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Abstract
Background and aims—Celiac disease (cd) is a common small intestinal inflammatory
disorder that results from a breach of intestinal tolerance to dietary gluten proteins, driven by
gluten-reactive effector T cells. We aimed to assess the pathogenic role of gluten-reactive effector
T cells and to generate a model of gluten-induced enteropathy.

Methods—CD4+CD25− T cell fractions were adoptively transferred into lymphopenic mice,
leading to “baseline” small intestinal inflammation.

Results—Rag1−/− recipients of gliadin-presensitized CD4+CD45RBlowCD25− T cells, but not
CD4+CD45RBhigh naive T cells, gained less weight and suffered from more severe duodenitis
when challenged with oral gluten than recipients on gluten-free diet, or recipients of control
(ovalbumin)-presensitized T cells. This was accompanied by deterioration of mucosal histological
features characteristic of cd, and increased Th1/Th17 cell polarization in the duodenum and the
periphery. Interestingly, reintroduction of a gluten-free diet led to weight gain, improvement of
histological duodenitis, and a decrease in duodenal IFNγ and IL-17 transcripts. Moreover, B cell-
competent nude recipients of gliadin-presensitized T cells produced high levels of serum anti-
gliadin IgA and IgG1/IgG2c only when challenged with oral gluten.

Conclusions—CD4+ T cell immunity to gluten leads to a breach of oral gluten tolerance and
small intestinal pathology in lymphopenic mice, similar to human cd. This model will be useful
for the study of cd pathogenesis, but also for testing novel non-dietary therapies for cd.
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Introduction
Celiac disease (cd) is a gluten-sensitive enteropathy that has a prevalence of 0.5–1% in most
Western populations1,2. 90–95% of patients carry the human leukocyte antigen (HLA-)
DQ2, and the remainder HLA-DQ83. Cd is triggered by exposure to oral gluten (the storage
proteins of wheat and related cereals) and is characterized by a dysregulation of gluten-
specific T cell responses. The presentation of gluten peptides on the cd-associated HLA
class II molecules leads to activation of gluten-specific CD4+ T helper 1 (Th1) cells that are
implicated in driving the adaptive immune response causing intestinal pathology3,4. Small
intestinal lesions in cd are defined by mucosal infiltration with lymphocytes, crypt
hyperplasia and villus atrophy1.

The exploration of cd pathogenesis and the design of novel therapeutics for cd have been
hampered by the lack of a small animal model. Approaches using HLA-DQ2 or -DQ8
transgenic mice did not lead to small intestinal damage after oral gluten challenge5,6.
Tolerance to intestinal antigens in general and food proteins in particular depends on
regulatory T cell function7. Most of the current animal disease models of impaired
regulatory T cell function are based on a deficiency of CD4+CD25+ T cells (Treg)8–10. Treg
deficiency can lead to multiorgan inflammatory disease, with mucosal surfaces, primarily of
the intestine, being most severely affected. This is explained by predominant recognition of
microbial antigens at mucosal sites by disease-causing, dysregulated effector T cells11.
Other studies have demonstrated that compensatory homeostatic T cell expansion -as occurs
upon transfer of T cells into lymphopenic mice- facilitates both the induction of antigen-
specific immunity and the spontaneous development of organ-specific autoimmune
disease12,13. We therefore hypothesized that recognition of dietary gluten by transferred
gliadin-sensitized CD4+CD25− T cells will drive duodenitis/enteritis in lymphopenic
recipient mice. Here, we report that an adaptive T cell response to gluten exacerbates
baseline proximal small bowel pathology in Rag1 (−/−) mice, demonstrating experimental
abrogation of tolerance to oral gluten in vivo and resembling human cd.

