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During sepsis, acute lung injury (ALI) results from activation of innate immune cells and endothelial cells 
by endotoxins, leading to systemic inflammation through proinflammatory cytokine overproduction, oxi-
dative stress, and intracellular Ca2+ overload. Despite considerable investigation, the underlying molecu-
lar mechanism(s) leading to LPS-induced ALI remain elusive. To determine whether stromal interaction 
molecule 1–dependent (STIM1-dependent) signaling drives endothelial dysfunction in response to LPS, we 
investigated oxidative and STIM1 signaling of EC-specific Stim1-knockout mice. Here we report that LPS-
mediated Ca2+ oscillations are ablated in ECs deficient in Nox2, Stim1, and type II inositol triphosphate recep-
tor (Itpr2). LPS-induced nuclear factor of activated T cells (NFAT) nuclear accumulation was abrogated by 
either antioxidant supplementation or Ca2+ chelation. Moreover, ECs lacking either Nox2 or Stim1 failed to 
trigger store-operated Ca2+ entry (SOCe) and NFAT nuclear accumulation. LPS-induced vascular permeabil-
ity changes were reduced in EC-specific Stim1–/– mice, despite elevation of systemic cytokine levels. Addition-
ally, inhibition of STIM1 signaling prevented receptor-interacting protein 3–dependent (RIP3-dependent) 
EC death. Remarkably, BTP2, a small-molecule calcium release–activated calcium (CRAC) channel blocker 
administered after insult, halted LPS-induced vascular leakage and pulmonary edema. These results indicate 
that ROS-driven Ca2+ signaling promotes vascular barrier dysfunction and that the SOCe machinery may 
provide crucial therapeutic targets to limit sepsis-induced ALI.

Introduction
The systemic inflammatory response in sepsis has devastating 
consequences resulting in high morbidity and mortality (1). It 
represents a major burden on the health care system, with more 
than 400,000 cases/year in the United States alone (1–4). Over 
the past decade, mortality from sepsis alone has remained greater 
than 25%, despite effective antimicrobial therapy. This highlights 
lack of understanding of the pathways operative in sepsis and 
the necessity for improved therapies. Impairment of pulmonary 
vascular integrity is a key feature in multiple pathological condi-
tions, including acute lung injury (ALI), sepsis, lung inflamma-
tion, and ventilator-induced lung injury, each of which result in 
pulmonary edema (1, 5–7). Sepsis is a complex, serious medical 
condition consequent to an overwhelming immune response to 
infection. The systemic inflammatory response in sepsis can lead 
to rapid organ failure and death (1, 5). Bacterial endotoxin (LPS) 
ranks highest among risk factors contributing to ALI in sepsis 
(8). Endotoxins are known to activate innate immune responses, 
resulting in the production of a vast spectrum of inflammatory 
cytokines (1, 9). These proinflammatory cytokines are known to 
trigger vascular endothelial activation (5). The integrity of vascular 
endothelium is essential for controlling the flux of proteins, fluid, 

and immune cells across vessels into tissues. Systemic accumula-
tion of LPS triggers leukocyte infiltration within the vascular wall 
and promotes vascular permeability (10). Therefore, maintenance 
of vascular integrity is crucial for vascular and tissue homeosta-
sis. Although the LPS-induced signaling cascade has been widely 
studied in innate immune cells (11), the mechanisms mediating 
EC responses to LPS remain largely unknown.

Oxidative signaling and Ca2+ homeostasis are tightly linked cel-
lular processes mediating control over signal transduction, metab-
olism, transcriptional regulation, cell proliferation, and cell death 
(12, 13). Oxidants are implicated in modulating intracellular Ca2+ 
release channels and Ca2+ entry channels in the plasma membrane 
(14–16). STIM-induced Ca2+ entry through Orai channels is now 
established as an essential Ca2+ entry mechanism in non-excitable 
cell types (17–22). STIM proteins are Ca2+ store sensors and mediate 
the induction of cellular responses to a number of stress conditions, 
including elevated ROS, temperature changes, and hypoxia (14, 
19, 23, 24). Although oxidants and Ca2+ are essential regulators of 
vascular signaling in pathophysiological settings including innate 
inflammation (5), precisely how ECs respond to LPS remained 
unclear. Studies by us and others have demonstrated that ROS can 
modulate cytosolic Ca2+ signals generated through inositol 1,4,5- 
tris phosphate receptor (InsP3R) Ca2+ release channels in ECs (15). 
More recently, we revealed that ROS can induce STIM-mediated  
Ca2+ entry via Orai channels by activating STIM proteins through 
S-glutathionylation of an evolutionarily conserved N-terminal cyste-
ine residue in the STIM1 protein (14). Although ROS overproduction  
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is an established event upon LPS challenge, it remains unclear 
whether ROS/STIM1 signaling participates in TLR4-dependent EC 
activation, vascular permeability, and lung injury.

In most cells, the coordination of Ca2+ release and Ca2+ entry 
mechanisms gives rise to sustained Ca2+ oscillations essential 
for controlling cellular responses, including gene expression 

and cell fate (25). These responses are mediated by transcrip-
tion factors, notably NF-κB (5) and NFAT (26). NFATs are 
members of a multi-gene Rel family of transcription factors. 
Nuclear localization of NFAT is primarily driven by Ca2+ oscil-
lations mediated by a combination of InsP3Rs and STIM/Orai 
channels, resulting in control of Ca2+-dependent transcription  

Figure 1
Characterization of Stim1ΔEC mice. (A) 
Photograph of litter-matched wild-type 
(Cre–/– Stim1WT/WT) and Cre+ Stim1ΔEC 
mice at 4 weeks. (B) Genotyping results 
of wild-type, heterozygous, and knockout 
animals. (C) Representative photomicro-
graphs of double immunohistochemistry 
staining from aortic cross sections with 
CD31 (green) and STIM1 (red) in wild-
type and Stim1ΔEC mice. Scale bar: 50 
μm. Pulmonary ECs were isolated from 
wild-type, heterozygous, and Stim1-
knockout mice by positive selection 
using Miltenyi Biotec μMACS technol-
ogy. (D) Protein expression levels of 
STIM1 and STIM2. (E) FACS analysis of 
leukocytes (CD45+) and T cells (CD3+) 
for intracellular STIM1 expression in 
wild-type and Stim1ΔEC mice. A488, 
Alexa Fluor 488. (F) Fluo-4–loaded VE-
Cre, Stim1fl/fl, and Stim1ΔEC ECs were 
treated with thapsigargin (Tg; 2 μM) 
under nominally Ca2+-free conditions, 
and 2 mM Ca2+ was applied to assess 
SOCe. f.a.u., fluorescence arbitrary 
units. Data are mean ± SEM.
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in many cell types (19, 26). Although the NFAT pathway is 
responsible for cytokine production in T cell activation, its 
role in EC proinflammatory molecule expression and vascular 
inflammation has not previously been established. Therefore, 
targeting ROS/STIM1 signaling pathways offers an alternate 
strategy for the development of new therapies against sepsis-
related ALI. In this study, we reveal a crucial role for NOX2-
dependent STIM1 activation in the control of the cytosolic 
oscillations that drive EC activation. We demonstrate the 

interdependence of ROS and Ca2+ in eliciting proinflammatory 
signaling in ECs. Further, we show that LPS-mediated ALI is 
alleviated in EC-specific Stim1-knockout (Stim1ΔEC) mice. We 
further show that post-administration of the Ca2+ entry blocker  
N-(4-[3,5-bis(trif luoromethyl)-1H-pyrazol-1-yl]phenyl)-
4-methyl-1,2,3-thiadiazole-5-carboxamide (BTP2) significantly 
alleviates pulmonary vascular inflammation and lung injury. 
Hence, we demonstrate the translational potential for a previ-
ously unstudied mechanism of EC activation.

