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Abstract

Anti-angiogenic approaches have significantly advanced the treatment of vascular-related pathologies. The ephemeral out-
come and known side effects of the current vascular endothelial growth factor (VEGF)-based anti-angiogenic treatments
have intensified research on other growth factors. The angiopoietin/Tie (Ang/Tie) family has an established role in vascular
physiology and regulates angiogenesis, vascular permeability, and inflammatory responses. The Ang/Tie family consists of
angiopoietins 1-4, their receptors, tiel and 2 and the vascular endothelial-protein tyrosine phosphatase (VE-PTP). Modulation
of Tie2 activation has provided a promising outcome in preclinical models and has led to clinical trials of Ang/Tie-targeting
drug candidates for retinal disorders. Although less is known about the role of Ang/Tie in pulmonary disorders, several
studies have revealed great potential of the Ang/Tie family members as drug targets for pulmonary vascular disorders as
well. In this review, we summarize the functions of the Ang/Tie pathway in retinal and pulmonary vascular physiology and
relevant disorders and highlight promising drug candidates targeting this pathway currently being or expected to be under
clinical evaluation for retinal and pulmonary vascular disorders.

_ the tyrosine kinase receptors Tiel and Tie2 [1-3]. Another
important component of this pathway is vascular endothe-

The Ang/Tie signaling pathway is important for healthy lial-protein tyrosine phosphatase (VE-PTP) [4]. The Ang/
and pathological retinal and respiratory vascular condi- Tie pathway controls growth, survival and maturation of
tions. endothelial cells [1, 5-7], with the best characterized ligands
of this family being angiopoietin-1 (Angl) and angiopoi-
etin-2 (Ang2) [2, 4, 5]. Since Angl and Ang2 are the best
studied and currently the only targeted ligands, this review
focused on Angl and Ang2.

Members of the Ang/Tie pathway play important roles
in endothelial physiology and have been correlated in the
pathology of vascular-related diseases [8—12]. In this review
article, we summarize what is currently known on the role
of the Ang/Tie pathway in the regulation of retinal and pul-
monary vascular functions under steady and diseased states,
highlight drug candidates in clinical trials that target the
Ang/Tie pathway and identify areas worth exploiting for fur-
ther research or therapeutic applications. The information
presented was obtained by a literature search in PubMed
for relevant articles reporting the function of each mem-
D4 Constantinos M. Mikelis ber of the Ang/Tie pathway, the role of this pathway on the
constantinos.mikelis @ttuhsc.edu pathophysiology of the included vascular disorders and the
Department of Pharmaceutical Sciences, School Clini(':al trials (Co'mpleted, (.)ngoing or planned) V,Vith drug
of Pharmacy, Texas Tech University Health Sciences Center, candidates targeting Ang/Tie members. Information about
1406 S. Coulter St., Amarillo, TX 79106, USA the clinical trials was obtained from clinicaltrials.gov.

Currently, there is a limited number of drug candidates
targeting the Ang/Tie pathway, but with an increasing
trend, due to the significance of this pathway and the
need for alternative drug targets.

1 Introduction

The Angiopoietin-Tie (Ang/Tie) signaling pathway is a
vascular-specific receptor tyrosine kinase pathway involved
in vascular development. The pathway consists of angiopoi-
etins 1-4 (Angl—4), whose activities are mediated through
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1.1 Components of the Ang/Tie Signaling Pathway
and Their Role in Vascular Development

Tie2 is the most highlighted, and thus targeted, receptor in
the Ang/Tie family, known for its vascular stabilizing and
angiogenic effects [2, 4, 13, 14]. Tie2 directly interacts with
its ligands, Angl [15] and Ang2 [3]. The impact of a pro-
tein deficiency in development and function is analogous
to its significance on that function. In that respect, the Tie2
receptor is the most important player of the Ang-Tie family:
Tie2-deficient mice die between E9.5 [16] and E10.5 [2, 17],
due to vessel remodeling defects in the plexus of the yolk
sac, the brain and due to severe heart defects [2, 16—18].
Tie2-deficient endothelial cells of the endocardium and the
sinus vein remain distant from the surrounding mesenchy-
mal cells. This leads to defects, such as occlusion of a part of
the sinus venosus, occluded connections between ventricle
and aorta and between the atrium and ventricle of the primi-
tive heart [18]. This disturbed connection of the central aorta
from the circulatory system results in subsequent arrest of
the circulation and possibly death of the embryo at that stage
[18, 19]. These studies demonstrate that Tie2 is the principal
mediator of the vascular functions attributed to the Ang-Tie
signaling family.

Contrary to Tie2, Tiel does not regulate the heart struc-
ture, but the vascular network and integrity of the vascula-
ture, with early evidence during lung development, since
Tiel-deficient pups died immediately after birth due to
breathing difficulties. At E18.5, the Tiel —/— embryos
exhibited hemorrhages at the tail, toes and internal organs
and subcutaneous edema at the head and back. The edema
was attributed to a lack of vessel integrity at the site of
leakage and not an abnormal heart function, as seen in the
Tie2- and Angl-deficient mice. The integrity of the blood
vessel endothelial cells was compromised at the site of
hemorrhage, with increased erythrocyte extravasation [2].
In another study, Tiel-deficient mice exhibited increased
number of vascular segments resulting into a dense and more
complex vascular network throughout the embryo [18]. In
both studies, there was decrease in the size of the alveoli
and increased erythrocyte extravasation, supported by the
extended intra- and transcellular holes of the intestinal vas-
cular plexus of the mucosa [2, 18].

Angl binding induces the auto-phosphorylation of the
Tie2 receptor on endothelial cells, through which it elic-
its its vascular stabilizing effects [15, 20]. Angl elicits its
activity acting either directly on the endothelium or via
the recruitment of peri-endothelial supporting cells [15,
19, 20]. The main downstream mediators of endothelial
cell survival upon Angl binding to Tie2 are phosphati-
dylinositol 3’-kinase (PI3K) and Akt [21], which inhibit
Smac and caspase -3, -7 and -9 activation [22]. PI3K is

A\ Adis

also responsible for Angl-induced angiogenic potential via
plasmin and metalloproteinase-2 (MMP2) secretion [13],
while other mechanisms, such as reactive oxygen species
(ROS) play regulatory role [23]. Angl-induced upregulation
of the Kruppel-like factor 2 (KLF2) and the Notch ligand
delta-like 4 (DI114) determines vascular quiescence [24, 25]
(Fig. 1). In terms of vascular permeability, Angl counter-
balances the inductive effect of vascular endothelial growth
factor (VEGF) [26, 27] in multiple levels: Angl-induced Akt
activation blocks VEGF-induced permeability [28], while
Angl-driven Src sequestration via mDia, a downstream
RhoA effector, deprives the ability of VEGF to phosphoryl-
ate and internalize VE-cadherin, and thus induce paracel-
lular permeability [26].

With Angl being the main Tie2 ligand, Ang1 deficiency
resembles the impact of Tie2 deficiency, and also leads to
embryonic lethality, although the difference in the death
stage denotes that the impact of its deficiency is less severe
than the one observed in Tie2. In Angl-deficient mice, no
newborn pups were found and examination of the pups
at early embryonic stages revealed gross abnormalities
by E11 and death by E12.5. Similar to the Tie2-deficient
mice, Angl-deficient mice exhibited defects in the vascular
endothelium of the developing heart with an immature endo-
cardium. Whole-mount analysis using PECAMI revealed an
immature and less intricately folded endocardium in Angl-
deficient embryos as early as E9.5 [19].

