from
Alkl mice were processed similarly; n = 8-10/group. Circles and inverted triangles
represent individual Eng and Alkl mice, respectively. O V (wild type, PBS-treated);
® V (mutant, PBS-treated); ® ¥V (mutant, G6-31 antibody-treated). Mean + SEM are

shown.
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2. 4. 4 Anti-VEGF treatment has a strong anti-angiogenic effect on liver

tissue in mutant and WT mice

Liver is commonly affected in patients with HHT, leading to severe
complications®®. To evaluate this highly vascularized tissue, we quantified the number
of CD31" microvessels in several hepatic lobes of Eng and Alkl mice, using a digital
imaging system and an automated computerized method. Representative images of a
portal vein surrounded by sinusoidal vessels are shown for PBS and anti-VEGF-treated
WT, Eng™” and AlkI"" mice in Figure 22 a-c respectively. The digitized images revealed
that the number of red painted CD31" microvessels (< 20 pm in diameter) was similar in
mutant and WT livers, but showed a striking decrease in all 3 groups following anti-
VEGF treatment. Data quantitation demonstrated a similar hepatic MVD in
heterozygous and WT mice (Figure 22 d, e) and 28%, 39% and 46% reduction in liver
MVD after G6-31 treatment in Eng”", Eng”" and Alkl"" mice, respectively. This effect
was G6-31-specific, as control IgG2a isotype treatment did not change liver MVD in
Eng"" mice, when compared to PBS-treated controls (Figure 22 d). The number of
vessels >20 um in diameter remained unaffected by anti-VEGF treatment in all groups
(data not shown). Thereby, the reduction in hepatic MVD observed after anti-VEGF

treatment appears to be liver microvasculature-specific rather than HHT-specific.
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Figure 22. Anti-VEGF treatment reduces liver microvascular density (MVD) in
mutant and WT mice. Representative computerized images of hepatic microvessels
from a) Engm, b) Eng+/ “and ¢) AlkI"" mice treated with PBS or G6-31 antibody are
shown (200x magnification; scale bar = 40 pum). Vessels < 20 um in diameter are
painted red and quantified. An area focused on a portal vein (P) was selected for each
group. Quantitation of hepatic MVD on d) Eng and e) Alkl mice treated with PBS and
G6-31 ntibody; n = 4-9/group. Circles and inverted triangles represent individual Eng
and Alkl mice, respectively. OV (wild type, PBS-treated); (wild type, G6-31
antibody-treated); @ ¥ (mutant, PBS-treated); @ (mutant, IgG-treated); ® ¥V (mutant,
G6-31 antibody-treated). Mean + SEM are shown. *P<0.05; **P<0.01; ***P<0.001 by
one-way ANOVA, followed by Tukey's post-hoc test.
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2. 4. 5 Endoglin and AlklI mutant mice have a distinct hepatic response to

anti-VEGF therapy

To ascertain if G6-31 antibody was efficient in binding hepatic VEGF, we
measured the VEGF levels in liver of mutant mice treated with anti-VEGF treatment and
PBS. Basal hepatic VEGF levels were comparable in heterozygous versus WT mice and
remained unaffected after G6-31 antibody treatment in both groups, as quantified by
ELISA (Table 5). Furthermore, total hepatic VEGF was unchanged in Eng”™ mice, 5-8
days after the 4th injection of G6-31 antibody (Table 5). Residual VEGF, measured in
the liver of anti-VEGF-treated Eng"” mice and after immunodepletion, showed a trend
towards reduced levels, when compared to those of PBS-treated Eng"” mice (1462 + 74
versus 1696 + 103 pg/mg of tissue; P = 0.08; n = 7-8/group). Although total hepatic
VEGEF levels rose significantly in liver of A/k/ mutant mice after anti-VEGF therapy,
implying that the liver was indeed targeted by the antibody, VEGF levels returned to
baseline values after immunodepletion (Table 5). It should be said that endogenous
hepatic VEGF levels are very high and require extensive dilution of samples for
measurements, which may contribute to the lack of detection of a significant reduction

after anti-VEGF treatment.

To establish whether the hepatic angiogenic profile was differentially affected by
anti-VEGF therapy, we measured the protein levels of TSP-1, CD31,VEGFR2 (Figure
23) and Ang-2 in Eng"" and AlkI™" mice treated with G6-31 antibody or PBS vehicle.
We demonstrate that hepatic TSP-1 was 66% higher in PBS-treated Eng ™ versus Eng"’"

mice (Figure 23 a), whereas no change was observed in PBS-treated AlklI™" versus

AlkI™ mice (Figure 23 c).
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Figure 23. Hepatic angiogenic profile differs in Endoglin and AlkI mutant mice and
is differentially targeted by anti-VEGF treatment. Expression of TSP-1, CD31 and
VEGFR?2 in total liver extracts from a) Eng” ,'b) Eng” "and ¢) Alkl *” mice treated with
PBS or G6-31 antibody. Representative Western blots are shown. Quantitation of protein
expression was done relative to f-actin and normalized to mean values for WT samples
(PBS-treated Eng” mice n = 5-10; PBS-treated Eng”” mice n = 5-12; G6-31-treated
Eng”" mice n = 5-7; G6-31-treated Eng”"* mice n = 3-4; PBS-treated AlkI"”" mice n = 3-
6; PBS-treated Akl mice n = 4-6; G6-31-treated AlkI™" mice n = 4-7); *P< 0.05, **P<
0.01, *** P<0.005 as determined by one-way ANOVA, followed by Tukey's post-hoc

test.
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After anti-VEGF treatment, we observed a 59% increase in TSP-1 in the WT
Eng” " mice (Figure 23 b) and a rising trend in Eng and A/k/ mutant mice (Figure 23 a,
c¢). These changes in hepatic TSP-1 levels after anti-VEGF treatment appear to correlate
with the observed decrease in liver MVD. CD31 protein levels were similar in both
PBS-treated heterozygous and WT mice (Figure 23 a, c). G6-31 antibody treatment
decreased CD31 levels by 50% in Eng"” mice, but seemingly had no effect in Eng"”*
mice (Figure 23 a-b), despite reduction in MVD. This could be due to the smaller sample

* “(n = 4) versus Eng” " (n=7) group. In the case of Alkl * mice,

size in treated Eng
Tukey's post-hoc comparison showed a trend towards reduced CD31 levels in anti-
VEGF compared to PBS-treated mice (0.78 + 0.1 versus 0.94 + 0.1; n = 6-7 /group; P =
0.16). Hepatic VEGFR2 levels were comparable in both PBS-treated heterozygous
groups versus their WT littermates but were significantly reduced after anti-VEGF
therapy in Eng”' (n=5; 62% decrease) and Eng”+ mice (n=3; 46% decrease) (Figure 23
a, b). However, we could not detect a significant change in VEGFR2 in G6-31-treated
Alkl™" mice, likely due to more variability among these samples (0.65 + 0.21; n = 4) and
the semi-quantitative nature of Western blots (Figure 23 ¢). Overall, the effects of anti-
VEGF treatment on these angiogenic/angiostatic factors were more pronounced in Eng
than in Alk/ mutant and Eng”" mice. Lastly, hepatic Ang-2 levels were similar in both
PBS-treated mutant and WT mice and were not altered after anti-VEGF treatment, as
measured by Western blot (data not shown). To investigate further the hepatic molecular
profile, we analyzed the total TGF-B1 protein levels in both heterozygous groups. Total

TGF-B1 was not different in PBS-treated mutant and WT mice, and remained at baseline

after anti-VEGF treatment (Table 6).
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In summary, our findings suggest differences in the angiogenic/angiostatic
profile of Eng and Alkl heterozygous mice that may influence their response to anti-

VEGF treatment.

2. 4. 6 Distinct in vivo hepatic hemodynamic response of Endoglin and Alkl

mutant mice after anti-VEGF therapy

To determine the functional hepatic microvascular effects of anti-VEGF therapy
in both mutant groups, we measured liver microvascular perfusion in vivo, using
contrast-enhanced micro-ultrasound (CE-US) imaging. We evaluated two parameters:
wash-in rate, an indicator of blood flow rate and peak enhancement (PE), a measure of
tissue blood volume™”’. Representative images are shown for antibody-treated and PBS-
treated WT and mutant mice in Figure 24 a, b. The PE colored parametric maps showed
that mutant and WT mice have comparable hepatic microvascular perfusion (red and
orange-colored areas). G6-31 antibody treatment significantly reduced hepatic PE (blood
volume) in the illustrated Eng“' mouse, when compared to PBS treatment, as indicated
by the number of hypo-perfused (blue-colored) regions (Figure 24 a). The depicted G6-
31-treated Alkl mutant mouse had only a minor decreased in liver PE and fewer
corresponding blue-colored areas (Figure 24 b). Next, dynamic changes in hepatic
microvascular perfusion were plotted as a time intensity curve for each PBS and G6-31-
treated Eng and Alkl mouse (Figure 24 c, d). Hepatic blood flow rate was comparable in
the PBS-treated mutant and WT mice, but reduced only in the anti-VEGF treated Eng
mutant mice (Fig. 24 ¢). Data quantitation revealed a significant (50%) decrease in WiR
values in the anti-VEGF versus PBS-treated Eng” mice (Figure 24 ¢). In contrast, WiR

was not altered in G6-31-treated A/kl mutant mice, compared to controls (Figure 24 f).
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Figure 24. In vivo functional hepatic microvascular effects of anti-VEGF treatment
in Endoglin and AlkI mutant mice. Representative contrast-enhanced ultrasound (CE-
US) parametric images of peak enhancement (PE) in liver of a) PBS-treated Eng and
G6-31-treated EngH' mice and b) PBS-treated Alkl and G6-31-treated AlkI"" mice.
Scale bar = 1 mm; color map scale: -5 to 15 decibels **”. Graph illustrating the time-
intensity curve measured for ¢) Eng and d) A/kl mice treated with PBS and anti-VEGF
therapy. The black arrow points to the slope or wash-in-rate ***, a parameter of blood
flow rate, and the red arrow, to the plateau or PE, an index of blood volume or
functional MVD. Quantitation of WiR and PE in e), g) Eng and f), h) A/k] mice treated
with PBS and G6-31 antibody; n = 5-7/group. Circles and inverted triangles represent
individual Eng and Alkl mice, respectively. O V(wild type, PBS-treated); ® ¥ (mutant,
PBS-treated); ® ¥V (mutant, G6-31 antibody-treated) . Mean = SEM are shown. *P< 0.05
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The hepatic microvascular blood volume (PE) estimated by perfusion was similar in
PBS-treated heterozygous and WT mice, confirming the computerized histologic MVD
measurements (Figure 24 g, h). Interestingly, PE was reduced by 37% in anti-VEGF-
versus PBS-treated Eng”” mice (P = 0.02; n = 6/group) (Figure 24 g), in keeping with
the significant reduction in histological MVD. In the case of anti-VEGF-treated AlkI™"
mice, a trend towards lower PE was noted but no significant difference was reached
(Figure 24 h), despite the reduction in MVD estimated by CD31 immunostaining (Figure
22 c, e). This difference between the estimated in vivo blood volume and the histological
tissue MVD in the anti-VEGF-treated heterozygous mice suggests that the flow rate
contributes to the functional blood volume measurements (Figure 24 e-f). Lower hepatic
blood flow rate observed in the anti-VEGF-treated Eng”' but not in the A/kI"" mice, may
explain the difference in the total blood volume measured in these mutant mice.
Importantly, the liver/body weight ratio was not affected by G6-31 antibody treatment in
any of Eng and Alkl mutant mice (0.04 in all groups of mice; n = 6-24 mice/group).
Thereby, we conclude that anti-VEGF treatment has a stronger in vivo effect on hepatic

microvascular perfusion in Eng"” than AlkI™" mice.

2. 4. 7 Anti-VEGF treatment is well tolerated and has no apparent side

effects in murine models of HHT

To determine if a total of 4 i.p. injections of G6-31 antibody (5 mg/kg weekly)
had any side effects, we measured blood pressure (BP), heart rate (HR) and proteinuria
at baseline (data not shown) and at the end of treatment in PBS and anti-VEGF treated

Eng™” and Alk1™" mice (Table 7). None of these parameters were altered by treatment.
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Table 7. Blood pressure, heart rate and proteinuria are not affected by G6-31

antibody treatment in Eng and A/k1I heterozygous mice

Mice & n/group | Systolic blood pressure Heart rate Proteinuria
treatment (mmHg) (beats/min) (g/D)

Eng””" 7 100 +2 630 £ 37 0.3+0.0
PBS treated

Eng ™" 7 101 +4 685 + 42 0.4+0.0
PBS treated

Eng™” 5 110+ 7 669 + 42 0.4+0.1

G6-31 treated

Alk1™" 10 110+3 590+9 04+0.0
PBS treated

AlkI™ 3 102 +3 649 + 11 0.4+0.0
PBS treated

Alkl™ 4 114£5 617+ 14 04+0.1

G6-31 treated

Eng"" and AlkI™" mice were injected with G6-31 antibody at 5mg/kg, weekly, for a total

of 4 injections; WT and mutant mice were also treated i.p. with PBS. Blood pressure

(BP), heart rate (HR) and proteinuria were measured at the end of treatment. Mean +

SEM are reported for each group. Three-group comparison was done using one-way

ANOVA.
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In addition, kidney, liver and lung tissue sections showed no signs of toxicity, as

assessed by careful pathological examination.

