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Background: Several studies have suggested that chronic inflammatory bowel disease may be a
consequence of antigen specific recognition by appropriate T cells which expand and induce
immunopathology.
Aims: We wished to investigate whether autoreactive CD4+ T cells can initiate the disease on recognition of
enterocyte specific antigens directly and if induction of mucosal tolerance occurs.
Methods: Transgenic mice (VILLIN-HA) were generated that showed specific expression of haemagglutinin
from influenza virus A exclusively in enterocytes of the intestinal epithelium. To investigate the impact of
enterocyte specific haemagglutinin expression in an autoimmune environment, we mated VILLIN-HA mice
with T cell receptor (TCR)-HA mice expressing an a/b-TCR, which recognises an MHC class II restricted
epitope of haemagglutinin, and analysed the HA specific T cells for induction of autoimmunity or tolerance.
Results: In VILLIN-HA6TCR-HA mice, incomplete central deletion of HA specific lymphocytes occurred.
Peripheral HA specific lymphocytes showed an activated phenotype and increased infiltration into the
intestinal mucosa, but not into other organs of double transgenic mice. Enterocyte specific lamina propria
lymphocytes showed a dose dependent proliferative response on antigen stimulation whereas the
proliferative capacity of intraepithelial lymphocytes was reduced. Mucosal lymphocytes from VILLINHA6TCR-HA mice secreted lower amounts of interferon c and interleukin (IL)-2 but higher levels of tumour
necrosis factor a, monocyte chemoattractant protein 1, and IL-6. Mucosal immune reactions were
accompanied by broad changes in the gene expression profile with expression of proinflammatory genes,
but strikingly also a remarkable set of genes discussed in the context of peripheral induction of regulatory T
cells, including IL-10, Nrp-1, and Foxp3.
Conclusions: Enterocyte specific antigen expression is sufficient to trigger a specific CD4+ T cell response
leading to mucosal infiltration. In our model, progression to overt clinical disease was counteracted most
likely by induction of regulatory T cells.

he intestinal immune system has to discriminate
between harmless antigens derived from nutrients or
bacterial flora on the one hand and harmful antigens
derived from pathogens on the other hand. Therefore,
induction and maintenance of mucosal tolerance is of
indispensable importance to avoid inappropriate immune
responses in the gut.1 Central tolerance induction takes place
in the thymus where clonal deletion of potentially autoreactive T cells occurs.2 3 However, in a few cases, autoreactive
T cells escape thymic deletion but these T cells are usually
rendered anergic due to the absence of costimulatory signals
on their target tissue in the periphery.4 However, because of
the huge variety of antigens and the large number of
lymphoid cells in the intestine, minor dysfunctions of
mucosal immune homeostasis may induce an intestinal
immune response resulting in inflammation and chronic
disease.5 Additional tolerance mechanisms must exist to
tightly control these inappropriate immune responses. It
has been shown that maintenance of tolerance in the gut
can be mediated by naturally occurring CD4+CD25+ or
CD4+CD45RBlow regulatory T cells which suppress uncontrolled immune responses, most likely towards luminal
antigens.6 This is achieved by secretion of regulatory
cytokines such as interleukin (IL)-10 and transforming
growth factor (TGF)-b.7 Regulatory T cells suppress intestinal
pathology mediated by T cells but until now it remains
unclear how they elicit their effector function in vivo.8
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Both loss of integrity in the epithelial barrier or breakdown
of peripheral tolerance may initiate inflammatory processes
in the intestinal mucosa.7 9 Furthermore, transfer of
CD4+CD45RBhigh T cells into T cell receptor (TCR)-b and d
chain defective mice that are T cell deficient leads to atrophic
changes and goblet cell transformation in the small intestinal
epithelium.10 Additional efforts to examine the tight balance
between tolerance and inflammation in the intestine depend
on the availability of better defined mouse models as complex
interactions between gut associated lymphoid tissue (GALT),
endogenous microbial flora, and potential pathogens on the
one hand, and undefined specificities and low frequencies of
endogenous T cells on the other hand hamper further
progress.
In this study, our aim was to test the hypothesis that
antigen specific CD4+ T cell recognition of a single epithelial
self antigen is sufficient to trigger an inflammatory cascade,
resulting in histological manifestation in the intestine, and
investigate whether regulatory mechanisms may suppress
Abbreviations: GALT, gut associated lymphoid tissue; HA,
haemagglutinin; IBD, inflammatory bowel disease; IEC, intestinal
epithelial cells; IEL, intraepithelial lymphocytes; IFN-c, interferon c; IL,
interleukin; LPL, lamina propria lymphocytes; LT, lymphotoxin; MCP-1,
monocyte chemoattractant protein 1; MLN, mesenteric lymph node;
OVA, ovalbumin; PBS, phosphate buffered saline; PCR, polymerase
chain reaction; RT, reverse transcription; TCR, T cell receptor; TGF,
transforming growth factor; TNF, tumour necrosis factor
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Antibodies and flow cytometry
The monoclonal antibody 6.5 (a-TCR-HA) was purified from
hybridoma supernatant. All other antibodies are from BD
Bioscience (San Jose, California, USA). Two and three colour
flow cytometry was performed on a FACSCalibur and
analysed by CellQuestPro software (BD Bioscience). For gene
expression profiling, 6.5+CD4+ T cells were sorted with the
MoFlow cells sorter (Cytomation, Fort Collins, Colorado,
USA).
Expression analysis by RT-PCR
To analyse HA mRNA expression in different tissues of
VILLIN-HA transgenic mice, total RNA was isolated using the
TriFast FL reagent (PeqLab Biotechnology, Erlangen,
Germany). Alternatively, RNA was isolated with the
RNeasy Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. cDNA was synthesised using
oligo-dT primers and MLV reverse transcription (RT) polymerase (Invitrogen, Karlsruhe, Germany). PCR was performed using HA internal 59 and 39primers.
Western blot analysis
For studying HA protein expression in intestinal epithelial
cells, whole cell lysates were subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, followed by
blotting on a nylon membrane and incubation with the HA
specific antibody CMI1.2. A lysate of HA producing recombinant Escherichia coli was included as an internal control.
Histology
Organ sections were stained with haematoxylin and eosin
(4 mm sections). Immunohistochemistry for T lymphocytes
was performed by a-CD3 antibody clone CD3-12 (Serotec Ltd,
Kidlington, UK) and the avidin-biotin complex method with
diaminobenzidine as chromogen. Immunohistochemistry
sections were counterstained with haematoxylin.