Contrary to Angl, Ang2 mainly inhibits vascular stabi-
lization by blocking Angl-induced Tie2 phosphorylation
[3]. Later studies demonstrated that Ang2 has a context-
dependent role, since it has also been shown to phospho-
rylate Tie2, although not with the same strength as Angl,
inducing endothelial cell functions [29, 30] (Fig. 1). Ang2
is expressed by the endothelial cells, stored in the Weibel-
Palade bodies, and released in hypoxic and inflammatory
conditions, including tumors [31-33]. In pathological con-
ditions, Ang1-Tie2 signaling is inhibited with a subsequent
inhibition of PI3K/Akt activation and induction of FOXO1
activation, which leads to Ang?2 activation and compensa-
tion for Angl activity, increasing Tie2 activation and angio-
genesis [34]. The context-dependent role of Ang?2 is further
determined by the presence of Tiel in inflamed or diverse
endothelial beds (i.e. lymphatic), where Tiel cleavage leads
to the switch of the Ang?2 activity from agonistic, under nor-
mal conditions, to antagonistic [34-37].

Unlike the other members of the Ang/Tie pathway,
Ang? is dispensable for embryonic vascular development,
as shown by the normal eye vasculature of Ang2-deficient
embryos but is necessary for lymphatic vessel development.
Mice lacking Ang2, although initially normal at birth, died
after 2 weeks due to severe chylous ascites and lymphatic
dysfunction. Furthermore, post-natal examination revealed
dramatic defects, due to deficient regression of the hyaloid
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Fig. 1 Schematic representation
of the members of the Ang/Tie
signaling pathway, their deter-
mining interactions in vascular

Angl-induced Tie2 activation.
Arrows in red demonstrate the
destabilizing vascular effect,
caused by Ang?2 binding to Tie2
or VE-PTP interaction. Current
pharmaceutical approaches
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vasculature in the Ang2-deficient mice. In addition, these
retinas were peripherally avascular at P10 with a rudimen-
tary superficial vascular plexus to the central retina. These
retinal defects were not corrected at later stages but devel-
oped secondary pathologic angiogenesis. Substitution of the
Ang?2 gene with Angl rescued the lymphatic defects found
in Ang2-deficient mice but did not rescue the defects in vas-
cular remodeling in the neonatal eye [38]. Similar or worse
features than the Angl-deficient or Tie2-deficient mice were
observed with Ang2 overexpression, which led to embryonic
lethality at E9.5-10.5 [3]. The severe phenotype upon Ang2
overexpression, but not deficiency, along with the similar
phenotype upon Tie2 deficiency go along with an inhibitory
role of Ang2 on Tie2 signaling for the vascular functions
and further emphasize the context-dependent role of Ang?2.

As mentioned above, the features observed in Angl-
deficient mice were similar (although not as severe) to Tie2
deficiency or Ang2 overexpression, since Angl-deficient
mice died by E12.5 while the Tie2-deficient and Ang2-
overexpressing mice died between E9.5-E10 [3, 16, 19].
Although Tie2-deficient mice die earlier, their phenotype
presents similarity with the Angl-deficient mice, which
could be attributed to the similarity of their expression pat-
terns during embryonic development. It is noteworthy that
the Angl-deficient mice exhibited reduced levels of Tie2
mRNA [19]. The dominant role of Tie2 is easily conceivable
due to the severity of the phenotype upon Tie2 deficiency.
The lethality or defects seen in Ang2 overexpression can
be attributed to its antagonistic effect on Tie2 (thus mim-
icking Tie2 or Angl deficiency phenotypes). The impact
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on lymphatic endothelium upon Ang2 and Tiel deficiency
demonstrates potential similarities in the lymphatic function,
despite the diverse developmental stages. The expression
patterns of the other components in this context would be
worth investigating.

The Tie2:Tiel ratio seems to be a reliable determinant of
Tie2 activation [39, 40]. The extracellular domains of Tiel
and Tie2 can be cleaved by different agonists, representing
an alternative mechanism of cellular responses to stimuli.
The extracellular domain of Tiel is released under basal
conditions in vivo by the activity of MMPs, driven by cer-
tain growth factors, such as VEGF, tumor necrosis factor-o
(TNF-a), by phorbol myristate acetate (PMA), or shear
stress [41-44]. The cleaved extracellular domain of Tiel
was shown to bind to Tie2, mediating Tie2 signaling [45],
while the intracellular domain, although it cannot induce
signaling, interacts with signaling mediators [46]. Similar to
Tiel, cleaved Tie2 forms are normally detected in biological
fluids, endothelial cell supernatant, and in animal models
of pathological conditions, such as the hindlimb ischemia
model. PMA, VEGF and MMPs are the mediators, regulated
by the p38 and PI3K pathways [47—49]. Later, the activity
of PMA on Tie2 cleavage was identified to be mediated by
MMP-14, which was not regulated by p38 and PI3K, but by
protein kinase C (PKC) and extracellular signal-regulated
kinase (ERK) signaling [49].

Another important component of the Ang/Tie pathway
is vascular endothelial-protein tyrosine phosphatase (VE-
PTP). VE-PTP function involves the regulation of the Tie2
receptor by binding to its cytoplasmic domain, reducing
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its phosphorylation and inhibiting its physiological func-
tions [50-52] (Fig. 1). VE-PTP associates with Tie-2 and
VE-cadherin and is pivotal for vascular maintenance and
remodeling [53]. Since VE-cadherin is a binding partner
of VE-PTP, it has been demonstrated that the stabilizing
effect of VE-PTP on endothelial junctions is mediated via its
interaction and inhibition of VE-cadherin phosphorylation,
independent of Tie2. VE-PTP is required for endothelial cell
contact integrity and dissociation from VE-cadherin is trig-
gered by VEGF [54, 55].

Gene deletion or disruption of VE-PTP caused embryonic
lethality, vascular remodeling defects, and enlargement of
vascular structures in extraembryonic tissues [53, 56, 57].
There is a functional interplay between Tie2, VE-PTP and
VE-cadherin: VE-PTP blockade-driven enlargement of cord
structures was ameliorated in Tie2-null mice, supporting the
notion that VE-PTP controls vascular remodeling by regulat-
ing the activation of Tie-2, a mechanism involving Angl but
not Ang2 [53]. VE-PTP inhibition stabilizes endothelial cell
contacts through activation of Tie2 both in vitro and in vivo
[58]. The vascular-stabilizing effects of VE-PTP, were attrib-
uted to its interaction with VE-cadherin [55, 59]; however,
these effects were instead independent of the cadherins, but
dependent on Tie2-driven activation of Rap1 and Rac1 [58].
Although the factors regulating the interplay have not been
clearly delineated, cell confluency seems to be a determining
factor on the potential compensatory role of VE-cadherin on
the effect of Tie2 upon VE-PTP inhibition [58]. The above
demonstrate the role of VE-PTP in the Ang/Tie system: in
addition to regulating the function of Tie2, VE-PTP also has
a functional interplay with other permeability regulators,
such as VE-cadherin.

The expression template of the Ang/Tie family members
has revealed information regarding their role and mode of
activity. At E8.5 and E9.5 Tie2 is expressed in the endothe-
lial cells at the endocardium, the sinus venosus and mesen-
chymal vessels, while in E12.5 it is expressed in the heart,
in large embryonic vessels, intersomitic plexus and vessels
of the developing organs. Angl bears similar expression pat-
tern with Tie2 [19]. It is expressed in both embryonic days
in the surrounding mesenchymal and smooth muscle cells
surrounding the blood vessels, denoting paracrine signaling
[3, 18]. In mid-gestational embryogenesis Angl is expressed
in mesenchymal and smooth muscle cells in neural tissues,
the somites, and the lung [3]. At the same developmental
stage, Ang?2 is not detected in the developing heart, but in
the endothelium lining the big vessels. In the adult, Ang2
is not expressed in the heart and vessels, but in vascular
remodeling sites, such as ovary, placenta, and uterus [3].
Ang2 expression in the resting endothelium is limited, and
it is induced upon activation. It remains stored at Weibel-
Palade bodies to be released upon stimulation [33, 60]. VE-
PTP expression is endothelial-specific [51, 57]; at E10.5 it
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is strongly expressed at the heart, aortic sac, outflow tract,
dorsal aortas, and arteries, but less in the veins. At E15.5,
a strong expression in the heart valves was obvious, while
the expression template remained similar [57]. However, the
physiological expression patterns of the Ang/Tie members
are often differentiated in pathological conditions. As an
example, in angiosarcomas, endothelial-related tumors, the
majority of the cases correlate with strong expression of
Angl, Tiel and Tie2, whereas Ang2 expression was more
heterogeneous and correlated with vasoformative architec-
ture. Anti-Tie2 treatment led to growth delay, with a more
pronounced effect when combined with VEGFR inhibition
[61, 62].

