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Abstract Aims/hypothesis: Type 1 diabetes is the result
of an inflammatory T helper 1 (Th1) lymphocyte-mediated
beta cell destructive process. The majority of diabetes-
prone BioBreeding (BBdp) rats fed wheat protein-based
diets, such as NTP-2000, develop type 1 diabetes and dis-
play a mild coeliac-like enteropathy. Mesenteric lymph
nodes (MLNs), which drain the gut, are the major inductive
site where dietary antigens are recognised in the gut-asso-
ciated lymphoid tissue (GALT). We hypothesised that this
compartment could be a site of abnormal wheat protein-
induced Th1 cell activation. Methods: MLN cells were
isolated from BBdp and BB control (BBc) rats that were
fed NTP-2000 or a hydrolysed casein (HC)-based diet at
ages that pre-date classic insulitis. The inflammatory status,
phenotype and proliferation of these cells in response to
wheat protein were determined. Results: The expression
ratio of T-bet : Gata3, master transcription factors for Th1
and Th2 cytokines, was increased in the MLN from NTP-
2000-fed BBdp rats compared with that from BBc rats,
mainly due to decreased Gata3 expression. CD3+CD4+

IFN-γ+ T cells were more prevalent in the MLN of wheat-
fed BBdp rats, but remained at control levels in BBdp rats
fed a diabetes-retardant HC diet. BBdp MLN cells prolif-
erated in response to wheat protein antigens in a specific,
dose-dependent manner, and >93% of cells were CD3+

CD4+ T cells. This proliferation was associated with a low
proportion of CD4+CD25+ T cells and a high proportion of

dendritic cells in the MLN of BBdp rats. Conclusions/
interpretation: Before insulitis is established, the MLNs of
wheat-fed BBdp rats contain an unusually high proportion
of Th1 cells that proliferate specifically in response to
wheat protein antigens.

Keywords BioBreeding (BB) rat . Diet . Environment .
Gut . IFN-γ . Type 1 diabetes . Wheat

Abbreviations BBc: BioBreeding control . BBdp:
diabetes-prone BioBreeding . CFDA-SE: 5,6-
carboxyfluorescein diacetate succinimidyl ester . FITC:
fluorescein isothiocyanate . GALT: gut-associated
lymphoid tissue . Gata-3: GATA binding protein-3 . HC:
diabetes-retardant AIN-93G hydrolysed casein-based diet .
mAb: monoclonal antibody . MLN: mesenteric lymph
node . NOD: non-obese diabetic . NTP-2000: diabetes-
promoting, wheat-based diet . OVA: chicken ovalbumin .
PE: phycoerythrin . PMA: phorbol 12-myristate 13-
acetate . T-bet: T-box expressed in T cells . TCR: T cell
receptor . Th1: T helper 1 . Th2: T helper 2

Introduction

Type 1 diabetes develops as a result of poorly understood
interactions among several risk genes and environmental
stimuli, including dietary proteins [1, 2]. Approximately
two-thirds of diabetes-prone BioBreeding (BBdp) rats from
the Ottawa colony fed a defined wheat-based diet (NTP-
2000) [3] develop type 1 diabetes between 65 and 130
days, whereas only 20–25% of BBdp rats fed a protective
hydrolysed casein-based AIN-93G (HC) diet become di-
abetic [4]. Diabetes in non-obese diabetic (NOD) mice is
also associated with wheat [1, 5–7]. Early exposure to ce-
reals including wheat was the factor most strongly as-
sociated with the development of islet autoantibodies in
two recent prospective studies in children at high risk of
developing type 1 diabetes [8, 9]. A large multicentre pro-
spective study, the Trial to Reduce the Incidence of Type 1
Diabetes in the Genetically at Risk (TRIGR), was launched
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recently to investigate the effect of delayed exposure to
intact food proteins in high-risk infants. Our group recently
identified a wheat storage globulin-like protein as a can-
didate diabetes-related antigen in diabetic rats and human
patients [4]. There is evidence that the gut is mildly in-
flamed and abnormally permeable to lumen antigens in
BBdp rats [10–14] and in human patients with type 1 dia-
betes [15–18]. However, remarkably little is known about
the immune state of the gut-associated lymphoid tissue
(GALT) in animals or humans that spontaneously develop
type 1 diabetes.

