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Epithelial Cell Extrusion Leads to Breaches in the Intestinal
Epithelium
Julia J. Liu, MSc, MD,* Elisabeth M. Davis, PhD,† Eytan Wine, MD, PhD,‡ Yuefei Lou, MD, MSc,*
Jan K. Rudzinski, BSc,§ Misagh Alipour,* Pierre Boulanger, PhD,k Aducio L. Thiesen, MD, PhD,¶

Consolato Sergi, MD, PhD,¶ Richard N. Fedorak, MD,* Daniel Muruve, MD,§ Karen L. Madsen, PhD,*
and Randall T. Irvin, PhD†

Background: Two distinct forms of intestinal epithelial cell (IEC) extrusion are described: 1 with preserved epithelial integrity and 1 that introduced
breaches in the epithelial lining. In this study, we sought to determine the mechanism underlying the IEC extrusion that alters the permeability of the gut
epithelium.

Methods: IEC extrusions in polarized T84 monolayer were induced with nigericin. Epithelial permeability was assessed with transepithelial electrical
resistance and movements of latex microspheres and green fluorescent protein–transfected Escherichia coli across the monolayer. In vivo IEC extrusion
was modulated in wild-type and a colitic (interleukin-10 knock-out) mouse model with caspase-1 activation and inhibition. Luminal aspirates and
mucosal biopsies from control patients and patients with inflammatory bowel disease were analyzed for caspase-1 and caspase-3&7 activation.

Results: Caspase-1–induced IEC extrusion in T84 monolayers resulted in dose-dependent and time-dependent barrier dysfunction, reversible with
caspase-1 inhibition. Moreover, the movements of microspheres and microbes across the treated epithelial monolayers were observed. Increased caspase-
1–mediated IEC extrusion in interleukin-10 knock-out mice corresponded to enhanced permeation of dextran, microspheres, and translocation of E. coli
compared with wild type. Caspase-1 inhibition in interleukin-10 knock-out mice resulted in a time-dependent reduction in cell extrusion and normal-
ization of permeability to microspheres. Increased IEC extrusion in wild-type mice was induced with caspase-1 activation. In human luminal aspirates,
the ratio of positively stained caspase-1 to caspase-3&7 cells were 1:1 and 2:1 in control patients and patients with inflammatory bowel disease,
respectively; these observations were confirmed by cytochemical analysis of mucosal biopsies.

Conclusions: IEC extrusion mediated by caspase-1 activation contributes to altered intestinal permeability in vitro and in vivo.

(Inflamm Bowel Dis 2013;0:1–10)
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Two distinct forms of intestinal epithelial cell (IEC) extrusions
have been previously reported in the mammalian intestine1:

1 mediated by apoptosis with preserved barrier function2,3 and the
second form of cell extrusion described as cell death reminiscent of
necrosis that was associated with compromised epithelial integrity.4

Apoptosis-mediated IEC extrusions have been shown to occur in

villus-like organoids created from a single stem cell that could be
identified by stain for activated caspase-3.5 In an elegant study of
human intestinal resection specimens, apoptosis accounted for 44%
of extruded cells in the intestine.6 The second form of cell shedding
described as detachment-induced apoptosis or anoikis in some
reports displayed morphological features of distinct chromatin
condensation in the nuclei, intact mitochondria, and small or large
clear vacuoles in the cytoplasm.7 The molecular mechanism
underlying this form of cell extrusion is unknown.

A study revealed that rapidly replicating intracellular Salmo-
nella enterica could induce IEC extrusion through caspase-1 acti-
vation in vitro and in vivo.8 Caspase-1 is a cysteine protease that
cleaves interleukin (IL)-1b and IL-18 precursors to active form.9

Caspase-1 activation can be mediated by the inflammasome10—
a multimolecular cytosolic complex that can be induced by micro-
bial or nonmicrobial stimuli.11 Inflammatory cell death mediated
by caspase-1 activation is known as pyroptosis12 and was first
observed in myeloid cells.13,14 Compared with classical caspase-
3–mediated apoptosis, pyroptosis is characterized by morphological
features of cell swelling with preserved nuclear and mitochondrial
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integrity, accompanied by release of active inflammatory cytokines
IL-1b and IL-18.15,16 IL-1b is a potent proinflammatory cytokine
implicated in mucosal inflammation17 and contributes to the sus-
tained inflammatory responses in inflammatory bowel disease
(IBD). Increased IL-1b production in mucosal tissues from patients
with IBD has been consistently reported.18–20 Upstream to IL-1b,
Nlrp3, an inflammasome component, is found to be a regulator of
intestinal homeostasis,21,22 and its polymorphisms has been identi-
fied as a candidate gene for Crohn’s disease.23

