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Abstract

Background & Aims: Tumor necrosis factor (TNF) plays critical roles in intestinal disease. In
intestinal epithelia, TNF causes tight junction disruption and epithelial barrier loss by upregulating
myosin light chain kinase (MLCK) activity and expression. The aim of this study was to determine
the signaling pathways by which TNF causes intestinal epithelial barrier loss.

Methods: Caco-2 cells that were either non-transfected or stably-transfected with human TNF
receptor 1 (TNFR1) or TNFR2 and mouse colonocytes were used for physiological, morphological,
and biochemical analyses.

Results: Colitis induced in vivo by adoptive transfer of CD4*CD45RBNi T cells was associated
with increased epithelial myosin light chain kinase (MLCK) expression and myosin Il regulatory
light chain (MLC) phosphorylation as well as morphological tight junction disruption. In vitro studies
showed that TNF caused similar increases in MLCK expression and MLC phosphorylation, as well
as barrier dysfunction, in Caco-2 monolayers only after IFN-y pretreatment. This reductionist model
was therefore used to determine the molecular mechanism by which IFN-y and TNF synergize to
cause intestinal epithelial barrier loss. IFN-y priming increased TNFR1 and TNFR2 expression and
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blocking antibody studies showed that TNFR2, but not TNFR1, was required for TNF-induced barrier
dysfunction. Transgenic TNFR2, but not TNFR1, expression allowed IFN-y-independent TNF
responses.

Conclusions: IFN-y primes intestinal epithelia to respond to TNF by inducing TNFR2
upregulation, which in turn mediates the TNF-induced MLCK-dependent barrier dysfunction. The
data further suggest that epithelial TNFR2 blockade may be a novel approach to restore barrier
function in intestinal disease.

Keywords
tight junction; interferon-y; tumor necrosis factor; cytoskeleton; myosin; inflammatory bowel disease

Introduction

The intestinal epithelial barrier is frequently compromised in intestinal disease. Although the
precise mechanisms of intestinal barrier dysfunction are incompletely understood in human
disease, recent data suggest that interferon-y (IFN-y) and tumor necrosis factor (TNF) may be
important mediators of barrier dysfunction in vitro and in vivo 1-4_Consistent with this,
intestinal barrier function is restored by anti-TNF therapy in Crohn’s disease patients 1

We have recently shown that TNF treatment of cultured intestinal epithelial cells induces
barrier dysfunction by a mechanism that requires myosin Il regulatory light chain (MLC)
phosphorylation 2 We went on to show that this TNF-induced barrier dysfunction only
occurred in cultured monolayers that had been primed with IFN-y S5 n IFN-y-primed, but not
control, monolayers, TNF induced increased MLC kinase (MLCK) expression and increased
MLC phosphorylation S This led to disruption of the tight junction, the primary determinant
of epithelial barrier function 5. To determine the relevance of these in vitro observations to
human disease, we studied intestinal epithelia of Crohn’s disease and ulcerative colitis patients.
Both MLCK protein expression and MLC phosghorylation were increased and the extent of
these increases correlated with disease activity ©. Together with data showing that immune
activation correlates with barrier dysfunction in Crohn’s disease patients 7 this suggests that,
in human inflammatory bowel disease, intestinal epithelial MLCK expression, MLC
phosphorylation, and barrier function are intimately related.

These data also suggest that the mechanisms by which anti-TNF therapy restores the barrier
in Crohn’s disease patients may include blockade of TNF-induced epithelial MLCK
upregulation. However, it is clear that anti-TNF therapy targets many other aspects of the
immune response. For example, anti-TNF therapy has been reported to cause lymphocyte
apoptosis 8 and downregulate IFN-y production by colonic T cells from Crohn’s disease
patients 9 While these and other effects of anti-TNF therapy that do not directly target epithelia
are likely important in anti-TNF therapy, the global immunomodulation caused by anti-TNF
puts patients at increased risk for potentially fatal infectious complications 10-13 1tis possible
that the risk of these complications could be decreased through more specific therapy using
antibodies that selectively block epithelial responses to TNF. Unfortunately, the roles of TNF
receptor 1 (TNFR1) or TNFR2 in TNF-induced epithelial barrier dysfunction have not been
defined. Our data show that TNFR2, but not TNFR1, is required for TNF-induced barrier
dysfunction to occur and that induction of TNFR2 expression is the primary mechanism by
which IFN-y primes intestinal epithelia to respond to TNF with MLCK-dependent tight
junction disruption and barrier dysfunction.
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Materials and Methods

CD4*CD45RBM-adoptive transfer.

