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In inflammatory bowel diseases (IBD), intestinal epi-
thelial cells (IECs) are involved in the outbalanced
immune responses toward luminal antigens. How-
ever, the signals responsible for this proinflamma-
tory capacity of IECs in IBD remain unclear. The
CD40/CD40L interaction activates various pathways
in immune and nonimmune cells related to inflam-
mation and was shown to be critical for the develop-
ment of IBD. Here we demonstrate CD40 expression
within IECs during active IBD. Endoscopically ob-
tained biopsies taken from Crohn’s disease (n = 112)
and ulcerative colitis patients (n = 67) consistently
showed immunofluorescence staining for CD40 in
IECs of inflamed ileal or colonic mucosa. In nonin-
volved mucosa during active disease, tissue obtained
during Crohn’s disease or ulcerative colitis in remis-
sion and biopsies from healthy controls (z = 38) IECs
almost entirely lacked CD40 staining. Flow cytometry
and RT-PCR analysis using different intestinal epithe-
lial cell lines (HT29, SW480, and T84) showed IFN-vy to
effectively induce CD40 in IECs. Cells were virtually
unresponsive to LPS or whole E. coli regarding CD40
expression. In addition, a moderate induction of
CD40 was found in response to TNF-«, which exerted
synergistical effects with IFN-y. CD40 ligation by
CD40L-transfected murine fibroblasts or soluble
CD40L increased the secretion of IL-8 in IFN-y pre-
treated HT29 cells. Our findings provide evidence for
the epithelial expression and modulation of CD40 in
IBD-affected mucosa and indicate its involvement in
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the proinflammatory function of IECs. (4m J Pathol
2010, 176:1816-1827; DOI: 10.2353/ajpath.2010.090461)

Crohn’s disease (CD) and ulcerative colitis (UC) are com-
mon inflammatory disorders of the intestine. Inflammation
in these entities of inflammatory bowel disease (IBD)
results from a complex interaction of genetic, environ-
mental, microbial, and immune factors primarily driven by
defects of the mucosal barrier."? The secondary loss of
tolerance toward microbiota or dietary antigens of the gut
lumen leads to an inappropriate and continuous activa-
tion of the mucosal immune system.

Intestinal epithelial cells (IECs) represent the critical
interface between the environment and host. IECs are
known to be involved in the regulation of mucosal im-
mune responses to luminal antigens.®* They function as
antigen presenting cells (APCs) to different subsets of T
cells®®~7 and moreover play a role in the innate immune
response through secretion of a panel of cytokines and
chemokines.®~'" In this regard IECs substantially con-
tribute to the inflammatory processes in IBD by stimu-
lating effector T cells and the release of interleukin
(IL)-1, IL-6, IL-8, or tumor necrosis factor (TNF)-a. How-
ever, the signals that drive IECs to function as a proin-
flammatory mediator during IBD remain incompletely
understood.

CD40 is a 45- to 50-kDa cell-surface glycoprotein that
belongs to the TNF-receptor family and was initially de-
scribed on B cells.'? Subsequently, CD40 was identified
on various cell types such as professional APCs, endothelial
cells, epithelial cells of different organs, and fibroblasts. ™™
Its ligand, CD40L, is a 39-kDa surface glycoprotein and a
member of the TNF gene superfamily. CD40L is mainly
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expressed on activated CD4* T-helper cells and platelets
but could also be found on cytotoxic CD8" T cells. 516
Produced as a transmembrane protein CD40L may be
present as cell surface heteromultimeric complex com-
posed of membrane bound and soluble forms (sCD40L).
The interaction between CD40 and CD40L exerts pleiotro-
pic functions.™ "7 Among these the engagement of CD40
on APCs or epithelial cells is accompanied by the up-
regulation of Major Histocompatability Complex (MHC) and
costimulatory molecules such as CD80 or CD86. The CD40-
mediated stimulation further results in the secretion of a row
of cytokines/chemokines such as IL-1, IL-6, IL-8, IL-12, and
TNF-a.

Studies in animal models demonstrate a crucial role of
the CD40-CD40L system in autoimmune diseases such as
collagen-induced arthritis, experimental allergic encephalo-
myelitis, and lupus nephritis. '®72° Remarkably, Stuber et al
showed that the CD40-CD40L interaction is also an impor-
tant element in the pathogenesis of colitis.?! Blocking the
CD40-CD40L system using anti-CD40L antibodies, authors
found a prevention of the TNBS-induced colitis. In addition,
CD40L transgenic mice with the highest transgene copy
numbers were reported to acquire a lethal bowel inflamma-
tion resembling IBD.22 The particular relevance of this sys-
tem in CD or UC is further emphasized by evidence ob-
tained from IBD patients. CD40, CD40L, and sCD40L were
observed to be strongly up-regulated in course of active CD
and UC, particularly within the inflamed mucosa.?®2°

These data suggest that the CD40-CD40L system
might be essentially involved in the proinflammatory ac-
tion of IECs during IBD. Of note, the expression and
potential function of CD40 in IECs, especially in the con-
text of IBD, still remain to be elucidated. In this study we
provide evidence for the epithelial expression of CD40 in
IBD, its modulation, and functional implication in the pro-
cesses of mucosal inflammation.