The gut of diabetes-prone rats may be a reservoir of
T helper 1 (Th1) lymphocytes that can be stimulated to
proliferate by antigens from a diabetes-promoting, wheat-
based diet. To investigate this, we compared the Th1/Th2
status, phenotype and proliferation of mesenteric lymph
node (MLN) cells from BioBreeding control (BBc) rats and
BBdp rats.

Materials and methods

Experimental design Three separate cross-sectional studies
(Table 1) were performed. First, we analysed tissues from
NTP-2000-fed rats aged 30 days for expression of the
genes encoding T-bet (now known as T-box 21) and
GATA binding protein 3 (Gata-3), transcription factors
that control Th1 and Th2 cytokine expression [19]. In a
second set of experiments, BBc and BBdp rats were fed
either the HC or NTP-2000 diet to age 45 days to ensure
full Th1 polarisation of naïve T cells [19], and then MLN
cells were analysed for the presence of IFN-γ+ Th1 cells
using intracellular flow cytometry [20]. Both these anal-
yses indicated a Th1 bias in the gut of young, pre-insulitic
(NTP-2000-fed) BBdp rats. Therefore, in a third set of ex-
periments, we determined whether wheat-specific T cells
were still present and which immune cells characterised
the MLN at around age 60 days, a critical time point when
NTP-2000-fed BBdp rats begin to develop diabetes.

Animals, diets and preparation of wheat protein digest
BBdp rats and non-diabetes-prone BBc rats of both sexes
were obtained from the Animal Resources Division of
Health Canada (Ottawa, ON, Canada). The animals were
kept under specific pathogen-free conditions. At 23 days,
animals were weaned and given free access to a diabetes-
promoting, wheat-based NTP-2000 diet, or a diabetes-retar-

dant HC diet. At the indicated ages, rats were exsanguinated
while under anaesthesia with 3% isoflurane in oxygen. Tis-
sues were removed and then either analysed immediately
or used to prepare single cell suspensions. Animal use was
approved by the local animal care committee.

The wheat protein extract was made from wheat gluten
(ICN Biochemicals, Cleveland, OH, USA) digested and
solubilised with 100:1 (w/w) α-chymotrypsin (Sigma, Oak-
ville, ON, Canada) in 174 mmol/l Tris base, pH 7.8, over-
night at 37°C, as previously described [21]. The digested
wheat protein was centrifuged at 1,500 g for 15 min at 22°C
and then filtered through a 0.2μmAcrodisc filter (Millipore,
Billerica, MA, USA). Protein concentration was determined
using the Bradford assay [22].

Cytokines, antibodies and reagents Phorbol 12-myristate
13-acetate (PMA), ionomycin, propidium iodide and FBS
were from Sigma. Recombinant human IL-2 was a gift
from C. Reynolds (National Institutes of Health, Bethesda,
MD, USA). We obtained 5,6-carboxyfluorescein diacetate
succinimidyl ester (CFDA-SE) from Molecular Probes
(Burlington, ON, Canada). Phycoerythrin (PE)-conjugated
CD25 (OX39) and biotinylated mouse anti-rat OX-62
(MRC OX-62) were from Serotec (Raleigh, NC, USA).
PE-conjugated rat CD45RA (OX-33), which recognises a
B cell-specific isoform of rat CD45, and ECD-conjugated
streptavidin were from Immunotech-Coulter (Marseille,
France). PE-conjugated anti-rat αβ T cell receptor (TCR)
monoclonal antibody (mAb) (R73) was from Cedarlane
(Hornby, ON, Canada). Purified mouse anti-rat CD3 mAb
(G4.18), purified mouse anti-rat CD28 mAb (JJ319), Cy-
Chrome-conjugated anti-rat CD4 mAb (OX-35), FITC-
conjugated mouse anti-rat CD8b mAb (341), PE-conjugated
anti-rat macrophage subset mAb (HIS36), FITC-conju-
gated mouse anti-rat CD3 (G4.18), PE-conjugated mouse
IgG1κ isotype control (MOPC-21), RiCK-2 positive con-
trol cells, Cytofix/Cytoperm Kit and GolgiPlug were from
BD Pharmingen (San Diego, CA, USA). FITC-conjugated
Perm-a-Sure permeabilisation control antibody, and PE-
conjugated anti-rat IFN-γ (DB-1) were obtained from
Biosource (Camarillo, CA, USA). RPMI 1640, PBS, L-
glutamine, penicillin and streptomycin were purchased
from Invitrogen (Burlington, ON, Canada).