C57BL/6 and RAG1”- mice were obtained from Jackson Laboratories (Bar Harbor, ME) and
maintained in a specific pathogen-free facility. All experiments were carried out in accordance
with National Institutes of Health guidelines under protocols approved by the Institutional
Animal Care and Use Committee at the University of Chicago. CD4*CD45RBM lymphocytes
were isolated from C57BL/6 splenocytes using a MO-FLO sorter (Dako, Carpinteria, CA) after
staining with allophycocyanin-conjugated anti-CD4 and phycoerythrin-conjugated anti-
CD45RB (BD Pharmingen, San Jose, CA). After adoptive transfer of 5x10°

CD4*CD45RB cells, RAG1”- mice were monitored for weight loss and clinical evidence of
colitis and sacrificed after 10 weeks. RAG1™- littermates injected with buffer instead of
CD4*CD45RBi cells were used as controls. Colonocytes were isolated as previously described
4and MLCK expression and MLC phosphorylation were assessed by SDS-PAGE immunoblot.
Sections of colon were snap-frozen in OCT and stored at -80°C.

Cell culture and measurement of transepithelial electrical resistance.

Caco-2ggg cell 14,15 cultures were grown as monolayers on collagen-coated polycarbonate
membrane Transwell supports (Corning, Cambridge, MA) with 0.4 um pores for 17-20 days
after confluence, as described previously 5,14 Transwell supports with 0.33- and 5-cm?
surface areas were used for electrophysiological and biochemical studies, respectively.
Transepithelial resistance (TER) was measured with an epithelial voltohmmeter under open
circuit conditions (World Precision Instruments, Sarasota, FL) as described previously 5,

Cytokine and blocking antibody treatment.

Recombinant human TNF and IFN-y (R&D Systems, Minneapolis, MN) were added to the
basal chamber, without manipulating the apical media, at 2.5ng/ml and 10ng/ml, respectively,
unless indicated otherwise. TNFR1 and TNFR2 blocking antibodies (R&D Systems) were
similarly added to the basal chamber at 2 pg/ml.

Semi-quantitative RT-PCR analysis of TNFR1 and TNFR2 mRNA.

Total RNA was isolated from TRIzol (Invitrogen, Carlsbad, CA) extracts of Caco-2ggg
monolayers.cDNA was generated from polyA* mRNA by RT-PCR (Invitrogen). Primers used
for analysis of TNFR1 and TNFR2 were: TNFR1 forward beginning at nucleotide 542 5’-TCC
TTC ACC GCT TCA GAA AA-3’, TNFR1 reverse ending at nucleotide 960 5’-GGG ATA
AAA GGC AAA GAC CAA-3; TNFR2 forward beginning at nucleotide 350 5’-AAC TGG
GTT CCC GAG TGC TTG-3’, TNFR2 reverse ending at nucleotide 794 5’-AGT GCT GGG
TTC TGG AGT TGG -3’. After 35 cycles of PCR, which preliminary studies showed was
within the linear range for these primers and samples, amplified fragments were separated by
electrophoresis, stained with ethidium bromide, and visualized under UV light.

Stable transfection of human TNFR1 and TNFR2.

Human TNFR1 cDNA (TNFRSF1A, IMAGE clone 4131360, American Type Culture
Collection, Manassas, VA) was subcloned into pPCNDA3.1/Zeo+ (Invitrogen) using BamHI
and Xhol restriction sites and subsequently verified by sequencing. Human TNFR2 cDNA
(TNFRSF1B, IMAGE clone 6198614, Open Biosystems, Huntsville, AL) was subcloned into
pcDNA3.1/Zeo+ using Kpnl and Xhol restriction sites and verified by sequencing. The
pcDNA3.1/Zeo+ expression constructs were transfected separately using 24 pg DNA and 120
ul lipofectamine 2000 (Invitrogen) to produce clones stably expressing TNFR1 or TNFR2.
Selection medium containing 300 ug/ml zeocin (Invitrogen) was added 48 hours after
transfection to select stably expressing clones. Individual clones were isolated and expanded
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in media with 300 pg/ml zeocin 16, Expression of TNFR1 or TNFR2 was assessed by SDS-
PAGE and immunoblot. After selection stable transfectants were maintained in media with 50
ng/ml zeocin. For experimental use, monolayers were allowed to differentiate in media without
zeocin.

SDS-PAGE and immunoblot.

Monolayers grown on 5-cm? Transwell supports were used for the determination of TNFR1,
TNFR2, MLCK, and MLC protein expression as well as MLC phosphorylation. Monolayers
were scraped directly into 0.5 ml SDS-PAGE sample buffer, sonicated, separated on SDS-
PAGE gels (Bio-Rad, Hercules, CA), and transferred to polyvmylldene difluoride membranes
(Bio-Rad). Lysates of isolated colonocytes were processed 5|m|IarIy Immunoblots were
performed using antlbodles specific for TNFRl TNFR2 MLCK (clone K36, Sigma, St. Louis,
MO), total MLC 4, and phosphorylated MLC 17 followed by HRP-conjugated secondary
antibodies (Cell Slgnallng Technology, Beverly, MA). These were detected by
chemiluminescence using Super Signal West Pico Reagents (Pierce Biotechnology Inc,
Rockford, IL). Quantitative analysis was performed using Metamorph 6.2 (Universal Imaging
Corp., Downingtown, PA).

