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Ligands of the endothelial-enriched tunica interna endothelial cell
kinase 2 (Tie2) are markedly imbalanced in severe infections associ-
ated with vascular leakage, yet regulation of the receptor itself has
been understudied in this context. Here, we show that TIE2 gene
expression may constitute a novel vascular barrier control mecha-
nism in diverse infections. Tie2 expression declined rapidly in
wide-ranging models of leak-associated infections, including an-
thrax, influenza, malaria, and sepsis. Forced Tie2 suppression suf-
ficed to attenuate barrier function and sensitize endothelium to
permeability mediators. Rapid reduction of pulmonary Tie2 in oth-
erwise healthy animals attenuated downstream kinase signaling to
the barrier effector vascular endothelial (VE)-cadherin and induced vas-
cular leakage. Compared with wild-type littermates, mice possessing
one allele of Tie2 suffered more severe vascular leakage and higher
mortality in two different sepsis models. Common genetic variants
that influence TIE2 expression were then sought in the HapMap3
cohort. Remarkably, each of the three strongest predicted cis-acting
SNPs in HapMap3 was also associated with the risk of acute respira-
tory distress syndrome (ARDS) in an intensive care unit cohort of
1,614 subjects. The haplotype associated with the highest TIE2 ex-
pression conferred a 28% reduction in the risk of ARDS independent
of other major clinical variables, including disease severity. In con-
trast, the most common haplotype was associated with both the
lowest TIE2 expression and 31% higher ARDS risk. Together, the
results implicate common genetic variation at the TIE2 locus as a
determinant of vascular leak-related clinical outcomes from common
infections, suggesting new tools to identify individuals at unusual
risk for deleterious complications of infection.

Tie2 | endothelium | infection | angiopoietin | permeability

Among vascular-enriched receptor tyrosine kinases, Tie2 is un-
usual in at least two functional aspects. First, Tie2 phosphor-

ylation is tightly controlled by the interplay of several proteins: a
paralogous receptor, Tie1; a tyrosine phosphatase, vascular
endothelial-protein tyrosine phosphatase (VE-PTP); and two
secreted ligands, angiopoietin (Angpt)-1 and Angpt-2, the latter
of which can act as an agonist, partial agonist, or antagonist
depending upon context (1–6). Second, unlike classic growth factor
receptors, Tie2 is heavily expressed and phosphorylated through-
out the quiescent adult vasculature (7), suggesting that Tie2 sig-
naling has one or more roles in vascular maintenance.
Based largely on Angpt-1 overexpression studies, Tie2 has been

implicated in vascular barrier defense (8, 9). However, adult-
specific deletion of Angpt-1 does not appear to trigger vascular
leakage (10). Moreover, Angpt-1 has repeatedly been ascribed
functions that are independent of Tie2 (11–13). Finally, obser-
vational studies in humans suffering clinical manifestations of vas-
cular leakage have consistently shown a marked imbalance in
Tie2 ligands tilting in favor of Angpt-2 (reviewed in 14). Although
decreased Tie2 activity has been inferred from these reports, the

role of TIE2 gene expression has not been directly queried ex-
perimentally or in clinical settings.
This question is important not only for understanding control

mechanisms of the circulatory system but also to guide the de-
velopment of strategies to predict, stratify, and treat patients
affected by acute vascular leakage. If tonic Tie2 signaling is in-
deed necessary for vascular barrier maintenance, then reducing
the pool of receptors could constitute a ligand-independent means
to attenuate barrier-protective signaling in the endothelium. We
therefore hypothesized that the level of Tie2 expression modulates
the sensitivity of blood vessels, and thereby the entire organism, to
noxious stimuli. Cellular, rodent, and human genetics studies were
undertaken to test this concept.

Results
Tie2 Suppression Is a Common Feature of Diverse, Leak-Associated
Infectious Diseases. Experimental sepsis induces Angpt-2 expres-
sion and release, reduces Tie2 activation, and leads to vascular
leakage, whereas Angpt-2 blockade or Angpt-1 administration
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enhances Tie2 activation and counteracts leakage (1, 6, 15–17).
The role of TIE2 gene expression has not been fully investigated
in this and related settings. We therefore studied models of viral,
protozoal, and bacterial infection whose clinical manifestations
derive, in part, from pronounced vascular leakage. Mice infected
with influenza virus or Plasmodium parasites, the causative agent
of malaria, exhibited, respectively, 85% and 58% decreased TIE2
expression at the time of disease onset compared with baseline
levels (Fig. 1 A and B). Tie2 transcripts also fell sharply in mouse
lungs after systemic Gram-negative bacterial LPS administration
(Fig. 1C). Finally, Tie2 was also suppressed in mouse lungs fol-
lowing systemic administration of the anthrax lethal toxin (LT)
(18) (Fig. 1D). These findings show that Tie2 suppression is
shared among diverse infections.

