
Introduction

Tie-2 receptor (Tie2), a specific receptor for
angiopoietin-1 (Ang-1), is a tyrosine kinase receptor,
originally thought to be expressed exclusively on

endothelial cells. The role of Ang-1-Tie2 signalling in
the regulation of several cellular behaviours has initi-
ated an interest in further in-depth understanding of
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Abstract

Angiopoietin-1 (Ang-1) is the primary agonist for Tie2 tyrosine kinase receptor (Tie2), and the effect of Ang-
1-Tie2 signalling is context-dependent. Deficiency in either Ang-1 or Tie2 protein leads to severe microvas-
cular defects and subsequent embryonic lethality in murine model. Tie2 receptors are expressed in several
cell types, including endothelial cells, smooth muscle cells, fibroblasts, epithelial cells, monocytes, neu-
trophils, eosinophils and glial cells. Ang-1-Tie2 signalling induces a chemotactic effect in smooth muscle
cells, neutrophils and eosinophils, and induces differentiation of mesenchymal cells to smooth muscle cells.
Additionally, this signalling pathway induces the secretion of serotonin, matrix metalloproteinases (MMPs)
and plasmin. Ang-1 inhibits the secretion of tissue inhibitor of matrix metalloproteinase (TIMPs). Aberrant
expression and activity of Tie2 in vascular and non-vascular cells may result in the development of rheuma-
toid arthritis, cancer, hypertension and psoriasis. Ang-1 has an anti-inflammatory effect, when co-localized
with vascular endothelial growth factor (VEGF) in the vasculature. Thus, Ang-1 could be potentially important
in the therapy of various pathological conditions such as pulmonary hypertension, arteriosclerosis and dia-
betic retinopathy. In this article, we have summarized and critically reviewed the pathophysiological role of
Ang-1-Tie2 signalling pathway.
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Ang-1-Tie2 signalling pathway. Ang-1 is an angio-
genic growth factor with a central role in promotion of
structural integrity in the vasculature [1–4]. Deletion
of Ang-1 or Tie2 genes led to severe defects in the
vasculature and subsequent lethality, validating their
requirement in microvascular development [2, 5–8].
There is a consensus that aberrant angiogenesis
due to abnormal levels of Ang-1 and Tie2 plays an
important role in the development of rheumatoid
arthritis, asthma, cancer and pulmonary hyperten-
sion in experimental animal and human [9–14].

Tie2 activates multiple pathways to elicit several
downstream effects [15]. Stimulators, such as hypox-
ia, interleukin (IL)-1�, vascular endothelial growth
factor (VEGF), transforming growth factor-� (TGF-�),
IL-11 and tumour necrosis factor (TNF)-�, regulate
the expression of Tie2 and Ang-1 (Table 1) [16–18].
Discovery of Tie2 expression in non-vascular cells
warrants the question of its extravascular involve-
ment in the development of pathological conditions
along with its role in angiogenesis. More recent stud-
ies have investigated the regulatory role of Ang-1-
Tie2 signalling pathway in cellular responses. In this
article we critically evaluated the cellular and molec-
ular mechanism underlying Ang-1-Tie2 signalling
pathway and its role in health and diseases.

Background, structural 

characteristics and distribution 

of Tie2

Tie1 and Tie2 belong to a distinct family of tyrosine
kinase receptors [4, 19, 20]. Both receptors share an
extracellular domain similarity of about 33% and an
intracellular tyrosine kinase domain similarity of 76%
[21, 22]. Although originally discovered in 1993 as an
endothelial specific receptor [4, 19, 20], Tie2 recep-
tors are also expressed in non-endothelial cells both
in disease and in normal tissue, including carcinoma
cells, fibroblast, mural cells, keratinocytes, smooth
muscle cells, neutrophils, monocytes, synovial lining
cells, eosinophils, ganglion cells, neurons and glial
cells [3, 9, 12, 17, 23–26]. Ang-1, 2, 3 and 4 are spe-
cific ligands for Tie2, acting as either or both agonists
and antagonists. A specific ligand for Tie1 is
unknown [1, 27–29]. However, some studies have
shown that Ang-1 and 4 can phosphorylate Tie1,
suggesting a Tie1 signalling alongside Tie2 signalling
[30]. However, Tie1 phosphorylation is dependent on

Tie2 activation, suggesting that Tie2 tyrosine kinase
domain may be responsible for phosphorylating Tie1
as a result of heterodimerization [31, 32]. Tie1 activa-
tion is consequently inhibited when Tie2 expression is
down-regulated. Tie1 activation down-regulates Tie2-
mediated signalling. Although the underlying mecha-
nism is not clear, Tie1 acts as a regulatory mechanism
for Tie2 signalling when co-expressed with Tie2 [31].
Ligand-independent signalling pathways have also
been suggested for Tie1 [33–36].

