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produces brain edema and neurologic 
symptoms, including coma and death. 
Using contrast-enhanced MRI to assess the 
kinetics of paravascular CSF flow may give 
important information about the impend-
ing appearance, and clinical progression, of 
this clinically important complication.
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clearance of amyloid, with increased risk of 
developing Alzheimer’s disease (8). Other 
neurodegenerative diseases also result 
from aberrant protein accumulation in 
the interstitial space of the brain. Prion 
diseases, such as Creutzfeld-Jacob disease, 
Parkinson’s disease, and frontotempo-
ral dementia, may result from cell-to-cell 
transmission of protein in the extracellular, 
interstitial space (9). Change in the kinet-
ics of clearance of such proteins may be 
important in determining the rate of pro-
gression of these neurodegenerative disor-
ders. Furthermore, the concentration and 
the distribution of molecules in the inter-
stitial space of the brain are critical not 
only in chronic neurodegenerative disor-
ders. Accumulation of interstitial fluid fol-
lowing mechanical and metabolic insults 
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Bacterial pathogen-associated molecular pattern molecules (PAMPs) such as 
LPS activate the endothelium and can lead to lung injury, but the signaling 
pathways mediating endothelial injury remain incompletely understood. In 
a recent issue of the JCI, Gandhirajan et al. identify STIM1, an ER calcium 
sensor, as a key link between LPS-induced ROS, calcium oscillations, and 
endothelial cell (EC) dysfunction. In addition, they report that BTP2, an 
inhibitor of calcium channels, attenuates lung injury. This study identifies 
a novel endothelial signaling pathway that could be a future target for the 
treatment of lung injury.

During infection, circulating bacte-
rial products and endogenous cytokines 
stimulate the endothelium, setting off a 
cascade of vascular activation, including 
the increased expression of vascular adhe-
sion molecules and regional increases in 
endothelial permeability. This response, 
the result of millennia of warfare between 
mammals and microbes, is beneficial 
during compartmentalized infections 
such as those of soft tissue and pneumo-
nia. The alterations in vascular adhesion 
and permeability enable neutrophils and 

monocytes to penetrate infected tissues, 
where they sequester and kill pathogens. 
However, similar physiological responses 
in vulnerable vascular beds, such as the 
capillary networks of the lungs and kid-
neys, can lead to multiple organ failure in 
critically ill patients. Achieving a deeper 
understanding of the signals that regu-
late vascular integrity during host defense 
and organ injury would be an important 
step in reducing vascular injury during 
human sepsis.

The endothelium during sepsis and 
lung injury
A major focus of recent research is the 
function of TLR4 within the vascular 
endothelium, where, through an inter-

action with LPS, it plays a critical role 
as both protector and protagonist dur-
ing sepsis and multiple organ failure. 
Mice that express TLR4 exclusively on 
ECs can detect and clear intraperitoneal 
E. coli infection as rapidly as wild-type 
counterparts (1). Thus, the endothelium, 
without the help of TLR4-expressing 
immune cells, can sense and eradicate 
intravascular infection. In addition to its 
role in immune surveillance and activa-
tion, the signaling pathways downstream 
of endothelial TLR4 are critical to the 
pathogenesis of organ injury, as illus-
trated by a mouse model in which a deg-
radation-resistant form of IκB, the cyto-
plasmic inhibitor of NF-κB, is expressed 
in ECs (2). These mice maintain the abil-
ity to sense and clear pathogens, yet have 
decreased organ injury and improved sur-
vival during LPS- or E. coli–induced peri-
tonitis (2, 3). Thus, the endothelium is 
both a sensor of infection and a mediator 
of septic organ injury. Understanding how 
perturbations in TLR4 signaling lead to 
endothelial dysfunction would be a major 
step toward treating vascular dysfunction 
during sepsis.
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internal stores reduces the amount of Ca2+ 
bound to EF hand motifs of the ER lumi-
nal domain of STIM1. Next, STIM1 oligo-
merizes and migrates from the internal ER 
to sites adjacent the plasma membrane (6) 
where Orai1 is activated, and Ca2+ enters 
the cell to refill stores and perpetuate Ca2+ 
oscillations. The importance of SOCE sig-
naling is highlighted by the identification 
of patients harboring mutations in both 
STIM1 and ORAI1. These patients mani-
fest a complex clinical syndrome involving 

from internal stores (from the IP3R) and 
Ca2+ entry via channels located in the cell 
membrane (e.g., TRPC6 and SOCE chan-
nels). In a recent issue of the JCI, Gandhi-
rajan et al. uncovered the importance of 
store-operated Ca2+ entry (SOCE) in TLR4-
mediated EC dysfunction during ALI (5). 
SOCE involves the integrated actions of 
stromal interacting molecule 1 (STIM1), 
the Ca2+ sensor located in the ER mem-
brane, and Orai1, the SOCE channel locat-
ed in the plasma membrane. Depletion of 