Experiment 1: expression of T-bet and Gata-3 genes in
whole tissues MLNs were excised aseptically from 30-
day-old BBc and BBdp rats fed NTP-2000, homogenised

Table 1 Experimental groups

Experiment 1: T-bet :
Gata3 expression ratio

Experiment 2: frequency
of Th1 cells

Experiment 3: wheat
protein-specific T cell
phenotype

Animal BBc BBdp BBc BBc BBdp BBdp BBc BBdp

Number of rats per group 5 5 5 9 7 8 6 5–6
Diet NTP-2000 NTP-2000 HC NTP-2000 HC NTP-2000 NTP-2000 NTP-2000
Mean age at kill 30 days 45 days 60 days
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in TRIzol reagent (Invitrogen, Burlington, ON, Canada),
and total RNA was isolated for RT-PCR. Gene expression
was analysed using semi-quantitative RT-PCR, with β-
actin used as an internal control. Reverse transcription was
carried out with total RNA using an oligo(dT)16 primer
and a GeneAmp RNA PCR Kit (Roche, Mississauga, ON,
Canada). PCR was performed using the GeneAmp PCR
kit, and DMSO was used to enhance the reaction. PCR
products were separated by electrophoresis through a
1.5% agarose gel, and the net band intensity was analysed
using a Kodak Image Station 440CF (Eastman Kodak,
Rochester, NY, USA). PCR cycle number was optimised
as described previously [19]. The absence of genomic
DNA contamination was confirmed by performing PCR
without reverse transcription amplification of mRNA.
Primers targeting T-bet were designed using the sequence
of the gene encoding T-bet outside the T-box domain in the
mouse [23] to maintain their specificity for T cells. Primers
targeting the genes encoding GATA-3 (Gata3) and β-actin
(Actb) were designed using rat gene sequences. The se-
quences of the primers used were as follows: T-bet: sense
5′-AACCAGTATCCTGTTCCCAGC-3′, antisense 5′-TGT
CGCCACTGGAAGGATAG-3′; Gata3: sense 5′-CTCTC
CTTTGCTCACCTTTTC-3′, antisense 5′-AAGAGATGC
GGACTGGAGTG-3′; Actb: sense: 5′-CCAGCCTTCCTT
CCTGGGTA-3′, antisense: 5′-CTAGAAGCATTTGCGGT
GCA-3′. A PCR annealing temperature of 58°C was used
for the primers targeting T-bet and Gata3, and a temper-
ature of 55°C was used for those targeting Actb. The size
of the PCR product was 436 bp, 619 bp and 343 bp for
T-bet, Gata3 and Actb, respectively.

Experiment 2: flow cytometry analysis of IFN-γ in freshly
isolated T cells Single cell suspensions of freshly isolated
MLN and spleen cells were prepared, as described pre-
viously [20], from 45-day-old BBc and BBdp rats fed
either an HC or NTP-2000 diet. Cells were cultured in
vitro in 6-well culture plates (Falcon, Lincoln Park, NJ,
USA) at a concentration of 2×106 cells/ml in RP-10 me-
dium, consisting of RPMI 1640 medium supplemented
with 10% (v/v) heat-inactivated FBS, 2.0 mmol/l L-glu-
tamine, 50 mmol/l 2-mercaptoethanol, 100 U/ml penicillin
and 100 μg/ml streptomycin. Cells were stimulated with
50 ng/ml PMA and 1 μg/ml ionomycin in the presence of
1 μg/ml brefeldin A (GolgiPlug) for 6 h at 37°C, 5% CO2.
Cells were surface stained with anti-CD3-FITC and anti-
CD4-Cy-Chrome antibodies for 10 min, and then washed
with 2 ml of Isoton (Beckman Coulter, Mississauga, ON,
Canada) at 4°C. Cells were fixed and permeabilised using
Cytofix/Cytoperm for 10 min at 4°C, washed with 1×
Perm/Wash, and then incubated with PE-conjugated mouse
anti-rat IFN-γ or PE-conjugated mouse IgG1κ isotype con-
trol for 30 min at 4°C. Cells were washed with 1× Perm/
Wash at 4°C and resuspended in Isoton. CD3+CD4+ cells
were analysed for intracellular IFN-γ as described pre-
viously [20]. Isotype controls were used to determine non-
specific binding.