Immunofluorescent staining, microscopy, and image analysis.

Results

Frozen tissue sections (5 um) were collected on coated slides, fixed in 1% paraformaldehyde
in phosphate-buffered saline (PBS) for 10 min, washed thrice with PBS, and nonspecific
binding blocked with 1% normal goat serum in PBS. Adjacent frozen sections were stained
with hematoxylin and eosin 6 Caco-2ggg cell monolayers grown on 0.33-cm? Transwell
supports were fixed with 1% paraformaldehyde in PBS for 30 min, washed, quenched with 50
mM NH4Cl in PBS, and permeabilized in 0.1% Triton X-100 in PBS. Specimens were then
incubated with monoclonal antibody against ZO-1 (Invitrogen) or polyclonal antisera against
occludin (Invitrogen), TNFR1, or TNFR2. After washing, tissues or monolayers were
incubated with Alexa 488- or Alexa 594-conjugated secondary antisera (Invitrogen) and
Hoechst 33342 (Invitrogen), washed, and mounted in Slowfade (Invitrogen). Monolayers were
imaged using a Leica DM4000 epifluorescence microscope equipped 63X and 100X PL-APO
objectives, DAPI, EGFP, and Texas Red zero pixel shift filter sets (Chroma Technology,
Brattleboro, VT), and Coolsnap HQ camera (Roper Scientific, Tucson, AZ) controlled by
MetaMorph 6.2. For monolayers, postacquisition deconvolution used Autodeblur x
(AutoQuant Imaging, Troy, NY) with standard settings for 10 iterations.

Experimental immune-mediated inflammatory bowel disease is associated with increased
MLCK expression, increased MLC phosphorylation, and tight junction disruption in vivo.

Several studies using in vitro 2,3, 18 and acute in vivo# models have shown that MLCK-
mediated MLC phosphorylation is central to TNF-induced epithelial tight junction disruption
and barrier dysfunction. In the setting of chronic disease, it has recently been reported that
intestinal epithelial MLCK expression and MLC phosphorylation are increased in patients with
active inflammatory bowel disease and that the magnitude of these changes correlate with the
grade of disease act|V|ty .However, only patients with longstanding disease were evaluated,
making it impossible to distinguish between primary and secondary changes. We therefore
asked if epithelial MLCK expression and MLC phosphorylation were increased in
experimental chronic inflammatory bowel disease. We used the CD4*CD45RBM T cell transfer
into RAG17 as an established model of chronic immune-mediated colitis that can be limited
by neutralization of either IFN-y or TNF signaling 19 In this model, weight loss can be used
to indicate disease severity, and we too observed significant weight loss after
CD4*CD45RB" adoptive transfer (Fig. 1A). Immunoblot analysis of purified colonocytes
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showed MLCK expression and MLC phosphorylation were markedly increased in diseased
animals (Fig. 1B), suggesting that processes similar to those seen in human inflammatory bowel
disease patients 6 are activated in CD4*CD45RBM adoptive transfer-induced colitis.
Histological evidence of active mucosal damage was present (Fig. 1C) and the distribution of
tight junction proteins occludin (Fig. 1D) and ZO-1 (Fig. 1E) were disrupted in colonocytes
of animals with CD4*CD45RBM adoptive transfer-induced disease. These data show that
increased MLCK expression and activity as well as tight junction disruption occur in an in
vivo model of chronic immune-mediated inflammatory bowel disease that depends on both
IFN-y and TNF.

IFN-y primes model epithelia to regulate MLCK and tight junctions in response to TNF

Like the in vivo disease model presented above, we have recently shown that, in terms of MLCK
expression and activity as well as tight junction structure, Caco-2 monolayers require both
IFN-y and TNF 5. While TNF causes MLCK upregulation, MLC phosphorylation, tight
junction disruption, and barrier dysfunction in monolayers pre-treated with IFN-y, neither IFN-
v nor TNF alone caused any of these changes (Figs. 2A, 2B). We have previously shown that
TNF pre-treatment does not sensitize monolayers to IFN-y 2. The response to TNF was highly
polarized, as IFN-y-primed Caco-2 monolayers responded to basal, but not apical, TNF (Fig.
2C). Thus, like the in vivo model 19, the requirement for IFN-y appears to precede that of TNF
in this in vitro model of barrier dysfunction.

IFN-y upregulates both TNFR1 and TNFR2 expression

Based on published reports showing that IFN-y can upregulate TNF receptor expression 3,
20 we hypothesized that this might be the mechanism by which IFN-y primes epithelial
monolayers to respond to TNF. To determine if IFN-y did increase expression of TNF receptors,
Caco-2 monolayers were treated with IFN-y for 24 hrs and then harvested for analysis. Semi-
quantitative RT-PCR showed that both TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2)
mRNA were upregulated after IFN-y treatment (Fig. 3A). Similarly, SDS-PAGE immunoblot
showed that corresponding protein levels of TNFR1 and TNFR2 were increased by IFN-y
treatment (Fig. 3A). Morphometric analyses confirmed this upregulation of TNFR1 and
TNFR2 and showed that both proteins were localized to the basolateral membranes of polarized
Caco-2 cells (Fig. 3B). This localization is consistent with the response of IFN-y-primed
monolayers to basolateral, but not apical, TNF.

