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Renema P, Hardy KS, Housley N, Dunbar G, Annamdevula N,
Britain A, Spadafora D, Leavesley S, Rich T, Audia JP, Alvarez
DF. cAMP signaling primes lung endothelial cells to activate
caspase-1 during Pseudomonas aeruginosa infection. Am J Physiol
Lung Cell Mol Physiol 318: L1074–L1083, 2020. First published
March 18, 2020; doi:10.1152/ajplung.00185.2019.—Activation of the
inflammasome-caspase-1 axis in lung endothelial cells is emerging as
a novel arm of the innate immune response to pneumonia and sepsis
caused by Pseudomonas aeruginosa. Increased levels of circulating
autacoids are hallmarks of pneumonia and sepsis and induce physio-
logical responses via cAMP signaling in targeted cells. However, it is
unknown whether cAMP affects other functions, such as P. aerugi-
nosa-induced caspase-1 activation. Herein, we describe the effects of
cAMP signaling on caspase-1 activation using a single cell flow
cytometry-based assay. P. aeruginosa infection of cultured lung
endothelial cells caused caspase-1 activation in a distinct population
of cells. Unexpectedly, pharmacological cAMP elevation increased
the total number of lung endothelial cells with activated caspase-1.
Interestingly, addition of cAMP agonists augmented P. aeruginosa
infection of lung endothelial cells as a partial explanation underlying
cAMP priming of caspase-1 activation. The cAMP effect(s) appeared
to function as a priming signal because addition of cAMP agonists
was required either before or early during the onset of infection.
However, absolute cAMP levels measured by ELISA were not pre-
dictive of cAMP-priming effects. Importantly, inhibition of de novo
cAMP synthesis decreased the number of lung endothelial cells with
activated caspase-1 during infection. Collectively, our data suggest
that lung endothelial cells rely on cAMP signaling to prime caspase-1
activation during P. aeruginosa infection.
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INTRODUCTION

Caspase-1 is an inflammatory member of the caspase family
that is activated following sensing of danger signals, such as
those elicited during infection and sepsis (12). Canonical
caspase-1 activation in immune cells leads to cytokine release
and leukocyte recruitment. However, caspase-1 activation in
pulmonary microvascular endothelial cells (PMVECs) elicits

noncanonical responses regulating maintenance of endothelial
cell homeostasis (1). Sensing of danger signals via cytosolic
NOD-like receptor proteins (NLRs) triggers assembly of a
multiprotein complex, termed the inflammasome, to promote
cleavage and maturation of pro-caspase-1 (4). Classically,
caspase-1 activation in immune cells leads to IL-1� and IL-18
maturation and gasdermin D-mediated pyroptotic cell death,
which together coordinate proinflammatory responses (13).
Activation of the inflammasome/caspase-1 axis in experimen-
tal models of Pseudomonas aeruginosa-induced pneumonia
and sepsis results in potentially confounding outcomes. P.
aeruginosa infection of inflammasome knockout mice (5) or
infection of mice treated with caspase-1 inhibitors (1) de-
creased lung parenchymal inflammation but, paradoxically,
increased vascular permeability associated with detrimental
edema formation. Emerging evidence in experimental models
of P. aeruginosa pneumonia and sepsis indicate the involve-
ment of the pulmonary vascular endothelium during P. aerugi-
nosa infection (17). Thus the paradoxical effects of caspase-1
in regulating both inflammation and vascular permeability
indicate that caspase-1 activation mediates distinct biological
responses that are cell phenotype dependent. Therefore,
caspase-1 activation in nonimmune cells is an under-recog-
nized determinant of outcome in the lung during pneumonia
and sepsis, for which mechanisms are poorly understood.

During sepsis, circulating prostanoids (16) elicit signaling
cascades that result in elevated intracellular cAMP (28). In
PMVECs, cellular response is determined by the spatial distri-
bution of cAMP. Specifically, PGE2 elevates cAMP in the
near-membrane compartment, which elicits barrier-protective
responses that prevent pulmonary edema (3, 30). Conversely,
pathogenic adenylyl cyclase (AC) toxins, such as Bacillus
anthracis edema factor (32) and the P. aeruginosa exoenzyme
Y (25), elevate cAMP in the cytosolic compartment, causing
endothelial barrier disruption and pulmonary edema. Thus
altered cAMP signals during sepsis may constitute an undera-
ppreciated intracellular danger signal. In immune cells, eleva-
tion of cAMP has been shown to inhibit caspase-1 activation
(15, 27). However, it is unknown whether cAMP signals
elicited during sepsis regulate caspase-1 activation in a cell
phenotype-dependent manner. Therefore, we sought to exploreCorrespondence: D. F. Alvarez (diego.alvarez@shsu.edu).
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links between cAMP signaling and caspase-1 activation in
PMVECs using our in vitro P. aeruginosa infection model.

MATERIALS AND METHODS

Cell culture methods. Rat endothelial pulmonary microvascular
cells (PMVECs) were isolated and characterized from distal lung
parenchyma and obtained through the University of South Alabama
Center for Lung Biology cell culture core. PMVECs were routinely
cultured on 100-mm cell culture dishes in Dulbecco’s modified
Eagle’s medium, high glucose (DMEM), supplemented with 10%
fetal bovine serum (FBS), at 37°C, 5% CO2.

Bacterial strains and preparation for cell culture inoculations.
Frozen stock solutions of P. aeruginosa strain PA103 were stored at
�80°C in Difco nutrient broth supplemented with 12.5% glycerol.
PA103 was grown on the minimal E salts medium of Vogel and
Bonner containing agar (1.5%) at 37°C overnight. PA103 is a non-
motile strain expressing a functional T3SS and the exoenzymes ExoU
(a phospholipase A2 cytolysin) and ExoT (a dual-functioning
RhoGAP and ADP ribosyltransferase).