Materials and Methods

Patients and Ethics

For immunofluorescence analysis mucosal biopsies were
obtained from subjects undergoing ileocolonoscopy. Pa-
tients were recruited on the basis of CD and UC with active
disease or remission (CD: active n = 77, remission n = 35;
UC: active n = 40, remission n = 27). Biopsies were taken
in the terminal ileum in CD patients and controls. Colonic
tissue was obtained from patients with CD, UC, and con-
trols. In patients with colonic inflammation biopsies were
simultaneously taken from affected mucosa and adjacent
noninflamed areas. CD- or UC-specific inflammation and
noninflamed mucosa during remission or in nonaffected
areas was confirmed by histopathology. The diagnosis of
CD or UC had been established by clinical, radiological,
endoscopical, and histopathological criteria. An infectious
cause of acute inflammation was excluded. CD and UC
treatment consisted of mesalamine, budesonide, pred-
nisolone, azathioprine, 6-mecaptopurine, and methotrex-
ate. Patients undergoing ileocolonoscopy for carcinoma
screening, gastrointestinal bleeding, constipation, or ob-
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Table 1. Patient Characteristics

Mean
N = Female Male Age Range
Total 217 135 82 46.6 (171087)
CD
lleum
Active disease 29 15 14 426 (261to66)
Remission 15 10 5 443 (19to60)
Colon
Active disease 48 33 15 39.2 (19to082)
Remission 20 14 6 47.2 (19to70)
uc
Colon
Active disease 40 23 17 415 (17to 70)
Remission 27 15 12 49.7 (24t077)
Healthy control
lleum 17 ikl 6 51.8 (20to 85)
Colon 21 14 7 56.8 (19t087)

scure abdominal pain served as controls (n = 38). In these
patients tissue was obtained from macroscopically healthy
tissue and biopsies showed a regular histology throughout.
Control patients did not receive any immunomodulatory
drugs. Sex and age of patients are given in Table 1.
Written informed consent was obtained from all pa-
tients. The experiments received local ethical approval
(Medical Faculty, University of Lubeck: 02-073, 03-043).

Immunofluorescence Microscopy

Endoscopically obtained biopsies were snap frozen in
liquid-nitrogen. Cryosections (6 wm) were air-dried,
fixed in acetone-methanol (1:1), and incubated with a
mouse monoclonal antibody against human CD40
(clone mAB89; Immunotech, Beckman Coulter, Krefeld,
Germany) or IL-8 (clone NAPII; Bender MedSystems,
Vienna, Austria), and the appropriate anti-mouse IgG
Alexa-488 conjugate (Molecular Probes, Invitrogen,
Karlsruhe, Germany) for 60 minutes each. Bis-benzimide
(Sigma-Aldrich, Taufkirchen, Germany) was used to stain
nuclei. Immunofluorescence analysis was done by con-
focal laser-scanning microscopy using a Zeiss (Jena,
Germany) LSM 510 Meta.

Cells

The intestinal epithelial cell lines HT29, SW480, and T84
were obtained from the American Type Culture Collec-
tion. Mouse fibroblastic L cells and L cells stably trans-
fected with the human CD40L (L-CD40L cells) were a
kind gift of Dr. Cees van Kooten.?® Cells were kept under
humidified conditions at 37°C and 5% CO,. DMEM high
glucose was used for HT29 cells, DMEM/Ham F-12 for
SW480, and T84 cells and RPMI 1640 for L/L-CD40L
cells. Media were supplemented with 10% heat-inacti-
vated FCS, 2 mmol/L L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin.

Flow Cytometry

HT29, SW480, and T84 cells, grown to confluence, were
stimulated with IFN-y (200 U/ml; R&D Systems, Wiesba-
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den, Germany), TNF-a (1 to 100 ng/ml; R&D Systems),
and LPS (10 to 1000 ng/ml; Sigma-Aldrich) alone or in
combination for 72 hours. For FACS analysis 1 X 10°
cells were stained for 30 minutes with the monoclonal
mouse anti-human CD40 antibody (clone mAB89; Immu-
notech) or the corresponding isotype control (mouse
IgG1; BD Pharmingen, Heidelberg, Germany) on ice.
Goat anti-mouse 1IgG conjugated to PE (Molecular
Probes) served as secondary antibody. Flow cytometry
was done on a Becton Dickinson FACS Calibur (BD Bio-
sciences, Heidelberg, Germany). Cell Quest Pro software
was used for data analysis.

RNA Extraction and Reverse Transcription

For analysis of the CD40 mRNA expression HT29,
SW480, and T84 cells were stimulated with IFN-y and
TNF-a. HT29 cells were further incubated with superna-
tant obtained from IFN-y-pulsed cells, sCD40L, LPS, and
whole E. coli (see bacterial stimulation). Expression levels
of IL-8 mRNA were additionally studied in these cells. For
analysis cells were harvested after different periods be-
tween 4 and 72 hours. Total RNA was extracted using the
RNeasy mini kit (Qiagen, Hilden, Germany and Analytik
Jena, Jena, Germany) according to the manufacturer’s
instructions. For cDNA synthesis 1 ug RNA was digested
with DNase 1 (Sigma-Aldrich). Reverse transcription was
performed using 100 U Superscript Il, 0.01 M DTT, 1X
reaction buffer (each obtained from Invitrogen), 250 ng of
random hexamers (Promega, Mannheim, Germany), and
0.5 mmol/L dNTP (PeqLAB, Erlangen, Germany) in a total
volume of 20 ul for 50 minutes at 42°C.

Real-Time Quantitative PCR

PCR primers and TagMan probes for CD40, IL-8, and the
housekeeping gene MLN51 (metastatic lymphnode 51)
were designed using Primer Express software (Applied
Biosystems, Foster City, CA) synthesized by MWG Bio-
tech (Ebersberg, Germany). TagMan probes were la-
beled with FAM as reporter and TAMRA as quencher.
The following sequences for primers and probes from 5’
to 3" end were used: CD40 forward, 5'-GCAGTGCGTC-
CTCTGGGG-3’, CD40 reverse, 5'-TTCTGTCCTGGCTG-
GCACAA-3’, CD40 probe 5-TGCTTGCTGACCGCTG-
TCCATCCAGA-3'; IL-8 forward, 5'-TGAGAGTGATTGA-
GAGTGGACCA-3’, IL-8 reverse, 5'-TCAGCCCTCTTC-
AAAAACTTCTCC-3', IL-8 probe 5'-CCCTCTGCACCC-
AGTTTTCCTTGGGG-3'; MLN51 forward, 5’-CTTCATC-
TGCGGCGGCGGGTG-3', MLN51 reverse, 5'-ACCTTC-
AATGCCATCTTCACTCT-3’, MLN51 probe 5’-ACTCCG-
ACTCCTCAGCACTCTTGGCG-3'.