Tie2 Suppression Compromises Basal Endothelial Barrier Function.
Angpt-1 has been shown to enhance barrier defense against per-
meability mediators present in sepsis (16, 19). However, it is de-
bated whether this effect is dependent on signaling through Tie2
or alternative pathways (12, 13). To investigate the role of Tie2
expression in barrier defense, we transfected human microvascular
endothelial cells (HMVECs) with a control lentivirus or one
encoding a Tie2 shRNA and selected successive passages using
puromycin. After confirming >95% cell positivity for the shRNA
construct, we observed stable, dose-dependent suppression of
Tie2 (Fig. S1 A–C). Coapplication of Angpt-1 with LPS restored
barrier function in Tie2intact cells but not in Tie2low cells (Fig. 2A).
To model the flux of macromolecules that characterizes vascular

leak in vivo, we applied fluorescently labeled albumin to confluent
HMVEC monolayers and measured its translocation to the ablu-
minal side (Fig. 2B). Tie2low endothelial cells (ECs) exhibited in-
creased albumin transit at baseline compared with Tie2intact ECs
(data not shown). LPS exacerbated the barrier dysfunction of
Tie2low ECs (P < 0.001 vs. Tie2intact ECs). Coapplication of Angpt-1

with LPS restored barrier function when Tie2 expression was in-
tact (P < 0.01 vs. LPS-treated Tie2intact HMVECs). However,
Angpt-1 was ineffective in Tie2low ECs. Finally, because hyper-
permeability due to acute inflammation arises in vivo from the
development of paracellular gaps between adjacent ECs (20), we
tested the effect of Tie2 suppression on such gaps. Tie2low
monolayers were unable to prevent the formation of paracellular
gaps, and they could not respond to Angpt-1 application by closing
those gaps (Fig. 2 C and D). These results show that intact Tie2
expression is necessary for basal barrier function, whereas Tie2
suppression is sufficient to weaken barrier function. Second,
intact Tie2 expression is necessary for barrier defense against
permeability mediators. Third, intact Tie2 expression is critical
to achieve maximum barrier defense conferred by Angpt-1.

Acute Suppression of Tie2 Is Sufficient to Cause Vascular Leakage. To
determine the consequences of rapid Tie2 suppression in vivo,
we developed siRNA targeting Tie2 (siTie2) with backbone mod-
ifications and liposomal packaging suitable for targeted delivery to
lung following i.v. injection into otherwise healthy adult animals
(Fig. 3 A–C and Fig. S2 A–D). There was no dropout of endothe-
lium, as evidenced by intact expression of the marker CD31 despite
a reduction in the activated form of Tie2 (Fig. S2E). Instead, the
barrier effector protein, vascular endothelial (VE)-cadherin, was
markedly attenuated both in the microcirculation (Fig. 3 D–I) and
in large vessels (Fig. S2F).Two quantitative methods, extravasation
of intravascular dye and determination of relative lung water
content, confirmed that Tie2 suppression in the healthy adult animal
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Fig. 1. Involvement of Tie2 across classes of severe infection. (A) Lung mRNA
for Tie2 in mice 6 d after intratracheal exposure to influenza virus (n = 6–8
mice per group). (B) LungmRNA for Tie2 in mice 7 d after exposure to a rodent
malaria parasite, Plasmodium bergheiANKA Antwerpen–Kasapa (ANKA) strain
(n = 7–10 mice per group). (C) Lung mRNA for Tie2 at indicated time points
after systemic administration of Gram-negative Escherichia coli LPS (n = 5 mice
per time point). P < 0.05 by ANOVA. (D) Lung Tie2 immunostaining 3 d after
systemic administration of Gram-positive Bacillus anthracis LT (representative of
n = 8–12 mice per group). veh, vehicle.
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Fig. 2. Intact Tie2 expression is necessary for maximal endothelial barrier
function. (A) Serial recordings of transendothelial electrical resistance (TER)
across confluent monolayers of HMVECs treated with Angpt-1 (200 ng/mL) and
LPS, and previously infected with either control shRNA lentivirus (Tie2intact) or
virus targeting Tie2 (Tie2low) (n = 4 per group). Results were analyzed by ANOVA.
(B) Macromolecule flux (reported as pascals per hour of FITC-labeled albumin)
across confluent monolayers of Tie2intact vs. Tie2low HMVECs treated with LPS
plus vehicle solution or Angpt-1 (200 ng/mL) (n = 4 per group). Results were
analyzed by two-way ANOVA and Bonferroni posttests. (C) Immunostaining of
Tie2intact vs. Tie2low HMVECs for VE-cadherin (green) and F-actin (red) 30 min
after addition of LPS alone or in combination with Angpt-1 (200 ng/mL). White
arrows show paracellular gaps. (D) Quantification of paracellular gap area for C
as described in SI Methods (n = 4 independent experiments per condition).
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suffices to promote vascular leakage (Fig. 3 J and K). Furthermore,
lungs of mice injected with siTie2 demonstrated widespread peri-
vascular cuffing, a pathological sign of edema (Fig. 3 L and M).