TNFR2 mediates TNF-induced barrier dysfunction

Of the two TNF receptors described, many more biological roles have been reported for
TNFR1. These include systemic responses to bacterial products 21, 22, innate immunity 21,
22, inhibition of intestinal epithelial wound closure 23, and induction of intestinal epithelial
apoptosis 24 1n contrast, TNFR2 expressed on Iympho%ytes has been reported to be necessary
for the development of intestinal graft vs. host disease > and TNFR2 expressed on intestinal
epithelial cells seems to mediate the increased epithelial migration induced by TNF 23 To
determine whether one or both TNF receptors mediated TNF-induced barrier dysfunction, IFN-
v-primed Caco-2 monolayers were pre-incubated with functional blocking antibodies directed
against either TNFR1 or TNFR2. In the absence of TNF, neither antibody had any effect on
barrier function (Fig. 4). Moreover, TNFR1 blocking antibodies did not prevent or reduce TNF-
induced barrier dysfunction. In contrast, TNFR2 blocking antibodies completely prevented
TNF-induced barrier dysfunction (Fig. 4). Thus, the effect of TNF on barrier function in IFN-
v-primed intestinal epithelia requires TNFR2, but not TNFR1.
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IFN-y primes Caco-2 monolayers to respond to TNF by upregulating TNFR2 expression

Treatment of intestinal epithelial cells with IFN-y has been reported to modify expression of
many proteins, including class Il HLA 3 26'28, transcellular transporters 29, and tight junction
components 30 Thus, while the data above suggest that IFN-y-induced TNFR2 upregulation
is required for TNF-induced barrier dysfunction to occur, they do not exclude the possibility
that IFN-y-priming also modifies expression of other essential mediators. To determine if the
primary role of IFN-y in priming Caco-2 monolayers to regulate barrier function in response
to TNF is induction of TNFR2 expression, Caco-2 cell lines were stably transfected with human
TNFR1 or TNFR2. Immunoblot analysis confirmed that these stable transfectants expressed
TNF receptors at levels comparable to those induced by IFN-y priming of nontransfected
monolayers (Figs. 5A, 6A). Transfected monolayers were then assessed for their ability to
respond to TNF without IFN-y priming. As shown in Fig. 5B, Caco-2 monolayers stably
expressing TNFR1 did not respond to TNF under these conditions. However, they were able
to regulate barrier function in response to TNF after IFN-y-priming (Fig. 5C). Similar results
were obtained with two additional TNFR1-transfected clones. Thus, stable expression of
TNFR1 did not eliminate the need for IFN-y priming. When analyzed in an identical manner,
monolayers of cells stably expressing TNFR2 responded to TNF despite the absence of IFN-
v priming (Fig. 6B). This occurred in a dose-dependent manner and was quantitatively similar
to the response to TNF after IFN-y pretreatment (Fig. 6C). Similar results were obtained with
three different TNFR2-transfected clones. Thus, the requirement for IFN-y priming is
abrogated by transgenic TNFR2 expression. These data show that the primary role of IFN-y
in priming intestinal epithelial cells to regulate barrier function in response to TNF is induction
of TNFR2 expression.

TNFR2-mediated barrier dysfunction is associated with tight junction disruption

The data above show that expression of both TNFR1 and TNFR2 are upregulated by IFN-y
priming, but only TNFR2 is required for TNF to disrupt barrier function. Epithelial barrier
function is dependent on both the integrity of the epithelium and the permeability
characteristics of the tight junction. To determine which of these was affected by TNFR2-
mediated TNF signaling, TNFR2-expressing monolayers were assessed before and after TNF
treatment. Although some have reported that TNF-dependent effects on barrier function are
due to apoptosis 31, 32, we and others have reported that TNF-dependent barrier dysfunction
can occur in the absence of significant epithelial apoptosis, both in vitro and in vivo2 4 5,
33, TNF-treatment of TNFR2-expressing monolayers, without IFN-y priming, did not increase
epithelial apoptosis, as determined by assessment of caspase-3 and caspase-9 cleavage (Fig.
7A) and nuclear fragmentation (Fig. 7B). Thus, overall epithelial integrity was not
compromised and apoptosis was not induced by TNF treatment of TNFR2-expressing
monolayers. Together with the absence of induction of short circuit current by TNF treatment
(data not shown), these observations also suggest that the effect of TNF on epithelial barrier
function is primarily due to increases in paracellular, rather than transcellular, permeability.