Tie2 is a 140 kD tyrosine kinase receptor with
immunoglobulin and epidermal growth factor (EGF)
homology domain-2. The extracellular region con-
tains three EGF-like domain modules that are
flanked by two immunoglobulin (Ig)-like domains, and
three fibronectin type III repeats (Fig. 1) [11, 19]. The
two Ig-like domains harbour the Ang-binding site.
Investigations have also suggested a third Ig-like
domain, which folds together with the three EGFs
into a compact, arrowhead-shaped structure [37, 38].
The binding site is contained in the globular head
domain. A stalk that acts as a spacer between the
head and the cell surface is formed by the three
fibronectin type III repeats. The cytoplasmic domain
contains tyrosine kinase domains, made up of phos-
phorylation and protein interaction sites [11]. New
Ets-related factor-2 (NERF2) and E74-like factor-1
(ELF-1), which are members of the Ets family of tran-
scription factors, can bind to the Tie2 gene promoter
to induce transcription of the gene [18, 39]. Ang-1
can induce expression of NERF2 under hypoxic con-
dition, although level of Ang-2 is greater than Ang-1
under this condition. Ang-2 can act as a Tie2 agonist
under hypoxic conditions and in the presence of
VEGF [18, 40]. Other factors, such as IL-11, VEGF
and hypoxia, can also regulate Tie1 and Tie2 expres-
sion (Table 1) [16–18, 41, 42].

Background, structural 

characteristics and distribution 

of Ang-1

Ang-1 belongs to an angiopoietin (Ang) family con-
sisting of Ang-1, 2, 3 and 4 [1, 28, 29]. Ang-1 and 2
have indistinguishable binding sites on Tie2 and bind
with similar affinity [27, 43, 44]. While Ang-1 is an
agonist, Ang-2 could act as antagonist or agonist
depending on cell type and microenvironmental 
conditions [28, 45]. Transgenic overexpression of
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Ang-2 led to vascular defects similar to Ang-1 or Tie2
deficiency [28]. Ang-3 and Ang-4 are present in
murine and humans, respectively. Their signal trans-
duction pathway is less characterized when com-
pared to Ang-1 and 2. While Ang-3 is moderately
expressed in multiple mouse tissue, Ang-4 mRNA is
abundantly expressed in the lungs. Ang-4 can func-
tion as a Tie2 agonist [46]. Ang-3 on the other hand
functions as a Tie2 antagonist [29, 30, 40]. However,
when using recombinant proteins corresponding to
full-length Ang-3, the protein was found to activate
Tie2 in a species-dependent manner [27, 47].

Ang-1 can exist as a 70 kD glycoprotein and Ang2
as a 62–70 kD glycoprotein under reduced condition
[48]. Ang-1 has a carboxyl-terminal fibrinogen-like
domain, a central coiled domain and a short amino-
terminal. The carboxyl-terminal is responsible for
Tie2 binding, the central coiled domain is required for
dimerization of Ang-1 monomers, and the short
amino-terminal superclusters these domains, allow-
ing Ang-1 to exist as heterogenous multimers with
basic trimeric, tetrameric and pentameric oligomers.
Proper oligomerization of Ang-1 having at least four
subunits (tetramer) by the intermolecular disulphide
linkage involving cysteines 41 and 45 is critical for
Tie2 binding and activation (Fig. 1) [27, 43, 48]. Ang-
1 dimers and trimers have been shown to be inactive.

The cysteine residues at 41 and 54 positions in the
superclustering domain of Ang-1 are responsible for
higher order multimers of Ang-1 by crosslinking
Ang-1 dimers and trimers. Also, very high-order
multimeric structures of Ang-1 may be inactive
because they may be too big to enter endothelial
cell caveolae, where most Tie2 are located. The
sizes of higher order multimeric Ang-1 are usually
more than  200 nm, compared to the typical 10–150
nm diameter of endothelial caveolae [48]. As a
result, these higher order multimeric Ang-1 would
not be able to access Tie2 to activate it. This may
also explain why recombinant Ang-1 is not always
active. So, proper multimerization of the Ang-1 sub-
units by the disulphite linkage between cysteine 41
and 54 is crucial for access, binding and activation
of Tie2. The coiled-coil domain is responsible for
Ang-1 dimer and trimer formation. The coiled-coil
domain of Ang-1 can bind to other Angs produced
by the same cell, rendering them inactive, because
it lacks the multimerized-binding domain and is
unable to bind Tie2 [48].

After secretion, Ang-1 is incorporated into the
extracellular matrix (ECM) [49]. Ang-2 is not associat-
ed with the ECM, but rather, it is stored in
Weibel–Palade bodies predominantly in the cyto-
plasm of endothelial cells and quickly secreted when

Table 1 Effect of mediators on the expression of Tie1 and Tie2, and production and secretion of Ang-1 and Ang-2

Stimulus Tie1 expression Tie2 expression Ang-1 production Ang-2 production

TNF-� Increase [54, 57] or
decrease [56, 59] in cell 
type dependent manner 

Increase in cell type 
dependent manner [54]

TGF-� Increase in rheumatoid 
synovial fibroblast [54]

Increase in normal 
fibroblast [54]

IL-1� Decrease [56]

VEGF Transient acute
increase in cell 
type dependent
manner [42]

Increase [62] and transient
acute increase in a cell type
dependent manner [42],

Increase in cell type 
dependent manner 
[42, 60-62]

IL-11 Increase [16]

Hypoxia Increase [41] Increase [41] and
transient acute
increase in cell 
type dependent
manner [42],

