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The angiopoietin—Tie signaling system is a vascular-specific receptor tyrosine kinase
pathway that is essential for normal vascular development. Although the basic functioning
of the pathway is understood, many uncertainties remain about the role of certain
members of the pathway, particularly angiopoietin-2 (Ang2), in pathological vascular remod-
eling and angiogenesis. We summarize the components of the angiopoietin—Tie pathway
and then focus on studies that highlight the role of Ang2 in disease settings, including
cancer and inflammation. The expression of Ang2 is elevated in many cancers and types
of inflammation, which prompted the development of specific reagents to block its inter-
action with the Tie2 receptor. The application of these reagents in preclinical models of
inflammation and cancer has begun to elucidate the role of Ang2 in vascular remodeling
and disease pathogenesis and has led to emerging clinical tests of Ang2 inhibitors.

he angiopoietin—Tie signaling system was
Tidentiﬁed as a vascular-specific receptor
tyrosine kinase pathway that is essential for
vessel development. This signaling system has
many important parallels to the better under-
stood VEGF system. For example, the Tie recep-
tors (Tiel and Tie2, or Tek) are expressed
selectively by endothelial cells, similar to what
has been found with VEGF receptors. Signaling
by Tie receptors appears to complement the
VEGF pathway by contributing to later stages
of vascular development. Thus, whereas VEGF
signals promote initiating events in angio-
genesis such as endothelial cell sprouting,
angiopoietin—Tie signals appear to promote
endothelial cell survival and vascular assembly,
stability, and maturation.

The core components of the signaling sys-
tem appear to be angiopoietin-1 (Angl) and
Tie2, in that Angl is a definitive activating ago-
nist of the pathway and Tie2 is the cognate
receptor. However, perhaps because of their
regulated expression patterns, other members
of the pathway have emerged as desirable thera-
peutic targets for drug development. For exam-
ple, several approaches have been developed to
selectively block Ang2. Despite much research
over the past decade, our understanding of the
role of Ang2 in the angiopoietin—Tie signaling
system, and vascular biology in general, is
particularly murky. For example, it is still
unclear whether Ang2 is an antagonist or ago-
nist of Tie2 in settings of vascular remodeling.
Increased understanding of Ang2 will become
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especially important as these inhibitors move
forward in the clinic and are tested in combina-
tion with other anti-angiogenic agents. This
work summarizes the components and basic
biology of the angiopoietin—Tie pathway, de-
scribes in more detail studies that reveal the
increased expression of Ang2 in human disease
as well as mechanistic studies that shed light on
its role in preclinical disease models, and then
attempts to highlight the outstanding questions
for our understanding of the role of Ang2 in
angiopoietin—Tie2 signaling and vascular biol-
ogy. For a more general summary of the angio-
poietin—Tie pathway, the reader is directed to
an excellent recent review (Augustin et al. 2009).

BASIC BIOLOGY OF THE ANGIOPOIETIN-
Tie2 PATHWAY

Receptors—Tie1 and Tie2

The receptors Tiel and Tie2 are expressed selec-
tively by endothelial cells, although other cell
types including early hematopoietic cells and
subsets of monocytes also express Tie2. Despite
a high degree of structural homology, the two
receptors have markedly different properties
(Sato et al. 1993; Augustin et al. 2009). Structur-
ally, in the extracellular portion, both receptors
are composed of two immunoglobulin (Ig)-
like domains, followed by three EGF-like do-
mains, another Ig-like domain, and three
fibronectin type III domains (Fig. 1). In the
cytoplasmic portion, both Tiel and Tie2 con-
tain split tyrosine kinase domains.
Functionally, Tie2 binds directly to angio-
poietins and has strong kinase activity. In
contrast, Tiel does not bind directly to angio-
poietins under normal conditions and has
weak kinase activity. Following binding to
Angl, Tie2 becomes phosphorylated on several
cytoplasmic tyrosine residues, which results in
activation of downstream signaling pathways
including the PI3-kinase/AKT and ERK path-
ways. In comparison, although Tiel does
not directly bind to angiopoietins, it forms a
complex with angiopoietins and Tie2 and
also becomes phosphorylated on cytoplasmic
tyrosine residues (Saharinen et al. 2005).

Tiel Tie2

Figure 1. Molecular components of the angiopoie-
tin—Tie pathway. The multimeric ligands Angl and
Ang?2 bind to Tie2 receptor. Tiel receptor can interact
with Tie2, although it apparently does not bind
directly to Angl or Ang2. The receptor tyrosine phos-
phatase VE-PTP dephosphorylates Tie2. In the
extracellular regions of receptors: (blue circles) Ig-like
domains; (green boxes) fibronectin type III domains;
(red boxes) EGF-like domains. Components are not
drawn to scale.