Cla-I

VILLIN promoter

Intron 1

Sacll

HA

Thymus
Heart
Lung
Liver
Spleen
Kidney
Stomach
Duodenum
Jejunum
IIeum
Caecum
Colon

(10.857 bp)
B

BALB/c

HA

HA

BALB/c

E coli-HA

D

VILLIN-HA

C

VILLIN-HA

VILLIN-HA

BALB/c

Mice
TCR-HA transgenic (6.5) mice expressing an a/b-TCR
recognising the MHC class II (H-2Ed:HA110–120) restricted
epitope of the HA protein have been described previously.14
VILLIN-HA transgenic animals were generated using a
construct containing the VILLIN promoter to direct expression of the influenza virus A/PR8/34 haemagglutinin to
epithelial cells along the entire crypt-villus axis,12 a 9 kb
regulatory domain (construct kindly provided by Sylvie
Robine, Institut Curie, Paris, France), and the complete HA
sequence. VILLIN-HA transgenic mice were crossed under
specific pathogen free conditions into the BALB/c background
for at least six generations. Integration of the transgene was
detected by polymerase chain reaction (PCR) analysis of
genomic DNA using a villin promoter specific 59 primer and a
HA specific 39 primer. Mice aged 8–24 weeks were used for
histological analysis and 12–16 week old mice were used for
cellular and molecular characterisation of 6.5+CD4+ T cells.
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Figure 1 Intestine specific haemagglutinin (HA) expression in VILLINHA transgenic mice. (A) Targeting construct. The 10.857bp Cla-I /SacII
fragment comprising the VILLIN promoter followed by the HA protein
(from influenza virus A/PR/8/34) was used for generation of (C57BL/
6JxDBA/2) F1-transgenic mice. Mice were crossed on a BALB/c
background. (B) HA mRNA expression analysis by reverse transcriptionpolymerase chain reaction in different organs of transgenic and control
mice. The upper panel shows HA mRNA expression in BALB/c mice
(negative control) and the lower panel in VILLIN-HA transgenic mice.
DNA templates from transgenic and non-transgenic animals were used
as positive and negative controls. (C) Semiquantitative HA mRNA
expression analysis of intestinal epithelial cells from VILLIN-HA
transgenic and BALB/c mice. (D) Western blot analysis of HA expression
in the gut. As a positive control a lysate of HA producing recombinant
Escherichia coli was used.