Calcium flux connects TLR4 to NFAT-
mediated endothelial dysfunction
Alterations in the frequency and ampli-
tude of cytosolic Ca2+ levels have long 
been recognized as critical mediators of 
cell contraction and gene expression (4). 
Intriguingly, LPS bound to TLR4 can 
induce high-frequency Ca2+ oscillations 
and therefore alter EC permeability and 
gene expression profiles associated with 
acute lung injury (ALI). Mechanistically, 
Ca2+ oscillations involve both Ca2+ release 

Figure 1
STIM1-mediated calcium oscillations connect TLR4 signals and endothelial dysfunction during lung injury. (A) The normal pulmonary endothe-
lium maintains a tight barrier between endothelial cells, the interstitium, and the alveolar space. This preserves alveolar gas exchange. (B) LPS-
stimulated endothelial activation leads to ROS accumulation, calcium oscillations, and NFAT-mediated loss of barrier function. This allows leakage 
of protein-rich edema fluid into the alveolus, causing impaired gas exchange and hypoxemia. (C) BTP2 therapy inhibits calcium flux through Orai1 
channels, dissociates ROS from NFAT nuclear translocation, inhibits subsequent endothelial injury and apoptosis.
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the presence of live bacterial infection to 
be certain that innate or adaptive immune 
responses to infection are not impaired. 
Third, experiments in a larger animal 
model will be needed before this therapy 
is ready for clinical trials. Finally, it will be 
critical to determine the optimal timing for 
BTP2 delivery. Could therapy be adminis-
tered to septic patients before the develop-
ment of organ injury, and could it improve 
endothelial function after the onset of 
organ dysfunction?

This study adds to the body of research 
that has identified endothelial dysfunc-
tion as a key lesion in animal models of 
infection and human sepsis and lung 
injury (14, 15). Others have demonstrated 
that endothelial barrier function can be 
enhanced through multiple approaches, 
including strengthening endothelial 
junctions, reinforcing the endothelial 
cytoskeleton, and modulating endothelial 
cell activation (16). Recent studies have 
targeted all three of these, with impres-
sive results. London et al. showed that 
endothelial barriers can be tightened 
with a fragment of Slit2, which is an 
endogenous inhibitor of VEGF signaling. 
Delivery of a Slit2 fragment to human 
endothelial cells in vitro or to mice during 
infection decreased endothelial perme-
ability and improved survival (17). Simi-
larly, molecules that target the angiopoi-
etin-1 (Ang-1)/Tie-2 axis restored vascular 
permeability to a more normal state and 
improved blood flow to skeletal muscle 
by inhibiting phosphorylation-mediated 
VE-cadherin degradation (18). Gandhi-
rajan et al. add a new dimension to these 
studies by identifying calcium-mediated 
NFAT signaling as a potential pathway 
for pathologic endothelial activation.

Collectively, these studies provide a com-
pelling rationale for human therapies that 
target the injured endothelium during the 
early phase of sepsis. Because clinical inves-
tigators are now more focused on identify-
ing patients earlier in the course of sepsis 
and lung injury in the emergency depart-
ment prior to admission to the intensive 
care unit (19), this approach may be fea-
sible in the clinical setting of human sepsis.
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oligomerization and migration can be 
modulated by various cellular factors, 
including cAMP, temperature, and ROS. 
In this way, STIM1 functions as a relay 
station for the cross talk among these dif-
ferent signal transduction pathways. Prior 
studies by this group indicated that oxi-
dant stress can induce STIM1-mediated 
Ca2+ entry via plasma membrane–bound 
Orai channels (12). Oxidant stress can 
induce S-glutathionylation of cysteine resi-
dues within the luminal domain of STIM1. 
By sensing the oxidant stress, STIM1 acts 
as a coincidence detector to activate SOCE 
and alter mitochondrial oxidative metab-
olism. In the present work, the authors 
extend these findings by identifying TLR4 
and NADPH oxidase (NOX2) as key com-
ponents in this pathway (5). LPS/TLR4 
signaling can activate NOX2 and thus 
elevate oxidant stress through increased 
ROS production. According to this model, 
STIM1 can sense not only the depletion 
of Ca2+ stores, but also changes in NOX2-
derived ROS through S-glutathionylation 
of cysteine residues.

