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TNF plays a crucial role in the pathogenesis of Crohn disease. Dys-
regulated TNF production in mice that bear the genetic deletion of
the TNF AU-rich regulatory elements (ARE) (TnF**¥* mice) results
in TNF receptor | (TNFRI)-dependent spontaneous Crohn-like pa-
thology. Current concepts consider intestinal epithelial cell (IEC)
responses to TNF to be critical for intestinal pathology, but the
potential contribution of IEC-derived TNF in disease pathogenesis
has not been addressed. In this study we examined whether IEC
are sufficient as cellular targets or sources of TNF in the develop-
ment of intestinal pathology. Using IEC-specific reactivation of
a hypomorphic Tnf*ARE"e° jllele in mice, we show that selective
chronic overproduction of TNF by IEC suffices to cause full devel-
opment of Crohn-like pathology. Epithelial TNF overexpression
leads to early activation of the underlying intestinal myofibro-
blast, a cell type previously identified as a sufficient target of
TNF for disease development in the Tnf*“Rf model. By contrast,
restricted TNFRI expression on IEC although sufficient to confer IEC
apoptosis after acute exogenous TNF administration, fails to in-
duce pathology following chronic specific targeting of IEC by en-
dogenous TNF in Tnf*A*E* mice. Our results argue against IEC
being early and sufficient responders to chronic TNF-mediated
pathogenic signals and suggest that proinflammatory aberrations
leading to chronic TNF production by IEC may initiate pathology in
Crohn disease.
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nflammatory bowel disease (IBD) is a chronic inflammatory

disorder of the gastrointestinal tract resulting from inappro-
priate and sustained activation of the mucosal immune system
against the bacterial microflora of the gut (1). IBD is represented
by two major forms: ulcerative colitis (UC), which is manifested
in the colon, and Crohn disease (CD), which is manifested pri-
marily in the ileum but also in the colon (2). Genome-wide
association studies in patients with CD indicate a putative role
for genes of the innate and adaptive immunity system and an
emerging role for genes implicated in autophagy (3). Animal
models of disease suggest that adaptive immune responses are
required for disease manifestation and that the gut microflora
appear to drive inflammation (4). However, the exact mecha-
nisms underlying IBD pathogenesis and especially the early
pathogenic events remain largely obscure.

TNF is critically implicated in IBD pathophysiology, high-
lighted by the successful use of anti-TNF therapies for the
treatment of patients who have CD (5). TNF is shown to exert
pathogenic activities in several animal models of IBD (6),
whereas protective roles have been described also (7, 8). The
crucial pathogenic role of TNF in CD has been verified experi-
mentally in mice that bear the genetic deletion of the TNF AU-
rich regulatory elements (ARE) that leads to defective post-
transcriptional regulation of mf expression and chronic TNF
overproduction (9). Tnf***%* mice chronically overproduce
TNF and spontaneously develop CD8* T lymphocyte-dependent
Crohn-like IBD pathology in the ileum (9-11). Restricting TNF
overexpression in myeloid cells or T lymphocytes suffices for the
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induction of intestinal pathology in this model, indicating the
pathogenic potential of TNF derived from innate or adaptive
effectors (10). The dominant role of TNF receptor I (TNFRI) in
mediating TNF pathogenic signals leading to intestinal pathology
has been established previously in this model (9). Most impor-
tantly, by restricting TNFRI expression in mesenchymal cells, the
intestinal myofibroblast (IMF) was identified as a primary and
sufficient cellular target of TNF for intestinal pathology in the
Tnf**RE model (12).