Preparation of lymphocyte populations
Intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) were isolated as described previously.15 For
isolation of LPL, the small intestine was cut into small pieces
followed by sequential stirring in medium to remove mucus
and the epithelial layer. LPL were released by digestion at
37˚C with collagenase. Lymphocytes were collected by density
centrifugation. For isolation of IEL, the gut was opened
longitudinally and the mucosa was scraped off and then
dissociated by stirring in medium and dithiothreitol (1 mM)
at 37˚C. After centrifugation, the pellet was vortexed for three
minutes in HANKS containing 10% fetal calf serum. The cell
suspension was rapidly passed through a buffered glass wool
column. Eluted cells were collected by centrifugation.
Isolation of intestinal epithelial cells (IEC)
IEC were isolated as described previously.16 Briefly, the small
intestine was isolated, rinsed with phosphate buffered saline
(PBS) and opened longitudinally. Mucus was removed by
treatment with 1 mM dithiothreitol for 15 minutes. After
washing with PBS, the mucosa was placed in calcium and
magnesium free Hanks’ balanced salt solution containing
1.5 mM EDTA and tumbled for 10 minutes at 37˚C. The
supernatant was collected, the remaining mucosa was
vortexed in PBS, and this supernatant was also collected
and pooled cells were washed with PBS.
Proliferation assay
For antigenic stimulation of 6.5+CD4+ T cells, 56105 cells
from spleen and the mesenteric lymph node (MLN) were
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inflammation and maintain homeostasis. Therefore, we
generated VILLIN-HA transgenic mice expressing the
A/PR8/34 haemagglutinin (HA) from influenza A under
the control of the enterocyte specific VILLIN promoter in
the intestine.11–13 To establish an autoimmune environment,
these mice were crossed with mice expressing a transgenic
TCR specific for the MHC class II restricted peptide HA110120. Moreover, immunological and molecular characterisation of autoreactive CD4+ T cells isolated from the periphery,
lamina propria, and intestinal epithelium of double transgenic mice was performed by cellular assays and microarray
analysis.
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Figure 2 Antigen presenting capacity of intestinal epithelial cells from
VILLIN-HA transgenic mice. Intestinal epithelial cells were isolated from
VILLIN-HA transgenic and BALB/c mice and incubated for at least
72 hours with haemagglutinin (HA) specific CD4+ T cells. Proliferation
was measured by 3[H] thymidine incorporation.