Tie2 Suppression Mimics Infection-Associated Signaling Impairments
but Does Not Induce Inflammation. Tie2 expression at the endo-
thelial surface provides a modulatable target for affecting barrier
function via VE-cadherin. To combat leakage in bacterial sepsis,
activation of Akt downstream of Tie2 appears to be critical for
connecting Tie2 to VE-cadherin, whereas in experimental anthrax,
Tie2’s barrier-protective effect appears to be signaled through the
MAP kinase cascade (18). Moreover, whether Tie2 suppression
contributes to endothelial inflammation has not been addressed
despite data that Tie2 activation blunts inflammation (15). LPS
administration promoted endothelial inflammation and Tie2
suppression (Fig. 4A). Activation of Akt and ERK1/2 was signif-
icantly diminished in siTie2 mice compared with control coun-
terparts (Fig. 4B). This pattern of changes mimicked the effects of
systemic LPS (Fig. 4C). Finally, siTie2 mice exhibited no induction
of inflammatory adhesion molecules in vitro or in vivo (Fig. S3
A–C) and no infiltration of activated leukocytes (Fig. 4 D–F).
Collectively, these results show that a fall in Tie2 expression is suf-
ficient to promote barrier-weakening alterations in kinase signaling
without inducing endothelial inflammation.

Degree of Basal Tie2 Expression Influences Susceptibility to Vascular
Leakage and Mortality in Sepsis. Whereas KO mice for Tie2 are
embryonically lethal, heterozygotes have ∼50% reduced expression
of Tie2 but no reported basal phenotype (21). Compared with septic

WT littermates, septic Tie2 heterozygotes (Tie2+/−) had lower total
Tie2 protein and mRNA in the lung and less abundant phosphor-
ylated Tie2 (Fig. 5A and Fig. S4 A–D). Tie2 heterozygotes suffered
significantly worse vascular leakage in response to LPS compared
with WT littermates (Tie2+/+) (Fig. 5 B and C). Of note, we ob-
served no genotype-dependent differences in the expression of
Angpt-1, Angpt-2, or endothelial inflammatory adhesion proteins
(Fig. S4 E–I). Finally, we compared survival of Tie2 heterozygotes
with WT littermates in the LPS model and a model of ruptured
appendicitis (cecal ligation and perforation). In either model, WT
littermates displayed an absolute survival advantage exceeding 40%
(Fig. 5 D and E). These data show that although full expression of
Tie2 may be dispensable in adulthood, genetically driven changes in
basal Tie2 expression influence vascular pathophysiology and sur-
vival during severe infection.

Common Shared Genetic Variants May Affect TIE2 Gene Expression
and Have an Impact on Clinical Outcomes in Severe Infection.Although
vascular leakage is part of the host response to several systemic
infections, only recently has the circulation been more widely ap-
preciated as a potentially critical target for affecting clinical out-
comes (22, 23). Based on the increased susceptibility of Tie2
heterozygous mice to sepsis, we hypothesized that population di-
versity in the set point for TIE2 gene expression may be associated
with adverse clinical outcomes. We specifically focused on the de-
velopment of acute respiratory distress syndrome (ARDS), a com-
plication characterized by excess fluid in the lung that arises, in
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Fig. 3. Acute Tie2 suppression is sufficient to provoke leakage in vivo.
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staining for Tie2 (red), phosphotyrosine (green), and nuclei (blue) (representa-
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part, from pulmonary vascular leakage. We surveyed the Euro-
pean population in HapMap3 for SNPs around the TIE2 locus
that could affect TIE2 gene expression [i.e., cis-expression quan-
titative trait loci (eQTLs)] (24). In a 2-Mb interval centered on the
transcriptional start site (TSS) of TIE2, 1,184 potential SNPs were
identified (Fig. 6A). Of these SNPs, 16 achieved P < 0.01. Three
of the most strongly associated SNPs, rs3780315, rs7876024, and
rs581724, were located near the TSS in introns annotated as EC-
specific enhancer regions, associated with heavily acetylated his-
tones and/or EC-specific euchromatin (Fig. 6B). These SNPs were
not in linkage disequilibrium (Fig. 6C). Expression of Tie2 in
HapMap cell lines was significantly associated with genotype at
each of the three loci (Fig. 6C).
We then performed focused germ-line genotype analysis at the