An important cell type prominently linked to IBD pathogen-
esis is the intestinal epithelial cell (IEC), which lies at the in-
terphase between the huge luminal bacterial microflora and the
gut-associated lymphoid tissues (13). IEC participate in luminal
microbiota recognition by the innate immune system and the
clearance of bacterial pathogens, either through the production
of antimicrobial peptides or through autophagy (14-16). Im-
portantly, mutations associated with CD pathology in genes
such as nucleotide-binding oligomerization domain-containing 2
(NOD?2), autophagy-related 16-like 1 (ATG16L1), and immunity-
related GTPase family M (JRGM) have been associated with
defective bacterial clearance by epithelial cells (14, 17, 18), and
the NOD2 and ATG16L1 mutations have been associated with
inflammatory activation of macrophages in mice (19, 20). Al-
though human IEC have been reported to overexpress TNF in
patients who have CD (21), whether IEC have a role in initiating
inflammatory responses in the gut was unknown. In turn, a
prominent role for the IEC as a target of TNF has been reported,
associating TNF with either the alteration of the epithelial
junctions (22) or the induction of IEC apoptosis (23). In this
context we aimed to identify the role of IEC as a potential source
and target of TNF in a model of TNF-driven Crohn-like IBD.
Here we show that TNF overexpression specifically by IEC leads
to the early activation of the underlying mesenchymal cells and
is sufficient for the full induction of Crohn-like IBD pathology
in the mouse. By contrast, although IEC-restricted TNFRI ex-
pression is sufficient for the induction of IEC apoptosis in re-
sponse to exogenous TNF administration, chronic targeting of
IEC by endogenous TNF is not sufficient to induce IBD pa-
thology. These findings provide insight into the mechanisms of
CD pathogenesis by showing that IEC are potential TNF pro-
ducers and that IEC and mesenchymal cells can form a cellular
axis of TNF function in the gut that is sufficient to cause the full
spectrum of pathology seen in human disease.
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Results

IEC-Specific TNF Overexpression Is Sufficient for the Induction of
Crohn-Like IBD. IEC, and in particular Paneth cells, from patients
who have CD have been reported to overexpress TNF mRNA
(21). Therefore, we examined whether IEC may constitute an
additional source of TNF overproduction in the Tnf**** model.
By performing RT-PCR in primary ileal IEC, we established that
Tnf**RE/* TEC significantly overexpress TNF as compared with
WT IEC (Fig. S1). To estimate the impact of IEC as an early
local cellular source of TNF as compared with the other cell
types in the ileum, we directly compared TNF expression in IEC
and in nonepithelial tissue in WT and Tnf*'**'* mice at age
4 wk, a stage of disease development at which no inflammatory
infiltrates are observed. Although IEC in WT mice appear to
express less TNF than do the other intestinal cell types, IEC in
Tnf*"RE/* mice express significantly more TNF than does the
rest of the tissue and indeed constitute the major source of TNF
(Fig. 14). These observations show that in Tnf***/* mice IEC
are the major local source of TNF overproduction before the
recruitment of immune effector cells.
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Fig. 1. IEC are the major early source of TNF in the ileum of Tnf*4RE* mice.
VillinCreTnf*4REneo* mice overproduce TNF specifically by IEC. (A) Quanti-
tative RT-PCR analysis comparing TNF expression in primary ileal IEC and the
respective nonepithelial compartment (NEC) in individual mice. Littermate
4-wk-old WT (n = 5) and Tn**fE* (n = 7) mice were used. P values were
calculated with two-tailed t test, unpaired for comparison of WT vs.Tnf*ARE+
and paired for comparison of IEC vs. NEC. (B) PCR analysis for detection of
the activated Tnf*“ff mutation in tissues and primary isolated IEC from
VillinCreTnf*ARENeo* mice. MLN, mesenteric lymph node. (C) Quantitative
RT-PCR analysis for TNF expression in primary IEC isolated from 2-mo-old WT
(n = 3), VillinCre (n = 3), Tnf*AREneo (n = 3), and VillinCreTnf*ARENeo* (n = 4)
littermates. (***P < 0.001; one-way ANOVA.) (D) TNF production determined
by ELISA in culture supernatants from LPS-stimulated bone marrow-derived
macrophages from 2-mo-old mice (n = 3 per genotype). (***P < 0.001; one-
way ANOVA.) (E) TNF expression determined by flow cytometry following
intracellular staining for TNF in TCRp*-gated splenic T lymphocytes from
2-mo-old mice (n = 3-5 per genotype). (***P < 0.001; one-way ANOVA.) In
B-E, data shown are representative of two independent experiments. In
A-E, mice were analyzed individually. Error bars show SEM.
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To investigate the potential role of IEC in introducing in-
flammatory signals in the intestinal mucosa, we generated mice
overproducing TNF specifically by IEC. For this purpose, we
crossed the IEC-specific VillinCre transgenic mouse (24) with
Tnf**REn/* mice bearing a hypomorphic Tnf***E" allele in
which a LoxP-flanked neomycin (neo) cassette is inserted next to
the mf**®F mutation but can be activated upon cre-mediated
deletion of the neo cassette (9, 10). In accordance with the
reported pattern of expression of the Villin-Cre transgene, we
observed in VillinCreTnf**"RE"/* mice the activation of the
Tnf**RE allele in isolated IEC from the ileum and in all parts of
the small intestine and colon but not in other tissues examined
(Fig. 1B). Performing quantitative RT-PCR analysis in primary
IEC isolated from the ileum, we verified that IEC of Villin-
CreTnf*REn/* mice express significantly l}tigher levels of TNF
than do IEC from WT, VillinCre, and Tnf*'¥E"eo/* controls (Fig.
1C). To confirm the specificity of TNF overexpression in IEC, we
examined TNF production from macrophages and T-cell receptor
B-positive (TCRB* S})lenic T lymphocytes and observed that,
unlike control Tnf*"*E"* mice, VillinCre Tnf***E"*°'* mice did not
display increased TNF levels in these cell types (Fig. 1 D and E).