Experiment 3: measurement of the proliferation of immune
cells in response to wheat protein antigens using CFDA-
SE labelling A CFDA-SE-based proliferation assay [24]
was used to analyse the wheat protein reactivity of CD4+ T
cells from MLNs and spleens from 60-day-old BBc and
BBdp rats fed an NTP-2000 diet. Briefly, MLN and spleen
cells were isolated, resuspended in sterile PBS at a
concentration of 20×106 cells/ml, and then stained with 5
μmol/l CFDA-SE for 20 min at 37°C. Stained cells were
washed with RP-10 medium, resuspended to provide a
final concentration of 2×106 cells/ml, and cultured with α-
chymotrypsin-treated wheat protein or control antigens
in 12-well plates for 3–7 days. Cells cultured in medium
alone or in the presence of chicken egg white ovalbumin
(OVA) protein (Sigma) served as negative controls. As
a positive control for proliferation, cells were cultured in
the presence of 5 μg/ml plate-bound anti-CD3 mAb and 1
μg/ml soluble anti-CD28 mAb. At 3 and 7 days after stimu-
lation, cells were harvested and stained with Cy-Chrome-
conjugated anti-rat CD4 and PE-conjugated anti-rat αβ-TCR
mAbs for flow cytometric analysis with an FC500 flow
cytometer (Beckman-Coulter, Mississauga, ON, Canada).
Proliferating cells lose CFDA-SE fluorescence and exhibit a
CD4+CFDA-SElow phenotype, while non-dividing cells dis-
play a CD4+CFDA-SEhigh phenotype. Data on the response
to antigen are reported as the ratio of CD4+CFDA-SElow :
total CD4+ cells analysed. CD4+ MLN cells proliferating in
response to wheat protein antigens (CD4+CFDA-SElow) were
analysed for expression of αβ-TCR, a specific marker of
CD3+ T cells. Dead cells were excluded from the analysis
by gating on propidium iodide-negative cells.

Characterisation of the phenotype of MLN and spleen
cells The surface marker phenotype of MLN and spleen
cells from the 60-day-old rats was established using flow
cytometry. Cells were stained for αβ-TCR, CD4, CD8b,
CD45RA, HIS-36 and OX-62 to determine the frequency
of CD3+, CD4+, CD8+ T cells, B cells, macrophages and
dendritic cells, and were co-stained for CD4 and CD25 to
identify surface markers for regulatory/activated T cells.
At least 2×104 events were analysed.

Statistical analyses One-way ANOVA (with least signif-
icant difference post hoc analysis where appropriate) was
performed to determine the significance of differences
between means. A p value less than 0.05 was considered
significant.

Results

Experiment 1: increased T-bet : Gata3 expression ratio in
the MLN of young BBdp rats The T-bet : Gata3 expression
ratio of fresh tissue reflects the in vivo Th1/Th2 micro-
environment [19]. Therefore, we analysed the expression
of T-bet and Gata3 in freshly isolated MLN tissues of BBc
and BBdp rats fed an NTP-2000 diet. At 30 days of age, 1
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week after weaning and approximately 5 weeks before
diabetes cases begin to appear, the MLN of BBdp rats had
a higher T-bet : Gata3 expression ratio than the MLN of
BBc rats (p<0.05, n=5 per group; Fig. 1), indicating a
predisposition towards a Th1 phenotype (for details refer

to [19]). Peyer’s patches showed essentially the same
pattern (data not shown). The increased T-bet : Gata3 ratio
was attributable to decreased Gata3 expression rather than
increased expression of T-bet. There was no difference in
the T-bet : Gata3 expression ratio in the MLN of NTP-
2000-fed rats at 23 days, which corresponds to the first
day after weaning (data not shown).