TIE2 locus in a large cohort of critically ill subjects (Table S1).
Cases were defined by the diagnosis of ARDS according to
standard definitions, whereas controls were critically ill, and thus
at risk for ARDS, but they lacked this diagnosis. Each of the three
SNPs from the cis-eQTL analysis significantly increased the risk
of ARDS (Table 1). Remarkably, for each SNP, the allele asso-
ciated with lower TIE2 gene expression in HapMap3 was also the
risk allele for developing ARDS. Because odds ratios were cal-
culated after adjusting for the major clinical variables significantly
associated with ARDS (i.e., age, sepsis, pneumonia), the results
suggested an independent effect of these TIE2 SNPs.
The haplotype predicted by cis-eQTL analysis to be associated

with the highest gene expression, “TIE2-high” (C/G/A; haplotype 6
in Table S2), was present in 17% of the clinical cohort. In multi-
variable regression analysis that accounted for the strongest clinical
predictors of ARDS, this haplotype was associated with 28%
risk reduction (P = 0.011; Table S3). Indeed, compared with
the haplotype predicted to be least protective, “TIE2-low” (A/A/G;

haplotype 1 in Table S2; 42% frequency), possessing any other
haplotype was associated with 31% risk reduction (P = 0.003; Table
S4).Together, these results suggest that common, genetically de-
termined variation in the set point for Tie2 expression may affect
clinically relevant syndromes associated with vascular leakage.

Discussion
These results show that intact Tie2 expression is necessary for
barrier defense, that infections associated with severe vascular
leakage are characterized by a fall in Tie2 expression, and that
common variations in the level of Tie2 expression may influence
the human host response to severe infection. These results broaden
the focus of increasingly intense research into the Angpt-Tie2
signaling axis to consider the role of gene expression control.
The human TIE2 locus has a well-characterized promoter that

consists of the 5′ flanking sequence and the first intron (25, 26).
However, all three of the highly associated SNPs found in the
present cis-eQTL analysis are located in introns 3′ to these ex-
perimentally described promoter regions. Our results do not imply
that introns 9, 11, and 12 are as powerful as the 5′ flank and first
intron for driving TIE2 gene expression. Rather, they suggest that
common variation in the degree to which TIE2 is expressed relates
to haplotypes (marked by polymorphisms) at other sites in the
gene locus. The identified SNPs may themselves be functional or
may tag novel enhancer regions in TIE2 introns. These hypotheses
remain to be determined with formal promoter regulatory studies.
The risk alleles for ARDS in an independent cohort aligned in

all three instances with variants linked to reduced TIE2 expres-
sion. Although these results require additional testing and fur-
ther confirmation, they suggest that small but distinct variations
in basal TIE2 expression can interact with the environmental
stress of infection to influence risk in critical illness. Whether
these same polymorphisms influence outcomes, such as ventila-
tor duration or overall survival, may require a more complex
analysis that accounts for variation in major treatment variables,
such as time to antibiotic initiation or frequency with which lung-
protective ventilation was used (27–29). It remains to be de-
termined whether genetic variants that lower TIE2 expression
contribute to worse survival outcomes, whereas variants that
raise expression are associated with better outcomes.
The bulk of vascular leakage research in the Tie2 field has fo-

cused on the ligands. Angpt-1 protects against vascular leakage
and death in experimental sepsis (15, 16). Similar protective ef-
fects arise with blockade, deletion, or depletion of Angpt-2 (1, 4, 6,
30). However, the importance of Tie2 has been diminished by the
identification of integrin receptors for Angpt-1 (11–13) and, more
recently, for Angpt-2 (3, 31). Integrins appear to be low-affinity,
but nonetheless critical, receptors for the Angpts in several func-
tional contexts. Polarity of ligand presentation may be important,
particularly because integrins on the basolateral surface that
otherwise engage basement membrane proteins would theoretically
be ideally positioned to bind pericyte-derived Angpt-1 (32). An
integrin-based pathway for Angpt-2–dependent endothelial de-
stabilization may well be important in sepsis (31). The interaction of
Tie2 with integrins merits further study.
Tie2-dependent barrier defense in the lung likely relies on

maintenance of junctional VE-cadherin. Although transcriptional
regulation of VE-cadherin has been described (33), Tie2 may also
regulate localization of VE-cadherin through phosphorylation-
dependent endocytosis. For example, Tie2 may limit VE-cadherin
phosphorylation by sequestering the tyrosine phosphatase VE-
PTP (34, 35). Alternatively, activated Tie2 has been shown to
inhibit Src family kinases in the context of VEGF costimulation
(36). Because activated Src also promotes VE-cadherin phos-
phorylation downstream of multiple proinflammatory mediators
(37), intact Tie2 may be necessary to blunt Src activation. Con-
sistent with this possibility, Tie2low ECs exhibited increased acti-
vation of Src compared with Tie2intact cells (Fig. S5).
Why do so many severe infections appear to share an action on