Interestingly, IEC-specific TNF overproduction in Villin-
CreTnf**RE"9* mice was sufficient to induce spontaneous in-
testinal pathology in the terminal ileum (Fig. 2 A-C and G).
Histological examination of the ileum of VillinCreTnf*REneor*
mice revealed mild inflammatory changes consistent with
a Crohn-like IBD phenotype starting at age 2-3 mo (Fig. 24) and
progressing at age 4 mo to severe pathology characterized by
broadened and blunted intestinal villi and the infiltration of
acute and chronic inflammatory cells in the mucosa, often
extending to the submucosa (Fig. 2B). In some cases transmural
inflammation was observed in 8-mo-old VillinCreTnf**REneo/*
mice ’gFig. 2C). By contrast none of the WT, VillinCre, or
Tnf*REne/* controls exhibited signs of intestinal inflammation
up to age 8 mo (Fig. 2 D-G). FACS analysis of the lamina
propria cell Populations in the ileum of diseased Villin-
CreTnf*"REr/* "mice revealed a profile similar to that in
Tnf**RE'* mice, characterized by massive accumulation of
granulocytes, macrophages, CD4* and IFNy-producing CD8™ T
lymphocytes, and increased Th-17 responses (Fig. S2). In-
flammation was not observed in the duodenum, jejunum, or
colon of the VillinCreTnf**®En¢°/* mice (Fig. S3). The histo-
pathological findings in the intestinal pathology developing in
VillinCreTnf*"REne’+ mice are similar to the findings in TrnfA4RE+
mice, in which TNF is systemically overproduced (9). In-
terestingly, the course of disease is comparatively delayed, in-
dicating possible synergies with pathogenic TNF overproduction
by additional cell types (Fig. S4). These results show that chronic
TNF overexpression by IEC is a condition sufficient for the in-
duction of Crohn-like IBD and highlight the pathogenic potential
of aberrant IEC proinflammatory responses involving chronic
dysregulated TNF overproduction.

Epithelial Cell-Derived TNF Leads to Mesenchymal Cell Activation
Before the Onset of Inflammatory Infiltrations. The sufficiency of
IEC-derived TNF overproduction for the development of full-
blown Crohn-like IBD pathology in VillinCreTnf***E"°/* mice
suggests that epithelial TNF may lead to an early activation of
tissue-damaging processes in the intestine. Matrix metal-
loproteinases (MMP) are critically implicated in such processes
in CD (25), so we used MMP9 as a relevant activation marker,
because it is abundantly expressed in the inflamed bowel of
patients who have CD (26). By performing §elatin zymography in
ileal samples from 2-mo-old VillinCreTnf** "'+ "mice, an age
at which no signs of inflammatory infiltration are detected, we
observed strong increase of pro-MMP9 gelatinolytic activity (Fig.
34) indicating an early activation of tissue-damaging processes.
The activity of MMP2, which participates in wound-healing
processes 25), was not altered (Fig. 34).