Luminal commensal bacteria are believed to be the drivers
of chronic mucosal inflammation in IBD.24 In patients with IBD,
increased intramucosal and lymph node bacteria25–27 suggest
enhanced translocation of microbes across the epithelial lining.
Intolerance to host’s own gut microflora reported in patients with
IBD further supports the notion of abnormal host–microbial inter-
action in the intestinal mucosa of these patients.28 However, the
mechanism by which whole bacteria can gain entry into the host
and interact with the immune system remains unknown.29 In
rodent models, extrusion of an IEC can leave a gap or disconti-
nuity in the epithelial lining that take up to 12 minutes to resolve
and may compromise the barrier function.30 Identification of such
epithelial gaps in the human intestine was reported using confocal
laser endomicroscopy31 and seemed to be increased in patients
with IBD.32 The cause of this increase in epithelial gaps is unknown.

In the present study, we explored the molecular mechanism
of IEC extrusion that leads to compromised epithelial integrity and
found that caspase-1 activation in IECs results in cell shedding that
leads to breaches in the intestinal epithelium. This form of cell
extrusion seems to be significantly increased in patients with IBD
and may be partly responsible for increased epithelial gaps observed.

MATERIALS AND METHODS

Mice
IL-10 knock-out (KO) mice (Jackson Laboratories, Bar Harbor,

ME) and the background 129/SvEv mice (Taconic Farms, Inc.,
Cambridge City, IN) bred in our animal facilities for at least 10
generations between 24 and 28 weeks old were used for all
experiments. Mice were housed in conventional housing facility with
light and dark cycles. The Animal Care and Use Committee for Health
Sciences at the University of Alberta approved the animal protocol.

Patient Samples
The Human Ethics Research Review Board at the Univer-

sity of Alberta reviewed and approved the study protocol, and the
study was registered at ClinicalTrial.Gov (NCT00988273).
Patients undergoing colonoscopy provided written informed con-
sent to participate in the study. In patients with IBD (N ¼ 11,
6 Crohn’s disease and 5 ulcerative colitis) and asymptomatic
control patients (N ¼ 8) undergoing colonoscopy, luminal aspi-
rates from normal-appearing terminal ileum were collected after
gentle washing of the intestinal surface with 0.9% NaCl solution
using a previously described method7 and were analyzed

immediately (,15 minutes). Cytology blocks were prepared
from 25 mL luminal aspirates collected after saline wash and
stained with hematoxylin and eosin for morphological identifica-
tion of epithelial or immune cells. For FLICA staining, cells from
5 mL aspirate fluid were immobilized onto a 25-mm polycarbon-
ate Membra-film Nuclepore membrane with 5.0 mM pore size
(Whatman; GE Healthcare Life Sciences, Piscataway, NJ) using
vacuum filtration and washed by the filtration of an additional 20
mL phosphate-buffered saline (PBS) (pH 7.4) containing 0.5%
(wt/vol) bovine albumin serum (BSA). Fluorescent active site–
directed irreversible inhibitors’ specific activated caspase-1 and
caspase-3&7 (Carboxyfluorescein FLICA Apoptosis Detection
Kit; Immunochemistry Technologies LLC, Bloomington, MN)
were used to stain aspirated cells directly on the Nuclepore mem-
brane. The membrane with immobilized aspirated cells was cut in
half and stained with 1:700 dilution of FAM-YVAD-FMK (FLI-
CA-1) stain to detect activated caspase-1 or FAM-DEVD-FMK
(FLICA-3&7) stain to detect activated caspase-3&7. Four muco-
sal biopsy samples from normal-appearing terminal ileum were
obtained for analysis (controls, N ¼ 3; IBD, N ¼ 3), 2 biopsy
samples were placed in liquid nitrogen, and stored at 2808C until
use for cytokines assays. Two biopsy samples were embedded in
OCT (Tissue-Tek, Torrance, CA), placed in liquid nitrogen, and
stored at 2808C until sections were prepared.

