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Proinflammatory Cytokines Disrupt Epithelial Barrier
Function by Apoptosis-Independent M echanisms®

Matthias Bruewer,*" Andreas Luegering,** Torsten Kucharzik,** CharlesA. Parkos,*
JamesL.Madara,*® Ann M. Hopkins* and Asma Nusrat?*

It iswell known that inflammatory conditions of the intestinal mucosa result in compromised barrier function. Inflammation is
characterized by an influx into the mucosa of immune cells that influence epithelial function by releasing proinflammatory
cytokines such as IFN-y and TNF-a. Mucosal barrier function is regulated by the epithelial apical junctional complex (AJC)
consisting of the tight junction and the adherens junction. Since the AJC regulates barrier function, we analyzed the influence of
IFN-y and TNF-« on its structure/function and determined the contribution of apoptosis to this process using a model intestinal
epithelial cell line, T84, and IFN-y and TNF-a. AJC structure/function was analyzed by confocal microscopy, biochemical anal-
ysis, and physiologic measurement of epithelial gate/fence function. Apoptosis was monitored by determining cytokeratin 18
cleavage and caspase-3 activation. |FN-y induced time-dependent disruptionsin epithelial gate function that were potentiated by
coincubation with TNF-a. Tight junction fence function was somewhat disrupted. Cytokine treatment was associated with inter-
nalization of AJC transmembrane proteins, junction adhesion molecule 1, occludin, and claudin-1/4 with minimal effects on the
cytoplasmic plaque protein zonula occludens 1. Detergent solubility profiles of junction adhesion molecule 1 and E-cadherin and
their affiliation with “raft-like” membrane microdomains were modified by these cytokines. Inhibition of cytokine-induced apo-
ptosisdid not block induced per meability defects; further emphasizing their primary influence on the epithelial AJC structureand
barrier function. Our findings for the first time clearly separate the proapoptotic effects of |FN-y and TNF-« from their abilities

to disrupt barrier function. The Journal of Immunology, 2003, 171: 6164—6172.

tients with inflammatory bowel disease (IBD),® where

patients present with relapsing diarrhea attributed to in-
flammation and altered epithelial paracellular permeability (1-5).
Increased paracellular permeability in turn enhances antigenic ex-
posure to underlying immune cells, further compromising barrier
function.

Epithelial paracellular permeability is regulated by the apical-
most intercellular junctional complex referred to as the apical junc-
tional complex (AJC). The mgjor constituents of the AJC are the
tight junction (TJ) and the subjacent adherens junction (AJ). The
TJ acts as a gate regulating solute flux and a fence preventing

A bnormal mucosal permeability has been observed in pa-
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lateral diffusion of proteins and lipids between the outer leaflet of
the apical and basolateral plasma membrane domains (6, 7). Pro-
teins constituting the TJ complex include the transmembrane pro-
teins occludin, claudin (CLD) family members and junctional ad-
hesion molecule (JAM), and linker proteins such as zonula
occludens 1 (ZO-1) that affiliate with the underlying actin cy-
toskeleton (8—11). The AJisimmediately subjacent to the TJ and
is essential for cell-cell recognition and cell sorting (12). The AJ
composition is similar to TJs since it consists of a transmembrane
protein (E-cadherin) and cytoplasmic linker proteins (catenin «, 3,
v) that effiliate with the underlying actin cytoskeleton (13, 14).
Since the TJ and AJ are intimately linked, they are referred to as
the AJC.

IFN-y and TNF-a are both elevated in the mucosa of IBD
patients and contribute to the proinflammatory cascade, which in-
cludes barrier disruption. Numerous studies have examined | FN-y-
and TNF-a-induced changes in epithelial paracellular permeabil-
ity. Variable effects of these cytokines on the TJ cytoplasmic
plaque protein ZO-1 and TJ structure have been reported (15-22).
Given these diverse reports and to understand the mechanisms by
which proinflammatory cytokines such as IFN-y and TNF-« en-
hance paracellular permeability, we analyzed in detail the influ-
ence of these cytokines on the AJC.

Cytokine-induced apoptosis has also been implicated in contrib-
uting to compromised mucosal barrier function. Increased apopto-
sis of colonic crypt cells has been reported in ulcerative colitis and
is associated with Fas ligand-expressing lamina propria lympho-
cytes (23). Moreover, cross-linking of Fas induces apoptosis in
diverse cell typesincluding intestinal epithelial cells (24-26). It is
still unclear whether this increase in apoptosis compromises bar-
rier function in vivo. Epithelial cell apoptosis and extrusion with-
out loss of barrier function represents a normal physiologic event
in the gastrointestinal tract (27). However, exposure of colonic
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organ culturesto IFN-y or TNF-« causes a marked increase in Fas
sensitivity, indicating that the proinflammatory cytokine microen-
vironment present in IBD might sensitize the colonic epithelia
cells to increased apoptosis (28, 29).

