
PLoS Medicine  |  www.plosmedicine.org 0294

 Perspectives 

March 2006  |  Volume 3  |  Issue 3  |  e113

 T
ie (tyrosine kinase with 
immunoglobulin-like loop 
and epidermal growth factor 

homology domains) represents a 
novel class of receptor tyrosine kinases 
that are mostly expressed by vascular 
endothelial cells. There are currently 
two known members in this class: 
Tie1 (also described as Tie) and Tie2 
(also known as Tek; reviewed in [1]). 
During embryonic development, 
endothelial cells express both Tie1 
and Tie2 receptors. Tie2 is also 
expressed in quiescent endothelial 
cells in adult tissues. Unlike Tie1, 
Tie2 has well-described ligands called 
angiopoietins. Of the four currently 
known angiopoietins (Ang1–4), the 
best characterized are angiopoietin-1 
(Ang1) and angiopoietin-2 (Ang2). 

  The functional consequences of 
Ang/Tie2 signaling have been well 
established through genetic loss-
of-function and gain-of-function 
experiments in animals and cultured 
human endothelial cells. According 
to these functional studies, Ang1 is an 
agonist ligand that activates Tie2, thus 
controlling endothelial cell survival and 
vessel maturation associated with the 
quiescent nonproliferating endothelial 
cell phenotype. The functions of Ang2 
appear more complex. Ang2 binds to 
the Tie2 receptor, but acts as a non-
signal-transducing Tie2 antagonist 
ligand that blocks Ang1/Tie2 signaling 
and acts as a blood vessel–destabilizing 
cytokine. However, high concentrations 
of Ang2 or prolonged exposure of 
endothelial cells to Ang2 have been 
shown to activate Tie2 signaling, 
although the mechanisms of this 
paradoxical agonist activity of Ang2 are 
not well understood [1]. 

  The Role of Angiopoietins 

in Angiogenesis

  Angiopoietins are critically involved in 
physiological and pathological (e.g., 

tumorigenesis) blood vessel formation, 
or angiogenesis (reviewed in [2]). 
Neither Ang1 nor Ang2 can trigger an 
angiogenic response alone, but both 
enhance vascular endothelial growth 
factor (VEGF)–induced angiogenesis. 
Ang1 signaling via Tie2 promotes vessel 
maturation and quiescence, whereas 
Ang2 blocks Ang1/Tie2 signaling, 
and this leads to either angiogenesis 
or vessel regression and apoptosis, 
depending on the presence of VEGF or 
other angiogenic factors. 

  The current working hypothesis 
is that new vessel formation requires 
the temporal and spatial integration 
of signals originating from both 
Tie2 and VEGF receptors. The fi rst 
step is an upregulation of Ang2 that 
blocks the stabilizing action of Ang1 
on the vasculature. This then allows 
VEGF and other growth factors to 
promote endothelial cell migration, 
proliferation, and organization into 
new vessels. Once the new vessels have 
been formed, Ang1 levels increase 
and Ang2 levels decrease, allowing the 
formation of a mature vasculature. This 
hypothesis suggests that the Ang1/
Ang2 ratio, more than absolute levels of 
either ligand, is critical for determining 
the endothelial cell phenotype [2].

  Angiopoietins and Infl ammation

  The expression and phosphorylation 
of the Tie2 receptor in the normally 
quiescent mature vasculature suggests 
that Ang1/Tie2 signaling not only 
plays a role in angiogenesis but is also 
actively involved in the formation 
and maintenance of the vascular 
endothelial barrier. Indeed, the 
binding of Ang1 to Tie2 stabilizes 
in vitro endothelial cell interactions 

with the extracellular matrix and 
junctional proteins, and enhances 
barrier function [3]. For example, 
Ang1 has been shown to protect 
the adult vasculature against plasma 
leakage induced by VEGF [4] by 
inhibiting the calcium infl ux into the 
cells [5]. In addition, the activation of 
Ang1/Tie2 signaling attenuates H2O2-
induced apoptosis by activating the 
phosphoinositol 3-kinase/Akt pathway 
[6]. These results suggest that Ang1 has 
anti-infl ammatory properties. 

  A recent study showed that the 
adenoviral gene transfer of Ang1 can 
protect mice against endotoxic shock 
induced by  Escherichia coli  endotoxin, 
and is associated with an improvement 
in hemodynamic function, reduced 
lung injury, and a lower expression of 
infl ammatory adhesion molecules [7]. 
A similar protective function of Ang1 
was also observed in mice that had 
increased brain barrier permeability 
due to overexpression of VEGF [8]. 
In contrast, Ang2 appears to cause 
vascular leakage. It stimulates in vivo 
within 30 minutes the extravasation 
of fl uid in the mouse paw [9]. When 
submaximal doses of Ang2 and VEGF 
were administered at the same time 
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in the mouse paw, their effects were 
additive, suggesting that the two factors 
act independently [9]. Furthermore, 
expression profi ling studies have 
shown that endothelial cells are the 
primary source of Ang2 [10], and that 
Ang2 levels can be transcriptionally 
and post-transcriptionally regulated 
by hypoxia or exposure to growth 
factors, such as VEGF or platelet-
derived growth factor (PDGF) [11]. In 
addition, Ang2 protein is stored inside 
endothelial cells and can be secreted 
within minutes after stimulation by 
thrombin or histamine [12]. These 
fi ndings indicate that Ang2 is not only 
a regulator of angiogenesis and vessel 
maturation but is also involved in rapid 
vascular homeostatic reactions such as 
infl ammation and coagulation. 