Optimized runs were performed on an ABI Prism 7000
sequence detector (Applied Biosystems, Foster City,
CA), started with 10 minutes at 95°C and followed by 50
cycles of 15 seconds at 95°C and 1 minute at 60°C. PCRs
were done using: 2 ul of sample DNA, 12.5 ul of PCR
master mix (Eurogentec, Seraing, Belgium), and 10.5 ul
DEPC-treated water to give a final volume of 25 ul. The
concentration of each sense and antisense primer for

MLN51 was 500 nmol/L, 700 nmol/L for CD40, and 500
nmol/L for IL-8. Optimized concentrations used for Tag-
Man probes were 250 nmol/L (MLN51), 200 nmol/L
(CD40), and 100 nmol/L (IL-8). Samples and no template
controls were included in each run as duplexes, and
each run was performed twice. Standard curves were
generated based on these results applying PCR software
(Applied Biosystems) to monitor the kinetics of reaction.
Relative gene expression of CD40 and IL-8 was calcu-
lated on the base of Ct values of two independently
performed PCR runs (ratio = 2724€T). Ratios represent
gene expression in relation to expression levels of
MLN51.

Bacterial Stimulation

Whole nonpathogenic E. coli (ATCC 25922) were grown
on blood-agar (COS). The bacteria were harvested,
washed with PBS, and apically given to confluent HT29
cells in a ratio of 10:1. For these experiments the DMEM
high glucose medium was primarily used without any
FCS and antibiotics. In case of a HT29 exposure to
replicating bacteria for 48 hours, gentamicin (20 wg/ml;
Sigma-Aldrich) was added after 4 hours to stop the
bacterial proliferation for the remaining 44 hours of
incubation. Cell viability was ascertained at different
periods with trypan blue (Sigma-Aldrich).

ELISA

IL-8 secretion by HT29 cells was determined in response
to cell-bound CD40L or sCD40L. HT29 cells, which com-
pared with SW480 and T84 cells display the most dis-
seminated growth behavior, were used to optimize the
cell/cell contact with L and L-CD40L cells. 5 X 10° HT29
cells were seeded in transwell inserts (pore size 0.4 um;
BD Pharmingen) and treated with 200 U/ml IFN-vy for 72
hours. 5 X 10° L-CD40L or nontransfected L cells were
added to the stimulated HT29 cells in a subconfluent
state. Cells were left in coincubation for 72 hours. For
analysis of the sCD40L stimulation IFN-y-activated HT29
cells were grown to confluence. sCD40L was applied as
human recombinant sCD40L in a trimeric 16.3 kDa form
(Bender MedSystems, Vienna, Austria) and exposed to
the basolateral compartment of the transwell system for
72 hours (0.1 to 100 ng/ml). Concentrations of IL-8 were
assessed in the basolateral chamber by sandwich en-
zyme-linked immunosorbent assay (ELISA; R&D Sys-
tems) according to the manufacturer's protocol. The
measurement was read at 450 nm wavelength with a
Bio-Tek (Bad Friedrichshall, Germany) ELISA reader. Re-
sults are expressed as mean = SEM of three indepen-
dent experiments.

Statistical Analysis

Statistical analysis was done using Student t test and
significance assumed P = 0.05.



Figure 1. Expression of CD40 in intestinal epithelial cells during active
crohn disease (CD) and ulcerative colitis (UC). Immunofluorescence staining
for CD40 (green) was performed on cryosections of endoscopically obtained
biopsies. In the healthy ileum (A) and colon (B) IECs lacked staining for
CDA40. In contrast, CD40 was detected on IECs during CD ileitis (C), CD colitis
(D), and UC (B). Epithelial staining for CD40 was found in crypts (asterisks),
villi, and the colonic surface epithelium. On the subcellular level CD40 was
predominantly localized on basolateral membranes of IECs. Cells of the
lamina propria (LP) revealed CD40 staining independent of the inflammatory
state. Lu indicates lumen.

Results

CD40 Expression in Intestinal Epithelial Cells
during Active Inflammatory Bowel Disease

For the analysis of mucosal CD40 expression in the
course of IBD immunofluorescence staining on endo-
scopically obtained biopsies was used. Stained sections
were studied by an investigator unaware of any clinical
information and the expression determined based on a
comparison with the corresponding isotype control. Ex-
pression of CD40 in IECs was assumed in case of a valid
staining for CD40 in crypts and the villus/surface epithe-
lium consistently seen throughout 10 to 20 randomly cho-
sen high power fields at a x40 magnification.