Tie2? Microbe-specific pathways may alter gene expression in the
endothelium, each through a unique mechanism. For example,
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Fig. 5. Basal Tie2 expression differences exacerbate outcomes of severe in-
fection. (A) Western blot analysis of activated (phosphoTie2Y992) and total Tie2
in lungs of Tie2 heterozygous (Tie2+/−) mice and WT littermates (Tie2+/+) after
systemic LPS administration. (B) Gross image of excised lungs after LPS and i.v.
injection of blue dye bound to albumin. (C) Quantification of extravasated dye
from indicated groups (n = 4–6 mice per group) analyzed by ANOVA with
Bonferroni posttests. Kaplan–Meier analysis of survival in Tie2+/− vs. Tie2+/+

mice after systemic LPS (D) and cecal ligation perforation (E).
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anthrax LT cleaves MEK1/2 in the endothelium to affect gene
expression (18), whereas Gram-negative LPSs signal through Toll-
like receptor 4 to activate endothelial inflammation. There may
also be secondary effects of systemic inflammation, such as re-
duced flow down-regulating Tie2 expression or promoting Tie2
cleavage (38, 39). Conversely, several infectious syndromes may
converge on conserved aspects of the host response, such as acute
inflammatory mediators. Dissecting these and intermediate pos-
sibilities will require substantial effort, but the present studies lend
this question the necessary momentum for future investigation.
These results open several avenues for study. Kugathasan et al.

(21) showed that compensatory changes in Angpt expression might
help preserve basal Tie2 signaling when Tie2 gene expression is
low. Whether similar ligand “rebalancing” is present in persons
with the TIE2 low-risk allele remains to be determined. Our results
suggest that barrier maintenance is an active, rather than passive,
process, requiring intact Tie2 expression. Using Tie2 expression
level as a “switch” for barrier regulation constitutes a previously
unidentified control mechanism that may have important impli-
cations for other vascular diseases. Activation of Tie2 by Angpt-1
suppresses inflammation in vivo (15, 16), yet reduction of basal
Tie2 expression did not have an impact on cellular or molecular
inflammation (Fig. 4). These findings suggest that Tie2 expression
and Tie2 activation can have distinct consequences (i.e., with-
drawal of basal Tie2 signaling may, alone, be insufficient to trigger
inflammation). We speculate that a “second hit” in the form of a
proinflammatory stimulus to microvascular barriers already
weakened by reduced Tie2 expression may be needed to blossom
the full proinflammatory, leaky phenotype commonly observed

during severe infections. Finally, the possibility of assessing genetic
susceptibility to vascular leakage opens important avenues for
bedside application. For example, a TIE2-low haplotype suggesting
leak-prone blood vessels may guide clinicians to use fluid-conser-
vative strategies to minimize ARDS risk. Because the Tie2 pathway
has been linked to an even broader array of infections than studied
here, such as Ebola and Hantavirus (40, 41), the impact of genetic
determinants for Tie2 protein abundance and function merits fur-
ther investigation. More broadly, genetic biomarkers of vascular
leak risk could catalyze drug discovery for therapies targeting the
vasculature by facilitating prognostic enrichment in clinical trials.
In summary, the present findings demonstrate that Tie2 levels

may be a determinant for vascular barrier function and that they
implicate TIE2 gene expression as a critical switch modulated by
diverse infections associated with vascular leakage. The results
suggest genetic means to identify individuals at elevated risk for
infection-associated vascular complications.

Methods
Details of materials and methods are provided in SI Methods.

Mouse Studies. All experiments were approved by the Institutional Animal
Care and Use Committee at Beth Israel Deaconess Medical Center, University
Health Network/Toronto General Hospital Animal Care Committee or the
Harvard School of Public Health and were conducted in accordance with
current institutional and national guidelines and regulations on the ethical
use and care of laboratory animals in science. Tie2 heterozygous (Tie2+/−) and
WT (Tie2+/+) littermate controls used in this study were generated as pre-
viously described on CD1 background (21).

To achieve acute Tie2 knock down in mice, lipoplexed siTie2 or control
siRNAwas administered via intravenous injection as described previously (42).
The sense strand was 5′-auaucugggcaaaugaugg-3′, and the antisense strand
was 5′-ccaucauuugcccagauau-3′, with the underlined nucleotides bearing 2′-O-
methyl modification (42). Animals were euthanized by exsanguination
under anesthesia, followed by rapid collection of organs into liquid nitrogen
for further analysis.