cultured in the presence or absence of 10mg/ml HA peptide
110–120.17 3[H] thymidine incorporation over the last
15 hours of a 48 hour culture was measured by scintillation
counting. In case intestinal lymphocytes were used as
responders, 105 LPL or IEL were cultured with different
amounts of the HA peptide and 56105 feeder cells. After
48 hours, proliferation of the cells was estimated by culturing
the cells in the presence of 1 mCi per well 3[H] thymidine for
an additional 16 hours.
For IEC stimulation experiments, 26105 IEC from VILLINHA and BALB/c mice were cultured with 46104 CD4+ T cells
enriched from TCR-HA splenocytes and cultured for
72 hours. Proliferation was measured by 3[H] thymidine
incorporation for at least 16 hours.
Cytometric bead array
Quantification of cytokines in culture supernatants was
performed using the cytometric bead array kit (BD
Bioscience). Data acquisition was performed by flow cytometry using a FACSCalibur. Acquired data were analysed
using BD Bioscience Cytometric Bead Array software.
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Generation of VILLIN-HA transgenic mice
In order to investigate the consequences of intestine specific
antigen expression on the outcome of mucosal homeostasis,
we generated transgenic mice expressing the HA from
influenza virus A as model antigen under control of the
enterocyte specific VILLIN promoter (fig 1A).11 12 This
promoter directs protein expression to undifferentiated and
mature epithelial cells in the small intestine and colon.12
VILLIN-HA mice were analysed for HA expression in
different organs by RT-PCR. HA mRNA was detectable
throughout the whole gut but not in other organs (fig 1B).
To specify HA expression, intestinal epithelial cells of VILLINHA mice and BALB/c control mice were isolated and analysed
for HA mRNA. We found a high level of HA mRNA
expression in intestinal epithelial cells from VILLIN-HA
transgenic mice compared with BALB/c controls (fig 1C).
Finally, HA protein expression in the intestinal epithelium
was confirmed by western blot analysis (fig 1D).
Stimulatory capacity of intestinal epithelial cells from
VILLIN-HA mice
To clarify if intestinal HA expression is efficient to elicit a HA
specific T cell response, intestinal epithelial cells of VILLINHA and BALB/c control mice were incubated with 6.5+CD4+ T
cells in vitro for at least 72 hours and proliferation was
measured by 3[H] thymidine incorporation. We clearly
demonstrated that intestinal epithelial cells of VILLIN-HA
mice but not of BALB/c induced a proliferative response of
TCR-HA transgenic T cells (fig 2).
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Figure 3 Haemagglutinin (HA) specific CD4+ T cells in the periphery of VILLIN-HA6T cell receptor (TCR)-HA mice and their proliferative capacity.
(A) VILLIN-HA6TCR-HA and TCR-HA control mice were sacrificed, and spleen and mesenteric lymph node (MLN) cells were isolated and stained for
6.5 and CD4 expression to measure the percentage of transgenic T cells in the different compartments. (B) Proliferative capacity of HA specific CD4+ T
cells from VILLIN-HA6TCR-HA mice in spleen and MLN. Splenic and lymph node cells from VILLIN-HA6TCR-HA and TCR-HA control mice were
isolated and identical numbers of antigen specific 6.5+CD4+ T cells from the spleen and MLN were used for in vitro proliferation assays in the presence
or absence of 10 mg/ml of HA peptide. Proliferation was measured by 3[H] thymidine incorporation.
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DNA microarrays and real time RT-PCR
Total RNA from sorted 6.5+CD4+ T cells was isolated using the
RNAeasy kit (Qiagen). Quality and integrity of total RNA
isolated from 105 sorted T cells was assessed by running all
samples on an Agilent Technologies 2100 Bioanalyser
(Agilent Technologies, Waldbronn, Germany). Expression
analysis was performed according to the Affymetrix small
sample target protocol. Real time RT PCR for expression of
IL-10, Nrp-1, and FoxP3 was performed as described
previously.18
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Enterocyte specific CD4 + T cells from VILLIN-HA6TCRHA mice mature in the thymus and have an activated
phenotype
The prerequisite for the development of autoimmunity is
inefficient thymic deletion of autoagressive T cells. Therefore,
the key question to answer was whether 6.5+CD4+ T cells
mature in the thymus of VILLIN-HA6TCR-HA double
transgenic mice and can be found in peripheral lymphoid
organs. Thus T cells from spleen and MLN of VILLINHA6TCR-HA and TCR-HA control mice were analysed for
expression of the transgenic TCR (fig 3A). Indeed, incomplete
clonal deletion of HA specific CD4+ T cells results in
maturation of potentially autoreactive T cells in the periphery
of VILLIN-HA6TCR-HA mice. Analysis of peripheral
6.5+CD4+ T cells from VILLIN-HA6TCR-HA mice for expression of activation and memory markers revealed an activated
phenotype of these cells (fig 4).
We next addressed whether mature 6.5+CD4+ T cells in the
periphery are functional with respect to their proliferative
capacity on antigen encounter. This is of particular interest as
we have previously shown that expression of HA under
control of the Ig-k promoter by haematopoietic cells resulting
in constant antigen expression both in thymus and in the
periphery leads to tolerance rather than inflammation.19
To this end, T cells from the spleen and MLN of VILLINHA6TCR-HA and TCR-HA control mice were stimulated in
vitro with the specific HA peptide. FACS analysis and
normalisation of cell numbers ensured that the same
percentage of 6.5+CD4+ T cells from double and single
transgenic mice were used for the experiments. No differences in their capacity to proliferate on stimulation with their
cognate peptide could be observed between T cells isolated
from VILLIN-HA6TCR-HA and TCR-HA mice (fig 3B).
Histology of the small intestine
Morphological evaluation of intestinal tissue sections from
VILLIN-HA6TCR-HA mice aged 8–24 weeks revealed

29%
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12%

CD45RB

CD45RB

28%

Figure 4 Activation pattern of 6.5+
CD4+ T cells from double transgenic
VILLIN-HA6T cell receptor (TCR)-HA
mice compared with TCR-HA mice.
6.5+CD4+ T cells were isolated from the
spleen and mesenteric lymph node
(MLN) of VILLIN-HA6TCR-HA and
TCR-HA mice, respectively.
Lymphocytes were stained for 6.5 and
CD4 expression on splenocytes (A) and
MLN (B) as well as for CD25, CD45RB,
CD62L, and CD69 antibodies. Cells
were gated for 6.5 and CD4 expression
and analysed regarding expression of
the different activation markers by
FACS.