Transient acute increase in a
cell type dependent manner
[42]

Increase [55, 60, 61] and
increase in a cell type
dependent manner [42]

*The numbers in the brackets represent the corresponding citation of the findings.
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needed [50]. Ang-3, on the other hand is tethered on
the cell's surface via heparin sulphate proteoglycans
[51]. While Ang-2 is mainly expressed in endothelial
cells and located at sites of vascular remodelling,
Ang-1 is expressed by several cell types in various tis-
sues [27, 28]. AP-1 and ESE-1 have binding sites on
the Ang-1 promoter and are presumably involved in
the transactivation of the Ang-1 gene [52]. Activator
protein-1 (AP-1) is also involved in Ang-2 gene tran-
scription [53]. Epithelium-specific Ets-1 (ESE-1) is
said to be particularly involved in Ang-1 gene activa-
tion in inflammatory conditions [52]. Several stimula-
tors including IL-1�, TNF-�, TGF-�, IL-10, VEGF and
hypoxia regulate Ang-1 and Ang-2 expression in var-
ious cell types (Table 1) [14, 40, 42, 54–62].

Transmembrane signalling pathway

in Ang-1-Tie2-response coupling

Ang-1 binding to Tie2 leads to receptor dimerization.
Following the dimerization, the kinase domain is acti-
vated and autophosphorylation of specific tyrosine
residues take place [63]. These phosphorylated sites
act as binding sites for a number of effector mole-
cules. Effector molecules are recruited to these sites
and their interaction with the Tie2 phosphorylated
sites leads to the initiation of various signalling cas-
cades. These downstream signalling pathways ulti-
mately lead to cellular responses, such as differentia-
tion, survival, proliferation and ECM interaction 

Fig. 1 Schematic representation of Tie2 (Tie2 tyrosine kinase receptor) structure and Ang-1-Tie2 signallingsignaling.
Ang-1 binding to Tie2 leads to dimerization and autophosphorylation of Tie2. Several effector molecules are recruited
and activated, leading to downstream signallingsignaling. Several downstream signallingsignaling molecules have
been identified. Tie2 signals primarily through the PI3-kinase (phosphatidylinositol 3-kinase) pathway. However, Tie2
can also activate other molecules, such as Grb2 (growth factor receptor-bound protein 2), ABIN-2 (A20-binding inhibitor
of NF-�B-2), SHP2 (Src homology 2 (SH2)-containing protein tyrosine phosphatase), STATs (Signal transducer and
activator of transcriptions), Shc-A (Src homology 2 domain containing protein), and Dok-R (Downstream-of-kinase-
related protein) to elicit various downstream effects.
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(Fig. 1) [25, 64–68]. The p85 subunit of phosphatidyli-
nositol 3 kinase (PI3K) interacts with tyrosine-1101 of
Tie2 via Src homology 2 (SH2) or phosphotyrosine-
binding (PTB) domain. Downstream activation of the
PI3K-Akt in endothelial cells leads to a survival path-
way and cell chemotaxis [25, 66, 69]. This pathway
inhibits Smac release from mitochondria and up-regu-
lates expression of survivin protein [69]. Ang-1 can
also elicit anti-apoptotic effect in endothelial cells by
inhibiting forkhead transcription factor FKHR (FOXO1)
through Akt activation [70]. The Akt phosphorylates
the FOXO1 at three conserved sites, resulting in inhi-
bition and promotion of nuclear export of the FOXO1
protein [70, 71]. The p110� subunit of PI3K can func-
tion as an upstream regulator of Tie2 expression [72].

Tie2 also interacts with Dok-R. Dok-R/Dok-2 asso-
ciation with Tie2 leads to tyrosine phosphorylation of
Dok-R and subsequent recruitment of Nck and p21-
activating kinase (PAK) to the activated receptor. The
ability of Dok-R to bind to Nck is required for maxi-
mum PAK activation, which can lead to Ang-1-medi-
ated endothelial cell migration [73, 74]. Tie2 also
interacts with Src homology domain containing
adapter proteins, Grb 2, 7, 14 and tyrosine phos-
phatase, Shp2, which can activate Ras-Raf-mitogen-
activated protein kinase (MAPK) pathway [75]. Ang-1
may also regulate MAPK signalling by modulating
phosphorylation of ERK1/2 and p38MAPK by PI3K
[76]. The MAPK has a role in Ang-1-mediated cell
survival and migration [65, 76, 77]. Ang-1-Tie2 sig-
nalling is able to simultaneously activate both pro-
apoptotic p38MAPK and anti-apoptotic PI3K path-
ways. However, the anti-apoptotic pathways are
stronger than the pro-apoptotic pathway, resulting in
net anti-apoptotic effect [76].