Cell Culture. Passage 2–6 HMVECs from dermis or lung (Lonza) were cultured
in EBM-2 media (Lonza) supplemented with 5% (vol/vol) FBS and growth
factors according to the manufacturer’s instructions. Serum starvation was
performed in EBM-2 media with 1% FBS and penicillin-streptomycin for dura-
tions as noted. Unless otherwise noted for LPS experiments, cells were treated

Table 1. Association between SNPs in TIE2 and ARDS risk

SNP* Allele MAFcontrols MAFcases MAFall OR (95% CI)† P value

rs581724 C > A 0.4467 0.4932 0.4572 1.19 (1.01–1.42) 0.0414
rs3780315 A > G 0.3043 0.2575 0.2765 0.76 (0.63–0.93) 0.0060
rs7876024 G > A 0.2093 0.1662 0.1995 0.74 (0.59–0.93) 0.0091

Values >1 indicate increased odds of ARDS for the minor allele. CI, con-
fidence interval; MAF, minor allele frequency; OR, odds ratio.
*Within 50-kb flanking region of TIE2.
†Estimated by logistic regression with adjustment for age, gender, sepsis,
pneumonia, and blood transfusions.
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Fig. 6. Common genetic variation affects basal Tie2 expression. (A) Putative cis-eQTLs derived from HapMap 3 and transcriptomic profiling of 102 unique cell
lines located within ±1 Mb of the TSS of human TIE2 graphed as a function of genomic location (x axis) and P value (y axis). Shaded areas indicate regions of
statistical significance. (B) Depiction of the extracellular domain of Tie2 (Left) and genomic structure (Right, orange bars indicate exons), with relative lo-
cations of SNPs from A depicted. Annotations regarding putative function are from the Ensembl Genome Browser and the UCSC Genome Browser (www.
genome.ucsc.edu). (C) Linkage map for SNPs in the TIE2 locus (light yellow indicates low correlation, ranging to dark orange for high correlation), with
candidate SNPs indicated by red lines. (D–F) Normalized TIE2 expression in cell lines from 102 subjects in HapMap 3 stratified by alleles for candidate SNPs.
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with 100 ng/mL LPS (serotype O111:B4), CD14 (100 ng/mL), and LPS-binding
protein (10 ng/mL) for the indicated period.

Genomics Methods.
Cis-eQTL analysis. To identify SNPs associated with TIE2 expression, an online
database of SNPs from HapMap3 linked to transcription expression profiles
was searched in a 2-Mb interval centered on the TSS of TIE2 (Genevar;
Wellcome Trust Sanger Institute) (43). Candidate SNPs were ranked by their
ANOVA-derived P values for association with Tie2 transcript abundance.
Functional features associated with SNPs were identified in the UCSC
Genome Browser and verified in the Ensembl Genome Browser.
ARDS cohort.ARDS cases and controls were identified from critically ill patients
from the intensive care unit at Massachusetts General Hospital as described
previously (44). The study was reviewed and approved by the Institutional
Review Board of Massachusetts General Hospital. All participants or their sur-
rogate care providers gave written informed consent. After quality evaluation,
367 ARDS cases and 1,247 at-risk controls, as well as three candidate QTL SNPs,
were enrolled in the ARDS risk analysis. For focused analysis of TIE2, SNPs were
restricted to within 50 kb of the gene locus. Statistically significant SNPs identi-
fied from the cis-eQTL analysis were studied further, and their effects were
modeled as individual SNPs and as haplotypes with multivariable regression.

Statistical considerations for human studies. Categorical variables were described
using frequency. The χ2 test was adopted to test the difference between pro-
portions. Multivariable regression was used to calculate odds ratios for each
SNP in an additive model for ARDS risk. Covariates, including age, gender,
sepsis, pneumonia, and blood transfusion, were adjusted in the statistical
model. All P values are two-sided with a significance level of 0.05. These
analyses were performed using R software version 3.2.3.

Statistical Analysis. Results are presented as mean ± SEM unless otherwise
noted. A P value <0.05 was considered statistically significant. Means were
compared by unpaired t test, and for groups of three of more conditions, we
used ANOVA with post hoc pairwise comparisons. Analysis and graphical
presentation were performed using GraphPad Prism software.

ACKNOWLEDGMENTS. We thank Prof. Manolis Dermitzakis (University of
Geneva) for detailed advice on cis-eQTL analysis. This study was supported by
research funding from the NIH (Grants HL093234, HL093234-S1, and HL125275
to S.M.P.). S.D. was supported by the German Research Foundation (Grant DFG
DA1209/1-1). K.C.K. was supported by a Canada Research Chair and grants
from the Canadian Institutes of Health Research (Grants MOP-115160, 136813,
and 13721).

1. David S, et al. (2012) Angiopoietin-2 may contribute to multiple organ dysfunction
and death in sepsis*. Crit Care Med 40(11):3034–3041.

2. Yuan HT, Khankin EV, Karumanchi SA, Parikh SM (2009) Angiopoietin 2 is a partial
agonist/antagonist of Tie2 signaling in the endothelium. Mol Cell Biol 29(8):2011–2022.

3. Felcht M, et al. (2012) Angiopoietin-2 differentially regulates angiogenesis through
TIE2 and integrin signaling. J Clin Invest 122(6):1991–2005.

4. Fiedler U, et al. (2006) Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and has
a crucial role in the induction of inflammation. Nat Med 12(2):235–239.