Reagents
Nigericin (Invitrogen, Burlington, Canada), Ac-YVAD-CMK

(Alexis Biochemicals, Farmingdale, NY), and varying diameters
(0.5–6 mm) of Fluoresbrite Yellow Green Carboxylate Microspheres
(Polysciences, Inc., Warrington, PA) were purchased. Type IV pili
were prepared from Pseudomonas aeruginosa strain K with
a method previously described,33 characterized in terms of purity
through sodium dodecyl sulfate–polyacrylamide gel electrophoresis,
ability to bind to asialo-GM1 but not to GM1, and ability to bind to
stainless steel.33 The pili preparation contained low amounts of P.
aeruginosa serotype 05 lipopolysaccharide that was not detectable
on silver-stained sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis gels. Escherichia coli TMW2.497 was an E. coli JM109
derivative carrying the gene coding for green fluorescent protein on
plasmid pQBI-63 (courtesy of Dr M. Gantzle).34

Cell Culture and Measurement of In
Vitro Permeability

T84 human colon cancer epithelial cells were maintained in
tissue culture plates (10 cm) in Dulbecco’s minimal essential
medium/F-12, 10% (vol/vol) heat-inactivated fetal bovine serum,
and 1% (wt/vol) penicillin–streptomycin. The cells were plated
onto Transwells (2 · 105 cells/well, 6.5 mm diameter; 0.4 mm pore
size; Corning Life Sciences, Tewksbury, MA) and grown until
development of apical junctional complexes (as indicated by a trans-
epithelial electrical resistance [TER] of .2000 V/cm2) for studies.
For caspase-1 inhibition experiment, before nigericin treatment, the
tissue culture medium was removed and fresh medium with 50 mM
caspase-1 inhibitor (Ac-YVAD-CMK) was introduced. Nigericin
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(10, 25, and 50 mM) was added to both the apical and basolateral
aspect of the Transwell. TER was measured at before and 3 hours
after nigericin treatment using a Millicell-ERS Voltmeter and chop-
stick electrodes (Millipore, Bedford, MA). For microspheres and E.
coli experiments, after overnight incubation with nigericin, 107/mL
of 1-mm microspheres or 109/mL E. coli TMW2.497 was added to
the apical aspect of Transwell. One hour after incubation with the
microspheres or E. coli, the cells were fixed in cold methanol for
5 minutes. Cells were then permeabilized in 0.2% (vol/vol) Triton
X-100 for 15 minutes and blocked for 1 hour in PBS with 0.2%
(vol/vol) goat serum and 1% (wt/vol) BSA.

Protein Extraction
Human biopsy samples and rodent ileal tissues were

homogenized in lysis buffer (0.01 M PBS, 0.5% [vol/vol] Tween
20, and Halt protease inhibitor [containing dimethyl sulfoxide and
4-(2-aminoethyl)-benzenesulfonyl fluoride]; Thermo Scientific,
Pittsburgh, PA) on ice for protein extraction. Protein-containing
supernatant was separated by centrifugation at 13,000g for 30
minutes at 48C and stored at 2708C until analysis.

Cytokine Expression Assays
Concentration of active IL-1b from human samples was

measured with Human IL-1b Ultra-Sensitive Kit (Meso Scale
Discovery, Gaithersburg, MD). Active IL-1b expression in mouse
intestinal tissue was measured with Mouse ProInflammatory
7-Plex Ultra-Sensitive Kit (Meso Scale Discovery). Resulting
cytokines were normalized for the total protein content of each
individual sample as determined by bicinchoninic acid assay
(Pierce, Rockford, IL).

Western Blot Analysis
Human biopsy tissues, mouse ileal mucosal scrapings, and

T84 cells were lysed in M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific) containing protease inhibitors. Total
cellular lysates (50 mg protein normalized for the samples) were
loaded in 15% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis gel and underwent subsequent electrophoretic transfer of
proteins to a nitrocellulose membrane. Membranes were blocked
with ODYSSEY blocking Buffer (InfraRed Imaging System, Mar-
ysville, OH) for 1 hour at room temperature (RT) and probed over-
night at 48C with IL-1b antibody (Cell Signaling Technology,
Danvers, MA) or caspase-1 antibody (Abcam, Cambridge, MA),
with b-actin antibody serving as a loading control (Cell Signaling
Technology). After washing, membranes were incubated with the
fluorescent secondary antibodies for 1 hour at RT and analyzed by
the LI-COR Odyssey (InfraRed Imaging System).

Immunofluorescence Analysis of Cell Culture
and Intestinal Samples

Cell culture samples from caspase-1 activation and perme-
ability experiments were fixed in cold methanol for 5 minutes,
incubated with the primary rabbit anti-ZO-1 antibody (Invitrogen)
overnight at 48C. After washing, the cells were incubated with
either 1:150 dilution of FLICA-1 stain for caspase-1 activation or

goat anti-rabbit IgG Alex546 antibody (Invitrogen) and counter-
stained with 40,6-diamidino-2-phenylindole (DAPI). Membranes
supporting the monolayers were then excised and mounted onto
glass slides (DakoCytomation Mounting Medium, Carpinteria,
CA). Frozen human biopsy samples were sectioned at 5 mm, air
dried, and acetone-fixed before staining with 1:50 dilution of FLI-
CA-1 for activated caspases-1 and with 1:50 dilution of FLICA-3&7
for activated caspase-3&7 (Immunochemistry Technologies LLC).
Sections were then postfixed with 4% paraformaldehyde for 15 mi-
nutes at RT and stained with rhodamine-phalloidin (Invitrogen) for
F-actin and DAPI for nuclei.