With few exceptions IECs of the healthy ileum lacked
expression for CD40 (Figures 1A and 2A). IECs of the
colon lacked CDA40 staining in all control patients exam-
ined (Figure 1B and 2A). In both localizations the healthy
mucosa consistently revealed CD40" cells within the
lamina propria (Figure 1, A and B). By contrast CD40
expression in IECs was found to be markedly up-regu-
lated in course of active IBD. In the vast majority of
patients with CD ileitis (Figure 1C and 2B), Crohn’s colitis
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(Figure 1D and 2B) and active UC (Figure 1E and 2C) the
inflamed tissue showed staining for CD40 within the ep-
ithelium. The epithelial expression for CD40 in affected
mucosa was similarly seen in crypts and villi in the ileum
and crypts and the surface epithelium in the colon. On
the subcellular level CD40 appeared to be expressed in
a polarized fashion and confined to the basolateral mem-
branes of IECs (Figure 1, C-E). Infiltrates of CD40™ cells
in the lamina propria strongly increased during mucosal
inflammation in both CD and UC (Figure 1, C-E). Of note,
in CD and UC patients with active colonic disease the
induction of CD40 in IECs was restricted to inflamed
areas. In almost all patients nonaltered colonic mucosa
taken during colitis directly adjacent to the inflamed tis-
sue showed a lack of CD40 in IECs (Figure 2D). In line
with this, biopsies obtained during remission from ileal or
colonic mucosa formerly affected in the course of CD or
UC showed absence of staining for CD40 in IECs (Figure
2, B and C).

IFN-vy and TNF-a Induce the Expression of
CDA40 in Intestinal Epithelial Cells

Our immunofluorescence results suggested the expres-
sion of CD40 in IECs to be related to the inflammatory
status of the mucosa in active IBD. Although highly indic-
ative, the immunofluorescence staining on tissue sec-
tions does not necessarily prove the expression of the
protein by the corresponding cells. Moreover we were
interested in unraveling the mediators responsible for the
assumed induction of epithelial CD40 in CD and UC.
Thus the expression of CD40 was investigated on the
protein (Figure 3) and RNA level (Figure 4) in the pheno-
typically distinct intestinal epithelial cell lines HT29,
SW480, and T84. Cells were stimulated with IFN-y and
TNF-a alone or in combination. IFN-y and TNF-a had
been demonstrated as potent inductors of CD40 in other
cell types and are known to be key mediators in the
pathogenesis of CD and UC."'®

Analyzed by flow cytometry cell surface-expression of
CD40 was not detectable in any of the cell lines without
stimulation (Figure 3). IFN-y consistently stimulated CD40
in HT29 and T84 cells, however in different efficacies.
Whereas a marked induction was observed in HT29 (Fig-
ure 3, A and B) and T84 cells (Figure 3, E and F), the
CD40 expression was only weakly stimulated by IFN-vy in
SW480 cells (Figure 3, C and D). Heterogeneous results
were obtained for TNF-a. HT29 cells did not show any
response to TNF-a regarding CD40, even used in high
doses up to 100 ng/ml (Figure 3, A and B). SW480 (Figure
3, C and D) and T84 (Figure 3, E and F) cells showed a
concentration-dependent increase of the CD40 expres-
sion on TNF-a. The most intensive response to TNF-a was
seen in T84 cells. Using TNF-« in parallel to IFN-y was
done to unravel additive stimuli on the expression of
CD40. The combination of proinflammatory agents re-
flects an approach to the “real situation” in IBD, which is
driven by a concert of numerous cytokines and chemo-
kines. The combination of IFN-y and TNF-a was observed
to be most effective for the induction of CD40 in IECs
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Figure 2. Quantification of the CD40 expres-
sion in intestinal epithelial cells of IBD patients
and healthy controls. The expression of CD40 in
IECs was analyzed using immunofluorescence
microscopy on endoscopically obtained mucosa
of healthy controls and IBD patients. The immu-
nofluorescence staining was determined and
quantified as described in the Materials and
Methods. CD40 was hardly ever detectable
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within TECs of the healthy ileum and entirely
absent from the colonic epithelium of healthy
controls (A). In the majority of patients with
active CD ileitis (100%) and colitis (85%), CD40
was consistently found in IECs as opposed to the
corresponding patients in remission (ileum 20%;
colon 5%; B). Similar results were obtained in
UC patients (active disease 92.5%; remission
3.70%; C). In contrast to the inflamed tissue in
CD and UC the noninvolved adjacent mucosa
almost entirely lacked the epithelial expression
of CD40 (D).

colon

active disease remission

(Figure 3). In HT29 (Figure 3, A and B) and SW480 cells
(Figure 3, C and D), the simultaneous incubation with
TNF-a caused an increase of the IFN-y-induced CD40
expression. Of note, the experiments performed in T84
cells showed no additive effect TNF-« (Figure 3, E and F).

Quantitative RT-PCR analysis was performed to study
the kinetics of the CD40 stimulation in IECs on the mRNA
level. To examine the kinetics of CD40 induction IFN-y
was applied as potent inductor in our flow cytometry
experiments. In accordance with the cell surface expres-
sion unstimulated HT29 and SW480 cells lacked detec-
tion of CD40 mRNA (Figure 4, A-D). In T84 cells CD40
mRNA could be detected to some extent even without
IFN-vy influence, indicating a low constitutive expression
on the mRNA level (Figure 4, E and F). On IFN-vy stimu-
lation, we found a strong up-regulation of the mRNA
levels for CD40 in all cell lines after 12 hours (Figure 4, A,
C, and E). In HT29 and SW480 cells the expression levels
gradually increased up to 72 hours (Figure 4, A and C).
T84 cells showed the highest expression after a period of
24 hours (Figure 4E). Based on these data, further PCR
experiments were performed to ascertain the inductive
effects of IFN-y and TNF-«a observed in the flow cytometry
analysis. The appropriate period for each cell line was
adopted for the subsequent experiments. Similar to our
observation on the protein level, TNF-a alone was not
sufficient to activate the transcription of CD40 mRNA in
HT29 cells (Figure 4B). However TNF-a solely given to
SW480 and T84 cells moderately induced the CD40
mRNA expression in a dose-dependent manner (Figure
4, D and F). Again, the combination of IFN-y and TNF-«
was the most effective stimulus for CD40 in all cell lines.
In HT29 and SW480 cells the additive incubation with
TNF-a dose-dependently augmented CD40 mRNA be-
yond the level of IFN-y exposed alone (Figure 4, B and
D). In T84 cells 100 ng/ml TNF-a was observed to be no
more effective than 10 ng/ml when given in addition to the
stable concentration of IFN-vy (Figure 4F).