Preparation of FLICA to identify cells with activated caspase-1.
Each vial of the fluorescent-labeled inhibitor of caspase-1 (FLICA)
reagent (FAM-YVAD-FMK) (ImmunoChemistry Technologies, cat.
no. 98) was reconstituted in 50 �L of 100% DMSO to make a
150-fold concentrated stock solution (150� FLICA). 150� FLICA
was diluted into sterile phosphate-buffered saline (PBS, pH 7.4)
solution to make a 30-fold concentrated solution (30� FLICA). 30�
FLICA was diluted into DMEM, high glucose lacking phenol red and
FBS, and supplemented with 4 mM GlutaMAX (sfcDMEM) for final
working concentration of 0.5� FLICA.

Pharmacological treatments used in this study. Pharmacological
treatments were added to PMVECs in culture medium either before or
after infection as follows: forskolin (100 �M) (Sigma-Aldrich, cat no.
F3917 or EMD Millipore, cat. no. 24427); rolipram (10 �M) (Alfa
Aesar, cat. no. J67177); 8-bromo-cAMP (100–600 �M) (Tocris, cat.
no. 1140); 8-bromo-cGMP (100–600 �M) (Tocris, cat. no. 1089);
PGE2 (25 �M) (Sigma-Aldrich, cat. no. P5640); butaprost (50 �M)
(Sigma-Aldrich, cat. no. B6309); IBMX (500 �M) (Sigma-Aldrich,
cat. no. I5879); SQ 22,536 (200 �M) (Sigma-Aldrich, cat. no. S153).

Cell culture infection model. One day before an experiment, con-
fluent PMVEC monolayers were harvested by treatment with Trypsin-
EDTA (0.05%/0.53 mM solution in Hank’s balanced salt solution,
without Ca�� and Mg��) and washed by centrifugation (500 g, 4
min, room temperature) into DMEM FBS. Cell suspensions were
counted on a Fuchs-Rosenthal ultra-plane counting chamber, seeded
in 12-well CellBIND-treated culture dishes at a density of 5.5 � 105

cells in 1 mL DMEM FBS, and incubated overnight at 37°C, 5% CO2.
On the day of the experiment (~16 h after seeding), monolayers were
visually inspected under the microscope for confluency. Only if mono-
layers were confluent was the experiment carried out. Duplicate wells
were harvested and counted as above to account for any cell growth after
seeding and to accurately calculate multiplicity of infection (MOI). Cells
in the well were washed in 1 mL of sfcDMEM and serum starved in 1 mL
of sfcDMEM for 1 h at 37°C, 5% CO2, before the start of infection.
Pharmacological treatments were added either during the serum starva-
tion step or during the infections as indicated in the figure legends. All
infections were performed in a 300-�L final volume.

On the day of an experiment, bacterial lawns were scraped with an
inoculation loop into 10 mL of sterile 0.9% saline solution (saline).
Bacteria were washed by centrifugation (5,000 g, 10 min, at room
temperature). The bacterial pellet was suspended in 1 mL of saline and
the optical density at 600 nm (OD600) of the bacterial suspension was
measured on a ThermoFisher Evolution 300 spectrophotometer. For
P. aeruginosa strain PA103, the OD600 to colony-forming unit (CFU)
ratio was previously established by serial dilution and plating to be
OD600 0.007:1 � 107 CFU/mL. This ratio was used to calculate the

OD600 required for the desired MOI, and a 20-fold concentrated
(20�) infection stock solution was prepared in saline.

The sfcDMEM medium was aliquoted into sterile microcentrifuge
tubes. Bacterial inoculum (1/20 dilution of the 20� stock solution) or
saline was pipetted into the media. Pharmacological agents or vehicle
controls were pipetted into the media to the final concentrations indicated
in the figures. FLICA was pipetted into media to a final 0.5� concen-
tration. Final volume was 300 �L. Media from cells was discarded.
Infection inoculum was mixed by pipetting and then gently added to the
well. Pharmacological treatments were present or added as indicated in
the figure legends. Infections were incubated at 37°C, 5% CO2.

For determination of bacterial growth during infection, culture me-
dium was collected at 3 h after infection, serially diluted, and plated onto
Luria-Bertani (LB) agar growth medium. After overnight incubation at
37°C, colonies were counted to determine the number of colony-forming
units (CFUs). For assessment of bacterial attachment to host cells during
infection, the culture medium was removed at 3 h after infection,
monolayers suspended, and washed three times in 1 mL of sfcDMEM (by
centrifugation). The final cell suspension was then serially diluted and
plated onto LB agar to determine CFU counts.

ExoU PLA2 functional assay as a reporter of PMVEC infection.
ExoU activity was measured using the PED6 fluorogenic phospholipase
A2 (PLA2) substrate [N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-2-(4,
4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-
hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium
salt, ThermoFisher, D23739]. A PED6 stock compound was solubi-
lized in 100% DMSO and diluted in sfcDMEM to a final concentra-
tion of 14.85 �M (100 �L final volume). The PED6 suspension was
sonicated (50% duty cycle, output � 2, pulses � 5 with icing for 30 s
between pulses, using a Heat System Ultrasonics, Inc Sonicator Cell
Disruptor Model W-375) and then added to a confluent PMVEC
monolayer and incubated for 1 h at 37°C, 5% CO2. Monolayers were
washed once in 0.5 mL of sfcDMEM and then inoculated with saline
solution or infected with PA103 as described above. Media samples
were removed over time (see legend to Fig. 2D) and the PLA2-
mediated release of BODIPY-labeled free fatty acid (FFA) was
measured using a NanoDrop 3300 Fluorospectrometer (Thermo-
Fisher). Note that the basal rate of FFA release from saline-treated
PMVECs was subtracted as a background correction at each time
point (reported as adjusted relative fluorescent units, RFUs).