2. 5 Discussion

We report that dysregulated angiogenesis was observed only in the lungs of Eng
and Alkl heterozygous mice, and was characterized by rarefied peripheral
microvasculature and secondary RVH. This reduced vascularization was associated with
increased expression of the angiostatic protein TSP-1 in Eng” lungs and of the
destabilizing factor Ang-2 in Alkl - lungs. Strikingly, systemic anti-VEGF therapy
increased the peripheral lung microvascularization, restoring it to normal and
eliminating RVH in both models. The treatment effectively decreased lung VEGF levels
but normalized TSP-1 and Ang-2 levels in Eng and Alkl mutant mice respectively. The
G6-31 monoclonal antibody treatment decreased hepatic MVD in mutant and WT mice,
suggesting a liver-specific rather than an HHT-specific effect. However, in vivo CE-US
imaging revealed that Eng"”” mice have a stronger hepatic hemodynamic microvascular
response to anti-angiogenic therapy than Alk/ *or WT mice, possibly due to the increase
in basal liver TSP-1 levels. This is the first report showing that Eng and Alkl
heterozygous mice may have a distinct molecular angiogenic/angiostatic profile in
different organs, which may explain some of the heterogeneity observed in HHT1 versus
HHT?2 phenotype. Our findings provide new insight into the angiogenic imbalance
associated with ENG and ALK mutations and raise the need to assess the organ-specific
effect of anti-angiogenic therapy in systemic vascular dysplastic diseases such as HHT.

Emerging data suggest that anti-VEGF therapy is beneficial in patients diagnosed

with HHT. However, little is known about the mechanisms responsible for the effects of
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this therapy. Published data on VEGF levels in HHT are scarce and contradictory. In
adult HHT patients, mean plasma VEGF levels were higher (331 pg/ml) than in controls
(20 pg/ml)*®, suggesting an overall increased angiogenesis. Retinal endothelial cells
obtained from immorto/EngH " pups secreted higher VEGF levels than controls, in
agreement with increased vascular proliferation noted in these mutant mice**®. In A/k/ -
versus WT mice, higher VEGF mRNA and protein levels were reported in lungs, liver
and intestine’’. In the current study, we found no differences in the basal levels of
VEGEF in different organs of congenic Eng and A/kl mutants versus their C57BL/6 WT
counterparts. These discrepancies might be explained by different genetic backgrounds,
as suggested by our previous data in 129/0Ola versus C57BL/6 backcrosses'®. Our
models show reduced angiogenesis in the peripheral lung microvasculature, which was
not associated with decreased VEGF levels but rather with an increase in the angiostatic
TSP-1 protein and in the destabilizing factor Ang-2 in EngH " and AlkI'" mice
respectively. In patients with HHT, it was suggested that a “second hit”, an angiogenic
stimulus such as VEGF, might be the trigger for AVM formation in a host with an

8

inherited predisposition for endothelial dysfunction®®®. In this respect, conditional

knockout mice with tissue-specific Eng or AlkI gene deletion™**

are more appropriate
to study the effects of anti-VEGF therapy on regression of AVMs.

Despite no difference in basal VEGF levels, Eng” and AlkI™" mice were
responsive to anti-VEGF treatment and the rarefied peripheral lung MVD, generally
associated with spontaneous PAH, was normalized by antagonizing VEGF. Our
findings, obtained in normoxic conditions, are in contrast with those observed in a

chronic hypoxia rat model, where the anti-VEGFR2 inhibitor SU5416 induced severe

PAH **°. In agreement with our observations, another group demonstrated that the multi-
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kinase inhibitor sorafenib, at low concentration, had pro-angiogenic effects®'. Our
present study suggests that the reduced peripheral lung microvasculature is due to a
substantial rise in TSP-1 protein in adult Engﬂ “mice. The source of this marked TSP-1
elevation in EngH " mice, appears to be the dysfunctional endothelium, as indicated by in
vitro studies with Eng deficient endothelial cells. Recently, it was reported that
Immorto/Eng™ pups have lower TSP-1 levels in retinal endothelial cells, when
compared to WT pups, in agreement with the observed increased in vascular

. . 246
proliferation

. Thus, TSP-1 appears to be implicated in the modulation of angiogenesis
in Eng” mice in an organ- and context-dependent manner. TSP-1 is an angiostatic
extracellular matrix factor secreted by stromal fibroblasts and endothelial cells. When
TSP-1 is produced in excess, it can induce apoptosis and vessel regressionzsz. TSP-1
induced apoptosis was shown to occur through binding to the CD36 receptor, a rise in
caspase-3, and phosphorylation of p38 mitogen-activated protein kinase (p38MAPK) in
a lung metastatic tumor mouse model*>. Furthermore, mice deficient in TSP-1 were

protected against chronic hypoxia-induced PAH”*

. These findings suggest that
excessive pulmonary TSP-1 may be responsible for the peripheral MVD rarefaction
observed in the Eng™" lungs, possibly through an apoptotic mechanism.

High baseline TSP-1 levels did not correlate with normal VEGF and TGF-B1
levels measured in the total lung extracts of Eng mutant mice. TSP-1 can block VEGF

mobilization from the extracellular matrix and disrupt VEGFR2 signaling®> **°

, mainly
through CD47 receptor, thereby inhibiting vessel proliferation. In the Eng” " lungs, we
cannot exclude the possibility that VEGF levels are lower in periphery, and that this

difference was not detected in the total lung extracts. Moreover, TSP-1 can activate

latent TGF-B1, leading to increased signaling. However, Eng™” mice had normal lung
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levels of endogenously active TGF-B1 levels, indicating that this mechanism was likely
not implicated in the mutant Eng mice. These results are consistent with published data
showing that TSP-1 induced apoptosis is independent of activation of latent TGF-$*". In
agreement with this observation, downstream Smad 2 and Smad 1/5/8 phosphorylation
was not affected in these mutant mice. Moreover, our findings suggest that a TSP-1
dependent, VEGF-mediated mechanism is responsible for the microvascular restoration
noted in the peripheral Eng” " lungs in anti-VEGF-treated mice. In support of this
hypothesis, the decrease in endogenous lung VEGF levels following anti-VEGF
treatment was accompanied by normalization of pulmonary TSP-1 levels, indicating that
VEGF can also regulate TSP-1. AKT phosphorylation, downstream of VEGFR2
activation, was not altered in Eng or Alkl heterozygous mice prior to and after the anti-
VEGF treatment. These results suggest that other VEGF-mediated pathways are
implicated in the reversal of the dysregulated lung microvascular phenotype in mutant
mice treated with G6-31 antibody.

In contrast, Alkl™" lungs showed normal TSP-1 levels and were characterized by
increased Ang-2 levels. These results are compatible with the observation that AlkI™

embryos have higher Ang-2 mRNA levels than controls™*

. Furthermore, patients
diagnosed with idiopathic PAH showed an increase in Ang-2 mRNA and protein levels
in their plexiform lesions™. Ang-2, found almost exclusively in the activated
endothelium, is the functional antagonist of the Ang-1-Tie2 pathway involved in the
maintenance of vascular quiescence®’. In the absence of angiogenic stimuli, local Ang-2
over-expression results in vascular destabilization and subsequent vessel regression*”

261 Thus, excessive pulmonary Ang-2 may have induced the reduction in peripheral

pulmonary microvasculature observed in A/k/ mutant lungs. Furthermore, it has been
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reported that Ang-2 and VEGF interact closely. VEGF can directly up-regulate Ang-2 in
the vascular endothelium and modify Ang-2 transcriptional activation, as demonstrated
in a murine tumor model*®. In Alk! mutant mice, anti-VEGF therapy reversed the
abnormal lung phenotype through an Ang-2 mediated mechanism, suggesting a direct
link between VEGF and Ang-2 in tissues undergoing active vascular remodeling.

Overall, our data indicate that TSP-1 and Ang-2 may be, at least in part,
responsible for some of the phenotypic heterogeneity observed in HHT1 and HHT2
patients. Importantly, irrespective of the distinct angiogenic profile of Eng and Alkl
mutant lungs, the response to anti-VEGF treatment was similar in both mouse models -
decreased lung VEGEF levels and normalized peripheral pulmonary microvasculature.
These results suggest a VEGF-mediated regulation of both TSP-1 and Ang-2 in Eng and
Alkl mutant lungs, respectively.

Liver is a well-vascularized organ, rich in VEGF mRNA*®. We report that in our
mouse models, liver had the highest VEGF protein levels (~1400-1700 pg/mg tissue)
among all organs. Interestingly, hepatic TSP-1 levels were also increased in Eng™ mice,
indicating an inverse correlation between endoglin and TSP-1 in more than one organ.
This increase in hepatic TSP-1 in Eng+/' mice may predispose to a heightened in vivo
hemodynamic response to anti-VEGF treatment.

Liver MVD was substantially decreased after anti-VEGF therapy in WT and both
Eng and AlkI mutant mice, suggesting that the effect of G6-31 antibody was liver- rather
than HHT-specific. This effect would likely be reversible after discontinuation of anti-
VEGEF treatment, as previously reported for several organs®®**®. The reduction in liver
MVD after G6-31 antibody treatment was associated with a significant rise in

angiostatic TSP-1 in Eng WT mice and a further increase in TSP-1 in the Eng™" mice.
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There was also a significant decrease in hepatic VEGFR2 levels in the anti-VEGF-
treated Eng™" and Eng” " mice, arguing in favor of decreased VEGF signaling in the
liver microvasculature in these mice. In addition, CD31 levels were reduced in total liver
extracts of anti-VEGF-treated Eng” " mice, indicating a stronger response of these mice
to G6-31 antibody treatment. The effect of the anti-angiogenic treatment on hepatic
MVD appears to be on the sinusoidal endothelium, as the hepatocytes remained
unaffected, as assessed by careful histopathologic examination.

To confirm the anti-angiogenic effects and assess the feasibility of in vivo
monitoring anti-VEGF therapy in liver, we used CE-US imaging technique’”. We
observed that G6-31 antibody treatment induced ~ 40% decrease in hepatic
microvascular blood flow rate and volume in Eng+/ " mice, but not in Alkl - mice, in
agreement with the stronger effects noted on angiogenic/angiostatic factors. Recently,
CE-US was used to monitor the effects of bevacizumab treatment in HHT patients with
severe liver disease. Transit time between hepatic artery and vein was improved in the
anti-VEGF-treated group™°. No significant change in liver enzymes was reported in
these patientsafter anti-angiogenic treatment. In our mouse models, we demonstrated the
effects of anti-VEGF therapy on liver microvascular perfusion by measuring the hepatic
blood volume in microvessels. In addition, we observed a reduction in blood flow rate in
G6-31-treated Eng™” mice, possibly contributing to the ~ 40% decrease in liver blood
volume. This significant reduction in hepatic microvascular perfusion in Eng mutant
mice would compensate for any potential changes in hepatic vascular resistance after
anti-VEGF treatment. In fact, anti-VEGF agents had beneficial effects in mouse and rat

models of portal hypertension”*®*’. Taken together, CE-US represents an excellent
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non-invasive modality to monitor in vivo the hepatic functional microvascular
parameters and their response to anti-angiogenic treatment in mice and man.

G6-31 monoclonal antibody, which binds to all VEGF-A isoforms, has a strong
anti-angiogenic effect in tumor models®®. G6-31 antibody, administered i.p. at 5 mg/kg
once a week for 3-6 weeks, had no significant toxicity in a murine tumor model**®.
However, long-term treatment with G6-31 antibody (up to 52 weeks) can induce diffuse

glomerulosclerosis in these models®®®

. In our studies, injecting G6-31 antibody at
Smg/kg i.p. once a week for a total of 4 doses, induced no changes in BP, HR or
proteinuria, nor any histological signs of toxicity. A recent study reported the cardiac
and systemic effects of high dose G6-31 antibody treatment (10 mg/kg, twice weekly,
for a total of 5 weeks) in C57BL/6 mice and a murine model of pre-atherosclerotic

hyperlipidemia®®’

. This regimen induced systemic hypertension (both systolic and
diastolic), LV hypertrophy and abnormal renal function, changes that could be
attenuated by co-administration of the angiotensin-converting enzyme inhibitor ramipril.
It is therefore essential to avoid using higher than necessary doses of anti-VEGF
treatment and to monitor and treat hypertension in patients, if necessary.

In conclusion, we demonstrated that the anti-VEGF therapy is effective in
normalizing the lung peripheral MVD, attenuating the secondary RVH and restoring
TSP-1 and Ang-2 levels to normal in Eng+/' and AlkI™" mice, respectively. Future
studies will address the underlying mechanisms of this beneficial anti-angiogenic
therapy that appears to reverse signs of PAH in these models and determine if TSP-1 and
Ang-2 are differentially expressed in HHT1 and HHT?2 patients. In addition, the G6-31

antibody treatment had a liver-specific effect on MVD in both Eng and A/kIl mutants and

. . . . . . . +/- .
in WT mice, with a stronger in vivo microvascular effect in Eng™” mice. Unless the
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effect observed is strictly related to the particular antibody used, our data could indicate
that patients with an ENG mutation will have a more significant hepatic response to anti-
VEGF therapy than patients with an ALK/ mutation. Such a response could be
monitored accurately in vivo by CE-US and would contribute to evaluation of functional
angiogenesis during follow-up and to the optimization of intermittent anti-angiogenic

treatment regimens in HHT patients.
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3.1 Abstract

Chronic intestinal inflammation is associated with pathological angiogenesis that
further amplifies the inflammatory response. Vascular endothelial growth factor, VEGF,
is a major angiogenic cytokine that has been implicated in chronic colitis and
inflammatory bowel diseases. Endoglin (CD105), a TGF-B superfamily co-receptor
expressed on endothelial and some myeloid cells, is a modulator of angiogenesis
involved in wound healing and potentially in resolution of inflammation. We showed
previously that Endoglin heterozygous (Engﬂ ") mice subjected to dextran sodium sulfate
developed severe colitis, abnormal colonic vessels and high tissue VEGF. We therefore
tested in the current study if treatment with a monoclonal antibody to VEGF could
ameliorate chronic colitis in Eng”” mice. Tissue inflammation and microvessel density
(MVD) were quantified on histological slides. Colonic wall thickness, microvascular
hemodynamics and targeted MAdCAM-1" inflamed vessels were assessed in vivo by
ultrasound. Mediators of angiogenesis and inflammation were measured by Milliplex
and ELISA assays. Colitic Eng” mice showed an increase in intestinal inflammation,
MVD, colonic wall thickness, microvascular hemodynamics and the number of
MAdJCAM-1" microvessels relative to colitic Eng”" mice; these parameters were all
attenuated by anti-VEGF treatment. Of all factors up-regulated in the inflamed gut, G-
CSF and amphiregulin were further increased in colitic Eng"” versus Eng”" mice. Anti-
VEGF therapy decreased tissue VEGF and inflammation-induced endoglin, IL-1p and
G-CSF in colitic Eng+/' mice. Our results suggest that endoglin modulates intestinal
angiogenic and inflammatory responses in colitis. Furthermore, contrast-enhanced
ultrasound provides an excellent non-invasive imaging modality to monitor gut

angiogenesis, inflammation and responses to anti-angiogenic treatment.
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3. 2 Introduction

Chronic inflammatory bowel diseases, such as Crohn’s disease and ulcerative
colitis, are characterized by severe gut inflammation® and are accompanied by the

formation of new, excessive and persistent abnormal blood vessels from pre-existing

8

ones'”. This intestinal pathological angiogenesis enhances gut inflammation by

allowing a higher influx of immune cells into the affected tissue. In addition, these
newly formed vessels become inflamed and can directly secrete pro-inflammatory

cytokines and chemokines that attract more immune cells, further amplifying the gut
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inflammation °. Thus, targeting intestinal pathological angiogenesis may reduce chronic

gut inflammation.