Experiment 2: increased frequency of CD4+IFN-γ+ T cells
in the MLN of NTP-2000-fed BBdp rats CD4+ Th1 cells
play a major role in diabetes pathogenesis in the BBdp rat
[25–28]. To determine whether the early Th1/Th2 imbal-
ance would be reflected as an increased frequency of Th1
cells in the GALT, CD4+ T cells were quantified for IFN-γ
production using surface markers and intracellular flow
cytometry [20] (Fig. 2). This approach compensates for the
confounding effects of T cell lymphopenia in BBdp rats.
Consistent with the gene expression data, the frequency of
CD3+CD4+IFN-γ+ cells was approximately three times
higher in the MLN from 45-day-old NTP-2000-fed BBdp
rats than in the MLN from BBc rats (p=0.001, n=8–9 per
group; Fig. 2a). The CD3+CD4+IFN-γ+ cells were present
at control levels in the MLN from BBdp rats fed an HC
diet (p=0.03, n=7–8 per group; Fig. 2a). Dot plots of CD4+

IFN-γ+ T cells from representative BBc and BBdp rats
fed the NTP-2000 diet are shown in Fig. 2b and c. The
frequency of CD3+CD4+IFN-γ+ cells in the spleen was
not affected by diet in either BBc or BBdp rats (data not
shown), which suggests that the gut is a specific site for
the dietary activation of Th1 cells.

Experiment 3: reactivity of CD4+ T cells from the MLN of
NTP-2000-fed BBdp rats to wheat protein antigens in vitro
In a further experiment, we investigated whether wheat-
reactive T cells were present around the critical time when
BBdp rats begin to develop diabetes (∼60 days). The pro-
liferation of MLN cells in response to various concen-
trations of wheat protein was evaluated in vitro (Fig. 3).
MLN and spleen cells from BBdp and BBc rats that had
been exposed to the NTP-2000 diet for 5 weeks were
stained with CFDA-SE and incubated in vitro in the
absence or presence of varying concentrations of α-chy-
motrypsin-treated wheat protein (12.5, 25 and 50 μg/ml).
As controls, cells were incubated in the presence of OVA
protein or with anti-CD3 plus anti-CD28 mAbs. Little or

Fig. 1 T-bet : Gata3 ratio in MLN. Expression of T-bet (a), Gata3
(b) and the T-bet : Gata3 ratio (c) measured by semi-quantitative RT-
PCR in 30-day-old NTP-2000-fed BBc (open bars) and BBdp rat

(filled bars) MLN immediately upon excision of the tissue (n=5 per
group). Data were normalised to the expression of the gene encoding
β-actin (Actb) and represent means±SD. *p<0.05 vs BBc rats

Fig. 2 Dietary modification of the frequency of CD3+CD4+IFN-γ+

MLN cells. a MLN cells were isolated from HC-fed (hatched bars)
and NTP-2000-fed (grey bars) 45-day-old BBc rats (n=5–9 per
group) and BBdp rats (n=7–8 per group) and then stimulated in
vitro with PMA and ionomycin for 6 h. Samples were surface
stained for CD3 and CD4, fixed, permeabilised, stained with PE-
conjugated mouse anti-rat IFN-γ, and then analysed by flow cytom-
etry. b, c Two-colour dot plots of CD4+IFN-γ+ cells from MLN were
generated after gating on CD3+ cells to correct for the lymphopenia.
Representative plots are shown for NTP-2000-fed BBc (b) and
BBdp (c) rats. Data are expressed as mean percentages of CD3+

CD4+IFN-γ+ cells±SEM. *p<0.005 vs BBc rats; †p<0.05 vs HC-
fed BBdp rats
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no cell proliferation was detected in the absence of wheat
protein antigens or in the presence of OVA protein. The MLN
cells from BBc and BBdp rats proliferated in response
to stimulation with anti-CD3 plus anti-CD28 mAbs. We
observed that CD4+ MLN cells from BBdp rats proliferated

specifically in a dose-dependent manner in response to wheat
protein antigens (Fig. 3a), whereas CD4− MLN cells did not
respond to wheat proteins. Compared with those from BBc
rats, CD4+ MLN cells from BBdp animals showed sig-
nificantly greater cell proliferation in response to wheat pro-

Fig. 3 Proliferation of MLN
and spleen cells in response to
wheat protein antigens. Cells
from the MLN (a) or spleen
(b) of 60-day-old NTP-2000-fed
BBc (open bars) and BBdp
(filled bars) rats (n=6 per group)
were stained with CFDA-SE
and plated in the absence (me-
dium only) or presence of in-
creasing concentrations of wheat
protein (WP, μg/ml). Control
cultures contained OVA protein
or anti-CD3 and anti-CD28
mAbs. At day 3, cells were
stained with anti-rat CD4 anti-
body and then cell proliferation
was analysed by flow cytometry.
Bars represent means±SD of the
ratio of proliferating CD4+ cells
to total CD4+ cells. *p<0.05 vs
BBc rats. c To determine the
phenotype of the wheat protein-
reactive MLN cells, CFDA-SE-
labelled MLN cells from
60-day-old NTP-2000-fed BBdp
rats were cultured for 7 days in
the presence of 50 μg/ml wheat
protein and then stained with
anti-CD4 and anti-αβ-TCR
mAbs. CD4+ MLN cells prolif-
erating to wheat protein antigens
(CD4+CFDA-SElow) were gated
(open box) and analysed by flow
cytometry to assess levels of
αβ-TCR+ cells