Figure 2
Stim1ΔEC mice have normal pulmonary vasculature and endothelial migration. (A) NOX2 protein levels in ECs. (B) Representative images and 
(C) quantification of DHE fluorescence in ECs derived from wild-type and Stim1ΔEC mice. Scale bar: 20 μm. (D) Representative images and 
quantification of gap closure in ECs derived from wild-type and Stim1ΔEC mice at 24 hours. (E) Assessment of pulmonary vascular distribution by 
2-photon imaging in 5-week-old litter-matched wild-type and Stim1ΔEC mice after FITC-dextran administration. Bar graph shows quantification of 
mean alveolar space from E. Scale bar: 100 μm. Data are mean ± SEM.
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Results
EC-specific Stim1-knockout mice preserve normal pulmonary vasculature 
and endothelial migration. To investigate the in vivo role of STIM1-
dependent Ca2+ entry pathways in ECs, we generated EC-specific 
Stim1 conditional knockout mice (Stim1ΔEC) by flox-Cre recombina-
tion as described in Methods (Figure 1, A and B). The endothelial 
specificity and efficacy of the STIM1 ablation were confirmed by 
immunohistochemistry of aortic endothelium (Figure 1C) and 
immunoblotting of enriched pulmonary ECs (Figure 1D). To fur-
ther verify whether STIM1 expression is normal in immune cells, 
we stained leukocytes from spleen of wild-type and Stim1ΔEC mice 
for phenotypic surface markers and intracellular STIM1 expres-
sion. STIM1 protein expression was normal in CD45+ and CD3+ 
lymphocytes (Figure 1E). For functional studies, we measured 
SOCe in ECs derived from Stim1ΔEC, VE-Cre, or Stim1fl/fl mice and 
observed loss of SOCe in Stim1ΔEC mice but not in controls (Figure 
1F). Notably, ER Ca2+ levels were lower in Stim1ΔEC when compared 
with VE-Cre or Stim1fl/fl mice ECs, as measured by store depletion 
using thapsigargin (Figure 1F). Our results are consistent with 
lower ER Ca2+ levels in ECs derived from hyperglycemic mice due 
to the downregulation of STIM1 and SERCA3 expression (27). To 
examine whether loss of STIM1 alters NOX2-mediated ROS pro-
duction, we measured NOX2 protein expression and superoxide 
production in Stim1ΔEC ECs. NOX2 protein expression and super-
oxide production remained unaltered in Stim1ΔEC ECs (Figure 2, 
A–C). Although Stim1ΔEC mice maintained relatively normal body 
weight without any gross phenotypic abnormalities (Table 1), 
Stim1ΔEC female mice displayed a reproductive defect when bred 
with male heterozygote mice (Table 1). Further characterization of 
Stim1ΔEC mice revealed that endothelial migration (Figure 2D) and 
pulmonary vascular distribution (Figure 2E) were normal when 
compared with those in wild-type mice. Together, these data show 
that ECs lacking STIM1 retain normal angiogenic potential and 
vascular integrity.

LPS-mediated lung inflammation is attenuated in EC-specific Stim1-
knockout mice. We previously demonstrated that oxidants promote 
InsP3R- and STIM1-dependent Ca2+ signaling and cell injury in 
LPS-challenged cells (14, 15). These findings led us to speculate 
that blockade of the Ca2+ permeation pathway could prevent LPS-
induced lung inflammation and vascular injury. In Stim1ΔEC mouse 
lungs, the relative alveolar space distribution was similar to that in 
controls (Figure 2E and Figure 3A). LPS-induced lung injury stud-
ies showed that leukocyte infiltration was significantly reduced 
in Stim1ΔEC mice (Figure 3, A and B), despite systemic elevation 
of proinflammatory cytokines (Figure 3C). Additionally, we mea-
sured proinflammatory cytokine levels in BAL fluid obtained from 
control and Stim1ΔEC mice. Interestingly, BAL fluid cytokine levels 

were elevated in control but remained unaltered in Stim1ΔEC mice 
(Figure 3D). These data suggest that the lack of STIM1 in endothe-
lium resulted in reduced endothelial activation despite systemic 
proinflammatory cytokine elevation.

To further explore whether endothelial Stim1 deletion limits LPS-
induced pulmonary vascular permeability, we administered LPS in 
VE-Cre, Stim1fl/fl, and Stim1ΔEC mice. Immunolabeling for ICAM-1 
protein expression in Stim1ΔEC lung sections revealed low ICAM-1 
expression levels when compared with VE-Cre or Stim1fl/fl controls 
(Figure 4 A and B). We next assessed the BAL fluid accumulation 
and lung wet/dry ratio, which are indications of lung edema. 
Examination of BAL protein and lung wet/dry ratio showed that 
Stim1ΔEC mice were protected from LPS-induced inflammatory 
changes in the lung (Figure 4, C and D). Although increase in sys-
temic proinflammatory cytokine levels was observed in Stim1ΔEC 
mice, the absence of leukocyte infiltration, BAL fluid, and change 
in lung weight, revealed that STIM1 was required for LPS-induced 
EC activation and lung inflammation. We then assessed the vas-
cular integrity in Stim1ΔEC mice challenged with LPS. Interestingly, 
the vasculature in LPS-treated Stim1ΔEC mice, comparable to that in 
their untreated counterparts, was intact, whereas the vasculature 
was leaky in LPS-treated control (VE-Cre and Stim1fl/fl) mice (Fig-
ure 4, E and F). These findings suggest that EC STIM1 is necessary 
for pathological changes during inflammation.

STIM1-dependent Ca2+ signaling contributes to endothelial NFAT acti-
vation. We previously showed that inhibition of STIM1/Orai1-
mediated Ca2+ entry prevented oxidative stress–induced cell 
death (14, 28). Since endothelial STIM1 deficiency prevents LPS-
induced vascular permeability, we examined pulmonary vascular 
Ca2+ levels in situ. Lungs were isolated from vehicle- and LPS-
treated wild-type mice after 20 hours. Lung slices were generated 
and loaded with the Ca2+ indicator Fluo-4 and the endothelial 
marker AcLDL (Figure 5A). Viable lung slices were subjected to 
multiphoton confocal imaging, and Ca2+ levels were measured. 
As expected, basal cytoplasmic Ca2+ levels were elevated in LPS-
treated when compared with untreated wild-type mouse lung 
slices (Figure 5, A and B). To determine whether STIM1-depen-
dent Ca2+ signaling was involved in LPS-induced endothelial Ca2+ 
elevation, we measured dynamic Ca2+ changes in primary ECs iso-
lated from wild-type and Stim1ΔEC mice. Interestingly, LPS treat-
ment triggered sustained Ca2+ oscillations in wild-type but not 
in Stim1ΔEC ECs (Figure 5, C and D). Since Ca2+ oscillations are 
essential for NFAT nuclear translocation and transcriptional acti-
vation (29), we next assessed NFATC3-GFP translocation in wild-
type and Stim1ΔEC ECs after LPS challenge. Consistent with our 
sustained Ca2+ oscillation data (Figure 5C), Stim1ΔEC ECs showed 
a significant reduction in nuclear accumulation of NFATC3-GFP 
compared with wild-type ECs (Figure 5, E and F). Further, we 
measured NFAT activity in wild-type and Stim1 shRNA knock-
down (KD) ECs (Supplemental Figure 4A; supplemental mate-
rial available online with this article; doi:10.1172/JCI65647DS1) 
after stimulation with LPS. LPS-induced NFAT luciferase activ-
ity was markedly reduced in Stim1 KD ECs when compared with 
wild-type ECs (Figure 5G). Similarly, the Ca2+ blocker BTP2 also 
near completely inhibited NFAT translocation upon LPS expo-
sure (Supplemental Figure 1, A and B). Interestingly, NFAT-driv-
en cytokine expression levels were downregulated in ECs derived 
from Stim1ΔEC mice (Figure 5H). Thus, these data suggest that 
STIM1-mediated Ca2+ entry is necessary for LPS-induced NFAT 
activation and inflammatory cytokine production.