Vascular endothelial growth factor (VEGF), a key pro-angiogenic protein
secreted by most parenchymal and endothelial cells and by several activated immune
cells, has a major role in physiological and pathological angiogenesis*’. Moreover,

VEGF is an important chemotactic factor for the VEGFR1" monocytes/macrophages270’

271 151

, can alter the function and maturation of dendritic cells " and at pathophysiologic

concentrations, can inhibit T cell development and function by affecting early
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hematopoietic progenitor cells ™. Yet, the role of VEGF in chronic inflammatory

diseases is less understood. In patients diagnosed with inflammatory bowel diseases

(IBD), VEGEF is increased in serum and colonic tissues™* '

, suggesting that it might
contribute to the pathogenesis of these diseases. Hence, VEGF-targeted therapies could
ameliorate chronic colitis. Recently, it was shown that treatment with bevacizumab, a
humanized monoclonal antibody to VEGF, used in conjunction with standard
chemotherapy in two patients with metastatic colon cancer, was accompanied by

remission of the underlying IBD'"*.
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Moreover, in the iodoacetamide-induced colitis rat model, a monoclonal

antibody against VEGF-A isoforms (Ab-3) improved colitis*''.

However, the
mechanisms through which VEGF-targeted therapies could attenuate colitis need to be
determined.

Endoglin (CD105), a co-receptor for several transforming growth factor (TGF-f3)
superfamily ligands, including TGF-B1 and bone morphogenic protein BMP9, is
predominantly expressed in endothelial cells (EC), but is also found in activated
monocytes and macrophages, some hematopoietic cells, vascular smooth muscle cells
and fibroblasts®>>'***2_ Endoglin is a crucial angiogenic modulator, as Eng null mice
die at mid-gestation of angiogenic and cardiovascular defects®’. Moreover, endoglin has
a key role in tissue repair and wound healing”’, by promoting TGF-pl-mediated
extracellular matrix production. The role of endoglin in inflammation is mostly
unknown. It has been reported that tissue endoglin is up-regulated in chronic
inflammatory disorders, such as IBD*’ and psoriasis®®, where it is often associated with
macrophage and T cell infiltrates®. In addition, increased endoglin expression was noted
in cultured fibroblasts from the intestinal strictures of patients with Crohn’s disease'™'.
Thus, endoglin may be involved in chronic inflammatory diseases such as IBD.

In a previous study, we showed that Endoglin heterozygous (Eng”') mice
exposed to a single five-day course of dextran sodium sulphate (DSS) developed severe,
chronic gut inflammation and prominent abnormal intestinal vessels, associated with
increased tissue VEGF, while colitic Eng” * mice recovered'””. Therefore, we
hypothesized that VEGF plays a pathogenic role in abnormal blood vessel formation and
chronic inflammation in colitic Eng” " mice and that a targeting VEGF will attenuate

colitis in these mice.
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In the present study, using in vivo and in vitro methods, we demonstrate that
colitic Eng” " mice have more gut inflammation and pathological angiogenesis, when
compared to colitic wild type mice, despite showing comparable tissue VEGF levels.
These findings suggest that factors other than VEGF contribute to the severe
inflammatory and angiogenic phenotype observed in the colitic Eng+/- mice. Among
several cytokines/chemokines elevated in the inflamed gut, the granulocyte colony-
stimulating factor G-CSF and the regenerative protein amphiregulin were higher in
colitic Eng™" than Engﬂ+ mice. Anti-VEGF treatment decreased gut inflammation
including tissue IL-1B and G-CSF, pathological angiogenesis and the number of
MAdCAM-1" inflamed vessels in colitic Eng™ mice, suggesting that this anti-

angiogenic therapy might have anti-inflammatory properties.

3. 3 Material and methods
3. 3. 1 Mice, DSS-induced colitis and anti-VEGF treatment

Mice. Eng™" mice were generated by successive backcrosses (N26-N30) to
C57BL/6 mice®. Mice were kept at the Toronto Center for Phenogenomics, a pathogen-
free facility, and were fed standard chow. DietGel® Recovery (ClearH,O, Portland, ME,
USA) was added to all groups of mice at day 6, after completion of DSS induction, and
continued for the rest of the experiment.

DSS-induced colitis. Colonic inflammation was induced with a single 5-day
course of 3% DSS (m.w. 36-50 kDa; MP Biomedicals, Solon, OH, USA) added to the
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acidified drinking water, according to an established protocol ~; mice were then

returned to acidified water. Mice were monitored for a total of 25 days and the following
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parameters were recorded daily: body weight, oral fluid intake, activity, stool
consistency and fecal bleeding (using ColoScreen Hemocult kit, Helena Labs,
Beaumont, TX).

Anti-VEGF treatment. 12-18 week-old Eng”’ mice of both genders were
randomized to anti-VEGF- versus phosphate-buffered saline (PBS) vehicle treatment.
The anti-VEGF-treated groups received G6-31 monoclonal antibody, kindly provided by
Genentech Inc, South San Francisco, CA, USA. This antibody has high affinity and
specificity for murine and human VEGF-A Colitic Eng”' mice received 5 mg/kg of G6-
31 antibody, i.p., starting at day 9 of colitis and then every 5 days, for a total of 3
injections. Mice were sacrificed between days 20-25 of colitis. The same regimen was
applied to PBS-treated mice. A minimum of 5 mice/group was tested per each

experiment. Data were reported as mean + SEM for each group of mice.

3. 3. 2 Ultrasound imaging of the distal colon

In vivo imaging of the distal colon was completed using the Vevo®2100 high-
frequency ultrasound system (VisualSonics Inc., ON, Canada). PBS-treated colitic
Eng”+ and Eng”” mice and G6-3 1-treated colitic Eng” mice were imaged 1-4 days after
the 3rd injection (n = 5-12/group). Mice were anesthetized with 2% isoflurane (Abbott
Laboratories Limited, QC, Canada) delivered in combination with 1L/min O,, then
placed in supine position on a heated stage. The heart rate was maintained above 400
beats/minute and body temperature monitored throughout the imaging session. A 27G
butterfly needle was inserted into a lateral tail vein for intravenous injection of the
ultrasound contrast agent. The fur on the lower abdomen was removed, and a bubble-

free ultrasound gel was applied (Parker Laboratories, Inc., NJ, USA). A solid-state array
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transducer (MS-250) was used at a centre frequency of 18 MHz with axial and lateral
resolutions of 75 um and 165 pum, respectively. Ultrasound gel was evenly introduced
into the distal colon with a straightened gavage needle, to enhance the lumen-to-wall
contrast. The distal colon was first imaged under B-mode for selection of the region of
interest, followed by contrast mode. The imaging plane on the sagittal axis of the colon
displayed the clearest image of distal colon walls. Non-linear contrast-enhanced images
were collected after a 50 uL bolus injection of MicroMarker ultrasound contrast agent
(VisualSonics Inc., CA, USA). All 3D data were acquired by moving the transducer with
a stepper motor, at a step size of 50 um. The following image acquisition settings were
kept consistent throughout the study: 4% power, 37 dB contrast gain, and wide beam
width.

Image analysis was completed offline on the VevoCQ™. B-mode images were
collected as a 3D image stack, covering the length of the distal colon. For colonic wall
thickness, ten measurements per mouse were taken from the top and bottom distal colon
walls, by drawing lines across the intestinal wall of multiple B-mode images from the
3D stack; these values were then averaged. To determine the intestinal wall
hemodynamic changes in each mouse, two ROIs, encompassing the top and bottom
distal colonic walls, were drawn with reference to the respective B-mode image.
Contrast data was extracted from the time-intensity curves (TIC) generated from the
wash-in of microbubbles (MBs), and quantified using VevoCQ™ software. Two
parameters were extracted from the TIC: 1) peak enhancement (PE), the difference
between maximum amplitude and the baseline intensity of the curve, as an indication of
the tissue blood volume; 2) wash-in rate (WinR), the maximum slope of the curve, used

as a measurement of blood flow rate. Data from three different experiments, each
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including at least 5 mice/group, were then quantified. Mean and SEM are shown.

3. 3. 3 MAdCAM-1-targeted contrast -enhanced ultrasound imaging of the

inflamed colon

Molecular imaging of the inflamed colon was performed using mucosal
addressin cell adhesion molecule-1 (MAdCAM-1)-targeted microbubbles (MBs)
ultrasound (US) contrast agents. We used the Vevo MicroMarker target-ready contrast
MBs (VisualSonics Inc, Toronto), composed of a perfluorocarbon gas core encapsulated
in a streptavidin-coated phospholipid shell. The targeting ligand was the biotinylated rat
anti-mouse MAdCAM-1antibody (clone MECA-367, Southern Biotech, Birmingham,
AL, USA), attached to MBs through the biotinstreptavidin conjugation. Prior to
injection, MBs were incubated with the MAdCAM-1 antibody at a ratio of 8 pg
ofantibody per 107 MBs®”. One 50 uL bolus of targeted MBs per mouse was
administered via the tail vein in PBStreated colitic Eng+/+, Eng"” mice and G6-31-
treated colitic Eng"” mice, placed in random order. Thirty seconds after each bolus,
contrast US images were collected to verify MBs wash-in rate (WinR), followed by a 2
minute pause to allow the binding of MAdCAM-1-targeted MBs to the inflamed
intestinal microvessels. After the accumulation of MBs in the distal colon and image
collection for 15 seconds, a high-power destruction pulse sequence was applied to
disrupt all MBs in the field of view. The following 30 seconds of imaging were used to
observe the recirculation of free MBs into the field of view. Quantification of the
adherent targeted MBs to the intestinal MAACAM-1" microvessels was performed with
the VevoCQTM software. The differential targeted enhancement, the dTE parameter,

representing the difference in contrast signal intensity between the pre- and
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273. 239 was used to measure the relative amount of bound

postdestruction image frame
targeted MBs to the intestinal MAdJCAM-1" microvessels in all three groups of colitic

mice.

3. 3. 4 Colonic histologic evaluation

Mice were anesthetised with ketamine (100 mg/kg) and xylazine (10 mg/kg) i.p,
and blood collected by intracardiac puncture 1-6 days after the last injection. Heart was
perfused with PBS through the left ventricle, for organ harvesting. Distal colon was cut
longitudinally, washed in PBS and immersed in 4% paraformaldehyde. Tissues were
processed, paraffin-embedded, sectioned (5 pm) and stained with hematoxylin-eosin
(H&E).

Inflammation score. The severity of colonic inflammation was scored for all
samples, by an experienced pathologist, in a blinded fashion. The most affected colonic
area was first selected at 100x magnification. The histological inflammatory score was
obtained for this most affected area at 400x magnification, and quantified in three power
fields per section, using a previously published system”’*, with slight modifications. To
indicate the decrease in goblet cell number, a scale from 0-minus 4 was used. All other
scores were expressed as positive numbers: mucosal thickening (0-4) (0 = no increase; 1
= 25% increase; 2 = 50% increase; 3 = 75% increase; 4 = 100 % mucosa thickened);
presence of mucosal inflammatory cells (0-4) (0 = difficult to find; 1 = minor increase in
cell number, but not clustered or invading the glands; 2 = significant increase in
neutrophils (PMN), invading the glands; 3 = groups of PMN in near every field; 4 =
PMN in every field); presence of submucosal inflammatory cell infiltrate scored by a
similar method (0-4); destruction of architecture (0-4); ulcers (0-4, corresponding to 0,

25%, 50%, 75%, 100% loss of epithelium); crypt abscesses (containing PMN) (0-4,
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corresponding to 0, 25%, 50%, 75%, 100% involvement of the epithelium). The
inflammatory score, ranging from 0-30, was calculated for each mouse by adding the
score for each component. The average inflammatory socre per each group of mice was

reported.

Other colonic sections were stained for the endothelial cell marker CD31. Tissue
sections were incubated overnight at 4°C with a rabbit antibody to CD31 (ABCAM
Cambridge, MA, USA; 1:100 dilution) followed by biotinylated goat anti-rabbit IgG
(Vector Labs Inc, Burlington, ON, Canada; 1:200 dilution) and an ABC detection kit
(Vector Labs Inc, 1:50 dilution). Color development was done for 10 minutes with
diaminobenzidine tetrahydrochloride. Slides were then counterstained with Harris

Hematoxylin.

3. 3. 5 Quantification of microvessel density (MVD)

Colonic MVD was quantified using the Olympus BX60 microscope (Carsen
Group Inc, Center Valley, PA, USA), equipped with a digital camera QImaging
RETIGA 2000R (software QCapture 3-1.1.1) and analyzed with OpenLab software 3.1.4
version (Improvision Inc. Lexington MA, USA). The most vascularised colonic area was
selected at 100x magnification and the CD31" vessels were counted in 5 consecutive
fields, at 400x magnification. A minimum of 5 mice/group was analyzed. MVD was

reported as the total number of vessels/mm?®.