Crohn’s disease

Ulcerative colitis

Particularly in HT29 cells, the up-regulation of CD40
mRNA on IFN-y showed a delayed kinetic. Uncommon to
changes in gene expression that follow receptor ligation
and downstream signaling mRNA levels for CD40
peaked not until 72 hours. This delayed response to
IFN-y might have been attributable to an intermediate
signal secreted on IFN-y stimulation, which in turn medi-
ated the signaling of CD40 gene expression. To evaluate
this hypothesis, HT29 cells were pulsed with IFN-vy for 24
hours, and the supernatants were obtained and trans-
ferred onto IFN-y-naive HT29 cells. The transferred su-
pernatants did not cause any increase of CD40 mRNA
after 4 and 24 hours of incubation, whereas again a
strong stimulation was found after 72 hours IFN-y used as
control (Figure 5A).

sCD40L-mediated activation of CD40 was shown to
contribute to the up-regulation of CD40 itself.?” With re-
spect to the elevated sCD40L levels in IBD, this pathway
might also be involved in the stimulation of epithelial
CDA40 in active IBD. Therefore HT29 cells, demonstrated
to reliably up-regulate CD40 on IFN-v, were treated for 72
hours with IFN-vy to evoke the CD40 expression. Subse-
quently supernatants were removed and medium with or
without sCD40L given for another 4, 24, and 72 hours.
Time-independent the addition of sCD40L did not exert
any stimulatory effect beyond the IFN-vy-related induction
of CD40 (Figure 5B).

Bacterial Stimuli Do Not Influence the
Expression of CD40 in Intestinal Epithelial Cells

Similar to IFN-y and TNF-«, LPS had been demonstrated
to up-regulate CD40 in different cell types and is thought
to be involved in the proinflammatory cascades in IBD. In
flow cytometry experiments LPS used in different concen-
trations (10—1000 ng/ml) failed to activate the CD40 ex-
pression in HT29, SW480, and T84 cells (Figure 6). The
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proinflammatory effect of IFN-y was reported to affect the
susceptibility of IECs to mediators such as LPS.%%2°
However, similar to its exclusive use, LPS given add on to
IFN-y was found to exert only marginal, statistically not
significant, effects. No additional stimuli, compared with
IFN-vy used alone, were detected in HT29 cells (Figure 6,
A and B). In SW480 (Figure 6, C and D) and T84 cells
(Figure 6, E and F) the addition of LPS to IFN-vy resulted
in a trend toward a slight increase of CD40 expression. In
contrast to, eg, dendritic cells, our flow cytometry data
indicated nearly unresponsiveness of the cell lines used
toward LPS. We intended to confirm the results on the
mRNA level and elucidate, if the unresponsiveness might
be restricted to LPS or contrary comprise a broader
spectrum of bacterial stimuli. Therefore experiments us-
ing HT29 cells and additionally whole E. coli were per-
formed. Again LPS applied in concentrations up to 1000
ng/ml was found ineffective to induce the CD40 expres-
sion after 4 and 48 hours (Figure 7A). Lack of CD40
induction was also observed after exposure to E. coli at
these periods (Figure 7A). To prevent cell death caused
by an overwhelming bacterial growth during 48 hours,
gentamicin was added to the medium after an initial
replication phase of 4 hours. Lack of toxicity was proven
by trypan blue analysis, which showed no changes in the
cell viability compared with HT29 cells solely exposed to

1o-|:||—|

normal medium (viability of >95%, not shown). Gentami-
cin alone did not influence the MRNA expression of CD40
(not shown). In the same experiments the 48 hours
IFN-vy pulse, used as control, strongly increased CD40
mRNA levels (Figure 7A). To rule out a global unre-
sponsiveness of HT29 cells toward the bacterial stimuli
applied in our study, analysis of IL-8 mMRNA expression
was done. Of note both stimuli, LPS and E. coli, caused
a marked increase of the IL-8 mRNA levels in these
cells (Figure 7B).

The Engagement of CD40 on Intestinal Epithelial
Cells Mediates the Secretion of IL-8

To yield insight into a hypothesized functional relevance
of the epithelial CD40 expression in IBD, we studied the
secretion of IL-8 by HT29 cells in response to CD40L
binding. The secretion of IL-8 was chosen as read out for
2 reasons. First, IL-8 is well known as crucial part of the
innate immune response of IECs in IBD.®° Second, the
release of IL-8 had been demonstrated in different cell
types on activation via CD40."®' Thus IL-8 ideally links
the pathophysiology of IBD, the function of the CD40/
CD40L system and the role of IECs.
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Immunofluorescence staining for IL-8 was done on
tissue sections of the ileal and colonic biopsies to confirm
the suspected simultaneous expression of IL-8 and CD40
during active IBD. In accordance with our CD40 data,
IECs of the healthy ileum (Figure 8A) and colon (Figure
8B) lacked staining for IL-8. By contrast the epithelium of
patients with active ileal (Figure 8C) and colonic CD
(Figure 8D) as well as active UC (Figure 8E) was found
IL-8—positive, which indicated a co-expression within
|IECs in vivo.
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To mimic the in vivo situation of CD40 activation in IBD
the ligation was analyzed using cell-bound and soluble
CD40L. HT29 cells pretreated with IFN-vy for 72 hours and
subsequently cocultured with nontransfected murine L-
cells were used as control to demonstrate IL-8 secretion
exerted by IFN-y. The pretreatment with IFN-y devoid of
additional stimuli by L-CD40L cells resulted in a linear
increase of the IL-8 concentration in the basolateral com-
partment (Figure 9A). Remarkably the coculture of IFN-
y-activated HT29 cells with L-CD40L cells carrying the