Rodent intestinal frozen tissue blocks were sectioned at
5 mm using cryostat, placed in RT for 30 minutes, fixed in 4%
paraformaldehyde freshly prepared in PBS for 30 minutes. The
slides were washed with PBS at 10 minutes, blocked with 2%
goat serum and 1% BSA in PBS for 1 hour at RT, and permea-
bilized in 0.2% Triton-X100 in 2% goat serum and 1% BSA in
PBS for 30 minutes. The slides were stained by incubation with
Alexa568-coupled phalloidin diluted 1:40 in PBS for 1 hour,
excess fluorochrome removed by 3 · 15 minutes rinse with
50 mL PBS, and counterstained with DAPI. The slides were
mounted for microscopy examination using FluorSave reagent
(Calbiochem, Millipore, Billerica, MA) as mounting medium.

Proliferating Cell Nuclear Antigen Stain
The mouse terminal ileum tissues were stained with rabbit

anti–proliferating cell nuclear antigen (PCNA) antibody (Abcam)
using a previously published method.35 After staining for PCNA,
the sections were stained with DAPI and imaged with Zeiss inverted
microscope (Zeiss, Toronto, Canada). PCNA-positive cells were
counted by 2 blinded reviewers in a minimum of 5 villi per animal.

In Vivo Permeability Assays
In vivo permeability was assessed with permeation of

fluorescein isothiocyanate-dextran, fluorescent microspheres, and
bacterial translocation studies. For dextran studies, after an
overnight fast with free access to water, mice were gavaged with
0.6 mg/kg fluorescein isothiocyanate-dextran (FD-4, 4 kD; Sigma-
Aldrich, St. Louis, MO). Blood samples were collected at 4 hours
after cardiac puncture, serum was centrifuged at 1957g in 48C for
20 minutes. Fluorescence emission of the supernatant was mea-
sured using 488 nm laser on the Typhoon Variable Mode Imager
(GE Healthcare Life Sciences).

For microsphere studies, mice were gavaged with a mixture
containing 107 Fluoresbrite Yellow Green Microspheres with
diameter of 0.5, 1.0, 2.0, 3.0, and 6.0 mm in 200 mL solution
as previously described after an overnight fast.36 Blood samples
were collected 4 hours after administration of the beads. Whole-
blood mixture was then centrifuged at 1250g in preheparinized
tubes for 10 minutes at RT, and the plasma portion of the samples
were removed and centrifuged at 1250g for 5 minutes before the
flow cytometry analysis. The remaining buffy coat and hematocrit
of the samples were lysed with 5 mL lysing buffer (4.15 g NH4Cl,
0.84 g NaHCO3, 1 mL 0.5 mM EDTA at pH 8, and 500 mL
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ddH2O) at RT, mixed, and centrifuged at 1250g for 5 minutes at
48C, the supernatant was discoarded and repeated · 2. The white
blood cell pellet was resuspended in 400 mL of 0.03% PBS with
fetal bovine albumin. The plasma and white blood cell pellet
samples were analyzed with flow cytometry for determination
of microsphere counts.

For bacterial translocation studies, mice were gavaged with
1 · 1010 colony forming units of green fluorescent protein–labeled
E. coli suspended in 0.17 mL Luria broth. After 20 hours, spleen
and liver samples were collected under sterile surgical condi-
tions. The organs were suspended in preweighed tubes with
Luria broth, homogenized with sterile RNase-free plastic pes-
tles for 5 to 10 minutes. The homogenate was centrifuged, and
the supernatant was plated onto 4 plates at varying dilutions for
culture.