Knockdown of Tiel by siRNA indicates that
Tiel is not required for Angl-dependent activa-
tion of the AKT or ERK pathways (Yuan et al.
2007). Thus, the functional role of Tiel in
angiopoietin signaling remains unclear.

Genetic deletion of Tie2 confirms its role as
the core signaling component, because mice
null for Tie2 exhibit severe vascular and cardiac
abnormalities that lead to embryonic lethality at
approximately embryonic day 10.5 (~E10.5)
(Dumont et al. 1994; Sato et al. 1995). In com-
parison, genetic deletion of Tiel leads to vascu-
lar perturbation later in development and
embryonic lethality that is somewhat variable
in onset (E13.5 to birth) (Puri et al. 1995;
Sato et al. 1995).

Important insights have come from work
linking human venous malformations to muta-
tions in the Tie2 gene. Initially, heritable venous
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malformations in two families were found to be
associated with a missense mutation in the ki-
nase domain of Tie2 (Vikkula et al. 1996).
This mutation results in increased activity of
Tie2. Subsequent studies have found that spora-
dic venous malformations are also associated
with somatic point mutations in Tie2, which
again are activating (Limaye et al. 2009).

Ligands —Angiopoietin-1 and Angiopoietin-2

Angiopoietins are secreted, multimeric ligands.
There are three genuine angiopoietins (Angl,
-2,and -4 in human) that bind to Tie2, plus sev-
eral angiopoietin-like molecules that share the
same structure and have sequence homology
to the angiopoietins but do not bind Tie recep-
tors. Angl and Ang2 have been the most exten-
sively studied and are described here (Fig. 1),
whereas Ang4 has been much less studied and
does not yet have a clearly defined role in phys-
iology or pathology.

Angiopoietin proteins are comprised of an
amino-terminal domain that serves to promote
higher-order clustering of the molecules, fol-
lowed by a coiled-coil domain that promotes
multimerization, and a carboxy-terminal fibri-
nogen homology domain that contains the
binding sites for Tie2 (Davis et al. 2003). Angio-
poietins form homomeric higher-order multi-
mers containing from three to six (or more)
individual proteins. In general, they are rather
sticky proteins, particularly Angl, with re-
ported interactions with extracellular matrix
(Xu and Yu 2001). As a result, much effort has
been made to generate artificial recombinant
forms of Angl (Davis et al. 2003; Cho et al.
2004).

Angiopoietin-1 was initially identified as an
activating ligand for Tie2 that is expressed by
perivascular cells (Davis et al. 1996). Genetic
deletion of Angl results in embryonic lethality,
with severe heart and vascular defects, very sim-
ilar in phenotype to Tie2-null mice, and death
at ~E12.5 (Suri et al. 1996). The blood vessels
in Angl-null mice form but lack proper attach-
ment of pericytes and fail to mature. Angl is
strongly expressed in the heart during mid-
gestational development and is moderately

Angiopoietin-Tie Signaling Pathway

expressed by pericytes and perivascular cells in
normal vessels. Its expression is not strongly
changed by most vascular stimuli. Interestingly,
Angl is stored at high levels in platelet granules
(Li et al. 2001).

Ang2 was initially identified by homology
with Angl (Maisonpierre et al. 1997). Ang2
was found to bind to Tie2 with a similar affinity
as Angl. However, unlike Angl, exogenous
Ang?2 provided only a very weak activation of
Tie2 on endothelial cells. When exogenous
Ang2 and Angl were added together, the levels
of Tie2 phosphorylation were decreased com-
pared with addition of Angl alone. This and
other results (see below) led to the model that
Ang2 was an antagonist of Tie2 (Hanahan
1997; Maisonpierre et al. 1997).

Ang?2 is expressed predominantly by endo-
thelial cells and some smooth muscle cells.
Unlike Angl, the expression of Ang?2 is strongly
regulated: Its expression is normally low in qui-
escent mature vessels but is strongly increased in
many inflammatory and angiogenic settings.
For example, Ang2 expression in cultured endo-
thelial cells is increased by TNE VEGE and
hypoxia (Mandriota and Pepper 1998; Kim
et al. 2000c). In the ovary of mature female
rats, which is a site of physiologic angiogenesis
and vascular remodeling, the expression of
Ang2 was shown to have dramatic variations
during the course of the follicular cycle, which
mirror similar dramatic changes in expression
of VEGF (Maisonpierre et al. 1997).