Figure 5. Effects of IFN-y and sCD40L on the
CD40 induction in intestinal epithelial cells. Ex-
pression levels of CD40 mRNA were determined
in HT29 cells and results presented as relation to
the metastatic lymph node gene (MLN) 51 mRNA
expression. Data are shown as means of three
independent experiments performed in dupli-
cate and error bars indicate = SEM. A: Cells were
pulsed with 200 U/ml IFN-y for 24 hours, and
the supernatants were obtained and transferred
to naive cells. In these cells CD40 mRNA expres-
sion levels were assessed 4 and 24 hours after

5 o
3 200 3 200
g 23
o2 8%
3 g 35
g8 £3
o =3
8 ‘g- 100 8 § 100
3 g
a 50 a 50
0 0
IFN-g (200 U/ml) - - - + IFN-g (200 U/ml) - +
supernatant - + + sCD40L - -+ + -
4h  24h (100 ng/ml) —~—
4h

transfer without detection of any induction. Cells
[l |l| M = exposed 72 hours to 200 U/ml IFN-vy served as

control and displayed a marked up-regulation.
+ . + . B: In contrast to IFN-y, sCD40L (100 ng/ml)
—~ — given for 72 hours did not stimulate CD40 mRNA
24h 72h

in naive cells. Furthermore sCD40L (100 ng/ml
given 4, 24, and 72 hours) was ineffective to
further increase the CD40 expression subse-
quent to a IFN-y pulse for 72 hours.
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human CD40L strongly augments the secretion of IL-8
(Figure 9A). The highest concentrations of L-CD40L-trig-
gered IL-8 were found after pretreatment with 200 U/ml
IFN-v. The strongest additive effect of L-CD40L cells was
seen in HT29 cells incubated with 50 U/ml IFN-y. In these
cells, the secretion of IL-8, already activated by IFN-v,
was further up-regulated to an extent of 170% (mean).
To evaluate the efficacy of sCD40L, HT29 cells were
either left unstimulated or basolaterally exposed to 200
U/ml IFN-y with or without a subsequent treatment using
various concentrations of sCD40L (Figure 9B). Analysis
of nonstimulated cells revealed a constitutive secretion of
IL-8 by HT29 cells. In line with the coculture experiments
using L-cells, IL-8 was markedly induced by IFN-y.
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sCD40L applied in a concentration of 10 and 100 ng/ml
was found to significantly enhance the IFN-y-stimulated
IL-8 secretion by HT29 cells. Compared with the exclu-
sive treatment with IFN-vy, cells additionally incubated
with 100 ng/ml sCD40L, showed 44% higher concentra-
tions (mean) of IL-8 in their basolateral compartment.

Discussion

In this study we provide evidence of CD40 expression in
IECs during active CD and UC, identify IFN-y and TNF-a
as pivotal modulators, and demonstrate clues for its in-
volvement in the proinflammatory function of IECs in IBD.

Figure 7. Bacterial effects on CD40 and IL-8
mRNA expression in intestinal epithelial cells.
Expression levels of CD40 (A) and IL-8 mRNA
(B) were determined in HT29 cells and results
presented as relation to the mRNA expression of
the metastatic lymphnode gene (MLN) 51. Data
are shown as means of three independent ex-
periments performed in duplicate, and error bars
indicate £ SEM. A: Neither LPS (10 to 1000
ng/ml) nor whole E. coli stimulated CD40 mRNA
expression after 4 and 48 hours. The response to
200 U/ml IFN-y served as control. B: In contrast

0
LPS (ng/ml)
E.coli

0
IFN-g (200 U/ml) - + - - -
LPS (ng/ml) 10 100 1000
E.coli - - - +

10 - to CD40 mRNA, LPS (10 ng/mD and E. coli
- strongly increased the expression levels of IL-8
mRNA after 4 hours.
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A

Figure 8. Mucosal expression of IL-8 in CD and UC. Immunofluorescence staining for IL-8 (green) was performed on cryosections of tissue obtained during
ileocoloscopy. Sections made from the healthy ileum (A) or colon (B) lacked mucosal staining for IL-8. Tissue taken during active CD ileitis (C), CD colitis (D),
and UC (B) revealed IL-8 staining in the epithelium and within cells of the lamina propria (LP). Lu indicates lumen.

Animal models of rheumatoid arthritis, experimental au-
toimmune encephalitis, and lupus nephritis yielded first
remarks for the importance of CD40/CD40L pathways in
immune diseases.'®2° Monoclonal antibodies directed
against CD40L were shown to be effective in preventing
disease development in these models. Antibody treatment
even attenuated the established inflammation in the exper-
imental encephalitis and nephritis and significantly im-
proved the disease course. Consequently the CD40/
CDA40L system was subject of interest in mouse models of
IBD, which share common pathogenic features. Stuber et
al studied the in vivo relevance of the CD40/CD40L sys-
tem in the TNBS-induced colitis.?’ Antibodies given
against CD40L prevented the onset of the Th-1-driven
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Figure 9. IL-8 secretion by intestinal epithelial cells on CD40 engagement.
HT29 cells were pretreated with 200 U/ml IFN-7y to induce the surface expres-
sion of CD40. CD40 ligation was performed for 72 hours using either murine
fibroblasts (L cells) stably transfected with human CD40L (A) or human
recombinant soluble CD40L (B; for details see Materials and Methods).
Concentrations of IL-8 were determined in cell-free supernatants by ELISA.
IFN-y dose-dependently enhanced the constitutive secretion of IL-8 (A and
B). Compared with nontransfected L cells, the coculture with L-CD40L cells
strongly increased the IFN-y-stimulated IL-8 production (A). The most dis-
tinctive increase (170%) was observed in HT29 cells treated with 50 U/ml
IFN-v, the lowest dose applied. Similar to the cell-bound activation of CD40,
the exposure of sCD40L was also found to further augment the IFN-y—
stimulated TL-8 secretion up to 44% (B). Results are presented as mean of
three independent experiments performed in duplicate. Error bars indicate =
SEM. *P = 0.05 comparing L versus L-CD40L cell coculture (A) and IFN-y—
stimulated versus additionally sCD40L-stimulated cells (B).