2 The Ang/Tie Pathway in the Retinal
Vasculature

2.1 Retinal Vascular Function

The eye has high metabolic needs, facilitated by the inte-
grated activity of three vascular systems, the choroidal, the
hyaloid and the retinal vascular systems, which drain from
the ophthalmic artery, a branch of the internal carotid artery
[63—66]. The choroid and the hyaloid vessels support the
retinal oxygenation during the initial developmental stages
of the eye. The hyaloid vascular network is transient and
regresses at the final stages of retinal development, whereas
the choroidal vascular network increases in density to form
a dense vascular network around the outer layer of the optic
cup [66]. The choroidal system consists of the choroidal cap-
illaries, which are derived from the ciliary arteries, originat-
ing from the ophthalmic artery supplying the outer retina
mainly the photoreceptor cells [63—65]. Although the devel-
opment of the choroid vessels is less studied than the retinal
vessels, their development seems to depend on the presence
of the retinal pigment epithelium [66]. The limited initial
thickness of the retina allows efficient diffusion of oxygen
from the choroid, but as its thickening increases, it induces
the formation of the retinal vessels [67]. The retinal vessels
are organized in three layers restricted in the retina [66].
The retinal system consists of the central retinal artery and
corresponding vein both of which supply and drain the inner
retina [63—65]. In the adult, the blood supply is separated
into the retinal and the choroidal system [63-65]. Retinal
vessels are autoregulated to optimize blood supply to meet
the metabolic needs of the retina [63].

The development of the vascular network of the retina
produces a network of vessels that meet the high metabolic
demands of the healthy adult retina. For proper retinal
development and function, a tight balance needs to be
maintained in the vessel formation, especially due to the
fact that the retina has the highest metabolic demand of
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any tissue in the body [63, 68]. Angiogenesis is an impor-
tant process in both physiological vascular development
and pathological neovascularization. Abnormal ocular
angiogenesis occurs in a broad spectrum of eye disorders,
such as retinopathy of prematurity, diabetic retinopathy,
neovascular age-related macular degeneration (NV-AMD),
neovascular glaucoma, and corneal neovascularization [69,
70].

The function of the Ang/Tie pathway in physiological
and pathological retinal vascular development has been
well demonstrated. In Ang2-deficient mice, the delayed and
incomplete development of the superficial vascular bed and
the complete absence of the intermediate and deep vascu-
lar beds of the retina were reported, processes that rely on
vasculogenesis and angiogenesis, respectively [71]. Moreo-
ver, the hyaloid vessels would not regress, mimicking the
infant phenotype of persistent fetal vasculature, driven by
a relatively common congenital abnormality [38, 71-73].
Although at birth the retinal vasculature was not affected,
there were severe defects in hyaloid vasculature regres-
sion at subsequent stages of vascular remodeling. Instead
of a well-developed superficial vascular network covering
the entire surface of the retina, the retinal vasculature of
Ang?2-deficient P10 mice was superficial and restricted to
the central retina, a condition that was not ameliorated in
the few mice that survived to P25. Instead, the hyperplastic
hyaloid vasculature expanded in the retina, as a secondary
pathologic angiogenic process [38]. An alternative splice
variant of Ang2, named ANGPT2443, is a less oligomerized
form and competitive antagonist of Tie2 activation. Forced
expression of ANGPT2443 in a knock-in murine model
impaired venous development in the retina [74]. Tie2 was
identified as an essential component for venous specification
and maintenance. Tie2-deficient mice exhibited a signifi-
cant decrease of retinal vascularization and venous degen-
eration, accompanied by the formation of hemangioma-like
vascular tufts. This Tie2-dependent venous vasculature
maturation and maintenance was controlled via the Tie2
downstream signaling mediators PI3/Akt. PI3/Akt activa-
tion regulated COUP-TFII protein stability [17]. Contrary
to Tie2 and Ang2, inducible Angl expression during reti-
nal vascular development did not alter vascular density and
had no effect on established retinal or choroidal neovessels.
However, simultaneous Angl expression with VEGF sup-
pressed VEGF-induced neovascularization, demonstrating
stage-dependent Angl effects [75]. The vascular alterations
upon deficiency or overexpression of the Ang/Tie proteins
highlight the significance of this pathway in retinal vascular
development.

The VEGF/VEGFR pathway is the major target in the
current standard of care therapies of retinal pathologies.
VEGFR?2 is well established as the earliest marker of devel-
oping endothelial cells and significant data have delineated

its role in retinal vessel sprouting and the interaction among
endothelial cells and other cell types, such as astrocytes
[76-78]. The current first line of anti-angiogenesis drugs for
retinal vascular diseases target the VEGF pathway through
currently approved drugs, such as macugen, bevacizumab,
ranibizumab and aflibercept.

e Macugen (Pfizer Inc.), formerly pegaptanib sodium, is an
anti-VEGF 27 nucleobase-long RNA aptamer targeting
VEGF165. It was the first FDA-approved anti-angiogenic
therapy indicated for the treatment of NV-AMD. The
molecule was first produced by the systematic evolu-
tion of ligands by exponential enrichment (SELEX), an
approach for aptamer selection [79]. It binds to the hair-
pin binding site of VEGF165 and inhibits its downstream
signaling [80].

e Bevacizumab (Avastin, Genentech Inc.), is a full length
humanized monoclonal antibody that specifically binds
to VEGFA, thereby inhibiting the process of angiogen-
esis, resulting in regression of existing micro vessels,
normalization of surviving mature vasculature, and inhi-
bition of vessel growth and neovascularization [8§1-83].

e Ranibizumab (Lucentis, Genentech Inc.) is a cleaved Fab
fragment of bevacizumab with a similar mechanism of
action, but enhanced affinity [84-87]. Because bevaci-
zumab was a full-length antibody, there were concerns
about using it as intravitreal injections as it was associ-
ated with a low but significant risk of acute intraocular
inflammation and sporadic cases of blindness worldwide.
In addition, the fate of intravitreally injected full-length
antibodies is not yet fully understood [88, 89]. This
makes ranibizumab a more preferred option for intra-
vitreal injections considering that it better neutralizes
VEGEF at low concentrations, maintains efficacy longer,
and has a higher retinal penetration and potency. How-
ever, bevacizumab is still preferred, due to low cost and
first-to-market availability.

e Aflibercept (Eylea, Regeneron Pharmaceuticals), also
known as VEGF Trap-eye (VTE), is a recombinant
fusion protein that binds to members of the VEGF family.
It has been shown that effective blockade of VEGF sign-
aling pathway involves preventing binding of VEGF to
its normal receptors by administering this decoy-soluble
receptor [90-92]. Unlike the monoclonal antibodies bev-
acizumab and ranibizumab, aflibercept was produced by
fusing the first three Ig domains of VEGFRI1 to the con-
stant region (Fc) of human IgG1, hence the name VEGF-
Trap [92]. By maintaining high affinity and extending
the in vivo half-life, the improved VEGF-Trap used in
aflibercept provided better pharmacokinetic properties.

Although most of these therapies were originally devel-
oped as anti-tumor therapies, they are now approved for the
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treatment of several retinal vascular disorders. However, the
time- and tissue-dependent interplay among VEGF and other
angiogenesis mediators, defines the final retinal vasculature
growth and function, as well as the potential for develop-
ment of retinal vascular diseases [76—78]. Angiopoietins are
among the important angiogenesis mediators, as the Ang/
Tie pathway controls the growth, survival, and maturation
of endothelial cells [5]. Several mouse retinal models have
highlighted the role of the Ang/Tie proteins in retinal vas-
cular development and maintenance [17, 93, 94] (Fig. 2).
It is, therefore, necessary to highlight the role of the Ang/
Tie pathway as a therapeutic possibility for retinal vascular
pathologies. Below, we discuss some of the common retinal
disorders, highlighting the role of the Ang/Tie pathway in
the pathology of each disease and the drugs targeting this
pathway that are currently under clinical evaluation.