Table 1
Breeding ratio and body weight of WT and Stim1ΔEC mice

Sex Breeding Fertility Genotype Body
 ratio (%)  weight (g)A

Male Stim1ΔEC 15/15 100 WT 28.06 ± 1.29
Female Stim1ΔEC 2/6 33 Stim1ΔEC 25.63 ± 1.68

Breeding ratio values indicate male Stim1ΔEC mice bred with female 
heterozygotes or female Stim1ΔEC mice bred with male heterozygotes. 
Mean ± SEM values of WT and Stim1ΔEC mice body weight are shown. 
AP < 0.3 compared with WT mice.
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gp91phox, InsP3RII, and STIM1 are necessary for LPS-induced endothelial 
Ca2+ oscillations. LPS is a potent inducer of ROS through TLR4 (30, 31). 
We have previously shown that in lymphocytes, LPS-induced oxida-
tive stress alters Ca2+ signaling (14). It is plausible that similar events 
occur in pulmonary vascular endothelium following LPS challenge 
and trigger increased vascular permeability. To test this hypothesis, 
we treated wild-type murine pulmonary vascular ECs (MPMVECs) 
with LPS (1 μg/ml). MPMVECs stably expressing the hydrogen per-
oxide (H2O2) sensor HyPer-Cyto exhibited a significant elevation of 
H2O2 levels after LPS challenge (Supplemental Figure 2, A and B). 
As expected, LPS stimulation triggered asynchronous Ca2+ oscilla-
tions in MPMVECs when compared with the untreated control cells 
(Supplemental Figure 2, C, D, H, I, and Supplemental Videos 1 and 
2). Interestingly, we found that pretreatment with the NOX2 inhibi-
tor diphenyleneiodonium (DPI) abrogated Ca2+ oscillations (Sup-

plemental Figure 2, E and H). We examined whether LPS promotes 
Ca2+ oscillations in other cell types, including fibroblasts and lung 
epithelial and macrophage cell lines. Interestingly, LPS was not able 
to stimulate Ca2+ oscillations in fibroblasts and lung alveolar epithe-
lial cell lines (Supplemental Figure 2, J and K). However, as expected, 
the J774.A1 macrophage cell line elicited basal Ca2+ oscillations due 
to constitutive phagocytic NOX2 activity (Supplemental Figure 2J). 
Additionally, LPS-induced Ca2+ oscillations were enhanced in J774.
A1 macrophages, which are DPI sensitive (Supplemental Figure 2, K 
and L). We next examined whether extracellular Ca2+ entry is required 
for LPS-induced Ca2+ oscillations. Either chelating extracellular Ca2+ 
using EGTA or blocking Ca2+ entry using BTP2 prevented LPS-
induced Ca2+ oscillations (Supplemental Figure 2, F–H). These data 
collectively suggest that endogenous ROS production is essential but 
requires Ca2+ entry to trigger EC Ca2+ oscillations.

Figure 3
Genetic ablation of Stim1 in endothelium limits LPS-induced leukocyte infiltration and BAL inflammatory cytokines. VE-Cre, Stim1fl/fl, and Stim1ΔEC 
mice were challenged with LPS (1 mg/kg; i.p.). Saline was used as a vehicle control. (A) Representative photomicrographs of H&E-stained lung 
sections. (B) Quantification of alveolar leukocyte infiltration. (C) IL-1α, IL-1β, IL-2, IL-6, TNF-α, and G-CSF were measured in sera from mice. 
(D) IL-1α, IL-1β, IL-2, IL-6, TNF-α, and G-CSF were measured in BAL fluid from VE-Cre, Stim1fl/fl, and Stim1ΔEC mice. Data are mean ± SEM.  
*P < 0.05,**P < 0.01, ***P < 0.001.
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We further verified the observed pharmacological effects in ECs 
lacking the NOX2 subunit gp91phox. Similarly, gp91phox–/– ECs failed 
to elicit LPS-induced Ca2+ oscillations (Supplemental Figure 3, C 
and F, and Supplemental Videos 3 and 4). However, treatment of 
ECs derived from wild-type mice with LPS triggered Ca2+ oscilla-
tions (Supplemental Figure 3, A, B, and F). Sustained Ca2+ oscil-
lations operate through the coordinated activation of both store-
derived Ca2+ release and store-operated Ca2+ entry channels (25, 
32). In non-excitable cells such as ECs, InsP3Rs are the major ER 
Ca2+ release channels activated by InsP3 produced when phospho-
lipase C–coupled (PLC-coupled) receptors are activated (33). We 
have previously shown that ROS evokes intracellular Ca2+ mobi-
lization in ECs (15, 34). To identify the intracellular Ca2+ release 
component in LPS-induced Ca2+ oscillations, we treated wild-type 
MPMVECs with LPS in the presence of the PLC inhibitor U73122 
or the potent InsP3R inhibitor xestospongin B (XesB), and the 
results revealed suppression of Ca2+ oscillations mediated by both 
LPS and the glutathione-depleting agent dl-buthionine sulfoxi-
mine (BSO) (our unpublished observations). Interestingly, similar 
to Stim1ΔEC ECs (Supplemental Figure 3, E and F, and Supplemen-
tal Videos 5 and 6), ECs lacking only InsP3R II also did not show 

any Ca2+ oscillations after LPS treatment (Supplemental Figure 3, 
D and F). These results suggest that LPS-induced NOX2-mediat-
ed Ca2+ oscillations in ECs require InsP3RII-mediated Ca2+ release 
in addition to STIM1-dependent Ca2+ entry.

NOX2-derived ROS activates STIM1-dependent Ca2+ entry in LPS-
stimulated ECs. Recent investigations revealed an essential role 
for STIM1-dependent Ca2+ entry in the induction of NFAT 
nuclear localization in activated lymphocytes and mast cells 
(26, 35). Nevertheless, the role of LPS-induced ROS-mediated 
Ca2+ elevation in transcriptional regulation has not previously 
been examined. Therefore, we redesigned our protocol to assess 
SOCe in LPS-challenged cells by briefly removing extracellular 
Ca2+ and then adding it back. Wild-type ECs exhibited greatly 
elevated Ca2+ entry in LPS-treated cells (Figure 6A). As expected, 
Stim1 KD abrogated SOCe entry in ECs (Figure 6C). Intrigu-
ingly, LPS-induced Ca2+ entry was also abolished in ECs derived 
from gp91phox–/– mice, indicating that NOX2 is required for LPS-
induced SOCe (Figure 6B). Further, loss of either NOX2 or 
STIM1 prevented LPS-induced nuclear localization of NFAT 
(Figure 6D and Supplemental Figure 4B), revealing the critical 
link between SOCe and NFAT activation.