3. 3. 6 Protein measurements

Tissue and plasma samples were collected at days 20-25 of colitis. The frozen

tissues were homogenized in 0.05 M Tris-HCl, pH 7.4 supplemented with 1% Triton X-
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100 and protease/phosphatase inhibitors (Roche, Canada, Mississauga, ON, Canada),
and centrifuged at 13,000 g for 30 minutes, at 4°C. Protein concentration in lysates or

plasma was measured with the Bradford assay.

3.3.7 ELISA assays

Tissue levels of TGF-f1 were determined with the mouse ELISA kit (R&D
Systems). To measure total TGF-B1 levels, samples were first acidified with 1N HCI for
10 minutes at room temperature and then neutralized with 1.2 N NaOH/0.5 M HEPES.
All samples were measured in duplicate.

Tissue and plasma VEGEF levels were quantified using the mouse Duoset ELISA
kit (R&D Systems, Minneapolis, MN, USA). Total plasma and tissue VEGF levels,
measured at time of sacrifice, included antibody-bound VEGF and free VEGF. Free
residual plasma and tissue VEGF levels were measured after immunodepletion,
performed as previously described®”’. Briefly, GammaBind G Sepharose beads (GE
Healthcare, Baie D’Urfe, QC, Canada) were washed with PBS and incubated with tissue
lysates or plasma. One and two-step immunodepletion were used for the tissue lysates
and plasma free VEGF measurements, respectively.

Quantification of colonic angiogenic and growth factors was performed using the
27-plex MILLIPLEX map for multi-analyte profiling of mouse angiogenesis/growth
factors using the magnetic bead panel kit MAGPMAG-24K, kindly provided by EMD
Millipore Corporation, Billerica, MA USA. Samples were analyzed using the Luminex

XxMAP instrument.
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3. 3. 8 Western blots

Colonic protein extracts were fractionated on 4-12% gradient gels by SDS/PAGE
under reducing or non-reducing conditions and immunoblotted with the following
primary antibodies at appropriate  dilutions: rabbit  anti-phosphorSmadl
(Ser463/465)/Smad5(Ser463/465)/Smad8(Serd26/428) (#9511), 1:1,000, rabbit anti-
phoshor-Smad2 (Serd465/467) (#3101), 1:1,000, mouse anti-Smad2 (L16D3) (#3103),
1:1,000 (all from Cell Signaling Technology Inc, Danvers, MA, USA); mouse anti-
Smad1/5/8 (sc-81378), 1:1,000, Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA;
mouse anti-VEGFR2, (clone # 91201, catalog MAB443), 1:500 (R&D Systems,
Minneapolis, MN, USA); mouse anti-B-actin, 1:10,000 (Sigma, St. Louis, MO, USA).
Appropriate secondary antibodies conjugated with horseradish peroxidase (1:10,000
dilution) and the enhanced chemiluminescence reagent (ECL, Perkin Elmer, Shelton,
Connecticut, USA) were used for detection. Band intensity was quantified, expressed
relative to B-actin, and normalized to values corresponding to the mean of WT samples,

for comparison between experiments.

3. 3.9 Statistical analysis

Statistical analysis was performed with t-test (for 2 groups), one-way ANOVA
(for > 3-group comparison), using GraphPad Prism 5 software (GraphPad Software, La
Jolla, CA, USA). If ANOVA comparison led to a statistically significant result, post-hoc
analysis was performed using Tukey's test for one-way ANOVA. Results are expressed

as mean = SEM; P < 0.05 was considered statistically significant.

130



Ethical approval

All protocols were approved by the Animal Care Committees of the Hospital for
Sick Children, the Toronto Center for Phenogenomics and the Sunnybrook Research
Institute, in accordance with the Canadian Council on Animal Care guidelines and

regulations.

3. 4 Results

3. 4. 1 Colitic Eng” mice have higher and persistent colonic CD31"

microvessel density (MVD) than colitic Eng™" mice

Our laboratory showed previously that congenic Eng" mice subjected to a single
five-day course of 3% DSS developed severe, chronic colitis and abnormal intestinal
blood vessels, while colitic wild type (WT or Eng+/+) mice recovered'””. We also
demonstrated that the peak of disease and tissue inflammation occurred at day 9 in both
groups of mice and that both inflammation and abnormal vascular protusions remained
high till days 18-26 in colitic Eng”' mice, while decreasing in colitic WT mice'”.

In the present study, to investigate the changes over time in colonic pathological
angiogenesis, we quantified CD31" microvessel density (MVD) at day 0 (prior to DSS),
day 9 (peak of inflammation) and days 20-25 of colitis (normally expected recovery
phase) in colitic Eng™ and Eng”+ mice (Figure 25). CD31" MVD is an established
angiogenic parameter that has been used to evaluate the response to anti-angiogenic
therapy in several experimental and human studies (Figure 25). CD31" MVD is an
established angiogenic parameter that has been used to evaluate the response to anti-

angiogenic therapy in several experimental and human studies .

131



K *xE

(a) 800+
kA
600 L
N % o Eng"* PBS

E 400 ® e Eﬂ'lf“f' PES
= @ % -

200 @ " %

O
0
DO D8 D20-25
(b) G6-31 G6-31 G6-31
\l/ \L \L Analysis
| 3%DSS | | | | | ofmice
I | | | | | |
Do D5 D9 D14 D19 D20 D25
Initiation Peak Resolution

of inflammation
and angiogenesis

of inflammation
and angiogenesis

of inflammation

and angiogenesis

Figure 25. Colitic Eng” mice have persistent higher intestinal microvessel density

(MVD), but the same peak of disease as colitic Eng” mice. a) Colitic Eng+/ “mice had

higher colonic MVD, compared to colitic WT mice (n = 13/group at day 0; n = 4/group
at day 9 of colitis; n = 7-9/group at days 20-25 of colitis); b) Schematic of DSS

induction of colitis and anti-VEGF treatment regimen in Eng+/ " mice. DSS was

administrated for 5 days in drinking water, followed by return to normal water. G6-31

monoclonal antibody was injected i.p at 5 mg/kg, at days 9, 14 and 19 of colitis. Mice

were monitored daily and sacrificed between days 20 and 25 of colitis. Black arrows

indicate the timing of injections. Circles depict: (wild type, PBS-treated); (mutant, PBS-
treated). Mean + SEM are shown. *P<0.05; ***P<0.001 by one-way ANOVA,

followed by Tukey's post-hoc test.
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Here we confirm our recent observations that colonic MVD is similar in WT and Eng” .
mice at baseline, under non-inflammatory conditions, as shown in Chapter Two. At day
9 of colitis, colonic MVD was significantly higher (2.2-fold) in colitic Eng” “than WT
mice (1.5-fold), and compared to day 0 (pre-DSS). At days 20-25 of colitis, colonic
MVD remained higher in Eng” " mice (1.9-fold) compared to day 0, whereas in colitic
WT mice, MVD returned to baseline or non-inflammatory value. These results suggest
that colitic Eng” " mice had a higher intestinal angiogenic response in the initial phase
corresponding to maximum inflammation and a delayed or impaired resolution of tissue
angiogenesis, as demonstrated by the persistence of high MVD in the recovery phase of
colitis, when compared to colitic WT mice (Figure 25 a).

In Chapter Two, we ruled out an effect of G6-31 antibody on intestinal MVD in
Eng”+ and of IgG isotype control on several organs including the gut, in Eng” " and
Eng” " mice, under non-inflammatory conditions”’®. We therefore started the anti-VEGF
treatment on day 9, at the peak of inflammation and angiogenesis. G6-31 antibody
treatment was given at 5 mg/kg i.p, at days 9, 14 and 19, for a total of 3 injections. Mice
were then analyzed at days 20-25 of colitis (expected time of resolution of inflammation

and angiogenesis) (Figure 25 b).

3. 4. 2 Anti-VEGF therapy decreases colonic inflammation and microvessel

density (MVD) in colitic Endoglin heterozygous mice

To investigate the effects of anti-VEGF treatment on tissue inflammation,
colonic sections obtained from PBS-treated Eng ™", Eng"” and anti-VEGF-treated Eng"”
mice sacrificed at days 20-25 of the DSS-induced colitis, were examined by an

experienced pathologist. Representative images of H&E-stained colonic sections
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obtained from these mice are shown in Figure 26 a. Sections from a PBS-treated colitic
Eng” " mouse showed minimal inflammatory infiltrate, normal tissue architecture and
submucosal thickness, indicating resolution of inflammation. In contrast, colonic
sections from a PBS-treated colitic Eng™" mouse revealed significant inflammatory
infiltrate in the mucosa, loss of tissue architecture and submucosal edema, suggesting
ongoing inflammation. Sections from the colon of the G6-31-treated colitic Eng"™”
mouse displayed reduced inflammatory infiltrates, thinner submucosal layer and
restoration of normal tissue architecture, pointing towards recovery from inflammation
and tissue regeneration.

To determine the effects of G6-31 antibody on intestinal angiogenesis, MVD was
quantified in colonic sections of anti-VEGF-treated colitic Eng”' mice and compared to
that of PBS-treated colitic Eng+/' and EngH+ mice. Representative images of CD31-
stained colonic vessels are shown for all three groups of mice in Figure 26 b. Sections
from the PBS-treated colitic Eng™" mouse revealed several microvessels in the inflamed
tissue, whereas the colon from the PBS-treated colitic Eng”' mouse showed multiple
microvessels in the mucosal and submucosal layers, predominantly clustered within the
inflammatory infiltrates. A colonic CD31" microvascular staining pattern similar to that
of a PBS-treated colitic WT mouse was observed in the G6-31-treated colitic Eng™”
mouse, suggesting that the treatment had reduced tissue MVD.

Data quantification demonstrated that PBS-treated colitic Eng”” mice had a ~ 2-
fold higher inflammation score than colitic WT mice. Importantly, inflammation score
was reduced in G6-31-treated colitic Eng“' mice to levels comparable to those seen in

colitic Eng” " mice (Figure 26 c).
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Figure 26. Anti-VEGF treatment reduces scores for colonic inflammation, mucosal
thickness, submucosal inflammatory cell infiltrate and microvascular density
(MVD) in colitic Eng+/- mice. a) Representative images of H&E-stained colonic
sections (100 x magnification) from PBS-treated colitic Eng+/+, Eng+/- and G6-31-
treated colitic Eng+/- mice, sacrificed between days 20 and 25 of colitis. Black arrows
point towards the inflammatory infiltrates. Scale bars: 10 um. b) Colonic sections from
PBS-treated colitic Eng+/+, Eng+/- and G6-31 antibody-treated colitic Eng+/- mice were
stained for CD31, and MVD quantified in 5 consecutive fields at 400x magnification.
Black arrows point towards CD31+ vessels (depicted in brown). Scale bars: 40 pum. c)
Colonic inflammation score d) Scores for inflammatory cell infiltrates in intestinal
mucosa and submucosa and e) mucosal thickness score for all 3 groups of mice were
quantified on H&E-stained sections (n = 8-11/group); f) Quantification of CD31+
vessels in colitic mice (n = 5-9/group). Circles represent individual mice. (WT, PBS-
treated); (mutant, PBS-treated); (mutant, G6-31-treated). Mean + SEM are shown.
*P<0.05; **P<0.01; ***P<0.001 by one-way ANOVA, followed by Tukey's post-hoc

test.

136



Moreover, the estimated inflammatory cell score was ~ 2-fold higher in the
intestinal mucosa of PBS-treated colitic Eng™” than in Eng”" mice, and reduced to WT
values in the submucosa of anti-VEGF-treated colitic Eng” mice (Figure 26 d).
Analysis of colonic mucosal thickness showed a 2.8-fold higher score in PBS-treated
colitic Eng™” versus Eng”" mice, value which was normalized by anti-VEGF treatment
(Figure. 26 e). Furthermore, anti-VEGF therapy had a strong anti-angiogenic effect on
the inflamed colon of G6-31-treated colitic Eng”" mice, decreasing the number of
vessels from 430 + 24 to 250 + 26 vessels/mm?, close to pre-DSS levels or non-
inflammatory conditions (~ 200 vessels/mm?) (Figure 26 f). These findings demonstrate
that G6-31 antibody treatment led to resolution of histological colonic inflammation,

mucosal thickness and pathological angiogenesis in colitic Eng™ mice.

3. 4. 3 Antibodies to VEGF reduces in vivo colonic wall thickness,
microvascular hemodynamics and the number of Mad-CAM-1+ inflamed vessels in

colitic Eng™ mice

To determine the in vivo the effects of anti-VEGF therapy on chronic gut
inflammation, we measured colonic thickness along the upper and lower distal colon
walls, in G6-31-treated colitic Eng+/ " versus PBS-treated colitic Eng” “and Eng” " mice,
using B-mode ultrasound. Representative images of multiple successive colonic wall
measurements are shown in Figure 27 a. The PBS-treated colitic Eng”™ mouse had a
thicker gut wall than the colitic WT mouse. Importantly, the G6-31-treated colitic Eng™”
mouse showed a marked reduction in intestinal wall thickness, when compared to the

PBS-treated colitic Eng”” mouse.
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Figure 27. In vivo effects of anti-VEGF treatment on intestinal wall thickness and
microvascular hemodynamics of colitic Eng+/~ mice. Representative a) colonic wall
thickness and b) contrast-enhanced ultrasound (CE-US) parametric images of peak
enhancement (PE) blood flow in PBS-treated colitic Eng™, Eng"" and G6-31-treated
colitic Eng” " mice. Scale bar = 1 mm; color map scale: 8 to 31 decibels237; )
Quantification of intestinal wall thickness in colitic mice; n = 8-11/group; d) Graph
illustrating the time-intensity curves measured for PBS-treated colitic Eng™*, Eng™ and
G6-31-treated colitic Eng+/- mice. Black arrow points to the slope or wash-in-rate, WiR,
a parameter of blood flow rate, and the red arrow, to the plateau or peak enhancement,
PE, an index of blood volume. Data generated in 3 experiments were plotted for each
individual mice. Quantification of €) WiR and f) PE for PBStreated colitic Eng”", Eng"”"
and G6-31-treated colitic Eng”™ mice; n = 5-7/group. Circles represent individual mice.
(wild type, PBS-treated); (mutant, PBS-treated); (mutant, G6-31 antibody-treated).
Mean £ SEM are shown. *P<0.05; **P<0.01; ***P<0.001 by one-way ANOVA,
followed by Tukey's post-hoc test.
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To investigate in vivo the effect of anti-VEGF therapy on small vessel
hemodynamics (blood kinetics and volume), we quantified microvascular perfusion in
the intestinal wall, using non-targeted contrast-enhanced ultrasound (CE-US) imaging.
Two parameters were determined: wash-in rate (WinR), a measure of blood flow rate,
and peak enhancement (PE), an in vivo ultrasonic surrogate of tissue blood volume™.
Representative images of colonic PE measurements are shown in Figure 27 b. The PBS-
treated colitic Eng”” mouse had higher (more red-colored areas) intestinal wall PE than
the PBS-treated colitic WT mouse. Furthermore, colonic PE was lower in the anti-
VEGF-treated colitic Eng™” versus the PBS-treated colitic Eng”' mouse (less red- and
appearance of blue-colored areas, representing regions of lower blood volume).