  A New Study: The Role of Ang2 

in Acute Lung Injury

  In a new  PLoS Medicine  study, Samir 
Parikh and colleagues [13] describe 
a new, important role for Ang2 in 
acute lung injury. In a series of elegant 
and complementary human and 
mouse in vivo and in vitro studies, 
the investigators demonstrate that 
circulating Ang2 is elevated in humans 
with sepsis and impaired oxygenation. 
Furthermore, their study shows that 
the serum of these patients disrupts in 
vitro the endothelial architecture, an 
effect that correlates with the serum 
level of Ang2 and that can be reversed 
by the addition of Ang1. These results 
suggest that the presence of Ang2 in 
serum is at least in part responsible for 
compromising the barrier function of 
the vascular endothelium in acute lung 
injury from sepsis. 

  Additional in vitro experiments 
demonstrated that Ang2 alone can 
replicate the effect of human septic 
serum on endothelial structure, 
and that it promotes endothelial 
hyperpermeability via Rho-kinase and 
myosin light chain kinase activation. 
Similar effects were observed when 
Tie2 levels were reduced with 
Tie2 small interfering RNA. These 
results suggest that Tie2 signaling is 
constitutively active in endothelial 
cells and that the addition of Ang2 
blocks Tie2 signaling by inhibiting 
Tie2 phosphorylation, leading in turn 
to Rho-kinase and myosin light chain 
kinase activation and disruption of the 
endothelial monolayer. A fi nal set of in 
vivo studies demonstrated that systemic 

administration of Ang2 directly 
provokes vascular hyperpermeability 
and pulmonary edema in healthy adult 
mice. 

  Unanswered Questions

  Despite the importance of these results, 
several questions about the role of 
Ang2 in acute lung injury remain 
unanswered. First, as previously shown 
for angiogenesis, the Ang1/Ang2 
ratio may be more important than the 
absolute Ang2 levels for determining 
the effect of Tie2 signaling on 
endothelial cell permeability. Parikh 
and colleagues’ study supports this 
hypothesis because recombinant Ang1 
was able to reverse the permeability 
effect of human septic serum 
containing high levels of Ang2 on 
quiescent human vascular endothelial 
cells. 

  Second, it remains unclear whether 
Ang2 only acts as an antagonist of 
the Tie2 signaling or whether it has 
agonist Tie2 effects on the pulmonary 
vasculature of patients with acute lung 
injury. Previous studies have reported 
that Tie2 mRNA and protein are 
highly expressed in the lungs [14], 
indicating a potential role for this 
pathway in controlling lung endothelial 
permeability. Furthermore, Ang2 
has been shown to have Tie2 agonist 
properties in the presence of other 
angiogenic factors such as VEGF [10], 
and high plasma levels of VEGF have 
been reported in patients with sepsis 
and correlate with increased vascular 
permeability [15]. Increased VEGF 
gene and protein expression has 
also been associated with ischemia-
reperfusion lung injury [16]. 

  Third, another intriguing question 
is which organs or cell types are 
responsible for elevated serum Ang2 in 
patients with severe sepsis. Is elevated 
Ang2 a manifestation of a localized 
increase in Ang2 production in the 
lungs? Or is increased Ang2 production 
a universal response of the vascular 
system during sepsis since sepsis affects 
the entire vasculature indiscriminately? 
If the latter is the case, vascular 
leakiness caused by Ang2 in severe 
sepsis may not be unique to the lungs, 
but may be a systemic phenomenon 
that affects other vital organs, including 
the brain. 

  Fourth, the question, “Can soluble 
Ang2 serve as a biomarker of acute 
lung injury?” remains an open one. 

A clinically useful marker should 
have a high positive predictive 
value in patients who are at risk 
for the syndrome but have not yet 
developed symptoms. Furthermore, 
a suitable biomarker should also be 
highly discriminative in predicting 
mortality in these patients. Although, 
as acknowledged by the authors, a 
much larger clinical study would be 
required to defi nitively conclude that 
the serum level of Ang2 is a valid 
biomarker to predict subsequent acute 
lung injury, the clinical data collected 
by Parikh and colleagues are not very 
encouraging. In this small cohort of 
patients, serum Ang2 levels reach their 
peak only at the same time as the nadir 
of the PaO

2
/FiO

2
 ratio. Furthermore, 

there was no difference in serum levels 
of Ang2 between patients who died and 
patients who recovered. 