Western blotting. At indicated times after inoculation, cell lysates
were collected and assayed for pro-caspase-1 and IL-1�. To harvest
cell lysates, culture dishes were placed on ice, and PMVECs were
lysed by scraping into a 50-�L cold buffer solution consisting of PBS
(pH 7.4), 1% Triton X-100, 0.5% SDS, 1� Roche protein inhibitor
cocktail. Whole cell lysates were sonicated (50% duty cycle, out-
put � 2, pulses � 5, using a Heat System Ultrasonics, Inc Sonicator
Cell Disruptor Model W-375) and clarified by centrifugation (18,000
g, 10 min, 4°C). Protein concentrations were determined using Bio-
Rad’s DC protein assay, and 90 �g of protein was mixed in 2�
Laemmli dye. Total protein was resolved by SDS-PAGE on 4–12%
Bis-Tris gels in MOPS-SDS running buffer at 200 V for 50 min.
Protein was transferred to 0.2-�m nitrocellulose membranes in trans-
fer buffer with 20% methanol on ice at 100 V for 50 min. Ponceau S
staining was used to verify transfer followed by washing in 0.5 N
NaOH to remove the Ponceau S. Membranes were probed by Western
blotting as previously described (1). The �-caspase-1 antibody was a
mouse monoclonal antibody (Adipogen, AG-20B-0042-C100, at
1:10,000), the �-IL-1� was polyclonal rabbit (Novus, NB600-633, at
0.001 �g/mL), and the �-�-actin antibody was monoclonal mouse
(Santa Cruz Biotechnology, sc-81178, at 0.0001 �g/mL). All second-
ary antibodies were horseradish peroxidase (HRP) conjugates used at
a dilution of 1:2,000. Blots were developed on a Bio-Rad Chemidoc
XRS using Supersignal West Femto HRP reagent. Blots were subse-
quently stripped and reprobed with antibody to �-actin to normalize
for loading as previously described (1).
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CRISPR-Cas9 directed mutation of caspase-1 in PMVECs.
CRISPR small-guide sgRNA vectors targeting Rattus norvegicus
caspase-1 exon sequences were purchased from GeneCopoeia. Targeting
constructs express a single sgRNA, an mCherry reporter, a puromycin
resistance gene, and lentivirus packaging sequences (pCRISPR-
LvSG02–3-B, no. RCP249089). Replication-incompetent pseudo-lentivi-
rus was generated via CaCl2 transfection of cultured HEK 293FT cells
(grown in DMEM FBS), and for safety purposes the lentiviral packaging
genes were provided on two different plasmids in trans by cotransfection.
Lentivirus-laden culture medium was collected at 48 h after transfection,
filtered (0.2 �m SFCA filter), and stored at –80°C. All pseudo-lentivirus
stocks were empirically tested for transduction efficiency by diluting
different amounts of virus-laden medium into DMEM FBS and incubat-
ing the mixture with 3 � 105 PMVECs seeded in six-well cluster plates.
At 72 h after transduction, cells were harvested and analyzed on a BD
FACS Aria II flow cytometer to determine conditions appropriate to
achieve 	90% transduction efficiency (i.e., mCherry-expressing cells).
Also note that nonmutated sgRNA-only-expressing transductant cells
generated under optimized conditions served as parent control PMVECs
in subsequent experiments.

One of the resulting PMVEC transductants, expressing a sgRNA
targeted to caspase-1 exon 4, was subsequently transfected with a
mixture of two plasmids expressing the Cas9 enzyme [pX330-U6-
Chimeric_BB-CBh-hSpCas9 was from Feng Zhang (Addgene plas-
mid no. 42230)] (6) and expressing Cas9-2A-GFP [pSpCas9(BB)-2A-
GFP (PX458) was from Feng Zhang (Addgene plasmid # 48138)]
(23), using Clontech’s Xfect transfection reagent under conditions
optimized per the manufacturer’s instructions. At 24–48 h after
transfection, PMVECs were harvested into a single cell suspension
and sorted on a BD FACSAria II Flow Cytometry System to collect
cells coexpressing mCherry and GFP. A diluted suspension of double-
positive cells was seeded on a 150-mm culture dish and grown in
DMEM FBS until isolated, individual colonies were observable.
Individual colonies were lifted from the culture dish using a trypsin-
EDTA-soaked filter paper and transferred to fresh DMEM FBS in a
24-well cluster plate. When cultures reached confluence, they were
harvested for low-density reseeding, and a portion was extracted to
screen for indel mutations using a previously described multiplex
thermocycling-based strategy (33), with three primers that will gen-
erate either short DNA fragments (amplification of wild-type alleles)
or long DNA fragments (amplification of alleles with indel muta-
tions). Primers for screening were as follows: Cas1Exon4 Forward
(5=–ATGTGTAAACACAGTAGAAGGTGA); Cas1Exon4 Reverse
Long (5=–GCAGATTGAATGAAGAACCTTGTTA); and Cas1Exon4
Reverse Short (5=– TTGAGGGAACCACTCGGTC). Clones identified
as possible indel mutants were further screened by PA103 infection
and FLICA assay. Clones that were identified as FLICA-negative
(caspase-1 indel mutants) were ultimately screened by Western blot-
ting using anti-caspase-1 antibody. Upon confirmation, the popula-
tion of caspase-1 indel mutant PMVECs was subjected to a second
round of single cell sorting on a BD FACS Aria II Flow Cytometry
System, and the resulting single cell-generated clone bank was
rescreened as described above. This final sorting step yielded a
clonal mutant population, which was confirmed by screening and
DNA sequencing to harbor stable indel mutations in the caspase-1
gene (designated mutCasp1). During this final confirmation pro-
cess, DNA fragments generated during the multiplex thermocy-
cling screen step were cloned into a plasmid shuttle vector (Zero
Blunt TOPO PCR cloning kit, Invitrogen), and at least 20 individ-
ual fragments were sent for DNA sequencing (Eurofins Genomics)
in both orientations to identify the nature of the indel mutations.
The resulting sequence analysis revealed the presence of a 2-base
pair deletion resulting in substantial mutation and truncation of the
caspase-1 protein; a 3-base pair deletion resulting in a single amino
acid deletion; and a 5-base pair deletion resulting in substantial
mutation and truncation of the caspase-1 protein. Interestingly,
Western blotting analysis of the clone indicated that the combined

effect of the mutations is sufficient to reduce caspase-1 protein to
undetectable levels.