Data quantification confirmed the increase in wall thickness in colitic Eng” )
versus WT mice and the significant reduction in this parameter in anti-VEGF treated
colitic Eng” “mice (Figure 27 c). Importantly, the in vivo quantitation of intestinal wall
thickness correlated with the histological measurements (Figure 26 e), indicating that B-
mode ultrasound is a valid non-invasive method for determining the effect of
inflammation on the gut wall.

To visualize the dynamic changes in intestinal microvascular perfusion in the
inflamed gut of PBS-treated Eng™”, Eng™" and anti-VEGF- treated colitic Eng"" mice,
we plotted for each mouse the changes in the ultrasound contrast signal (Figure 27 d).
Colonic blood flow rate (WiR, slope of the curve) and blood volume (PE, plateau of the
curve) were higher in PBS-treated colitic mutant versus WT mice, and reduced by anti-
VEGF treatment. Data quantification confirmed that PBS-treated colitic Eng"” mice had
a 2-fold higher WiR than colitic WT mice, and that anti-VEGF-treatment significantly

decreased WiR in colitic Eng” “mice (Figure 27 e). Moreover, colonic blood volume
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(PE) was ~2-fold higher in PBS-treated colitic Eng”" versus Eng"”' mice and
significantly reduced by anti-VEGF treatment (Figure 27 f). These findings indicate that
the G6-31 treatment was effective in reducing in vivo both colonic wall thickness and
microvascular hemodynamics in our experimental model of colitis.

Mucosal addressin cell adhesion molecule-1 (MAdCAM-1) is an endothelial
adhesion protein that selectively recruits leukocytes expressing o437 integrin to sites of
intestinal inflammation®’’. To determine in vivo the intestinal MAdCAM-1 expression in
colitic mice, we used a targeted contrast-enhanced ultrasound (CE-US) technique. The
following parameters were measured in PBS-treated colitic Eng™" and Eng”+ mice and
anti-VEGF-treated colitic Eng”' mice: WiR (bloof flow rate), PE (tissue blood volume)
and the differential targeted enhancement or dTE that quantifies binding of targeted
MBs to MAACAM-1 expressed on the inflamed intestinal microvasculature®.

We demonstrate that the elevated MAdCAM-1-targeted WiR observed in PBS-
treated colitic Eng”' versus colitic WT mice is reduced by the anti-VEGF-treatment
(Figure 28 a). Moreover, the heightened colonic blood volume (PE) noted in PBS-
treated colitic Eng”' versus Eng”" mice was significantly reduced by G6-31 antibody
treatment (Figure 28 b). These observations confirm the colonic microvascular
hemodynamic data obtained with the non-targeted MBs (Figure 27 e, f). Importantly,
dTE, measuring the binding of targeted MBs to the MAdCAM-1" inflamed intestinal
microvessels, was higher in PBS-treated colitic Eng” " versus Eng“ " mice and reduced
after G6-31 antibody treatmentt (Figure 28 c). A diagram depicting the three parameters

measured with the targeted MBs CE-US technique is shown in Figure 28 d.
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Figure 28. In vivo effects of anti-VEGF treatment on MAdCAM-1+ inflamed
vessels of colitic Eng+/- mice. Quantitation of MAdCAM-1-targeted contrast-enhanced
ultrasound (CE-US) signals of a) wash-in-rate, WiR (blood flow rate); n = 4-6/group, b)
peak enhancement, PE (colonic blood volume); n = 4-6/group, and ¢) differential
targeted enhancement, dTE, the difference between the mean MBs signals before and
after the high impulse burst, measuring the binding of targeted MBs to MAdCAM-1+
inflamed vessels; n = 4-5/group. Circles represent individual mice. (wild type, PBS-
treated) (mutant, PBS-treated); (mutant, G6-31 antibody-treated). Mean + SEM are

shown. *P<0.05, followed by Tukey's post-hoc test; d) Diagram of the molecular CE-
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US imaging experiment. A bolus of targeted MBs is injected at 0 second, followed by a
30 second acquisition of images to assess WinR and PE. The signal due to binding of
targeted MBs to tissue MAdCAM-1+ microvessels increases. Imaging is resumed after 2
minutes, and 15 seconds recorded (from 2.3 to 2.45 sec) to obtain pre-destruction
reference frames. A high impulse disruption burst is then applied, followed by 30
seconds of post-destruction imaging. The postdestruction contrast signal is then
subtracted from the pre-destruction signal to give the dTE (MAdCAM-1 binding) value.

Diagram adapted from reference®”
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These results suggest that the higher number of inflamed MAJCAM-1" intestinal
microvessels observed in colitic Eng”’ mice could have bound more incoming
leukocytes, leading to more inflammation in the affected tissue. Anti-VEGF treatment
reduced the number of targeted inflamed small vessels and consequently could have
decreased the number of leukocytes adhering to these vessels and invading the inflamed
gut. This is supported by Figure 26 d showing less infiltrating cells in the inflamed

intestinal submucosa after G6-31 treatment.

Overall, these in vivo imaging data indicate that anti-VEGF treatment reduced
the inflamed colonic wall thickness, the excessive microvascular perfusion in the gut,
the number of intestinal MAdCAM-1" microvessels leading to less infiltration of

. . . . .
immune cells in the submucosa in colitic Eng "~ mice.

3. 4. 4 Anti-VEGF therapy decreases the colonic levels of inflammation-induced

endoglin, IL-1p and G-CSF in colitic Eng“ " mice

To elucidate the mechanisms responsible for the effects of G6-31 therapy, we
measured the colonic levels of 27 angiogenic (including endoglin), inflammatory and
chemotactic factors at days 20-25 of colitis (Figure 29 and Table 8). As expected, the
colon of Eng” mice had ~ 50% less endoglin before DSS induction of colitis, compared
to WT mice (Figure 29 a). Inflammation significantly increased (by 1.7-fold) colonic
endoglin levels in PBS-treated colitic Eng“+ and EngH “mice, when compared to their
respective controls at day 0, pre-DSS induction (Figure 29 a), confirming previous

. . . . . <.+ 49,181,2
observations made in patients with IBD and mouse models of chronic colitis*"'*"*"".
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Figure 29. Changes in colonic levels of pro-inflammatory and myeloid chemotactic
factors in colitic Eng”" and Eng™ mice and G-6-31 antibody-treated mice. Colonic
levels of a) endoglin, b) Alkl, ¢) IL-1B, d) IL-6, ¢) GCSF, f) CXCL1, g) MCP-1 and h)
amphiregulin in PBS-treated WT and Eng” “mice at day 0 (pre-DSS, noninflammatory
conditions and in PBS-treated colitic Eng+/+ and Eng+/- mice and in G6-31 antibody-
treated colitic Eng”" mice at days 20-25 of colitis (n = 6-9/group). Circles represent
individual mice. (wild type, PBS-treated); (mutant, PBS-treated); (mutant, G6-31
antibody-treated). Mean = SEM are shown. *P<0.05; **P<0.01; ***P<0.001 by one-
way ANOVA, followed by Tukey's post-hoc test.
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Table 8. Colonic molecular profile in Eng”* and Eng™ mice under basal conditions

and in PBS-treated colitic Eng+/ " Eng+/ “and G6-31-treated Eng+/' mice.

Day 0 Day 20-25
Protein Eng"™”" Eng™” Eng"" Eng™” Eng™”
(pg/mg) PBS-treated | PBS-treated | PBS-treated | PBS-treated G6-31-treated
Endoglin 3080 + 120 1422 £ 88 | 15278 £458 | *13431 +277 12297 + 300
IL-1P 0+0 0+0 128+5 142+ 8 21 +6
IL-6 0+0 0+0 114 + 54 1168 +48 66+ 15
G-CSF 0+0 0£0 191+ 38 *1239+49 T85+29
Amphiregulin 80+9 94 +£3 1134 +£13 *1273 +£43 198 +£22
CXCL1 > 20+ 1 20+ 1 164+ 16 111 +26 75+ 17
MCP-1 (CCL2) 0+0 0+0 46 +23 169+ 19 41+ 13
HGF 3764 £255 4184 +£266 | 19292+ 686 | 19152+ 781 8238 + 1148
PLGF 1+1 1+1 112+3 112+2 10+2
Betacellulin 13+£1 14+1 5+2 4+2 7+2
SDF-1 451+ 11 483 +30 364 +48 321+40 294 + 30
Leptin 128 £12 109 + 4 80+9 124 £ 27 155+ 11
FGF-2 3347 £ 185 4044+ 163 | 3347 +380 4079 + 541 3865+ 559
Alkl 118 + 10 107 +3 110+ 5 124 + 15 103+9
Angiopoietin-2 110+3 107+ 5 107 + 4 106 +9 82+8
Endothelin-1 6+0 8+ 0 6+£0 6+1 6+1

Five-group analysis was done by one-way ANOVA, followed by Tukey post-hoc

analysis. * statistically significant versus PBS-treated colitic Eng™" mice; t statistically

significant versus PBS-treated colitic Eng”” mice; i statistically significant compared to

corresponding Eng” Tor Eng” " groups respectively, under basal conditions; ¢ statistically

significant compared to Eng” " group, under basal conditions; ; n = 6-9/group.
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This increase was likely related to activation of the vascular endothelium, known to be
associated with higher levels of endoglin. However, some of the rise in tissue endoglin
might be due to an increase in endoglin” myeloid cells™ in the inflammatory infiltrates,
as the PBS-treated colitic Eng+/ “mice showed more tissue inflammation than colitic WT
mice, or to higher endoglin expression in intestinal stromal cells™. In support of this
hypothesis, our laboratory recently showed that the colonic lamina propria of colitic
Eng” " mice has an increased number of infiltrating myeloid cells (Peter et al,
unpublished data). Interestingly, anti-VEGF treatment decreased the colonic
inflammation-induced rise in endoglin levels in colitic Eng™ mice (Figure 29 a),
suggesting that the treatment could have targeted different cell types expressing
endoglin. Moreover, the levels of Alkl, a receptor for BMP9 of the TGF-B1 superfamily
of ligands, almost exclusively expressed on endothelial cells, did not rise with
inflammation in either colitic Eng™ or Engﬂ+ mice, and remained unchanged after G6-
31treatment (Figure 29 b), indicating that endoglin might be a more accurate marker of
inflammation-induced activation of the vascular endothelium.

Furthermore, the colonic pro-inflammatory cytokine interleukin 1- (IL-1p) was
significantly increased in PBS-treated colitic Eng”" and EngH' mice versus day 0 values.
Importantly, IL-1p levels in PBS-treated colitic Eng”™ mice were reduced by G6-31
antibody treatment (Figure 29 c). Intestinal IL-6 levels were higher in PBS-treated
colitic Eng” " (P =0.01) when compared to levels at day 0, and unchanged in the G6-31-
treated mutant mice (P = 0.1) (Figure 29 d). These data support the observation that
colitic Eng” “mice manifest more colonic inflammation than WT mice and that the anti-
VEGF-therapy had a beneficial effect in reducing the tissue inflammation in colitic

Eng” “mice, possibly by targeting IL-1B-producing cells.
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G-CSF is produced primarily by monocytes and macrophages, and regulates the
production, migration, differentiation and function of neutrophils (PMN)?"#?”°_ We show
that the rise in colonic G-CSF is significantly higher in colitic Eng” than WT mice,
suggesting that more PMN may be present in the inflamed colon of Eng” mice, as
recently confirmed in our laboratory (Peter et al, unpublished data). Importantly, G6-31
treatment reduced tissue G-CSF in colitic Eng” " mice (P = 0.02) (Peter et al,
unpublished data). Importantly, G6-31 treatment reduced tissue G-CSF in colitic EngH )
mice (P =0.02) (Figure 29 e).

Moreover, CXCL1 (or KC, keratinocyte-derived cytokine), a potent PMN-
activating and chemotactic factor produced by macrophages, fibroblasts, endothelial and
intestinal epithelial cells, was increased in both PBS-treated colitic Eng”" and EngH'
mice, when compared to day O levels, but was not affected in G6-31-treated colitic
EngH' mice (P =0.2) (Figure 29 f).

MCP-1 (or CCL2), produced by dendritic cells, macrophages, endothelial cells
and fibroblasts, is a key chemokine that regulates migration of monocytes/macrophages
and differentiation of monocytes into functional intestinal macrophages in colitis*** **'.
Intestinal MCP-1 was markedly elevated in the inflamed colon of PBStreated colitic
Eng”' mice (P = 0.01) when compared to levels measured at day 0, but remained
unaffected after G6-31 treatment (P = 0.2) (Figure 29 g). This suggests an enhanced
migration of monocytes/macrophages to the inflamed gut of colitic Eng” " mice,
potentially leading to increased colonic infiltration by macrophages, as recently
demonstrated in our laboratory (Peter et al, unpublished data).