In Tn * mice, the mesenchymal cells underlying the ep-
ithelial monolayer, the subepithelial IMF, become activated
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Fig. 2. Intestinal epithelial TNF overexpression leads to Crohn-like IBD pathology. Histological examination of the ileum of VillinCreTnf*ARE"<°"* mice (A-C) and
littermate controls (D-F). (A) Two-month-old VillinCreTnf*AREne°/* mice appear normal with no signs of inflammatory infiltration. (B) Severe pathology in a 4-mo-
old VillinCreTnf*AREne°™* mouse characterized by massive inflammatory infiltration in the intestinal mucosa and submucosa. Intestinal villi are broadened and
blunted. (C) Extensive submucosal and transmural inflammation in an 8-mo-old VillinCreTnf*ARE"¢°* mouse. (D) WT, (E) VillinCre, and (F) Tnf*AREneo™* |ittermate
control mice are normal with no signs of intestinal inflammation at age 8 mo. Paraffin sections were stained with H&E. (Scale bars: 100 um.) (G) Disease score
distribution in the ileum of VillinCreTnf*AREn®°'* and littermate mice at age 2 mo (*P < 0.05), 3 mo (***P < 0.001), 4 mo (***P < 0.001), and 8 mo (***P < 0.001).

early and constitute sufficient targets of TNF for the induction of
Crohn-like IBD (12). Because IEC are an adequate cellular
source of TNF for the development of IBD pathology, we tested
whether epithelial TNF leads to an early activation of the un-
derlying IMF promoting pathogenic processes. Gelatin zymog-
raphy in culture suEernatants of isolated IMF from 2-mo-old
VillinCreTnf*REne/* and littermate control mice exhibited se-
verely increased spontaneous MMP9 multimers secretion com-
pared with controls (Fig. 3B). In addition, by performing RT-
PCR analysis, we observed that 2-mo-old VillinCreTnf*REnel+
IMF show decreased tissue inhibitor of metalloproteinases-1
(TIMP1) and increased MMP13 expression levels (Fig. 3C). The
deregulation of these markers indicates the activation of tissue-
remodeling processes (25). To examine further the activation
status of IMF in vivo, we performed FACS analysis in freshly
isolated total intestinal populations identifying IMF as
CDY90.2*aSMA*CD31™ cells (Fig. 3D), as previously described
for human specimens (27). We observed significant early overex-
pression of the activation marker intercellular adhesion molecule-1

A B

pro-MMP9 92kDa

MMP9 83kDa
pro-MMP2 72kDa

T ———— ) (3-2tin

W CM8 o o T e ik e
NI ARE e WE N nCre e e
T."{c,r e-fni \N"ﬂ \lﬂ\nluﬂ Tﬂfwj& c'reTn{
yilin yilin
C TIMP1 MMP13 D

75 8
mi ;.: [ H

D902

m
M

events
_events

FJ&
Wt ok oh®

ICAM1

5398 | www.pnas.org/cgi/doi/10.1073/pnas.1007811108

multimeric MMP9
240kDa

pro-MMP2 72kDa
MMP2 68kDa

% Relative expression
3]
QF
w)
o

\N'\‘n\ungfm”‘f;:fw”"d
ilinC*®

(ICAM1) in both Tnf*®E* and VillinCreTnf***E'* IMF as
compared with littermate controls (Fig. 3 E and F), and this obser-
vation also was validated in cultured IMF (Fig. S5). The misbalanced
MMP-TIMP expression and the up-regulation of the immunoacti-
vating adhesion molecule ICAM1 (28) demonstrate that IEC-
derived TNF leads to an early pathogenic activation of IMF.
Because the targeting of mesenchymal cells by TNF and the over-
expression of TNF by IEC are conditions independently sufficient
for IBD development, these results suggest that IEC and mesen-
chymal cells in the gut may form a cellular axis of epithelial TNF
production and IMF targeting that may be sufficient for the de-
velopment of CD pathology.