Having excluded gross TNF-induced damage to the monolayer, we considered the possibility
that tight junctions are disrupted by TNF via TNFR2-mediated signaling. TNF treatment of
TNFR2-expressing monolayers induced marked reorganization of occludin from smooth arcs
into irregularly undulated profiles as well as internalization into cytoplasmic vesicles (Fig. 8).
Similar changes were induced in nontransfected monolayers after, but not before, IFN-y-
priming (Fig. 8). Like occludin, ZO-1 distribution in TNFR2-expressing monolayers was
transformed into irregularly undulating profiles after TNF treatment (Fig. 9). These
morphological changes were also similar to those induced by TNF in IFN-y-primed monolayers
(Fig. 9). Thus, Caco-2 monolayers transgenically expressing TNFR2 respond to TNF by
reorganizing tight junction proteins in a manner indistinguishable from that of IFN-y-primed
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monolayers. Remarkably, the changes in both occludin and ZO-1 distribution were similar to
those seen in colonocytes in vivo after CD4*CD45RBN transfer-induced colitis.

TNFR2-dependent tight junction disruption is accompanied by increases in MLC
phosphorylation and MLCK expression

Tight junction disruption by TNF in IFN-y-primed monolayers is due to MLCK protein
upregulation and the resulting increases in MLC phosphorylation 5. It has also been reported
that MLCK phosphorylation alone is sufficient to induce irregularly undulating ZO-1 profiles
similar to those induced by TNF 34 To determine if TNFR2-mediated tight junction disruption
occurs through increases in MLCK expression and activity, TNFR2-expressing monolayers
were treated with TNF and both MLC phosphorylation and MLCK expression assessed by
SDS-PAGE immunoblot. TNF treatment induced increased MLC phosphorylation and MLCK
expression in TNFR2-transfected monolayers (Fig. 10). TNF induced similar changes in non-
transfected monolayers after, but not before, IFN-y-priming (Fig. 10). The data therefore show
that TNFR2-dependent signaling causes increases in intestinal epithelial MLCK expression
and activity.

Discussion

Compromised intestinal barrier function is a common feature of inflammatory, infectious,
ischemic, and immune-mediated intestinal disease 35 , and abundant data suggest that
compromlsed intestinal barrier function may be a crltlcal pathogenic event in these processes

0 For examj)le in patients with inactive Crohn’s disease, barrier loss predicts disease
reactivation 4 The degree of barrler dysfunction also parallels expression of activation
markers on circulating Iymphocytes . Thus, many have proposed that compromised barrier
function may be critical to both initial pathogenesis and reactivation of chronic intestinal
disease. We have suggested that this reflects the linkage of barrier dysfunction and immune
activation in a self-amplifying loop where barrier dysfunction allows increased interaction
between luminal contents and mucosal immune cells that, in turn, leads to cytokine release,
further barrier dysfunction, and further immune activation 3°. Consistent with this hypothesis,
we 2 2 and others 3 20, 33,4 3 have shown that epithelial barrier dysfunction can be induced
in vitro by synergistic signaling between IFN-y and TNF. Moreover, we have shown that this
barrier dysfunction requires MLCK activity and expression 2,3, To better understand the
mechanisms by which this occurs we focused on understanding the mechanisms by which IFN-
v and TNF signal to epithelia to reduce barrier function.

We began using an in vivo immune-mediated model of mfIammatory bowel disease in which
both IFN-y and TNF are important to disease pathogenesis 19 These data showed that intestinal
epithelial MLCK expression and MLC phosphorylation are increased during disease
progression and that this is associated with tight junction disruption.

To better characterize the mechanism of cytokine signaling to the epithelium, we used a well-
characterlzed in vitro intestinal epithelial model in which TNF regulates barrier function via
MLCK 2: 9 18_under the conditions studied here, IFN- -y synergizes with TNF by priming
intestinal epithelia to respond to TNF; there is no response to either cytokine alone. As our
primary measure of barrier function was TER, a measure of tight junction ion conductance, it
is conceivable that IFN-y could change size selectivity without altering TER. However, our
previous work using the same experimental model showed that, while the combination of IFN-
yand TNF did increase transepithelial 3kD dextran flux, this did not occur with either cytokine
alone °. One might also ask if TNF changes charge selectivity of tight junctions. Although this
has not been investigated in detail, a recent study did compare two cytokine-induced pathways
of in vitro barrier loss and found that while IL-13 dramatically increased claudin-2 expression
at the tight junction, combined IFN-y and TNF treatment reduced expression of claudin-2,
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claudin-3, and claudin-4 44. As available data suggest that it is the pattern of claudin isoforms
expressed that defines tight junction charge selectivity 45,46 TNF maX act by globally
removing claudins from the tight junction but, in contrast to 1L-13 44, 47 not by altering
expression of specific claudin isoforms.

