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Introduction
Vascular remodeling, resulting from molecular, structural, and 

functional changes in endothelial cells of the microcirculation, 

contributes to plasma leakage and leukocyte influx in inflamma-

tion and other conditions. The remodeling is initiated by multiple 

cytokines, including VEGF, TNF-α, and the angiopoietins, angio-

poietin-1 (ANG1, also known as ANGPT1) and ANG2 (also known 

as ANGPT2) (1–4).

Angiopoietins are vascular regulators that act on Tie recep-

tors, Tie1 and Tie2 (also known as Tek), under both normal and 

pathologic conditions. ANG1 is a constitutive agonist for Tie2 

phosphorylation (p-Tie2) that contributes to vascular remodel-

ing during development and maintenance of vascular stability 

thereafter (5–7). Deletion of either Ang1 or Tie2 results in embry-

onic lethality (6). No ligand has been reported for Tie1, but Tie1 

deletion during development is also lethal (5, 8). The interac-

tion of Tie1 and Tie2 can modulate angiopoietin-induced Tie2 

phosphorylation (9). ANG1 activation of Tie2 promotes vascular 

maturation and stabilization through Akt, which phosphorylates 

forkhead box O1 (FOXO1 ) transcription factor (10–14). Phos-

phorylation of FOXO1 inhibits its transcriptional function by pro-

moting nuclear exclusion and preventing DNA binding (10, 14). 

ANG1-mediated inhibition of Foxo1 transcriptional activation in 

endothelial cells induces expression of genes involved in vessel 

stability and repression of ANG2 and other genes involved in vas-

cular destabilization (11, 13).

ANG2 competitively inhibits the action of ANG1 on Tie2 (7, 

15) and promotes vascular remodeling by suppression of Tie2 

signaling (4, 16–19). ANG2 overexpression causes embryonic 

lethality similar to deletion of Ang1 or Tie2 (15). A seemingly 

paradoxical but well-documented action of ANG2 is the acti-

vation of Tie2 under certain conditions (15, 20, 21). ANG2 acts 

as a weak agonist of Tie2 when used in high concentrations, in 

the absence of ANG1, or on certain cell types (15, 20, 22, 23). In 

otherwise normal mice, ANG2 can activate Tie2/Akt signaling 

and FOXO1 phosphorylation, suppress ANG2 production, and 

decrease plasma leakage (20). The mechanism underlying the 

context-dependent change of ANG2 function from Tie2 agonist 

to antagonist is unknown.

Tie2 signaling is controlled by the balance of agonistic actions 

of ANG1 and antagonistic or agonistic actions of ANG2. ANG1 

dominates in quiescent blood vessels, but ANG2 plays import-

ant roles in inflammation, sepsis, and other pathological condi-

tions (18, 24–26) and is rapidly released from endothelial cells 

by inflammatory stimuli (27, 28). The effects of ANG2 are greatly 

amplified by TNF-α and other inflammatory cytokines (4, 16, 17, 

27). ANG2 inhibitors can reduce vascular remodeling and inflam-

Angiopoietin-2 (ANG2) regulates blood vessel remodeling in many pathological conditions through differential effects on Tie2 

signaling. While ANG2 competes with ANG1 to inhibit Tie2, it can paradoxically also promote Tie2 phosphorylation (p-Tie2). 

A related paradox is that both inactivation and overactivation of Tie2 can result in vascular remodeling. Here, we reconciled 

these opposing actions of ANG2 by manipulating conditions that govern its actions in the vasculature. ANG2 drove vascular 

remodeling during Mycoplasma pulmonis infection by acting as a Tie2 antagonist, which led to p-Tie2 suppression, forkhead 

box O1 (FOXO1) activation, increased ANG2 expression, and vessel leakiness. These changes were exaggerated by anti-Tie2 

antibody, inhibition of PI3K signaling, or ANG2 overexpression and were reduced by anti-ANG2 antibody or exogenous ANG1. 

In contrast, under pathogen-free conditions, ANG2 drove vascular remodeling by acting as an agonist, promoting high p-Tie2, 

low FOXO1 activation, and no leakage. Tie1 activation was strong under pathogen-free conditions, but infection or TNF-α led 

to Tie1 inactivation by ectodomain cleavage and promoted the Tie2 antagonist action of ANG2. Together, these data indicate 

that ANG2 activation of Tie2 supports stable enlargement of normal nonleaky vessels, but reduction of Tie1 in inflammation 

leads to ANG2 antagonism of Tie2 and initiates a positive feedback loop wherein FOXO1-driven ANG2 expression promotes 

vascular remodeling and leakage.

Opposing actions of angiopoietin-2 on Tie2 signaling 
and FOXO1 activation
Minah Kim,1 Breanna Allen,1 Emilia A. Korhonen,2 Maximilian Nitschké,1 Hee Won Yang,3 Peter Baluk,1  

Pipsa Saharinen,2 Kari Alitalo,2 Christopher Daly,4 Gavin Thurston,4 and Donald M. McDonald1

1Department of Anatomy, Cardiovascular Research Institute, and UCSF Helen Diller Family Comprehensive Cancer Center, UCSF, San Francisco, California, USA. 2Wihuri Research Institute,  

Translational Cancer Biology Program, University of Helsinki, Helsinki, Finland. 3Department of Chemical and Systems Biology, Stanford University School of Medicine,  

Stanford, California, USA. 4Regeneron Pharmaceuticals Inc., Tarrytown, New York, USA.

     Related Commentary: p. 3188

Conflict of interest: C. Daly and G. Thurston are employees of Regeneron Pharmaceuti-

cals Inc.

Submitted: September 30, 2015; Accepted: June 24, 2016.

Reference information: J Clin Invest. 2016;126(9):3511–3525. doi:10.1172/JCI84871.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 5 1 2 jci.org   Volume 126   Number 9   September 2016

ny with vascular remodeling by using transgenic reporter mice 

(Ang2-EGFP) and mice that overexpress ANG2 (Tie1-ANG2 mice) 

(38, 39) or VEGF (CC10–VEGF-A mice, where CC10 indicates 

club cell 10 kDa) (40). Mycoplasma pulmonis infection was used 

as a model of vascular remodeling in inflammation (4). Gain- and 

loss-of-function strategies were used with structure/function 

readouts to determine how ANG2 regulation of Tie2 was mech-

anistically implicated in vascular remodeling. We then identified 

a link between Tie2 activity and ANG2 expression by elucidating 

the temporal sequence of changes in Tie2, FOXO1 transcription-

al activity, and ANG2 expression in endothelial cells in vivo. The 

mechanism determining whether ANG2 acted as a Tie2 agonist 

or antagonist was further examined by comparing changes in Tie1 

and Tie2 during infection or TNF-α exposure.

We found that ANG2 agonism of Tie2 promoted stable 

enlargement of normal vessels. However, in inflammation, loss 

of Tie1 by ectodomain shedding promoted the antagonistic 

mation severity (4, 18) and are more effective when combined 

with an inhibitor of TNF-α (17). The role of Tie1 in these events is 

unclear, but TNF-α can trigger Tie1 inactivation by shedding of the 

extracellular domain (29).

Another paradoxical feature of angiopoietins is that vascular 

remodeling is not only driven by Tie2 inactivation, but also by Tie2 

overactivation (20, 30–32). Activating mutations in the Tie2 gene, 

transgenic overexpression, or administration of exogenous ANG1 

or ANG2 alone can all induce vascular enlargement (30–34). 