In cultured endothelial cells, Ang2 protein is
often stored in intracellular granules (Fiedler
et al. 2004). These granules can release Ang2
in response to stimuli such as PMA. However,
more documentation is needed as to whether
normal quiescent or angiogenic endothelial
cells in vivo store Ang2 protein in granules.
Regardless of whether Ang? is stored in granules
or not, it is clearly secreted by activated endo-
thelium and has been shown to be elevated in
the plasma in a variety of inflammatory and
angiogenic diseases, including sepsis, malaria,
and cancer (see below).

Genetic manipulation of Ang2 in mice has
validated its role in vascular development but
has also revealed its complexity. The initial
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studies with genetic manipulation described
transgenic overexpression of Ang2 in endothe-
lial cells (via a Tie2 promoter) (Maisonpierre
et al. 1997). No viable mice were found, but,
rather, this manipulation yielded embryonic
lethality at ~E9.5—E10. Embryos analyzed at
E9—E9.5 showed dramatic disruption of the
vasculature and heart. The effects of overexpres-
sion of Ang2 were described as similar to those
seen in embryos lacking either Tie2 or Angl,
thus providing evidence that Ang2 was acting
as an antagonist for Tie2.

Mice genetically deficient for Ang2 showed
complex lymphatic and vascular phenotypes
(Gale et al. 2002). Knockout (KO) mice were
born at approximately normal Mendelian ratios
but soon developed chylous ascites and edema,
and most mice died within the first 2 wk postna-
tally. An underlying defect was found in the cen-
tral lacteals of the intestinal villi and throughout
the lymphatic system, which likely accounted
for the perinatal lethality. In addition, defects
were found in the early postnatal remodeling
of the vasculature in the eye: The hyaloid vessels
failed to regress properly, and the retinal vessels
grew abnormally. Subtle defects were also noted
in the patterning of the vasculature in several
organs, although the mechanism for these
defects was not determined.

Receptor Phosphatase —VE-PTP

The angiopoietin—Tie pathway appears to have
another key player, namely, the receptor tyro-
sine phosphatase VE-PTP (also called PTPR).
VE-PTP is an endothelial cell-specific trans-
membrane phosphatase that consists of a large
extracellular domain with 17 fibronectin type
III repeats, a transmembrane domain, and a
cytoplasmic phosphatase domain (Fig. 1).
Genetic inactivation of VE-PTP in mice results
in embryonic lethality, with defects in vascular
remodeling and heart development (Baumer
et al. 2006; Dominguez et al. 2007). The extra-
cellular domain of VE-PTP appears to be im-
portant for its function because antibodies to
this region can cause defects in vascular remod-
eling similar to those seen with genetic inactiva-
tion of VE-PTP (Winderlich et al. 2009). The

activity of VE-PTP has been linked to its
dephosphorylation of Tie2 (Li et al. 2009;
Winderlich et al. 2009) and subsequent down-
regulation of ERK signaling. Thus, VE-PTP
appears to be an essential negative regulator of
angiopoietin—Tie signaling. It is worth noting
that the reported phenotype of the VE-PTP
knockout mice, which is likely mediated by
overactivation of Tie2, is somewhat similar to
that of the Angl and Tie2 knockout mice,
making the interpretation of the Ang2-over-
expressing mice more difficult. A more detailed
and contemporaneous examination of these
multiple genetic manipulations would be
valuable.

Cellular and Vascular Effects of Angiopoietin—
Tie Signaling

Several studies in mice and with cultured endo-
thelial cells suggest that Angl promotes vessel
stabilization and enlargement without inducing
vascular sprouting. Genetic overexpression of
Angl in the skin of mice resulted in enlarged
dermal vessels (Suri et al. 1998; Thurston et al.
1999). Treatment of normal mice with exoge-
nous Angl protein can also induce vascular
enlargement, associated with an increased
number of endothelial cells (Baffert et al. 2004;
Thurston et al. 2005). Importantly, vessels
exposed to Angl are resistant to leak induced
by VEGF or inflammatory agents (Thurston
etal. 1999, 2000). In addition to its anti-leakage
effects, acute exposure of vasculature to Angl
can reduce vascular activation and dysfunction.
For example, Angl inhibits leukocyte infiltra-
tion in models of diabetic retinopathy (Joussen
et al. 2002) and sepsis (Witzenbichler et al.
2005). These results suggest a role for Angl—
Tie2 signaling in maintaining a quiescent, well-
functioning vasculature.

The effects of Angl on leukocyte infiltration
in inflammatory models may reflect, at least
partly, inhibition of endothelial cell adhesion
molecule expression. Decreased expression of
adhesion proteins including ICAM-1, VCAM-
1, and, E-selectin has been attributed to activa-
tion of the PI3-kinase/AKT pathway (Kim et al.
2001). With respect to permeability, several
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reports suggest that Angl works by inhibiting
calcium influx and/or activation of the small
GTPase Rho (Li et al. 2004; Jho et al. 2005).
Both calcium flux and Rho are believed to pro-
mote permeability through effects on the actin
cytoskeleton.