Fig. 4 Phenotype of MLN and spleen cells. Freshly isolated MLN
cells (a) or spleen cells (b) from 60-day-old NTP-2000-fed BBc
(open bars, n=6) and BBdp (filled bars, n=5) rats were stained with
antibodies specific for rat CD3 (αβ-TCR), CD4, CD8, macrophage

(His-36), B cell (CD45RA) or dendritic cell (OX-62) surface
markers and the percentage of cells expressing these markers was
analysed by flow cytometry. Data represent means±SD. *p<0.05 vs
BBc rats
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tein antigens (p<0.05, n=6 per group; Fig. 3a). In BBdp rats,
the proliferation of cells in response to wheat protein an-
tigens was greater in the gut-associated MLN than in the
spleen (Fig. 3b). This finding can probably be explained by
the presence of inhibitory macrophages that make up a sig-
nificantly greater proportion of the cell population in the
spleen (Fig. 4) [29]. In rats, CD4 is expressed on T lym-
phocytes as well as on the cell surface of monocytes and
macrophages. The phenotype of the wheat protein-reactive
cells was determined by staining with anti-rat CD4 and
anti-rat αβ-TCR (CD3) mAbs. By gating on CD4+CFDA-
SElow cells (wheat protein-reactive cells), we found that
93–97% of the wheat protein-reactive CD4+ cells expressed
the CD3+ T cell-specific marker, αβ-TCR; further con-
firming that the response to wheat protein in the MLN of
BBdp rats was mediated by CD3+CD4+ T cells (Fig. 3c).

Increased antigen-presenting cells and decreased CD4+

CD25+ T cells in BBdp rats To further characterise the
cell populations, we used flow cytometry to analyse the
phenotype of freshly isolated MLN and spleen cells from
NTP-2000-fed BBc and BBdp rats aged 60 days. The
characteristic lymphopenia in BBdp rats resulted in low
numbers of CD3+ (αβ-TCR+ cells), CD4+ and CD8+

(CD8b+cells) T cells in the MLN (Fig. 4a) and spleen
(Fig. 4b). Compared with those of BBc rats, the MLN
and spleen from BBdp rats contained a higher frequency of
dendritic cells (OX-62+ cells) and B cells (CD45RA+ cells).
Furthermore, macrophage frequency (HIS-36+ cells) in the
spleen was significantly higher in BBdp rats than in BBc
animals (Fig. 4b). The data show that lymphopenia in
BBdp rats is associated with a high frequency of antigen-
presenting cells, such as B lymphocytes and dendritic cells, in
the MLN and spleen, increasing the potential for antigen
presentation and the induction of T cell proliferation. In
addition, compared with those from healthy BBc animals, the
MLN and spleen from BBdp rats showed a significantly
lower frequency of cells with a CD4+CD25+ regulatory Tcell
phenotype (p<0.05, n=5–6 per group; Fig. 5).

Discussion

Type 1 diabetes is a complex, multifactorial disease that is
strongly influenced by environmental factors, including
diet, in genetically susceptible individuals [1, 2, 4, 26].
Wheat gluten is a concentrated mixture of wheat proteins
that is associated with the development of type 1 diabetes
in BBdp rats [4, 30, 31] and NOD mice [5–7, 54]. Feeding
nutritionally comparable semipurified diets in which wheat
gluten was either the major or the sole protein source to
BBdp rats produced nearly three times as many cases of
type 1 diabetes and higher insulitis rating compared with
HC-fed rats (p<0.001) [4]. Even under strict germ-free
conditions, BBdp rats still develop diabetes when fed an
irradiated wheat-based diet, whereas HC-fed BBdp rats are
almost completely protected (F. W. Scott, unpublished
data). This suggests that diet has a major effect on the
development of diabetes in BBdp rats.