5. Scharpfenecker M, Fiedler U, Reiss Y, Augustin HG (2005) The Tie-2 ligand angio-
poietin-2 destabilizes quiescent endothelium through an internal autocrine loop
mechanism. J Cell Sci 118(Pt 4):771–780.

6. Ziegler T, et al. (2013) Angiopoietin 2 mediates microvascular and hemodynamic al-
terations in sepsis. J Clin Invest 123(8):3436–3445.

7. Wong AL, et al. (1997) Tie2 expression and phosphorylation in angiogenic and qui-
escent adult tissues. Circ Res 81(4):567–574.

8. Thurston G, et al. (2000) Angiopoietin-1 protects the adult vasculature against plasma
leakage. Nat Med 6(4):460–463.

9. Thurston G, et al. (1999) Leakage-resistant blood vessels in mice transgenically over-
expressing angiopoietin-1. Science 286(5449):2511–2514.

10. Jeansson M, et al. (2011) Angiopoietin-1 is essential in mouse vasculature during
development and in response to injury. J Clin Invest 121(6):2278–2289.

11. Cascone I, Napione L, Maniero F, Serini G, Bussolino F (2005) Stable interaction be-
tween alpha5beta1 integrin and Tie2 tyrosine kinase receptor regulates endothelial
cell response to Ang-1. J Cell Biol 170(6):993–1004.

12. Dallabrida SM, Ismail N, Oberle JR, Himes BE, RupnickMA (2005) Angiopoietin-1 promotes
cardiac and skeletal myocyte survival through integrins. Circ Res 96(4):e8–e24.

13. Carlson TR, Feng Y, Maisonpierre PC, Mrksich M, Morla AO (2001) Direct cell adhesion
to the angiopoietins mediated by integrins. J Biol Chem 276(28):26516–26525.

14. Parikh SM (2013) Dysregulation of the angiopoietin-Tie-2 axis in sepsis and ARDS.
Virulence 4(6):517–524.

15. Mammoto T, et al. (2007) Angiopoietin-1 requires p190 RhoGAP to protect against
vascular leakage in vivo. J Biol Chem 282(33):23910–23918.

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

17. Stiehl T, et al. (2014) Lung-targeted RNA interference against angiopoietin-2 ameliorates
multiple organ dysfunction and death in sepsis. Crit Care Med 42(10):e654–e662.

18. Ghosh CC, et al. (2012) Impaired function of the Tie-2 receptor contributes to vascular
leakage and lethality in anthrax. Proc Natl Acad Sci USA 109(25):10024–10029.

19. David S, et al. (2011) Effects of a synthetic PEG-ylated Tie-2 agonist peptide on endo-
toxemic lung injury and mortality. Am J Physiol Lung Cell Mol Physiol 300(6):L851–L862.

20. Majno G, Palade GE (1961) Studies on inflammation. 1. The effect of histamine and
serotonin on vascular permeability: An electron microscopic study. J Biophys Biochem
Cytol 11:571–605.

21. Kugathasan L, et al. (2009) The angiopietin-1-Tie2 pathway prevents rather than pro-
motes pulmonary arterial hypertension in transgenic mice. J Exp Med 206(10):2221–2234.

22. Goldenberg NM, Steinberg BE, Slutsky AS, Lee WL (2011) Broken barriers: A new take
on sepsis pathogenesis. Sci Transl Med 3(88):88ps25.

23. Angus DC, van der Poll T (2013) Severe sepsis and septic shock. N Engl J Med 369(21):2063.
24. Montgomery SB, et al. (2010) Transcriptome genetics using second generation se-

quencing in a Caucasian population. Nature 464(7289):773–777.
25. Dube A, Akbarali Y, Sato TN, Libermann TA, Oettgen P (1999) Role of the Ets transcription

factors in the regulation of the vascular-specific Tie2 gene. Circ Res 84(10):1177–1185.
26. Fadel BM, Boutet SC, Quertermous T (1999) Octamer-dependent in vivo expression of

the endothelial cell-specific TIE2 gene. J Biol Chem 274(29):20376–20383.
27. Lai PS, Thompson BT (2013) Why activated protein C was not successful in severe sepsis

and septic shock: Are we still tilting at windmills? Curr Infect Dis Rep 15(5):407–412.
28. Brower RG, et al.; The Acute Respiratory Distress Syndrome Network (2000) Ventilation

with lower tidal volumes as compared with traditional tidal volumes for acute lung injury
and the acute respiratory distress syndrome. N Engl J Med 342(18):1301–1308.

29. Gaieski DF, et al. (2010) Impact of time to antibiotics on survival in patients with
severe sepsis or septic shock in whom early goal-directed therapy was initiated in the
emergency department. Crit Care Med 38(4):1045–1053.