Similar to Ang1, Ang2 can activate both p38
MAPK pro-apoptotic and ERK1/2 anti-apoptotic path-
way. While both Ang1 and Ang2 induced similar lev-
els of p38 MAPK phosphorylation, Ang2-induced
activation of ERK1/2 was considerably weaker than
Ang1. Also unlike Ang1, Ang2 attenuated VEGF-
induced ERK1/2 pathway [78]. Since there was no
inhibitory interaction between Ang2 and VEGF to
activate p38 MAPK, combined stimulation with Ang2
and VEGF may skew balance towards a p38 MAPK
signalling, which is pro-apoptotic in nature. This is
consistent with the model that in the presence of
VEGF, Ang2 destabilizes the blood vessels, making
the endothelial cells more susceptible to VEGF stim-
ulation [78]. Ang2 induced an anti-apoptotic effect

through Akt and ERK1/2 survival pathway. So, similar
to VEGF and Ang1, Ang2 activation of survival path-
way supersedes the activation of pro-apoptotic path-
way [76, 79]. Although some studies have shown that
Ang2 does not induce a chemotactic effect in human
umbilical vein endothelial cells (HUVECs), another
study demonstrated that Ang-2-induced chemotaxis
in murine brain capillary endothelial cells through c-
Fes and c-Fyn. This suggests that Ang-2 may induce
different effects in different tissues [78, 80, 81].

Ang-1 can activate nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase, resulting in
the production of reactive oxygen species (ROS).
The production of ROS promotes endothelial cell
migration [82]. Tie2 also interacts with human A20-
binding inhibitor of NF-�B activation-2 (ABIN-2), a
key regulator of inflammatory response [65]. ABIN-2
can also inhibit endothelial apoptosis [83]. ShcA
adaptor proteins can interact with activated Tie2 and
have been implicated in the transactivation of the
Ras-Raf-MAPK pathway, leading to cell migration
and sprouting [75, 84]. Ang-1 can also activate signal
transducers and activators of transcription factor-3
and 5 (STAT3 and STAT5) leading to increased
expression of p21 [85]. Ang-1-Tie2 signalling can
activate focal adhesion kinase, which produces
simultaneous phosphorylation of paxillin and may be
involved in endothelial cells sprouting [86]. Although
several studies have reported that Ang-1 does not
have a mitogenic effect on endothelial cells, Ang-1 can
exert a mitogenic effect on endothelial cells through
the activation of both MAPK and p70S6K [87].

A crosstalk between Tie2 and integrin �5�1 in
endothelial cells results in engagement of fibronectin
and increased sensitivity of Tie2 receptors to Ang-1
activation [88]. In Tie2-negative cardiac and skeletal
myocytes, Ang-1 promoted cell adhesion and sur-
vival via a pathway mediated by integrins [89].
Recombinant truncated and monomeric Ang-1 vari-
ants bind Tie2 but do not activate the receptor [90].
However, the same protein binds with similar affinity
to integrin �5�1 and activates a downstream sig-
nalling similar to that activated via Tie2 by a full-
length Ang-1 protein [90]. There is a suggestion that
this downstream effect may have been achieved
through integrin dimerization [90]. In Tie2 negative
fibroblast cells, direct integrin-mediated cell adhesion
to Ang-1 has been reported [91]. These integrins
may compete with Tie2 for available Ang-1.This infor-
mation suggests a possible Tie2-independent Ang-1
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signalling pathway. On the other hand, mutation in
the kinase domain of Tie2 results in ligand-independ-
ent activation [92]. This phenomenon is seen in 
vascular anomalies in conditions such as multiple
cutaneous mucosal venous malformations and intra-
muscular hemangiomas [11].

Regulation of Tie2 signalling

Tie2 signalling can be regulated in several ways.
Ang-1 activation of Tie2 can lead to subsequent Tie2
internalization and degradation [93]. With half-life of
about 9 hrs in unstimulated cells, Ang-1 reduces the
half-life of Tie2 to about 3 hrs. However, the rate of
Tie2 synthesis remained unchanged with or without
Ang-1, resulting in reduction of Tie2 overtime. This
could be a pre-emptive action in preventing multiple
and at times contradicting signalling through this
pathway. After activating Tie2, Ang-1 was not inter-
nalized but was released from the cell surface into
the surrounding medium [93]. Tie2 can be inhibited
by soluble Tie2s (sTie2Fc) and antagonists such as
Ang-2 and Ang-1cc. sTie2Fc is a soluble form of the
extracellular domain of Tie2 and has been detected
in the plasma of healthy individuals [5, 40, 80]. This
suggests that sTie2Fc may be a physiological regu-
latory mechanism of Tie2 [94]. Elevated levels of
sTie2Fc have been reported in pathological condi-
tions such as coronary heart diseases and diabetic
retinopathy [95]. Several stimulators, such as VEGF,
phorbol 12-myristate 13-acetate (PMA) and basic
fibroblast growth factor (FGF) have been implicated
in this shedding process of Tie2 that results in
sTie2Fc [94, 96]. Because of this shedding process,
Tie2 protein expression could be decreased without
any effect on the Tie2R mRNA [94]. sTie2Fc could be
as a tumour marker [97]. However, serum level of
sTie2Fc do not provide any further information on
tumour behaviour [98]. Ang-1-Tie2 chemotactic
effect was blocked by sTie2Fc but not sTie1Fc, sug-
gesting that sTie1Fc may not be an effective regula-
tor of Ang-1-Tie2 signalling [80]. Tie2 expression can
be regulated by Ang-1 through a feedback mecha-
nism [99]. Tie2 also associates with a vascular
endothelial protein tyrosine phosphatase, which can
regulate the tyrosine kinase activity (Fig. 2) [100].
Tie2 carboxyl terminal can also participate as a neg-
ative regulator of Tie2 signalling [101]. Although Tie2

mRNA and Ang-1 expression are down-regulated
under hypoxic condition, Tie2 translation is main-
tained [102].This suggests a translational mechanism
that proceeds despite unfavourable conditions [102].