Figure 4
Stim1 deletion in endothelium attenuates LPS-induced pulmonary vascular dysfunction. (A) Representative immunohistochemistry images of 
ICAM-1 using PE in lung sections from treated mice. Scale bar: 20 μm. (B) Quantification of ICAM-1 expression based on fluorescence intensity. 
(C) BAL protein content and (D) lung weight changes are a functional measure of EC activation associated with increased vascular permeability. 
(E) A 0.1- to 0.15-ml bolus of FITC-dextran (70 kDa, 5%w/v) was injected into the animals via facial vein. Anesthetized animals were placed 
under an intravital 2-photon imaging system, and images were acquired. Vascular permeability was assessed based on fluorescence intensity 
in the extravascular space. Scale bar: 100 μm. (F) Quantification of extravascular FITC-dextran fluorescence intensity. Data are mean ± SEM. 
**P < 0.01, ***P < 0.001.
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Figure 5
STIM1-mediated NFAT activity 
is necessary for LPS-induced 
proinflammatory gene expres-
sion in ECs. (A) Ex vivo imag-
ing of pulmonary vascular 
Ca2+ levels in freshly prepared 
lung slices from wild-type mice 
challenged with LPS (1 mg/kg)  
for 20 hours. AcLDL was used 
as an endothelial marker. 
Scale bar: 50 μm. (B) Quanti-
fication of Fluo-4 fluorescence 
was measured from multiple 
regions of the lung slices. ECs 
from wild-type and Stim1ΔEC 
mice were challenged with 
LPS (1 μg/ml) for 16 hours. 
ECs were loaded for 30 min-
utes with Fluo-4/AM. (C) Rep-
resentative traces from wild-
type and Stim1ΔEC ECs. (D) 
Quantification of oscillation 
frequency. ECs from wild-
type and Stim1ΔEC mice were 
transduced with adenovirus 
encoding NFATc3-GFP for 36 
hours. Following adenoviral 
transduction, ECs were treated 
with LPS for 16 hours. (E) Rep-
resentative images showing 
NFAT nuclear translocation. 
Scale bar: 20 μm. Arrowheads 
indicate the nuclear translo-
cated NFAT. (F) Quantifica-
tion of nuclear NFAT-positive 
cells. (G) NFAT-dependent 
luciferase activity was mea-
sured in wild-type and Stim1 
KD ECs 16 hours after LPS  
(1 μg/ml) treatment. (H) Quan-
tification of cytokine protein 
expression in wild-type and 
Stim1ΔEC ECs treated with LPS 
for 16 hours. Data are mean ± 
SEM. *P < 0.05, **P < 0.01, 
***P < 0.001.



research article

894 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 2   February 2013

Figure 6
NOX2-derived ROS promotes STIM1-dependent Ca2+ entry and NFAT activa-
tion after LPS stimulation. Wild-type, gp91phox–/–, and Stim1 KD ECs were 
treated with LPS (1 μg/ml) for 16 hours. (A–C) Extracellular Ca2+ was removed 
for 5 minutes prior to assessment of SOCe activity in (A) wild-type, (B) 
gp91phox–/–, and (C) Stim1 KD ECs. Wild-type, gp91phox–/–, and Stim1 KD ECs 
were transduced with adenovirus encoding NFATc3-GFP for 36 hours and 
then treated with LPS (1 μg/ml) for an additional 16 hours. (D) Quantification 
of nuclear NFAT-positive cells. (E) gp91phox–/– cells loaded with Fluo-4 were 
treated with thapsigargin (2 μM) under nominally Ca2+-free conditions, fol-
lowed by addition of 2 mM Ca2+ where indicated to assess SOCe. (F) Fluo-4– 
loaded gp91phox–/– ECs were treated with (right) or without (left) superoxide 
(xanthine + xanthine oxidase [O2.–]; 10 nmol/min). (G) gp91phox–/– ECs were 
transduced with AdNFATc3-GFP for 36 hours, and nuclear NFATc3-GFP was 
quantified after O2.– exposure. Scale bar: 20 μm. (H) gp91phox–/– ECs were 
transfected with either STIM1 wild-type or STIM1 C56A mutant constructs. 
Extracellular Ca2+ was removed for 5 minutes prior to the measurement of 
SOCe activity in Fluo-4–loaded ECs. (I) gp91phox–/– ECs transiently expressing 
either wild-type or STIM1 C56A plasmids were transduced with AdNFATc3-
GFP for 36 hours, and nuclear NFATc3GFP was quantified. Scale bar: 20 μm. 
All data are the mean ± SEM of 3 independent experiments, each experiment 
consisting of triplicate analyses of 20–30 cells. **P < 0.01, ***P < 0.001.
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We and others have previously shown that paracrine-derived 
superoxide triggers Ca2+ influx in ECs (16, 36, 37). To exam-
ine whether the loss of gp91phox impacts endothelial Ca2+ entry, 
we pretreated ECs with thapsigargin and measured Ca2+ entry. 
ECs exhibited robust store-operated Ca2+ entry, indicating 
that loss of gp91phox does not account for their failure to trigger 
LPS-induced Ca2+ oscillations, Ca2+ entry, and/or NFAT activa-
tion (Figure 6E and see Figure 6, B and D). The specificity of 
the gp91phox ablation on NOX2 function was further revealed in 
experiments showing that paracrine-derived superoxide trig-
gers both Ca2+ oscillations (Figure 6F and Supplemental Video 
7) and NFAT activation (Figure 6G) in gp91phox–/– ECs. Finally, we 
asked whether ROS-independent activation of STIM1 promotes 
SOCe and NFAT nuclear accumulation. Ectopic expression of 
constitutively active STIM1 C56A but not wild-type STIM1 
triggered constitutive Ca2+ entry (Figure 6H and ref. 14) and 
NFATc3-GFP nuclear translocation in gp91phox–/– ECs (Figure 6I). 
These results demonstrate that NOX2-dependent STIM1 acti-
vation is a crucial step for LPS-induced Ca2+ entry and NFAT 
activation in ECs.

STIM1 signaling contributes to pulmonary vascular EC death. Ca2+ 
is an important second messenger in many cell types, with 
pleiotropic effects on cell survival. Importantly, in ECs, Ca2+ 
signaling is crucial for the maintenance of barrier function and 
vascular tone (5). Having demonstrated that Stim1ΔEC mice are 
protected from inflammatory responses in lung, we speculated 
that STIM1 may contribute to EC death during inflammatory 
insults. Therefore, Stim1 KD ECs were treated with LPS or BSO as 

a positive control and stained with Annexin V/PI, a marker for cell 
death. LPS triggered significant cell death in wild-type ECs; how-
ever, ECs lacking STIM1 were protected from LPS-induced cell 
death (Figure 7, A and B). We next questioned whether inhibition 
of NOX2-derived ROS also prevents LPS-induced cell death. Simi-
lar to Stim1ΔEC ECs, ECs lacking gp91phox were protected against 
LPS-induced cell death (Figure 7, A and B). We next extended 
our in vitro studies to determine whether pulmonary vascular 
endothelial injury is suppressed by CRAC channel inhibition in 
the LPS-induced inflammation model. First, we addressed this 
in an acute setting in which mice were administered LPS (1 mg/
kg; i.p.) for 24 hours. We performed immunolabeling of receptor-
interacting protein 3 (RIP3), a necrotic cell death marker (38), 
in lung sections from wild-type and Stim1ΔEC mice. EC-specific 
STIM1 ablation attenuated the otherwise increased RIP3 expres-
sion in VE-Cre and Stim1fl/fl control mice, indicating the essential 
role played by STIM1-mediated Ca2+ entry in EC death (Figure 
8, A and B). To further examine the role of CRAC channel in EC 
death, we evaluated the effect of BTP2 in LPS-induced vascular 
RIP3 expression in vivo. Mice were injected with BTP2 (1 mg/kg 
i.p.) or vehicle 2 hours after LPS challenge. Lung sections were 
subjected to immunolabeling for RIP3, and the fluorescence 
intensity was measured in pulmonary vasculature. Importantly, 
blockade of Ca2+ entry by BTP2 significantly inhibited the vascu-
lar RIP3 protein expression resulting from LPS challenge (Figure 
8, C and D). Thus, we propose that TLR4/NOX2/STIM1 signaling 
provides a potential mechanism by which LPS, at least in part, 
promotes vascular inflammation (Figure 8E).