Methods
Animals and treatments

Male C57BL/6 donor mice were maintained on a gluten-free standardized diet (AIN-76A,
Research Diets) from birth. Mice were immunized at the tail base on day −28 (100μg
antigen in CFA) and day −14 (50μg antigen in IFA) with gliadin or ovalbumin (all Sigma)
and sacrificed on day 1. Rag1−/− (Jackson Laboratory) and nude (Taconic) recipient mice
(all of C57BL/6 genetic background) were kept in autoclaved cages and changed to
irradiated AIN-76A on day −7. On day 1, groups of weight-matched male Rag1−/− (7–9
weeks of age) or male nude (8–24 weeks of age) recipient mice were injected
intraperitoneally with 4.5×105 fractionated splenic donor T cells9,10. Some groups of
recipients were changed to a customized, irradiated diet (based on AIN-76A, Research
Diets) containing 2.5g wheat gluten (Sigma) per kg. After sacrifice, blood was collected and
samples of small bowel, colon, pancreas, lung, liver, kidney and skin were taken for
histology. Approval for all procedures had been obtained from the institutional animal care
and use committee (Protocol # 043-2005).

Preparation of T cell fractions for adoptive transfer experiments
Non-T cells were depleted from donor splenocyte suspensions using CD3+ T cell
enrichment columns (R&D). CD4+CD45RBlowCD25−, CD4+CD45RBlowCD25+ or
CD4+CD45RBhigh T cells were selected by flow cytometry9,10 using a FACSAria Sorter
(BD Biosciences). PE anti-mouse CD45RB, PE-Cy5 anti-mouse CD4 and FITC anti-mouse
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CD25 (all BD Biosciences) were used for fluorescent labeling. Cell fractions were >97%
pure on post-sort analysis.

Clinical and macroscopical observations and scores
At necropsy, the weight of the entire small bowel was recorded. Colitis activity was assessed
clinically/macroscopically calculating the sum of 4 parameters: Hunching (0–1), wasting (0–
1), colon thickening (mild, moderate, severe; 0–3), stool consistency (normal, soft, not
formed, watery; 0–3); maximal score =8.

Histological analyses and scores; immunohistochemistry
Organ samples were paraffin-embedded and sections (6μm) stained with hematoxylin and
eosin (H/E). In addition, small bowel sections were stained using rabbit anti-Ki-67 IgG
(clone SP6, dilution 1:200, Lab Vision), biotinylated goat anti-rabbit IgG, avidin-biotin
complex reagent, diaminobenzidine substrate (all Vector Laboratories) and hematoxylin for
counterstaining. To assess the severity of duodenitis at representative, well-oriented sites of
maximal damage, we adapted a histological composite score for ileitis14. The mean depth/
mean height of 5 adjacent proliferative (“crypt”) and non-proliferative villus zones was
measured at magnification 100x in sections stained for Ki-67 using SPOT advanced
software (Diagnostic Instruments), assigning C/V (crypt/villus) ratio scores (higher scores
reflecting increased severity): C/V ratio score 0 (V/C ratio >3), 0.5 (2.5–3.0), 1.0 (2.0–2.49),
1.5 (1.5–1.99), 2.0 (1–1.49), 2.5 (0.5–0.99), 3.0 (<0.5). Villus mononuclear cell infiltration
was graded as follows (means of 5 independent measurements): Score 0 (villus lamina
propria diameter <0.5xcrypt diameter), 1 (0.5–1x), 2 (1–2x), 3 (>2x). Basal infiltration with
neutrophils was scored as follows: Score 0 (normal crypts), 1 (focal invasion of crypt
epithelium by granulocytes, cryptitis)), 2 (1–3 crypt abscesses per duodenal section), 3 (>3
crypt abscesses). Each animal was assigned a composite duodenitis score by combining the
three separate scores obtained in a blinded fashion (max. score 3+3+3=9). Colitis severity
was assessed histologically as described previously15.

Cytokine ELISA
Splenocytes from individual mice were restimulated with 3μg/ml of anti-CD3 mAb
(positive control, clone 145-2C11, eBioscience), 10μg/ml of gliadin or 10μg/ml ovalbumin
(negative control; both from Sigma) in complete RPMI 1640. Cytokine concentrations (pg/
ml) were measured in supernatants after 48h using IFNγ, IL-2, IL-4 and IL-10 ELISA kits
(R&D, eBioscience). For statistical comparisons, cytokine concentrations in individual
gliadin- or ovalbumin (negative control)-stimulated samples were referred to the internal
standard of maximal stimulation (anti-CD3 mAb-activated splenocytes of the same mouse).