The inflammation in the pancreas that destroys islet beta
cells is predominantly a Th1 process, which is character-
ised by the production of IFN-γ in BBdp rats [25–28] and
in humans [32]. However, the origin of these Th1 cells, the
stimulatory antigens, and the timing and circumstances
under which the cells become activated remain unclear.
The gut has been proposed as a possible source of these
cells [31, 33, 34], but information on the inflammatory
status of the gut, the identity of the cells and the possible
stimulatory dietary antigens encountered during the period
before the development of overt diabetes is lacking.

Thus, our understanding of the role of the gut in diabetes
pathogenesis and its modification by diet is rudimentary,
particularly in humans, where studies of the gastrointestinal
tract are difficult and few [15, 35, 36]. The pioneering
studies by Westerholm-Ormio et al. revealed the increased
production of IFN-γ and other proinflammatory markers
consistent with a Th1 condition in the jejunal mucosa of
patients [15]. However, because the inductive tissues of the
GALT are not readily accessible in humans, they have not
been studied in prediabetic or diabetic individuals. The
results of the present study of the pre-insulitis period are
consistent with the findings of Westerholm-Ormio et al.
and suggest that, in the major inductive site of the gut, the
MLN, a Th1 bias exists as early as 1 week after weaning.

MLNs are gut-associated secondary lymphoid organs in
which an adaptive immune response to antigens encoun-
tered in the gut lumen occurs [37]. MLNs are crucial
centres where presentation of soluble dietary antigens to
naïve T cells occurs, either by uptake of the antigen by
resident antigen-presenting cells or via antigen-presenting
cells that transport the antigen to the MLN [37]. The intact
gut barrier controls the entry of dietary antigens and
commensal bacteria. Low concentrations of dietary anti-
gens do not normally induce local inflammation but rather
lead to specific unresponsiveness, a process called oral
tolerance [37]. In healthy individuals, the inductive tissues
of the gut normally maintain an immunosuppressive, Th2-
predominant environment. This is not the case in patients
with coeliac disease, the prototype wheat-induced immune
disorder, which involves IFN-γ-related damage to the gut

Fig. 5 CD4+CD25+ regulatory T cells in MLN and spleen. Freshly
isolated MLN cells (a) or spleen cells (b) from 60-day-old NTP-
2000-fed BBc (open bars, n=6) and BBdp (filled bars, n=5) rats
were stained with antibodies specific for regulatory T cell surface
markers (CD4 and CD25) and the percentage of cells expressing
these markers was analysed by flow cytometry. Data represent the
means±SD of the percentage cell population. *p<0.05 vs BBc rats

1581



[38, 39]. The present study shows that this is also the case
in young BBdp rats. Moreover, these animals display
several signs of gut damage including a mild coeliac-like
enteropathy [10], decreased disaccharidase activity [40]
decreased mucin content [14, 47], and increased gut
permeability to FITC-conjugated dextran 4000 [14, 47] and
mannitol [11].

Th1/Th2 differentiation involves a balance between
Th1-specific T-bet and Th2-specific Gata3 expression [19,
41, 42]. In the present study, measurement of T-bet and
Gata3 expression immediately upon excision of the tissues
revealed a decrease in the expression of Gata3 and no
change in the expression of T-bet, suggesting that, in vivo,
the MLN of young BBdp rats display a Th1 bias that is the
result of a Th2 deficit rather than the increased production
of the Th1 controller, T-bet. The Th1-promoting environ-
ment prevailed as early as 1 week after weaning (Fig. 1).
This suggests that the MLN cells had already been
stimulated in vivo and were primed to favour differenti-
ation towards Th1 cells when pancreatic inflammation was
minimal or absent. The low expression of this Th2 signal is
consistent with the report that young children with islet
antibodies showed decreased production of the Th2
cytokine IL-4 in response to tetanus toxoid and rubella
[43]. MLN cells were analysed for the presence of IFN-γ+

Th1 cells 2 weeks after the appearance of the increased
T-bet : Gata3 ratio to allow sufficient exposure to dietary
antigens to ensure full Th1 polarisation of naïve T cells
[19]. The MLN of BBdp rats, but not BBc animals,
displayed a high frequency of CD3+CD4+ IFN-γ+ cells
(Fig. 2). This increase was blocked in HC-fed BBdp rats,
consistent with the finding that BBdp MLNs and pancre-
atic lymph nodes are centres of unusually high mitotic ac-
tivity, which is blocked in rats fed an HC diet [44, 45].