Chronic Targeting of IEC by Endogenous TNF Is Not Sufficient for the
Induction of IBD Pathogenesis. It currently is thought that TNF acts
on the intestinal epithelium in ways that lead to IBD patho-
genesis. It has been established that acute administration of ex-
ogenous TNF leads to IEC apoptosis in a TNFRI-dependent
manner (29), although it remains unknown whether in this set-

Fig. 3. Early activation of IMF in the ileum of Villin-
CreTnf*AREneo’+ mice. (A) Gelatin zymogram showing MMP9
and MMP2 activity in whole-tissue extracts from the ileum
of VillinCreTnf*REneo’* and littermate control mice at age 2
mo. Lines represent individual mice. Data shown are rep-
resentative of three independent experiments. (B) Gelatin
zymogram showing MMP9 and MMP2 secretion from
IMF isolated from VillinCreTnf**REn€°’* mice (n = 4) and lit-
termates (n =4 each) at age 2 mo. Lines represent duplicates
of separate samples within a single experiment. WT IMF
treated with TNF were used as positive control. Data are
representative of two independent experiments. (C) Quan-
2 titative RT-PCR analysis for TIMP1 (**P < 0.01) and MMP13
3 (*P < 0.05) expression in IMF isolated from 2-mo-old Villin-
< CreTnf*AREneo’* mice and the respective controls in three
: independent experiments. One sample t test was performed
for statistical significance. Error bars show SD. (D) Discrimi-
nation of IMF (CD90.2*aSMA*CD31~ cells) among intestinal
cell populations by FACS analysis. (E and F) ICAM1 expres-
sion measured on gated freshly isolated IMF. Analysis was
performed in pooled tissues from WT (n = 3) and Tnf4RE
(n = 3) 4-wk-old mice in three independent experiments
(*P < 0.05) (E) and WT (n = 3), VillinCre (n = 3), Tnf*AREneo’+
(n = 3), and VillinCreTnf**REneo’* (5 = 3) 2-mo-old mice in
three independent experiments (**P < 0.01) (F). One sample
t test was performed for statistical significance. Error bars
show SD. MFI, mean fluorescence intensity.
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ting apoptosis is caused directly by TNF targeting the IEC or is  induction of IEC apoptosis. Therefore, using TUNEL assays, we
asecondary event. To study the in vivo effects of TNF specificallyon  examined IEC apoptosis in Tnf*'**'* mice before disease onset (at

IEC, we generated mice expressing functional TNFRI selectivelyin  age 5 wk) and in advanced disease (at age 4 mo). We detectecllEr}o
¥

this cell type. We used previously generated mice bearing a condi-  significant differences in the apoptotic ratios measured in 77

tional gain-of-function allele for TNFRI (TnfRF*“”/*"** mice) in  and WT mice (Fig. S7). Therefore it is possible either that TNF-
which TNFRI expression is inhibited by the presence of a floxedneo  induced IEC apoptosis occurs at a much lower frequency and may
cassette but is restored upon Cre-mediated excision of the cassette  not be readily assessed in a setting of chronic as opposed to acute
(30). By crossing these mice with the IEC-specific VillinCre trans-  TNF overexpression or that IEC apoptosis is not a mechanism
: 1 ! " micebearing  fyndamentally implicated in the pathogenesis of the Tnf**F dis-
a reactivated TnfRI allele selectively in IEC (Fig. S6). To test  eqce To address these alternatives and additional possible effects
whether acute exogenous TNF exerts its apoptotic effect on IECvia ¢ TNF in IEC function, we examined whether intact IEC-specific
TNFRI expression would suffice for the induction of IBED pathology
WT control mice and performed histological and TUNEL analysis fﬁ;;sgl(jrg}c])sc ;l vrv(;néfofsl\elg %Z;pcrfed}fﬁiiﬁfe? rl;i ce inrilv%(ii:lll'll]?i%
are the only available cellular target for TNF, with Tnf**E'* mice

i neolfixieo ¢ . and assessed the development of intestinal pathology. Interestingly,
TwRI"™ and TwfRE™ mice, we observed extensive IEC ap- [\ SR Oy pppibneolones e el o PR T iy
tively in IEC, signs of intestinal inflammation were not observed
even at age 12 mo (Fig. 5.4 and D). At age 8 mo, control Tnf**RE/*
TnfRI*°™* mice, which bear a functional TnfRI allele, developed