Quantitative RT-PCR
Samples from the small intestine (0.5cm segment, 2cm distal to the pylorus) were collected
at sacrifice and snap-frozen for further analysis. Relative mRNA transcript levels were
quantified using the LightCycler FastStart DNA Master Hybridization Probes kit on a
LightCycler (all from Roche) applying the TaqMan principle as described previously16.
TaqMan probes and primer sets are shown in supplementary Table I. mRNA transcript
levels were quantified using second derivative maximums and internal calibration curves,
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and expressed
either in arbitrary units as relative changes (x-fold) over means for healthy C57BL6
controls, or as ratios.
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Determination of serum antibodies to gliadin and tissue transglutaminase
As described previously17, 96-well plates were coated for ELISA with 1μg gliadin (Sigma)
or recombinant mouse tissue transglutaminase (tTG) per well. Sera were assayed in serial
dilutions. Horseradish peroxidase-labeled anti-mouse IgA, IgG (both Sigma), IgG1 (Serotec)
or IgG2c (Bethyl Lab; dilutions 1:10,000–1:100,000) was followed by tetramethylbenzidine
substrate (Sigma) and detection at 450nm.. Antibody titers were calculated according to the
formula: (O.D. of sample − O.D. of blank) × serum dilution. Titers below 20 were
considered negative.

Statistical analysis
Data were analyzed with Prism 5 software (GraphPad). For body weight data, p values
(*p<0.05; **p<0.01; ***p<0.001) were calculated using repeated measure one-way
ANOVA and Tukey’s multiple comparison tests or a paired t-test (2 group analysis). Small
bowel weights were compared using unpaired t-tests. Non-parametric data from histological
observations was analyzed using Mann-Whitney U tests. Cytokine and serum antibody data
(ELISA) was compared using one-way ANOVA and Tukey’s multiple comparison tests
between groups, and paired t-tests for comparisons between matched samples within the
same group (cytokines). RT-PCR results were analyzed using unpaired t-tests and
correlation analysis. In all graphs, error bars depict standard errors of the mean.

Results
Rag1−/− mice gain less weight when challenged with oral gluten after adoptive transfer of
gliadin-presensitized T cells

C57BL/6 donor mice were immunized with gliadin (the ethanol-soluble fraction of gluten)
or ovalbumin (control) in complete Freund’s adjuvant (CFA). Splenocytes were harvested
from immunized donors and suspensions were enriched for CD3+ T cells.
CD4+CD45RBlowCD25− memory T cells were selected by fluorescent activated cell
sorting (supplementary Fig.S1a,b) and injected i.p. into T and B cell deficient Rag1−/−
recipient mice. 3 groups of recipient mice were monitored for 8.5 weeks while maintained
on a standardized gluten-free diet (gfd) or the same diet containing 2.5g gluten/kg,
equivalent to an average challenge with ~12.5mg gluten/day18 (Fig. 1a). Strikingly, Rag1−/−
mice that received adoptive T cell transfers from gliadin-sensitized donors and were gluten-
challenged (gliadin/gluten group) gained less weight than mice maintained on a gfd (gliadin/
gfd), or than mice that were challenged with oral gluten, but had received adoptive transfers
from control-immunized donors (ovalbumin/gluten; (Fig. 1b)). This suggested that gliadin-
priming of donor T cells led to exacerbation of intestinal inflammatory disease in Rag1−/−
recipients challenged with oral gluten.

Exacerbation of duodenitis in Rag1−/− mice challenged with oral gluten after adoptive
transfer of gliadin-presensitized T cells