Physiological roles

Gene deletion and mutation have made it possible to
study the function of Ang-1-Tie2 signalling. Tie2 defi-
ciency or Ang-1 deficiency resulted in embryonic
lethality in murine model by day 13. Defects have
been seen in the form of poor association between
endothelial cells and ECM in the basement mem-
brane, lack of myocardial trabecular projection and
poor smooth muscle cell association with vessels
[5–7, 27]. Unlike Ang-1 deficient mice, Ang-2 defi-
cient mice develop normally, with the exception of
mice with C129 genetic background, which develop
chylous ascites and die within 14 days.This suggests
that Ang-2 is dispensable for proper embryonic
development [22]. Embryonic deficiency of Tie1 led
to impaired structural integrity of vascular endothelial
cells, resulting in oedema and subsequent localized
haemorrhage [7, 103]. Ang-1-Tie2 has an anti-apop-
totic effect in endothelial cells [13]. Ang-1 supports
the localization of cell adhesion molecules in cell
junctions in endothelial cells, thereby supporting the
stabilization of the vessels [64]. Ang-1 regulates
endothelial cell recruitment of smooth muscle cells to
stabilize the newly formed vessels [5, 17]. Ang-1 has
a chemotactic effect on endothelial cells with little to
no effect on endothelial cell proliferation [80].
However, some studies have shown mitogenic effect
on endothelial cells [87, 104]. Ang-1 also promotes
the differentiation of mesenchymal cells to vascular
smooth muscle cells [52]. Apart from its involvement
in embryogenesis, Ang-1-Tie2 signalling is also
involved in the postnatal vascularization and mainte-
nance of mature quiescent vasculature [32]. There is
a constitutive expression of Tie2 in the endothelium.
This expression is essential in the maintenance of
vascular integrity [105, 106].

Ang-1-Tie2 signalling is required during postnatal
bone marrow haematopoiesis. Tie2 and Tie1 expres-
sion have been found in some haematopoietic cells
[107–111]. Tie2 deficient mice exhibit severely
impaired haematopoiesis. On the contrary, some
studies showed that Tie2 is not required for embryonic
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haematopoiesis [109, 112–114]. Ang-1-Tie2 plays a
role in maintaining haematopoietic stem cells in the
quiescent state in the bone marrow. This role is asso-
ciated with increased adhesion of Tie2-positive stem
cells to Ang-1 expressing osteoblast [109, 115]. Ang-
1 and 2 activated growth and migration in Tie2 posi-
tive trophoblast during placental development [116].
Tie2 expression is also localized to primary cilia of
the surface epithelium of the ovary, bursa and extrao-
varian rete duct, as well as to motile cilia of the
oviduct, suggesting a role for Tie2 signalling in these
cells [117]. A subset of Tie2 expressing monocytes
accounts for 2–7% of mononuclear cells in a healthy
person. An in vitro study demonstrated Ang-2-medi-
ated migration of this subset of monocytes [118].
Ang-1-Tie2 signalling promotes neural outgrowth
from dorsal root ganglion cells. Tie2 expression has
been discovered in certain neuronal cells. Tie2 signal
transduction elicits neuroprotective effects and a
mitogenic effect in vitro (Fig. 3) [23, 119–121].
Overexpression of Ang-1 in the forebrain led to
increased vascularization as well as changes in den-
drite organization of the neurons [122]. Because Tie2
expression has not been observed in vivo, it is that
Ang-1 effects might be integrin mediated.This is con-
sistent with the evidence that Ang-1 is able to inter-

act with certain integrins to activate downstream sig-
nalling [88, 89].

Pathophysiological role

There is sufficient evidence to suggest that both ben-
eficial and deleterious effects can be exerted through
the activation of Tie2. Within the scope of this article,
summary of the role of Ang-1-Tie2 signalling path-
way in rheumatoid arthritis, tumour progression, and
asthma is presented in the following section (Fig. 4).

Ang-1-Tie2R and rheumatoid arthritis 

Ang-1 and Tie2 is up-regulated in cells in rheumatoid
arthritis [123]. Ang-1 and Tie2 receptors are
expressed on synovial lining cells, endothelial cells,
smooth muscle cells and fibroblast in synovial tissue
in rheumatoid arthritis patients [12, 13]. In normal
specimen, Tie2 expression is limited to the capillary
endothelium [12, 124]. In synovial lining cells, Tie2
expression was observed mainly in the basal layer
and it was frequently co-localized with vimentin and