Flow cytometric and FlowJo software analysis to identify PMVEC
populations with activated caspase-1. At indicated times postinocu-
lation, the infection/treatment medium was removed and held in
reserve in a 1.5-mL microcentrifuge tube. Adherent cell monolayers
were gently washed in 1 mL of wash buffer (provided with the FLICA
reagent, contains mammalian proteins to stabilize cells stained with
FLICA). The first wash was discarded, and PMVECs were gently
scraped into 1 mL of fresh wash buffer. Cells were triturated to make
single cell suspension, and the suspension was transferred to a 1.5-mL
microcentrifuge tube. At this point, if monolayers were severely
damaged by the infection, any floating cells in the reserved culture
medium were collected by centrifugation (600 g, 5 min, room tem-
perature) and combined back with the cells harvested from the culture
dish. Cells were then washed two additional times by centrifugation (1
mL wash buffer, 600 g, 5 min, room temperature). After the last wash,
cell pellets were suspended in 750 �L of wash buffer and transferred
to 5 mL flow cytometry tubes containing 250 �L 10% formalin. These
fixed cell suspensions were either analyzed immediately or stored at
4°C protected from light.

Fixed PMVEC suspensions were analyzed on a BD FACS Canto II
Flow Cytometry System using the FITC laser to detect FAM-YVAD-
FMK. Event analysis stopping gate was set to 20,000, and data were
analyzed using TreeStar’s FlowJo software v10 (FlowJo, LLC). All
events were first displayed as a side scatter area (SSC-A) versus forward
scatter area (FSC-A) scatter plot, which indicate cell granulosity and cell
size, respectively. A polygonal gate was drawn outlining the events
indicative of intact PMVECs. Events within this gate were then displayed
in an FSC height versus FSC width scatter plot, and, based on cell height
and width, a square gate was drawn around single cell PMVECs (ex-
cluding doublets, triplets etc.). Single cell events within this gate were
then displayed in a green fluorescence area (FITC-A) versus FSC-A
scatter plot to analyze PMVEC fluorescence. Axes were adjusted to
center population in the scatter plot. Uninfected, FLICA-treated and
washed PMVECs were used to determine nonspecific background
FLICA binding and establish the best possible trapezoid gate to delineate
FLICA-negative from FLICA-positive events. Delineation accuracy of
the gate was checked with infected PMVECs and adjusted accordingly.
After satisfactory delineation between FLICA-positive and FLICA-neg-
ative cells was established, all gates were copied to all experimental
conditions tested to ensure uniformity of all gates.

Global cAMP measurements in whole cell lysates using ELISA.
PMVECs were treated with indicated pharmacological agents for
20–30 min. Monolayers were washed in 1 mL cold PBS, and cells
were lysed in 300 �L 1 N HCl, followed by neutralization in 350 �L
1 N NaOH. Lysates were stored at 4°C before cAMP measurement by
ELISA according to manufacturer’s instructions (Cayman Chemical).
Acetylated standards and samples were analyzed following manufac-
turer’s instructions. Protein assay was performed to calculate the
concentration of protein in each sample and used to normalize the
cAMP concentration.

Statistical analysis. GraphPad Prism V6 or V8 was used for
analysis. Data are reported as mean 
 SE. Unpaired t test was used to
compare two groups. One-way ANOVA was used to compare three or
more groups, and Bonferroni’s post hoc analysis was used as neces-
sary. Two-way ANOVA was used to compare two or more groups
over time or with multiple treatments, and Tukey’s multiple compar-
ison test was applied as necessary. Differences with a P value �0.05
were considered significant.

RESULTS

PMVEC caspase-1 is activated in a dose- and time-depen-
dent manner during P. aeruginosa infection. Canonical ap-
proaches to assess caspase-1 activation employ analysis of
whole cell homogenates and/or secretion products by Western
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blotting with �-caspase-1 antibody (4). However, we consid-
ered that the whole cell lysate approach analyzes the average
response of all cells in a population but may misrepresent
responses that occur within distinct cell populations. Thus we
tested a membrane-permeable, irreversible fluorescent labeled
inhibitor of CAspase-1 (FLICA, FAM-YVAD-FMK) using
flow cytometry to elucidate the kinetics of P. aeruginosa-
induced caspase-1 activation at the single cell level. In unin-
fected PMVECs, where caspase-1 is inactive, the FLICA

compound is freely diffusible and readily washed out of the
cell (Fig. 1A and Supplemental Fig. S1A, top; see https://
doi.org/10.6084/m9.figshare.11867901). We first determined
optimal FLICA concentration and washing conditions to re-
duce background (Supplemental Fig. S1, A and B; see https://
doi.org/10.6084/m9.figshare.11866500). Inoculation of PMVECs
with PA103 generated enzymatically active caspase-1, which
irreversibly bound to FLICA, trapping it inside the cell, thus
producing a distinct population of FLICA-positive cells (Fig.

Fig. 1. PA103 infection of pulmonary microvascular endothelial cells (PMVECs) activates caspase-1 in a dose- and time-dependent manner. PMVECs were
serum starved for 60 min, then inoculated with saline or with PA103 at a multiplicity of infection (MOI) of 10:1, 20:1, or 40:1, and cells were collected for
analysis at 60, 120, or 180 min after inoculation. A: detection of caspase-1-positive PMVECs was assessed by loading PMVECs with fluorescent-labeled inhibitor
of caspase-1 (FLICA) and treating with saline (top) or infecting with PA103 at an MOI of 10:1 (bottom) for 180 min. PMVECs were gated according to size
and granulosity (left) and single cells (middle) using light scatter before analysis for green fluorescence (FITC) signal to identify FLICA-positive cells (right).
Uninfected control conditions (saline) were used to set the gating threshold to identify the FLICA-positive population. B: the FLICA assay was validated using
PMVECs with mutated caspase-1 alleles as a negative control. We compared the effects of dose and time in a parent PMVEC culture expressing only the targeting
caspase-1 sgRNAs against effects in mutCasp1 PMVECs lacking caspase-1. C: the kinetics of caspase-1 activation as assessed by FLICA in wild-type PMVECs.
n � 3–6, P � 0.0001 (interaction among groups), P � 0.0001 (between different MOI groups), P � 0.0001 (between different time points) (two-way ANOVA).
SSC-A, side scatter area; FSC-H, forward scatter height; FSC-A, forward scatter area; FITC-A, green fluorescence area; FSC-W, forward scatter width.
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1A and Supplemental Fig. S1C, bottom; see https://doi.org/
10.6084/m9.figshare.11867949). We verified that PA103 infec-
tion alone in the absence of FLICA did not spuriously generate
green fluorescent cells (Supplemental Fig. S1D; see https://doi.
org/10.6084/m9.figshare.11867952), and the FLICA response
was abolished when bacteria were heat inactivated (Supplemental
Fig. S1E; see https://doi.org/10.6084/m9.figshare.11867955).