The enlarged vessels have superficial similarities to leak-prone 

venules, but are resistant to leakage induced by inflammatory 

mediators (31, 32, 35–37).

In the present study, we examine these paradoxes and 

describe a potential mechanism of the context-dependent action 

of ANG2 by manipulating its interaction with Tie2 in the respira-

tory tract under normal conditions and in inflammation. We first 

asked whether ANG2 protein expression changed in synchro-

Figure 1. ANG2 expression in endothelial cells at sites of vascular remodeling. (A and B) Weak or absent ANG2 immunofluorescence in normal tracheal 

blood vessels of pathogen-free wild-type mouse (A) and Ang2-EGFP mouse (B) compared with strong ANG2 staining in remodeled vessels in both types 

of mice after M. pulmonis infection for 7 days. (C) Comparison of no ANG2 staining in vessels of control mouse with strong staining in enlarged vessels 

after ANG2 overexpression in endothelial cells of Tie1-ANG2 mouse off doxycycline from birth to 8 weeks. (D) Comparison of no ANG2 staining in vessels of 

control mouse with strong staining in bulbous vascular expansions (arrowheads) after VEGF-A overexpression in CC10–VEGF-A mouse on doxycycline for 7 

days. Boxed region enlarged on the right. Scale bars: 10 μm. (E and F) Comparison of ANG2 immunofluorescence of tracheal blood vessels in C57BL/6 mice 

(E) and EGFP staining in Ang2-EGFP mice (F) under pathogen-free conditions and after infection for 7 days (n = 12 per group). *P < 0.05 vs. pathogen-free, 

Student’s t test. (G) Correlation (P = 0.0001) between amount of ANG2 staining and size of 34 tracheal vessels in 12 pathogen-free Tie1-ANG2 mice off 

doxycycline from birth to 8 weeks of age.
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ANG2 protein in the tracheal vasculature under different states 

of growth and remodeling. To visualize ANG2, we used a human 

monoclonal antibody (REGN910) that has high binding affinity to 

murine ANG2 (K
D

 = 0.09 nM) and does not bind ANG1 of either 

species (24). In tests of validation, we found that REGN910 rec-

ognized ANG2 in ovarian follicles and in vessels of ovarian cortex 

and endometrium, known locations of expression (15, 27). ANG2 

in cultured endothelial cells was also stained by REGN910 under 

action of ANG2 on Tie2 and a positive feedback loop, where-

by p-Tie2 suppression, FOXO1 transcriptional activation, and 

increased ANG2 expression led to vascular remodeling.

Results
ANG2 expression in endothelial cells at sites of vascular remodeling. To 

determine whether ANG2 expression in endothelial cells increas-

es at sites of vascular remodeling, we compared the amount of 

Figure 2. Temporal change in ANG2 expression and subcellular distribution during vascular remodeling after infection. (A) Progressive increase in ANG2 

immunofluorescence at sites of capillary remodeling over cartilage rings at days 3, 5, and 7 after M. pulmonis infection in C3H mice. ANG2 staining in 

enlarged vessel is strong at 3 days and even stronger and more uniform at 7 days after infection. (B) More rapid increase in ANG2 at sites of venule remod-

eling between cartilage rings at 3 days after infection. ANG2 staining is uniformly strong in venules at days 3, 5, and 7 of infection. Scale bars: 25 μm  

(A and B). (C) Parallel increases in amount of ANG2 staining (upper) and size of capillaries and venules (lower) after infection (n = 9 per group). *P < 0.05 

vs. pathogen-free, 1-way ANOVA. (D) Strong colocalization of ANG2 with golgin-97 and weak colocalization with P-selectin and vWF in blood vessels at 7 

days after infection in C57BL/6 mice. Arrowheads mark sites of ANG2 colocalization with golgin-97. Scale bar: 10 μm. (E) Significantly greater colocalization 

of ANG2 with golgin-97 than with P-selectin or vWF (n = 9 per group). *P < 0.05 vs. P-selectin or vWF, 1-way ANOVA.
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Figure 3. ANG2 effects on Tie2 phosphorylation and vascular enlargement. (A) Blood vessels of pathogen-free mice comparing strong p-Tie2 staining in 

a control (human IgG) with weak p-Tie2 after inhibition of Tie2 by REGN1376. (B) Blood vessels after M. pulmonis infection for 7 days showing weak p-Tie2 

in remodeled vessels in a control (human IgG) compared with strong p-Tie2 after inhibition of total2 by REGN910. Weak or absent p-Tie2 after REGN1376 

alone or with REGN910, but stronger p-Tie2 after BowANG1 or BowANG1 plus REGN910, indicating that BowANG1 overcame ANG2 suppression of Tie2 

after infection. ANG2 inhibition also reduced vascular remodeling, but Tie2 inhibition exaggerated the enlargement and blocked the effect of REGN910. 

BowANG1 alone or together with REGN910 amplified the enlargement. Dashed white lines delineate vessels stained by CD31. (C and D) Measurements of 

p-Tie2 staining (C) and vessel size (D), comparing groups shown in A and B (n = 12 per group). *P < 0.05 vs. pathogen-free IgG controls; †P < 0.05 vs. infect-

ed IgG controls, 1-way ANOVA. (E) Comparison of ANG2 and p-Tie2 at baseline after 3 days of infection, showing that p-Tie2 reduction after infection was 

blocked by ANG2 inhibition. ANG2 staining was weak in all groups at this time point. Scale bars: 20 μm. (F) Measurements showing that the reduction in 

p-Tie2 staining after infection was not evident until 3 days and that this reduction was blocked by inhibition of ANG2 (n = 6 per group). *P < 0.05 vs. patho-

gen-free control; †P < 0.05 vs. infected IgG controls at 3 days, 1-way ANOVA.
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ANG2 immunoreactivity was weak or absent in tracheal blood 

vessels of pathogen-free C57BL/6 mice, but was moderate to strong 

in enlarged vessels after M. pulmonis infection for 7 days (Figure 1, 

A and E), when the vasculature is known to be extensively remod-

baseline conditions, where most colocalized with vWF, but not 

after phorbol diester treatment, which is known to evoke ANG2 

release (28) (Supplemental Figure 1, A–C; supplemental material 

available online with this article; doi:10.1172/JCI84871DS1).

Figure 4. ANG2-dependent parallel increase in FOXO1 activation and ANG2 expression after infection. (A) Weak or absent FOXO1 and ANG2 immunofluo-

rescence in normal vessel of pathogen-free wild-type mouse. (B) Blood vessels of mice with M. pulmonis infection for 7 days, showing strong nuclear FOXO1 

staining and cytoplasmic ANG2 in a remodeled vessel after control treatment (human IgG). FOXO1 and ANG2 are weak after ANG2 blockade by REGN910 or 

after Tie2 overactivation by BowANG1 alone or with REGN910. Dashed white lines delineate vessel borders marked by CD31. (C) Measurements of FOXO1 (top) 

and ANG2 (bottom) staining in groups shown in A and B (n = 12 per group). *P < 0.05 vs. pathogen-free controls; †P < 0.05 vs. infected IgG controls, 1-way 

ANOVA. (D) Comparison of control and Tie1-ANG2 mice infected for 7 days showing strong FOXO1 and ANG2 immunoreactivity, exaggerated in Tie1-ANG2 

mouse. (E) Measurements comparing amounts of FOXO1 staining in infected control and Tie1-ANG2 mice (n = 6 per group). *P < 0.05, Student’s t test. (F) 