Figure 7
Ablation of STIM1 abrogates LPS-induced EC death. (A) Wild-type, Stim1 KD, and gp91phox–/– ECs stimulated with LPS (1 μg/ml) for 48 hours 
were stained using Annexin V–Alexa Fluor 488 and PI as cell death markers, and Hoechst 33342 was used as a nuclear marker as described in 
Methods. (B) Quantification of dead cells. Scale bar: 20 μm. Data are mean ± SEM. **P < 0.01, ***P < 0.001.
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Store-operated Ca2+ channel inhibition protects against LPS-induced lung 
injury. Pulmonary edema resulting from Gram-negative bacterial 
infection is the first indication of organ failure and the most com-
mon cause of sepsis-related death. Recent evidence from in vitro 
studies and our Stim1ΔEC mouse model data suggest that LPS-
induced vascular permeability and lung inflammation are partly 
driven by a pulmonary endothelial NOX2/STIM1 pathway. To 
examine the therapeutic potential of this mechanism, we tested 
the highly effective small-molecule Ca2+ channel blocker BTP2 in 
an animal model of sepsis (39). Wild-type mice were administered 

LPS (1 mg/kg; i.p.) for 24 hours. Mice were also injected with BTP2 
(1 mg/kg i.p.) or vehicle 2 hours after LPS challenge. LPS chal-
lenge markedly increased the serum proinflammatory cytokine 
levels within 6 hours (Figure 9A), followed by leukocyte infiltra-
tion at 24 hours, indicating the acute nature of LPS-induced lung 
injury (Figure 9, B and C). Interestingly, BTP2 administration not 
only prevented LPS-induced proinflammatory cytokine produc-
tion (Figure 9A), but also reduced leukocyte infiltration in mouse 
lung (Figure 9, B and C). BTP2 alone had no effect on either serum 
cytokine levels or leukocyte infiltration (Figure 9, A–C). These data 

Figure 8
LPS-induced RIP3 expression is downregulated in 
Stim1ΔEC mice. (A) Immunohistochemical labeling of 
RIP3 in lung endothelium from VE-Cre, Stim1fl/fl, and 
Stim1ΔEC mice 24 hours after LPS challenge. Scale bar: 
30 μm. (B) Quantification of RIP3 fluorescence inten-
sity in A. (C) Immunohistochemical labeling of RIP3 in 
lung endothelium from C57BL/6 wild-type mice after 
i.p. delivery of saline (vehicle) or LPS (1 mg/kg; 24 
hours). BTP2 (1 mg/kg) was delivered i.p. 2 hours after 
LPS challenge. Scale bar: 20 μm. (D) Quantification of 
RIP3 fluorescence intensity in C. (E) Proposed scheme 
depicts signal transduction cascade in LPS-induced 
vascular dysfunction during ALI. Data are mean ± SEM. 
**P < 0.01.
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Figure 9
BTP2 attenuates LPS-induced lung inflammation and vascular endothelial integrity loss. C57BL/6 mice were 
challenged with LPS (1 mg/kg; i.p.), and BTP2 (1 mg/kg; i.p.) was delivered 2 hours after challenge. Saline 
was used as a vehicle. Samples were collected after 24 hours. (A) IL-1α, IL-1β, IL-2, IL-6, TNF-α, and G-CSF 
were measured in sera from mice. (B) Representative photomicrographs of H&E-stained lung sections. Orig-
inal magnification, ×400. (C) Quantification of alveolar leukocytes infiltration. (D) Representative Western 
blot of ICAM-1 induction in ECs treated with LPS and/or BTP2. (E) Representative immunohistochemistry 
images of ICAM-1 using PE in lung sections from treated mice. Scale bar: 20 μm. (F) Quantification of 
ICAM-1 fluorescence intensity. (G and H) BAL protein content (G) and lung weight (H) changes are a func-
tional measure of EC activation associated with increased vascular permeability. (I) A 0.1- to 0.15-ml bolus 
of FITC-dextran (70 kDa, 5%w/v) was injected into the animals via facial vein. Anesthetized animals were 
placed under an intravital 2-photon imaging system, and images were acquired. Vascular permeability was 
assessed based on fluorescence intensity in the extravascular space around 4–5 regions per mouse. Scale 
bar: 100 μm. (J) Quantification of extravascular FITC-dextran fluorescence. Cumulative data are the mean 
± SEM of triplicates and are representative of 3 independent experiments with 3–6 per group as indicated. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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tions showed that ROS production during LPS treatment plays a 
crucial role in the regulation of Ca2+ signaling, which can be pre-
vented by antioxidant supplementation (14). Here, we show that 
LPS-mediated NOX2-dependent oxidative stress evokes cytosolic 
Ca2+ oscillations in ECs (Figure 5 and Supplemental Figures 2 and 
3). Inhibition of NOX2 prevented LPS-induced Ca2+ oscillations, 
supporting our hypothesis that ROS is an essential trigger for LPS-
mediated Ca2+ oscillations. However, depletion of extracellular 
Ca2+ or blockade of Ca2+ channels abrogated Ca2+ oscillations with-
out interfering with ROS elevation in ECs. Similarly, depletion of 
glutathione using BSO to increase ROS gave rise to a sustained pat-
tern of Ca2+ oscillations (our unpublished observations). Consis-
tent with this, it has been proposed that cytosolic Ca2+ oscillations 
in ECs are induced by exogenous delivery of oxidants, hypoxia/
reoxygenation, or S-glutathionylation (16, 47, 48).

LPS-induced ROS in ECs triggers ER Ca2+ release via PLC activa-
tion (16, 33), which is the initial trigger for Ca2+ oscillations. Inter-
estingly, we found that InsP3RII is uniquely required to maintain 
LPS-induced Ca2+ responses, despite the presence of both InsP3RI 
and InsP3RIII in ECs. This reflects remarkably distinct InsP3R 
specificity from classical GPCR agonist-induced Ca2+ oscillations 
which require InsP3RI (49). These findings indicate that whereas 
the 3 distinct InsP3R subtypes may all be capable of mediating 
Ca2+ oscillations, activators selectively engage specific InsP3R sub-
types. In addition to InsP3R subtype specificity, maintenance of 
Ca2+ oscillations is shown to require SOCe (25, 32). SOCe requires 
STIM1, the ER luminal Ca2+ sensor, which, upon Ca2+ store deple-
tion, translocates into ER/plasma membrane junctions and cou-
ples to activate Orai1 (50) and possibly transient receptor poten-
tial channels (TRPCs) (51, 52). However, we recently revealed that 
STIM1 can act independently of ER Ca2+ as a ROS sensor to induce 
Ca2+ entry (14). Our results using STIM1 C56A mutant constructs 
showed constitutive Ca2+ entry and NFAT activation in gp91phox–/– 
ECs (Figure 6, H and I). Hence, STIM1 can be engaged by ROS 
during ALI through two distinct mechanisms: InsP3-mediated ER 
Ca2+ depletion and ROS-mediated STIM1 activation.

Agonist-induced Ca2+ oscillations influence a multitude of 
signaling pathways (29, 53). Ca2+ oscillations are known to alter 
inflammatory cytokine expression by differentially activating tran-
scription factors including NFAT and NF-κB (29). The central role 
of NF-κB in LPS signaling is well established (54, 55). However, 
our study reveals an alternate inflammatory pathway that requires 
STIM1-dependent NFAT activity in ECs (Figure 5). Since NFAT 
mediates TNF-α upregulation, our findings uncover a central role 
for Ca2+ in LPS-induced necrotic cell death. We further demonstrate 
that RIP3 upregulation is dependent on Ca2+ signals that are linked 
to LPS-induced necroptosis, consistent with previous findings (38).

