[Frontiersin Bioscience 10, 666-674, January 1, 2005]

ANGIOPOIETIN/TIE2 SIGNALING, TUMOR ANGIOGENESIS AND INFLAMMATORY DISEASES

Hanako Kobayashi  and P. CharlesLin 23

! Department of Radiation Oncology,? Department of Cancer Biology, Department of Cell and * Developmental Biology,
Vanderbilt-Ingram Cancer Center, Vanderbilt University Medical Center, Nashville, TN 37232

TABLE OF CONTENTS

1. Abstract

2. Introduction

3. Tie2 and Angiopoietins

4. Angiopoietin/Tie2 signaling and inflammation

5. Angiopoietin/Tie2 signaling and Cancer
5.1. Roleof Anglintumor angiogenesis
5.2. Role of Ang2 in tumor angiogenesis
5.3. Roleof Tie2 in tumor angiogenesis

6. Angiopoietin/Tie2 signaling and arthritis

7. Angiopoietin/Tie2 signaling and atherosclerosis

8. Conclusions

9. Acknowledgements

10. References

1. ABSTRACT

Mounting evidence demonstrates that the
formation of new blood vessels, termed angiogenesis, plays
critical roles in human disease development and
progression. Based on these findings, there has been a
tremendous effort to investigate the molecular mechanisms
that drive blood vessel growth in adult tissues. Compared
to physiologica angiogenesis, inflammation is often
accompanied with pathologica angiogenesis and often is
the underlying causes of many diseases such as cancer,
arthritis, atherosclerosis, and others. Inflammation induces
angiogenesis and reciprocally, angiogenesis facilitate
inflammation. A study of the interaction between
angiogenesis and inflammation will enhance our
understanding of the mechanisms of diseases. It may
generate novel approaches for therapy. Tie2 was recently
identified as a receptor tyrosine kinase expressed
principally on vascular endothelium, making it an attractive
molecular target for angiogenic therapy. This review
discusses the regulation of Tie2 and its angiopoietin ligand
family in inflammation-associated angiogenesis focusing
on cancer, arthritis, and atherosclerosis. The complexity of
angiogenesis and context—dependent regulation  of
angiopoietin/Tie2 signaling in angiogenesis requires further
studies.

2. INTRODUCTION

Angiogenesis is the process by which blood
vessels are assembled and remodeled to form functional
vascular networks. A large body of evidence has shown
that angiogenesis is a crucia event for embryonic
development. In adulthood, the vasculature is notably
quiescent, but angiogenesis is required for normal female
reproductive function and required for wound healing.
Importantly, however, angiogenesis is reactivated in
pathological conditions and contributes to the pathogenesis
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of a number of diseases including cancer, arthritis, obesity,
atherosclerosis and two common causes of blindness,
diabetic retinopathy and macular degeneration (28).
Conversely, other diseases such as coronary artery disease
and peripheral vascular disease are characterized by failure
of the compensatory angiogenic response. |nvolvement of
angiogenesis, or failure of angiogenesis, in these important
diseases has led to a tremendous effort to define the
molecular mechanisms that drive blood vessel assembly
and remodeling.

One of the major differences between
physiological and pathological angiogenesis is the presence
of inflammation, which commonly  accompanies
pathological  angiogenesis. Tissue injury induces
inflammation, a fundamental host defense mechanism.
There are growing evidence indicating that inflammation
triggers angiogenesis (15, 16). Conversely, angiogenesis
facilitates inflammation by supplying inflammatory cells,
cytokines and nutrients. An increase in angiogenesis in
chronic inflammatory disorders such as arthritis, chronic
airway inflammation, gastrointestinal ulceration, and
arteriosclerosis often leads to undesired outcomes. A study
of the molecular mechanism of pathological angiogenesis
offers great potentiad in understanding the disease
mechanisms as well as the development of therapeutic
interventions. This review discusses current knowledge of
inflammation-associated angiogenesis, and focuses on the
regulation of the Tie 2 receptor and its ligands,
angiopoietins, in cancer, arthritis and atherosclerosis
development. Much of the angiogenesis work regarding
the Tie2/angiopoietin signal transduction in adult has been
in cancer studies, with limited research in other
inflammatory related diseases such as arthritis and
atherosclerosis. It is uncertain whether the process in
tumor angiogenesis and that in other inflammation-
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associated angiogenesis is the same or not; thus,
extrapolation of data from cancer research into other
inflammatory diseases requires caution.