Amphiregulin is a ligand for the epidermal growth factor receptor. Amphiregulin

promotes intestinal epithelial regeneration, TGF-B1-induced fibroblast proliferation, and
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enhances and sustains the suppressive function of regulatory T cells, thus exerting an

indirect anti-inflammatory effect®**%*

. We report that colonic amphiregulin was
significantly higher at days 20-25 of colitis in PBS-treated colitic Eng” than Eng”"
mice, pointing towards a local compensatory protective mechanism. However, anti-
VEGEF treatment did not alter the amphiregulin levels (Figure 29 h).

Hepatocyte-growth factor (HGF) is an angiogenic and anti-inflammatory
cytokine secreted by stromal cells and promoting colonic epithelial regeneration®®**’. In
our study, HGF was significantly increased in the expected recovery phase of colitis in
both PBS-treated colitic Engﬂ+ and Eng+/' mice and not altered by anti-VEGF therapy
(Table 8). Similarly, placental growth factor (PLGF), a pro-angiogenic member of the
VEGF family, was elevated in the colonic tissues of both PBS-treated colitic Eng™" and
EngH' mice, but unchanged by G6-31 treatment (Table 8). Lastly, betacellulin, an
angiogenic protein and ligand for the epidermal growth factor receptor, predominantly
expressed in goblet cells and intestinal epitheliungg, was reduced in both PBS-treated
colitic Eng™" and Eng+/' mice and remained unaltered in the anti-VEGF-treated colitic
Eng”' mice (Table 8). The intestinal levels of stromal cell-derived factor 1 (SDF-1), the
angiogenic fibroblast growth factor 2 (FGF-2), leptin, angiopoietin-2 and endothelin-1
did not change under inflammatory conditions in the PBS-treated colitic Eng™" and
Eng+/ “mice and were not changed by anti-VEGF treatment (Table 8). The colonic Fas
ligand, a cell surface molecule for the tumor necrosis factor (TNF) family, TNF-a,
epidermal growth factor, follistatin, IL-17, prolactin, macrophage inflammatory protein-
la (or CCL3), VEGF-C and-D were undetectable in non-inflammatory and

inflammatory conditions in all groups of mice (data not shown). Thereby, we concluded

that only the inflammation-induced rise in G-CSF, amphiregulin and IL-1p were
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associated with endoglin deficiency. Importantly, anti-VEGF treatment targeted

specifically G-CSF and IL-1p in colitic Eng“ “mice.

3. 4. 5. Total Smad2 and Smad1/5/8 levels are increased in colitic mice and

anti-VEGF-targeted therapy reduces colonic VEGF levels

TGF-Bl plays an important role in inflammation, angiogenesis and IBD'™.
Without TGF-B1, mice die at 3 weeks of age due to overwhelming systemic

289

inflammation, including in the gut “. However, the intestinal TGF-B1 levels reported in

experimental models of colitis vary in a model and context-dependent manner' 5> 207 209,
To investigate the effect of G6-31 antibody therapy on TGF-B1 in the Endoglin
heteroyzgous model of chronic colitis, we measured total TGF-B1 levels in colonic
lysates from PBS-treated colitic Eng”", Eng™ and anti-VEGF-treated Eng” mice.
Colonic TGF-B1 levels were similar in PBS-treated colitic Eng”' and Eng” " mice, likely
due to local, tissue regulatory mechanisms (Figure 30 a). Importantly, intestinal TGF-p1
levels were not affected after anti-VEGF therapy in colitic Eng” mice (Figure 30 a), as
also observed under non-inflammatory conditions (Chapter Two).

To determine if antibodies targeting VEGF were effective in binding VEGF in
tissue and in circulation, we quantified total (G6-31 antibody-bound VEGF+free,
unbound VEGF) and free residual VEGF (left after removal of antibody-bound VEGF
from samples assessed for total VEGF levels) in all three groups of mice, at days 20-25
of colitis. Total circulating VEGF levels rose 50-fold (311 + 165 pg/ml versus ~ 6
pg/ml) in G6-31- versus PBS-treated colitic Eng™" mice, demonstrating that the

monoclonal antibody was still present in circulation, one to six days after the last

injection.
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Figure 30. Anti-VEGF treatment did not alter colonic TGF-B1 levels nor Smad2
and Smad1/5/8/ signaling, but reduced VEGF levels in colitic Eng™ mice.
Quantification of a) total (acid-treated) intestinal TGF-B1 in PBStreated colitic Eng” i
and Eng”” mice and in G6-31-treated colitic Engﬁ “mice (n = 9/group), and b) colonic
VEGEF free residual levels (after immunodepletion) in PBS-treated colitic Eng™*, Eng™”
and G6-31 antibody treated colitic Eng"” mice (n =5-10/group), as measured by ELISA.
Circles represent individual mice. (wild type, PBS-treated); (mutant, PBS-treated);
(mutant, G6-31 antibody-treated). Representative Western blots for ¢) pSmad2, total
Smad2 and B-actin and e) pSmad1/5/8, total Smadl/5/8 and B-actin in PBS-treated
Eng™ and Eng" mice at day 0 (pre-DSS, non-inflammatory conditions) and in PBS-
treated colitic Eng™", Eng”' and G6-31-treated colitic Eng” mice at days 20-25 of
colitis. All 5 groups of samples were run on the same gel (under reducing conditions) in
each experiment; the results from two independent gels for Smad2 and Smadl/5/8
respectively, were then quantified and averaged for each protein. Quantification of d)
pSmad2 and total Smad2 relative to B-actin and f) pSmadl/5/8 and total Smad1/5/8
relative to B-actin, and normalized to mean values for their respective Eng+/ * samples at
day 0; n = 4-5/group. Data are expressed as mean = SEM. *P<0.05; **P<0.01; by one-
way ANOVA, followed by Tukey's post-hoc test.
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After immunodepletion, circulating VEGF levels returned to pre-DSS, non-
inflammatory levels (6 = 1 pg/ml). These results suggest that G6-31 antibody was
efficacious in binding plasma VEGF. Furthermore, colonic VEGF levels were similar in
PBS-treated colitic Eng” " and Eng” “mice (72 £ 6 versus 59 £ 5 pg/mg of tissue,
respectively; P = 0.1, by Tukey's post-hoc test), and significantly reduced after
immunodepletion in anti-VEGF-treated colitic Eng” “mice (P = 0.005), as measured at
days 20-25 of colitis (Figure 30 b). The VEGF levels in PBS-treated colitic Eng” " and
Eng” " mice were confirmed by western blot (n = 6-8/group) and by multi-analyte
profiling assay (n = 8/group; data now shown). Thus, VEGF does not appear to play a
major role in the increased inflammation and pathological angiogenesis observed in
colitic Eng”' mice. We also measured the protein levels of VEGFR2, the major
signalling receptor for VEGF, in total colonic lysates. Data quantification demonstrated
that VEGFR2 levels were comparable in PBS-treated colitic Eng”' versus WT mice and
unchanged after G6-31 therapy (data not shown).

Endoglin modulates the signals for TGF-f1 and BMP9 ligands, by regulating
membrane receptors ALKI1 and ALKS and downstream Smad activation. TGF-B1
stimulation generally leads to ALKS5-mediated phosphorylation of intracytoplasmic
Smad2/3, while BMP9 activates ALK1 and Smad1/5/8 signalinggo. To investigate the
consequences of endoglin deficiency on TGF-f1/BMP9 downstream pathways in IBD
and the effects of anti-VEGF therapy on these signaling routes, we measured the
phosphorylated and total colonic levels of receptor-regulated Smad2 and Smad1/5/8 in
PBS-treated colitic Eng” I Eng” " mice and G6-31-treated colitic Eng” " mice.
Representative western blot images showed comparable phospho-Smad2 at day 0 and

days 20-25 of colitis in Eng"” and Eng"" mice; total Smad2 levels were similar in Eng"”
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and Eng” " mice, low at day 0 and higher at days 20-25 of colitis (Figure 30 c). Data
quantification confirmed that pSmad2 levels relative to [B-actin were similar in
PBStreated Eng” " and Eng” " mice at day 0 and remained unchanged at days 20-25 of
colitis in PBS-treated colitic Eng” ° Eng” “and G6-31-treated colitic Eng” “mice. Total
Smad? levels relative to B-actin were comparable in PBS-treated Eng” " and Eng” “mice
at day 0, yet increased by ~ 3-fold in both PBS-treated groups and remained unaffected
in the anti-VEGF-treated colitic Eng” mice (Figure 30 d).

Representative western blot images of Smad1/5/8 showed lower pSmad1/5/8 in
Eng"” versus Eng”" mice at day 0 and comparable low levels at days 20-25 of colitis in
PBS-treated Eng”, Eng"" and G6-31-treated Eng™" mice. Total Smadl/5/8 levels
appeared similar in Eng+/~- versus Eng+/+ mice, low at day 0 and elevated in all 3
groups at days 20-25 of colitis (Figure 30 ¢). Data quantification demonstrated a lower
pSmad1/5/8 relative to B-actin in Eng"” versus Eng”" mice at day 0, prior to DSS-
induced colitis. Interestingly, colitis induced a decrease in pSmad1/5/8 in PBS-treated
colitic WT mice, whereas it was unchanged in PBS- and G6-31-treated colitic Eng"”
mice at days 20-25 of colitis. Moreover, total Smad1/5/8 relative to B-actin was similar
in Eng"” and Eng"" mice atday 0, and ~ 5 -fold increased during colitis in both PBS-
treated colitic Eng™" and Eng”' mice; anti-VEGF treatment did not alter colonic total
Smadl1/5/8 in colitic Eng”' mice (Figure 30 f). We conclude that chronic gut
inflammation induces an increase in both total Smad2 and Smadl/5/8 in PBS-treated
colitic Eng+/+ and Eng+/- mice, without affecting their corresponding phosphorylated
levels. However, anti-VEGF therapy did not alter these TGF-f/BMP9-activated

signaling proteins, suggesting that VEGF might act downstream of these pathways or on
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other VEGF-mediated routes, some of which are shared with the non-canonical TGF-

/BMP9 pathways.

3. 5 Discussion

Our findings demonstrate that the severe gut inflammation observed in the
Endoglin heterozygous mouse model of chronic colitis is associated with excessive and
persistent pathological angiogenesis, as demonstrated by increased colonic MVD. In
vivo ultrasound studies revealed a higher inflammation-induced colonic wall thickness,
an increase in intestinal microvascular hemodynamics, and more MadCAM-1" inflamed
microvessels that would allow more leukocytes trafficking in colitic Eng” " than WT
mice. Interestingly, at the tissue level, gut inflammation triggered an increase in the
expression of endoglin in colitic WT and Eng” mice, the latter only partially
compensating for the constitutively lower level of endoglin. A higher rise in G-CSF and
the regenerative protein amphiregulin was observed in colitic Eng”' mice, suggesting
that endoglin might play a role in regulating these factors The intestinal G-CSF and IL-
1B levels were reduced after G6-31 treatment. Overall, the anti-VEGF therapy showed
both in vivo and in vitro anti-angiogenic and anti-inflammatory effects on the inflamed
gut of colitic Eng™ mice.

We demonstrate that intestinal pathological angiogenesis in colitic Eng”' mice is
characterized by a persistent increase in gut MVD associated with severe inflammation,
in agreement with other experimental colitis studies'*'"**"". We further defined the
colonic pathological angiogenic phenotype in the Engﬂ “mouse model of colitis by using
in vivo non-targeted and targeted CE-US, and showed that colitic Eng”' mice have

excessive inflammation-induced tissue angiogenesis, accompanied by increased
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microvascular blood flow rate and volume. CE-US uses microbubbles with diameters
between 1-3 um, allowing the assessment in real-time of functional microvascular
hemodynamics®’. Thus, it provides a more accurate evaluation of the changes in the
inflamed microvasculature during progression of colitis and in response to anti-
angiogenic treatment. The targeted MBs evaluation of the hemodynamic parameters
WiR and PE confirmed the non-targeted CE-US data, further supportingthe utility of
CE-US imaging technique in evaluating blood kinetics and volume in the inflamed
intestinal small vessels. In addition, MAdCAM-1-targeted CE-US imaging allowed in
vivo quantification not only of the colonic microcirculation, but specifically of the
inflamed microvessels. Thus, MAdCAM-1-targeted CE-US is a reliable method to
determine in vivo the microvascular angiogenic response during gut inflammation.
MAdCAM-1 is an adhesion molecule selectively expressed on endothelial cells in the
lamina propria of the intestine, high endothelial venules of Peyer’s patches, gut-
associated lymphoid tissue and mesenteric lymph nodes™°. Importantly, MAdJCAM-1
expression is up-regulated at sites of intestinal inflammation®" **>. As MAdCAM-1 acts
as a gut specific recruiting factor for leukocytes expressing o4p7 integrin®®, it is
regarded as a marker of leukocyteendothelial adhesion in the inflamed gut. Recently,
experimental and human studies showed that targeted MAdCAM-1 therapy had

2129 n our model of chronic colitis,

promising results in controlling gut inflammation
anti-VEGF therapy reduced in vivo the inflammation-associated rise in colonic
MAdCAM-1 levels in Eng™ mice, potentially accounting for decreased leukocyte-
endothelial adhesion and trafficking to the inflamed gut. Furthermore, colitic Eng”™ mice

had thicker intestinal walls than WT mice, as assessed non-invasively by ultrasound,

reflecting the higher inflammation and mucosal thickness noted on histological sections.
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Thereby, B-mode and CE-US are reliable methods to evaluate in vivo the effect of
inflammation on colonic wall thickness, tissue microcirculatory hemodynamics and
quantifying inflamed vessels and response to therapy.

Despite the recognition that pathological angiogenesis contributes to
pathogenesis of chronic inflammatory diseases, little is known about the role of anti-
VEGF treatment in colitis. In addition, the few experimental studies that used anti-
VEGF agents showed opposite results, likely due to differences in the genetic
background of the models used and various interventional approaches® 211 294 295 Ag
tissue damage and repair occur concomitantly and are associated with angiogenesis,
consideration of the degree of angiogenic suppression during the antiangiogenic
treatment is critical in chronic inflammatory diseases. Furthermore, in some patients
diagnosed with cancer, bevacizumab treatment has been associated with rare, but

192,296 .
“”® These observations

potential severe side effects, such as intestinal perforation
indicate that the effects of anti-angiogenic treatment in chronic colitis need to be
diligently evaluated.