30. Bhandari V, et al. (2006) Hyperoxia causes angiopoietin 2-mediated acute lung injury
and necrotic cell death. Nat Med 12(11):1286–1293.

31. Hakanpaa L, et al. (2015) Endothelial destabilization by angiopoietin-2 via integrin β1
activation. Nat Commun 6:5962.

32. Saharinen P, et al. (2008) Angiopoietins assemble distinct Tie2 signalling complexes in
endothelial cell-cell and cell-matrix contacts. Nat Cell Biol 10(5):527–537.

33. Kim MS, et al. (2009) Priming with angiopoietin-1 augments the vasculogenic po-
tential of the peripheral blood stem cells mobilized with granulocyte colony-stimu-
lating factor through a novel Tie2/Ets-1 pathway. Circulation 120(22):2240–2250.

34. Fachinger G, Deutsch U, Risau W (1999) Functional interaction of vascular endothelial-
protein-tyrosine phosphatase with the angiopoietin receptor Tie-2. Oncogene 18(43):
5948–5953.

35. Winderlich M, et al. (2009) VE-PTP controls blood vessel development by balancing
Tie-2 activity. J Cell Biol 185(4):657–671.

36. Gavard J, Patel V, Gutkind JS (2008) Angiopoietin-1 prevents VEGF-induced
endothelial permeability by sequestering Src through mDia. Dev Cell 14(1):25–36.

37. Gong H, et al. (2014) Evidence of a common mechanism of disassembly of adherens
junctions through Gα13 targeting of VE-cadherin. J Exp Med 211(3):579–591.

38. Kurniati NF, et al. (2013) The flow dependency of Tie2 expression in endotoxemia.
Intensive Care Med 39(7):1262–1271.

39. Findley CM, Cudmore MJ, Ahmed A, Kontos CD (2007) VEGF induces Tie2 shedding via
a phosphoinositide 3-kinase/Akt dependent pathway to modulate Tie2 signaling.
Arterioscler Thromb Vasc Biol 27(12):2619–2626.

40. Gavrilovskaya IN, Gorbunova EE, Mackow NA, Mackow ER (2008) Hantaviruses direct
endothelial cell permeability by sensitizing cells to the vascular permeability factor
VEGF, while angiopoietin 1 and sphingosine 1-phosphate inhibit hantavirus-directed
permeability. J Virol 82(12):5797–5806.

41. Rasmussen AL, et al. (2014) Host genetic diversity enables Ebola hemorrhagic fever
pathogenesis and resistance. Science 346(6212):987–991.

42. Santel A, et al. (2006) A novel siRNA-lipoplex technology for RNA interference in the
mouse vascular endothelium. Gene Ther 13(16):1222–1234.

43. Lappalainen T, et al.; Geuvadis Consortium (2013) Transcriptome and genome se-
quencing uncovers functional variation in humans. Nature 501(7468):506–511.

44. Wei Y, et al. (2015) Platelet count mediates the contribution of a genetic variant in
LRRC16A to ARDS risk. Chest 147(3):607–617.

45. Czauderna F, et al. (2003) Structural variations and stabilising modifications of syn-
thetic siRNAs in mammalian cells. Nucleic Acids Res 31(11):2705–2716.

46. Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA (2009) Immunodesign of experi-
mental sepsis by cecal ligation and puncture. Nat Protoc 4(1):31–36.

47. Ghosh S, Gregory D, Smith A, Kobzik L (2011) MARCO regulates early inflammatory
responses against influenza: A useful macrophage function with adverse outcome.
Am J Respir Cell Mol Biol 45(5):1036–1044.

48. Higgins SJ, et al. (2013) Systemic release of highmobility group box 1 (HMGB1) protein is
associated with severe and fatal Plasmodium falciparum malaria. Malar J 12:105.

49. Parikh SM, et al. (2006) Excess circulating angiopoietin-2 may contribute to pulmo-
nary vascular leak in sepsis in humans. PLoS Med 3(3):e46.

50. David S, Ghosh CC, Mukherjee A, Parikh SM (2011) Angiopoietin-1 requires IQ domain
GTPase-activating protein 1 to activate Rac1 and promote endothelial barrier de-
fense. Arterioscler Thromb Vasc Biol 31(11):2643–2652.

51. Xie Z, et al. (2012) Vascular endothelial hyperpermeability induces the clinical symptoms
of Clarkson disease (the systemic capillary leak syndrome). Blood 119(18):4321–4332.

52. Anderson CA, et al. (2010) Data quality control in genetic case-control association
studies. Nat Protoc 5(9):1564–1573.

53. Sun Z, et al. (2012) VEGFR2 induces c-Src signaling and vascular permeability in vivo
via the adaptor protein TSAd. J Exp Med 209(7):1363–1377.

Ghosh et al. PNAS | March 1, 2016 | vol. 113 | no. 9 | 2477

M
ED

IC
A
L
SC

IE
N
CE

S