We next turned our attention to proteins induced by IFN-y that might increase sensitivity to
TNF signaling. Our data show that intestinal epithelial expression of both TNFR1 and TNFR2
are upregulated by IFN-y-priming. These TNF receptors are expressed on lymphoid and non-
Q/mé)hoid cells, and roles for each have been implicated in inflammatory disease 21-23, 25,

8-50_ 1 addition, several studies have suggested a cooperative interaction between TNFR1
and TNFR2 91, 52 \e therefore sought to determine whether one or both TNF receptors were
necessary for TNF-induced barrier dysfunction to occur.

Use of specific TNFR1 and TNFR2 blocking antibodies in vitro clearly showed that epithelial
TNFR2 is required for TNF-induced barrier dysfunction to occur. Moreover, the lack of an
effect of TNFR1 blocking antibodies suggests that epithelial TNFR1 is not necessary for TNF-
induced barrier dysfunction. Thus, TNFR2, but not TNFR1, mediates the effects of TNF on
epithelial barrier function. These data indicate that a critical role of IFN-y priming is TNFR2
upregulation. We therefore sought to determine whether TNFR2 expression alone was
sufficient to prepare intestinal epithelia to respond to TNF. Transgenic TNFR2 expression
allowed intestinal epithelial monolayers to regulate barrier function in response to TNF without
IFN-y-priming. This suggests that the primary function of IFN-y-priming is TNFR2
upregulation. Based on our experience with MLCK-dependent in vivo barrier dysfunction in
acute T cell-mediated disease 4, we performed similar studies using TNFR1 or TNFR2
knockout mice. These studies were unsuccessful, likely due to the ubiquitous expression of
both TNF receptors on many cell types and the presence of redundant signaling pathways in
vivo.

Critical downstream mediators of TNF-induced barrier dysfunction include increased MLCK
expression, MLC phosphorylation, and tight junction protein reorganization 5. We therefore
assessed these to determine if signaling pathways activated by TNF in monolayers
transgenically expressing TNFR2 are the same as those activated by TNF in IFN-y-primed
monolayers. Increased MLCK expression, MLC phosphorylation, and tight junction protein
redistribution were all similarly induced by TNF in TNFR2-transfected monolayers and IFN-
y-primed nontransfected monolayers. Thus, like TNF-induced barrier dysfunction in IFN-y-
primed monolayers, TNF disrupts barrier function in TNFR2-transfected monolayers via
MLCK upregulation and its downstream sequelae.

Although this is the first study showing the critical role of epithelial TNFR2 in mediating TNF
effects on barrier function, previous data from diverse sources are consistent with this important
role for TNFR2. For example, TNFR2 has been suggested to mediate inflammation-induced
epithelial hyperplasia 48 and TNFR2 polymorphisms have been reported in Crohn’s disease
patients 49. Moreover, TNFAARE mice, in which deletion of TNF AU-rich elements results in
TNF mRNA stabilization and TNF protein overexpression, develop joint and intestinal disease
53, Remarkably, only joint disease occurs when TNFAARE pone marrow is transplanted into
TNFR2 knockout mice 23. This result is consistent with our conclusion that TNFR2 signals
epithelial barrier dysfunction and suggests that this may be critical for the development of
chronic immune-mediated intestinal disease, although an important role for TNFR2 expressed
on nonepithelial radioresistant stromal cells cannot be excluded. Consistent with a role for
TNFR2 in disease, transgenic mice expressing human TNFR2 develop severe systemic
inflammatory disease 54 However, once again, the fact that TNFR2 is normally expressed on
multiple cell types complicates interpretation of these data. For example, the systemic disease
induced by transgenic expression of human TNFR2 is characterized by increased NF-xB
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activity in peripheral blood mononuclear cells 54 Tissue-specific TNFR2 knockout or
transgenic animals would help to resolve these issues, but such animals have not been reported.
Thus, in vitro models represent the best available opportunity to understand the mechanisms
by which TNF signals intestinal epithelia to regulate barrier function and the means by which
IFN-y prepares epithelia to receive this signal. Moreover, a central role of IFN-y in this process
is to upregulate TNFR2 expression, consistent with reports of intestinal epithelial TNFR2
upregulation in ulcerative colitis and Crohn’s disease 48 Together with in vivo reports, our
data are consistent with the hypothesis that TNFR2-mediated signaling in intestinal epithelial
cells, including MLCK upregulation, is critical to the pathogenesis of inflammatory disease.
The data also support the hypothesis that specific blockade of epithelial TNFR2 may be
effective in inflammatory bowel disease. This is worthy of future investigation, as more
precisely targeted approaches mag/ have fewer systemic complications than current anti-TNF-
based therapies 10,11, 13, 55, 56,

In summary, our data show that TNFR2-mediated TNF signaling to epithelia triggers increased
MLCK expression, increased MLC phosphorylation, tight junction reorganization, and barrier
dysfunction. Moreover, TNFR2 upregulation is the primary role of the IFN-y priming that is
necessary before TNF can cause intestinal epithelial barrier dysfunction in response to TNF.
Finally, while the in vivo situation is certainly far more complex, these data also suggest that
development of agents that block specific aspects of TNF signaling may lead to improved
therapies for inflammatory intestinal disease.
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Figure 1.