increased numbers of IEL and LPL in the intestine (fig 5A).
Comparing the absolute numbers of LPL and IEL in the ileum
of VILLIN-HA6TCR-HA and TCR-HA mice revealed increased
infiltration of lymphocytes into the lamina propria of double
transgenic mice (threefold increase) whereas the IEL
compartment showed only a slight infiltration of lymphocytes in VILLIN-HA6TCR-HA mice (fig 5B). However, tissue
damage to the epithelial cell layer was not observed after
BrdU staining (fig 6), suggesting a mild form of mucosal
inflammation or induction of T cell tolerance in the
periphery.
Functional characterisation of intestinal autoreactive
CD4 + T cells
To evaluate the responsiveness of 6.5+CD4+ T cells isolated
from the small intestine of double transgenic mice to
antigenic stimulation, IEL and LPL from VILLIN-HA6TCRHA as well as TCR-HA mice were stimulated in vitro with HA
peptide. Proliferation was measured by 3[H] thymidine
incorporation and culture supernatants were analysed for
several cytokines by cytometric bead array. Whereas IEL and
LPL from TCR-HA mice as well as LPL from VILLINHA6TCR-HA transgenic mice proliferated in a dose dependent manner, the proliferative capacity was drastically
reduced and even abrogated in IEL from VILLIN-HA6TCRHA mice (fig 7). Compared with control mice, antigen
stimulated 6.5+CD4+ LPL from diseased mice secreted
significantly lower amounts of IFN-c and IL-2 on in vitro
stimulation (fig 8A), both of which are cytokines normally
involved in induction of gut inflammation.20 Additionally, IEL
from VILLIN-HA6TCR-HA mice secreted lower levels of
IFN-c compared with control mice. In contrast, in LPL and
IEL from double transgenic mice, basal level secretion of
TNF-a, MCP-1, and IL-6, which are also discussed as
important mediators in the context of inflammatory bowel
disease (IBD), was considerably increased.
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Global gene expression profiling
As enterocyte specific antigen expression obviously has a
strong impact on the function of autoreactive CD4+ T cells, we

Figure 6 No tissue damage occurred in the intestinal epithelial layer.
T cell receptor (TCR)-HA and VILLIN-HA6TCR-HA mice were injected
with 1 mg of BrdU via the intraperitonal route. After 24 hours the
small intestine was harvested and processed for paraffin sections.
Immunohistochemical staining of BrdU was performed using the BrdU
In-situ Detection Kit (BD Bioscience). Proliferating cells in crypts that
incorporated BrdU can be identified by the dark brown colour in their
nuclei (left panel). Counted BrdU positive cell/crypt in TCR-HA and
VILLIN-HA6TCR-HA transgenic mice are depicted in the right panel.
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extensively characterised these T cells by global gene
expression profiling. 6.5+CD4+ T cells from the epithelium
and lamina propria of the small intestine of four individual
VILLIN-HA6TCR-HA and four TCR-HA mice were isolated by
FACS sorting and RNA was subjected to differential gene
expression analysis using Affymetrix MG-U74Av2 oligonucleotide arrays. The advantage of this technology is that every
gene analysed is represented by 16 independent probe pairs
which together establish the basis for statistical evaluations
of the respective signals. Therefore, only those genes that are
reproducibly regulated are included in the analysis. Based on
this approach, we obtained a comprehensive overview of the
functional gene classes involved in maintenance of mucosal
immune homeostasis, including surface antigens, regulators
of transcription and translation, secreted or signalling
molecules, and genes involved in cell cycle, apoptosis, and
survival. Selected genes are highlighted and summarised in
table 1 and fig 9.
As expected, many of the genes found to be regulated have
been described previously in the context of intestinal
inflammation. Some proinflammatory genes were specifically
regulated in both LPL and IEL. In agreement with published
data, integrin aEb7 expression was upregulated in 6.5+CD4+
LPL and IEL from inflamed tissue of VILLIN-HA6TCR-HA
transgenic mice compared with cells from control mice. It has
been shown that changes in aEb7 expression in Crohn’s
disease and ulcerative colitis patients versus controls are of
pathological relevance and that this may be one of the earliest
events in the pathogenesis of this disease.21 A wide variety of
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Figure 5 VILLIN-HA6T cell receptor
(TCR)-HA double transgenic mice were
characterised by infiltration of
lymphocytes into the lamina propria
and intestinal epithelium. (A) Intestinal
villi were distended by increased
numbers of lymphocytes (left panel)
compared with intestinal villi of TCR-HA
transgenic mice (right panel). Similarly,
the number of intraepithelial
lymphocytes (IEL) was increased
(insets). Insets show a-CD3
immunohistochemistry on paraffin
embedded tissues. The avidin-biotin
complex method with diaminobenzidine was used as substrate (brown
colour) with haematoxylin counterstain
(blue nuclei). Ileum: haematoxylin and
eosin (H&E) stain; scale bar 80mm.
(B) Increased number of lamina propria
lymphocytes (LPL) and IEL. Lymphocytes
were counted in H&E stained sections of
12–16 week old mice and are reported
per 100 enterocytes. Individual animals
are indicated for double transgenic
VILLIN-HA6TCR-HA mice, TCR-HA
mice, and for VILLIN-HA control mice.
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Figure 7 Reduced proliferative capacity of haemagglutinin (HA)
specific intestinal epithelial cells (IEL) from VILLIN-HA6T cell receptor
(TCR)-HA mice. Lamina propria lymphocytes (LPL) (A) and IEL (B) were
isolated from VILLIN-HA6TCR-HA and TCR-HA control mice and
stimulated in vitro with the corresponding haemagglutinin (HA) peptide.
Thymidine incorporation was measured in cpm per 1000 6.5+CD4+ T
cells.