At necropsy, mice from all 3 groups displayed duodenal inflammation, but mice in the
gliadin/gluten group were most severely affected. Also, there was a trend towards increased
full-length small bowel weight in the gliadin/gluten group (supplementary Fig.S1c).
Microscopically, moderate to severe duodenitis was found in the majority of mice in the
gliadin/gluten group, whereas in both control groups duodenitis was mild to moderate, and
rarely severe (Fig. 2a–c). Duodenal pathology was characterized by infiltration of the basal
lamina propria with neutrophils, leading to cryptitis and crypt abscesses (Fig. 2d),
lymphocytic infiltration of the villus and basal lamina propria (Fig. 2e,f), and crypt
hyperplasia and villus atrophy (Fig. 3a–d). While erosions or ulcerations were not seen,
multinucleated giant cells were noted in the lamina propria in moderate to severe duodenitis
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(Fig. 2d). With increasing duodenitis severity, similar histologic changes were more
frequently present in the proximal jejunum, but rarely the ileum. To assess the severity of
duodenitis, three parameters (crypt/villus (C/V) ratio, villus lamina propria mononuclear cell
infiltration and basal infiltration with neutrophils) were integrated into a histological
duodenitis score. Confirming the clinical and macroscopic findings, duodenitis scores in the
gliadin/gluten group were significantly increased vs. the gliadin/gfd or ovalbumin/gluten
control groups (Fig. 4). Low-level duodenitis in controls was comparable to baseline
duodenal inflammation seen in a separate experiment after transfer of unprimed
CD4+CD45RBlowCD25− T cells (data not shown). Histological analysis of additional
organs revealed no alternative explanation other than duodenitis for the observed differences
in weight gain. Few mice only showed signs of mild colitis, leading to very low colitis
activity indices or histological colitis scores (means <1 on scales from 0 to 8 for all groups,
n.s.).

Th1 polarization of gluten-reactive T cells in Rag1−/− mice challenged with oral gluten
after adoptive transfer of gliadin-presensitized T cells

We now determined the T cell cytokine secretion patterns in response to gliadin
restimulation in vitro. Splenocytes from individual mice in the gliadin/gluten group
produced high levels of interferon γ (IFNγ), accompanied by smaller increases for
interleukin (IL-) 2, IL-4 and IL-10 (Fig. 5a–d). Importantly, levels of IFNγ were markedly
increased in supernatants from the gliadin/gluten group compared to control groups (Fig.
5a), whereas production of the regulatory cytokine IL-10 was decreased compared to
gliadin/gfd, and only non-significantly increased compared to ovalbumin/gluten (Fig. 5d).
Thus, the gliadin-specific T cell cytokine secretion pattern in the gliadin/gluten group was
characterized by increased Th1 polarization.

These findings were confirmed in vivo by quantification of cytokine transcript levels in
duodenal samples of the gliadin/gluten and gliadin/gfd groups. While transcript levels of
IL-4 were at the limit of detection, expression of the following cytokines was correlated with
duodenal histological damage, as assessed by duodenitis scores: IFNγ (r=0.84,
***p<0.001), IL-17A (r=0.74, ***p<0.001), IL-17F (r=0.60, ***p<0.001), TNFα (r=0.59,
***p<0.001), TGFβ1 (r=0.67, ***p<0.001) and IL-10 (r=0.53, *p=0.01). Similarly,
significant correlations were found for the functionally relevant ratios of IFNγ over TGFβ1
mRNA (r=0.90, ***p<0.001, (supplementary Fig.S2)) and IFNγ over IL-10 mRNA (r=0.66,
**p<0.01), but not of IL-17A or IL-17F over TGFβ1 or IL-10 (not shown). Expression of
IL-2 was not significantly correlated, while IL-15 (r=−0.65, ***p<0.001) was negatively
correlated with histological damage. When the gliadin/gluten was compared with the
gliadin/gfd group, significant increases were found for the transcript ratios of IFNγ over
both TGFβ1 and IL-10 (Fig. 5e). Similar to human cd19, these findings strongly suggested
that overproduction of IFNγ (and possibly IL-17) drives small intestinal inflammation in
response to luminal gluten in our model.