A major finding in the present study is that post-insult deliv-
ery of BTP2 significantly lowers vascular permeability and lung 
edema. BTP2 is an enticing therapeutic candidate, as it inhibits 
SOCe without altering baseline intracellular Ca2+ levels, suggest-
ing that it does not affect unstimulated cells. Furthermore, mice 
can tolerate a dosage of up to 30 mg/kg without any systemic tox-
icity (39). Although BTP2 inhibits the function of CRAC, TRPC3, 
and TRPC5 channels, while activating TRPM4 channels (56–58), 
using Stim1ΔEC mice, we reveal STIM1-mediated Ca2+ entry as the 
critical contributor to LPS-induced EC activation and necrotic 
cell death, the key events in the initiation of ALI. These findings 
add to a growing list of pathophysiological conditions that are 
negatively contributed to by STIM-mediated Ca2+ entry, including 

show that 1 mg/kg BTP2 can abolish the systemic cytokine eleva-
tion resulting from CRAC channel activation. Vascular ECs sense a 
wide range of both physiological and pathological signals through 
various membrane-bound apical surface molecules. ICAM-1 is 
one such well-characterized molecule and is known to be elevated 
upon LPS challenge. We next evaluated whether Ca2+ entry block-
ade prevents accumulation of the vascular endothelial inflam-
matory marker ICAM-1. The increased expression of ICAM-1  
protein by LPS exposure was inhibited in ECs treated with 5 μM 
BTP2 (Figure 9D). Similarly, BTP2 administration in LPS-treated 
mice led to significant inhibition of ICAM-1 protein expression in 
arterioles/venules of mice lung sections (Figure 9, E and F). The 
effect of BTP2 in LPS-induced lung injury reinforces the role of 
STIM1 in vascular inflammation.

LPS-induced vascular leakage leads to an increase in BAL fluid 
content (5); however, the role for Ca2+ entry in this response has 
not been established. We next evaluated the effect of SOCe chan-
nel blockade on the increased BAL protein accumulation and pul-
monary edema resulting from LPS challenge. The increases in both 
BAL protein content and lung wet/dry ratio was inhibited in mice 
treated with 1 mg/kg BTP2 (Figure 9, G and H). Notably, BTP2 
delivery alone had no effect on mouse lung wet/dry weight ratio 
but moderately elevated BAL protein levels in vehicle-treated con-
trols (Figure 9 G and H). To evaluate the BTP2 effect on vascular 
integrity in vivo, we performed live vascular imaging using intra-
vital multiphoton microscopy (see Methods for details). Interest-
ingly, the loss of vascular integrity in LPS-challenged mouse lung 
as seen both qualitatively (Figure 9I) and quantitatively (Figure 9J) 
by extravascular FITC-dextran, was abrogated in the BTP2-treated 
group. Together, these results suggest that SOCe channel blockade 
is effective in preventing LPS-induced pulmonary vascular perme-
ability and lung edema.

Discussion
Vascular endothelial dysfunction is an established event in acute 
inflammation (40–42). Upon bacterial insult, both autocrine- and 
paracrine-derived ROS affect the endothelium, leading to altered 
gene expression and protein modification, resulting in organ fail-
ure (43). We have shown previously that paracrine-derived ROS 
activates EC Ca2+ mobilization (15). However, what remained 
unclear is how autocrine-derived ROS-triggered Ca2+ oscillations 
could lead to acute inflammation–induced EC dysfunction. The 
present study investigated the possible effects of inhibiting ROS-
induced Ca2+ signaling and, further, the effects of limiting Ca2+ 
signaling pathways in EC dysfunction. Importantly, we elucidated 
the role of STIM1 in EC dysfunction without altering the ROS 
signaling pathway that participates in microbicidal activity. Using 
this unique model, we detailed the tightly coupled roles played by 
NOX2-derived ROS and Ca2+ signaling in LPS-induced endothelial 
activation and the progression to ALI.

LPS is a major component of the bacterial cell wall widely used to 
induce ALI in murine models (41). LPS-challenged mice show typi-
cal pathological evidence of ALI, including increased circulating 
inflammatory cytokine levels, elevated pulmonary EC activation, 
higher vascular permeability, and increased alveolar fluid accumu-
lation. ROS overproduction in ECs has been shown to contribute 
to LPS-induced ALI (44). Although upstream signaling pathways 
such as the PLC/PKC/PI3K axis are reported to trigger LPS-induced 
ROS in macrophages (45) and ECs (46), ROS-driven signaling path-
ways that lead to EC death remain elusive. Our previous investiga-
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KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCl2, 10 mM glucose, and 
2.0% BSA, pH 7.4, in the presence of 100 μM sulphinpyrazone and 0.003% 
pluronic acid. After dye loading, the cells were washed and resuspended in 
the experimental imaging solution (ECM containing 0.25% BSA) and imag-
es recorded every 3 seconds at 488-nm excitation using the Zeiss LSM510 
META confocal imaging system with a ×40/1.3 NA oil objective at room 
temperature. Cytosolic Fluo-4 changes were normalized and presented as 
F/F0. To assess Ca2+ entry, Ca2+ free ECM was used in conjunction with  
0.5 mM EGTA; 2 mM Ca2+ was added as indicated. Images were analyzed 
and quantified using ImageJ (NIH) or Zen 2009 (Zeiss) (15).

ROS measurements. MPMVECs stably expressing HyPer-Cyto (67, 68) — a 
mammalian expression vector encoding a fluorescent sensor, HyPer, that 
localizes in the cytoplasm and specifically senses submicromolar concen-
trations of H2O2 — were treated with LPS or BSO for 16 hours, and con-
focal images were obtained with a Zeiss LSM510 using a ×40/1.3 NA oil 
objective at room temperature and using a 488-nm laser at 2.5% power. 
Fluorescence was quantified using ImageJ as previously described (68). 
Alternatively, cells were loaded with H2DCFDA (10 μM) for 30 minutes at 
37°C and images obtained as described above.

Immunoblot analysis. Cells were lysed in 1× RIPA lysis buffer (Pierce) sup-
plemented with 0.5 mM DTT and 1× protease inhibitor cocktail (Roche). 
Protein determination was carried out using the Bradford method. Lysates 
were then heated at 90°C for 10 minutes and centrifuged briefly for 1 min-
ute. Equivalent amounts of protein were resolved by NuPAGE 4%–12% 
Bis-Tris Gel (Invitrogen), transferred to nitrocellulose membranes, and 
immunoblotted using iBlot (Invitrogen). Membranes were probed with 
primary antibodies anti-STIM1 (44/GOK; BD Biosciences; 1:1,000), anti-
gp91phox (53/gp91[phox]; BD Biosciences; 1:1,000), anti-InsP3RIII (2/IP3R-3;  
BD Biosciences; 1:1,000), anti-InsP3RI (C-20; Santa Cruz Biotechnology 
Inc.; 1:500) anti-InsP3RII (C-20; Santa Cruz Biotechnology Inc.; 1:500), 
anti–ICAM-1 (G-5; Santa Cruz Biotechnology Inc.; 1:500), and anti–β-actin 
(N-21; Santa Cruz Biotechnology Inc.; 1:500); and secondary antibodies 
goat anti-rabbit and anti-mouse conjugated to horse radish peroxidase 
(Santa Cruz Biotechnology Inc.; 1:2,000) were used and visualized with 
enhanced ECL substrate (Amersham).