The effects of Angl—Tie2 signaling on the
inflammatory response may be more complex
than described above. A recent study has shown
that chronic activation of Tie2 by exogenous
Angl in mice can change airway microvessels
from a “capillary-like” phenotype to that of a
“venule-like” phenotype (Fuxe et al. 2010).
Such phenotypic changes in the microvascula-
ture also occur in chronic inflammation.
Because the postcapillary venules are typically
the site of the inflammatory response, the
expanded venule-like phenotype produced by
Angl stimulation produced a more vigorous
response to acute inflammatory challenge
(Fuxe et al. 2010). The anti-inflammatory
effects of Angl may depend on the dosage or
duration of exposure to Angl and the nature
of the acute inflammatory stimuli.

Recent studies indicate that signaling down-
stream from Tie2 activation is influenced by the
subcellular localization of the receptor, which is
different in confluent versus sparse endothelial
cells (Fukuhara et al. 2008; Saharinen et al.
2008). In these studies, Angl produced stronger
AKT signaling in confluent cells, in which Tie2
was localized at cell/cell junctions. In compari-
son, Angl produced stronger ERK signaling
when the cells were sparse, in which case, Tie2
was localized at sites of cell/substratum con-
tacts. Thus, the effects of Ang—Tie2 activation
on endothelial cell function may depend on
the nature of the cell-cell and cell-matrix
contacts.

As described above, several lines of evidence
suggested that Ang2 acts as a Tie2 antagonist.
However, several other experimental results
indicate that Ang2 can act as an agonist for
Tie2. First, exogenous Ang2 can clearly promote
phosphorylation of Tie2 in cultured endothelial
cells (Kim et al. 2000b; Teichert-Kuliszewska
etal. 2001), although its effects are not as potent
as exogenous Angl. In another model, endoge-
nous expression of Ang2 was induced in

Angiopoietin-Tie Signaling Pathway

cultured endothelial cells by low AKT signaling
and the transcription factor FOXO1, and in
this setting Ang2 was shown to activate Tie2
(Daly et al. 2006). Tie2 activation in this model
was blocked by antibodies to Ang2, indicating
an autocrine or juxtacrine role for Ang?2.
Thus, Ang2 expression and secretion may be a
compensatory response by endothelial cells
to low AKT activity, for example, when Angl/
Tie2 signaling is weak (Fig. 2). Conversely,
strong AKT activation in response to Angl-—
Tie2 activity leads to inhibition of Ang2 expres-
sion (Daly et al. 2004). These findings suggest a
model in which endothelial cells that actively
produce Ang2 can respond by robust activation
of Tie2.

In addition to these effects in cultured
endothelial cells, Angl and Ang2 can produce
similar effects in vivo. For example, both Angl
and Ang?2 rapidly activated Tie2/AKT signaling
in mouse heart and inhibited expression of
FOXO1 target genes, including Ang2 itself
(Daly et al. 2006). Additionally, replacement
of the Ang2 gene with a cDNA encoding Angl
led to a partial rescue of the phenotype in Ang2-
deficient mice (Gale et al. 2002), consistent with
an activating role for Ang2. Finally, in several
models of inflammation, acute treatment with
either Angl or Ang2 can inhibit components
of the inflammatory process (Daly et al. 2006;
Nykanen et al. 2006).

EXPRESSION OF ANG2 IS INCREASED
IN SEVERAL DISEASE SETTINGS

Since the initial description of dramatic regula-
tion of Ang2 expression in the cycling ovary,
many studies using a variety of approaches
have shown that Ang2 is, indeed, highly
up-regulated in many diseases and settings of
vascular remodeling. Because of a paucity of
antibodies to Ang2 that allow robust immuno-
histochemistry, very few studies have docu-
mented the levels or location of Ang2 protein
in diseased human tissue. However, several in
situ hybridization studies have revealed
increased levels of Ang2 expression in cancers
of different origin, including neuroendocrine
tumors (Detjen et al. 2010), hepatocellular
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Figure 2. Model of agonist and antagonist roles for Ang2 on Tie2 function. In quiescent, mature vessels, Angl
promotes strong activation of the Tie2 /PI3K/AKT pathway. Ang2 expression is low because of AKT-mediated
inhibition of the FOXO1 transcription factor. Low AKTactivity, for example, when Angl/Tie2 signaling is weak,
results in activation of FOXO1 and increased Ang2 expression. In this setting, Ang2 activates Tie2 phosphory-
lation, thereby compensating for the absence of a strong Angl signal. As discussed in the text, some evidence
indicates that Ang2 promotes tumor angiogenesis via activation of Tie2. Expression of Ang2 can also be induced
during inflammation, perhaps by TNFa or other cytokines. In this setting, Ang2 may cause a decrease in Tie2
phosphorylation, by competing with the strong agonist Angl. Inhibition of Tie2 signaling appears to make the
endothelium more responsive to inflammatory stimuli. It should be stressed that only in very few instances have
changes in Tie2 phosphorylation been directly measured in vivo. Thus, as discussed in the text, models of Ang2

mechanism of action are based largely on indirect evidence.