severe IBD pathology (Fig. 5 B and D), but signs of inflammation
ﬂzlﬂxneo/ﬂxneo

neofflxneo

genic mice (24), we generated VillinCreTnfR

epithelial TNFRI, we injected i.v. 12 pg of murine recombinant
TNF in VillinCre TnfRF*"*t¢ TufRp™e0ltneo TpfRI'~ (31),and

in tissues obtained 1 h after injections. Although IEC apoptosis
was not detected in the absence of TNFRI expression in control

optosis at the villi tips and detachment of apoptotic IEC from the
lumen in VillinCreTnfRI**""* mice expressing TNFRI selec-
tively in IEC, as also occurs in WT controls (Fig. 4 4 and B). We
verified that the apoptotic cells observed were IEC by performing
E-cadherin immunostaining and TUNEL analysis in serial tissue . PRE/ £
sections (Fig. 4 C and D). Furthermore, we quantified the apoptotic ~ Were not observed at the same age in Tn In

effect of TNF on IEC by collecting the cells detached by lavage ~ mMice, which do not express TNFRI (Fig. 5 C and D). These results
(Fig. 4E). FACS analysis for E-cadherin and CD45 along with DNA 1ndlca1'g% /Erhat the chronic targeting of IEC by endogenous TNF in
content analysis upon propidium iodide staining further showed 7™ " mice is not sufficient for the development of in-
that the vast majority of the cells collected were apoptotic IEC ~ flammation and IBD pathology. Thus, despite the detrimental
(Fig. 4 F-H). These results show that acute exogenous TNF ad-  effects of exogenous TNF administration in the epithelium, chronic
ministration leads directly to extensive IEC apoptosis via epithelial ~ spontaneous overproduction of TNF targeting the IEC seems not
TNFRI. Possibly, then, chronic TNF overproduction in Tnf*®E*  to be critically involved in initiating TNF-mediated Crohn-like

mice may involve a direct effect of TNF on the IEC through the  IBD pathology.
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Fig. 4. Acute exogenous TNF administration leads to IEC apoptosis in a direct manner via epithelial TNFRI. (A-D) lleal sections from TnfRI7~ (n=4), WT (n =
5), TnfRjf*nec/fxneo (n = 5y and VillinCreTnfRI™¢o/fxneo (n = 3) mice injected i.v. with 12 pg of murine recombinant TNF. Data represent two independent
experiments. (A) Histological examination of H&E-stained sections. (B) TUNEL assay. (Scale bars: 50 um.) (C) Representative E-cadherin immunostaining. (D)
Colocalization of TUNEL and E-cadherin staining in serial paraffin sections. (E-H) Quantitation of TNF-induced IEC apoptosis. Data represent two independent
experiments. (E) Number of cells collected from the small intestine of TNF-injected mice. P values (**P < 0.01, *P < 0.05) were calculated with two-tailed t test.
Error bars show SEM. (F) Representative FACS analysis for the detection of the markers E-cadherin (epithelial) and CD45 (hemopoietic) on the cells collected.
Mean ratio of E-cadherin*/CD45* cells. Error bars show SEM. (G) DNA content analysis with propidium iodide (PI) staining in gated E-cadherin*/CD45~ cells:

representative histograms. (H) Quantitation of Pl staining data. Error bars show SD.
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Discussion

In this study we found a proinflammatory role for IEC in trig-
gering IBD pathogenesis. We show that TNF overexpression
specifically by IEC leads to the early activation of the underlying
mesenchymal cells and is sufficient for the full induction of IBD
pathology specifically in the ileum. Notably, the ileal localization
of pathology in the Tnf**®“ model is a pivotal characteristic of
human CD and distinguishes this model from the majority of
mouse models of IBD in which disease is colonic. Although the
mechanisms underlying this localization remain unclear, possible
explanations could be the involvement of divergent molecular
and cellular pathways and differential microbiota contributions
as well as potential differences in the local mucosal immune
system structure and function. Along with this role of IEC as a
cellular source of TNF, we demonstrated aspects of the role of
IEC as a TNF target. We show that selective TNFRI expression
on IEC, although sufficient to confer apoptosis after acute ex-
ogenous TNF administration, fails to induce pathology after
chronic specific targeting of IEC by endogenous TNF.