Annexin V binding and PI staining. To assess the externalization of phos-
phatidylserine in the plasma membrane as marker for early stage of apop-
tosis, ECs adherent to 25-mm-diameter glass coverslips were incubated 
with the conjugate Annexin V–Alexa Fluor 488 (Invitrogen, 1 μg/ml) and 
propidium iodide (PI; Invitrogen; 0.5 μg/ml) for 15 minutes in Annexin V 
binding buffer (Invitrogen). Annexin V– and PI-stained cells were visual-
ized by a Zeiss LSM510 confocal imaging system using a ×40 oil objective 
and later quantified.

AdNFATc3 translocation assay. Recombinant adenovirus encoding 
NFATc3-GFP was used to evaluate nuclear translocation in cultured cells. 
Cells were infected with NFATc3-GFP (100 MOI) for 36 hours. Cells were 
then treated with LPS (1 μg/ml) or BSO (500 μM; Sigma-Aldrich) under 
different conditions for an additional 16 hours. Confocal monolayer snap-
shots were obtained with a Zeiss LSM 510 META at ×40/1.3 NA objec-
tive, using a 488-nm laser. Cells with nuclear NFATc3-GFP were manually 
counted in 10 different monolayers and data expressed as percent nuclear 
translocation under the conditions indicated.

Luciferase assay. 106 ECs were transfected with 4 μg of luciferase reporter 
plasmids with or without binding elements for NFAT in 96-well plates 
using Mirus LT-1 transfection reagent. After 36 hours, cells were stimulated 
with LPS (1 μg/ml) for an additional 24 hours. The cells were then lysed 
using 50 μl of 1× passive lysis buffer (Promega). The luciferase activity was 
detected using the Bright-Glo Luciferase Assay System (Promega) according 
to the manufacturer’s instructions (Victor ×5 luminometer; PerkinElmer). 
Values were normalized with appropriate controls.

arterial thrombosis in ischemic brain infraction (59) and hypoxic 
damage to neurons (60). In contrast, STIM1/Orai1-dependent 
SOCe is required for T and B cell activation (61), and mutations in 
STIM1 result in immunodeficiency and autoimmune syndromes 
(62). Recently, a type 1 diabetic mouse model study reported that 
downregulation of STIM1 and SERCA3 in coronary ECs enhanced 
the ER Ca2+ leak and store depletion (27). This is in agreement 
with our work demonstrating a requirement of STIM1 for ER 
Ca2+ homeostasis. Although STIM1 is necessary for endothelium-
dependent relaxation, in our model system, STIM1-dependent 
Ca2+ signaling is contributing to vascular inflammation. These dis-
tinct and cell type–dependent roles for STIM1 highlight the need 
for future investigations directed at defining the contributions of 
STIM1 to other physiological and pathophysiological conditions.

In conclusion, our cellular studies showing ROS-dependent Ca2+ 
mobilization in ECs establish STIM-mediated Ca2+ signaling as a 
crucial event in vascular inflammation during ALI. Future investi-
gations must define the specific STIM-mediated target machinery 
in order to design effective therapies to alleviate sepsis and ALI. 
While Stim1ΔEC mice displayed normal baseline characteristics up 
to 8 weeks, future studies are necessary to understand the role 
of STIM1 in aging, cardiovascular, and chronic lung diseases. 
Although Orai channels are the major STIM targets, new informa-
tion reveals the additional STIM/Orai complex regulators includ-
ing POST, junctate, SARAF, and CRACR2A (19, 63–66) could 
also be considered as potential therapeutic targets. Importantly, 
therapeutic strategies targeting the Ca2+ signaling machinery have 
great advantage over antioxidant-based strategies, since they do 
not interfere with the microbicidal role of ROS.

Methods
Cell culture. MPMVECs were cultured in DMEM (Invitrogen) supplemented 
with 10% FBS, GlutaMAX (Invitrogen), 1% antibiotics, and 0.05% EC growth 
supplement (Upstate). Stim1 KD MPMVECs were maintained in DMEM 
with 10% FBS, 1% antibiotics, and 0.05% EC growth supplement GlutaMAX 
(1%) and puromycin (2 μg/ml, Invitrogen). MPMVECs stably expressing the 
ROS sensor HyPer-Cyto (Evrogen) were maintained as above but in the pres-
ence of G418 (400 μg/ml, Invitrogen). MEFs and an alveolar epithelial carci-
noma cell line (A549) were maintained in DMEM supplemented with 10% 
FBS, 1% GlutaMAX, and 1% antibiotics. Murine macrophage (J774A.1) cell 
line was maintained in RPMI-1640 medium supplemented with 10% FBS, 
1% GlutaMAX, 1% HEPES (Invitrogen), 1% sodium pyruvate (Invitrogen), 
1% non-essential amino acids (Invitrogen), and 1% antibiotics.

Lungs from wild-type, Stim1ΔEC, Stim1fl/fl, and VE-Cre mice were har-
vested, finely minced, and digested in 10 ml collagenase type II (2 mg/ml, 
Roche). Isolated cells were incubated with anti–PECAM-1 (1:1,000, eBio-
science), and ECs bound with antibody were magnetically separated with 
mouse Anti-Rat Kappa Microbeads (Miltenyi Biotec), according to the 
manufacturer’s instructions.

Generation of stable Stim1 KD ECs. Lentiviruses were generated using 5 
lentiviral shRNAs targeting different regions of Stim1 (MISSION shRNA 
NM_002467; Sigma-Aldrich) as previously described. ECs transduced 
with Stim1-specific lentiviruses (0.3 MOI) were selected with puromycin 
(2 μg/ml) for 6 days. After puromycin selection, clones were expanded, 
and STIM1 protein expression was quantified by immunoblotting using 
β-actin as loading control.

Measurement of [Ca2+]c mobilization. ECs adherent to 25-mm-diameter glass 
coverslips were loaded with the cytosolic Ca2+ indicator Fluo-4/AM (5 μM, 
Invitrogen) at room temperature for 30 minutes in extracellular medium 
(ECM) containing 121 mM NaCl, 5 mM NaHCO3, 10 mM Na-HEPES, 4.7 mM  
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and vascular microvessels in the ear pinna were imaged using a ×20 water 
immersion objective in a Zeiss 710 META NLO 2-photon microscope 
equipped with a Chameleon Coherent IR laser. Images were collected in 
different regions within the ear pinna and were quantified for extravascu-
lar FITC-dextran using ImageJ.

Immunohistochemistry. Tissue sections were deparaffinized by 2 changes 
of xylene for 5 minutes each; slides were then rehydrated in 2 changes 
of 100% ethanol for 3 minutes, followed by 95% and 80% ethanol for 1 
minute, and rinsed in distilled water. Sections were boiled in sodium 
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 35 
minutes. Slides were allowed to cool and blocked with 1% BSA, 3% don-
key serum in PBS for 1 hour. Slides were then incubated with primary 
anti-CD31 (clone 390; eBiosciences;1:50), anti–ICAM-1 (G-5; Santa Cruz 
Biotechnology Inc.; 1:500), anti-STIM1 (44/GOK; BD Biosciences; 1:100), 
or anti-RIP3 (CT; ProSci; 1:50) at 4°C overnight. Slides were washed 3 
times with PBS/Tween 20, followed by incubation with diluted second-
ary fluorescent antibodies (Alexa Flour 594/488; 1:200) for 1 hour. After 
final washing, slides were mounted with antifade gold containing DAPI 
(Invitrogen) and imaged using a ×40/1.5 NA oil objective in an LSM510 
META confocal imaging system.