The present study addresses not only the effects of these proin-
flammatory cytokines on the AJC, but also examines the contri-
bution of cytokine-induced apoptosis to increased paracellular per-
meability. We present a number of novel aspects in our study
including data on time-dependent | FN-vy-induced disruption of ep-
ithelial gate and fence function with minimal compromise of ep-
ithelial polarity. We observed a differentia internalization of TJ
transmembrane proteins with minimal effects on the cytoplasmic
plaque protein ZO-1. Changes in epithelial permeability were as-
sociated with redistribution of JAM-1 from membrane raft-con-
taining fractions. Redistribution of the AJ protein E-cadherin ac-
companied a change in its biophysical detergent-solubility
properties that may be critical for potentiation of |FN-vy-induced
permeability changes by TNF-«. Findly, inhibition of apoptosis
did not ater the IFN-y/TNF-a-mediated increase in permeability.
These findings provide important clues regarding mechanisms by
which proinflammatory, proapoptotic cytokines such as IFN-vy/
TNF-a compromise epithelial barrier function in disease states
such as IBD.

Materials and M ethods
Cell culture, IFN-y and TNF-« incubation

T84 epithelia cells (American Type Culture Collection, Manassas, VA)
were grown in /1 DMEM and Ham'’s F-12 medium supplemented with 15
mM HEPES (pH 7.5), 14 mM NaHCO;, antibiotics, and 6% NCS (30). T84
cells were seeded on collagen-coated, permeable polycarbonate filters
(5-um pore size) with surface areas of 0.33, 5, or 45 cm? (Costar, Cam-
bridge, MA) as described previously (31). TNF-a (10 ng/ml; Genzyme,
Cambridge, MA) and IFN-y (100 U/ml; kind gift from Genentech, San
Francisco, CA) were added basolaterally to monolayersfor varying periods
of time ranging from 5 to 72 h. Alternatively, monolayers were coincu-
bated with TNF-a (10 ng/ml) for the final 5-h incubation with |FN-vy at 24-,
48-, or 72-h time points. Control (CTL) monolayers were incubated with
cell culture medium only.

Electrophysiology and permeability assays

All monolayers were checked for high transepithelial electrical resistance
(TER) before each experiment using an epithelial voltohmmeter (EVOM/
EndOhm; World Precision Instruments, Sarasota, FL). Paracellular perme-
ability to fluoresceinated dextran 3000 Da (FD-3) was assessed as previ-
ously described (32). Briefly, monolayers were washed in HBSS/10 mM
HEPES (HBSS") and equilibrated at 37°C/10 min on an orbital shaker.
Monolayers were loaded apically with 1 mg/ml FD-3 (Molecular Probes,
Eugene, OR). Basolateral samples were taken at t = 0 and 120 min, and
fluorescence intensity was analyzed on afluorescent plate reader (Fluostar;
BMG Labtechnologies, Durham, NC). FD-3 concentrations transported
into the basolateral compartment were extrapolated from a standard curve
and expressed as uM - cm~>h~* FD-3 transported. Monolayers perme-
abilized with Triton X-100 (TX-100; 1%) for 10 min were used as
positive CTLs.

Apoptosis assays

For detection of apoptotic T84 cells in situ, monolayers were stained with
FITC-conjugated M30 Cytodeath Ab (Roche Molecular Biochemicals,
Mannheim, Germany), which recognizes cleaved cytokeratin 18. Mono-
layers washed twice with cold PBS were fixed in methanol for 30 min at
—20°C, incubated with an anti-cytokeratin 18 Ab (1/500 dilution) in PBS
containing 1%BSA/0.1%Tween 20 (2 h/20°C), and mounted in antiquench
medium (Molecular Probes). Apoptosis was quantified by counting the
number of M30-positive cells per high-power field. An average of four
fields in six samples per condition were counted. For caspase-3 activation,
confluent T84 monolayers on 5-cm? permeable supports were harvested in
lysis buffer and centrifuged at 15,000 X g for 20 min at 4°C. After equal-
izing supernatant protein concentrations, caspase-3 activation was mea-
sured using the CaspACE Assay System (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. Wells containing no cell extract
served as background CTLs. In some monolayers, the caspase inhibitor
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Z-Vd-Ala-Asp-fluoromethylketone (ZVAD-fmk, 50 uwM; Promega) was
added basolaterally with cytokines.

Immunofluorescence labeling

T84 monolayers exposed to medium only, IFN-vy, and/or TNF-« for the
indicated periods were washed and fixed/permeabilized in either ethanol at
—20°C for 20 min or with 3.7% paraformaldehyde (10 min at room tem-
perature) and 0.5% TX-100. Nonspecific background was blocked with 5%
normal goat serum (1 h at room temperature). Monolayers were incubated
with primary Abs to occludin (1/400), ZO-1 (1/400), claudin-1 (1/100),
claudin-4 (1/100; Zymed L aboratories, San Francisco, CA), JAM-1 (J10.4,
5 pg/ml) (11), E-cadherin (1/100), or B-catenin (1/200; Transduction Lab-
oratories, Lexington, KY) for 1 h. Monolayers were washed and probed
with Alexa-Fluor-488 (1/1000; Molecular Probes) or FITC-conjugated (1/
400; Jackson ImmunoResearch Laboratories, West Grove, PA) secondary
Abs. Nuclel were counterstained with TO-PRO-3-iodide (Molecular
Probes) and mounted as described above. To visualizeICAM-1 (RR 6.5, 10
rg/ml) (33), carcinoembryonic Ag (1/16000; DAKO, Glostrup, Denmark)
and B;-integrin (10 ug/ml, MADb13, gift from Dr. K. Yamada, National
Ingtitutes of Health, Bethesda, MD), double immunolabeling was per-
formed. All monolayers were visualized on an LSM510 confocal micro-
scope (Carl Zeiss Microimaging, Thornwood, NY).