Fig. 2 Schematic depiction of Tie2 signallingsignaling regulation. Ang-1 activation of Tie2 subsequently leads to Tie2
internalization and degradation. Tie2 activation can also be inhibited by Ang-2 competitive binding. Stimulator such as
PMA (phorbol 12-myristate 13-acetate) and basic FGF (basic fibroblast growth factor) can induce Tie2R shedding,
leaving the extracellular domain (sTie2RFc) in the area. sTie2Fc can compete with Tie2 for Ang-1 binding. Vascular
endothelial protein phosphatase associates with Tie2 and can also regulate the activity of the tyrosine kinase domain.
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proliferating nuclear antigen (PCNA). In rheumatoid
arthritis, Tie2 positive cells often overexpressed
PCNA [12, 13]. However stimulation with Ang-1 did
not alter DNA synthesis, so Ang-1 may not be direct-
ly involved in fibroblastic synoviocyte proliferation
[13]. Inflammatory cytokines, such as TNF-� and
TGF-� up-regulate the expression of Tie2 in
endothelial cells, and also increase the expression of
Ang-1 in other cells in rheumatoid arthritis [54, 58,
123]. Interaction between synoviocytes and endothe-
lial cells led to paracrine regulation of angiogenesis
[123]. A recent study showed that osteoblast from
rheumatoid arthritis patients constitutively secreted
significant amount of Ang-1. Ang-1 production was
inhibited by co-stimulation with TNF-� and IFN-�
[59]. Ang-1 induced a chemotactic effect on fibroblas-
tic synoviocyte in rheumatoid arthritis and fibroblast
stably transfected with Tie2 [13, 80]. Collagen-
induced arthritis was ameliorated after blocking Tie2
signalling [125]. In a recent study, the direct effect of
Ang-1-Tie2 signalling on the progression of rheuma-
toid arthritis was demonstrated [126]. Ang-1 and
matrix metalloproteinases (MMP3) were strongly
expressed in vivo at the invasive front of the active
rheumatoid pannus extensively invading the cartilagi-
nous matrix [126]. Ang-1 induced the activation of
NF-�B via the Akt pathway to promote cell prolifera-
tion and also inhibited apoptosis via ERK and Akt
pathway. Ang-1 activation of ERK and Akt also led to
extension of synovial cells. Ang-1 also induced
proMMP-3 secretion from synovial cells at levels
comparable to those induced by TNF-�, which result-

ed in direct degradation of the cartilaginous matrix
[126]. All of these Ang-1-induced effects validate the
role of Ang-1-Tie2 signalling in the destruction of
arthritic joint in rheumatoid arthritis.

Ang-1-Tie2 and cancer

Although Tie2 plays a significant role in tumour angio-
genesis, its expression is not limited to vascular cells
but is also expressed in cells that constitute the origin
of the tumour [3, 107, 127–129]. The fact that several
tumour cells express high levels of Ang-1 would sug-
gest an autocrine/paracrine loop of Ang-1-Tie2 sig-
nalling in the tumour [107, 127]. Also in gastric carci-
noma, Ang-2 was expressed not only in endothelial
cells but also in cancer cells, suggesting an Ang-2-
Tie2 extravascular signalling together with Ang-1-
Tie2 signalling [130]. Tie1 is expressed and constitu-
tively phosphorylated to induce downstream signals
in cancer cells of the breast, thyroid and gastrointesti-
nal tract and in tumour cell line [131]. There is very lit-
tle information on Ang-1-Tie2 signalling in cancer,
outside the vasculature. Ang-1 has anti-apoptotic
effect in neuroblastoma cell [23]. It would be interest-
ing to know if Ang-1-Tie2 signalling would induce anti-
apoptotic effect in other tumour cells that express
Tie2. A subset of monocytes distinct from inflammato-
ry monocytes expresses Tie2. In cancer patients, this
subset of Tie2 expressing monocytes represented the
main monocyte population within tumour, distinct
from tumour-associated monocytes. Elevated levels

Fig. 3 Schematic depiction of Ang-1-Tie2 effect on various cell types. Several cells are capable expression Ang-1 and
Tie2 receptors. Ang-1 is activates Tie2 receptors on these cells, leading to downstream signallingsignaling and ulti-
mately regulation of cellular behavioursbehaviors. Some of the various known roles of Ang-1-Tie2 effects in vascular
and extravascular cells have been illustrated.



818 © 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd 

of Ang-2 have been observed in tumour. An in vitro
study reported Ang-2-mediated migration of these
monocytes, suggesting a homing mechanism for
these monocytes to tumour sites [118]. Hypoxia stim-
ulates the release of Ang-2 from tumour blood vessel
cells, which in turn stimulates the recruitment of Tie2
expressing monocytes from the blood into the tumour
and modulate mediator release [55]. Tie2 expression
has been reported on subpopulation of glioma cells.
The expression of Tie2 correlated with level of tumour
progression. Ang-1 stimulation of these Tie2+ glioma
cells resulted in an increased adherence of these
cells to ECM protein [127]. There was also a correla-
tion between Tie2 activation and up-regulation of inte-
grin �1 and phosphorylation of focal adhesion kinase
(FAK), and formation of focal adhesions [127].
Integrin �1 is directly involved in the escape of cancer
cells from immunological surveillance [132]. By mod-
ulating the adhesive properties of tumour cells, Tie2
signalling might be contributing to the invasive prop-
erties of the tumour cells. Interaction between tumour
cells and ECM is important in tumour development
including proliferation, survival and tumour migration
[127]. Similar to Ang-1, Ang-2 can also promote
tumour metastasis through activation of ���1-mediat-
ed signalling pathway, leading to increased expres-
sion of MMP2 [133].