Kaplan-Meier survival curves for control (black) and Tie1-ANG2 (red) mice over 7 days of infection (n = 21 per group). *P < 0.05, log-rank test. (G) Surface plots 

of confocal microscopic images showing intensity of ANG immunofluorescence in control and Tie1-ANG2 mice infected for 7 days and treated with control 

antibody (human IgG) or anti-ANG2 (REGN910). Increase in ANG2 immunofluorescence and vascular enlargement after infection was exaggerated in Tie1-

ANG2 mice, blocked by REGN910. Scale bars: 20 μm. (H) Measurements showing amounts of ANG2 immunofluorescence (upper) and vessel size (lower) in 

groups shown in G (n = 12 per group). *P < 0.05 vs. corresponding control group; †P < 0.05 vs. corresponding IgG-treated group, 1-way ANOVA.
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eled (4, 41, 42). As another approach to evaluating the significance 

of strong ANG2 staining in remodeled vessels, we used Ang2-EGFP 

transgenic reporter mice, prepared by using BAC technology (43) 

(Supplemental Figure 2, A and B). ANG2 expression reflected by 

EGFP immunoreactivity was similarly strong at sites of vascular 

remodeling in these mice at 7 days after infection, but was faint 

or absent under normal conditions (Figure 1, B and F). Specificity 

for ANG2 in these mice was confirmed by the presence of strong 

EGFP staining in hippocampal neurons (Supplemental Figure 2C), 

as reported in GENSAT (http://www.gensat.org/).

ANG2 staining was also strong in focal regions of vascular 

enlargement in the trachea of conditional Tie1-ANG2–overexpress-

ing transgenic mice (Tie1-tTA tetO-Ang2 [where tetO indicates poly-

meric tetracycline operator], hereafter referred to as Tie1-ANG2 

mice) (38, 39) at age 8 to 9 weeks, but was weak or absent in normal 

regions of the vessels (Figure 1C). The amounts of ANG2 and vascu-

lar remodeling in Tie1-ANG2 

mice were strongly correlated 

(Figure 1G). Tie1-ANG2 mice 

off doxycycline from birth 

had no apparent vascular 

abnormalities at 3 weeks of 

age, but at age 25 weeks and 

older had widespread vascu-

lar enlargement accompa-

nied by strong ANG2 immu-

noreactivity (Supplemental 

Figure 3, A–C). ANG2 stain-

ing was similarly strong at 

sites of angiogenesis in the 

trachea of mice conditional-

ly overexpressing VEGF-A 

(CC10-rtTA tetO-Vegfa mice 

[where rtTA indicates reverse 

tetracycline transactivator], 

referred to here as CC10–

VEGF-A mice). In these mice, 

VEGF-A expression, induced 

by doxycycline for 7 days (3, 

40), promoted the growth 

of vascular protrusions, but 

was weak or absent in normal 

regions of the vasculature 

(Figure 1D). In all of these 

models, ANG2 expression 

was greater at sites of vascu-

lar remodeling than in nor-

mal blood vessels.

Time course of ANG2 

increase in regions of vascular 

remodeling. To examine the 

change in ANG2 protein at 

sites of vascular remodeling 

over the course of infection, 

we used C3H mice because 

of their greater susceptibil-

ity to M. pulmonis infection 

and earlier and more pronounced vascular changes than C57BL/6 

mice (41, 44). ANG2 increased at sites of vascular remodeling over 

the course of infection. Strong patches of ANG2 staining were 

found in focally enlarged vessels at 3 days of infection, but not in 

neighboring nonremodeled vessels (Figure 2A). ANG2 staining 

was more intense and uniform in capillaries after 5 to 7 days of 

infection (Figure 2A). Venules, located between cartilage rings, 

were enlarged and had uniformly strong ANG2 staining at 3 days 

(Figure 2, B and C), while corresponding changes in capillaries, 

located over cartilage rings, were not evident until day 5 (Figure 

2, A and C). C3H mice had significantly greater ANG2 staining 

and vascular remodeling than C57BL/6 mice at 7 days of infection 

(Supplemental Figure 4, A–F).

ANG2 was concentrated in the cytoplasm of endothelial cells 

at 5 days and longer after infection (Figure 2A). To determine the 

intracellular distribution of ANG2, we compared ANG2 to P-se-

Figure 5. Contrasting actions of ANG2 with or without infection. (A) Strong p-Tie2 immunofluorescence in patho-

gen-free control mouse, wild-type mouse given BowANG1 or BowANG2 for 7 days, and Tie1-ANG2 mouse aged 8 

weeks. (B) Comparison of the same 4 groups after 7 days of M. pulmonis infection, where p-Tie2 staining is much 

weaker in all mice except the one treated with BowANG1. Dashed white lines delineate vessel borders marked by 

CD31. Scale bars: 20 μm. (C and D) Measurement of p-Tie2 immunofluorescence (upper) and vessel size (lower) in 

pathogen-free or infected wild-type mice given BowANG1 or BowANG2 for 7 days (C) and Tie1-ANG2 mice aged 8 

weeks (D) compared with respective controls (n = 4–5 per group). *P < 0.05 vs. pathogen-free controls; †P < 0.05 vs. 

infected controls, 1-way ANOVA.
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Figure 6. Reduction in endothelial Tie1 and Tie2 after M. pulmonis infection or TNF-α. (A) Strong Tie1 and Tie2 staining of tracheal blood vessels under 

pathogen-free conditions compared with weaker staining after M. pulmonis infection for 7 days. LPS for 16 hours (15 mg/kg i.p.) included as a positive 

control in A, C, and E (38). (B) Strong colocalization of Tie1 with golgin-97 in enlarged vessels after infection for 7 days. (C) Reduction in Tie1 and Tie2 after 

infection or LPS (n = 8 per group). *P < 0.05 vs. PF controls, 1-way ANOVA. (D) Greater colocalization of Tie1 and golgin-97 after infection than in patho-

gen-free controls, assessed by Imaris software (n = 4 per group). *P < 0.05 vs. pathogen-free controls, Student’s t test. (E) Comparison of soluble Tie1 in 

serum at 1, 3, 5, 7, and 14 days after infection or 16 hours after LPS (15 mg/kg i.p.) normalized to pathogen-free control (n = 5–10 per group). *P < 0.05 vs. 

pathogen-free controls, 1-way ANOVA. (F) Strong Tie1 and Tie2 in controls compared with weak staining after TNF-α for 6 hours (0.24 mg/kg i.v.) preceded 

by control human IgG. Less reduction in Tie1 and Tie2 when TNF-α was preceded by anti-ANG2 antibody REGN910 and no reduction when TNF-α was pre-

ceded by Tie2-agonist BowANG1. Scale bars: 20 μm. (G and H) Tie1 (G) and Tie2 (H) in vessels of groups shown in F, and after infection for 7 days or LPS for 

6 hours (n = 8 per group). *P < 0.05 vs. PF controls; †P < 0.05 vs. corresponding IgG controls, 1-way ANOVA.
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tal Figure 5A and Figure 2, D and E). The small amount of ANG2 

present under pathogen-free conditions colocalized with vWF, 

indicative of ANG2 storage in Weibel-Palade bodies, but not with 

golgin-97 (Supplemental Figure 5A), indicative of greater storage 

than production. After infection, ANG2 colocalized strongly with 

lectin and vWF in Weibel-Palade bodies and to golgin-97 (Gol-

ga1 gene) in the Golgi complex. ANG2 is known to associate with 

vWF, but not with P-selectin, in cultured endothelial cells (28). 