As our next step to rigorously validate the specificity of the
FLICA assay, we used CRISPR-Cas9 genome engineering to
generate a PMVEC strain harboring deletion mutations in the
caspase-1 alleles (designated as mutCasp1, mutations verified
by DNA sequencing). To examine the extent of pro-caspase-1
deficiency in the mutCasp1 PMVECs, we used Western blotting
for pro-caspase-1 protein and compared the mutCasp1 PMVECs
to wild-type PMVECs under control and PA103-infected condi-
tions (Supplemental Fig. S1F; see https://doi.org/10.6084/m9.
figshare.11867958, compare lanes 1 and 2 with lanes 5 and 6).
Indeed, the mutCasp1 PMVECs produce very little pro-caspase-1
protein compared with wild-type control PMVECs. Furthermore,
we demonstrated that the mutCasp1 cells were deficient for
activation of IL-1� as further verification that the caspase-1 alleles
were mutated (Supplemental Fig. S1G; see https://doi.org/
10.6084/m9.figshare.11867961). Together, these data suggest the
CRISPR-Cas9-edited mutCasp1 PMVECs are deficient for pro-
duction and activation of caspase-1 during PA103 infection.

The mutCasp1 PMVECs were used subsequently to validate
the FLICA assay. We first compared the effects of infectious
dose and time on the number of PMVECs with active
caspase-1 during PA103 infection (Fig. 1B). In these assays,
we compared the mutCasp1 PMVECs to a culture of parent
PMVEC expressing only the sgRNA guides (the parent PM-
VECs were used to generate the mutCasp1 PMVECs, see
MATERIALS AND METHODS). The mutCasp1 PMVECs were highly
deficient for FLICA staining in response to PA103 infection,
indicating the specificity of the assay for measuring caspase-1
activation.

Using the FLICA assay, we next tested the effects of
infectious dose and time on caspase-1 activation in wild-
type PMVECs. While the intensity of the FLICA signal
remained unchanged, the percentage of PMVECs that acti-
vated caspase-1 during infection increased in an infectious
dose- and time-dependent manner (Fig. 1C). The highly
sensitive cell-by-cell analysis of caspase-1 activation in
PMVECs using FLICA showed that small populations of
caspase-1-activated PMVECs could be detected as early as
120 min after inoculation (Fig. 1C).

Elevation of cAMP increases the number of caspase-1-active
PMVECs during P. aeruginosa infection. During sepsis, ele-
vated levels of circulating autacoids, prostanoids, and other
mediators stimulate intracellular cyclic nucleotide production
(e.g., cAMP) to alter host cell physiological responses (16, 19).
The importance of cAMP signaling in innate immune cells was
previously highlighted by the observation that increased levels
of cAMP inhibited NLRP3 inflammasome-mediated caspase-1
activation (15, 27) although this finding is somewhat contro-
versial (14, 22). Thus, we next tested the effects of increased
cAMP levels on caspase-1 activation in PMVECs using three
different pharmacological agents: 1) forskolin activates partic-
ulate adenylyl cyclase (AC); 2) rolipram inhibits phosphodi-
esterase type 4 (PDE4-)-mediated cAMP degradation; or 3)
cell -permeant 8-br-cAMP. Compounds were added before

inoculation and maintained throughout the experiment as de-
scribed in the figure legend. In the absence of infection, all
three compounds significantly elevated intracellular cAMP to
varying levels (Fig. 2, A and B), but none of the compounds
endogenously activated caspase-1 (Fig. 2C, saline). Unexpect-
edly, all three cAMP-elevating compounds significantly in-
creased the total number of caspase-1-active PMVECs elicited
during PA103 infection (Fig. 2C, PA103). We also verified that
the effect of 8-br-cAMP caused a dose-dependent increase in
the number of caspase-1-active PMVECs (Supplemental Fig.
S2A; see https://doi.org/10.6084/m9.figshare.11867964) and
that elevation of a different cyclic nucleotide (cGMP levels via
addition of 8-br-cGMP) had no effect (Supplemental Fig. 2SB;
see https://doi.org/10.6084/m9.figshare.11867967).

To gain insight into possible mechanisms underlying cAMP-
mediated increases in the number of caspase-1-active PMVECs
elicited during PA103 activation, we assayed for effects of
cAMP-elevating agents on bacterial growth (Fig. 2D) and
bacterial attachment to host PMVECs (Fig. 2E). Interestingly,
changes in host cell cAMP levels had no significant effects on
PA103 growth or attachment to host cells. We next examined
effects of elevating host cAMP levels on a second aspect of the
host-pathogen interaction. Strain PA103 uses the type III
secretion system (T3SS) to inject the ExoU phospholipase A2
(PLA2) into host cells during infection; thus we labeled PM-
VECs with a fluorogenic PLA2 reporter (PED6) and measured
free fatty acid (FFA) release as a surrogate measure of infec-
tivity. Interestingly, elevation of cAMP levels by addition of
forskolin and rolipram or 8-bromo cAMP increased the amount
of FFA released during PA103 infection (Fig. 2F). Together,
these data suggest that elevation of intracellular cAMP serves
as a priming step to sense P. aeruginosa infection and subse-
quently activate caspase-1.