Immunoblotting for AJC proteins in T84 epithelial cells

Confluent T84 monolayers on 5-cm? permeable supports were washed in
HBSS* and scraped into extraction buffer (100 mM KCI, 3 mM NaCl, 3.5
mM MgCl,, and 10 mM HEPES, pH 7.4) containing 1% TX-100 with
protease inhibitors PMSF (250 uM), leupeptin (5 ng/ml), chymostatin (10
pg/ml), and pepstatin (0.25 pg/ml), aprotinin (2 wg/ml) and phosphatase
inhibitors (sodium fluoride, 25 mM; sodium orthovanadate, 10 mM). Cell
lysates were centrifuged (1500 X g for 5 min at 4°C) and equivalent pro-
tein concentrations in the postnuclear lysate (10 ng/lane) from CTL and
treated monolayers were subjected to SDS-PAGE and Western blot anal-
ysis for AJC proteins (37).

Differential detergent extraction of AJC proteins

Confluent monolayers (5 cm?) of T84 cells were washed and incubated for
30 min at 4°C with 1% TX-100 extraction buffer as above. The TX-100-
soluble fraction was subjected to low-speed centrifugation to remove cell
debris and added to an equal amount of 2X sample buffer (3% SDS, 0.75
M Tris (pH 8.8), 20% glycerol, 20 mM DTT). The TX-100-insoluble frac-
tion was scraped into an equal amount of SDS sample buffer. Equal vol-
umes of each fraction were analyzed by SDS-PAGE and immunoblotting
for AJC proteins as previously described (34). Densitometry was per-
formed using the UN-SCAN-IT automated digitizing system (Silk Scien-
tific, Orem, UT).

Isolation of detergent-insoluble glycolipid rafts (DIGs)

T84 cells grown on 45-cm? permeable supports were harvested into
HBSS* containing 1% TX-100 and protease inhibitors (as above). The
sucrose concentration of the cell lysate was adjusted to 40% and placed at
the bottom of an ultracentrifuge tube, overlain with a 5-30% (w/w) linear
sucrose gradient as previously described (11). Gradients were ultracentri-
fuged (19 h/39,000 rpm/4°C), fractionated, and analyzed for sucrose con-
centration, light scattering at 600 nm, protein concentration, and akaline
phosphatase activity as previously described (35, 36). TJAJ protein pro-
filesin raft fractions were determined by SDS-PAGE and Western blotting.

Satistics

Results are expressed as mean = SEM. Student t test or Welch test was
used to compare results, with statistical significance assumed at p < 0.05.
Individual experiments were performed in triplicate or greater, and each
experiment was performed independently three or more times.

Results
Cytokine effects on paracellular permeability

Since the proinflammatory cytokines IFN-y and TNF-« have been
reported to influence epithelial barrier function (18—20, 22), we
analyzed their effects on our T84 epithelial monolayers. Confluent
T84 monolayers grown on permeable supports were incubated
with IFN-y, TNF-a, or both (combined cytokine treatment) and
paracellular permeability was determined by measurement of TER
and flux of a paracellular solute, 3-kDa FD-3. In CTL samples or
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those incubated with TNF-a alone, TER was maintained at a high
value of ~2000 () - cm?. Basolateral incubation with IFN-vy in-
duced atime-dependent fall in TER with amaximum effect at 72 h
(Fig. 1A). The TER in these monolayers was reduced from 2074 =+
52 (- cm? to 229 + 18 () - cm? after 72-h IFN-vy or to 176 + 10
Q- cm? after 72 h of combined cytokine treatment, respectively.
These changes in TER were accompanied by a significant increase
in paracellular flux of FD-3 (4.3 = 0.5 uM -cm >h™1to 79 +
13.1 uM - cm~2h~?* after 72-h IFN-y treatment) (Fig. 1B). The
combined cytokine treatment potentiated the effect of IFN-y on
paracellular permeability as noted by the significant increase in
FD-3 flux at al time points relative to |FN-y-treated monolayers.
The relative difference in TER drop vs increase in FD-3 flux is
consistent with previous reports that have shown exponential in-
creases in flux at TER values <300 () - cm? (32). Thus, at these
TER values, measurement of flux reveals greater sensitivity as a
parameter of paracellular transport.

The cytokine treatment protocol used in our studies did not in-
duce irreversible cell necrosis, since cytokine washout was asso-
ciated with complete TER recovery (data not shown). However,
monolayers incubated with a combination of TNF-« and |FN-+y for
72 h did not recover TER (data not shown). Therefore, in al sub-
sequent experiments (unless otherwise stated), TNF-a was added
to IFN-vy-treated monolayers for the final 5 h of the IFN-y incu-
bation period, which was sufficient to increase paracellular perme-
ability relative to IFN-vy-treated monolayers without inducing loss
of monolayer integrity. The latter condition is referred to as “com-
bined cytokine” treatment.