cancer (Chen et al. 2001; Scholz et al. 2007), gas-
tric cancer (Moon et al. 2006), angiosarcoma
(Brown et al. 2000), carcinosarcoma (Emoto
et al. 2004), and astrocytoma (Zagzag et al.
1999). Interestingly, some studies report
increased expression of Ang2 in both endothe-
lial cells and tumor cells (e.g., Helfrich et al.
2009; Detjen et al. 2010), whereas other studies
have shown Ang2 expression limited to the vas-
culature and not in tumor cells (Stratmann et al.
1998; Zagzag et al. 1999; Moon et al. 2006;
Goede et al. 2010). In addition to in situ hybrid-
ization methods, analyses of RNA from whole
and microdissected tissue have shown increased
Ang2 in tumors versus corresponding normal
tissue (e.g., Durkin et al. 2004; Helfrich et al.
2009; Goede et al. 2010).

A reliable commercial enzyme-linked im-
munosorbent assay (ELISA) for human Ang2
has spawned numerous studies that have
documented increased levels of Ang2 protein
in plasma or serum in many disease settings,
including cancer and inflammation. Using
this ELISA, the absolute levels of Ang2 in
human plasma reported across a spectrum of
studies are reassuringly consistent; plasma
from healthy controls contains levels of Ang2
of ~1-3ng/mL, and seldlom more than
4 ng/mL, whereas plasma from disease shows
a range of Ang2 levels from 5 to 10 ng/mL
and as high as 20 ng/mL or more. For example,
in a study of melanoma, circulating Ang2
levels were increased in patients with Stage III
and IV disease, with median levels from Stage
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IV patients almost threefold that of control lev-
els and individual values as high as 8 ng/mL
(Helfrich et al. 2009).

Similar values for circulating Ang2 have
been reported in sepsis. For example, circulat-
ing levels of Ang2 in severe sepsis (associated
with organ failure) were fivefold increased
compared with normal (Davis et al. 2010).
Another study reported significantly higher
levels of circulating Ang2 in patients admitted
for septic shock (van der Heijden et al. 2009).
Importantly, in this latter study, the levels of
Ang2 at admittance were significantly higher
in nonsurviving patients than in subsequent
survivors.

Recent efforts have made further associa-
tions between the levels of Ang2 in plasma
and the outcome of the disease. For example,
a recent study found that circulating levels of
Ang2 were increased in colorectal cancer, with
mean Ang2 levels increasing from 2.3 ng/mL
in plasma from healthy people to 3.9 ng/mL
in patients with Stage IV colorectal cancer
(Goede et al. 2010). Importantly, Ang2 levels
were much increased in a subset of the patients,
with some as high as 12 ng/mL. This report
then compared circulating levels of Ang2 with
outcome ( progression free survival, overall sur-
vival) in a separate group of treated colorectal
cancer patients. Using a threshold of 3.5 ng/
mL of circulating Ang2, the study found signifi-
cantly worse outcome for patients with high
levels of Ang2 compared with those with low
levels (Goede et al. 2010).

A study of melanoma also found a correla-
tion between high levels of circulating Ang2
and worse outcome (Helfrich et al. 2009). In
this study, both progression-free survival and
overall survival were reduced in melanoma
patients with high levels of circulating Ang2
(using a threshold of 1.8 ng/mL). Finally, a
study of neuroendocrine tumors found that
the average level of circulating Ang2 increased
from 2.6 ng/mL in control samples to 4.0 ng/
mL in patients with neuroendocrine tumors,
with values in the cancer group up to 25 ng/
mL (Detjen et al. 2010). Again, in this tumor
type, higher levels of Ang2 were associated
with worse overall survival.