Based on the report that wheat protein-based diets
promote the development of diabetes in BBdp rats [4] and
the early development of a Th1 bias in the MLN of wheat-
fed rats in the present study, we investigated whether there
was an increased prevalence of wheat protein-reactive
immune cells in the GALT of BBdp rats around the age
when diabetes first begins to appear. CFDA-SE labelling
and flow cytometry [24] were used to analyse T cell pro-
liferation in response to wheat protein antigens in rats aged
60 days that had been exposed to the NTP-2000 diet for 5
weeks. This method allows the simultaneous characterisa-
tion of proliferating cells and their phenotype. Gatng on
total CD4+ T cells and the determination of the prolifer-
ation of αβ-TCR+CD4+ cells permitted comparisons that
were not confounded by BBdp T cell lymphopenia. This
analysis revealed a population of wheat protein-specific
CD4+ T cells in the MLN of BBdp rats (Fig. 3). These cells
were less frequent in the spleen, suggesting that they are
activated in the gut and present at lower levels in the sys-
temic immune system. The reasons why the gut of the BBdp
rat is a site of wheat protein-induced CD4+ T cell prolif-
eration are not known, but could be related to the low
frequency of CD4+CD25+ T regulatory cells and the in-
creased frequency of antigen-presenting cells (Fig. 5) [46].

The development of enteropathy in the BBdp gut by as
early as 30 days [10] could set the stage for the continuing
inflammatory damage and increased permeability [11, 47]
that has been linked to diabetes outcome [48] and is
reported to be diet-modifiable [14, 47]. A leaky gut could
permit the entry of unusually large amounts of soluble di-
etary wheat antigens through the mucosal barrier. Analysis
of the phenotype of the cell populations in the draining
MLN showed a disproportionately high frequency of an-
tigen-presenting dendritic cells (Fig. 4), which could fa-
vour the presentation of dietary antigens to naïve T cells,
leading to their maturation into Th1 cells and increased
proliferation (Fig. 3). An environment loaded with wheat
antigens could also promote the maturation of dendritic
cells, as reported recently in wheat-treated dendritic cells
from BALB/c mice [49].

The present findings are the first to indicate a diet-
specific activation of Th1 lymphocytes in the GALT of
BBdp rats. CD4+ T cells are required for the initiation and
promotion of diabetes development in the BBdp rat [50].
CD8+ T cells are also required as effectors, but are almost
absent in BBdp rats [51], and showed little response to
wheat protein antigens in the present study (Fig. 3). It may
be speculated that Th1 cytokine-producing cells are acti-
vated in association with the coeliac-like proinflamma-
tory state of the gut [10] and could play a role in the dietary
modification of type 1 diabetes. We did not perform adop-
tive transfer studies because of the difficulty in obtaining
sufficient numbers of cells from the MLN of BBdp rats,
which are T cell lymphopenic. However, it has been re-
ported that MLN cells can transfer diabetes in NOD mice
[52], and MLN lymphocytes have been shown to traffic
through the pancreas [53].

In summary, there was a diet-related Th1 bias in the
GALT of BBdp rats, as indicated by an increased T-bet :
Gata-3 ratio and a high frequency of IFN-γ+ Th1 cells in
freshly isolated MLN from NTP-2000-fed animals. IFN-γ+

Th1 cells were less frequent in HC-fed BBdp rats and in
BBc animals. MLN cells from NTP-2000-fed BBdp rats
were stimulated to proliferate in vitro in the presence of
increasing amounts of wheat antigens, indicating a specif-
ic response that was absent in corresponding controls. This
occurred at ages when islet inflammation is minimal or
absent. Given the T cell lymphopenia in the BBdp rat, it is
remarkable that such a large number of cells responded.
We suggest that this process could be the result of a com-
bination of factors, including entry of large amounts of
soluble wheat antigens through a leaky gut barrier into the
MLN, where a proinflammatory Th1 microenvironment
prevails, in association with low numbers of T regulatory
cells and increased antigen-presenting cells. Thus, the main
inductive site for immune reactions in the gut, the MLN,
contains wheat-activated Th1 cells whose frequency and
proliferative capacity is increased in diabetes-prone rats fed
a mainly wheat-based NTP-2000 diet, but is low in animals
fed an HC diet.
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