Introduction of a gfd leads to the reversal of gluten-induced inflammatory changes in
Rag1−/− recipients of gliadin-presensitized T cells

To prove that the observed differences in severity of duodenal inflammation were caused by
immune recognition of oral gluten and therefore would reverse after elimination of gluten
from the diet, 3 groups of Rag1−/− mice were injected with gliadin-presensitized
CD4+CD45RBlowCD25− T cells and maintained on a gluten-free (gliadin/gfd group) or a
gluten-containing diet. At week 10.5, when the weight difference between the gliadin/gfd
and the first of 2 groups on gluten-containing diet became statistically significant (*p<0.05),
this group was changed to a gfd (diet switch-over group). Subsequently, the diet switch-over
group steadily gained weight, approaching values of the gliadin/gfd group and reaching a
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statistical weight gain (***p<0.001) over the remaining gliadin/gluten group until week 21.5
(Fig. 6a). Duodenitis scores in the diet switch-over group did not differ significantly from
the gliadin/gfd group (p=0.11), and were reduced in comparison to the gliadin/gluten group
(p=0.35) that suffered from significantly increased duodenitis (*p<0.05) vs. the gliadin/gfd
group (Fig. 6b). Furthermore, duodenal IFNγ and IL-17A transcript levels decreased
significantly in the diet switch-over vs. the gliadin/gluten group (Fig. 6c), confirming gluten-
specificity of our model.

Adoptive transfer of naïve T cells into Rag1−/− mice does not lead to a breach of
tolerance to oral gluten

Next, we asked whether oral gluten challenge exacerbates small intestinal pathology in
recipients of naïve instead of gliadin-presensitized effector/memory T cells. 2 groups of
Rag1−/− mice (n=6) were adoptively transferred with CD4+CD45RBhigh (naïve) T cells
from non-sensitized donors, followed by a single injection with gliadin/CFA on day 1 and
oral gluten challenge (or gfd). After 8.5 weeks, recipient mice in both groups suffered from
colitis and mild to moderate duodenitis, as described for this model previously9,20.
Importantly, both groups of recipients did not differ in any of the following parameters:
Body weight, colitis activity index, small and large bowel histology and cytokine secretion
by splenocytes restimulated in vitro (data not shown). In conclusion, gliadin priming of
donor mice and selection of CD4+CD45RBlowCD25− memory T cells for adoptive transfer
is crucial for the induction of gluten-sensitive enteropathy.

Nude mice challenged with oral gluten after adoptive transfer of gliadin-presensitized T
cells produce serum gliadin antibodies

While our model showed that gluten-reactive memory T cells lead to increased Th1/Th17
deviation and small intestinal pathology in Rag1−/− mice fed gluten, abrogation of B cell
tolerance to gluten, as occurs in human cd, remained to be demonstrated. Therefore, we
adoptively transferred CD4+CD45RBlowCD25− T cells from gliadin-sensitized donors into
B cell-competent nude mice, kept either on gfd or a gluten-containing diet. At 9 weeks post-
transfer, duodenitis scores ranged only from 1–4 in individual mice, without differences
between the gliadin/gluten and gliadin/gfd groups (mean 2.25+/−0.31 vs. 2.25+/−0.16, n.s.),
suggesting significant protection of nude mice from baseline duodenitis and, consequently,
lack of gluten-induced enteropathy. Few mice showed signs of colitis without differences
between groups (not shown), while histology of other organs was normal. Interestingly,
however, nude mice in the gliadin/gluten group produced very high titers of serum anti-
gliadin IgA, indicative of intestinal production, as well as serum anti-gliadin IgG, namely
IgG1 and IgG2c (Fig. 7). Serum titers in the gliadin/gfd group were negative. No serum IgA
or IgG autoantibodies against mouse tTG were detected (not shown). Thus, nude recipients
of gliadin-presensitized T cells produce serum anti-gliadin IgA and IgG (including Th1-
associated IgG2c subclass) antibodies only when challenged with oral gluten, confirming
breach of both T and B cell tolerance to gluten in our model, and its similarity with human
cd.

Discussion
The development of models in which non-dietary therapies can be tested has become a
priority for cd research. We transferred gliadin-presensitized CD4+CD45RBlowCD25− T
cells into Rag1−/− mice, which caused exacerbation of baseline duodenitis9,20 only in
recipients challenged with oral gluten, but not in mice kept on a gfd. Gluten-specificity was
further demonstrated by lack of effect in recipients of naive T cells or memory T cells
presensitized with irrelevant food antigen, and importantly, by reversal of weight loss,
improvement of enteropathy and normalization of immunological changes after switch-over
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to a gfd. Gluten-induced inflammatory changes in small bowel histology were associated
with increased Th1 (and Th17) polarization in the duodenum, closely mimicking cytokine
patterns in the mucosa of patients with active cd4,19. The production of high serum anti-
gliadin IgA and IgG titers (including the Th1-associated IgG2c subclass) in nude recipients
further demonstrated a breach of intestinal tolerance to gluten in this model.