TNF has been implicated in disease development in mouse
models of colon inflammation associated with loss of the integrity of
the intestinal barrier, such as the epithelial-specific NF-kB essential
modulator (NEMO)-deficient mice (32) and the epithelial-specific
TGF-p-activated kinase 1 (TAK1)-deficient mice (33), in which the
epithelium undergoes TNF-mediated apoptosis (32, 33). These
models show that impairment of NF-kB signaling sensitizes IEC to
the apoptotic effect of endogenous TNF, resulting in colon in-
flammation (32, 33). Furthermore, in the SAMP/YitFc ileitis model,
in which intrinsic defects in nonhemopoietic cells have been
reported to underlie ileitis susceptibility, the beneficial effect of anti-
TNF administration has been associated with suppressed epithelial
apoptosis (34, 35). By contrast, in the Tnf***€ model, in which the
primary pathogenic trigger is dysregulated chronic TNF over-
production, the IEC response to endogenous TNF does not appear
sufficient to cause pathology. Although we cannot exclude a poten-
tial requirement for TNF-mediated effects on IEC contributing to
the IBD pathology, our data argue against epithelial TNF targeting
as a primary cause of pathology in TNF-driven Crohn-like IBD.

Previous studies have indicated that several mutations asso-
ciated with CD affect genes mediating IEC functions related to
autophagy or bacterial recognition and clearance, suggesting a
possible proinflammatory role of IEC in the development of
pathology. Indeed, in patients who have CD the Paneth cell, an
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Fig. 5. Chronic selective targeting of IEC by endogenous TNF in Tnf*4RE

mice is not sufficient for the development of intestinal pathology. (A-C) Histo-
logical examination of the ileum of 8-mo-old Tnf“RE*VillinCre TnfRI™*nec/fixneo
mice and littermate controls. (A) Tnf**RE*VillinCreTnfRIFX"eo/fxneo mice that
express TNFRI selectively in IEC show normal tissue structure without signs of
inflammation or tissue damage. (B) Severe intestinal pathology character-
ized by extensive mucosal and submucosal inflammation in positive-control
TnfAAREHTRfRIPe™ mice. (C) Negative-control TnfAAREHTnfR/fxnec/fixnee mice
that do not express TNFRI appear normal. Paraffin sections were stained
with H&E. (Scale bars: 100 pm.) (D) Incidence of IBD pathology in the ileum of
TnfAARE*VillinCre TnfRI"eoxne0 mice and littermates at age 8 and 12 mo.
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epithelial cell type involved in bacterial clearance, strongly over-
expresses TNF (21). Importantly also, mice bearing IEC-specific
deletion of the endoplasmic reticulum stress response-related
transcription factor X-box-binding protein 1 (XBP1) show im-
paired epithelial antimicrobial function and spontaneously develop
IBD pathology in the small intestine (36). Hypomorphic variants of
XBP1 have been found to be associated with both CD and UC
(36), and XBP1-deficient IEC overproduce TNF in vivo (36), in-
dicating that a genetic alteration associated with human IBD can
lead directly to epithelial overproduction of TNF. Relevant to
these observations, our results provide evidence for aspects of the
role of IEC as a cellular source of TNF with regard to IBD path-
ogenesis. We originally show that IEC are able to introduce early
inflammatory signals in the intestine sufficient to lead to the de-
velopment of intestinal pathology in the ileum similar to that ob-
served in patients who have CD. Because IEC-derived TNF can be
an early trigger of CD bearing full pathogenic potential, it would
be interesting to examine whether genetic alterations found to be
associated with IBD in humans lead to epithelial TNF over-
expression. However, mice genetically engineered to carry most of
the CD-associated mutations in genes like Nod2 and Agl6l1 did
not manifest spontaneous phenotypes of inflammation in the small
intestine (14, 17, 37). Therefore, for pathology to develop, addi-
tional factors, both genetic and environmental, must act synergis-
tically with any particular mutation. TNF overproduction can be
a point of convergence of such pathways (37).