colonic inflammation. This effect was attributed to an
inhibited IL-12 production by antigen-presenting cells
and the downstream lack of Th1 T cell priming. CD40L
transgenic mice with high transgene copy numbers were
found to develop a lethal inflammation of the gut.?? Mice
showed a severe colitis resembling histopathological fea-
tures of IBD. The diseased colon was marked by dense
infiltrates of CD40L" CD4" and CD8™" T cells and high
numbers of CD40™" APCs. Thus the data available from
animal models clearly point to the CD40/CD40L pathway
to critically drive the inflammatory cascade in IBD and to
represent a target of treatment strategies.

However the nature of its contribution to intestinal
inflammation is still incompletely defined. Mice defi-
cient for CD40 or CD40L were reported to be protected
from DSS-colitis.®"32 CD40" endothelial cells and in-
testinal fibroblasts were considered to be the relevant
target cells responsible for the protection. The knock-
out mice showed a profound reduction in the recruit-
ment of CD40L™ leukocytes and platelets and a signifi-
cantly impaired inflammation-mediated angiogenesis.
Studies in human focused on the mucosal CD40 expres-
sion in IBD and characterization of CD40™" cells.'*2%:24
All studies demonstrated significantly higher numbers of
CD40™" cells in the inflamed ileal or colonic mucosa of
IBD patients compared with healthy controls. No differ-
ences were seen regarding active CD or UC. Using im-
munohistochemistry, the CD40™ cells were identified as
B cells and to some extent endothelial cells, macro-
phages, and fibroblasts. Surprisingly, the epithelium was
either disregarded or lacked staining for the anti-CD40
antibodies applied. These results are in striking contrast
to our observations, which might rely on different techni-
cal approaches or the antibodies used. Although our
data confirmed the previously observed lack of CD40 in
IECs of healthy mucosa, we identified a consistent epi-
thelial expression of CD40 within the inflamed ileal or
colonic tissue of CD and UC patients. Similar to the
previous data on lamina propria cells, CD40 in IECs was
equally up-regulated during active CD and UC. Several
arguments support the validity of our findings. CD40
expression was confirmed in distinct intestinal epithelial
cell lines on inflammatory stimuli using flow cytometry
analysis. These data were almost identically reproduced
on the mRNA level by RT-PCR. Furthermore, the increase
of IL-8 secretion by IFN-y—conditioned HT29 cells in re-
sponse to CD40L exposure strengthens the evidence for



the presence of CD40 in IECs during inflammation in IBD.
In this regard IECs behave like epithelial cells of other
organs such as tubular epithelial cells of the kidney or the
airway epithelium.3334

Our data obtained from ileal and colonic biopsies
strongly suggested that the expression of CD40 in IECs is
closely related to the underlying mucosal inflammation. In
contrast to the inflamed mucosa in CD and UC, formerly
affected tissue taken during remission almost entirely
lacked CD40 staining in IECs. This was in line with co-
lonic samples obtained from noninflamed areas in the
course of acute colitis in both forms of IBD. As the IBD-
specific medication was found not to be correlated with
the epithelial CD40 expression we suggest that not the
specific medication itself but rather the actual inflamma-
tory status of the mucosa is the critical determinant. Thus
the CD40 expression in IECs is most likely not a primary
defect in IBD patients that predisposes to disease devel-
opment. Similar to the epithelial up-regulation of MHC Il
or CD86 during active IBD it rather seems to be a sec-
ondary response of IECs to an already initiated inflam-
mation, which contributes to the perpetuation of the in-
flammatory processes.®

According to our immunohistochemistry results, the
induction of CD40 in IECs appeared to be driven by
mediators involved in the pathogenesis of CD and UC.
IFN-y and TNF-a are known to be critically implicated in
the pathophysiology of both disease entities.”? Both cy-
tokines had additionally been identified to stimulate CD40
in different cell types via engagement of NF-xB.'2'4
Furthermore IFN-y and TNF-«a had been demonstrated to
influence IECs in various terms, among these the up-
regulation of MHC molecules and cytokine/chemokine
secretion.® """ |n all of the different intestinal epithelial
cell lines applied in our experiments IFN-y was found to
evoke the strongest signal for CD40 induction. These
results indicate that in agreement with the CD40 expres-
sion in professional APCs, mesenchymal, and other epi-
thelial or endothelial cell types, IFN-y plays the central
role of its modulation in IECs.'?'* The comparatively
delayed response of CD40 mRNA expression after IFN-vy
stimulus in HT29 and SW480 cells might have been re-
lated to an intermediate factor secreted by these cells on
IFN-y. Consequently IFN-y would not have been the di-
rect stimulus assumed. However, the results of our trans-
fer experiments using supernatants of IFN-y—pulsed
HT29 cells, which were found ineffective to up-regulate
CD40 in naive cells, argue against a secreted intermedi-
ate and support a delayed, but direct effect of IFN-vy.
Although our results showed efficacy of TNF-a in the
stimulation of CD40 in SW480 and T84 cells, its inductive
potency was rather small compared with IFN-vy. The lack
of TNF-«a efficacy in HT29 cells might be explained by
differences in the expression patterns of the TNF recep-
tors 1/11.%% IFN-y was reported to up-regulate the TNF-«
receptors | and Il in IECs.?® Therefore, the synergistic
effect of both proinflammatory cytokines particularly in
SW480 cells could be related to an IFN-y-mediated in-
crease in TNF receptors. Our data suggest that the con-
cert of IFN-y and TNF-a is a key element modulating the
CD40 expression in IECs. In that Th1, Th17/1 (IFN-y
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release), and Th17 cells and professional APCs (TNF-«a
release) activated during the initial phase of the disease
account for this presumably secondary proinflammatory
component of the epithelial immune function in IBD.