Disturbance of oral tolerance to harmless antigens, usually maintained by intestinal
regulatory T cells, causes autoimmune inflammatory disease in the intestine8–10.
Accordingly, regulatory CD4+CD25+ T cells (Treg) were depleted in our model by FACS
selection of antigen-experienced CD4+CD45RBlowCD25− T cells from gliadin-immunized
donors. Previous reports had shown that CD4+CD45RBlowCD25− T cells (but not
CD4+CD45RBlowCD25+ T cells) from naïve donors can induce wasting disease in Rag2−/
− mice21, and do not suppress colitis in the CD4+CD45RBhigh T cell transfer model22. Our
results using CD4+CD45RBlowCD25− T cells from unprimed or control-immunized donors
confirmed the intrinsic pathogenicity of this T cell fraction, leading to low-level baseline
duodenitis in Rag1−/− mice. Gluten-induced specific changes therefore had to be measured
against an inflammatory background.

Proximal small intestinal pathology in our model resembled duodenitis observed after
adoptive transfer of CD4+CD45RBhigh T cells into lymphopenic mice9,20, generally
regarded a model of Crohn’s disease. Pathology was characterized by mucosal infiltration
with lymphocytes, crypt hyperplasia and villus atrophy, changes that are considered typical
for cd, but also by infiltration with neutrophils, leading to cryptitis and crypt abscesses.
While crypt abscesses are untypical of cd, neutrophil infiltration is a characteristic feature of
celiac small intestinal lesions24,25. Recently, gene expression profiling in biopsy samples
from celiac patients revealed chronic recruitment of activated neutrophils both in active
disease or remission26, indicating that neutrophils may provide (early) innate immune
signals for cd development2,27. Interestingly, nude mice were partially protected from
duodenitis when compared to Rag1−/− recipients, similar to partial protection from colitis
observed in B cell-competent vs. -incompetent TCRα −/− mice23, an effect likely ascribable
to B cell regulatory function.

As regards adaptive immunity, cd is characterized by dysregulation of gluten-specific T cell
responses. The celiac autoantigen tTG can deamidate certain glutamine residues of ingested
gluten peptides (mainly gliadins)17, and these modified gliadin peptides bind with increased
affinity only to HLA-DQ2 and -DQ8 molecules on antigen-presenting cells1,3. The result is
an activation of gliadin-specific CD4+ Th1 cells, seemingly unchecked by regulatory T
cells. Leading to a similar outcome, our model is based on adoptive transfer of
CD4+CD45RBlowCD25− T cells from mice immunized with gliadin in CFA, expressing
the murine MHC H2b haplotype. Therefore, it lacks the components of HLA-DQ2- or -
DQ8-restricted (deamidated) gluten peptide presentation and autoimmunity to tTG.
Nonetheless, the model can be further refined by introduction of cd-associated HLA class II
transgenes.

Feeding soluble antigen to naive mice leads to the induction of antigen-specific, tolerogenic
Treg28,29 that suppress inflammatory responses in the gastrointestinal tract29. To date only
one single study reported the induction of T cell mediated enteropathy by feeding soluble
antigen30, resulting from blockade of immunomodulatory arachidonic acid metabolites, e.g.
prostaglandin E2. Accordingly, both the depletion of tolerogenic Treg and the provision by
the innate immune system of costimulatory inflammatory signals are likely necessary for
activation of gliadin-specific memory T cells and subsequent gluten-dependent exacerbation
of duodenitis in our model. The former is further suggested by the observation that
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unfractionated T cells do not lead to intestinal inflammation similar to the
CD4+CD45RBhigh transfer model9,10.