Confocal Laser Endomicroscopy and
Confocal Microscopy

Confocal laser endomicroscopy of the mouse ileum and
confocal microscopy of whole-mount mouse intestinal tissues for
determination of epithelial gap density were performed using
previously described methods.37 Cell culture and human and
mouse intestinal slides were imaged using a spinning disc confo-
cal microscope (Quorum Technologies, Inc., Guelph, Canada)
using previously described methods.37

Electron Microscopy
Control and nigericin-treated T84 cells were fixed with 2%

(vol/vol) glutaraldehyde buffered with 0.1 M cacodylate–HCl at pH
7.4 overnight 48C. After fixation, they were washed in cacodylate
buffer and postfixed for 2 hours in 1% (wt/vol) osmium tetroxide
and then rewashed in cacodylate buffer. After dehydration in
a graded series of ethanol concentrations, specimens were placed
in several washes of propylene oxide and subsequently embedded
in Epoxy resin (EPON 12, Momentive Specialty Chemicals Inc.,
Columbus, OH). Ultrathin sections were contrasted with uranyl
acetate and lead citrate and examined with a Hitachi 7650 trans-
mission electron microscope (Hitachi High Technologies America,
Dallas, TX) at an accelerating voltage of 60 kV. Fields of view
were recorded and printed at final magnifications between 1000 and
4800, calibrated with the aid of carbon-grating replicas.

Statistical Analyses
Wilcoxon rank-sum test computed by GraphPad (La Jolla,

CA) Prism 4 was used to compare the samples. Two-sided P
values of ,0.05 were considered to be significant. Bonferroni
adjustments were made for multiple comparisons.

RESULTS

Caspase-1–mediated IEC Extrusion Results in
Breaches in the Epithelial Monolayer

To investigate the morphology of caspase-1–induced IEC
extrusion, we applied nigericin, a well-established Nlrp3-dependent

FIGURE 1. Caspase-1 activation of IECs induced cell extrusion in the
polarized T84 monolayer. A, Representative FLICA-1 staining (green) of
activated caspase-1 in nigericin-treated (50 mM) cultured T84 cells.
Red, ZO-1 stain; blue, DAPI; green, FLICA-1 stain (scale bars, 50 mm).
B, Increased active caspase-1 (p10) expression in nigericin-treated
(50 mM) T84 cells. C, Transmission electron microscopy appearance of
T84 cells treated with nigericin: chromatin condensation around the
nuclear membrane, small and large clear vacuoles with dense bodies
in the cytoplasm, and intact mitochondria with increase in the matrix
density. A, apical surface; B, basal surface; N, nucleus (scale bars,
2 mm).
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inflammasome activator,38 to polarized T84 monolayers. Using
FLICA-1 staining, we observed increased activated caspase-1
and cell extrusion in monolayers at 3 hours after treatment
(Fig. 1A). Active caspase-1 expression in nigericin-treated T84
cells was confirmed by Western blot analysis (Fig. 1B). The mor-
phological appearance of extruded cells from the monolayers by
transmission electron microscopy revealed distinct chromatin con-
densation in the nuclei, intact mitochondria, and small or large
clear vacuoles in the cytoplasm (Fig. 1C).

To determine whether this form of cell extrusion results in
loss of barrier function,4 we measured the transepithelial electrical

resistance (TER). Following nigericin exposure, dose-dependent
barrier dysfunction developed, which was abrogated by pretreat-
ment with a selective, potent, and irreversible caspase-1 inhibitor
Ac-YVAD-CMK39 at 3 hours (Fig. 2A) and after overnight treat-
ment (Fig. 2B). Given that the breach in the T84 monolayers
appeared to be 1 to 2 mm in diameter on transmission electron
microscopy images, we evaluated the epithelial integrity to micro-
particles (1-mm Fluoresbrite Yellow Green Microspheres) and
microbes (E. coli TMW2.497) using the lowest dose of nigericin
treatment. Movements of microspheres and E. coli from the upper
chamber through the monolayer to the lower chamber of the Trans-
well were observed (Fig. 2C). Fluoresbrite microspheres and E. coli
TMW2.497 were recovered in the media from basolateral well.

Modulation of Caspase-1 on Cell Extrusion
and Epithelial Integrity In Vivo

To understand the effect of caspase-1–induced IEC extru-
sion on the permeability of the intestine in vivo, we first examined
whether increased cell extrusion (as measured by increased den-
sity of epithelial gaps) observed in the IL-10 KO compared with
129/SvEv wild-type (WT) mice was due to increased caspase-1
activation.32 Increased active caspase-1 expression in the small
intestine of IL-10 KO mice was seen on Western blot analysis
(Fig. 3A) and was confirmed with increased active IL-1b expres-
sion by enzyme-linked immunosorbent assay (Fig. 3B). To deter-
mine if reduced cellular proliferation in IL-10 KO contributed to
the differences in epithelial gap densities observed, we stained the
intestinal samples from 2 mouse strains with PCNA. IL-10 KO
had a 38% reduction in cellular proliferation compared with WT
mice (Fig. 3C, D).