The intestinal barrier is constantly exposed to high
concentrations of bacterial antigens among these LPS of
E. coli. LPS signaling after TLR4 ligation was shown to
induce CD40 expression via NF-kB in macrophages and
microglia.®® Thus LPS would have been a suitable can-
didate for the CD40 modulation in IECs. However, the
data available dealing with LPS signaling in IECs are
inconsistent. Whereas some authors report a constitu-
tional functional expression of TLR4 in IECs, Abreu et al
demonstrated an unresponsiveness of HT29 and T84
cells to purified, protein-free LPS attributable to the lack
of MD-2 and the weak expression of TLR4.%738 This
would be in line with our observation using LPS alone to
stimulate CD40. In studies performed by Suzuki et al
IFN-y was found to augment the responsiveness to LPS,
particularly in SW480 cells.?® Indeed in our experiments
SW480 cells showed a slight though statistically not sig-
nificant enhancement of the CD40 expression in re-
sponse to LPS when given in combination with IFN-vy.
Beside the conflicting data concerning LPS, human IECs,
among these HT29, were reported to respond to whole
commensal E. coli or purified flagellin.®*4° The response
to these luminally given stimuli was mediated via apically
expressed TLR-5 and downstream signaling that involves
NF-kB. Thus it seemed suitable to investigate the effects
of a TLR-5 agonist as regulator of the CD40 expression in
HT29 cells. However, whole nonpathogenic E. coli did not
exert any inductive effects on the CD40 mRNA expres-
sion in HT29 cells. The strong increase in 1L-8 mMRNA
expression found on exposure to LPS and E. coli strongly
argues against a general unresponsiveness of HT29
cells toward these bacterial stimuli and against me-
thodical/technical reasons for the lack of CD40 induc-
tion. Our results do not point to a critical role of com-
mensal bacteria or bacterial products in the regulation
of epithelial CD40 during IBD keeping in mind that
intestinal epithelial cell lines not necessarily reflect the
behavior of IECs in vivo.

IL-8 is an ideal candidate to provide evidence for a
functional role of CD40 expression in IECs during active
IBD. The chemokine IL-8 importantly contributes to the
pathogenesis of IBD by promoting chemotaxis of neutro-
philes and their pleiotropic activation."#*" |zutane et al
found that levels of IL-8 mRNA strictly correlated with the
activity of CD and UC.*? Expression levels in affected
tissue were much higher as opposed to noninvolved
adjacent mucosa, which is similar to our findings regard-
ing the epithelial CD40 expression. A similar correlation
was observed for the IL-8 production in IECs, which is in
line with our immunofluorescence results depicting epi-
thelial IL-8 staining in active CD and UC in contrast to
noninflamed tissue.*® In renal tubular epithelial cells and
intestinal fibroblasts the engagement of CD40 was dem-
onstrated to stimulate the secretion of IL-8."*33 We used
mouse fibroblasts stably transfected with CD40L and
sCD40L to unravel an assumed IL-8 production by HT29
cells on CD40 signaling. This setting mimics the real-life
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scenario in IBD with dense infiltrates of CD40L* CD4™"/
CD8" T cells in close contact to IECs and elevated
concentrations of sCD40L that might target IECs as well.
Both the ligation of cell-bound and soluble CD40L further
up-regulated the IL-8 production by HT29 cells already
stimulated by IFN-y to induce CD40. The synergistic
effect of CD40 signaling and IFN-y on the secretion of
IL-8 by IECs again reflects the real situation in IBD. As the
activation of CD40 via sCD40L was shown to enhance its
expression, sCD40L is capable of potentiating its effects
by amplifying its receptor. This process might have been
also implicated in the CD40/CD40L interaction on IECs in
IBD. However, we found no stimulating effect of sCD40L
either in untreated or IFN-y—conditioned HT29 cells. Thus
our experiments do not support a contribution of sCD40L
to the epithelial expression of CD40 in active IBD. Al-
though the pathophysiological significance of CD40-me-
diated IL-8 secretion might be rather small compared
with other well known inductors such as TNF-«, the dem-
onstrated effect proves the involvement of CD40 signal-
ing in processes responsible for the inflammatory capac-
ity of IECs.

Beside the cytokine/chemokine production the cellular
activation via CD40 is known to stimulate numerous dif-
ferent pathways, among these the up-regulation of MHC
antigens and costimulatory molecules such as B7 pro-
teins.' '3 |n addition, the interaction of CD40/CD40L is
suggested to be directly involved in the activation of
CD4™" and CD8™ effector T cells. In active IBD, IECs were
shown to stimulate CD4* and CD8" effector T cells.>®
Therefore, CD40 might be involved in various proinflam-
matory functions of IECs in innate and adaptive immune
responses. Further studies will have to address this issue.
In conclusion our study yields first insight into the expres-
sion and function of CD40 in IECs in the pathophysiology
of IBD. Our data indicate that CD40 might contribute to
inflammatory actions of the gut epithelium in the patho-
genesis of CD and UC.
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