Indeed, we found little colocalization of ANG2 with P-selectin 

under either pathogen-free or infected conditions (Supplemen-

Figure 7. Differences in endothelial barrier function after Tie2 inactivation or overactivation. (A) Comparison of blood vessel leakiness and size in trachea 

of pathogen-free mice given control antibody (human IgG), BowANG1, BowANG2, anti-ANG2 (REGN910), or anti-Tie2 (REGN1376) for 7 days. BowANG1 and 

BowANG2 increased vessel size, but only Tie2 blockade resulted in leakage in pathogen-free mice. (B) Similar comparison in mice given the same treatments 

as in A but during M. pulmonis infection for 7 days. Vessels were leaky and enlarged in all groups except when ANG2 was blocked, where little leakage or 

enlargement was found. BowANG1 reduced leakage and exaggerated enlargement, but BowANG2 had comparable leakage with infected controls. (C and D) 

Comparison of vessel leakiness and size in pathogen-free (C) and infected (D) controls and Tie1-ANG2 mice aged 8 weeks, showing that ANG2 overexpression 

increased vessel size, but not leakage, under pathogen-free conditions and exaggerated both enlargement and leakage after infection. Dashed white lines 

delineate vessel borders marked by CD31. Scale bars: 25 μm. (E) Measurement of leakage in the same groups as shown in A and B (n = 4–10 per group).  

*P < 0.05 vs. pathogen-free IgG control; †P < 0.05 infected with treatment vs. infected IgG control, 1-way ANOVA. (F) Measurement of leakage in the same 

groups as shown in C and D (n = 4–8 per group). *P < 0.05 vs. pathogen-free control; †P < 0.05 infected Tie1-ANG2 vs. infected control, 1-way ANOVA.
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ment (Figure 3, B–D). Further-

more, inhibition of Tie2 during 

infection was accompanied by 

even weaker p-Tie2 and more 

vascular enlargement (Figure 3, 

B–D). These changes were still 

present when ANG2 was inhib-

ited together with Tie2 during 

infection (Figure 3, B–D). These 

findings demonstrate that inhi-

bition of ANG2 prevented the 

suppression of p-Tie2 and vas-

cular remodeling during infec-

tion and that inhibition of Tie2 

had the opposite effect.

We next asked whether 

suppression of p-Tie2 during 

infection could be overcome 

by administration of the ANG1 

mimic BowANG1. This exper-

iment revealed that p-Tie2 

remained strong in the presence 

of BowANG1 during infection, 

but vascular enlargement was 

exaggerated (Figure 3, B–D). 

BowANG1 had similar effects 

on p-Tie2 and vessel size in 

pathogen-free mice (Supple-

mental Figure 6, A–C), where 

the enlargement was similar to 

that in reports of ANG1 over-

expression (35, 48–50). ANG2 

blockade by REGN910 did not 

change the effects of BowANG1 

on vascular enlargement under pathogen-free conditions or after 

infection (Figure 3, B–D, and Supplemental Figure 6, A–C).

The temporal sequence of Tie2 suppression and increase in 

ANG2 after infection was determined by examining earlier time 

points. No change was found in p-Tie2 or ANG2 staining at 1 day 

or 2 days after infection, regardless of whether ANG2 was inhib-

ited by REGN910 (Supplemental Figure 7, B and C). However, at 

3 days, when ANG2 was still low, p-Tie2 was weaker than normal 

and had a uniformly punctate appearance, unlike the strong junc-

tional staining for p-Tie2 in pathogen-free controls (Figure 3, E 

and F). Here, ANG2 inhibition prevented the decrease in p-Tie2 

(Figure 3, E and F). These findings indicate that the reduction in 

p-Tie2 preceded the increase in ANG2 after infection.

FOXO1 regulation of ANG2 expression after infection. We next 

sought to identify the link between Tie2 activity and ANG2 expres-

sion in endothelial cells. We explored evidence that Tie2 activation 

promotes PI3K/Akt signaling and consequent FOXO1 transcrip-

tional inactivation and that FOXO1 activation promotes ANG2 

expression in endothelial cells (10, 11, 13). Under pathogen-free 

conditions, little or no nuclear FOXO1 or ANG2 staining was evi-

dent in endothelial cells of tracheal blood vessels, indicating low 

FOXO1 transcriptional activity and low ANG2 expression under 

normal conditions (Figure 4A). However, after infection, nuclear 

golgin-97, but weakly with vWF (Figure 2, D and E), consistent 

with greater ANG2 production and release with limited storage in 

Weibel-Palade bodies.

Link between ANG2 antagonism of Tie2 and vascular remodeling. 

The mechanistic involvement of ANG2 in the regulation of Tie2 

signaling during vascular remodeling was assessed by examining 

changes in Tie2 phosphorylation, with or without pharmacologic 

inhibition of ANG2 or Tie2. Endothelial p-Tie2 was strong in tracheal 

blood vessels under pathogen-free conditions (Figure 3A), as in nor-

mal blood vessels of other organs (Supplemental Figure 5B) (45). No 

change in p-Tie2 was detected after inhibition of ANG2 by REGN910 

(24) under pathogen-free conditions, but inhibition of Tie2 signaling 

by the function-blocking antibody REGN1376 reduced p-Tie2 (Fig-

ure 3A and Supplemental Figure 6, A–C). Neither inhibition of ANG2 

nor inhibition of Tie2 resulted in a change in vessel size under these 

baseline conditions (Figure 3A and Supplemental Figure 6, A–C).

In contrast, p-Tie2 was conspicuously reduced and vessels 

were enlarged at 7 days after infection (Figure 3B). Staining for 

p-Tie2 at tyrosine 1100 (Y1100), a site required for activation of 

PI3K/Akt signaling through association with the PI3K p85 regula-

tory subunit (46, 47), was similarly suppressed in remodeled ves-

sels after infection (Supplemental Figure 7A). ANG2 blockade by 

REGN910 prevented the decrease in p-Tie2 and vascular enlarge-

Figure 8. Diagram of regulatory loop linking ANG1, ANG2, Tie1, and Tie2 in endothelial cells. (A) Under normal 

conditions, the agonist action of ANG1 dominates ANG2 in activating Tie2 signaling in a Tie1-dependent manner 

(38), leading to PI3K/Akt pathway activation. Akt-dependent phosphorylation of FOXO1 suppresses transcrip-

tional function by promoting nuclear exclusion, ubiquitination, and degradation, which increases expression of 

genes that promote vascular stabilization. (B) After M. pulmonis infection, TNF-α is released, Tie1 is reduced by 

ectodomain shedding, and Tie2 phosphorylation is suppressed by ANG2 secreted from Weibel-Palade bodies. 

PI3K/Akt pathway inactivation promotes FOXO1 transcriptional activity and increases expression of ANG2 and 

other vascular destabilizing genes. The antagonistic action of greater ANG2 dominates the agonist action of ANG1, 

maintains suppression of Tie2 signaling, and establishes a positive feedback loop, with sustained Akt inactiva-

tion, FOXO1 transcriptional activation, and ANG2 production. Vascular destabilization, remodeling, and leakiness 

are downstream consequences of this ANG2-Tie2 regulatory loop after infection.
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as a Tie2 agonist under pathogen-free conditions but as an antag-

onist after M. pulmonis infection. We learned that the ANG2 mim-

ic BowANG2 (21) promoted Tie2 phosphorylation and vascular 

enlargement in pathogen-free mice (Figure 5, A and C); this was 

similar to — but weaker than — the results with the Tie2 agonist 

BowANG1. To determine whether the amount of ANG2 influenced 

its action on Tie2, we tested a range of doses of BowANG2 on p-Tie2 

in pathogen-free mice. BowANG2 acted as a Tie2 agonist over the 

entire dosage range and did not suppress p-Tie2 at any dose test-

ed in pathogen-free mice (Supplemental Figure 10, A–C). By com-

parison, BowANG2 given during infection reduced p-Tie2, as was 

found in infected mice without BowANG2, consistent with ANG2 

antagonism of Tie2 (Figure 5, B and C). As further support, this 

context-dependent effect of BowANG2 was mimicked by genetic 

overexpression of ANG2 in Tie1-ANG2 mice (Figure 5, A–D). Unlike 

BowANG2, BowANG1 promoted Tie2 activation, regardless of 

whether the mice were pathogen-free or infected (Figure 5, A–D).