3. TIE2 RECEPTOR AND ANGIOPOIETINS

Tie receptors, including Tiel and Tie2, were
originally described as members of an orphan receptor
tyrosine kinase (RTK) subfamily expressed predominantly
in the embryonic endothelium (22, 38, 52, 67, 68, 70, 105).
Tie2 was found to be highly conserved across vertebrate
species predicting the importance of its biological function.
In fact, the domain structure of Tie2 is highly conserved
from zebrafish to human, with the greatest amino acid
homology occurring in the kinase domain (50). Consistent
with its expression pattern, disruption of the function of
Tie2 in transgenic mice resulted in early embryonic
lethality secondary to vascular abnormalities (21, 69). Tie2
null embryos showed a decreased number of endothelia
cells and decreased contact between endothelial cells and
the underlying perivascular cells (pericytes or smooth
muscle cells) suggesting a role in the maturation and
stabilization of the embryonic vasculature.

Tie2 was deorphanized with the discovery of the
ligands, angiopoietins (Ang), which include Angl and
Ang2. As is the case with other RTKs, Angl binding
stimulated autophosphorylation of the kinase domain of
Tie2. However, unlike activation of most growth factor
RTKs, Angl activation of Tie2 did not stimulate
mitogenesis suggesting a novel role in endothelial biology.
In contrast to Angl, Ang2 did not stimulate Tie2
autophosphorylation but instead blocked Angl-mediated
Tie2 activation and endothelial migration suggesting that
Ang2 was a naturally occurring inhibitor of Tie2 activation
(53, 88, 97). Consistent with this finding, mice lacking
functional Angl expression and mice overexpressing Ang2
both displayed a phenotype similar to Tie2 null mice (53,
82). However, there are reports showing Ang2 as a Tie2
agonist, suggesting that the action of Ang2 as a Tie2
agonist or antagonist is context-dependent (12, 29, 40, 88).
More recently, two other Tie2 ligands have been identified:
mouse Ang3 and human Ang4 (95). Taken together, these
findings suggest the fine regulation of angiopoietin/Tie2
function is cruciad in the remodeling and
maturation/stabilization of blood vessels.

4. ANGIOPOIETIN/TIE2 SIGNALING AND
INFLAMMATION

An important step of the inflammation process is
the passage of the plasma protein and leukocytes to the
targeted tissues, a process regulated by tight junctions and
the adherence junctions in blood vessels. Inflammatory
cytokines induces vessel dilation and increases vessel
permesbility. Interestingly, Angl protects vessel |eakage
caused by the inflammatory cytokine treatment, suggesting
Angl may function as an anti-inflammatory agent (30, 89,
90). This inhibition of leakage or permeability is
speculated to be due to the regulation of platelet endothelial
cell adhesion molecule-l (PECAM-1), E-selectin, and
vascular endothelial Cadherin (30) by Angl. Furthermore,

667

Angl was reported to inhibit VEGF-induced
proinflammatory adhesion molecule expression: including
intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), and E-selectin (41). Not
surprisingly, Angl also blocked vascular endothelial
growth factor (VEGF)-induced vessel permeability and
leukocytes adhesion to vascular endothelial cells (41).

There is growing evidence indicating that Angl
protects vessel leakage in different tissues that is essential
to maintain a proper function of the organ. In testis,
resistance to inflammation mediators in testicular
microvasculature was suggested to be due to the
constitutively local expression of Angl (32). In lungs,
down-regulation of Angl and Ang4 by lipopolysaccharide
(LPS) was suggested to be the cause of vascular leakage in
the development of acute lung injury (ALI) (39).
Conversely, decreasing Angl bioavailability by using
soluble Tie2 receptors (ExTek) increased local
inflammation and leukocytes infiltration in tumors,
suggesting Angl is an anti-inflammatory cytokine (55).
Collectively, this anti-leakage action of Angl may be
advantageous to control chronic inflammation. In addition
to the anti-leakage action, Angl was shown to regulate
tissue factor (TF) expression. TF is an important cytokine
that is responsible for blood coagulation and involved in
thrombosis and inflammation associated with sepsis,
atherosclerosis, and cancer (59). Tumor necrosis factor-
alpha (TNF-apha), a maor proinflammatory cytokine,
induces TF expression in endothelia cells, and very
interestingly Angl was shown to inhibit the TF expression
induced by TNF-alpha (42). This further demonstrates the
critical role of angiopoietin/Tie2 signaling in inflammation
and inflammation related disease development.