2.2 Retinal Vascular Disorders

Retinal vascular disorders are associated with a defect in
the blood vessels of the eye and are mostly linked to exist-
ing vascular diseases, such as hypertension, cholesterolemia,
diabetes and conditions that cause atherosclerosis. These
diseases are multifactorial, and they influence a number of
biological processes in cells and tissues [95]. Among the
most common retinal vascular disorders are age-related
macular degeneration, diabetic retinopathy, hypertensive
retinopathy, and vascular occlusions (retinal vein occlusion,
central retinal artery occlusion, branch retinal occlusion)
[96-100] (Fig. 2).

2.2.1 Age-Related Macular Degeneration

Age-related vascular degeneration (AMD) is a common con-
dition and a leading cause of visual impairment and severe
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vision loss for people aged > 50 years. It is an acquired dis-
ease of the functional portion of the retina due to late-onset
neurodegeneration of the photoreceptor—retinal pigment epi-
thelial complex, leading to progressive visual impairment
[101]. Due to the multifactorial nature of AMD, the knowl-
edge on its pathophysiology and the underlying mechanisms
are still expanding. AMD has been characterized with extra-
cellular matrix dysfunction and dysregulation of the comple-
ment, lipid, angiogenic and inflammatory pathways [102].
NV-AMD, a form of AMD, is characterized by the formation
of choroidal neovascularization, an ingrowth of abnormal
blood vessels from the choroid through Bruch’s membrane
into the sub-retinal pigment epithelium or subretinal space
[103]. These abnormal blood vessels demonstrate abnor-
mal leakiness of fluids and blood into the retina, causing
vision distortion and loss of central vision [102, 104]. AMD
treatment focuses on the inhibition of angiogenesis, via the
most common target, vascular endothelial growth factor-A
(VEGF-A) due to its excessive expression in the hypoxic
regions [101, 102]. However, this has its limitations as the
therapy requires periodic and repetitive administration [105],
raising a concern for long-term anti-VEFG therapy, which
can eventually lead to retinal pigment epithelium (RPE)
damage, photoreceptor degeneration, and permanent vision
loss [106—108] and instances of resistance, non-response and
recurrence of the pathology [109], implying the involvement
of factors other than VEGF.

The Ang/Tie signaling pathway is a known mediator
of AMD vascular deficiencies [110, 111]. The Ang/Tie2
pathway maintains vascular integrity, and negative regu-
lators of this pathway are potential therapeutic targets for
these diseases. Tie2 activation by intraocular injection
of an antibody for VE-PTP, a negative regulator of TIE2
activation, suppressed ocular neovascularization, there-
fore stabilizing retinal and choroidal blood vessels [112].
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Fig.2 A Schematic representation of the transverse cross-section
of the eye. The parts and characteristic structures of the eye are
depicted. B Abnormal angiogenesis of the choroid vessels during
retinal vascular disorders. The abnormal, newly formed vessels dis-
rupt the integrity of Bruch’s membrane, alter the structure of the reti-
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Macular Edema

nal pigment epithelial cells and photoreceptors and cause subretinal
hemorrhage, fluid accumulation and visual impairment. The severity
of the retinal vascular disorders correlates with the levels of VEGF,
Ang2, and VE-PTP and inversely correlates with the levels of Angl
and Tie2 phosphorylation
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Increased Ang2 levels have been observed in the retina
during the angiogenic development of the deep retinal
capillaries and during pathologic angiogenesis, showing
a temporal and spatial correlation of Ang?2 activity in the
retina [72, 112]. Contrary to Ang2, Angl has a protec-
tive role in the retina during neovascularization, but no
effect in adult or established vasculature. Overexpression
of Angl in the retina during retinal vascular develop-
ment inhibited neovascularization but did not affect the
established retinal or choroidal vasculature, and when its
expression was induced along with VEGF, it antagonized
the activity of VEGF, preventing neovascularization and
retinal detachment [75, 113]. These observed vascular
outcomes of the Ang/Tie proteins in the retina pinpoint
the significance of this pathway in retinal vascular devel-
opment and form the basis for further analysis of Ang/Tie
vascular mechanisms.

2.2.2 Diabetic Retinopathy

Diabetic retinopathy is a pathological condition that can
cause vision loss and blindness in diabetic patients. It is
a major complication of diabetes mellitus and a leading
cause of visual loss in working-age population. Diabetic
retinopathy is divided into non-proliferative and prolifera-
tive diabetic retinopathy. Proliferative diabetic retinopa-
thy is characterized by neovascularization, during which,
abnormal vessel growth and bleeding occurs into the vitre-
ous, and tractional retinal detachment can happen [114].
The most common cause of vision loss in diabetic retinop-
athy is diabetic macular edema, described below, a condi-
tion characterized by swelling or thickening of the macula
due to accumulation of fluid, as a result of the breakdown
of the blood-retinal barrier [114, 115]. Diabetic retinopa-
thy is considered a microvascular complication, therefore
most therapeutic interventions aim at the management of
microvascular complications, such as intravitreal pharma-
cologic agents, laser photocoagulation and vitreous sur-
gery. Among the intravitreal pharmacologic agents, the
intravitreal administration of anti-VEGF agents is the main
therapy for both early and advanced stages of diabetic
retinopathy [114]. Although these therapies may provide
stabilization of visual acuity or visual improvement, there
are ocular adverse effects or inadequate responses.

2.2.3 Macular Edema

Macular edema is defined as the abnormal increase of fluid
in the macula, an area at the center of the retina. Although
it is a leading cause of major vision loss in diabetic persons
and commonly related to diabetic retinopathy, it has other
causes, such as branch and central retinal vein occlusion and

postoperative inflammation [116, 117]. In macular edema,
the fluid buildup, which is due to a break in the blood-ret-
inal barrier, causes the macula to swell and thicken, which
distorts vision. Oxidative stress, a characteristic feature in
diabetes, vascular retinal diseases and lung or heart diseases,
upregulates multiple cytokines and chemokines, such as
VEGF, angiopoietins, tumor necrosis factor, interleukins
(ILs) and matric metalloproteinases, that lead to the break-
down of the blood-retinal barrier [117-119]. Intra-ocular
injections of anti-VEGF have become the most preferred
therapeutic option for macular edema and have been shown
to be effective in vision improvement and prevention of
vision loss. However, being a feature of diabetic retinopa-
thy, macular edema is an inflammatory disease with many
cytokines and chemokines involved in the process [119,
120]. Consequently, many macular edema patients do not
show complete response to anti-VEGF drugs, despite mul-
tiple intravitreal injections, with ephemeral remission and
non-complete resolution of fluid [119, 121, 122]. Consider-
ing that VEGF may not be the predominant mechanism of
vessel permeability in macular edema [122], there is a need
for supplemental treatments that might offer better thera-
peutic efficacy.

Several systemic conditions associated with vascu-
lar leakage correlate with elevated levels of serum Ang2
[123—125]. In macular edema patients, the vitreous levels of
Ang?2 are significantly augmented. Moreover, Ang?2 inhibi-
tion decreased vascular permeability and inflammation in the
retina, by blocking leukocyte adhesion to the vessel walls,
inhibiting the expression of ICAM-1, CCL2 and CCLS5, and
decreasing monocyte trafficking and microglia activation in
the retina [119, 126]. These studies on Ang?2 in retinal dis-
eases, along with the extensive knowledge of the role of the
Ang/Tie pathway in retinal vascular development, as men-
tioned above, have led several Ang/Tie pathway-targeting
drugs into clinical trials. Most have demonstrated promising
results, especially in combination with VEGF inhibition.