To examine the mechanism by which infection promot-

ed ANG2 antagonism of Tie2, we built on evidence that Tie1 is 

essential for agonistic action of ANG2 on Tie2 (38). The finding 

that Tie1 in endothelial cells rapidly decreases after LPS exposure 

(38) led us to ask whether Tie1 also decreases after M. pulmonis 

infection. Indeed, Tie1 immunofluorescence was strong in the 

plasma membrane under pathogen-free conditions, but was weak 

at 3 days and nearly absent at 7 days after infection (Figure 6, A 

and C, and Supplemental Figure 11, A and B). Despite the absence 

of staining in the plasma membrane at 7 days, Tie1 had a patchy 

distribution in the cytoplasm, which colocalized with the Golgi 

apparatus marker golgin-97 (Figure 6, B and D). At 14 days after 

infection, Tie1 was stronger than at 7 days and close to basal levels 

(Supplemental Figure 11, A and B), indicative of receptor recovery 

after the initial reduction.

The ectodomain of Tie1 undergoes proteolytic cleavage in 

response to TNF-α and other inflammatory cytokines in vitro (53). 

Similarly, LPS exposure in vivo leads to sloughing of the Tie1 ecto-

domain, which can be measured as soluble Tie1 in blood (38). We 

found that soluble Tie1 in blood increased to twice the baseline at 

7 days of M. pulmonis infection and was still elevated but less so at 

14 days (Figure 6E).

Tie2 in the tracheal vasculature decreased along with Tie1 

during the first week after infection (Figure 6, A and C, and Sup-

plemental Figure 11, A and C). The reduction in Tie2, however, 

occurred more gradually than the decrease in Tie1 (Supplemental 

Figure 11). The initial reduction of Tie2 after infection resembled 

the change after LPS (38), as confirmed here (Figure 6, A and C). 

Like Tie1, Tie2 recovered as the infection evolved and was greater 

at 14 days than at 7 days (Supplemental Figure 11, A and C).

Because TNF-α increases many-fold and promotes vascular 

remodeling during M. pulmonis infection in mice (2, 17) and can 

also induce Tie1 ectodomain shedding in endothelial cells (53), we 

asked whether TNF-α could mimic the reduction in Tie1 and Tie2 

found after infection. Examination of a range of doses revealed 

that TNF-α at a dose of 0.24 mg/kg i.v. reduced Tie1 and Tie2 

(Supplemental Figure 12, A and B), which fit with increased sol-

uble Tie1 found in the blood after TNF-α was administered (38). 

The reduction after TNF-α administration resembled but was less 

than the reduction after the high dose of LPS (15 mg/kg i.p.).

FOXO1 and cytoplasmic ANG2 were strong in the remodeled ves-

sels (Figure 4B), which had low p-Tie2 (Figure 3B). Consistent with 

suppression of Tie2/PI3K/Akt signaling, FOXO1 and ANG2 were 

even stronger when PI3K was further inhibited by treatment with 

BKM120 during the infection (Supplemental Figure 8, A–D). These 

findings align with evidence that nuclear FOXO1 and ANG2 are 

linked and with the concept that the increase in ANG2 after infec-

tion is a consequence of FOXO1 transcriptional activation resulting 

from suppression of Tie2/PI3K/Akt signaling in endothelial cells.

We then determined whether ANG2 antagonism of Tie2 was 

required for the increase in nuclear FOXO1 and ANG2 in endo-

thelial cells after infection. We found that administration of 

REGN910 to block ANG2 during infection inhibited nuclear accu-

mulation of FOXO1, expression of ANG2, and vascular enlarge-

ment (Figure 4, B and C), consistent with maintenance of p-Tie2 

in the presence of REGN910 (Figure 3, B and C).

Consistent with these findings, blood vessels of infected 

mice that received BowANG1 had little or no nuclear FOXO1 or 

ANG2, but were enlarged even more than the untreated controls 

(Figure 4, B and C). When BowANG1 was combined with ANG2 

inhibition by REGN910 during infection, blood vessels had lit-

tle nuclear FOXO1 or ANG2 (Figure 4C); this resembled the low 

levels found in pathogen-free mice (Supplemental Figure 6, D–F). 

These findings indicate that the increase in nuclear FOXO1 and 

ANG2 expression in vascular remodeling during infection can be 

prevented by blocking ANG2 or by giving exogenous ANG1. The 

results implicate an essential role of ANG2 antagonism of Tie2 in 

FOXO1 activation and increased ANG2 expression after infection.

We next compared the effect of ANG2 overexpression on 

FOXO1 in vessels of pathogen-free and infected mice. After 

BowANG2, nuclear FOXO1 was weak or absent in enlarged ves-

sels in pathogen-free mice (Supplemental Figure 9, A and C). 

Similarly, ANG2 overexpression and vascular enlargement in 

pathogen-free Tie1-ANG2 mice were accompanied by weak or 

absent nuclear FOXO1 (Supplemental Figure 9, B and C). These 

findings are consistent with previous evidence that ANG2 over-

expression can induce vascular enlargement in otherwise normal 

mice by activating Tie2 (30, 31). After infection, nuclear FOXO1 

was greater and ANG2 staining was stronger in remodeled ves-

sels of Tie1-ANG2 mice than in control mice (Figure 4, D and E). 

Infection of Tie1-ANG2 mice was accompanied by significantly 

higher mortality (Figure 4F). Importantly, the exaggerated vas-

cular changes in infected Tie1-ANG2 mice were prevented by 

REGN910 blockade of ANG2 (Figure 4, G and H), indicating that 

Ang2 overexpression amplified the response to infection. Overall, 

these findings document the essential role of ANG2 antagonism 

of Tie2 in FOXO1-driven ANG2 expression and vascular remod-

eling during infection.

To assess the specificity of nuclear FOXO1 as a readout for 

induction of ANG2 expression in endothelial cells under the condi-

tions tested, we also examined FOXO3A, a related transcription fac-

tor in endothelial cells involved in angiogenesis (13). Although the 

amount of nuclear FOXO3A was much greater after infection, most 

was in cells other than endothelial cells (Supplemental Figure 9D).

Mechanism of context-dependent action of ANG2 on Tie2 signal-

ing. With the goal of reconciling the contextual agonist/antagonist 

action of ANG2 on Tie2 (15, 51, 52), we asked whether ANG2 acts 
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These findings support evidence that ANG2 acts as a Tie2 ago-

nist under baseline conditions, but acts as a Tie2 antagonist after 

infection. Also, the findings demonstrate that both ANG1 and ANG2 

act as Tie2 agonists and promote vascular enlargement and stability 

under otherwise normal conditions, consistent with previous reports 

(16, 20, 32, 37), but also that, in inflammation, ANG2 acts as a Tie2 

antagonist and promotes vascular destabilization and leakage.