Studies begin to uncover the molecular
mechanisms for the involvement of Angl in inflammatory
processes. A recent study identified ETS transcription
factor family member ESE-1 as capable of transactivating
the Angl promoter and suggested ETS factor ESE-1 is
responsible for the induction of Angl in the process of
inflammation (5). Over-expression of ESE-1 in cells
induced endogenous Angl gene expression, which supports
a mechanism for the ETS factor ESE-1 as a transcriptional
mediator of angiogenesis in the setting of inflammation (5).
In another study, Tie2 was shown to directly interact with a
potent regulator of inflammatory gene expression, A20
binding inhibitor of NF-? B activation-2 (ABIN-2), linking
the function of Angl with NF-? B transcription factor and
subsequent expression of many NF-? B-reponsive genes
(36).

In addition to Angl, studies also showed that
phorbol-myristate-acetate (PMA), an inflammatory agent,
increased Ang2 expression in endometrial endothelial cells
(44). Ang2 was found to be stored in Weibel-Palade
bodies, suggesting a possible role of Ang2 in an
inflammation process since molecules stored there control
rapid vascular responses related to coagulation and
inflammation (27). Recently we and others have
demonstrated that TNF-alpha induces Tie2 expression via
NF-kB transcription factor (19, 96). We have dso
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identified a dual functiona role of the angiopoietin/Tie2
signaling in inflammation related angiogenesis: Tie2
activation enhanced low doses of TNF-alpha-induced
angiogenesis, and attenuated high-doses of TNF-alpha
induced cell death (12). Taken together, these findings
support a role of angiopoietin/Tie2 signaling in
inflammation related angiogenesis and disease progression.

5. ANGIOPOIETIN/TIE2 SIGNALING AND CANCER

The chronic injury and irritation by the infectious
or non-infectious agents initiates an inflammatory response.
Besides tumor cells and endothelia cells, lymphocytes,
macrophages, mast cells and neutrophils are often present
in tumors. It is now becoming clear that the tumor
microenvironment, which to a large extent is orchestrated
by infiltrating cells, is an indispensable participant in the
neoplastic process, fostering proliferation, survival and
metastasis. These cells produce an environment and
promote tumor angiogenesis and tumor development by
supplying proangiogenic growth factors, cytokines and
proteases (15) (16) (62) (92). Furthermore, a subsequent
free radical release by recruited-leukocytes can damage
healthy neighboring cells (37). The infiltrated
inflammatory cells promote the formation and enlargement
of peritumoral lymphatic vessels, and contribute to tumor
to metastasize to distant organs (100). It has been
estimated that chronic infection and associated
inflammation contribute to about one in four of all cancer
cases worldwide (37). In this section, we will discuss what
is known about angiopoietins and Tie2 receptor in
tumorigenesis.

5.1. Roleof Anglin tumor angiogenesis

The role of Angl in tumor development is
complex and studies have shown both pro- and anti-tumor
effects in the presence of this growth factor. Angl is
constitutively expressed in normal lung tissues; however,
the expression was significantly decreased in non-small cell
lung carcinoma (NSCLC) (98), indicating Angl may have
adverse effects in tumor development. Indeed, studies
show that over-expression of Angl inhibits tumor growth
in several tumor models, including breast tumor (35) and
skin tumor (34). Overexpressing Angl in colorectal cancer
cell lines inhibited tumor vascular formation, tumor cell
proliferation, tumor growth and metastasis (77, 78). The
anti-tumor effects were suggested to be due to the vascular
stabilization action of Angl (91). Yet Angl also regulates
inflammation (30, 89, 90). It would be interesting to
examine whether Angl affects inflammatory cell
infiltration in these tumor models and whether the change
of tumor microenvironment caused by the inflammatory
cells contributes to tumor inhibition.