We show that the G6-31 therapy started at day 9 of colitis, at the peak of tissue
inflammation, reduced both inflammation and pathological angiogenesis in colitic Eng“'
mice. Chronic colitis led to an increase in tissue IL-1B, G-CSF and CXCL1 in both
colitic Eng™” and Eng™" mice, while IL-6 and MCP-1 were significantly augmented only
in colitic mutant mice. These factors have been shown previously to be up-regulated in
human and experimental colitig!7®: 207- 280, 281, 297-305 Interestingly, higher intestinal levels

of G-CSF were observed in colitic Eng™ versus Eng”" mice, suggesting that endoglin

haploinsufficiency is potentially associated with higher myeloid cell infiltration in the
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inflamed gut of colitic Eng+/- mice, as was recently confirmed in our laboratory (Peter
et al, unpublished data).

In the present study, we noted similar VEGF levels in colitic Eng” and EngH i
mice in the expected recovery phase of colitis, as opposed to the higher levels observed
previously in colitic Eng+/ “mice. This discrepancy is possibly due to housing of mice in
a different facility, variations in their health status, and differences in sensitivity of the
ELISA assays used in the two studies. These findings imply that VEGF does not play a
major role in the persistence of severe inflammation and pathological angiogenesis in
our model. Yet, the reduction in tissue VEGF levels after G6-31 antibody treatment
could have affected the tissue angiogenic balance and indirectly contributed to the
effects of therapy in our model of colitis, as we observed previously that under non-
inflammatory conditions, G6-31 therapy targeted the colon, without affecting free VEGF

276
levels

. However, the absence of other methods of blocking VEGF and of other control
groups in the present study precludes the confirmation of a direct contribution of
reduced intestinal VEGF levels to the effects of G6-31 therapy. We propose that G-CSF
and possibly IL-1p might have contributed to the severe inflammatory and angiogenic
phenotype observed in colitic Eng+/' mice, particularly when the pro-angiogenic factors
HGF and PIGF were similar and betacellulin and FGF low in both colitic Eng“' and
Eng+/ " mice. Interestingly, in addition to their role in inflammation, G-CSF and IL-1B,
as well as IL-6, MCP-1 and CXCL1, have additional pro-angiogenic properties>*=%">1°.
Little is known about the effects of G-CSF on gut inflammation. An
experimental and two pilot clinical studies showed that treatment with G-CSF might

. ... 311-31 . . . . . .
improve colitis’’''?. However, in the setting of endoglin deficiency, the increase in

colonic G-CSF appears to be associated with excessive inflammation and pathological
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angiogenesis, hence with worse colitis. Higher colonic G-CSF levels observed in colitic
EngH " mice could have contributed to the severity of colitis: a) directly, as G-CSF can
have pro-angiogenic effects; b) indirectly, via GCSF- induced migration of myeloid cells
that can acquire pro-angiogenic properties in the inflamed gut; c) via GCSF- induced
myeloid cell secretion of Bv8, a pro-angiogenic and pro-inflammatory peptide. Bv8
(prokineticin-2), induced by G-CSF in circulating monocytes, neutrophils, and dendritic
cells®*further mediates the G-CSF effects on CD11b'Grl ‘myeloid cells and contributes

to refractoriness to anti-VEGF treatment in tumor mouse models>'

. The potential role of
Bv8 in our model of colitis requires further investigation. Moreover, it has been recently
demonstrated that combination of anti-G-CSF and anti-VEGF antibodies had additive
effect on reducing myeloid cell mobilization and angiogenesis in tumor models®'®. These
observations support the possibility that the decrease in G-CSF after G6-31 antibody
treatment could have led to anti-immune and anti-angiogenic effects. A model depicting
the inflammatory and angiogenic phenotype in colitic Eng+/- mice and the effects of G6-
31 therapy are shown in Figure 31.

The colonic endoglin levels rose with progression of inflammation and
pathological angiogenesis in both colitic Eng” and Engﬂ+ mice. Thus, endoglin is a
general marker of inflammation, angiogenesis and tissue remodelling in colitis.
Moreover, the increase in total Smad2 and Smad1/5/8 in both colitic Eng"" and Eng"*
mice is related to the tissue inflammatory and angiogenic response in colitis. However,
anti-VEGF treatment did not alter phospho- or total Smad2 and Smadl/5/8 levels,
suggesting that its targets are downstream of Smads or in other VEGF-mediated
pathways. The intestinal regenerative factor amphiregulin was increased in both colitic

4/ +/+ . . coe 2822
Eng""and Eng"" mice, as shown in other models of colitis®** ***.
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Figure 31. Model depicting the colitic Eng”” gut before and after treatment with
G6-31 antibody. a) Colitic Eng" mice express higher colonic G-CSF, secreted by
monocyte/macrophages (M/M¢) and the inflamed endothelium. GCSF promotes
migration and activity of neutrophils (PMN). Activated M¢ and endothelium also
produce MCP-1 that stimulates migration and differentiation of monocytes into
macrophages. All these activated cells secrete high levels of IL-1B and IL-6, leading to
amplification of inflammation and pathological angiogenesis. In addition, colitic Eng” )
mice have more amphiregulin in their gut and show higher microvessel density (MVD)

/+

than colitic Eng ' mice. These inflamed intestinal microvessels express more

MAdCAM-l(q ). Thus, colitic Eng™" mice manifest higher intestinal inflammation,
myeloid cell infiltration and pathological angiogenesis, leading to impairment of
resolution of these parameters; b) G6-31 antibody treatment decreased tissue G-CSF and

IL-1B without affecting MCP-1 and amphiregulin. In addition, anti-VEGF treatment

reduced microvessel density (MVD) and the number of MAdCAM-1" (q ) inflamed

vessels, leading to reduced angiogenesis and less gut inflammation.
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Surprisingly, colitic Eng“ “mice had a further elevation in intestinal amphiregulin, when
compared to colitic WT mice. As amphiregulin exerts TGF-f1-mediated fibrotic and T

282-284

regulatory cell-dependent anti-inflammatory effects , it suggests that the higher

increase in colonic amphiregulin in colitic Engﬂ “mice is an additional compensatory
mechanism for endoglin deficiency, known to be accompanied by reduced fibrosis®'°.

In conclusion, the excessive colonic inflammation, increased MVD and enhanced
intestinal microvascular hemodynamics observed in colitic Eng”” mice suggest that
tissue endoglin, beyond its rise with inflammation and angiogenesis during the wound
healing process, might have additional angiogenic and inflammatory modulatory roles,
possibly by interfering with myeloid cell migration and secretion of pro-inflammatory
and pro-angiogenic cytokines. Hence, we propose that constitutive endoglin has a
protective role in chronic colitis. The anti-VEGF treatment may have additional anti-
inflammatory effects, by decreasing the MAdCAM-1" inflamed microvessels which
should lead to reduced leukocyte-endothelial adhesion and transmigration. These
findings have implications for understanding of the pathogenic mechanisms and the
effects of VEGF-targeted therapies in chronic inflammatory diseases, including colitis.
The B-mode US and CE-US imaging techniques enable accurate in vivo monitoring of
gut inflammation, intestinal microvascular hemodynamics and molecular aspects of
inflammation in the inflamed colonic vessels, providing the foundation for translation of
these findings to patients with IBD, for early and optimal monitoring of disease activity

and response to treatment.
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Chapter Four

Discussion and Conclusions

4.1 Summary of contribution to knowledge

The main objectives of this thesis were 1) to determine if Eng and Alkl
heterozygous mice have a systemic dysregulated angiogenesis; 2) to investigate the
effects of anti-VEGF therapy in these models of HHT and 3) to test the efficacy of anti-
VEGF therapy in the DSS-induced Eng heterozygous model of chronic colitis.

We demonstrated that Eng and Alkl heterozygous mice have a localized,
pulmonary dysregulated angiogenesis, due to an organ-dependent angiogenic imbalance.
Pulmonary endoglin deficiency was associated with a rise in TSP-1, whereas Alkl
insufficiency correlated with a rise in Ang-2. Systemic administration of anti-VEGF
treatment led to restoration of a normal angiogenic phenotype in the lungs of Eng and
Alkl heterozygous mice, by modulating the organ-dependent angiogenic balance. In
liver of Eng”' and Alkl™" mice, anti-VEGF treatment led to a non-specific decrease in
tissue MVD. However, in vivo assessment of hepatic functional angiogenesis by US
demonstrated that the effects of anti-VEGF therapy were significant on liver of Eng"”
but not AlkI™" mice, suggesting a distinct, genotype-specific response to anti-angiogenic
therapy.

Furthermore, we showed that the pathological angiogenesis associated with
severe colitis in Eng™ mice is characterized by excessive, persistent MVD, as assessed
in vitro. High intestinal microvascular hemodynamics and increased MAdCAM-1
expression were noted in vivo by US. Moreover, severe tissue inflammation led to

increase in colonic endoglin and other pro-inflammatory and angiogenic factors in both
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WT and Eng” “mice. Interestingly, we observed a genotype-dependent higher rise in G-
CSF, amphiregulin and likely IL-1P, suggesting the endoglin deficiency might be
responsible for these changes. Anti-VEGF therapy decreased in vitro and in vivo tissue
inflammation and pathological angiogenesis, as determined by US data and potentially
reduced leukocyte-endothelial adhesion in the inflamed vessels of colitic Eng”™ mice. In
addition, anti-VEGF diminished the tissue levels of endoglin, G-CSF and IL-1p,
indicating that it might have an anti-inflammatory effect, in addition to its known anti-

angiogenic properties.

4.2 Eng"" and AlkI" mice have a distinct pulmonary angiogenic profile

Our hypothesis was that Eng"™ and AlkI™" mouse models of HHT have a
systemic dysregulated angiogenesis, that VEGF plays a role in this dysregulated
angiogenesis and that the anti-VEGF therapy will be beneficial in attenuating the
pathological angiogenic phenotype in these models.

While examining the microvasculature of several organs in these mice, we
observed that only the lungs showed an abnormal microvascular phenotype, with
reduced peripheral microvascular density (MVD) leading to secondary right ventricular
hypertrophy (RVH). Heart, liver and colon of both Eng”' and AlkI"" mice had normal
MVD when compared to wild type controls. Interestingly, the rarefied peripheral
pulmonary MVD in Eng"” mice was associated with a four-fold increase in the levels of
TSP-1 and no change in VEGF, suggesting that the pulmonary angiogenic balance was
shifted towards an angiostatic phenotype. Moreover, Eng”™ and Eng” endothelial cells
had 3.3 and 6.6 fold higher TSP-1 levels than Eng™ cells, indicating an inverse

correlation between the endoglin expression and TSP-1 production in the dysfunctional
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endothelium. These data suggest that a deficiency in the angiogenic modulator endoglin
may lead to an up-regulation of the angiostatic factor TSP-1 in the lung vasculature.
Despite showing a reduction in pulmonary peripheral MVD similar to that
observed in Eng"” mice, Alkl™" mice had normal TSP-1 levels in their lungs, yet an
increase in the vascular destabilizing factor Ang-2, pointing towards a distinct Alkl-
dependent pulmonary angiogenic imbalance. Local Ang-2 over-expression likely
resulted in vascular destabilization and subsequent vessel regression, as shown

261,317 Thus, excessive pulmonary Ang-2 may be responsible for the reduction

previously
in peripheral pulmonary microvasculature observed in A/k/ mutant lungs. Importantly,
the pulmonary VEGF levels in AlkI™" mice were similar to those observed in WT mice.

To elucidate how these differences might have occurred in the abnormal lungs of
Eng” “and AlkI™" mice, we assessed the activation of the canonical TGF-$1/BMP9-
mediated pathways. No difference was observed in either phosphorylated or total Smad2
and Smadl1/5/8 levels respectively, in the lung extracts from Eng” “and AlkI"" mice
relative to their corresponding controls. These results suggest that these signaling
pathways were not impaired in the affected lungs. Moreover, not only were VEGF levels
not affected but the phosphorylated and total levels of Akt, downstream of VEGFR2,
were similar in Eng”' and Akl mice, indicating that this pathway was not altered.

We speculate that other TGF-B1/BMP9-mediated and VEGF-dependent
pathways might be activated in the abnormal lungs of Eng™ and AlkI™" mice. For
example, TSP-1-induced apoptosis can occur through binding to its CD36 receptor,
leading to a rise in caspase-3 and phosphorylation of the p38 mitogen-activated protein

2
153

kinase (p38MAPK) in a lung metastatic tumor mouse model™”. This potential

mechanism and the interaction between TSP-1, endoglin and VEGF are shown in Figure
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32. Moreover, Ang-2 can alter several pathways via Tie-2 activation, including p38
MAPK, leading to apoptosis, thus vascular regression’'*. This suggested mechanism and
the interaction between Ang-2, endoglin and VEGF are shown in Figure 33. This
common pathway for TGF-B1/BMP9, VEGF, TSP-1 and Ang-2-mediated signaling
might explain why the lungs of Eng™ and AlkI™" mice, despite their distinct angiogenic
protein profile, display the same angiogenic phenotype, a reduction in peripheral
pulmonary MVD.

Our laboratory showed previously that both Eng™” and 4/kI™" mice developed an

age-dependent PAH due to increased endothelial oxidative stress®? 317

. Here we propose
that TSP-1 and Ang-2 might have a role of in pathogenesis of PAH in Eng” “and Alkl™"
mice. In support of this statement, it has been shown that mice deficient in TSP-1 were
protected against chronic hypoxia-induced PAH**. Moreover, Alkl - embryos have
higher Ang-2 mRNA levels than controls®”. Furthermore, patients diagnosed with

idiopathic PAH showed an increase in Ang-2 mRNA and protein levels in their

plexiform lesions>’.
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Figure 32. A working model of interaction between TSP-1, VEGF and endoglin.