Basolat. [FD-3]
(pmol.cm2.h)

FIGURE 1. Time course of cytokine effects on epithelial barrier func-
tion. Barrier function was monitored by measurement of TER and para-
cellular flux of FD-3. A, TER was measured after basolateral incubation of
polarized epithelial monolayers with IFN-vy (100 U/ml; up to 72 h), TNF-«
(20 ng/ml; 5 h), or both. The graph is an average of six experiments per-
formed in quadruplicate; error bars indicate SEM. Where indicated, TER
was significantly less than for CTL (*, p < 0.0001) or IFN-vy-treated (#,
p < 0.01; ##, p < 0.001; ###, p < 0.02) monolayers at the same time point.
B, Paracellular flux of FD-3 in confluent T84 monolayers after basolateral
exposure to IFN-y (100 U/ml; up to 72 h), TNF-« (10 ng/ml; 5 h), or both.
FD-3 flux is expressed in wmol - cm~2h~* and the graph represents an
average of three experiments in quadruplicate with error bars representing
SEM. Where indicated, FD-3 flux was significantly higher than for CTL (*,
p < 0.0001) or IFN-y-treated (#, p = 0.02; ##, p < 0.0001) monolayers at
the same time point.

Cytokine effects on epithelial polarity

In addition to regulating paracellular ions and solute flux, the TJ
also forms a fence preventing lateral diffusion of proteins and lip-
ids (6). We considered whether polarized distribution of membrane
proteins in apical/basolateral membranes was disrupted after pro-
longed cytokine treatment. We examined membrane localization
of known epithelial apical markers such as carcinoembryonic Ag
and ICAM-1 in parallel with a basolaterally distributed protein,
B;-integrin. Although no apical expression of ICAM-1 was de-
tected in unstimulated T84 cells, cytokine treatment induced
ICAM-1 up-regulation that was polarized to the apical membrane.
Carcinoembryonic Ag was identified in the apica membranes of
both CTL and cytokine-exposed monolayers. B,-integrin localized
exclusively to the lateral membrane of CTL cells with minimal
redistribution from the lateral membrane following incubation
with IFN-y with or without TNF-« for 72 h (Fig. 2). These find-
ings suggest minimal repolarization of apical and basolateral
plasma membrane proteins of epithelial cells exposed to our proin-
flammatory cytokines.

Enhanced paracellular permeability after cytokine treatment is
not secondary to apoptosis

Since IFN-y and TNF-a compromise epithelial barrier function
and these cytokines reportedly induce apoptosis, (28, 29, 38), we
evaluated the contribution of apoptosis to barrier disruption. Two
parameters were used to measure cytokine-induced apoptosis. The
first involved colorimetric measurement of caspase-3 activity (39—
41). Exposure of monolayers to TNF-« for 5 h did not induce
increased caspase-3 activity relative to CTL monolayers (Fig. 3A).
In contrast, 72-h treatment with IFN-y and combined cytokine
treatment significantly increased caspase-3 activity. Interestingly,
coincubation of IFN-y and TNF-« for 72 h did not further increase
caspase-3 activity relative to combined cytokine treatment. Since
caspase-3 activation in epithelia cells is associated with cytoker-
atin 18 cleavage, (42), we immunostained cytokine-incubated
monolayers with an Ab (M30) that recognizes the cytokeratin 18
cleavage product. Fig. 3B shows en face confocal images of M30
staining in epithelia cells. Only a few cells in CTL and TNF-a-
treated monolayers were positive for M30. Incubation with [FN-y
for 72 h with or without TNF-« for 5 or 72 h increased the number
of M30-positive cells. Quantitation revealed significantly more
M30-positive cells in IFN-y-incubated monolayers relative to
CTLs or TNF-a-exposed monolayers. However, additive effects
on M30 staining were observed by combined cytokine treatment
for 72 h (Fig. 3C). In addition to the above measures of apoptosis,
we quantitated the number of cell nuclei per high-power field
(X40; Fig. 3D). Incubation of T84 monolayerswith IFN-y or com-
bined cytokine treatment induced partial flattening of epithelial
INTEGRIN

CEA

FIGURE 2. Time course of cytokine effects on epithelial polarity. The
distribution of B;-integrin and carcinoembryonic Ag (CEA) were exam-
ined by confocal microscopy in epithelia cellsincubated basolaterally with
medium or with combined cytokine treatment. Shown here are represen-
tative xz projections (X 100; scale bar, 10 wm), with filters pseudocolored red.
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FIGURE 3. Apoptosis is induced by basolateral cytokine incubation. Epithelial apoptosis was monitored by measurement of caspase-3 activity, M30