The feeding dose of ~12.5mg gluten/mouse/day corresponded to 2.7 times the average body
weight-adjusted gluten intake in humans, calculated at ~13g gluten/person/day for Western
Europe31. In naive animals, ingestion of such high amounts of food protein would lead to
oral tolerance, as shown in healthy or colitic mice (CD4+CD45RBhigh model)29,32 that
were fed specific food protein (ovalbumin), eliciting the production of regulatory cytokines
TGFβ1 and IL-10 and suppression of Th1 cells. In clear contrast, our strategy of selective
transfer of gliadin-primed T cells resulted in abrogation of tolerance to dietary gluten and
increased duodenal pathology that was characterized by overexpression of IFNγ and IL-17.
The production of both IFNγ and IL-17 by CD4+ T cells was recently reported in murine
gvhd33. Relative increases of TGFβ1 and IL-10 vs. IFNγ transcript levels in Rag1−/−
recipients at 21.5 vs. 8.5 weeks, and pronounced increases of IL-17 and IL-2 respectively,
may indicate increased regulation of effector T cell responses, and possibly a shift from Th1
towards Th17 cytokine production during chronification of duodenitis in our model.

In conclusion, we present a small animal model of gluten-induced enteropathy, resembling
human cd. We suggest that this model can be used to study mechanisms of oral tolerance
and cd pathogenesis, but also for the testing of non-dietary therapies of cd that aim at the
degradation, neutralization or mucosal exclusion of gluten after ingestion. This is important,
since 1) the standard therapy, a strict gluten-free diet, is difficult to maintain, and 2) hidden
traces of gluten in food pose continuous dietary risks for celiac patients. Therapeutic
approaches such as oral enzyme therapies34,35 or inhibition of intestinal gluten uptake36