Discussion
The goal of this study was to reconcile 2 paradoxes that have long 

been recognized about the action of ANG2 on blood vessels: (a) 

ANG2 can inhibit or activate Tie2, depending on the context, and 

(b) vascular remodeling can result from either inactivation or over-

activation of Tie2. We explored the actions of ANG2 as a Tie2 ago-

nist or antagonist by manipulating the actions of ANG2 on Tie2 sig-

naling and the links among Tie1, Tie2, FOXO1, ANG2 expression, 

and vascular remodeling. We found that under baseline condi-

tions, ANG2 overexpression promoted vascular remodeling by act-

ing as a Tie2 agonist: vessels had high p-Tie2, low nuclear FOXO1, 

and no leakage. In contrast, after M. pulmonis infection, ANG2 

antagonism of Tie2 promoted vascular remodeling: vessels had 

low p-Tie2, high nuclear FOXO1, high ANG2 protein, and leakage. 

Nuclear FOXO1 and cytoplasmic ANG2 were further increased by 

inhibiting PI3K/Akt signaling during infection. Mechanistic stud-

ies revealed that the infection or TNF-α triggered reduction in Tie1 

by ectodomain shedding and promoted ANG2 antagonism of Tie2. 

Together, the results indicate that under normal conditions, ANG2 

agonism of Tie2 promotes enlarged stable vessels, in a manner sim-

ilar to but weaker than the effects of ANG1. However, when Tie1 is 

reduced in inflammation, ANG2 antagonism of Tie2 initiates a pos-

itive feedback loop through FOXO1-driven ANG2 expression that 

leads to vascular remodeling.

Opposing actions of ANG2 on Tie2 are governed by the pres-

ence or absence of inflammation. ANG2 is well documented as 

an antagonist of Tie2 signaling in endothelial cells (15, 51, 52, 

56). However, ANG2 can also function as a weak agonist of Tie2 

signaling under conditions including absence of ANG1 (23, 57), 

high ANG2 concentration, and prolonged ANG2 exposure (20, 

58–60). Vascular enlargement after ANG2 overexpression has 

previously been reported in ANG2 gain-of-function studies of 

otherwise healthy mice (31). Our study revealed that ANG2 over-

expression in Tie1-ANG2 mice led to strong p-Tie2 at sites of 

vascular enlargement under normal conditions, which fits with 

ANG2 acting as a Tie2 agonist (20, 58).

Unlike its agonistic action on normal blood vessels, ANG2 

antagonized Tie2 in the inflamed vasculature. Inhibition of ANG2 

by REGN910 prevented the antagonism, and thereby Tie2 activa-

tion was maintained despite the presence of infection, presumably 

by endogenous ANG1. Reductions in Tie1 and Tie2 after infection 

or TNF-α challenge were similarly less after REGN910. Further, 

administration of BowANG2 or genetic overexpression of ANG2 

in Tie1-ANG2 mice suppressed p-Tie2 after infection, but had the 

opposite effect under normal conditions. These findings, together 

with evidence of rapid release of ANG2 from tracheal blood ves-

sels after inflammatory stimuli (38), support a mechanism whereby 

the initial reduction in p-Tie2 triggers a positive feedback loop that 

increases ANG2 expression and maintains p-Tie2 suppression.

Evidence of synergistic effects of inhibiting ANG2 and TNF-α 

together in suppressing vascular remodeling after M. pulmonis 

infection (17) led us to ask whether ANG2 sensitizes endothelial 

cells to the actions of TNF-α. Using Tie1 and Tie2 as readouts in 

vivo, we found that TNF-α–induced reduction of both receptors was 

less when ANG2 was blocked by REGN910 (Figure 6, F–H). To test 

whether ANG2 blockade unmasked agonistic effects of ANG1, we 

asked whether sustained activation of Tie2 by exogenous ANG1 

could protect against TNF-α–mediated reduction of Tie1 and Tie2. 

Indeed, BowANG1 fully prevented the reduction of both receptors 

(Figure 6, F–H). Similarly, ANG2 inhibition by REGN910 or Tie2 

activation by BowANG1 reduced the suppression of Tie1 and Tie2 

after M. pulmonis infection or LPS (Figure 6, G and H, and Supple-

mental Figure 12, C and D). Together, the findings implicate TNF-α–

driven reduction of Tie1 by ectodomain shedding as a promoter of 

ANG2 antagonism of Tie2 in these models of inflammation.

Differences in endothelial barrier function after Tie2 inactivation 

or overactivation. When vascular enlargement is driven by Tie2 

overactivation, vessels are resistant to leakage, but when it is driv-

en by Tie2 inhibition, they are typically unstable and leaky (16, 18, 

19, 32, 37, 54). We exploited this background to distinguish vascu-

lar remodeling under opposite states of Tie2 activity in our model, 

using leakage of 50-nm fluorescent microspheres as a readout (55).

We first asked whether barrier function changed after admin-

istration of BowANG1 or BowANG2 under baseline conditions. 

No evidence of leakage was found, as in the controls, but vascular 

enlargement was conspicuous (Figure 7, A and E), as reported pre-

viously (32, 37, 50). ANG2 blockade by REGN910 had no effect 

on leakage under baseline conditions. However, inhibition of 

Tie2 by REGN1376 was accompanied by a modest but significant 

increase in microsphere extravasation without vascular enlarge-

ment (Figure 7, A and E). The absence of effect of ANG2 blockade 

fits with no discernible role of ANG2 under normal conditions, but 

the presence of leakage after Tie2 blockade is consistent with the 

essential involvement of constitutive ANG1 activation of Tie2 in 

the maintenance of endothelial barrier function.

Effects of these manipulations of Tie2 signaling changed after 

infection, where remodeled vessels were more leaky (Figure 7B). 

BowANG1 reduced the leakage and exaggerated the vascular 

enlargement (Figure 7, B and E), consistent with earlier findings 

(37). Leakage after BowANG2 was comparable to that in infected 

controls (Figure 7, B and E), where ANG2 expression was already 

high. ANG2 blockade by REGN910 reduced leakage (Figure 7, B 

and E), indicating that the antileak effect of endogenous ANG1 

was unmasked by inhibiting ANG2. By comparison, leakage after 

infection was exaggerated when Tie2 was blocked by REGN1376 

(Figure 7, B and E). Leakage after infection reflected a shift toward 

ANG2 dominance in the balance between ANG1 agonism and 

ANG2 antagonism of Tie2 signaling.

To gain further insight into the action of ANG2 in vascular 

destabilization and leakage, we compared the effect of ANG2 

overexpression at baseline and after infection. ANG2 overexpres-

sion in pathogen-free Tie1-ANG2 mice was accompanied by vas-

cular enlargement without leakage (Figure 7, C and F), which is 

similar to the Tie2 agonist effects of BowANG2 (Figure 7A). How-

ever, leakage in Tie1-ANG2 mice was exaggerated after infection 

(Figure 7, D and F).
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Our finding of strong p-Tie2 and low ANG2 expression after 

ANG2 inhibition in infected mice led us to test the hypothesis that 

increased expression of ANG2 in inflammation is a consequence 

of ANG2 antagonism of Tie2 signaling. In support of this hypothe-

sis, ANG2 increased preferentially in endothelial cells that had low 

p-Tie2 and high nuclear (activated) FOXO1 in enlarged vessels. 