Angiopoietin-Tie Signaling Pathway

ANG2 PLAYS A ROLE IN INFLAMMATION-
INDUCED VASCULAR REMODELING

As described above, early studies on the pathway
found that treatment of endothelial cells with
recombinant Angl reduced the inflammatory
response to mediators such as VEGF and TNF
(Gamble et al. 2000; Kim et al. 2001). Similarly,
exposure of vessels to Angl in vivo resulted
in vessels that were less leaky in response
to VEGF and acute inflammatory mediators
(Thurston et al. 2000). These results, combined
with recent data showing increased Ang2 ex-
pression in several inflammatory diseases,
linked the angiopoietin—Tie system to the re-
sponse of endothelial cells to inflammatory
stimuli. In the past several years, tools to block
Ang2 function in preclinical disease models
have become available, and several functional
studies have implicated Ang2 more directly in
different aspects of inflammation.

In addition to abnormalities in the blood
and lymphatic vasculatures, mice that are genet-
ically deficient for Ang2 have deficits in rapid
leukocyte recruitment to sites of inflammation
(Fiedler et al. 2006). The response of Ang2 KO
mice to intraperitoneal injection of thioglycol-
late, which induces rapid accumulation of neu-
trophils, was significantly reduced compared
with wild-type mice. Ang2 KO mice also showed
reduced recruitment of neutrophils in response
to intraperitoneal injection of bacteria. The def-
icits in leukocyte recruitment in Ang2-deficient
mice were associated with reduced firm adher-
ence of neutrophils to vessels after exposure to
TNFa (Fiedler et al. 2006).

Another study evaluated the role of Ang2 ina
model of acute lung injury in mice (Bhandari
et al. 2006). Ang2 KO or wild-type mice were
exposed to hyperoxia, which induces lung injury,
inflammation, and eventually death. The dura-
tion of survival in 100% oxygen was somewhat
longer in Ang2 KO mice compared with wild-
type mice. In addition, mice deficient for Ang2
had slightly reduced cellularity and protein levels
in bronchio-aveolar lavage (BAL) fluid and less
alveolar damage as revealed by histology.

A role for Ang2 in inflammation was also
demonstrated in a model of airway infection
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(Tabruyn et al. 2010). Airway inoculation of
Mpycoplasma pulmonis in mice causes chronic
inflammation accompanied by dramatic infil-
tration of leukocytes and remodeling of the
tracheal microvasculature. Blockade of Ang2
during the infection resulted in near-complete
inhibition of the vascular remodeling and sig-
nificant reduction of infiltrating leukocytes.
Ang2 blockade also reduced the inflamma-
tory-associated changes in phenotype of the
endothelium, such as increased expression of
P- and E-selectin. In this study, the investigators
used antibodies to immunolocalize phosphory-
lated Tie2 and reported a decrease in phospho-
Tie2 following Mycoplasma infection (Tabruyn
et al. 2010). Treatment of infected mice with
Ang2-blocking antibodies resulted in a restora-
tion of phospho-Tie2, suggesting that Ang2 was
contributing to the loss of Tie2 activation. It will
be important to validate the phospho-Tie2
immunohistochemistry with other methods
for assessing the levels of Tie2 signaling. Inter-
estingly, blockade of Ang2 also reduced the
overall M. pulmonis load in the airways of
infected mice compared with mice treated
with control proteins (Tabruyn et al. 2010).
This study suggests that Ang2 is a key mediator
of the vascular remodeling and phenotypic
changes that occur in chronic inflammation.
In the above settings of inflammation,
Ang?2 has effects that are seemingly consistent
with a role as a Tie2 antagonist. Overall, the
results suggest that in these models, Ang2 is a
pro-inflammatory factor and helps promote
vessel destabilization (Fig. 2). By extension of
previous work suggesting that Angl can act to
stabilize vessels and reduce inflammation, the
presumption is that Ang2 must be acting via
inhibition of Tie2 signaling (although effects
on Tie2 phosphorylation and downstream sig-
naling have not been fully documented). One
explanation for the apparently contradictory
findings is that the response of Tie2 to Ang2
(either activation or inhibition) is regulated in
a context-specific fashion by mechanisms that
are not yet understood. However, another
explanation is that Tie2 activation, by either
Angl or Ang2, does not universally lead to
vessel stabilization but can produce different

phenotypic outcomes depending on the context
of other cellular and molecular factors. Because
Ang?2 is normally produced in settings of low
Angl and/or high levels of activating factors
for endothelial cells, the context of Tie2 signal-
ing during times of Ang2 expression could typ-
ically be very different from that of quiescent
endothelial cells.