The effect of increased IEC extrusion on intestinal perme-
ability was investigated with permeation of macromolecules
(dextran) and microparticles (Fluoresbrite Yellow Green Micro-
spheres) into the blood and with translocation of microbes (E. coli
TMW2.497) to liver and spleen in the IL-10 KO and WT mice.
Increased IEC extrusion correlated with enhanced permeation of
dextran (Fig. 4A) and 0.5-mm microspheres (Fig. 4B) into the
blood, and translocation of E. coli (Fig. 4C) as determined by
tissue cultures. Confocal microscopy of ileal tissues from mice
gavaged with green fluorescent protein–labeled E. coli revealed
the presence of bacteria near extrusion zones in the IL-10 KO
intestine (Fig. 4D).

To evaluate the effect of caspase-1 inhibition on IEC extrusion
over time in vivo, we treated the IL-10 KO mice with a selective
caspase-1 inhibitor Ac-YVAD-CMK (10 mg/kg) over 4, 7, and
10 days (5 times the mean lifespan of rodent enterocytes40) through
intraperitoneal injections. The control IL-10 KO group received
10 days of equal volume of 2% (vol/vol) dimethyl sulfoxide.
Time-dependent reduction in IEC extrusion as measured by
a decrease in epithelial gap density resulted (Fig. 5A) in the IL-10
KO mice treated with YVAD. The reduction in gap density was
accompanied by normalization of permeation of oral gavaged 0.5-
mm inert latex microspheres into blood at day 7 (Fig. 5B).

FIGURE 2. Altered permeability of the polarized monolayers after
caspase-1 activation. A, Dose-dependent reduction in TER (6SD) of
T84 monolayers treated with nigericin, reversed with Ac-YVAD-CMK (at
nigericin 25 mM). B, Time-dependent reduction in TER as measured by
ECIS of T84 monolayers treated with nigericin, reversed with Ac-YVAD-
CMK (at nigericin 25 mM). C, Movements of Fluoresbrite Yellow Green
microspheres and Escherichia coli TMW2.497 across the monolayer
treated with nigericin 10 mM overnight. Red, ZO-1 stain; center image
green,1-mm microspheres; right image green, E. coli TMW2.497 (scale
bars, 50 mm). Data are representative of 3 independent experiments.
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The effect of caspase-1 activation on IEC extrusion and
epithelial integrity was examined with the administration of
P. aeruginosa type IV pili41—an ICE protease–activating fac-
tor inflammasome activator that could be given orally to induce
caspase-1 activation. We chose P. aeruginosa type IV pili because
nigericin could not be administered orally and was associated with
significant systemic toxicity. In WT mice that were oral gavaged
with type IV pili (0.33 mg/kg) for 1 day, we observed an increase
in IEC extrusion as measured by higher epithelial gap density
compared with control mice gavaged with equal volume of saline
(Fig. 5C).

Nonapoptotic IEC Extrusion in the Human
Intestine Is Mediated by Caspase-1 Activation

To explore whether caspase-1 activation of IECs represents
a major mechanism of cell extrusion in humans, we collected
mucosal biopsies and luminal aspirates from normal-appearing
terminal ileum of patients with IBD and asymptomatic control
patients. Mucosal biopsy samples were stained with FLICA-1 and
FLICA-3&7 to identify IECs positive for activated caspase-1
(pyroptotic) or caspase-3&7 (apoptotic) stains (Fig. 6A). The ratio
of positively stained caspase-1 to caspase-3&7 cells in control
patients was 1.16:1; which was increased to 1.7:1 in patients
with IBD (Fig. 6B). For the analysis of luminal aspirates, control

FIGURE 3. Increased caspase-1 activation in IL-10 KO compared with
WT mice. A, Increased active caspase-1 (p10) expression in the IL-10
KO by Western blot analysis. B, Increased active IL-1b in intestinal
tissue of the IL-10 KO (N ¼ 5). C, representative images of PCNA-
stained intestinal sections from WT and IL-10 KO mice (scale bars,
50 mm). D, Number of positive PCNA staining cells per crypt of rodent
intestinal tissue. *P , 0.05.