The changes in FOXO1 and ANG2 during infection were exagger-

ated by inhibition of PI3K/Akt signaling. Further, ANG2 blockade 

prevented the increase in nuclear FOXO1 and ANG2, which could 

be explained by unmasking ANG1 activation of Tie2 and conse-

quent suppression of FOXO1 transcriptional activity. The results fit 

with an initial release of stored ANG2 soon after infection, trigger-

ing a positive feedback loop, where p-Tie2 suppression is followed 

by FOXO1 activation and upregulation of ANG2 in endothelial 

cells. Reduced colocalization of ANG2 with vWF in Weibel-Palade 

bodies after infection is consistent with greater release than stor-

age of newly produced ANG2. Together, the findings revealed a 

previously unknown positive feedback loop, where ANG2 antago-

nism of Tie2 during infection promoted FOXO1-driven expression 

of ANG2 and vascular remodeling (Figure 8).

In addition to Tie2, VE-cadherin is known to regulate PI3K/

Akt activity and downstream effects of FOXO1 (69). The tran-

scriptional coactivator Yes-associated protein (YAP), another 

downstream target of the PI3K/Akt pathway, regulates ANG2 

expression in response to VE-cadherin–mediated endothelial cell 

contacts (70). FOXO1 also regulates a large set of genes involved in 

angiogenesis and vascular remodeling (11, 13). Additional studies 

are needed to develop a more complete understanding of ANG2 

collaboration with other FOXO1 or YAP target genes to regulate 

vascular changes in inflammation.

Vascular enlargement under opposing states of Tie2 activity: stabil-

ity versus leakiness. Our findings confirm that vascular remodeling 

can result from either overactivation or inactivation of Tie2. The 

surprise was that ANG2 acted as a Tie2 agonist when administered 

as a recombinant protein (BowANG2) or was genetically overex-

pressed (Tie1-ANG2 mice) in otherwise normal conditions, but was 

an antagonist after M. pulmonis infection. It is known that when Tie2 

is inactivated after infection, vessels enlarge and become leaky as a 

consequence of endothelial cell proliferation and loss of junctional 

stability (4, 42). ANG2 and TNF-α contribute to these changes (17, 

40). FOXO1 transcriptional activation leads to decreased expres-

sion of the tight junction protein claudin-5 and reduced junction 

stability (11, 69). These changes could result in loss of endothelial 

cell contact inhibition, activation of cell proliferation, and vascular 

enlargement (71). Mechanistic links between Tie2 inactivation and 

endothelial cell proliferation deserve further study.

Vascular remodeling can also occur with activating Tie2 muta-

tions or ANG1 or ANG2 overexpression (31–34, 38). Tie2 activa-

tion by ANG1 overexpression promotes circumferential vascular 

enlargement that results from VEGF-independent endothelial 

cell proliferation without sprouting (49). ANG1 is a weak mito-

gen compared with VEGF (47, 72) but is a potent endothelial cell 

survival factor. ANG1 activation of Tie2 can promote endothelial 

cell mitogenic activity through MAPK and PI3K (12, 73) or Erk1/2 

signaling (74). Effects of Tie2 activation depend on which tyro-

sine residues are phosphorylated (47), but the links to blood vessel 

growth and stability are unclear.

The use of pharmacological inhibition of ANG2 by REGN910 

circumvented the confounding effects of impaired immune 

responses, lymphatic defects, and other abnormalities in ANG2 

null mice (61–64). The anti-ANG2 antibody also permitted con-

trol over onset, duration, and magnitude of antagonism. Effects of 

ANG2 blockade by REGN910 were greater than found previous-

ly in the M. pulmonis model after anti-ANG2 antibody AZD5180 

(17), probably due to the lower K
D

 for mouse ANG2 of REGN910 

(0.09 nM) than AZD5180 (3 nM) despite their similar affinities for 

human ANG2 (24, 65).

Multiple lines of evidence indicate that the actions of angio-

poietins on Tie2 signaling are strongly influenced by the interac-

tion of Tie1 with Tie2 (9, 38). Deletion of endothelial Tie1 prevents 

ANG1-induced Tie2 activation and resultant vascular enlarge-

ment in otherwise normal mice (38). Our studies revealed that 

the decrease in Tie1 in blood vessels after M. pulmonis infection 

was accompanied by increased levels of soluble Tie1 in blood as 

a reflection of ectodomain shedding. The reduction in Tie1 after 

infection was also accompanied by suppression of p-Tie2, consis-

tent with Tie1 as a positive regulator for Tie2 activation. Although 

Tie1 protein in endothelial cells decreased after infection, the 

Tie1 promoter continued to drive ANG2 expression in Tie1-ANG2 

mice, which had even stronger ANG2 staining after infection. Fur-

ther studies are needed to understand the links between the phos-

phorylation states of Tie1 and Tie2 and the relationship between 

Tie1 ectodomain shedding and Tie1 expression.

TNF-α, which increases 6-fold or more after infection (2, 17) 

and is implicated in the reduction of endothelial cell Tie1 by ect-

odomain shedding, promoted ANG2 antagonism of Tie2. TNF-α 

injected i.v. was followed by reductions of both Tie1 and Tie2 in 

endothelial cells, which resembled the changes after M. pulmonis 

infection or LPS. Importantly, both effects were reduced by ANG2 

blockade with REGN910 and prevented by sustained Tie2 activa-

tion with BowANG1. Evidence that ANG2 and TNF-α act synergis-

tically as drivers of vascular remodeling after M. pulmonis infec-

tion (17) is indicative of ANG2 sensitization of endothelial cells to 

the effects of TNF-α. The findings also indicate that sustained Tie2 

activation by ANG1 is sufficient to protect against TNF-α suppres-

sion of Tie1 and Tie2 in endothelial cells. These features fit with 

the known balance of Tie2 agonists and antagonists as opposing 

regulators of vascular stability and remodeling (7, 37).

ANG2 binding to integrins has been reported to contribute to 

effects of ANG2 independent of Tie2, where Tie2 is downregulated 

in endothelial cells (66, 67). Our evidence that the effects of blocking 

ANG2 during infection were completely abolished by inhibiting Tie2 

does not exclude a contribution of integrins, but does emphasize the 

importance of ANG2/Tie2 interactions in the vascular changes.

Positive feedback loop between ANG2 antagonism of Tie2 and 

ANG2 production. The importance of Tie2 signaling in vascu-

lar remodeling has long been recognized, and mechanistic links 

between Tie2 activity and ANG2 expression in endothelial cells 

are beginning to be elucidated. As a downstream target of Tie2 

signaling, FOXO1 regulates ANG2 expression and is essential for 

embryonic development (11, 13, 68). Activation of Tie2/Akt sig-

naling reduces FOXO1 transcriptional activity by phosphorylation 

and nuclear exclusion, which limits ANG2 production through 

negative feedback (20).
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M. pulmonis infection and other inflammation models. Anesthetized 

C57BL/6 or C3H mice were infected at day 0 by intranasal inoculation 

of 50 μl broth containing M. pulmonis organisms of strain CT8 (41). 

The broth contained 106 CFU of passage 4 or 104 CFU of passage 5  

M. pulmonis based on virulence. Infection severity was assessed 

during and at the end of the experiment by survival and change in 

body weight, lung weight, and bronchial lymph node weight. Mice 

were studied on day 1 to day 14 after infection. Other C57BL/6 mice 

were studied 6 or 16 hours after intraperitoneal injection of LPS (15 

mg/kg; Sigma-Aldrich, catalog L2880) or i.v. injection of TNF-α (0.02 

to 0.24 mg/kg; Peprotech Inc., catalog 315-01).