staining, and morphologic observation of nuclei. Representative results are an average of three experimentsin duplicate. Addition of the irreversible general
caspase inhibitor ZVAD-fmk (50 uM for 72 h) to IFN-y- and TNF-a-treated monolayers inhibited the proapoptotic effects of these cytokines (A-E). A,
Caspase-3 activity, as measured using a colorimetric assay, increased after IFN-y (100 U/ml; 72 h) and combined cytokine treatment. Where indicated,
caspase-3 activity was significantly higher in IFN-vy (+, p < 0.001) or IFN-y plus TNF-a-treated monolayers (5 and 72 h; #, p < 0.0001) relative to CTLSs.
B, Basolateral exposure to IFN-y (100 U/ml; 72 h) with or without TNF-« (10 ng/ml; 5 or 72 h) was associated with increased cytokeratin 18 cleavage,
highlighted by cytoplasmic staining for the apoptotic marker M30 in these representative en face confocal micrographs (<X40; scale bar, 10 um). C,
Quantification of M30-positive cells. Asillustrated in the confocal images, T84 cell apoptosis due to caspase cleavage of cytokeratin 18 was increased after
IFN-7 (100 U/ml; 72 h) with or without TNF-« (10 ng/ml; 5 or 72 h) treatment. Where indicated, the number of M30-positive cells was significantly higher
than CTL (*, p < 0.01). D, Epithelial nuclei were highlighted by TO-PRO-3-iodide and visualized by confocal microscopy. |FN-y with or without TNF-«
incubation was associ ated with apoptosis and extrusion of apoptotic cells. Thus, remaining viable epithelial cells partially spread out, visualized as increased
spacing of nuclei between individual cells (X40; scale bar, 10 wm). E, Quantification of nuclei remaining after IFN-y (100 U/ml; 72 h) and combined

cytokine treatment. Where indicated, numbers of nuclei were significantly less compared with CTL (*, p < 0.0001).

cells from their normal tall columnar phenotype. This change was
accompanied by extrusion of apoptotic cells. Thus, the number of
nuclel per field was significantly reduced in monolayers exposed to
IFN-vy or combined cytokine treatment (Fig. 3E) relative to CTL
monolayers or monolayers incubated with TNF-« alone for 5 h.
Significantly greater reductions were observed with IFN-y plus
TNF-a treatment for 72 h, with the formation of large spaces be-
tween nuclei (data not shown). Since these changes were not as-
sociated with increased apoptosis relative to IFN-vy (72 h)/TNF-«
(5 h) treatment, but induced irreversible cell damage as determined
by a failure to recover TER, it may be that the observed effects
were associated with necrotic rather than apoptotic cell damage.

We next examined the influence of an irreversible caspase in-
hibitor, ZVAD-fmk, on T84 monolayers following combined cy-
tokine treatment. Addition of 50 uM ZVAD-fmk effectively in-
hibited apoptosis induced by combined cytokine treatment, as
examined by caspase-3 activation, cleavage of cytokeratin 18, and
nuclear morphology (Fig. 3).

To determine whether cytokine-induced changesin barrier func-
tion were related to apoptosis and epithelial cell extrusion, we
analyzed the contribution of apoptosis to increased permeability
induced by these cytokines. Thus, monolayers were incubated with
ZVAD-fmk for 72 h, and the effect of this compound on IFN-y
with or without TNF-a-induced reductionsin TER and increase in
paracellular flux was determined. As shown in Fig. 4, ZVAD-fmk

by itself did not affect either TER or FD-3 flux and could not
reverse effects of combined cytokine treatment on TER and FD-3
flux (Fig. 4). Similarly, ZVAD-fmk blocked apoptosis following
coincubation with IFN-vy for 72 h and TNF-« for 72 h, but did not
prevent cytokine-induced reductions in barrier function (data not
shown). Moreover, double-labeling/confocal microscopy for M30-
positive cells and TJ proteins showed that disruption of the latter
after cytokine treatment could not be inhibited by ZVAD-fmk
(data not shown).

We observed caspase-3 activation at earlier time points of cy-
tokine exposure. However, given the lack of permeability changes
at these time points and the inability of ZVAD-fmk to inhibit a
cytokine-induced increase in paracellular permeability, we con-
clude that the permeability effects of our cytokine occur indepen-
dently of its proapoptotic effects. These findings are consistent
with previous reports showing rapid and efficient extrusion of ap-
optotic epithelial cells without compromise of epithelial barrier
function (43).

Cytokines induce redistribution of the AJC

Since epithelial TJs regulate paracellular permeability, we exam-
ined the effect of cytokines on organization of candidate TJ pro-
teins by immunofluorescence/confocal microscopy. Epithelial
monolayers incubated with IFN-y for varying time periods up to
72 h with or without TNF-« for the final 5 h were analyzed and
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FIGURE 4. Inhibition of apoptosis by the caspase inhibitor ZVAD-fmk
does not prevent cytokine-induced barrier disruption. TER (A) and para-
cellular flux (B) of FITC-dextran in T84 monolayers exposed basolaterally
to medium only (CTL), IFN-y (100 U/ml; 72 h) aone, or IFN-y plus
TNF-a (10 ng/ml; 5 h) in the presence of ZVAD-fmk. Graph represents
three experiments performed in triplicate.