  Conclusion

  In summary, Parikh and colleagues 
have provided important new insights 
regarding the mechanisms that control 
lung vascular permeability in patients 
with acute lung injury. They have 
demonstrated that Ang2, one of the 
known ligands of the Tie2 receptor, 
has a signifi cant role in increasing 
vascular permeability in patients with 
acute lung injury. As with all interesting 
discoveries, their study also raises many 
questions, and makes it clear that more 
work is needed to understand the 
complexity of the control of the lung 
vascular permeability in vivo under 
pathological conditions, such as acute 
lung injury. � 

 Acknowledgments

  This work was primarily supported by NIH 
Grants NINDS P01 NS44155 (TH), and GM 
62188 and P50 HL74005 (JFP).

  References
  1. Peters KG, Kontos CD, Lin PC, Wong AL, Rao 

P, et al. (2004) Functional signifi cance of Tie2 
signaling in the adult vasculature. Recent Prog 
Horm Res 59: 51–71.

  2. Bouis D, Kusumanto Y, Meijer C, Mulder 
NH, Hospers G (2006) A review on pro- and 
anti-angiogenic factors as targets of clinical 
intervention. Pharmacol Res 53: 89–103.

  3. Suri C, Jones PF, Patan S, Bartunkova S, 
Maisonpierre PC, et al. (1996) Requisite role 
of angiopoietin1 a ligand for the Tie2 receptor, 
during embryonic angiogenesis. Cell 87: 1171–
1180.

  4. Thurston G, Rudge JS, Ioffe E, Zhou H, Ross L, 
et al. (2000) Angiopoietin 1 protects the adult 
vasculature against plasma leakage. Nat Med 6: 
460–463.

  5. Jho D, Mehta D, Ahmmed G, Gao XP, 
Tirruppathi C, et al. (2005) Angiopoietin 1 
opposes VEGF-induced increase in endothelial 

March 2006  |  Volume 3  |  Issue 3  |  e113



PLoS Medicine  |  www.plosmedicine.org 0296

permeability by inhibiting TRPC1-dependent 
calcium infl ux. Circ Res 96: 1282–1290.

  6. Murakami T, Takagi H, Suzuma K, Suzuma 
I, Ohashi H, et al. (2005) Angiopoietin 
1 attenuates H2O2-induced SEK1/JNK 
phosphorylation through the PI3kinase/Akt 
pathway in vascular endothelial cells. J Biol 
Chem 280: 31841–31849.

  7. Witzenbichler B, Westermann D, Knueppel S, 
Schultheiss HP, Tschope C (2005) Protective 
role of angiopoietin 1 in endotoxic shock. 
Circulation 111: 97–105.

  8. Nag S, Papneja T, Venugopalan R, Stewart 
DJ (2005) VEGF-induced BBB permeability is 
associated with an MMP-9 activity increase in 
cerebral ischemia: Both effects decreased by 
Ang-1. J Cereb Blood Flow Metab 25: 1491–1504.

  9. Roviezzo F, Tsigkos S, Kotanidou A, Bucci 
M, Brancaleone V, et al. (2005) Angiopoietin 

2 causes infl ammation in vivo by promoting 
vascular leakage. J Pharmacol Exp Ther 314: 
738–744.

  10. Gale NW, Thurston G, Hackett SF (2002) 
Angiopoietin 2 is required for postnatal 
angiogenesis and lymphatic patterning, and 
only the later role is rescued by angiopoietin 1. 
Dev Cell 3: 411–423.

  11. Pichiule P, Chavez JC, LaManna JC (2004) 
Hypoxic regulation of angiopoietin expression 
in endothelial cells. J Biol Chem 279: 12171–
12180.

  12. Fiedler U, Scharpfenecker M, Koidl S, Hegen 
A, Grunow V, et al. (2004) The Tie-2 ligand 
angiopoietin-2 is stored in and rapidly released 
upon stimulation from endothelial cell Weibel-
Palade bodies. Blood 103: 4150–4156.

  13. Parikh S, Mammoto T, Schultz A, Yuan 
HT, Christiani D, et al. (2006) Excess 

circulating angiopoietin-2 may contribute 
to pulmonary vascular leak in sepsis in 
humans. PLoS Med 3: e46. DOI: 10.1371/
journal.pmed.0030046

  14. Wong AL, Haaron ZA, Werner S, Dewhirst 
MW, Greenberg CS, et al. (1997) Tie2 
expression and phosphorylation in angiogenic 
and quiescent adult tissues. Circ Res 81: 567–
574.

  15. van Der Flier M, van Leeuwen HJ, van Kessel 
KP, Kimpen JL, Hoepelman AI, et al. (2005) 
Plasma vascular endothelial growth factor in 
severe sepsis. Shock 23: 35–38.

  16. Becker PM, Alcasabas A, Yu A, Semenza GL, 
Bunton TE (2000) Oxygen-independent 
upregulation of vascular endothelial growth 
factor and vascular barrier dysfunction during 
ventilated ischemia in isolated ferret lungs. Am 
J Respir Cell Mol Biol 22: 272–279. 

March 2006  |  Volume 3  |  Issue 3  |  e113