BAL protein analysis and lung wet/dry ratios. BAL fluid was obtained from 
the right lung. BAL fluid was obtained by instilling 3 times 0.5-ml aliquots 
of saline into the right lung by a 22-gauge Abbocath-T catheter (Abbott). 
Approximately 800 μl lavage fluid was retrieved per mouse, and samples 
were centrifuged and supernatants stored at –80°C for subsequent analysis 
of protein content using the Bradford assay.

For determination of lung wet/dry ratios, the left lung blotted on filter 
paper was weighed and subsequently dried for 3 days in an oven at 65°C. 
The ratio of wet weight to dry weight represents tissue edema.

Lung histology. Harvested lungs were fixed in 10% formalin. Tissues were 
embedded in paraffin. Four-micrometer-thick sections were stained with 
H&E and analyzed by light microscopy. Infiltrated neutrophil numbers 
were determined by counting over 10 fields at ×400 magnification.

Genotyping. Genomic DNA from 2- to 4-mm ear clips from mice was 
isolated using a DNeasy Blood & Tissue Kit (QIAGEN) as per the manu-
facturer’s recommendations. PCR was performed using FailSafe PCR 2× 
premix H (Epicentre) supplemented with Taq DNA polymerase (Gen-
Script) in accordance to the manufacturers’ instructions. The following 
primer pairs were used to identify specific genomic fragments: CRE trans-
gene o1MR1084 5′-GCGGTCTGGCAGTAAAAACTATC and oIMR1085 
5′-GTGAAACAGCATTGCTGTCACTT; internal control oIMR7338 
5′-CTAGGCCACAGAATTGAAAGATCT and oIMR7339 5′-GTAGGTG-
GAAATTCTAGAATCATC. Conditions for amplification were 94°C for 3 
minutes, 40 cycles of 30 seconds at 94°C, 60 seconds at 51.7°C, 60 seconds 
at 72°C, and a final extension at 72°C for 2 minutes.

The following primers were used to identify wild-type and knockout 
genotypes: MOP413: Stim1 WT 5′-CGATGGTCTCACGGTCTCTAGTTC, 
MOP215: Stim1 knockout 5′-AACGTCTTGCAGTTGCTGTAGGC, and 
MOP216: Stim1 AS 5′-GGCTCTGCTGACCTGGAACTATAGTG. Ampli-
fication conditions were as follows: 96°C for 3 minutes, 40 cycles of 20 
seconds at 96°C, 35 seconds at 60°C, 45 seconds at 72°C, and a final exten-
sion at 72°C for 5 minutes in an Eppendorf Mastercycler pro. The PCR 
products were resolved in 1.2% agarose gel at 75 V for 2 hours and inter-
preted in a UV transillumination chamber. The presence of the knockout 
band at 580 bp and flox band at 399 bp and the absence of WT band at 348 
bp indicates the knockout genotype of Stim1.

Statistics. All statistical comparisons between groups were analyzed 
using 2-tailed Student’s t test. Differences in means among multiple 
data sets were analyzed using 1-way or 2-way ANOVA with the Bonfer-
roni post-test unless otherwise indicated. P values less than 0.05 were 

Generation of Stim1ΔEC mice and animal experiments. Stim1ΔEC mice were gen-
erated by breeding male Stim1fl/fl mice (69) with female B6.Cg-Tg(Cdh5-
cre)7Mlia/J;(VE-Cre) mice (stock 006137, The Jackson Laboratory). 
Stim1ΔEC knockout mice were born with no developmental defects and were 
apparently healthy into adulthood. Germline transmission was confirmed 
by genotyping of DNA obtained from ear clips. EC-specific knockout of 
Stim1 expression was confirmed by protein detection by Western blot anal-
ysis in freshly isolated ECs from lung tissues and double staining using 
anti-CD31 (clone 390; eBiosciences;1:50) and anti-STIM1 (44/GOK; BD 
Biosciences; 1:100) in aorta sections by immunohistochemistry.

For LPS studies, C57BL/6 wild-type, Stim1ΔEC, Stim1fl/fl, and VE-Cre mice 
were i.p. administered LPS (E. coli O111:B4; Sigma-Aldrich; 1 mg/kg) or 
vehicle (sterile PBS). Blood samples were collected 6 hours later via the 
retro-orbital route for ELISA. In experiments using the small-molecule 
Ca2+ entry blocker BTP2 (EMD4Biosciences; 1 mg/kg), an equal volume of 
vehicle control (DMSO) was administered i.p. 2 hours after LPS adminis-
tration. Animals were euthanized, and lung tissues were then subjected to 
histological analysis at 24 hours.

Flow cytometry. Fluorochrome-tagged antibodies CD45 (30-F11) and 
CD3 (17A2) (eBioscience); rabbit STIM1 antibody (Sigma-Aldrich; cata-
log S6072); and goat anti-rabbit Alexa Fluor 488 secondary antibodies 
(Invitrogen) were used for surface and intracellular staining. Spleen lym-
phocytes from wild-type and Stim1ΔEC mice were first stained for surface 
markers, followed by STIM1 intracellular staining. Aqua LIVE/DEAD Fix-
able Dead Cell Stain (L34957, Molecular Probes, Invitrogen) was used to 
gate live cells. Samples were acquired on LSR II analyzers (BD Biosciences) 
and data analyzed using FlowJo software (Tree Star). Lymphocytes were 
gated with surface markers and assessed for STIM1 expression.

Endothelial migration assay. Wild-type and Stim1ΔEC ECs were seeded at a 
density of 1.0 × 105 cells/well in 6-well plates overnight to produce a conflu-
ent monolayer. A uniform 1.8-mm scratch running the entire length of the 
well was created using a sterile 200-μl tip. The wells were washed 3 times 
with PBS to remove the cell debris, and 2 ml fresh complete endothelial 
growth medium was added. After 24 hours, ECs were washed and fixed with 
CAMCO Quick Stain II as per the manufacturer’s instructions. The wells 
were photographed at multiple locations using a phase contrast microscope 
with ×4 objectives. Migration was quantitated using ImageJ software (70), 
and the results were expressed as percent cell migration (71).

Measurement of inflammatory cytokines. The levels of proinflammatory 
cytokines 4 hours after systemic administration of LPS were assessed 
in mouse serum and BAL fluid using a Mouse Inflammatory Cytokines 
Multi-Analyte ELISArray Kit (SABiosciences) according to the manufac-
turer’s instructions.

Mouse tissue cytokine array. ECs derived from wild-type and Stim1ΔEC mice 
were treated with 1 μg/ml LPS for 16 hours. Tissue cytokine array was per-
formed using the Proteome Profiler Mouse Cytokine Array Kit Panel A 
(R&D Systems) according to the manufacturer’s instructions.

Live lung slice preparation. For ex vivo imaging of lung microvessels, lungs 
were inflated with 1.5 ml of 2% agarose-HBSS at 37°C, and lungs were 
stiffened at 4°C as described previously (72). The stiffened lung tissue 
was placed in EMS-5000 tissue slicer (Electron Microscopy Sciences) and 
approximately 200-μm slices were used for Ca2+ imaging. The slices were 
then loaded with 15 μM Flou-4 AM and 10 μg/ml AcLDL (endothelial 
marker) in ECM medium in the presence of 100 μM sulphinpyrazone and 
0.2% pluronic acid for 60 minutes at 37°C. Slices were subsequently rinsed 
in Ca2+ imaging buffer before 2-photon imaging.

In vivo FITC-dextran vascular leakage. Mice were anesthetized with 
ketamine/xylazine (100/10 mg/kg) and then injected with FITC-dextran 
(70 kDa, 5% w/v in saline; Molecular Probes, Invitrogen) and allowed to 
rest for 10 minutes. Under prolonged anesthesia, mice were restrained, 
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