Treatment with agonists and inhibitors. ANG2 function-blocking 

human monoclonal antibody (REGN910) (24), Tie2 function-block-

ing human monoclonal antibody (REGN1376) (76), and recombinant 

ANG1 and ANG2 (BowANG1 and BowANG2 as Ang-F
1
-Fc-F

1
 and Ang-

F
2
-Fc-F

2
, denoted F for fibrinogen-like domain; ref. 21) were injected 

i.p. REGN910 (5 mg/kg) and REGN1376 (10 mg/kg) were injected 

twice (1 day before and 3 days after inoculation) over the 1-week infec-

tion. Control mice received 2 i.p. injections of human IgG (10 mg/kg, 

REGN379). BowANG1 and BowANG2 were injected 3 times, 1 day 

before and days 2 and 5 after infection, at a dose of 25 mg/kg i.p. The 

selective pan-class I PI3K inhibitor BKM120 (NVP-BKM120, Novartis) 

(77), dissolved in 10% N-methyl-2-pyrrolidone, 90% PEG 300, was 

administered by gavage at a dose of 50 mg/kg 1 day before infection 

and daily thereafter over the 1-week infection. Pathogen-free controls 

had the same treatment.

Tissue preparation and immunohistochemistry. Tissues were pre-

served by perfusion of fixative (1% paraformaldehyde in PBS; pH 7.4) 

through the left ventricle into the aorta for 2 minutes at a pressure 

of 120 to 140 mmHg. Tracheas were washed and stained as whole 

mounts for immunohistochemistry using 1 or more antibodies diluted 

at 1:500 in PBS containing 0.3% Triton-X 100 and 5% normal serum, 

as follows: CD31 (Thermo Scientific, hamster monoclonal, catalog 

MA3105), ANG2 (Regeneron Pharmaceuticals Inc., human mono-

clonal, catalog REGN910), GFP (Aves Labs Inc., chicken polyclonal, 

catalog GFP-1020), vWF (Dako, rabbit polyclonal, catalog A0082), 

P-selectin (BD Biosciences, rat monoclonal, catalog 550289), gol-

gin-97 (Abcam, rabbit polyclonal, catalog ab84340), Tie1 (R&D, goat 

polyclonal, catalog AF619), Tie2 (Regeneron Pharmaceuticals Inc., 

human monoclonal, catalog REGN1376), phospho-Tie2 (Y992, R&D, 

rabbit polyclonal, catalog AF2720), phospho-Tie2 (Y1102/Y1100, 

R&D, rabbit polyclonal, catalog AF3909), and FOXO1 (Cell Signaling, 

rabbit monoclonal, catalog 2880). Species-specific secondary anti-

bodies were labeled with Cy3, Alexa Fluor 488, or Cy5 (1:500; Jackson 

ImmunoResearch Laboratories Inc.). Specimens were examined with 

a Zeiss Axiophot fluorescence microscope or Zeiss LSM-510 confocal 

microscope using AIM 4.0 confocal software.

Microsphere injection. To assess vascular leakage, 50 μl of a sus-

pension of 50-nm fluorescent polystyrene microspheres (1% solids, 

Bangs Laboratories, Inc.) was injected into the tail vein (36). Mice were 

anesthetized at 5 minutes and perfused after the microspheres circu-

lated for 10 minutes.

Morphometric measurements. Amounts of immunoreactivity and 

leakage of fluorescent microspheres were measured as the area den-

sity of the fluorescent signal above a predetermined threshold (36) 

or as the fluorescence intensity in the range of 0 to 255 using ImageJ 

software (NIH). See Supplemental Methods for details. Capillary and 

Blood vessels that underwent remodeling under opposite 

states of Tie2 phosphorylation could be distinguished by differ-

ences in endothelial barrier function. Antileak effects of Tie2 

activation and proleak effects of Tie2 suppression fit with many 

reports of the stabilizing actions of ANG1 and destabilizing actions 

of ANG2 (16, 18, 19, 32, 37, 54).

In conclusion, the present study confirms that ANG2 can 

promote vascular remodeling by acting as a Tie2 agonist or 

antagonist, but the opposing actions occur under different cir-

cumstances and have different consequences (Figure 8). Under 

normal conditions, ANG2 — particularly when overexpressed 

or at high concentration — acts as a Tie2 agonist that promotes 

vessel enlargement and stability, but is less potent than ANG1. 

In contrast, in the presence of inflammation accompanying M. 

pulmonis infection, ANG2 antagonism of Tie2 activates FOXO1 

transcriptional activity, increases ANG expression, and initiates a 

positive feedback loop that leads to enlarged, leaky vessels. Infec-

tion or TNF-α triggers reduction in Tie1 by ectodomain shedding 

and promotes ANG2 antagonism of Tie2. Our study highlights 

the importance of identification of upstream regulators of the 

responsiveness of Tie2 to angiopoietins under diverse conditions. 

Yet ANG2 and Tie1/Tie2, acting in synergy with TNF-α and other 

inflammatory cytokines, are clearly important vascular modula-

tors and biomarkers in disease.

Methods
Mice. Ang2-EGFP transgenic breeder mice (Tg [Ang2-EGFP] DJ90G-

sat/Mmcd) were purchased from the Mutant Mouse Regional Resource 

Centers (MMRRC). Ang2-EGFP mice were created by inserting the 

EGFP-coding sequences under the Ang2 promoter in an Ang2-con-

taining BAC (RP23-112L4) through homologous recombination by the 

Gene Expression Nervous System Atlas (GENSAT) BAC transgenic 

project (43). This BAC contains an approximately 187-kb–long mouse 

genomic contig, spanning from approximately 60 kb upstream of the 

Ang2 start codon to 127 kb downstream of the start codon.

Tie1-ANG2 (Tie1-tTA tetO-Ang2) mice were generated by breed-

ing Tie1-tTA driver mice (30, 39) with tetO-Ang2 responder mice (38). 

Endothelial-specific overexpression of ANG2 was induced in Tie1-

ANG2 mice by discontinuation of doxycycline after birth. Doxycycline 

(Sigma-Aldrich, 2.0 mg/ml in 5% sucrose) was given in the drinking 

water of pregnant mice from the start of mating until birth. Single 

transgenic mice were used as controls.

CC10–VEGF-A (CC10-rtTA tetO-Vegfa) mice were generated at 

Yale University (New Haven, Connecticut, USA), as described (40, 

75). Briefly, 2 constructs were used containing the CC10 promoter 

and rtTA, and tetO with human VEGF. Male transgenic mice were 

bred with wild-type C57BL/6 female mice. VEGF-A overexpression 

in club cells and alveolar type II cells of the airways and lung of 

CC10–VEGF-A mice was induced by administration of doxycycline 

(1 mg/ml in 5% sucrose) in the drinking water (40). Wild-type mice 

were used as controls. Wild-type pathogen-free female mice were 

purchased from Jackson Laboratory (C57BL6/J) or Simonsen Lab-

oratories (C3H).

All mice were housed under barrier conditions and studied at 8 to 

10 weeks of age unless otherwise specified. Mice were anesthetized by 

intramuscular injection of ketamine (87 mg/kg) and xylazine (13 mg/

kg) before experimental procedures.
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tributed to the design of experiments, data analysis, and inter-

pretation of results. PB provided transgenic mice. DMM contrib-

uted to the design of experiments, data analysis, interpretation of 

results, and writing of the manuscript.
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