2.3 Drugs in Clinical Trials Targeting the Ang/Tie
Pathway for Retinal Vascular Disorders

Several anti-angiogenesis drugs have been Food and Drug
Administration- (FDA)-approved for the treatment of reti-
nal vascular disorders. Since most are monotherapies for
the VEGF signaling, as mentioned above, they have shown
limitations. Below, we highlight novel drug candidates, clas-
sified according to the target molecules, currently in clinical
trials (Fig. 1) that target Ang/Tie signaling pathway for vas-
cular disorders in comparison with anti-VEGF inhibition or,
sometimes, concomitantly with anti-VEGF activity.
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2.3.1 Tie2 Receptor

MAN-01: Given the known activity of the Ang/Tie sign-
aling in lymphatic vessels [5, 127], the development of
Tie2-targeting drug candidates for lymphatic vascular ocu-
lar diseases was expected. MAN-01 or MAN 01 (Mannin
Research; Q BioMed) is a small molecule modulator of Tie2
and is an example of a drug candidate targeting this pathway.
It targets the Schlemm’s canal, a circular lymphatic-like ves-
sel in the eye, the obstruction of which leads to glaucoma
[128, 129]. Although no significant information about the
mechanism has been released, administration of MAN-01 in
mice has provided positive results [130] and the intention to
submit an investigational new drug (IND) application to the
FDA has been announced [131].

2.3.2 Vascular Endothelial-Protein Tyrosine Phosphatase
(VE-PTP)

Razuprotafib (AKB-9778): Razuprotafib (AKB-9778) (Aer-
pio Pharmaceuticals) is a small molecule inhibitor of VE-
PTP. AKB-9778 acts by binding and inhibiting the intracel-
lular catalytic domain of VE-PTP and stabilizing endothelial
junctions [58, 112]. Subcutaneous razuprotafib was an
investigational drug for treatment of diabetic vascular com-
plications, such as diabetic macular edema, inflammatory
leakiness, diabetic nephropathy, and open angle glaucoma
[42, 64—67]. In the Phase 2a TIME clinical trial for diabetic
macular edema, razuprotafib (AKB-9778) was patient self-
administered via a subcutaneous injection, similar to insulin.
The combination of AKB-9778 with ranibizumab enhanced
the reduction of diabetic macular edema compared to ranibi-
zumab alone. In the Phase 2b TIME clinical trial, AKB-
9778 was administered once or twice daily versus placebo
in patients with non-proliferative diabetic retinopathy. This
study, completed in March 2019, although it failed to meet
its primary endpoint on diabetic retinopathy severity score,
it noted some improvement in patients treated twice daily
for 48 weeks [132, 133].

ARP-1536: ARP-1536 (Aerpio Pharmaceuticals) is a human-
ized monoclonal antibody that targets the extracellular
domain of VE-PTP, leading to increased Tie2 activation,
similar to razuprotafib, but was administered intravitreally
[134]. As previously mentioned, VE-PTP is a phosphatase
that binds to both Tie2 and VE-cadherin. It was shown that
antibodies targeting the extracellular domain of VE-PTP
induce the endocytosis of the Tie2-bound VE-PTP mol-
ecules, reducing the inhibitory effect of VE-PTP on Tie2
and leading to Tie2 activation. VE-cadherin-bound VE-
PTP molecules are not endocytosed, thus the interaction
and the VE-cadherin-mediated functions were not affected
by antibodies targeting the extracellular domain of VE-PTP
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[53]. However, it should be emphasized that both razupro-
tafib and ARP-1536 showed greater potential when used in
combination with anti-VEGF therapy compared with anti-
VEGEF therapy alone [132, 135]. According to the current
knowledge, inhibiting VE-PTP mainly targets Tie2, as it
induces its functionality, recapitulating the action of Angl.
Although the target seems to be optimal, the outcome could
be improved if the administration route is modified (i.e. from
subcutaneous injection to intravitreal administration for the
AKB-9778). The simultaneous targeting of more pathways
by combinatorial therapy with current VEGF-based ther-
apeutic approaches, is a preferable option, with expected
optimal results.

2.3.3 Angiopoietin 2 (Ang2)

Faricimab: Faricimab (Roche), also known as RG7716 or
RO6867461, is a bispecific antibody targeting both VEGF-A
and Ang2. This bispecific antibody comprises two different
heavy chains and two different light chains, from which one
binds to VEGF and the other to Ang2. It is a product of the
CrossMAB technology that provides correct heterodimeri-
zation of two different antigen-binding domains in a single
molecule [109, 136].

The completed Phase 2 clinical trials of faricimab com-
prised three studies, the AVENUE, BOULEVARD and
STAIRWAY clinical trials [137]. The active comparator in
all three studies was ranibizumab (Lucentis®), a humanized
anti-VEGF monoclonal antibody shown to improve visual
acuity (VA) in patients with wet AMD in randomized clini-
cal trials [138, 139], but with considerably poorer patient
outcomes in clinical practice [138]. The AVENUE study
was a proof-of-concept study in participants with choroidal
neovascularization secondary to AMD and had the follow-
ing arms: Arm A (intravitreal injections [IVT] of 0.5 mg
ranibizumab once every 4 weeks [Q4W]) for 32 weeks, arm
B (IVT of 1.5 mg faricimab Q4W for 32 weeks), arm C
(IVT of 6 mg faricimab Q4W for 32 weeks), arm D (IVT
of 6 mg faricimab Q4W for 12 weeks, 6 mg every 8 weeks
until Week 28) and arm E (IVT 0.5 mg ranibizumab Q4W
for 8 weeks followed by 6 mg of faricimab Q4W up to Week
32), with patients being monitored up to 36 weeks. Although
the primary end point over ranibizumab was not met, over-
all visual and anatomical gains in the faricimab group led
to Phase 3 trials as a potential alternative to monthly anti-
VEGF therapy [140]. The BOULEVARD study was con-
ducted in participants with center-involving diabetic macular
edema and included 3 groups: Arm A (0.3 mg ranibizumab),
arm B (1.5 mg faricimab) and arm C (6 mg faricimab). All
groups received IVT of the assigned drug Q4W up to Week
20 and were observed up to Week 36. As a primary outcome,
faricimab provided superior VA gains versus ranibizumab at
Week 24, while central subfield thickness reduction, diabetic
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retinopathy severity score improvement, and extended
durability also supported the primary outcome [141]. The
STAIRWAY study evaluated faricimab compared to ranibi-
zumab for extended durability in the treatment of NV-AMD.
The main outcome was the mean change in best-corrected
VA at Week 52, and faricimab administration with 16-week
and 12-week dosing intervals resulted in maintenance of
initial vision and anatomic improvements in comparison to
monthly ranibizumab administration [142]. The ALTIM-
ETER trial, an ongoing Phase 2 study for diabetic macular
edema is investigating the aqueous humor and multimodal
imaging biomarkers in 80 treatment-naive participants with
diabetic macular edema treated with faricimab [137]. The
efficacy and safety of faricimab are currently under evalua-
tion in Phase 3 clinical trials for AMD and diabetic macu-
lar edema. The YOSEMITE, LUCERNE, TENAYA and
RHINE clinical trials have recruited/are recruiting partici-
pants for the sham and aflibercept (the active comparator)
groups running alongside faricimab. Finally, the Phase 3
clinical trial Rhone-X is evaluating the long-term safety and
tolerability of faricimab on diabetic macular edema [137].
Faricimab is also being evaluated in Phase 3 clinical trials as
a therapeutic option for macular edema secondary to central
retinal, hemiretinal or branch retinal vein occlusions. The
COMINO and BALATON studies will compare faricimab
with aflibercept and sham procedure [137].