New blood vessel growth provides the much-
needed nutrients for these cells to proliferate.
Overexpression of Ang-1 inhibits angiogenesis and
tumour growth in different types of cancer, possibly
by recruitment of mural cells to become associated
with endothelial cells [115, 134]. Paradoxically, inhibi-
tion of Ang-1 expression in tumour cells have also
been shown to inhibit tumour growth [8, 64, 135].
Contrary to some other reports, Ang-1 can induce a
mitogenic effect on endothelial cells in vitro [87]. This
may explain why Ang-1 induces tumour angiogene-
sis in certain contexts. Ang-2 on the other hand is up-
regulated by hypoxia and tumour-derived VEGF. Ang-

2 destabilizes the vasculature, supporting initiation of
angiogenesis [136]. The role of Ang-1 in tumour
angiogenesis is controversial, since some studies
have reported Ang-1 as anti-angiogenic and others
have reported it as pro-angiogenic [8]. None-the-less,
the above information suggests that Tie2 signalling
may control critical aspects of tumour behaviours.

Ang-1-Tie2R and asthma

There are elevated levels of Ang-1, VEGF and Ang-2
in induced sputum of asthmatic patients, and this
increase correlates with the degree of airway
obstruction [137]. Ang-1 levels inversely correlate
with vascular permeability index, while Ang-2 and
VEGF levels positively correlate with vascular per-
meability index. Reduction in vascular permeability
index by corticosteroids correlates particularly with
reduction in VEGF and Ang-2 [137–139]. This sug-
gests that the ratio of localized Ang-1 to Ang-2, and
not increase or decrease of Ang-1 and Ang-2, deter-
mines the predominant signalling pathway. It would
be interesting to examine the effect of specifically
blocking Ang2 and VEGF on vascular permeability,
as similar studies conducted in cancer research have
yielded promising results [140–144]. Severe infiltra-
tion of inflammatory cells and hyperplasia of smooth
muscle cells may create a state of hypoxia, and it is
known that Ang2 is up-regulated under this condition
[55, 145]. It would be interesting to find out the levels
and origin of these two proteins in the asthmatic lung
tissue, as this would help to further elucidate their
roles in asthma.

During inflammation, there is a transition of the
endothelium from a resting anti-adhesive state to
active adhesive state. So, endothelium activation is
not only involved in the initiation of angiogenesis, it is
also crucial for initiation of inflammation. Ang-1-Tie2
signalling keeps the vasculature in a quiescent state,

Fig. 4 Illustration of the relation-
ship between Ang-1-Tie2 sig-
nallingsignaling and pathological
conditions. Ang-1-Tie2 sig-
nallingsignaling induces various
responses in different cells and
these responses contribute to the
development of various patholog-
ical conditions.
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and is inhibited by the up-regulation of Ang-2 [2, 28].
The antagonistic effect of Ang-2 leads to destabilized
endothelial cell junction and pericyte dropout leaving
the endothelial cells exposed and also making them
more susceptible to activation by mediators, such as
VEGF. VEGF induces increased permeability and ini-
tiates angiogenesis [28, 145, 146]. VEGF is signifi-
cantly more potent than Ang-2 at interrupting
endothelial tight junction. However, combined stimu-
lation with Ang-2 and VEGF is several times more
potent at increasing endothelial cell layer permeabil-
ity than addition of individual stimulatory effect [147].
Thus, Ang-2 plays a complementary role in VEGF-
induced permeability. Also, in the presence of VEGF,
Ang-2 promotes angiogenesis, while leading to vessel
regression in the absence of VEGF [148]. Ang-2 also
promotes adhesion of inflammatory cells by sensitizing
endothelial cells towards TNF-�-induced expression of
adhesion molecules, leading to increased extravasa-
tion of inflammatory cells [21]. Ang-2 deficient mice
cannot elicit an inflammatory response in thioglycolate-
induced or staphylococcus aureus-induced peritonitis
[21, 149], suggesting the critical role of Ang-2-Tie2 sig-
nalling in the initiation of inflammatory response.

Balance and sequential expression of Ang-1 and
VEGF is necessary for proper and functional forma-
tion of new blood vessels [8]. In asthma, there is ele-
vated plasma baseline leakage, suggesting that Ang-
1-Tie2 signalling has been compromised and is not
balanced with VEGF–VEGFR signalling [149]. Ang-1
can induce anti-permeability effects, as well as inhib-
it TNF-� and VEGF-induced expression of adhesion
molecules such as VCAM-1. Ang-1 also supports the
localization of platelet endothelial cell adhesion mol-
ecule-1 (PECAM-1) into endothelial cell junctions,
while also decreasing the phosphorylation of
PECAM-1 and vascular endothelial cadherin. Both of
these cell adhesion molecules strengthen the cells
junction and supports anti-leakage properties [139,
150–153]. Ang-1 blocked VEGF and TNF-� induced
expression of tissue factor in endothelial cells [121].
Ang-1 also blocked NF-kB responsive genes, such
as intercellular adhesion molecule (ICAM)-1, vascular
cell adhesion molecule (VCAM)-1 and E-selectins
that are induced by VEGF and TNF-� in endothelial
cells [65, 83, 154]. This suggests that Ang-1 may be
a potential therapeutic candidate in asthma. However,
one has to consider its potential pro-inflammatory 
and vasoconstrictory effects, as discussed in the fol-
lowing section.