compared with CTL monolayers. In CTLs, the TJ proteins occlu-
din, ZO-1, CLD-1, CLD-4, and JAM-1 were appropriately local-
ized in a chicken wire pattern consistent with their distribution in
TJs (Fig. 5, a—€). Additionally, a subpool of CLD-1, CLD-4, and
JAM-1 was observed further down the lateral membrane (data not

occ JAM-1 CLD-1 CLD-4 201

I-CAT |

CTL  IFNy IFNy/
TNFu

FIGURE 5. Delayed reorganization of AJC proteins following epithe-
lia incubation with cytokines. TJ proteins occludin (OCC), JAM-1,
CLD-1, CLD-4, and ZO-1 werelocaized in CTL monolayers (a—€) and in
monolayers incubated with IFN-vy for 72 h. IFN-y exposure (f—i) induced
dramatic redistribution of occludin, JAM-1, CLD-1, and CLD-4 from the
latera TI membrane, with internalization (arrows) below the TImembrane. In
contrast to these TJ transmembrane proteins, locdization of ZO-1 (j) and AJ
proteins E-cadherin (E-CAD, |-n) and B-catenin (0—q) were not significantly
changed. Combined cytokine treatment however induced a small decrease in
the membrane staining intensity of E-cadherin (p) without any major influence
on B-catenin localization (g). TYAJ protein expression as determined by West-
ern blotting was unchanged following cytokine incubation (k). Images are
representative of four separate experiments (X 100; scae bar, 10 um).

shown). Organization of these proteins in TJs did not change sig-
nificantly after 24-h cytokine incubation (data not shown).

In contrast to findings at 24 h, incubation of monolayers with
IFN-vy alonefor 48 h (data not shown) and 72 h induced substantial
redistribution of transmembrane proteins occludin, CLD-1,
CLD-4, and JAM-1 away from TJs. This change was manifested
by discontinuities in membrane staining and submembranous in-
ternalization of these proteins (Fig. 5, f—i). Despite dramatic redis-
tributions of TJ transmembrane proteins following IFN-y expo-
sure, the TJ cytoplasmic plague protein ZO-1 was only minimally
affected. In particular, most of the ZO-1 remained at the TJ even
after 72 h of IFN-vy incubation (Fig. 5j). Combined cytokine treat-
ment did not influence TJ protein organization over observations
with IFN-vy alone (data not shown). Cytokine-induced reorganiza-
tion of TJ proteins was not associated with significant changes in
total levels of these proteins as determined by Western blotting,
suggesting TJ protein redistribution rather than degradation (Fig.
5k). Analysis of subjacent AJ proteins reveadled no significant
change in E-cadherin and B-catenin distribution following mono-
layer exposure to IFN-y (Fig. 5, I-q). However, combined cyto-
kine treatment did decrease E-cadherin staining intensity at cell
junctions. Analogous to TJ proteins, total cellular levels of AJ
proteins were not changed by cytokine exposure (Fig. 5k).

Cytokine influence on detergent solubility of AJC proteins

In epithelial cells with established intercellular junctions, a signif-
icant fraction of TJ and AJ proteins partition into a TX-100-insol-
uble pool that may reflect affiliation with the cytoskeleton or al-
ternatively protein oligomerization (44). Since IFN-y with or
without TNF-a enhanced paracellular permeability and induced
TJAJ protein redistribution, we analyzed AJC protein TX-100 sol-
ubility profiles (Fig. 6A). In CTL monolayers, high molecular mass
or junction-associated occludin (~80 kDa, arrow) and ZO-1 par-
titioned predominantly to the TX-100-insoluble pool. IFN-y ex-
posure for 72 h as well as combined cytokine treatment induced a
small decrease in the TX-100-insoluble pool of both occludin and
ZO-1. In contrast, CLD-1 and CLD-4 had a significant TX-100-
soluble poal. IFN-y with or without TNF-« treatment had no effect
on the TX-100 solubility properties of CLD-1 and CLD-4. Although
~88% of JAM-1 was TX-100 soluble, we observed areduction in the
small TX-100-insoluble pool of JAM-1 after incubation with IFN-y
with or without TNF-«.. By immunofluorescence the TX-100-insolu-
ble JAM-1 locdlized exclusively in TJs and did not extend to the
subjacent lateral membrane (data not shown). Densitometry estimat-
ing the ratio of the TX-100-insoluble vs soluble pool further empha
sized the significant reduction of JAM-1 in the small TX-100-insol-
uble pool after cytokine treatment, while the ratio for all other TJ
proteins was not significantly different (Fig. 6B).

The AJ proteins E-cadherin and B-catenin were found in both
the TX-100-insoluble and -soluble fractions of CTL and treated
monolayers (Fig. 6A). We observed a significant shift of E-cad-
herin toward the TX-100-soluble pool following IFN-y exposure,
potentiated after combined cytokine treatment (Fig. 6B). These
results suggest that a significant fraction of TX-100-insoluble E-
cadherin is affiliated with the actin cytoskeleton and is influenced
by cytokine exposure, causing a decrease in cell-cell adhesion.

Cytokines differentially influence affiliation of AJC proteins with
membrane rafts