Besides the anti-tumor action of Angl, opposite
findings were also reported. Angl elevation has been
reported in  severa cancers, including ovarian
adenocarcinoma (54), breast cancer (7), non-small cell lung
cancer (83), and high-grade glioblastoma (3). Higher
expression of Angl was also detected in platelet lysate of
breast cancer patients (8). Overexpression of Angl in
cervica cancer cells actually promoted tumor growth by
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increasing tumor angiogenesis and decreasing apoptosis
(74). These controversia findings paint a very complex
role of Angl in tumor angiogenesis, which implies the role
of Angl in tumor angiogenesisis context dependent. Angl
is adso known to affect inflammation. Whether
inflammatory cells inhibit or promote tumorigenesis may
depend on the tumor types and its microenvironment. It
would be very interesting to reevaluate the infiltration of
inflammatory cells in tumor tissues and their roles in
tumorigenesis in these tumor models and determine
whether these differences contribute to the opposite
outcomes. Clearly, investigation of what factors are
driving the differences in the outcomes in these diseases
will enhance our ability to tailor different therapies for
different cancer and different individuals.

5.2. Roleof Ang2in tumor angiogenesis

Compared to Angl, the tumor-
promoting role of Ang2 seems clear. Ang2 levels were
increased in a variety of human cancer biopsies, which
include hepatocellular carcinoma(45, 56, 57, 80, 85, 104),
nuroblastoma (23), Kaposi’'s sarcoma (6), lung tumor (98),
gastric cancer (24, 81), high-grade glioblastoma (3, 43),
colon carcinoma (1, 99), metastatic colorectal cancer (61),
hemangioma (102), skin carcinoma (34), and rena cell
carcinoma (17). Elevated Ang2 expression is correlated
with various observations in tumorigenesis such as
microvascular density and tumor size in hepatocellular
carcinoma (57, 80), the malignancy and poor survival in
gastric cancer (24) and NSCLC (84), and lymph node
invasion in breast cancer (72). The high ratio of
Ang2/Angl was also associated with microvascular
density, tumor size, tumor progression and tumor portal
vein invasion in hepatocellular carcinoma (56) and the high
ratio together with high expression of VEGF was correlated
with high microvessel density in ovarian cancer (33).
Furthermore, over-expression of Ang2 resulted in increased
tumor vascular density, tumor cell proliferation and tumor
growth in colon cancer cells and hepatocellular carcinoma
(2, 64). It dso led to highly metastatic tumors in gastric
cancer cells (24). These data provide direct evidence
supporting atumor-promoting role of Ang2.

In agreement with the correlation of
Ang2 expression and tumor growth, anti cancer agent
treatment decreases Ang2 levels in tumor. Endostatin
treatment decreased Ang2 levels and inhibited tumor
growth in a mammary cancer model (9). Cannabinoids
treatment led to tumor apoptosis and that was accompanied
by impairment of tumor vascularization and a decrease of
Ang2 expression in a non-melanoma skin cancer model
(12). It appears everything must have its exceptions. Yu et
al reported that overexpression of Ang2 in Lewis lung
carcinoma and TA3 mammary carcinoma cells inhibited
their ability to form metastatic tumors and prolonged the
survival; but Angl did not have any effects in these models
(1201).

5.3. Roleof Tie2in tumor angiogenesis

To begin to understand the role of Tie2 in
pathological neovascularization, Tie2 expression was
assessed in a large number of human breast cancer tumor
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specimens  (65). Consistent with results in adult
vasculature, Tie2 was expressed in the vascular
endothelium in both normal breast tissue and breast tumors.
However, the proportion of Tie2 positive tumor
microvessels was increased in tumors compared to normal
breast tissue. Moreover, Tie2 expression was concentrated
in “vascular hot spots’ at the leading edge of invasive
tumors (65). Subsequently, elevated Tie2 expression has
been shown in a number of other human tumors including
non small cell lung cancer (83), hepatocellular carcinoma
(87), prostate cancer (7), hemangioma(102), and Kaposi’'s
sarcoma (6). Tie2 expression and activation were
correlated with increasing malignancy of highly
vascularized astrocytoma (103).