Faricimab binds Ang2 but has no effect on Ang1 signal-
ing. Unlike Angl, with levels that were weakly elevated or
even decreased, increased Ang?2 levels have been observed in
several human retinal vascular diseases, such as wet AMD,
diabetic retinopathy, proliferative diabetic retinopathy,
and retinal vein occlusion [110]. Moreover, the interplay
between VEGF-A, Angl and Ang2 has been reported to
regulate the endothelial barrier. In addition to the increased
secretion of Ang2 by human endothelial cells [143, 144],
VEGF-A further elevated Ang?2 levels while Angl decreased
this VEGF-A—induced Ang?2 elevation. Treatment with anti-
Ang? antibody inhibited VEGF-induced barrier breakdown,
demonstrating that Ang2 participates in VEGF activity,
which was further supported with the application of a bispe-
cific antibody with combined targeting of Ang2 and VEGF-
A [110]. Under pathophysiological conditions, dual target-
ing of both VEGF and Ang2 reduced the number of vessel
lesions, permeability, retinal edema, and neuron loss [109].
Thus, the effect from dual inhibition is more pronounced
than from single inhibition of either factor. The combined
targeting of VEGF-A and Ang2 definitely provides an
advantage for faricimab, compared to monotherapy and thus
has a higher chance of success. The potency of faricimab
on VEGEF inhibition compared with anti-VEGF approaches
should be further evaluated, which could define whether
faricimab should be used in combination with current anti-
VEGF inhibitors, or it could stand as a monotherapy.

Nesvacumab: Nesvacumab or REGN910 (Regeneron) is a
fully human immunoglobulin G1 (IgG1) monoclonal anti-
body that specifically binds and inactivates Ang2 [145].
Although the safety profile of this antibody was acceptable,
when tested as a coformulation with aflibercept, it failed to
show benefit over aflibercept monotherapy in Phase 2 stud-
ies of AMD (ONYX) and diabetic macular edema (RUBY)
[134, 145].

ABTAA: ABTAA (Ang2-binding and Tie2-activating anti-
body) is, as the name indicates, an antibody that binds Ang2
and activates Tie2 signaling. It has not been clinically tested,
but a recent study demonstrated that it suppressed choroidal
neovascularization and vascular leakiness, regenerated the
choriocapillaris and relieved hypoxia in a Tie2 deficiency-
driven NV-AMD model. The potency of ABTAA against
NV-AMD is promising for a new therapeutic strategy for
NV-AMD that overcomes current anti-VEGF side effects
[104]. In addition to its effect in NV-AMD, in glaucoma,
intraocular ABTAA administration increased Tie2, p-Tie2,
Klf4 and Prox1 (an important factor for Schlemm’s canal
development and maintenance) levels. The increased
Prox1 was Tie2-ERK-dependent although it had no effect
on intraocular pressure and Schlemm’s canal areas. The
activity of ABTAA was mediated by Tie2, since upon Tie2
deficiency the drug was not effective. However, the absence
of Angl and Ang2 did not hinder the effect of ABTAA,
demonstrating the potential presence of other factors medi-
ating Tie2 activity in Schlemm’s canal physiology [146],
emphasizing an Ang-independent activation of Tie2 in the
lymphatic vasculature. This somewhat contradictory find-
ing could be explained by the potential of the ABTAA to
directly trigger Tie2 activation in HUVEC, but only to a
negligible extent [147]. Tie2/Ang2 activity is elevated in
the lymphatic endothelial cells due to the lack of VE-PTP
in the lymphatic endothelium [148]. Considering the abil-
ity of ABTAA to trigger Tie2 signaling by itself suggests it
could share structural similarities with Ang2 and this could
explain the observed Angl/2-independent Tie2 effects in
rejuvenating Schlemm’s canal. Furthermore, combination
of ABTAA with anti-VEGF-A inhibitors would be expected
to increase the treatment potency. A similar approach could
be implemented with nesvacumab.

Addition of soluble recombinant proteins is an efficient
method for protein inhibition. Studies using recombinant
fusion proteins consisting of the ectodomain of Tie2 fused
to the Fc portion of human IgG1 demonstrated the impact
of this receptor in retinal vascular disorders. Tie2 inhibi-
tion upon the addition of these recombinant proteins has
demonstrated its role in ischemia-induced retinal neovascu-
larization and retinopathy of prematurity [149, 150]. Over-
all, the constantly increasing data on the role of Ang/Tie
signaling components in retinal vascular diseases has led
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to an analogous, constantly growing interest in novel drug
candidates targeting the Ang/Tie pathway, either as a mono-
therapy or part of combination therapy in retinal disorders,
with high clinical potential.

3 The Ang/Tie Pathway in Respiratory
Vasculature

3.1 Respiratory Vascular Function

The development of the pulmonary vasculature and circu-
lation is an intricate process involving sequential differen-
tiation of mesenchymal progenitor cells, formation of the
primitive vascular plexus, and vascular remodeling [151].
Lung development requires the coordination of molecular,
morphogenetic, and mechanical events within the differ-
entiating respiratory epithelium. Vascular growth factors
from the distal lung buds are thought to promote capillary
expansion via intussusceptive angiogenesis. Several recep-
tor tyrosine kinase (RTK) pathways have been implicated
in these activities, such as VEGF, angiopoietins, ephrins
and basic fibroblast growth factor (bFGF) [151, 152], with
VEGEF playing a crucial role, especially in the early stages
of vasculogenesis, and defining overall pulmonary growth
[153, 154]. The Ang/Tie pathway plays defining roles in
vascular development; however, knowledge on its specific
functions in pulmonary vascular development is limited.
An early study by Sato et al 1995, showed that neonates
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Fig.3 Schematic representation of the alveolus during healthy condi-
tions versus pulmonary vascular disorders. The pulmonary vascular
disorders are characterized by disruption of the endothelial and epi-
thelial integrity, with increased levels of edema fluid invading the
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homozygous for Tiel mutation died immediately after birth
as a result of breathing difficulties. These embryos also had
smaller hearts, and histological analysis revealed that alveoli
failed to expand in their lungs probably as a result of pulmo-
nary edema. To the contrary, Tie2 deficiency led to embry-
onic lethality earlier due to vascular network malformations,
demonstrating the distinct functions Tiel and Tie2 regulate
[2]. The role of this pathway during pathological pulmonary
vascular remodeling has been investigated in lung metasta-
sis [155, 156] and respiratory disorders, such as acute lung
injury, acute respiratory distress syndrome, and pulmonary
edema [11, 12, 157] (Fig. 3). Below, we summarize the
role of the Ang/Tie pathway in acute respiratory distress
syndrome and pulmonary edema with a brief emphasis on
COVID-19 and we highlight clinical trials of drugs target-
ing the Ang/Tie pathway in pulmonary vascular disorders.

3.2 Respiratory Vascular Disorders

Pulmonary vascular disease (PVD) refers to a group of
conditions affecting the blood vessels in the lungs. This
is due to poor or abnormal blood flow between the heart
and lungs and disease progression will eventually affect
the rest of the body.

intra-alveolar space. The surfactant function is inhibited, and hyaline
membrane formation is initiated. In severe cases, this leads to alveolar
flooding and collapse leading to hypoxemia
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3.2.1 Acute Respiratory Distress Syndrome/Acute Lung
Injury

Acute Respiratory Distress Syndrome (ARDS) is a com-
mon cause of acute respiratory failure. It is a more severe
form of acute lung injury. ARDS is characterized by alve-
olar-capillary barrier failure, which results in non-cardio-
genic pulmonary edema and life-threatening hypoxemia
[157, 158]. In terms of therapy, there are limited options
for ARDS for a number of reasons, one of which is the
lack of confirmed biomarkers with a proven causal role in
ARDS that can be used to improve clinical trial efficiency
[157]. Ang2 has been implicated in endothelial activation
and induction of permeability, important factors in the
pathophysiology of ARDS [11, 157, 159]. Several studies
have supported this role of Ang2 in disruption of barrier
integrity [3] and in the potentiation of lung injury [160,
161]. Although plasma Ang2 has been strongly associated
with ARDS, the hypothesis that plasma Ang2 can be a
causal factor in ARDS development exists, without being
verified so far. Overall, targeting plasma Ang2 could be a
promising therapeutic option in the treatment of ARDS,
considering the lack of direct targets or therapeutic options
in the treatment of this condition.