Ang-1-Tie2 signalling is also involved in several
pro-inflammatory activities. Ang-1 reduced endothe-
lin-1 expression in endothelial cells in vitro and also
blocked TNF-� and lipopolysaccharide (LPS) mediat-
ed endothelin-1 expression [67, 155–157]. On the
contrary, Ang-1 stimulation of pulmonary endothelial
cells from patients with idiopathic pulmonary arterial
hypertension increased expression of endothelin-1
and serotonin [158]. Endothelin-1 is a bronchocon-
strictory agent with inflammatory properties [158].
This suggests that an Ang-1-based therapy may
potentially lead to pulmonary hypertension. Ang-1
blocks Ca+ entry, RhoA activation induced by VEGF,
platelet-activating factor (PAF), histamine, bradykinin
and thrombin [152, 159–161]. However, Ang-1 can
also activate P-selectin translocation and neutrophil
adhesion to endothelial cells [162]. Ang-1 by itself
has a chemotactic effect on neutrophils and
eosinophils, potentially contributing to the inflamma-
tory process. Interestingly, Ang-1 can block VEGF-
induced neutrophil and eosinophil chemoattraction
[25, 26]. Ang-1 has been shown to induce secretion
of plasmin [163]. Ang-1 can also induce the secretion
of MMP2 and inhibited the secretion of TIMP-2. Ang-
1 also induces expression of proMMP-3 and 9, albeit
in small amounts [24, 86, 164]. Secreted MMPs
could then be activated by inflammatory cytokines
such as TGF-�, suggesting a possible link between
Ang-1-Tie2 signalling and exacerbation of subepithe-
lial fibrosis in chronic asthma [14, 165].

Therapeutic implications

Since Ang-1-Tie2 signalling plays a critical role in
several pathological conditions, it is a logical target
for therapeutic purposes. In physiological processes,
there are naturally occurring Tie2 inhibitors that reg-
ulate Tie2R functions. sTie2Fc inhibits Tie2 activation
and Ang-2 can also inhibit Ang-1-mediated Tie2 acti-
vation. In an attempt to control the aberrant angio-
genesis that contributes to the pathology of various
diseases, development of a therapeutic Tie2 inhibitor
has been generating a lot of interest in recent years.
In 2001, Abbot Laboratories announced the develop-
ment of 5-arylpyrrolo[2,3-d]pyrimidin-4-amine deriva-
tive, a potent and selective Tie2 inhibitor. Glaxo
Smith-Kline company has also developed a Tie2
inhibitor in the form of derivative of 3-arylpyrazo-
lo[3,4-d]pyrimidine-6-amine core . More recently, an
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alkynylpyrimidine amide derivative and 2-(pyridin-2-
yl)-1,3,5-triasine have been added to this list of Tie2
inhibitors [166]. Although these inhibitors have been
proven effective in murine angiogenesis model, their
efficacy in human subjects still needs to be deter-
mined. While several studies have shown that Ang-1
may be therapeutic in slowing down angiogenesis,
one has to be cautious since Ang-1 could also elicit
pro-angiogenic effects [64, 167]. In cell-based Ang-1
gene transfer, there was improvement in morpholog-
ical, biochemical and molecular parameters of lung
injury and inflammation, suggesting a therapeutic
role for Ang-1 signalling in treating lung injury [8].
Apart from anti-angiogenic therapy, Ang-1-Tie2 sig-
nalling properties have been explored in the develop-
ment of therapeutic neovascularization. Combined
administration of adeno-associated virus-2 vector
simultaneously encoding human VEGF (165) and
Ang-1, in combination with endothelial progenitor
cells have shown considerable efficacy as therapy for
ischaemic diseases [168]. Development of RNA apt-
mer, antibody and peptide-Fc fusion protein that block
binding of Ang-2 to Tie2 have been proven effective
as an anti-angiogenic therapy [142, 169]. The ineffec-
tiveness of some of the treatment for several patho-
logical conditions, underscores the need for novel
therapy. Probing into various Tie2 signalling path-
ways, suggests a broad physiological function for Tie2
signalling in different cell types. However, the question
is whether or not the therapy using these proteins as
target would work without interfering with normal
angiogenesis and other physiological functions.

Conclusions

In summary, Ang-1-Tie2 could be potentially impor-
tant in the development of therapy for numerous
pathological conditions. The Ang-1-Tie2 signalling
pathway seems to depend on time, dose, source and
modification of the Ang-1 protein used in the study.
Thus, the biological effect of Ang-1-Tie2 signalling
could be tissue specific and dependent on develop-
mental stage. Several seemingly contradictory
reports on Tie2 signalling reflect the complexity and
perhaps lack of detailed understanding of the Ang-1-
Tie2 signalling pathway. Further elucidation of Ang-1-
Tie2 and Ang-2-Tie2 signalling would open the door
to the emergence of effective therapeutic modalities
in various inflammatory diseases.
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