In vivo immune-mediated colitis is associated with increased epithelial MLCK expression,
increased MLC phosphorylation, and tight junction disruption.

A. Adoptive transfer of CD4*CD45RBMi T cells (CD45RBN) causes weight loss. Data are mean
+ SE of four mice for each condition and are representative of 2 independent experiments.

B. Colonocytes were isolated from control mice or after CD4*CD45RBM adoptive transfer and
analyzed by SDS-PAGE immunoblot for MLCK expression, MLC phosphorylation, and total
MLC as a loading control. CD4*CD45RBM adoptive transfer caused a 3.3+0.5-fold increase
in MLCK expression and a 2.7+0.3-fold increase in MLC phosphorylation (p<0.03 for both).
Data are mean + SE of two samples from separate mice for each condition and are representative
of 2 independent experiments. C.Histological examination shows that CD4*CD45RBM
adoptive transfer caused chronic inflammatory bowel disease with a moderate activity. Bar =
40 um. D.Immunofluorescent analysis of occludin (green) localization in colon sections shows
marked loss from the epithelial tight junction and appearance in intracellular vesicles after
CDA4*CD45RB" adoptive transfer. Nuclei (blue) are shown for orientation. Bar = 10 um. E.
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Immunofluorescent analysis of ZO-1 (green) localization in colon sections shows the
development of an undulating network at the tight junction (compare areas marked by arrows)
after CD4*CD45RBM adoptive transfer. Nuclei (blue) are shown for orientation. Bar = 10
pm.
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IFN -y primes Caco-2 monolayers for TNF-induced barrier dysfunction.

A. Caco-2 cells were pre-incubated with IFN-y, 10 ng/ml, for 24 hours prior to transfer to fresh
media, without IFN-y, either with or without TNF, 2.5 ng/ml, as indicated. Monolayers were
then harvested and analyzed by SDS-PAGE immunoblot for MLCK expression, MLC
phosphorylation, and total MLC as a loading control. When IFN-y-primed cells were treated
with TNF, MLCK expression increased 2.1+0.1-fold and MLC phosphorylation increased 3.0
+0.6-fold (p < 0.05 for both). Other treatments did not significantly alter MLCK expression or
MLC phosphorylation. B. TER of control monolayers (black triangles) was measured for 8
hours after transfer to fresh media. Addition of TNF, 2.5 ng/ml, to the basal media had no effect
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on TER (black circles). Pre-incubation with IFN-y, 10 ng/ml, for 24 hours prior to transfer to
fresh media without IFN-y, also had no effect on TER (white triangles). In contrast, the TER
of monolayers pre-incubated with IFN-y prior dropped within 3 hours after transfer to fresh
media with TNF (white circles, p<0.01). Data are mean + SE of triplicate monolayers. Data
are representative of more than 10 independent experiments. C. All monolayers were pre-
incubated with IFN-y, 10 ng/ml, for 24 hours. Transfer to fresh media without cytokines (white
bar) had no effect on TER, while transfer to media with 2.5 ng/ml TNF in the basal chamber
induced marked TER loss (black bar, p<0.02). Transfer to media with 2.5 ng/ml TNF in the
apical chamber had no effect on TER. Data are mean + SE of triplicate monolayers 8 hours
after transfer and were normalized to the overall mean TER of monolayers pre-incubated with
IFN-y. Data are representative of 4 independent experiments.
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Figure 3.

IFN-y upregulates both TNFR1 and TNFR2 in Caco-2 monolayers.

A. RT-PCR and SDS-PAGE immunoblot analyses show that both TNFR1 and TNFR2 mRNA
and protein expression are upregulated after 24 hours of culture with IFN-y added to the basal
chamber (p<0.01 for both). Data are representative of 4 independent experiments, each with
duplicate samples. B. Immunofluorescence of monolayers before or after 24 hours of culture
with IFN-y confirms increased surface expression of TNFR1 and TNFR2. The images shown
were taken at focal planes basal to the tight junction and TNF receptors were only detected on
lateral membranes. Exposures and post-processing were identical for images of each TNF
receptor. Bar = 10 um.
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Blockade of TNFR2, but not TNFR1, prevents TNF-induced barrier dysfunction.

All monolayers used in this experiment were pre-incubated with IFN-y, 10 ng/ml, for 24 hours
prior to experimental use. These IFN-y-primed monolayers were then incubated in media with
indicated TNFR1 or TNFR2 blocking antibodies, 2 pg/ml, in the basal compartment for 30
minutes prior to addition of TNF, 2.5 ng/ml, to the basal chamber. Only TNFR2 blocking
antibodies prevented TNF-induced TER loss (p<0.02). Data are mean + SE of triplicate
monolayers 8 hours after TNF addition. Data are representative of 3 independent experiments.
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Transgenic TNFR1 expression does not confer TER responses to TNF in the absence of

IFN-y-priming.