ANG2 PLAYS A ROLE IN TUMOR
ANGIOGENESIS AND GROWTH

As detailed above, Ang2 is preferentially ex-
pressed in the endothelial cells of remodeling
blood vessels, for example, in tumors. Ang2
expression has been documented in a range of
human cancers, including glioblastoma, mela-
noma, prostate adenocarcinoma, and renal cell
carcinoma (see above). The initial model for
Ang?2 function in tumors, based on high Ang2
expression in vessels before regression and on
the purported role of Ang2 as a Tie2 antagonist,
was that Ang2-mediated inhibition of Tie2 sig-
naling is required for vessel destabilization,
leading to vessel growth in the presence of
VEGF or to vessel regression in the absence of
VEGF (Hanahan 1997; Holash et al. 1999).
Initial studies aimed at defining a functional
role for the Tie2 pathway in tumors used a Tie2
extracellular domain-Fc fusion protein, which
prevents binding of both Angl and Ang2 to
Tie2. Systemic delivery of soluble Tie2 provided
modest growth inhibition of mammary tumors
and melanoma in mice, suggesting that active
signaling through Tie2 is required for robust
tumor growth (Lin et al. 1998). Because soluble
Tie2 blocked both Angl and Ang2, these studies
did not shed light on the relative importance of
Angl versus Ang2, nor did they support the
model that antagonism of Tie2 activity pro-
motes tumor angiogenesis and tumor growth.
A definitive role for Ang2 in tumor growth
was established following the generation of spe-
cific inhibitors (monoclonal antibodies as well
as peptide bodies) that bind to Ang2 and pre-
vent its interaction with Tie2. Systemic delivery
of Ang2 blockers (which neutralize both mouse
and human Ang2) results in significant, but
partial, inhibition of the growth of a range of
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human tumor xenografts, including colorec-
tal, breast, and epidermoid carcinoma (Oliner
et al. 2004; Brown et al. 2010; Huang et al.
2010). Although some of the blockers used in
these studies inhibit both Angl and Ang2, the
use of completely specific Angl and Ang2
inhibitors has clearly established that Ang2 is
the dominant Tie2 ligand in tumors. For exam-
ple, an Angl-specific peptide body has no effect
on tumor growth and only marginally and
inconsistently potentiates the effect of an Ang2-
specific peptide body (Falcon et al. 2009; Coxon
etal. 2010). Similarly, the Ang2-specific peptide
body inhibits tumor growth to approximately
the same extent as a dual anti-Angl /Ang2 pep-
tide body (Oliner et al. 2004; Coxon et al. 2010).
Providing further support for the role of Ang2
in tumor growth, tumors implanted into Ang2
KO mice grew more slowly than those implanted
into wild-type mice (Nasarre et al. 2009).

Consistent with an anti-angiogenic mecha-
nism of action, Ang2 blockers decrease tumor
vascularity (Falcon et al. 2009; Brown et al.
2010; Hashizume et al. 2010), apparently via
inhibition of vessel sprouting and/or reduction
of vessel size (Hashizume et al. 2010). Previous
studies have shown that Tie2 activation causes
enlargement of blood vessels in normal tissues
via increased endothelial cell proliferation
(Thurston etal. 2005). In tumors, Ang2 blockade
significantly inhibits endothelial cell prolifera-
tion and significantly reduces the size of vessels
(Falcon et al. 2009), consistent with a decrease
in Tie2 activity. Studies in cultured endothelial
cells have shown that Tie2 activation promotes
endothelial cell survival (Kim et al. 2000a).
Whether increased endothelial cell apoptosis
also contributes to the decreased tumor vascular-
ity that is observed following Ang2 blockade
remains to be determined.

Although the role of Ang2 in tumors was
initially believed to be antagonism of Tie2,
some data support a model in which Ang2
promotes tumor growth via Tie2 activation.
Support for this alternate model comes from
studies of tumors (teratomas) formed from
embryonic stem cells that lack VE-PTP, a Tie2
phosphatase that is specifically expressed in
the vasculature (Li et al. 2009). When implanted