have recently gained attention. Testing their applicability and efficacy should be feasible in
this novel animal model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Generation of a mouse model of gluten-sensitive enteropathy
a) Splenic CD3+ T cell fractions from immunized donor mice were stained with fluorescent
antibodies. Rag1−/− or nude mice were injected i.p. with 4.5×105 CD4+CD45RBlow
CD25− T cells (Facs) from gliadin-immunized donors, or from ovalbumin (control)-
immunized donors. After T cell transfer, recipients were either maintained on gfd (gliadin/
gfd), or challenged with gluten (gliadin/gluten, ovalbumin/gluten). b) Changes in body
weight in relation to individual starting weights of Rag1−/− mice (n=8–18 per group) during
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8.5 weeks after transfer. Significantly lower weights in the gliadin/gluten vs. gliadin/gfd
group (***p=0.001) or vs. ovalbumin/gfd (***p=0.001); while differences between gliadin/
gfd vs. ovalbumin/gluten, although significant (+p<0.05), were small and transient.
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Fig. 2. Duodenitis in Rag1−/− recipients of CD4+CD45RBlowCD25− T cells
Duodenal samples were stained with H/E. a) Mild duodenitis (section taken from mouse in
the ovalbumin/gluten group). Mild infiltration of villus lamina propria with mononuclear
cells and presence of cryptitis, but normal crypt/villus ratio (magn. 100x). b) Moderate
duodenitis (from gliadin/gfd group). Increased infiltration of the villus and basal lamina
propria with mononuclear cells, presence of cryptitis (but no crypt abscesses), increase of
crypt/villus ratio. c) Severe duodenitis (from gliadin/gluten group). Loss of villus structure
due to severe infiltration of the lamina propria with mononuclear cells, pronounced villus
shortening and elongation of crypts, cryptitis (crypt abscesses present at other locations of
the same section). d) Severe duodenitis (from gliadin/gluten group; magn. 200x) with
cryptitis, crypt abscess (↓) and multinucleated giant cell in lamina propria (→; see insert
magn. 400x). e, f) Scoring of villus mononuclear cell infiltration (magn. 100 x), relating
villus lamina propria diameters to crypt diameters. Examples for e) villus diameter 1–2x
crypt diameter (score 2) and f) >2x crypt diameter (score 3).
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Fig. 3. Changes of crypt/villus ratios in Rag1−/− recipients of T cells
Duodenal sections were stained for Ki-67 to delineate the lengths of labeled proliferative
(crypt) and unlabeled non-proliferative (villus) zones using image analysis software. Shown
are examples for different crypt/villus (C/V) ratio scores (higher scores reflecting increased
severity) derived from villus/crypt (V/C) ratios (100x). a) C/V ratio score 0 (V/C ratio >3),
b) C/V ratio score 1 (V/C ratio 2.0–2.49), c) C/V ratio score 2 (V/C ratio 1.0–1.49), d) C/V
ratio score 3 (V/C ratio <0.5).
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Fig. 4. Exacerbation of histological duodenitis in gluten challenged Rag1−/− recipients of gliadin-
presensitized CD4+CD45RBlowCD25− T cells
Composite duodenitis scores integrating C/V ratio, mononuclear cell and neutrophil
infiltration scores (max. score 3+3+3=9). Significant differences between the gliadin/gluten
vs. the gliadin/gfd group (*p=0.02), and the ovalbumin/gluten group (*p=0.02; n=8–17).
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Fig. 5. Th1/Th17 polarization of T cells in Rag1−/− recipients of gliadin-presensitized
CD4+CD45RBlowCD25− T cells orally challenged with gluten
a–d) Splenocytes from individual mice (n=5–12 per group) were restimulated with gliadin
or ovalbumin (negative control). Cytokine concentrations in supernatants (ELISA) were
refered to internal standard, yielding two ratios for gliadin- and ovalbumin-stimulation.
Elevated levels in response to gliadin of a) IFNγ, b) IL-2 and c) IL-4 in the gliadin/gluten
vs. the gliadin/gfd and the ovalbumin/gluten groups, and of d) IL-10 in the gliadin/gfd vs.
the ovalbumin/gluten and the gliadin/gluten groups (*p<0.05, **p<0.01, ***p<0.001). e)
Increased transcript levels of IFNγ (p=0.06, n.s), IL-17A (p=0.15, n.s.), IL-17F (p=0.33,
n.s.) in the duodenum of the gliadin/gluten vs. the gliadin/gfd group, but unchanged levels of
TGFβ1 and IL-10 mRNA (RT-PCR). Significant increases for the ratios of IFNγ/TGFβ1
mRNA (**p=0.008) and IFNγ/IL-10 mRNA (*p=0.02). IL-15 mRNA levels were decreased
(*p=0.03, n=11–14).
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Fig. 6. Switch-over to a gfd leads to reversal of weight loss and improvement of enteropathy
a) Changes in body weight of Rag1−/− mice during 21.5 weeks after transfer of gliadin-
presensitized CD4+CD45RBlowCD25− T cells. Immediately after introduction of a gfd at
week 10.5 (↑), the diet switch-over group is gaining weight compared to the gliadin/gluten
group (***p<0.001). Significantly lower weights in the gliadin/gluten and the diet-switch-
over vs. the gliadin/gfd group (+++p<0.001, °°°p<0.001, n=8–9). b) Exacerbation of
histological duodenitis in the gliadin/gluten vs. the gliadin/gfd group at 21.5 weeks
(*p<0.05), but non-significant difference for the diet switch-over vs. the gliadin/gfd group
(p=0.11, n=8–9). c) Decreased duodenal transcript levels for IFNγ and IL-17A (both
*p<0.05), and non-significant decreases for IL-17F (p=0.13) and IL-2 (p=0.15) in the diet
switch-over vs. gliadin/gluten group (n=8).
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Fig. 7. Serum anti-gliadin antibodies in nude mice after adoptive transfer of gliadin-
presensitized CD4+CD45RBlowCD25− T cells
Serum levels of anti-gliadin IgA and IgG were determined in 2 groups of nude mouse
recipients (gliadin/gluten, gliadin/gfd), as well as in C57BL/6 control mice raised on a
gluten-free diet (C57BL/6-gfd) or normal (gluten-containing) chow (C57BL/6-gluten; each
n=8). Differences for anti-gliadin IgG and IgA between gliadin/gluten and every other group
were highly significant (***p<0.001). Levels of anti-gliadin IgG1 and IgG2c were
determined in sera positive for anti-gliadin IgG (i.e. in the gliadin/gluten group only).
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