FIGURE 4. Increased permeability to luminal microparticles and
microbes in the IL-10 KO mice. A, Permeation of orally administered
fluorescein isothiocyanate-dextran into blood samples (N ¼ 4). B,
Presence of orally administered 0.5-mm Fluoresbrite Yellow Green mi-
crospheres in blood samples (N ¼ 6). C, Translocation of Escherichia coli
TMW2.497 to liver and spleen (N ¼ 4). D, Representative images of E.
coli TMW2.497 entering an extrusion zone in the mouse intestine. *P ,
0.05; **P , 0.01. CFU, colony forming units.
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patients had insufficient material for cytology block preparation.
In patients with IBD, the total number of nucleated cells seen on
cytology blocks ranged from 12 to 155 cells, with IECs account-
ing from 41% to 100% of the cells (Fig. 6C). We quantitated the
total number of extruded cells in the luminal aspirates collected on
the filter: significantly higher cell counts were observed in luminal
aspirates from patients with IBD compared with control patients
(Fig. 6D). The extruded cells and cellular debris were stained with

FLICA for activated caspase-1 and caspase-3&7. The images of
FLICA-stained luminal aspirates were scored based on the inten-
sity of the caspase staining of cells and cellular debris present on
the 2 membranes, similar to a grading scale used for histologic
samples. Each image was assigned a score of 0 to 4 depending on
the intensity of stain and the number of stained cells or cellular
debris. Using this scoring system, the ratio of positively stained
caspase-1 to caspase-3&7 cells in control patients was approximately
1:1, which was increased to 2:1 in patients with IBD (Fig. 6E).

The expression of active IL-1b in mucosal biopsy samples
was measured with enzyme-linked immunosorbent assay and was
significantly higher in patients with IBD (Fig. 7A). Increased
expression of active caspase-1 and IL-1b in mucosal biopsy sam-
ples were confirmed with Western blot analysis (Fig. 7B, C).
Taken together, these results suggest that caspase-1 activation
represents a significant mechanism of IEC extrusion in healthy
human intestine and seems to be responsible for the majority of
increase in cell extrusion observed in patients with IBD.

DISCUSSION
In this study, we described an inflammatory form of IEC

extrusion mediated by caspase-1 activation that leads to breaches
in the epithelium in vitro and in vivo. This form of IEC extrusion
permitted the movement of microparticles and microbes across the
polarized monolayers. IEC extrusion in the rodent intestine could
be modulated by activation or inhibition of the caspase-1 enzyme.
Increased IEC extrusion in the IL-10 KO mice was associated
with increased permeation of macromolecules (dextran), micro-
particles, and translocation of commensal bacteria. Modulation of
caspase-1 activity in vivo resulted in alterations in IEC extrusion
with accompanying changes in epithelial integrity as measured by
permeation of inert latex microspheres. Caspase-1–mediated IEC
shedding could be observed in the small intestine of healthy
individuals and patients with IBD, with pronounced increase in
patients with IBD. Our experimental results provide fundamental
new insights into the underlying mechanism of IEC extrusion
previously reported to compromise epithelial integrity.7

Consistent with previous morphological analysis of duode-
nal aspirates showing extruded cells with features of pyroptosis
and apoptosis,7 our luminal aspirate studies revealed activation of
both caspase-1 and caspase-3&7 in extruded cells. Our mucosal
biopsy analysis findings are in agreement with a previous study
where apoptosis was found in 44% of shedded IECs using acti-
vated caspase-3 staining of the human intestinal specimens.6 In
this study, we observed caspase-3&7 activation in 46% of IECs to
be extruded.

The results of our analysis of extruded cells and biopsy
samples from patient are complementary and consistent and are in
agreement with previous studies of extruded IECs.6 The luminal
aspirates analysis may be limited by the fact that extruded IECs
can break up into fragments after shedding; therefore, mucosal
biopsy analysis results were essential to confirm the relative ratio
of positively stained caspase-1 and caspase-3&7 cells. Because

FIGURE 5. Modulation of caspase-1 on IEC extrusion and permeation
of microspheres in vivo. A, Treatment with Ac-YVAD-CMK 10 mg/kg on
IEC extrusion in IL-10 KO mice as measured by epithelial gap density
using confocal endomicroscopy over time (N ¼ 5). B, Presence of
orally administered 0.5-mm Fluoresbrite Yellow Green microspheres in
the blood samples of IL-10 KO mice (N ¼ 6). C, Oral gavage of type IV
pili of Pseudomonas aeruginosa 0.33 mg/kg for 1 day on IEC extrusion
in WT mice (N ¼ 3) as measured by gap density. *P , 0.05.
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caspase-1–mediated cell extrusion zones may be permeable to
microbes, its dramatic rise in patients with IBD may contribute
to the increased intramucosal and lymph node–associated bacte-
rial burden observed in previous studies.25–27 The barrier function
in patients were not examined in the current study. Because the
epithelial defects seem to permit the entry of microparticles and
microbes, the appropriate test in patients to examine epithelial
integrity will require rigorous validation studies. In addition, we
have not investigated the closure or healing mechanism of the
extrusion zone after caspase-1–mediated cell shedding, which
is critical to define the loss of epithelial integrity observed. In
apoptosis-induced cell extrusion, contraction of surrounding cells
and reorganization of the tight junctions are required to prevent

the loss of barrier function. Future studies to delineate the bio-
chemical events of the cell shedding process in pyroptosis will
facilitate our understandings of the role of tight-junction modifi-
cations, contractile proteins involved in extrusion, and the closure
mechanism(s) in this form of cell extrusion. A basic understanding
of the closure mechanism after caspse-1–mediated cell extrusion
may be needed to facilitate the development of a proper test to
assess the epithelial integrity in patients.