A. SDS-PAGE immunoblot of TNFR1 comparing two independently-generated TNFR1-

transfected clones and nontransfected control and IFN-y-primed Caco-2 monolayers. Data are
representative of 3 independent experiments.
B. Treatment of TNFR1-transfected monolayers with TNF at doses from 0.1 ng/ml to 10 ng/

ml does not induce significant TER loss. Data are mean + SE of triplicate monolayers
normalized to TER of monolayers not treated with TNF. Data are representative of 3

independent experiments.
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C. Although TNFR1-transfected monolayers are not responsive to TNF without IFN-y, they
are able to regulate TER in response to TNF, 2.5 ng/ml, after IFN-y-priming (p<0.02). Data
are mean * SE of triplicate monolayers 8 hours after transfer to TNF. Data were normalized
to TER prior to TNF treatments and are representative of 4 independent experiments.
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Figure 6.

Transgenic TNFR2 expression abrogates the requirement for IFN-y-priming.

A. SDS-PAGE immunablot of TNFR2 comparing two independently-generated TNFR2-
transfected clones and nontransfected control and IFN-y-primed Caco-2 monolayers. Data are
representative of 3 independent experiments.

B. Treatment of TNFR2-transfected monolayers with TNF at doses from 0.1 ng/ml to 10 ng/
ml shows dose-dependent TER loss (p<0.02). Data are mean + SE of triplicate monolayers
normalized to TER of monolayers not treated with TNF. Data are representative of 3
independent experiments.
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C. TNFR2-transfected monolayers are similarly responsive to 2.5 ng/ml TNF in the presence
or absence of IFN-y-priming. Data are mean + SE of triplicate monolayers 8 hours after transfer
and were normalized to TER prior to transfer. Data are representative of 4 independent
experiments.
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Figure 7.

Treatment with TNF at 2.5 ng/ml does not induce apoptosis of TNFR-transfected Caco-2
cells.

A. Increased cleavage of caspase-3 and caspase-9 cleavage are not detected in TNFR1- or
TNFR2-transfected 8 hours monolayers after TNF treatment. IFN-y-primed non-transfected
monolayers, without TNF treatment, are shown for reference. Data are representative of 3
independent experiments.

B. Nuclear fragmentation is induced by 100 ng/ml TNF, but not 2.5 ng/ml TNF, in IFN-y
primed monolayers. TNF, 2.5 ng/ml, does not induce nuclear fragmentation in TNFR1-nor
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TNFR2-transfected monolayers. Data are representative of 3 independent experiments. Bar =
10 pm.
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Figure 8.

TNF induces occludin redistribution in IFN-y-primed and TNFR2-expressing Caco-2 cells.
Monolayers of control, IFN-y-primed, TNFR1-transfected, and TNFR2-transfected Caco-2
cells were treated with TNF, 2.5 ng/ml, as indicated, for 8 hours. Occludin distribution was
detected by deconvolution immunofluorescence microscopy. TNF caused irregular occludin
undulations at the tight junction and the appearance of intracellular occludin-containing
vesicles in IFN-y-primed and TNFR2-transfected, but not control or TNFR1-transfected
monolayers. Bar = 10 um.
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Figure 9.

TNF induces ZO-1 redistribution in IFN-y-primed and TNFR2-expressing Caco-2 cells.
Monolayers of control, IFN-y-primed, TNFR1-transfected, and TNFR2-transfected Caco-2
cells were treated with TNF, 2.5 ng/ml, as indicated, for 8 hours. ZO-1 distribution was detected
by deconvolution immunofluorescence microscopy. TNF caused irregular ZO-1 undulations
at the tight junction in IFN-y-primed and TNFR2-transfected, but not control or TNFR1-
transfected monolayers. Bar = 10 um.

Gastroenterology. Author manuscript; available in PMC 2007 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wang et al.

total e
MLC  Teeeeme—

Figure 10.

TNFR2-dependent tight junction disruption is accompanied by increases in MLC
phosphorylation and MLCK expression.

IFN-y-primed non-transfected monolayers and TNFR2-transfected monolayers were harvested
8 hours after treatment with 2.5 ng/ml TNF, as indicated. SDS-PAGE and immunoblot shows
2.8+0.4-fold and 2.9+0.1-fold induction of MLCK expression after TNF treatment of IFN-y-
primed non-transfected monolayers and TNFR2-transfected monolayers, respectively (p<0.02
for both). MLC phosphorylation increased 2.0+0.1-fold and 1.9+0.2-fold after TNF treatment
of IFN-y-primed non-transfected monolayers and TNFR2-transfected monolayers,
respectively (p<0.01 for both). Total MLC is shown as a loading control. Data are
representative of 3 independent experiments, each with triplicate samples.
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