members of the TNF receptor superfamily were differentially
expressed on LPL and IEL from double transgenic mice.
Especially, Tnfrsf7 and Tnfrsf9 were upregulated on LPL and
IEL from inflamed tissue. These molecules are known to be
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Figure 8 Haemagglutinin (HA) specific CD4+ T cells from the infiltrated mucosa differed in cytokine profile. Lamina propria lymphocytes (LPL) (A) and
intestinal epithelial cells (IEL) (B) from T cell receptor (TCR)-HA and VILLIN-HA6TCR-HA mice were stimulated in vitro with the HA110-120 peptide.
Culture supernatants were analysed for several cytokines using the cytokine bead array from BD Bioscience. Cytokine quantities are depicted as pg/ml
per 1000 6.5+CD4+ intestinal T cells. TNF-a, tumour necrosis factor a; MCP-1, monocyte chemoattractant protein 1; IFN-c, interferon c; IL, interleukin.
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expressed in elevated numbers of peripheral lymphocytes in
IBD.22 23 LPL and IEL do not resemble a homogenous T cell
population; each population has its own phenotype with
specialised function. According to these characteristics, the
gene expression profile of these cells may differ. Indeed,
many genes were found to be exclusively regulated in LPL of
VILLIN-HA6TCR-HA transgenic mice. Although aEb7 was
upregulated in both LPL and IEL, expression of various other
integrins was significantly increased only in LPL from
inflamed tissue. Integrins are involved in lymphocyte homing
to the intestinal mucosa and it has been demonstrated that
their expression is often enhanced on intestinal inflammation.24–26 Besides genes exclusively regulated in LPL, many
proinflammatory genes exist whose expression level is only
changed in the IEL of double transgenic mice. One example is
expression of the CD7 surface molecule. In line with
published data which show that the frequency of CD7+ T
cells is significantly increased in IBD, expression of CD7 in
IEL of VILLIN-HA6TCR-HA mice was upregulated. In
addition, the expression level of STAT3 was increased in
IEL. STAT3 has been shown to be directly linked to secretion
of IL-6 in IBD.27 This is in accordance with the finding that
LPL and IEL from VILLIN-HA6TCR-HA secrete higher
amounts of IL-6 compared with control cells. Intestinal
inflammation is often initiated by failure of mucosal
lymphocytes to undergo preprogrammed cell death.28 In
agreement with this, expression of the antiapoptotic bcl2
gene family was significantly upregulated in IEL of the
inflamed tissue. Many other genes were found to be
significantly up- or downregulated in the inflamed intestine
compared with healthy donors, such as CD83, PTGER4, or
CCR7 and numerous others which have been discussed in the
context of IBD.29–32
In addition to genes that are associated with intestinal
inflammation, a large number of genes previously described
as playing a role in immune regulation and induction of
regulatory T cells in the intestine have also been identified.
The major finding was that expression of IL-10 and IFN-c,
both of which are mediators playing important roles in the
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Table 1 Selected genes differentially expressed in LPL and IEL from VILLIN-HA6TCR-HA
and TCR-HA mice

Name

Regulation

LPL and IEL proinflammatory
aEb7
q
S100a6
q
Snx9
q
Tnfrsf7
q
CD83
q
Tnfrsf9
q
LPL proinflammatory
Itgb7
q
Itga4
q
PTGER4
Q
EGR2
Q
IEL proinflammatory
CD7
q
BCL2L13
q
STAT3
q
LPL and IEL anti-inflammatory
CST7
q
Areg
q
Nrp-1
q
IL-10
q
IFN-c
Q
IL-7r
Q
LPL anti-inflammatory
Tnfrsf18/GITR
q
LT-b
Q
CCR5
Q
IL-17
Q
ICOS
Q
IEL anti-inflammatory
ANXA1
q
CCL3
Q
CCR7
Q
IL-6ra
Q
ICAM1
Q
LPL and/or IEL pro-/anti-inflammatory
PD1
q
KLRG1
q
CCL5
Q
Lag3
q
Tnfrsf4/OX40
q