To better approximate the cAMP signals generated during
sepsis, we next used PGE2 and the prostaglandin receptor for
prostaglandin E2 (EP2) agonist butaprost to elevate cAMP
levels through G�s-mediated AC activation (3). Compounds
were added before inoculation and maintained throughout the
experiment as described in the figure legend. In the absence of
infection, PGE2 did not produce elevation of intracellular
cAMP (Fig. 3A) and did not endogenously activate caspase-1
(Fig. 3B, saline). Consistent with the lack of intracellular
cAMP elevation, addition of PGE2 to PMVECs did not in-
crease the number of caspase-1-active PMVECs elicited during
PA103 infection (Fig. 3B, PA103). Identical trends were ob-
served using the EP2 receptor-specific agonist butaprost (Fig.
3, C and D). These data raised the prospect that a mini-
mal threshold of intracellular cAMP is necessary to prime
PMVECs to activate caspase-1 during infection. Thus we
combined PGE2 or butaprost with rolipram to inhibit cAMP
degradation. Intriguingly, compared with rolipram alone, the
combination of PGE2 and rolipram did not further increase
intracellular cAMP (Fig. 3A), but the combination treatment
significantly increased the number of caspase-1-active
PMVECs elicited during infection (Fig. 3B). The combination
of butaprost and rolipram significantly increased intracellular
cAMP levels (Fig. 3C) and significantly increased the number
of caspase-1-active PMVECs elicited during infection (Fig.
3D). To further verify these observations, we showed that
combining PGE2 or butaprost with the pan-PDE inhibitor
IBMX also significantly increased the number of caspase-1-
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active PMVECs elicited during infection (Fig. 3, B and D).
Moreover, we showed that the EP2 receptor agonist iloprost
had no effect on the number of PMVECs with activated
caspase-1 during P. aeruginosa infection (data not shown). We
next assayed for the effects of PGE2 and butaprost on the
host-pathogen interaction using the PED6 PLA2 assay (de-
scribed in Fig. 2D). Intriguingly, the same combinations that
increased the number of caspase-1-active PMVECs elicited
during infection also increased FFA release (Fig. 3E).

There is a specific window for cAMP priming of caspase-1
activation in PMVECs during P. aeruginosa infection. To
assess whether temporal dynamics of cAMP elevation influ-
ence P. aeruginosa-induced caspase-1 activation, cAMP-ele-
vating agents were added at different time points during PA103

infection. The combination of forskolin and rolipram treat-
ment, or 8-br-cAMP, only increased the number of caspase-1-
active PMVECs when added before or during the first hour of
PA103 infection (Fig. 4, A and B). Collectively, these data
indicate that the temporal dynamics of elevated cAMP signals
(i.e., time of cAMP elevation related to time of initial infec-
tion) influence P. aeruginosa-induced caspase-1 activation in
PMVECs.

Inhibiting adenylyl cyclase activity reduces the number of
PMVECs that activate caspase-1 during P. aeruginosa
infection. It is well established that basal cAMP signaling in
PMVECs is a balance between AC-mediated cAMP synthesis
and PDE4-mediated cAMP degradation (8). To assess the
effect of basal cAMP signaling on P. aeruginosa-induced

Fig. 2. Addition of forskolin and rolipram or 8-br cAMP increases the number of pulmonary microvascular endothelial cells (PMVECs) with active caspase-1
during PA103 infection. A and B: PMVECs were serum starved for 60 min. The cAMP-elevating compounds were added to the culture medium 20 min before
harvesting for measurement of global cAMP by ELISA. For all conditions, n � 3. *Significant difference from saline and rolipram, P � 0.0001 (one-way
ANOVA with Bonferroni’s post hoc analysis); #significant difference from saline, P � 0.0001 (unpaired t test). C: PMVECs were serum starved for 60 min.
The cAMP-elevating compounds were added to the culture medium 30 min before addition of fluorescent-labeled inhibitor of caspase-1 (FLICA) reagent and
PA103 [multiplicity of infection (MOI) 40:1]. Saline-treated PMVEC monolayers served as negative controls. PMVECs were harvested at 180 min after infection
and analyzed for activated caspase-1 by flow cytometry. For all conditions, n � 3–4. *Significant differences compared with infection alone, P � 0.0003
(interaction among groups), P � 0.0001 (between different infection groups), P � 0.0001 (between different treatment groups) (two-way ANOVA with Tukey’s
post hoc analysis). D: PMVECs were serum starved for 60 min followed by treatment with DMSO (vehicle control) or a combination of forskolin and rolipram
for an additional 30 min. Monolayers were then infected with PA103 (MOI 40:1). At 3 h after infection, culture medium was collected, and bacterial growth
was assessed by serial dilution and plating to determine colony-forming units (CFUs). For all conditions, n � 5, and no differences were noted (unpaired t test,
P � 0.1754). E: PMVECs were treated and infected as in D, except that culture medium was discarded, and bacterial attachment to cells was assessed by plating.
For all conditions, n � 5, and no differences were noted (unpaired t test, P � 0.8385). F: PMVECs were serum starved for 60 min and simultaneously labeled
by the addition of PED6. Cells were washed and then inoculated with saline or with PA103 at an MOI of 40:1. The cAMP-elevating compounds or its vehicle
control (DMSO) were added to the culture medium 30 min before infection. Culture media was collected over time and assayed for release of BODIPY-labeled
free fatty acid (FFA) as an indicator of PLA2 activity. Note that the basal rate of FFA release from saline-treated PMVECs was subtracted as a background
correction at each time point (reported as adjusted relative fluorescent units, RFUs). For all conditions, n � 6. *Significant differences at the 3-h time point, P �
0.0001 (two-way ANOVA with Tukey’s post hoc analysis). PA103 versus the PA103: DMSO and PA103: FSK/ROL versus PA103: 8 Br-cAMP were the only
groups that did not show significant differences.
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caspase-1 activation in PMVECs, we tested the AC inhibitor
SQ 22,536 to inhibit de novo cAMP synthesis (7). The SQ
22,536 compound was added before inoculation and main-
tained throughout the experiment as described in the figure
legend. Inhibition of cAMP synthesis by SQ 22,536 treatment
decreased the number of PMVECs with active caspase-1 dur-
ing PA103 infection (Fig. 5A). Moreover, simultaneous treat-
ment with SQ 22,536 and rolipram ameliorated the number of
PMVECs that activated caspase-1 during PA103 infection
compared with rolipram alone (Fig. 5A). Consistent with tem-
poral dynamics of cAMP signaling shown in Fig. 4, the
inhibitory effect of SQ 22,536 was only observed when added
before or within the first two hours of infection (Fig. 5B).