3.2.2 Pulmonary Edema

Pulmonary edema is a condition characterized by an
abnormal build-up of fluid in the extravascular tissues of
the lungs. Pulmonary edema is not a disease itself but
rather an indication of one. There are two major mecha-
nisms involved in the formation of pulmonary edema: i)
increase in capillary hydrostatic pressure, which causes
high-pressure edema or cardiogenic edema, and ii)
increase in vascular permeability, causing permeability
edema [162]. Permeability edema is characterized by
increased leakiness of the pulmonary vascular endothe-
lium and alveolar epithelium to water and large molecules,
such as proteins [162]. The Ang2-Tie2 signaling axis con-
tributes to the endothelial barrier mechanisms, therefore
regulating vascular permeability [5, 12, 60, 163]. The
participation of the Ang/Tie pathway in the pathophysi-
ology of several pulmonary vascular conditions, such as
pulmonary edema, pneumonia, and sepsis, as well as the
regulatory activity of Ang2 on vascular responsiveness
upon activity of inflammatory cytokines [60], imposes the
emphasis of angiogenic proteins, such as the angiopoi-
etins, as potential therapeutic targets.

3.2.3 Pulmonary Arterial Hypertension

The members of the Ang/Tie family have been correlated
with the pathophysiology of pulmonary arterial hyperten-
sion (PAH), with often contradictory results. A reciprocal
relationship between the bone morphogenetic protein (BMP)
signaling and Angl expression was initially described, as
Angl expression was increased in the lung tissue upon sys-
temic-to-pulmonary shunting [164, 165]. Angl upregulation
and the subsequent elevated Tie2 phosphorylation blocked
BMPR2-driven signaling in human pulmonary artery
endothelial cells, directly correlating with the severity of
the disease [166]. This was contradicted not long after, as
Angl administration was shown to prevent PAH develop-
ment by preventing microvessel regression and destruction
[167]. Combination of upregulation of Angl with VEGF or
hepatocyte growth factor (HGF) promoted vascular stability,
alleviating PAH symptoms in the monocrotaline-induced rat
PAH model [168]. In other studies, no causal or biomarker
role was supported for Angl [169—171]. Instead, Tie2 levels
were induced in patients with idiopathic or systemic-sclero-
sis PAH, but not PAH associated with other diseases [169,
172, 173]. Moreover, despite the Angl and Tie2 overexpres-
sion in plexiform lesions, a PAH feature [174], the use of
transgenic mice supported the notion of a protective role of
Angl and Tie2 for PAH [175].

The role of Ang2 in PAH is not straightforward either:
although no statistical increase was detected in Ang2 levels
in an initial PAH study [169], these levels were significantly
increased in patients with idiopathic/familial PAH, corre-
lated with cardiac index and consisted an independent risk
factor for mortality [176, 177]. Prostacyclins are known to
improve symptoms in scleroderma-associated PAH, and
treprostinil, a stable prostacyclin analog, improved PAH
symptoms with an associated decrease in plasma Ang2 lev-
els [176]. However, arterial hypertension was among the
side effects of concomitant VEGF-A and Ang2 blockade
by vanucizumab, a bispecific antibody targeting both, in
patients with solid tumors [178], although the Ang2 impact
is not clearly defined. In PAH patients, Ang2 levels were
recently associated with higher right atrial pressure, an
established risk factor for mortality [179]. These contradict-
ing findings on the involvement of the Ang/Tie pathway in
PAH call for further investigation on the Ang/Tie-PAH inter-
play. Targeting the Ang/Tie members in vitro and in vivo
would be necessary to delineate the potential specific roles
of this pathway in PAH.

3.2.4 Asthma
The role of the Ang/Tie2 family in asthma, a chronic inflam-

matory disease characterized by angiogenesis and microvas-
cular remodeling [180], is still not fully elucidated. Asthma
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is partly mediated by recruitment of eosinophils, which
express Tie2, and secrete lipid mediators and cytokines.
Eosinophil migration was driven by Angl, highly expressed
in asthmatic airways, and blocked by Ang2 [181, 182],
reproducing their known competitive roles in the endothe-
lium. Several studies have reported alterations of Angl and
Ang? levels in the sputum of asthmatic patients. Ang?2 levels
were induced in the sputum of asthmatic patients in most
studies and thus Ang2 has been proposed as an index of
exercise-induced bronchoconstriction in asthma, while Angl
expression is not consistent [183—187]. Serum Angl levels
and Angl/Ang? ratio were decreased in asthmatic children,
with Ang2 serum levels remaining stable [188]. However,
in adults, serum Angl levels were increased, while changes
of Ang2 serum levels were not consistent in asthmatic con-
ditions [189, 190]. In an ovalbumin asthma mouse model,
Angl levels were decreased, similarly to Tie2 activation, and
its administration ameliorated the inflammatory response
[191]. However, in the same model, Tie2 expression was
detected not strictly in the endothelial cells, as is the case
for steady state conditions, but also in airway epithelial cells
and macrophages. This was also the case for Ang2, demon-
strating that Ang2 and Tie2 ectopic expression and expres-
sion levels correlate with the severity of airway remodeling
[192]. In line with the mouse data, Angl administration
via aerosolized mesenchymal stem cells improved asthma-
related airway inflammation in rabbits [193]. Studies of
single nucleotide polymorphisms (SNPs) for the Tie2 gene
(TEK) and their association with asthma susceptibility and
severity also have contradictory results [194, 195], demon-
strating that the roles of the Ang/Tie2 family members are
not yet fully elucidated.

3.2.5 Coronavirus Disease 19 (COVID-19)

COVID-19 is a respiratory illness initially identified as an
unfamiliar pneumonia in a group of patients in December
2019 in Wuhan, China, initially named as 2019 novel coro-
navirus by the World Health Organization (WHO) on Janu-
ary 7 of 2020 [196]. It is caused by a new coronavirus, which
due to 86.9% genome similarity with the Severe Acute Res-
piratory Syndrome Coronavirus (SARS-CoV) was named
SARS-CoV-2. COVID-19 presents with influenza-like
symptoms ranging from mild disease to severe lung injury,
multi-organ failure and eventually leading to death, espe-
cially in older patients or patients with other comorbidities
[196-198]. SARS-CoV-2 infects the host cells through the
angiotensin converting enzyme 2 (ACE2) receptor, which
is also expressed in endothelial cells. Thus, in addition to
respiratory disease, SARS-CoV-2 virus has been shown to
infect blood vessels in multiple organs and induce vascular
damage in vitro and endothelial inflammation (endothelii-
tis) in patients [197, 199, 200]. Vascular dysfunction is an
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underlying feature of the pathophysiology of most respira-
tory conditions, including COVID-19 and ARDS, especially
in patients with pre-existing comorbidities [200, 201]. Some
studies have demonstrated that SARS-CoV-2 infects pul-
monary endothelial cells and causes microvascular leaks,
contributing to the initiation and propagation of respiratory
distress and ARDS in COVID-19 patients by altering blood
vessel barrier integrity, among other parameters [202].

A few studies have implicated Ang2 with the severity and
outcome of COVID-19. The levels of Ang2 in the plasma
were positively associated with the viral RNA load in plasma
of COVID-19 patients, demonstrating a potential role of
Ang? in the endothelial dysfunction severity, a pivotal fea-
ture in COVID-19 [203]. Ang2 was one of the two markers,
along with E-selectin, detected upregulated in plasma of
COVID-19 patients, and was reported as a predictive factor
for intensive care unit (ICU) admission, with a cut-off of
5000 pg/mL as the best predictor for ICU outcome [200].
Plasma Ang?2 levels were also associated with in-hospital
mortality and non-resolving pulmonary condition [204].
The above indicate the involvement of Ang2 in endothe-
lial activation and highlight it as an important player in the
pathophysiology of COVID-19-associated microvascular
dysfunction.

3.3 Drugs Targeting the Ang/Tie Pathway
in Pulmonary Vascular Disorders

Despite the obvious role of members of the Ang/Tie family
in the etiology and prognosis of respiratory conditions, so
far, there is limited focus on their role in the clinical setting.
In the case of the pulmonary vascular disorders, the sole
targets for the investigational new drugs are Ang2 and Tie2,
demonstrating that the lack of molecules targeting other
important members of the Ang/Tie family is an area worth
exploring. Below, we report the targeted clinical approaches,
classified according to the target molecules, currently in
clinical trials that target the Ang/Tie signaling pathway for
pulmonary vascular disorders (Fig. 1).