LPL
stg

LPL
dtg

IEL
stg

IEL
dtg

Cluster in
fig 9

399
1627
357
1377
1225
423

1206
71
82*
436
237
33*

2075
478
483
1114
992
197

A
A
A
A
A
A

1273
96
650
1941

2356
274
221
655

4276
42
1628
143

3097
76
1090
122*

C
C
D
F

76*
258
2033

58*
242
1807

216
197
184

1945
441
1107

E
E
E

70
274
25*
288
179
2430

468
488
87
745
20
567

725
71
69*
144
730
2318

1197
530
269
713
143
620

A
A
A
A
B
B

2384
2113
4212
867
1696

7324
358
1928
298
562

669
1805
877
256
169

772
1695
981
377
126

C
D
D
D
D

28*
357
329
177
126

24*
485
309
159
77

69*
1256
1215
653
190

233
649
455
209
65*

E
F
F
F
F

349
194
18622
69*
1386

1446
380
15975
36*
5804

87*
77
3550
45*
398

247
78
1424
388
1494

A
C
D
E
A

135
158
159*
673
878
174

Stg, T cell receptor (TCR)-HA; dtg, VILLIN-HA6TCR-HA; LPL, lamina propria lymphocytes; IEL, intraepithelial
lymphocytes.
*Absent, defined by the Affymetrix software algorithm.
Genes in italics represent established markers of regulatory T cells.
Results are from pooled individual mice (n.3).

regulation of progression of IBD, were significantly regulated
in the IEL and LPL of diseased mice. IL-10 was highly
upregulated in LPL and IEL from double transgenic mice
compared with control mice. IL-10 has a major role in the
regulatory network of cytokines controlling mucosal tolerance. Using a murine knockout model it has been shown that
IL-10 prevents the development of intestinal inflammation.33
Furthermore, application of IL-10 to diseased mice abrogated
clinical signs or suppressed inflammation in the intestine.34
In addition, IFN-c, which plays a key role in induction of
IBD, was downregulated in mucosal lymphocytes of VILLINHA6TCR-HA transgenic mice. Recently, we described Nrp-1
as an activation independent marker exclusively expressed on
regulatory T cells.18 LPL and IEL from VILLIN-HA6TCR-HA
double transgenic mice showed elevated expression of Nrp-1.
Furthermore, expression of other proinflammatory cytokines
such as LT-b and IL-17 in LPL from double transgenic mice
was also downregulated. It has been shown that Tnfrsf18 is
predominantly expressed on CD4+CD25+ regulatory T cells.35
This member of the TCR receptor superfamily was significantly upregulated in LPL of double transgenic mice.
Also, IEL showed differential gene expression resembling
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induction of regulatory mechanisms to maintain homeostasis. Genes involved in IBD induction such as CCR7, IL-6ra,
or ICAM were downregulated in IEL. The entire data set of
this microarray experiment is accessible as MIAME format
online (www.gbf.de/array).

Expression of IL-10, Nrp-1, and Foxp3 in intestinal
lymphocytes
The data presented here strongly suggest that intestinal
epithelial cell expression of HA antigen induces activation of
HA specific T cells counteracted by induction of tolerance. To
further confirm this hypothesis, IL-10 and Nrp-1 mRNA
expression in 6.5+CD4+ LPL was confirmed by real time RTPCR. Our analysis revealed that Nrp-1 as well as IL-10
expression was significantly upregulated in LPL of VILLINHA6TCR-HA double transgenic mice following the expression pattern of naturally occurring CD4+CD25+ regulatory T
cells (fig 10). Recently, the transcription factor Foxp3 has
been identified as being essential for the development and
function of regulatory T cells.36 Similar to Nrp-1, Foxp3
expression was also found to be upregulated in LPL from
double transgenic mice suggesting that chronic antigen
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test the hypothesis that antigen specific CD4+ T cell
recognition of a single epithelial self antigen is sufficient to
trigger an inflammatory cascade in the intestine and to
investigate whether regulatory mechanisms may suppress
inflammation and maintain homeostasis. Therefore, a transgenic mouse expressing HA in enterocytes of the intestinal
epithelium was generated. Concomitant expression of HA
and a MHC class II restricted T cell receptor specific for HA in
VILLIN-HA6TCR-HA mice is sufficient to induce a specific

stimulation in VILLIN-HA6TCR-HA is controlled by regulatory T cells (fig 10).