These data suggest that basal cAMP production primes PM-
VECs for caspase-1 activation during P. aeruginosa infection.

DISCUSSION

In this study, we demonstrated heterogeneous responses of
PMVECs to P. aeruginosa infection using a high-throughput,
single cell assay. Specifically, we showed that PMVECs acti-
vate caspase-1 during PA103 infection in a dose- and time-
dependent manner and that cAMP signaling primes PMVECs
to activate caspase-1 via a mechanism that appears to render
them more susceptible to intoxication by the T3SS. The
PMVEC priming mechanism was also induced by sepsis-
associated factors that elevate cytosolic cAMP. Intriguingly,
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inhibiting de novo cAMP production reduced the number of
PMVECs with active caspase-1, indicating a requirement for
endogenous cAMP signaling. Considering the recent discovery
that caspase-1 activation in PMVECs governs responses to P.
aeruginosa infection (1), our data suggest that cAMP signaling
is a critical priming mechanism of caspase-1 signaling in
PMVECs.

During sepsis, dysregulated host responses to infection in-
crease circulating mediators that act as telecrine danger signals
(26). Notable among these mediators is PGE2 (16) that selec-
tively binds to the G protein-coupled receptors EP2 and EP4,
eliciting activation of plasma membrane-bound ACs, resulting
in cAMP synthesis. In PMVECs, the effects of PGE2-mediated
signaling are balanced by cAMP synthesis via ACs and cAMP
turnover via PDE4, which create cAMP gradients and/or
thresholds within the cell that differentially affect cellular
responses (25, 29). Our experiments using PGE2, the EP2
receptor agonist butaprost, and rolipram provided critical in-
formation regarding the cAMP signals required for priming of
PMVECs to activate caspase-1 during infection. Consistent
with the concept of cAMP signaling, PGE2 addition at a
concentration that did not increase global cAMP levels mea-

sured in whole cell lysates did not change the number of
PMVECs with active caspase-1. In contrast, addition of the
PDE4 inhibitor rolipram increased global cAMP levels, which
concomitantly increased the number of PMVECs with active
caspase-1. In addition, we showed a temporal component to
cAMP priming, whereby cAMP-elevating agents primed
PMVEC caspase-1 activation only when given 30 min before
or up to 60 min after infection. These data suggest that a
minimal cAMP threshold exists within an activation window
and defines the priming response required to increase the
number of PMVECs with active caspase-1 during P. aerugi-
nosa infection. The MOI and pharmacological agent concen-
trations used in our experimental model were chosen to elicit
maximal responses (24). Future studies will be necessary to
uncover the mechanism of cAMP thresholding that regulates
caspase-1 activation.

P. aeruginosa flagellin, the ExlA exolysin, and the T3SS are
known activators of the inflammasome/caspase-1 axis, and
these P. aeruginosa virulence factors are sensed by the
NLRC4/Ipaf inflammasome (2, 5, 9, 18, 31, 34). In addition, P.
aeruginosa strains expressing the T3SS deliver exoenzyme
effectors (Exo) into host cells, among which ExoU and ExoS

Fig. 3. Addition of PGE2 and rolipram or butaprost and rolipram increases the number of pulmonary microvascular endothelial cells (PMVECs) with active
caspase-1 during PA103 infection. A: PMVECs were serum starved for 60 min. The cAMP-elevating compounds were added to the culture medium 20 min before
harvesting for measurement of global cAMP by ELISA. For all conditions, n � 3–8. *Significant difference between designated groups, P � 0.0001 (one-way
ANOVA with Bonferroni’s post hoc analysis). B: PMVECs were serum starved for 60 min, at which time the cAMP-elevating compounds, the fluorescent-labeled
inhibitor of caspase-1 (FLICA) reagent, and PA103 [multiplicity of infection (MOI) 5:1] were added to the culture medium. Saline-treated PMVEC monolayers
served as negative controls. PMVECs were harvested at 180 min after infection and analyzed for activated caspase-1 by flow cytometry. For all conditions, n �
3–5. *Statistical significance between designated groups, P � 0.0001 (interaction among groups), P � 0.0001 (between different infection groups), P � 0.0001
(between different treatment groups) (two-way ANOVA with Tukey’s post hoc analysis). C: PMVECs were serum starved for 60 min. The cAMP-elevating
compounds were added to the culture medium 20 min before harvesting for measurement of global cAMP by ELISA. For all conditions, n � 3–8. *Significant
difference from saline; #significant difference from all other treatments, P � 0.0001 (one-way ANOVA with Bonferroni’s post hoc analysis). D: PMVECs were
serum starved for 60 min, at which time the cAMP-elevating compounds, the FLICA reagent, and PA103 (MOI 5:1) were added to the culture medium.
Saline-treated PMVEC monolayers served as negative controls. PMVECs were harvested at 180 min after infection and analyzed for activated caspase-1 by flow
cytometry. For all conditions, n � 3–5. *Significant difference between designated groups, P � 0.0001 (interaction among groups), P � 0.0001 (between
different infection groups), P � 0.0001 (between different treatment groups) (two-way ANOVA with Tukey’s post hoc analysis). E: PMVECs were serum starved
for 60 min and simultaneously labeled by the addition of PED6. Cells were washed and then inoculated with saline or with PA103 at an MOI of 40:1. The
cAMP-elevating compounds or its vehicle control (DMSO) were added to the culture medium 30 min before infection. Culture media was collected over time
and assayed for release of BODIPY-labeled free fatty acid (FFA) as an indicator of PLA2 activity. Note that the basal rate of FFA release from saline-treated
PMVECs was subtracted as a background correction at each time point (reported as adjusted relative fluorescent units, RFUs). For all conditions, n � 6.
*Significant differences at the 3-h time point, P � 0.0001 (two-way ANOVA with Tukey’s post hoc analysis) between the following groups: PA103: DMSO
versus PA103: PGE2/ROL, PA103: DMSO versus PA103: BUTA/ROL, and PA103: PGE2 versus PA103: BUTA/ROL. ROL, rolipram; BUTA, butaprost.