Calcium flux: a new target for therapy
In addition to outlining the critical role 
of STIM1 in mediating calcium oscilla-
tions and vascular permeability after LPS 
injury, Gandhirajan et al. tested a therapy 
that uncouples TLR4-mediated ROS from 
Ora1 channel calcium flux by blocking 
Oria1 channels (5). The authors utilized 
BTP2, a pyrazole-derived inhibitor of cal-
cium release–activated calcium (CRAC) 
channels, which was originally described 
as a T cell immunosuppressant (13). BTP2 
was delivered 2 hours after systemic LPS 
administration and resulted in a striking 
reduction in endothelial cell calcium flux 
and a sharp decrease in measures of lung 
injury. A key difference between treatment 
with BTP2 and other immunosuppressants 
is that BTP2 acts downstream of TLR4-
induced ROS. Thus, the potential antimi-
crobial benefit of ROS is preserved during 
BTP2 treatment and is divorced from the 
endothelial injury and apoptosis that lead 
to organ injury (Figure 1).

Although these preclinical studies utiliz-
ing BTP2 in a mouse model of indirect lung 
injury appear promising, several important 
steps will be needed before BTP2 could be 
used to treat human lung injury. First, 
off-target effects, especially the effect of 
BTP2 on T cells, must be assessed. Second, 
BTP2-mediated inhibition of pulmonary 
endothelial dysfunction should be done in 

immunodeficiency, hepatosplenomegaly, 
autoimmune hemolytic anemia, thrombo-
cytopenia, muscular hypotonia, and defec-
tive enamel dentition (7, 8). The syndrome 
is invariably lethal, as patients succumb to 
overwhelming sepsis.

Mouse models that recapitulate this 
syndrome have been described, but only 
by achieving tissue-specific deletion of 
STIM1 or Orai1 in mice is it possible to 
investigate the physiologic role of SOCE. 
Gandhirajan et al. used endothelial cell–
specific calcium sensor–knockout mice 
(Stim1ΔEC mice) in a model of indirect lung 
injury. In contrast to littermate controls, 
Stim1ΔEC mice did not display quantitative 
evidence of lung injury after LPS treat-
ment. Strikingly, the levels of circulat-
ing inflammatory cytokines after LPS 
injection were identical in Stim1ΔEC mice 
and controls, suggesting that it was the 
alteration of endothelial signaling events 
in the pulmonary capillary bed of the 
mutant mice that prevented the loss of 
lung endothelial integrity. Furthermore, 
the major difference between Stim1ΔEC and 
wild-type endothelial cells was the absence 
of Ca2+ oscillations in the mutants (5).

The authors found that LPS/TLR4 stim-
ulation influenced NFAT, a Rel A family 
transcription factor (5), explaining in part 
how deletion of STIM1 might influence 
gene expression. It has been established 
previously (6) that STIM1-mediated SOCE 
provides the sustained Ca2+ entry necessary 
to maintain calcineurin-dependent activa-
tion of NFAT during immune cell activa-
tion and development in many cell types. 
In addition, TLR4 had been previously 
shown to activate NOTCH1 gene expression 
in valvular endothelial cells (9). However, a 
link between TLR4, STIM1, and NFAT in 
pulmonary vascular injury had not been 
established. This finding opens many new 
avenues for investigation. For example, 
what are the NFAT transcriptional targets 
that regulate vascular permeability, and 
might they include the adhesion molecule 
ICAM-1, as was suggested recently (10)? Do 
STIM1-mediated Ca2+ oscillations influ-
ence NF-κB signaling as well? Do NFAT and 
NF-κB cooperate synergistically to influ-
ence gene expression? Finally, the authors 
report that STIM1 mediates LPS-induced 
pulmonary endothelial cell apoptosis (5), 
which may be a critical component of the 
pathophysiology of human acute respira-
tory distress syndrome (ARDS) (11).

This work also sheds light on an emerg-
ing concept in the SOCE field. STIM1 
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