DISCUSSION
Despite the fact that T cells with an autoaggressive character
are involved in the development of intestinal inflammation, it
has been difficult to identify self proteins that may play a role
in the aetiology or chronicity of IBD and to asses the impact
of antigen specificity. An important aim of this study was to

IL-10
BALB/c CD4+

Nrp-1

Foxp3

CD25+
CD25

_

VILLIN-HAx TCR-HA
TCR-HA
0

1

2

3

4

0

1

2

3

4

5

0

1

2

3

4

Fold change
Figure 10 Interleukin (IL)-10, Nrp-1, and Foxp3 expression pattern of 6.5+CD4+ lamina propria lymphocytes (LPL). 6.5+CD4+ LPL were sorted from
T cell receptor (TCR)-HA and VILLIN-HA6TCR-HA transgenic mice. Total RNA was prepared, reverse transcribed, and mRNA expression levels
determined in real time reverse transcription-polymerase chain reaction (RT-PCR) assays. Mean relative regulation is indicated. Results are from pooled
individual mice (n.3) and obtained in duplicate real time RT-PCR assays. RPS9 mRNA expression served as a housekeeping gene control.
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Figure 9 Global gene expression profiling of haemagglutinin (HA) specific CD4+ T cells. Cluster analysis of genes differentially expressed in
6.5+CD4+ T cells isolated from lamina propria (LPL) and epithelium (IEL) of infiltrated VILLIN-HA6T cell receptor (TCR)-HA as well as healthy TCR-HA
mice. Red indicates induction of gene expression, green indicates repression. The brighter the colour the stronger the factor of gene regulation (+3,
bright red; 23, bright green). Black indicates no changes. Inclusion into this heat map required at least a 1.5-fold difference in inducible gene
expression. LPL (infil.) represents genes differentially expressed in 6.5+CD4+ T cells from the infiltrated lamina propria of VILLIN-HA6TCR-HA mice
compared with the LPL of healthy TCR-HA donors. IEL (infil.) represents gene differentially expressed in 6.5+CD4+ T cells from the epithelium of VILLINHA6TCR-HA mice compared with TCR-HA. LPL v IEL characterises basal level expression of genes by LPL compared with IEL of healthy TCR-HA mice.
Cluster (A): Genes upregulated in the LPL and IEL of VILLIN-HA6TCR-HA mice on mucosal infiltration. Cluster (B): Genes downregulated in LPL and IEL
during infiltration. Cluster (C): Genes exclusively upregulated by LPL from double transgenic mice. Cluster (D): Genes downregulated in self reactive LPL
CD4+ T cells in the infiltrated gut. Cluster (E): Genes exclusively upregulated by IEL from infiltrated tissue. Cluster (F): Genes downregulated by IEL from
VILLIN-HA6TCR-HA mice. Results are from pooled individual mice (n.3).
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HA specific LPL and IEL from the intestine of VILLINHA6TCR-HA or from TCR-HA control mice was performed.
Infiltration of the mucosa in VILLIN-HA6TCR-HA transgenic mice was accompanied by broad changes in the gene
expression pattern of autoreactive LPL and IEL. The profiling
revealed differential expression of proinflammatory genes, as
well as a remarkable set of genes discussed in the context of
immune regulation. Different types of regulatory T cells, Th3
cells, CD4+CD25+ or CD4+CD45RBlow T cells, or CD8+
suppressor T cells44–47 have been described as being responsible for controlling intestinal inflammation. These regulatory
cells induce immunosuppression in surrounding T cells, most
likely by secretion of regulatory cytokines such as IL-10 or
TGF-b, and inhibit inappropriate immune responses towards
harmless mucosal antigens.48 49 Quantitative real time RTPCR clearly demonstrated upregulation of IL-10 in LPL from
VILLIN-HA6TCR-HA mice. Moreover, increased expression
of the marker genes for regulatory T cells Nrp-118 and Foxp336
in LPL from double transgenic mice supports the idea that
chronic mucosal antigen exposure may lead to the development of regulatory T cells in vivo. Further studies will clarify
the role of regulatory T cells in the downregulation of
mucosal inflammation in the VILLIN-HA6TCR-HA transgenic mouse model. Our genome wide transcriptome of
mucosal lymphocytes from inflamed and normal tissue
provides a focused starting point for the further elucidation
of genetic and mechanistic aspects of intestinal inflammation
and immune regulation (all data will be freely accessible at
www.gbf.de/array).
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