The expresson of Tie2 in tumor vasculature
suggested a role for Tie2 in tumor angiogenesis, contributing
to disease progression. To assess the role of Tie2 in tumor
angiogeness, we developed a soluble Tie2 receptor (ExTek)
that functions as a Tie2 inhibitor (47). ExTek inhibited Angl-
mediated Tie2 phosphorylation and cell surviva in vitro and
inhibited tumor angiogenesis and tumor growth in vivo (46,
47). Moreover, the mammary tumor used in the study also
express VEGF and tumor growth was significantly inhibited
by either recombinant ExTek or a soluble VEGF receptor-2
(VEGFR?2) (47, 48). These results suggest that Ang/Tie2 and
VEGF/VEGFR pathways are both pivotal pathways that are
either independent or interdependent for tumor angiogeness.
Other studies independently employing different versions of
soluble Tie2 receptor have shown smilar effects in different
tumor models (75, 76, 79, 86, 103). Taken together these
findings indicate that Tie2 signaling plays an important role in
the development of the tumor vasculature and suggest that this
pathway may be involved in the pathogenesis of other
angiogenic diseases.

Tumor promoting and inhibiting factors such as
oncogenes and tumor suppressor genes regulate tumor
angiogenesis. Tumor suppressor gene p53 inhibited tumor
growth by severd known mechanisms, including suppression
of cdl proliferation and inhibition of tumor angiogenesis. A
recent study identified a link between tumor suppressor gene,
p53, and Tie2. Tse et d found that p53 downregulated Tie2
and VEGF and resulted in hemorrhage and abnormal tumor
vascular architecture (93). These animals exhibited increased
necrosis, reduction of tumor volume and prolonged survival.
These findings are in agreement with the tumor suppressing
role of p53 and indicating that p53 causes tumor regression by
suppressing tumor proliferation and tumor vascular regression.

6. ANGIOPOIETIN/TIE2
ARTHRITIS

SIGNALING  AND

Rheumatoid arthritis (RA) is not only an
autoimmune disease, but aso a chronic inflammatory
disease associated with intense angiogenesis and the
formation of a tumor-like invasive pannus that is
responsible for much of the cartilage and bone damage.
TNF-alpha is a proinflammatory cytokine involved in the
pathogenesis of RA (49), and TNF-apha inhibitors were
successfully used in the treatment of RA (26, 51, 58, 63).
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Angiopoietin/Tie2 system has been implicated in
the progression of arthritis. Studies including ours have
shown that Angl is upregulated in RA synovium and TNF-
alpha upregulates Angl expression in synovial fibroblast
(29, 31, 71, 73, 94). TGF-beta also increases Angl
expression but has no effect on Ang2 expression in RA
synovia fibroblasts (71). Angl appears to be highly
expressed in late stage RA synovia fibroblasts (RSF);
however, in chronic inflamed synovial tissue, Ang2 was
predominant. The difference in the regulation of Angl and
Ang2 expression in arthritis tissue indicates distinctive
roles of angiopoietins in arthritis development. In addition,
we have shown that TNF-alpha also induces Tie2
expression in endothelia cells viathe NF-? B transcription
factor (19). Thus, it reveals a paracrine regulation
mechanism of angiogenesis between endothelial cells and
synoviocytes through angiopoietin and Tie2. Using a
collagen-induced arthritis mice model (13), we observed
that inhibition of Tie2 action by a soluble Tie2 inhibitor
(ExTek)(46) significantly reduced inflammatory cell
infiltration and tissue inflammation in arthritic joints, which
resulted in a significant inhibition of arthritis development
and bone protection (Lin unpublished data).