The morphological appearance of extruded cells by trans-
mission electron microscopy is consistent with previous reports of
pyroptotic cells (Fig. 1C)8,16 and fits the description of the form of
IEC extrusion associated with compromised epithelial integrity in
humans.7 The results of the TER study suggest that breaches in

FIGURE 6. Caspase-1 and caspase-3&7 activation of IECs in patients. A, Representative activated caspase-1 and caspase-3&7 stains of mucosal
biopsy samples, white arrowheads indicating positively stained IECs (scale bars, 50 mm). B, FLICA-1–stained or FLICA-3&7–stained cells normalized
to the total number of epithelial cells (6SD) in mucosal biopsy samples in control patients (N ¼ 3) and patients with IBD (N ¼ 3). C, Representative
epithelial and immune cells from cytology block prepared from luminal aspirates of patients with IBD (hematoxylin–eosin stain, magnification ·400).
D, Number of extruded IECs (6SD) in luminal aspirates of control patients (N ¼ 7) and patients with IBD (N ¼ 11). E, The ratio of activated caspase-1–
positive over caspase-3&7–positive extruded cells in the luminal aspirates. *P , 0.05.
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the epithelial lining induced by this form of cell extrusion is
caspase-1 dependent. Our data further suggest that cell extrusion
zones resulting from caspase-1 activation may provide entry sites
for luminal microbes and antigens. Intracellular spaces as sites of
microbial entry were observed in epithelia undergoing metabolic
stress42 and in a 3-dimensional coculture system of enterocytes,
monocytes, and dendritic cells.43 Here, we observed the develop-
ment of similar barrier defects in the epithelium with inflammasome/
caspase-1 activation in IECs alone.

In rodent models, modulation of caspase-1 activity altered
IEC extrusion with associated changes in the integrity of

the epithelial lining. Compared with apoptosis-mediated cell
extrusion where barrier function of the epithelium is preserved,2,44

we found that pyroptosis-mediated IEC extrusion introduced
breaches in the epithelium that favored microbial and microparti-
cle entry into the mucosa. Induction of pyroptosis with overnight
treatment of type IV pili of P. aeruginosa resulted in higher IEC
extrusion with accompanying increase in permeation of micro-
spheres in the WT mice. Conversely, inhibition of caspase-1
activity in the IL-10 KO mice resulted in a time-dependent reduc-
tion in IEC extrusion as measured by epithelial gap density. Based
on these observations, we estimated that time to achieve steady-
state pharmacological activity (5 times the half-life) for colitis
would be approximately 35 days for the IL-10 KO mice. Therefore,
we chose to use permeation of oral gavaged latex microspheres—
an assessment of epithelial integrity as a surrogate endpoint to study
the physiological effect of reduced cell extrusion, rather than the
usual clinical endpoint—improvement in colitis score. In our study,
normalization of permeation of gavaged microspheres was
achieved after 7 days of treatment.

Upstream to IL-1b, Nlrp3 is expressed in both immune and
epithelial cells45 and seems to play an important role in intestinal
homeostasis.21,46 Nlrp32/2 mice were more susceptible to experi-
mental colitis induced by dextran sulfate sodium, 2,4,6-trinitroben-
zene sulfonate (TNBS),21,22or Citrobacter rodentium infection.47

Consistent with previous studies, our results indicate that cas-
pase-1 activation induced IEC extrusion, mediated through either
Nlrp3 or other pathways, maybe vital to intestinal homeostasis in
health. IL-1b and IL-18 production resulting from caspase-1 acti-
vation has been shown to contribute to intestinal inflammation in
some reports,48,49 whereas other studies suggest that caspase-1 con-
ferred protection against colitis and colitis-associated can-
cer.21,22,35,50 The discrepancies in experimental results may due in
part to the differences in genetic background, gender of the animals
used, or variances in the microbial flora of the animal facilities.

In summary, the results of our study indicate that caspase-1
activation of IECs can induce cell extrusion that contributes to the
development of barrier dysfunction in the intestinal epithelium,
which may favor microbial entry into the mucosa. This form of cell
extrusion seems to be the mechanism responsible for shedding events
previously observed to introduce breaches in the epithelial lining.
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