3.3.1 Tie2 Receptor

Vasculotide: Vasculotide (Vasomune Therapeutics) is a
Tie2-agonist tetrameric peptide that improves survival in
murine models of severe influenza. The aim of this mol-
ecule was to tetramerically bind and cluster Tie2 receptors
in an ‘Angl-like’ manner to activate Tie2 signaling induc-
ing Angl-like cellular and physiological responses [205].
While the effect of vasculotide was not related to viral rep-
lication, nor did it affect neutrophil recruitment, it decreased
lung edema, hypoxemia, and lung endothelial apoptosis
[205]. Vascular leakiness is one of the common features in
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pulmonary vascular disorders and sepsis. Vasculotide, had
been previously evaluated in a sepsis model, where it pre-
vented capillary leakiness, neutrophil transmigration, and
overall rescued mice from sepsis-related death [206]. Simi-
larly, vasculotide prevented endotoxin-induced lung vascular
leakage via Tie2 and downstream Akt activation in an endo-
toxemic mouse lung injury model. Pre- and post-treatment
with vasculotide improved survival, an effect that was lost
in Tie2 heterozygosity, demonstrating its specificity to Tie2
receptor [207]. In these studies, vasculotide was shown to
act through binding and phosphorylation of Tie2, findings
in agreement with Tournaire et al, who were to identify T7
(later modified into vasculotide [208]), showing that it binds
with high affinity to the extracellular portion of the Tie2
receptor but lacks the capacity to displace either Angl or
Ang? [209]. Two mechanisms have been pinpointed for vas-
culotide’s effects: the increased activation of Tie2 and the
inhibition of the proinflammatory and chemotactic cytokine
release [206]. A more recent study excluded the first mecha-
nism, as vasculotide applied as a potential therapy in tumor
cell extravasation, was reported not to bind to the extracel-
lular domain of Tie2, as previously stated by other research-
ers. Furthermore, it did not induce Tie2 phosphorylation,
nor act as a direct agonist of the Tie2 receptor [210]. The
above studies agree with the effect of vasculotide on stabi-
lizing the lung vasculature, but conflict on the mechanism
of action. The effect of vasculotide on molecules regulating
Tie2 phosphorylation and endothelium stabilization such as
Ang2, VE-PTP, Tiel and integrins needs to be investigated.
As previously mentioned, T7 did not compete with Angl
or Ang2 for binding to Tie2 [209], therefore more evalu-
ation is required for delineating the interaction with Tie2.
High concentrations of clustered vasculotide did not activate
Tie2 [208], which could also be a possible explanation for
the noted differences in these studies. Vasculotide, was the
predecessor of AV-001, analyzed below.

AV-001: AV-001 (Vasomune Therapeutics) is a novel
investigational drug that targets the Tie2 receptor, which
is highly expressed on the surface of endothelial cells in
the vasculature of the lungs, among other organs. AV-001
acts by activating the Tie2-angiopoietin pathway restoring
normal vascular function and endothelial stability [211].
The same company has reported a previous study, where
vasculotide, a Tie2-agonist tetrameric peptide, improves sur-
vival in murine models of severe influenza [205]. During the
preclinical studies of the AV-001, in which a lethal RNA
virus infection animal model of influenza/ARDS was used,
AV-001 stabilized the vasculature by enhancing endothelial
cell stability, blocking vascular leakiness, and restoring nor-
mal endothelial barrier function. As a monotherapy, AV-001
improved survival and lung function with an enhanced
recovery in combination with antiviral therapy. AV-001
is currently in a Phase 1 double-blind, placebo-controlled

single and multiple ascending dose study with COVID-19,
ARDS or COVID-19-associated ARDS patients for safety
and tolerability assessments. Should the Phase 1 results
show AV-001 to be safe and well-tolerated, Phase 2 will be
initiated as a proof-of-concept study to assess efficacy in
patients with moderate-to-severe COVID-19 disease [211,
212]. Based on the knowledge from the trials in retinal dis-
orders, combination of AV-001 with anti-VEGF inhibitors
could provide optimal results and would be worth exploring,
depending on the success of the Phase 1 trials.

3.3.2 Angiopoietin 2 (Ang2)

LY3127804: .Y3127804 (Eli Lilly) is a humanized antibody
that recognizes and binds Ang2 with high affinity, blocking
Ang?2 activity. After the successful outcome of combinato-
rial treatments of LY3127804 with D101, a murine anti-
VEGFR?2 antibody in mouse tumor models, the combination
of LY3127804 with ramucirumab, a monoclonal antibody
targeting VEGFR2, was well tolerated in a Phase 1 clini-
cal trial, indicating clinical activity [213]. A randomized,
double-blind, placebo-controlled clinical trial of LY3127804
in pneumonia patients with presumed or confirmed COVID-
19 was designed to identify the effect of Ang2 inhibition in
COVID-19-related ARDS. The study has been completed
with the results being expected soon [214].

ABTAA: ABTAA is the Ang2-binding and Tie2-activating
antibody mentioned earlier to be effective for NV-AMD. The
potency of ABTAA was equally promising in sepsis, as it
prevented septic damage in the vasculature and protected
patients from sepsis-related death in three sepsis models.
As part of Tie2 activation, it prevented vascular leakage,
strengthened endothelial glycocalyx and reduced cytokine
storm [147].

Ang? targeting for respiratory conditions is justified,
given its reported role in pulmonary disorders, such as
COVID-19, where Ang2 was identified as a critical determi-
nant for ICU admission and severity. However, the absence
of a considerable number of successful clinical trials, inad-
equate knowledge on potential tissue-specific differences on
endothelial physiology and alterations of the mechanisms,
as well as overlap with other pathways, are factors that do
not allow safe prediction of the outcome of Ang2 targeting
for pulmonary disorders.

4 Conclusions

The accumulating data regarding the role of the Ang/Tie
signaling pathway in endothelial physiology, and the impact
this has in vascular diseases has revealed the significance of
targeting this pathway in vascular-related diseases of certain
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organs, among which are the retina and the lung. The role of
the Ang/Tie signaling pathway in determining the status of
the vascular endothelium is evident and its function in retinal
and respiratory vasculature, especially in disease states, is
sufficiently known to support the growing number of clinical
trials. Although the focus on the members of the Ang/Tie
family as potential targets, especially in pulmonary diseases,
is still limited; side effects of current treatments, as well as
the limited therapeutic options, increase the need to pursue
new therapeutic targets, with angiopoietins and Tie recep-
tors being at the top of the list. However, although most of
the clinical trials have yielded positive outcome, the com-
parison with the current treatment option is modest in most
cases. The drug candidates targeting the Ang/Tie pathway,
regardless of the primary target (Tie2, VE-PTP or Ang?2) all
aim at inducing Tie2 signaling. The basic research has high-
lighted the significance of this pathway and is supportive of
targeting the Ang/Tie pathway for vascular and lymphatic
vascular disorders. Modifications in the formulation and
the routes of administration of the drug candidates could
improve the outcome, given that the number of Ang/Tie-
targeting drug candidates and clinical trials are increasing.
Moreover, the fact that members of this pathway, such as
Ang? are not present or elevated in normal conditions pro-
vides specificity of targets, minimizing side effects. Based,
on current data, combination therapy for the Ang/Tie and the
VEGEF pathways should yield improved clinical outcome and
would minimize the chances for recurrence and compensa-
tory mechanisms. At the same time, basic research focus-
ing on the interplay among Ant/Tie members themselves or
with other vascular mediators will open up the potential for
treatments with higher effectiveness and more permanent
outcomes. It is expected that more drug candidates for the
Ang/Tie pathway will appear in the future and the focus
towards this pathway as a clinical target for monotherapy or
adjunct therapy will increase, providing solutions on retinal
and the less studied pulmonary vascular disorders.
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