Fig. 4. cAMP-dependent priming of caspase-1 activation in pulmonary microvascular endothelial cells (PMVECs) occurs before or early during the onset of
PA103 infection. A: PMVECs were serum starved for 60 min before infection. The cAMP-elevating compounds were added to the culture medium at the time
points indicated in the figure, where t � 0 is the time of infection [PA103, multiplicity of infection (MOI) 40:1] and fluorescent-labeled inhibitor of caspase-1
(FLICA) reagent addition. Saline-treated PMVEC monolayers served as a negative control. PMVECs were harvested at 180 min after infection and analyzed for
activated caspase-1 by flow cytometry. For all conditions, n � 3. *Significant difference compared with saline, P � 0.0001 (one-way ANOVA with Bonferroni’s
post hoc analysis). B: PMVECs were prepared and analyzed as described in A. For all conditions, n � 3. *Significant difference compared with vehicle, P �
0.0003 (one-way ANOVA with Bonferroni’s post hoc analysis).
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are known to inhibit/delay the onset of inflammasome activa-
tion (1, 10, 11, 31). Our studies using a single cell caspase-1
assay and P. aeruginosa strain PA103 expressing ExoU sug-
gest that the elevation of PMVEC cAMP signaling may par-
tially overcome the inhibition/delay of caspase-1 activation
mediated by ExoU. Indeed, inhibition of endogenous cAMP
production decreased the number of PMVECs that activate
caspase-1 during PA103 infection, indicating that cAMP sig-
naling is necessary for priming. In addition, treatment of
PMVECs with agonists that increase cAMP signaling rendered
the PMVECs more susceptible to P. aeruginosa infection, as
measured by increased activity of the ExoU PLA2. Together,
these data suggest a novel regulatory connection between both
the T3SS and/or ExoU PLA2 activity and host cAMP signaling
that should be explored as part of future studies. Adding to this
fascinating interplay between host and pathogen exoenzymes,
some naturally occurring P. aeruginosa strains express ExoY,
a promiscuous nucleotidyl cyclase known to elevate intracel-
lular cGMP, cAMP, cUMP, and cCMP (20, 21). While wild-
type PA103 does not naturally express ExoY, infection of
PMVECs with recombinant PA103 strains engineered to ec-
topically express ExoY has been shown to primarily elevate
cGMP over a time course similar to the one used in our
infection studies. In addition, ExoY-mediated production of
cAMP is not observed until after ~6 h after infection (20, 21).
Considering that our data showed that cGMP had no effect on
caspase-1 activation in PMVECs, it remains an outstanding
question as to whether ExoU and ExoY activities produce
antagonistic effects on caspase-1 activation during infection
with P. aeruginosa strains naturally expressing both exoen-
zymes.

Elevated cAMP was previously associated with inhibition of
the NLRP3 inflammasome and decreases caspase-1 activation
in macrophages (15, 27). In contrast, our findings indicate that
elevated cAMP promotes caspase-1 activation in discreet PM-
VEC populations. These paradoxical observations raise inter-
esting questions regarding the nature and regulation of inflam-

masome/caspase-1 axis activation in different cell phenotypes
in response to different stimuli. Experiments are ongoing to
identify the nature of the inflammasome in PMVECs and how
it is regulated by cAMP and whether these observations are
generic to all Pseudomonas species. It will be important to
determine whether cAMP and/or downstream effectors such as
PKA directly affect inflammasome assembly/activation. It is
also possible that cAMP and/or downstream effectors such as
PKA elicit a heretofore unrecognized effect on the P. aerugi-
nosa T3SS and/or its exoenzyme effectors.

Although paradoxical, the divergent effects of cAMP sig-
naling on caspase-1 activation in immune versus lung endo-
thelial cells ultimately result in salutary effects limiting hyper-
inflammation by decreasing interleukin release from immune
cells, while strengthening the endothelial barrier and prevent-
ing edema development (1). In conclusion, we present a par-
adigm in which cAMP signaling impacts caspase-1-dependent
lung endothelial signaling during sepsis to diminish dysregu-
lated host responses and reestablish homeostasis.
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Fig. 5. Inhibition of adenylyl cyclase (AC) prevents cAMP-dependent priming of caspase-1 activation in pulmonary microvascular endothelial cells (PMVECs)
during PA103 infection. A: PMVECs were serum starved for 60 min, at which time the cAMP-modulating compounds, the fluorescent-labeled inhibitor of
caspase-1 (FLICA) reagent, and PA103 [multiplicity of infection (MOI) 10:1] were added to the culture medium. Saline-treated PMVEC monolayers served as
negative controls. PMVECs were harvested at 180 min after infection and analyzed for activated caspase-1 by flow cytometry. For all conditions, n � 3.
*Significant difference between designated groups, P � 0.0001 (interaction among groups), P � 0.0001 (between different infection groups), P � 0.0001
(between different treatment groups) (two-way ANOVA with Tukey’s post hoc analysis). B: PMVECs were serum starved for 60 min before infection. The cAMP
inhibitor was added to the culture medium at the time points indicated in the figure, where t � 0 is the time of infection (PA103, MOI 10:1) and FLICA reagent
addition. Saline-treated PMVEC monolayers served as a negative control. PMVECs were harvested at 180 min after infection and analyzed for activated
caspase-1 by flow cytometry. For all conditions, n � 3. *Significant difference from vehicle, P � 0.0001 (one-way ANOVA with Bonferroni’s post hoc
analysis).SQ, SQ 22,536 compound.
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