The dynamic cross-talk between the intestinal microflora and
the epithelium is the major environmental parameter that may
lead to a proinflammatory function of IEC, because they respond
differently to commensal and pathogenic bacteria (38). Indeed,
human primary IEC, although unresponsive to noninvasive bac-
terial strains, overproduce TNF in response to bacterial invasion
ex vivo (39), highlighting the effect of microflora composition on
the tolerant or inflammatory character of IEC. On the other hand,
important differences are observed in the composition of the in-
testinal microflora in patients who have CD or UC and healthy
controls (40), and infections are considered to be implicated in
both disease onset and relapse in humans (41). Interestingly, it has
been shown that Escherichia coli bacterial isolates from inflamed
tissues of patients who have CD trigger NF-kB activation and TNF
secretion by IEC (42). Furthermore, the hypoxia generated under
conditions of infection, tissue damage, and inflammation can be an
additional trigger or positive-feedback mechanism for epithelial
TNF production, because IEC respond to hypoxia by releasing
TNF (43). The pathogenic potential of epithelial TNF production
shown in the present study may indicate that in humans conditions
leading to local TNF production, such as genetic mutation or
bacterial invasion, independently or in combination, may lead to
chronic TNF overproduction, breaking the delicate homeostatic
balance of the intestine and resulting in pathology.

An immediate cellular target of epithelial TNF that is capable
of mediating development of disease is the adjacent subepithelial
IMF. Indeed, activated IMF can express cytokines, chemokines,
adhesion molecules, and prostaglandins promoting the in-
flammatory response as well as growth factors and MMP
degrading the extracellular matrix and reorganizing the tissue
structure (44, 45). Notably, our group previously identified IMF
as early and sufficient targets of TNF in Crohn-like IBD pa-
thology in the Tnf**** model (12). In this study we show that
epithelial-derived TNF is able to trigger activation of the un-
derlying IMF even before the appearance of pathological signs
or recruitment of immune effector cells in the lamina propria.
We show that epithelial TNF leads to misbalanced MMP and
TIMP1 expression by IMF and to ICAM1 up-regulation. There-
fore, the interaction of IEC and IMF via TNF seems to bear full
pathogenic capacity in this model. Treatment of IMF isolated
from patients who have active CD with anti-TNF antibodies used
currently for CD therapy, such as infliximab, leads to their
functional modulation, enhancing the expression of TIMP-1 and
downregulating MMP (46). These observations together with our
present results suggest that in future studies it will be important
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to examine genetic and/or environmental parameters that lead to
epithelial TNF overproduction in the human intestine. Such
studies should provide essential information on the early events
leading to CD pathology in humans and may lead to novel ap-
plications in disease prevention and therapy.

Materials and Methods

Mice. The Tnf*4RE/*, TpfiAREneol (g) TpfRjfixnecfixneo (30) and TnfRI™'~ (31)
mice have been described previously. VillinCre transgenic mice (24) were
provided by D. L. Gumucio (Department of Cell and Developmental Biology,
University of Michigan Medical School, Ann Arbor, Ml). All mice were bred
and maintained on a C57BL/6J or on a mixed C57BL/6Jx129S6 genetic
background in the animal facilities of the Biomedical Sciences Research
Center (BSRC) Alexander Fleming under specific pathogen-free conditions.
All mice were used in accordance with the guidance of the Institutional
Animal Care and Use Committee of BSRC Alexander Fleming.

Histological Assessment of Intestinal Pathology. Histological analysis was
performed in the terminal ileum and parts of the colon, duodenum, and
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jejunum. The tissue was embedded in paraffin and stained with H&E.
Semiquantitative assessment of intestinal pathology was performed in
a blinded fashion. The following scoring system was used: 0 = normal; 1 =
villi blunting and mucosal inflammation; 2 = villi blunting, extensive mucosal
inflammation, and submucosal inflammation; 3 = extensive submucosal in-
flammation; 4 = transmural inflammation.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
software with P values <0.05 regarded as statistically significant.
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