Dysregulated pulmonary angiogenesis in the lungs of Eng”' mice is associated with an

increase in TSP-1 levels. TSP-1 binds VEGF directly in the ECM, decreasing its

levels”. In addition, TSP-1 can signal via CD36 through several pathways, including

p38 MAPK, leading to apoptosis, hence vascular regression’'. Interestingly, p38 MAPK

is also a route for TGF-B1 and VEGF downstream signaling (not tested in our model; the

hypothetic signaling pathway is depicted by dash lines). Here we demonstrate that the

lungs of Eng” “mice have normal pSmad2 and total Smad?2 levels, therefore the TGF-1

signaling is not affected at this level. Moreover, it is known that the intranuclear

Smad2/3/4 complex can bind VEGF promotor and regulate its transcription. The fact

that the reduction in lung VEGF after anti-VEGF therapy normalizes TSP-1 levels in

Eng"” mice, indicates that VEGF can also alter TSP-1 directly, in an unknown manner.
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Figure 33. A working model of interaction between Ang-2, VEGF and ALKI.
Dysregulated pulmonary angiogenesis in the lungs of A/k/ " mice is characterized by an
increase in pulmonary Ang-2 levels. Ang-2 inhibits directly VEGF. In addition, Ang-2
activation of Tie-2 receptor can alter several pathways, including p38 MAPK, leading to
apoptosis, thus vascular regression®'® (not tested in our model; the hypothetic signaling
pathway is depicted by dash lines). Moreover, VEGF induces the transcription and
secretion of Ang-2. Here we report that the lungs of Alkl ** mice have normal
pSmad1/5/8 and total Smad1/5/8 levels, therefore the BMP9 signaling is not affected at
this level. ID1, the target of the BMP9 downstream signaling can activate VEGF at the
mRNA and protein levels. The fact that the reduction in lung VEGF after G6-31
antibody therapy normalizes the Ang-2 levels in Alkl™" mice, suggest that VEGF can

modulate Ang-2 directly.
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4. 3 The hepatic angiogenic profile differs in Eng+/ “and AlkI"" mice

We also demonstrated that the hepatic TSP-1 levels were increased by 60% in
Eng"” versus WT mice, indicating an inverse correlation between endoglin and TSP-1 in
more than one organ. In contrast, Ang-2 levels were unchanged in AlkI™" mice,

+/+

compared to A/k/ 7 mice. It is howeover possible that a subset of liver microvessels is

producing more Ang2 in Alkl “"mice but that this is not detectable in total liver extracts.

4.4 Beneficial effects of anti-VEGF therapy in Eng™ and AIkI"" mice

4.4.1 Anti-VEGF therapy restores a normal pulmonary microvascular

phenotype in Eng™ and AlkI™ mice

Surprisingly, anti-VEGF treatment, despite decreasing VEGF levels, increased
the peripheral pulmonary MVD in Eng” “and Alkl"™" mice. This led to attenuation of
RVH in both mouse models. Moreover, G6-31 antibody normalized the pulmonary TSP-
1 and Ang-2 levels in Eng™” and AlkI™" mice respectively. These effects of anti-VEGF
therapy were secondary to the reduction in pulmonary VEGF levels. In addition,
antbodies to VEGF bound not only to lung tissue but also to circulatory VEGF,
demonstrating that this treatment was efficacious in targeting VEGF systemically.
Overall, our results suggest that targeting VEGF can restore the pulmonary angiogenic
balance, by normalizing TSP-1 and Ang-2 in Eng and AlkI mutant lungs, respectively.
Thus, VEGF may act as a regulator of the angiogenic balance in tissues, by modulating

several pathways and proteins involved in angiogenic modulation.
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4.4.2 Anti-VEGF therapy decreases hepatic functional angiogenesis in Eng+/ i

but not in AlkI"” mice

The effect of anti-VEGF treatment on liver was non-specific, as the therapy
reduced MVD in both Eng"™” and Eng™" mice. A significant reduction in hepatic MVD
was also noted in anti-VEGF-treated AlkI™" mice. However, hepatic VEGF levels
remained unaltered after anti-VEGF treatment in both Eng”‘ and AlkI™" mice, likely due
to high endogenous VEGF levels prior to onset of therapy. Furthermore, a 59% increase
in hepatic TSP-1 was observed in the anti-VEGF-treated Eng”+ mice and a rising trend
in the anti-VEGF-treated Eng and A/k/ mutant mice. These changes in hepatic TSP-1
levels after anti-VEGF treatment appear to correlate with the observed decrease in liver
MVD.

The in vivo assessment of hepatic functional angiogenesis or hemodynamics,
showed that anti-VEGF therapy significantly reduced blood flow rate and volume in
Eng” “mice. In contrast, hepatic functional angiogenesis was not affected in A/k/ “mice,
despite the significant decrease in MVD after treatment, suggesting that the in vivo
hepatic response to anti-VEGF therapy is distinct in Eng” “mice and Alk!I"" mice. The
difference in the total blood volume measured in these mutant mice could be due to
lower hepatic blood flow rate observed in the anti-VEGF-treated Eng™” but not in the
AlkI™" mice.

Overall, these findings indicate that the systemic anti-VEGF therapy also targets
tissues with normal MVD, such as liver. We propose that in vivo quantification of the
blood flow rate and volume by CE-US is a more accurate and functionally relevant
method to determine the effects of anti-angiogenic therapy on organs than histological

measurements of tissue MVD. CE-US represents an excellent non-invasive modality to
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monitor in vivo the hepatic functional angiogenesis and response to anti-angiogenic
treatment, allowing the optimization of intermittent anti-angiogenic treatment regimens

in preclinical models of HHT.

4.5 The emergent role of VEGF-targeted therapies in HHT

The first single-center, phase 2 clinical trial of systemic bevacizumab given at 5
mg per kg, every 14 days for a total of 6 injections in HHT patients with severe liver
involvement had some encouraging results””’. A partial reduction in the excessive
cardiac output was seen in the majority of patients (17/24 or 70%), a complete response
in 3/24 and no response in 4/24 patients. The duration and frequency of epistaxis were
improved after treatment. Elevated systolic pulmonary pressures were attenuated in 5/8
patients. Even though the presence of vascular spots (the ultrasonic image for hepatic
AVM) was unchanged after treatment, their hemodynamic parameters were better,
which might explain the improvement in cardiac output. The treatment was tolerated;
only 2 patients developed severe hypertension and required anti-hypertensive
medication. However, the optimal biological dose, the duration and frequency of
treatment, the long-term and multi-organ effects of systemic anti-VEGF therapy need to
be determined in future studies. In the last 2 years, four more clinical trials of topical
intranasal bevacizumab were commenced in HHT patients, two of which are completed.

The release of their results is pending.

4.6 The emergent role of endoglin and Alk1-targeted therapies in cancer

Anti-angiogenic therapy can target various factors implicated in the angiogenic
balance, including angiogenic modulators such as endoglin and ALKI.

Recently, several studies have shown that targeting endoglin and ALK1 led to
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anti-angiogenic effects in tumor models. Several anti-endoglin DNA oral vaccines have
demonstrated anti-metastatic and anti-angiogenic effects in a mouse model of breast
carcinoma cells'” and aggressive melanoma'®*. Moreover, chimeric ALK 1-Fc inhibited
the growth of B16 melanoma explants and decreased the tumor growth in mice grafted
with MCF7 mammary adenocarcinoma cells’>. Furthermore, antibodies to ALKI
delayed tumor growth in a human melanoma model resistant to a VEGF receptor kinase
3

inhibitor””. In addition, systemic treatment with the ALK1-Fc fusion protein RAP-041

reduced tumor growth and progression in the RIP1-Tag2 transgenic tumor mouse model
71

Overall, these results confirm that endoglin and ALK1 are implicated in the
angiogenic regulation of vessel growth and that targeted therapies of endoglin and

ALKI offer new avenues in oncology.

4.7  Colitic Eng"” mice have high colonic MVD and pro-inflammatory cytokines

and an intestinal angiogenic imbalance

Our laboratory showed previously that Eng” mice subjected to a single course
of DSS develop severe colitis and increased number of abnormal vessels in the inflamed

17 Moreover, colitic Eng”' mice had high tissue VEGF levels'”. Thus, we

gut
hypothesized that VEGF plays a pathogenic role in the abnormal blood vessel formation
and in chronic inflammation in colitic Eng™” mice and that targeted VEGF therapy will
reduce pathological angiogenesis and inflammation in these mice.

In Chapter Three, we demonstrated that colitic Eng”" mice have persistent,

exaggerated colonic MVD, when compared to colitic WT mice. The time point of

maximal tissue angiogenesis corresponded to the peak of inflammation in colitic Eng™”
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and Eng” " mice (day 9). We confirmed that colitic Eng”’ mice had more tissue
inflammation and inflamamtory cells then colitic WT mice. [In vivo ultrasound studies
revealed that colitic Eng” " mice have higher colonic wall thickness and microvascular
hemodynamics versus colitic Eng+/ “mice. In the present study, tissue VEGF levels were
similar in colitic Eng” " and Eng” " mice. These results differ from the previously
published data'”, likely due to differences in ELISA assay sensitivity and housing of
mice in a different animal facility. Tissue TGF-1 levels were similar in colitic Eng” )
and Eng”+ mice. Moreover, total Smad2 and Smad1/5/8 were increased in both colitic
EngH “and EngH " mice, and related to the tissue inflammatory and angiogenic responses
in colitis. Several cytokines and angiogenic factors were increased with inflammation in
the gut of both colitic Eng”' and Engﬂ+ mice: endoglin, IL-1p, whereas IL-6 and MCP-1
were significantly augmented only in colitic mutant mice. However, only the neutrophil
chemotactic factor G-CSF and the regenerative protein amphiregulin were further
increased in colitic Eng heterozygous mice, suggesting that the endoglin deficiency
might play a modulating role in tissue production of these inflammation-induced factors.
A summary of changes in intestinal microvasculature and inflammatory parameters in
colitic Eng+/ “mice and their response to G6-31 antibody treatment is shown in Figure 31.

Taken together, it appears that the loss of endoglin leads to severe colitis, thus
endoglin might have a protective role in IBD. As endoglin is expressed in endothelial
and stromal cells and in macrophages, its rise with inflammation suggests that endoglin

is also a potential marker of tissue remodeling in chronic inflammatory diseases.
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4.8 Anti-VEGF therapy reduces chronic intestinal inflammation in the endoglin

heterozygous mouse model of inflammatory bowel disease

Anti-VEGF treatment reduced the exaggerated gut inflammation observed in
colitic Eng"” mice. Moreover, targeted VEGF therapy decreased the excessive intestinal
MVD. Importantly, we showed that anti-VEGF therapy attenuated in vivo the intestinal
wall thickness and microvascular hemodynamics, confirming the histological data.

The reduction in gut VEGF levels after anti-VEGF therapy did not alter the
intestinal TGF-B1 levels. In addition, anti-VEGF treatment did not alter phospho- or
total Smad2 and Smad1/5/8 levels, suggesting that its targets are downstream of Smads
or in other VEGF-mediated pathways.

Overall, these findings suggest that the anti-VEGF therapy has some beneficial
effects in colitis. We propose that ultrasound is an effective non-invasive method to
monitor the progression of colitis and the response to anti-VEGF therapy in mice and

potentially in man.

4.9 The emergent role of anti-VEGF therapy in chronic inflammatory diseases

Only recently has anti-VEGF therapy been recognized as having direct anti-
inflammatory effects in animal models. Several preclinical cancer studies have shown
that anti-VEGF therapies can alter the immune infiltration in tumors by reducing the
number of macrophages®*, accumulation of myeloid-derived suppressor cells (MDSCs)
and plasmacytoid DC, when compared to control mice*>.

In experimental inflammation models, an antibody to VEGF administered to G-

CSF-R7"RAG2™ mice decreased neutrophil mobilization®**. Moreover, 50ug of G6-31
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antibody given every two days for a total of 4 injections reduced the number of
neutrophils, macrophages and granulocytes and their transmigration through the
epidermis in a mouse model of psoriasis®”. These findings suggest that anti-VEGF
treatment might have a preferential effect on immune cells of myeloid origin.

We have shown that G6-31 monoclonal antibody given to colitic Eng” " mice
reduced the intestinal wall thickness, inflammatory score and number of inflammatory
cells in the gut submucosa, IL-1B and G-CSF, indicating that anti-VEGF therapy had an
anti-inflammatory effect in our model of IBD. However, it is unclear if this effect is due
to direct targeting of immune cells or to indirect targeting of inflammed vessels, that
would lead to decreased infiltration in the affected areas. The potential anti-
inflammatory effects of anti-VEGF therapy could be beneficial and open new avenues
for treatment of chronic inflammatory diseases.

In summary, endoglin, ALK1 and VEGF play an angiogenic modulatory role in
HHT. We demonstrated that endoglin is inversely correlated with the level of angiostatic
TSP-1 in the abnormal lung phenotype, while ALK1 deficiency is characterized by a rise
in the vascular destabilizing factor Ang-2. These findings might explain some of the
heterogeneity between HHT1 and HHT2. We also propose that changes in TSP-1 and
Ang-2 might also contribute to the pathogenesis of PAH in Eng" and AlkI™" mice and
perhaps in patients diagnosed with HHT1 and HHT2. Anti-VEGF therapy may have a
beneficial role in restoring the angiogenic balance in HHT and PAH-associated with
endoglin and ALK mutations. In addition, we report that endoglin and VEGF have a
regulatory role in inflammation and pathological angiogenesis in chronic colitis, with

endoglin likely being protective.
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Anti-VEGF treatment decreases in vitro and in vivo colonic inflammation and
pathological angiogenesis, as assessed by MAdCAM-1 tagged CE-US, in colitic Eng” )
mice. Moreover, anti-VEGF therapy reduced the elevated tissue endoglin, IL-1B and G-
CSF, suggesting that it has anti-inflammatory properties. We show that CE-US is an
excellent non-invasive imaging modality to assess functional angiogenesis in liver and
colon. We also demonstrate that MAdCAM-1-targeted-CE-US offers new avenues for
investigating in vivo the molecular aspects of inflammation in chronic inflammatory

diseases.
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