TX-100 insolubility has also been described for proteins partition-
ing to membrane microdomains or DIGs (35, 45, 46). Since ex-
posure to IFN-+y with or without TNF-a modified the TX-100 sol-
ubility profile of TJ proteins and we have previously shown
affiliation of TJ proteins with membrane rafts (35), we analyzed
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FIGURE 6. Influence of IFN-y with or without TNF-« on the differen-
tial detergent solubility of profiles of AJC proteins. T84 monolayers treated
with either IFN-y (100 U/ml) aone for 72 h or in combination with TNF-«
(20 ng/ml; 5 h) were incubated at 4°C with extraction buffer containing 1%
TX-100. A, The TX-100-soluble (Sol.) and -insoluble (Insol.) fractions
were analyzed by SDS-PAGE and immunoblotted for occludin (OCC),
Z0-1, CLD-1, CLD-4, JAM-1, E-cadherin (E-CAD), or p-catenin
(B-CAT). High molecular mass occludin (arrow) and ZO-1 were predom-
inantly identified in the TX-100-insoluble pools of CTL cells. Similarly,
significant pools of the AJ proteins E-cadherin and 3-catenin were TX-100
insoluble, whereas CLD-1, CLD-4, and JAM-1 had a significant TX-100-
soluble pool. Although incubation with IFN-y with or without TNF-« did
not change the TX-100 solubility profiles of most AJC proteins, we
observed a change in the TX-100 insolubility profiles of JAM-1 and
E-cadherin. Results of densitometry measurements showing ratios of
TX-100-insoluble vs -soluble fractions are shown in B as percentage of the
TX-100-insoluble pool of the total. A significant change in this ratio was
observed for JAM-1 following incubation with IFN-y with or without
TNF-a, emphasizing that the small fraction of JAM-1 in the TX-100-in-
soluble pool is further diminished by cytokine exposure. Incubation with
IFN-vy significantly reduced the TX-100-insoluble pool of E-cadherin and
this was further decreased following addition of TNF-«. Results are rep-
resentative of at least five independent experiments.

the influence of our cytokines on TJAJ protein affiliation with
membrane rafts. Light scattering at 600 nm, alkaline phosphatase
activity, and protein profiles (Fig. 7, A-C) were not significantly
different in cytokine-treated cells, suggesting that the cytokines did
not alter the overall biophysical properties of membrane rafts. The
light density DIG fraction (*) contained only a small proportion of
total cellular protein (Fig. 7C). However, consistent with our find-
ings in Fig. 7, IFN-y with or without TNF-« clearly reduced
JAM-1 and E-cadherin affiliation with DIGs (Fig. 7D). In contrast,
associations of other TJ proteins with DIGs were minimally
affected.

Discussion
The participation of proinflammatory cytokines in the pathophys-
iology of IBD is well recognized. Such cytokines have been im-
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plicated in epithelial barrier dysfunction (15, 47—49) and in induc-
ing epithelial cell apoptosis (23). Our study was designed to
provide a detailed insight into the mechanism(s) by which proin-
flammatory cytokines IFN-y and TNF-a compromise epithelia
barrier function, and whether or not these are causally linked to
apoptosis.

Exposure to IFN-y evoked time-dependent reductions in epithe-
lial gate function, potentiated by coincubation with TNF-«. It ap-
pears that IFN-vy selectively affects paracellular rather than trans-
cellular transport, since it has previously been reported that IFN-y
does not alter transcellular permeability to HRP across epithelial
cells (16). Prolonged cytokine treatment also induced subtle def-
icits in epithelial fence function with minimal effects on polarized
distribution of apical vs basal marker proteins. Thisisin contrast
to a study in which mutant Rho GTPases affected both gate and
fence function without attendant disruptions in polarity (50).

Since the proinflammatory cytokines used in our study are
known to promote apoptosis in different epithelial cell lines (51—
54), we addressed the contribution of apoptosis to enhanced para-
cellular permeability induced by IFN-y with or without TNF-c.
Our results demonstrate that changes in permeability secondary to
our cytokine treatments are not directly related to caspase-medi-
ated cell death, since inhibition of apoptosis by ZVAD-fmk did not
influence increased paracellular permesability induced by cyto-
kines. Similar results have been described recently in endothelial
cells, where ZVAD-fmk inhibited apoptosis but failed to prevent
TNF-a-induced increases in permeability (55). In addition, our
findings also substantiate observations demonstrating the ability of
viable cells to form intercellular junctions and maintain barrier
function while apoptotic cells are extruded (43). Despite these
findings, it is likely that transient small conductive leaks occur.
Others have reported such leaks due to single-cell apoptosis, par-
ticularly following incubation with TNF-« (56). Our study shows
that inhibition of apoptosis does not block the barrier-disruptive
properties of IFN-y. However, we do not exclude the possibility
that permeability defects induced upon prolonged cytokine incu-
bation may be associated with increased cell necrosis. In one
study, induction of apoptosis with Fas ligand evoked permeability
changes only to small paracellular tracers but not to FD-3 (27).
Thus, it could be speculated that permeability deficits induced by
IFN-vy are different in nature to those induced by apoptotic stimuli.