Angiopoietin-Tie Signaling Pathway

subcutaneously, embryonic stem cells are ca-
pable of differentiating into endothelial cells,
and they contribute significantly to the vascula-
ture of the teratoma. Teratomas derived from
VE-PTP knockout ES cells have elevated levels
of phosphorylated Tie2 and much larger blood
vessels than wild-type or VE-PTP heterozygous
tumors, consistent with chronic activation of
Tie2. Interestingly, treatment of the VE-PTP
knockout tumors with an Ang2-selective anti-
body decreased Tie2 phosphorylation and ves-
sel size, suggesting that Ang2 is functioning as
a Tie2 activator in this model (Li et al. 2009).
This effect of Ang2 blockade on vessel size is
consistent with the data from human tumor
xenografts mentioned above that demonstrated
decreased vessel size following treatment with
an Ang2-specific blocker (Falcon et al. 2009).
Further evidence of Ang2 agonist activity
comes from the studies cited above that exam-
ined the effect of combined treatment with
Ang]l-specific and Ang2-specific blockers. The
fact that the Angl-specific blocker potentiated
(albeit quite modestly), rather than reversed,
the effects of the Ang2-specific blocker on
tumor growth and tumor vascularity strongly
suggests that these effects of Ang2 blockade
result from a decrease in Tie2 activity (Falcon
etal. 2009). Interestingly, the situation becomes
more complex when the effects of Ang2 block-
ade on “vessel normalization” are examined in
the same tumors. Although the Ang2-specific
blocker caused a significant increase in pericyte
coverage and in PECAM localization at endo-
thelial cell junctions, these effects were reversed
by the Angl-specific blocker (Falcon et al.
2009), suggesting that in this case the effects
of Ang2 blockade result from an increase in
Tie2 activity. One could imagine that different
subsets of tumor vessels are exposed to different
local concentrations of Ang2/Angl and that
this determines the net effect of Ang2 blockade
on Tie2 phosphorylation. For example, if most
of the Tie2 agonist activity in sprouting vessels
is mediated by Ang2, then Ang2 blockade would
be expected to decrease Tie2 phosphorylation in
these cells, even though Ang?2 is a relatively weak
agonist. If, on the other hand, there are some-
what higher levels of Angl in the vessels that
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are normalized following Ang2 blockade, then
Ang?2 inhibition would increase Tie2 phosphor-
ylation by allowing greater access of Angl to
Tie2. Although further work is clearly required
to substantiate the agonist role of Ang2 in
tumors, the available data strongly suggest that
the effects of Ang2 blockade on tumor vascular-
ity and growth result from a decrease in Tie2
signaling.

The picture that has emerged from these
preclinical studies is that Ang2 blockade inhib-
its the growth of a broad range of tumors but
that the effects on growth are relatively modest.
This is in contrast to anti-VEGF agents, which
provide complete growth inhibition in some
of the same preclinical tumor models. Given
that blockade of VEGF has proven to be benefi-
cial but not curative in several human cancers
(Duda et al. 2007), several groups have exam-
ined whether Ang2 blockade can potentiate
the effects of VEGF inhibitors. Combined treat-
ment with Ang2 and VEGF blockers has been
shown to provide better inhibition of tumor
growth than the single agents in a number of
tumor models, including some that exhibit a
very strong response to VEGF blockade (Brown
et al. 2010; Hashizume et al. 2010; Huang et al.
2010). Consistent with the more potent effects
on tumor growth, the combination treatment
reduces tumor vascularity to a much greater
extent than the single agents do (Hashizume
et al. 2010). Thus, it appears that inhibition of
Ang2 imposes an additional stress on tumor
endothelial cells beyond that provided by VEGF
blockade alone. The precise nature of the molec-
ular events that ensue following Ang2 versus
VEGF blockade and how these events combine
to impair endothelial cell function remain an
exciting subject for further investigation.

SUMMARY AND OUTSTANDING ISSUES

In recent years, the components of the angio-
poietin—Tie pathway have been characterized.
However, as is evident from this review, the net-
worked effects of these components on vascular
biology and pathology are not fully understood.
In this review, we have focused on Ang2 because
it has been a particularly enigmatic component

and has emerged as a preferred target for thera-
peutic blockade. Despite our poor understand-
ing of the precise functional role of Ang2, two
things are clear: Ang2 expression is very often
increased in vascular remodeling and disease;
and blocking Ang2 appears to benefit the course
of the disease, whether it is airway inflamma-
tion, lung injury, or solid tumors.

Several key aspects of Ang2 biology need
further investigation. One issue is to determine
whether Ang2 produced by endothelial cells and
acting in an autocrine manner is functionally
similar to recombinant exogenous Ang2 (which
has been applied in many experimental set-
tings). If not, then what are the biochemical
mechanisms? A second issue is to determine
what factors are responsible for the up-regula-
tion of Ang2 in disease settings. Although sev-
eral factors have been reported to induce Ang2
expression in cultured cells, it is not clear if
these are the relevant factors in vivo. Another
key issue is to determine whether endogenous
Ang?2 can have different actions on Tie2 in dif-
ferent cellular contexts. An extension of this
issue is to determine whether Tie2 activation
(by either Angl or Ang2) can have different cel-
lular effects in different contexts. To address this
particular issue, we need to understand more
about the key factors within tumor and inflam-
matory environments that determine the “con-
text.” For example, we need to understand more
about how angiopoietin—Tie signaling interacts
with VEGF signaling. Finally, although several
reports have described interactions of other
proteins with angiopoietins and Tie2, it will
be important to determine whether these inter-
actions contribute functionally to the activity of
angiopoietins in diseases settings. Led by the
ongoing clinical development of Ang2 inhibi-
tors, the next few years promise to be another
exciting period for research into the angiopoie-
tin—Tie pathway.
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