The mechanisms that underlie psoriatic arthritis
(PsA) are thought to be similar or identical to RA.
However, differences of angiogenic factor expression
between PsA and RA have been noted. Ang2 expression
was observed in early psoriatic arthritis and rheumatoid
arthritis. Expression of Ang2 and VEGF was significantly
greater in early PsA than RA. VEGF and TGF-beta 1
concentrations were also significantly higher in early PsA
compared to RA. Distinct vascular morphology has been
observed between PsA and RA, with tortuous pattern in
PsA and a straight pattern in RA, which correlated with
microscopic vascular scores and VEGF and angiopoietin
levels (10, 25, 66). Angl expression was observed, but
concentrations were markedly lower than Ang2 and
VEGF(25). In addition, osteoarthritis (OA) is commonly
classified as a non-inflammatory disease to distinguish it
from inflammatory arthritis such as RA; however,
angiogenesis and inflammation have been shown to play a
role in progression of OA as well (4). In OA, subclinica
inflammation is common and that often correlates to
cartilage changes.  Collectively, these studies indicate a
close relationship between angiogenic factors, vascular

morphology and arthritis disease progression, with
important pathogenic and therapeutic implications.
7. ANGIOPOIETIN/TIE2 SIGNALING AND

ATHEROSCLEROSIS

Atherosclerosisis amulti-factorial process and its
outcome, coronary heart disease, is considered to be
responsible for the greatest number of deaths worldwide.
The pathophysiology of atherosclerosis has evolved in
recent years from long believed hypercholesterolaemia to
inflammation and endothelial dysfunction. It isknown that
local inflammation occurs in the formation of the plaques.
Macrophages and monocytes are present in the inflamed
endothelium in the early stage of the disease. Inflammation
may also directly contribute to endothelial dysfunction. An
inflammatory  cascade, binding of monocytes to
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endothelium at the lesion, developing into macrophages
and form cells, and finally initiating the formation of fatty
streaks, is a critica step in atherosclerotic development.
Inflammatory cytokines induces vascular cell adhesion
molecule 1 (VCAM-1) expression in endothelium, which
plays a role in leukocyte binding in nascent atheroma.
Interestingly, cholesterol feeding also increased VCAM-1
expression in the area that is prone to have lesions (18).
Besides VCAM-1, P-and E-selectin have been shown to be
involved in atherosclerosis development (20).

A few recent studies indicate Tie2 and
angiopoietins in atherosclerosis. In coronary artery disease
patients, the levels of endogenous soluble Tie2 in plasma
were significantly higher than the heathy controls,
indicating a role of the angiopoietin/Tie2 system in
atherogenesis (14). Interestingly, over-expression of Angl
in cardiac allograft arteriosclerosis model using an
adenoviral  vector protected the formation of
arteriosclerosis, which is accompanied with a decrease of
the level of plasma Ang2, the number of graft-infiltrating
leukocytes, and the incidence and intensity of intimal
lesions (60). Studies have shown that Angl down regulates
those cell adhesion molecules on endothelial cells (30, 41).
Thus, the protection seen by Angl may be due to its
regulation of adhesion molecules. Studies in
Tie2/angiopoietins system in atherosclerosis field are
limited; however, this anti-inflammatory role of Angl
could be beneficial for preventing or treating
atherosclerosisin the future.

8. CONCLUSIONS

Angiogenesis plays essential roles in
human disease development. Therefore, understanding the
molecular mechanisms that drive blood vessel growth in
adult tissues could provide novel approaches for therapy.
Tie2 is a receptor tyrosine kinase expressed principally on
vascular endothelium, making it an attractive target for
angiogenic therapy. Multiple ligands for Tie2, named
angiopoietins, have been identified. One of the unique
properties of angiopoietins is the presence of agonist (e.g.
Angl) and antagonist ligands (eg. Ang2) for Tie2,
indicating a fine balance of Tie2 activation is critical for
vascular development and remodeling. However, it has
also been demonstrated that under some circumstances,
Ang2 can stimulate Tie2 suggesting that the action of Ang2
as a Tie2 agonist or antagonist is context-dependent. The
complexity of angiogenesis and context-dependent
regulation of angiopoietin/Tie2 signaling require further
studies from many disciplines in the biomedical field. One
of the mgor differences between physiologica and
pathological angiogenesis is inflammation that commonly
presents in disease conditions. Investigating the interaction
of inflammation and Tie2/angiopoietin signaling mediated
angiogenesis, as well as their role in inflammation will
yield important information of disease mechanisms.
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