A major determinant of TJ function relates to its protein com-
position in the lateral membrane. We observed dramatic reorgani-
zation of TJ proteins in the epithelia lateral membrane, with in-
ternalization of transmembrane proteins occludin, CLD-1, CLD-4,
and JAM-1 at 48 and 72 h. Redistribution of JAM-1 from inter-
cellular junctions has also been demonstrated in human endothelial
cells following treatment with TNF-« and IFN-y (57). In our
study, the cytoplasmic plaque protein ZO-1 maintained its local-
ization at TJs even after 72 h of cytokine treatment. These results
conflict somewhat with a previously published report suggesting
that IFN-y-induced permeability changes occur in concert with
decreased ZO-1 expression (18). It isintriguing to speculate why
Z0-1 localization and expression levels are only dightly affected
by our cytokine treatment. ZO-1 is a key TJ cytoplasmic plague
protein that provides a scaffold upon which other proteins can be
assembled (58, 59). We hypothesize that ZO-1 maintains its lo-
calization to provide this scaffold for efficient reassembly of TJ
proteins upon cytokine withdrawal, which would be required for
rapid and critical re-establishment of epithelial barrier function.
Additionally, a previous report has shown reductions in occludin
gene expression induced by TNF-a and IFN-y in the human in-
testinal cell line HT-29/B6, suggesting that barrier function could
also be affected at gene level (60, 61).
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Although by confocal microscopy we too observed dramatic
redistribution of TJ transmembrane proteins after |FN-y with or
without TNF-« treatment, we found only modest (if any) biochem-
ica reductions in TX-100-insoluble pools of occludin, ZO-1,
CLD-1, and CLD-4. In contrast to the minimal influence of our
cytokines on the TX-100-insoluble pools of most TJ proteins, we
observed a differential and significant change in JAM-1 partition-
ing into this small TX-100-insoluble fraction. In the lateral epi-
thelial membrane, JAM-1 is organized not only in TJs but the
majority is present in the subjacent lateral membrane of AJ, which
is TX-100 soluble. So far, the function of the TX-100-soluble pool
of JAM-1 is unknown. Our results suggest that the small TX-100-
insoluble TJ-affiliated pool of JAM-1 may be a mgjor target for
proinflammatory cytokines.

We have previously shown that TX-100-insoluble TJ proteins
are enriched in specific membrane microdomains exhibiting the
properties of lipid rafts (35). Moreover, we demonstrated that dis-
assembly of TJs induced by Clostridium difficile toxins modified
TJ protein association with membrane rafts (36). Considering
changes in paracellular permeability and structural reorganization
of the AJC, we sought to further explore the effects of IFN-y with
or without TNF-a on AJC protein affiliation with rafts. Despite
dramatic increases in paracellular permeability and redistribution
of transmembrane TJ proteins after IFN-y with or without TNF-«
treatment, affiliations of most TJ proteins with membrane rafts
were not appreciably altered. Interestingly, we observed a decrease
in JAM-1 dffiliation with TX-100-insoluble membrane rafts. The
functional significance of altered JAM-1 expression in membrane
rafts may relate to its status as a putative target for pathogens such
as reovirus (62). For example, if infectivity of reovirus depends
upon the localization of JAM-1 in membrane rafts at the cell sur-

20 25

30 35 40

face, then IFN-~y-induced redistribution from membrane rafts may
reduce accessibility of such a virus to its target.

Although there were few morphological changesin AJ proteins
E-cadherin and B-catenin, biochemically we noted a significant
shift of E-cadherin into the TX-100-soluble pool following cyto-
kine exposure. This would support the notion that the lateral mem-
brane pool of E-cadherin involved in mediating cell-cell adhesion
isthe TX-100-insoluble pool, and cytokine-induced modulation of
this pool influences the strength of cell-cell adhesion. This could
exacerbate deficiencies in cell-cell adhesion, occurring in concert
with alterations in the adjoining TJs. Moreover, the additive effect
of TNF-« on paracellular permeability in IFN-vy-incubated mono-
layers could be partialy due to an additional shift of E-cadherin
into the TX-100-soluble pool, suggesting that changes in E-cad-
herin biophysical properties further reduce cell adhesion. Several
reports have indicated that IFN-y can up-regulate expression of
TNF-a receptors at both the mRNA and protein level in epithelial
and endothelial cells (22, 63-65). Therefore, it is possible that the
ability of TNF-a to potentiate the biological effects of IFN-y
maybe secondary to increased signaling from up-regulated TNF-«
receptors.

Redistribution of AJC proteins has been observed in tissues
from patients with active IBD (66, 67), in which proinflammatory
cytokines such as IFN-y and TNF-«a are elevated. The specificity
of these mediators for disruption of specific intercellular junctional
proteins under inflammatory conditionsisindicated by the fact that
alterations in al junctional proteins were not observed in nonin-
flamed areas of diseased tissue (66, 67). Despite the fact that ap-
optosis is increased in IBD (23), our model suggests that perme-
ability defects induced by IFN-y/TNF-a are separable from their
proapoptotic effects.
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Although inflamed tissues in vivo secrete a complex milieu of
both pro- and anti-inflammatory mediators and cytokines, we spec-
ulate that TJ protein redistribution induced by IFN-y does not re-
flect a global phenomenon, but rather the effects of a specific cy-
tokine with a key role in the pathology of IBD. Alterations in the
distribution of key TJ proteins have been reported in response to
hepatocyte growth factor in renal epithelia cells (68) and IL-4/
IL-13 in lung epithelia cells, (69); however, we (unpublished re-
sults) and others did not observe any aterations in intestinal epi-
thelial cells exposed to the same cytokines (17, 34).

In conclusion, we have analyzed mechanisms by which IFN-y
and TNF-« alter barrier properties of the intestinal epithelium. We
report for the first time that increased epithelial paracellular per-
meability induced by these cytokines is separate from their pro-
apoptotic effects and associated with AJC protein restructuring.
This scenario is therefore amenable to rapid recovery of epithelial
barrier function following reductions of cytokines in the intestinal
milieu as inflammation subsides.
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