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 Lower Expression of Tight Junction Protein 1 
Gene and Increased FOXP3 Expression in the 
Small Bowel Mucosa in Coeliac Disease and 
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tTG were highest in patients with CD and T1D (p = 0.0001 and 
0.01, respectively). The expression of FOXP3 mRNA correlat-
ed highly with the level of anti-gliadin IgA (p = 0.02) and an-
ti-tTG IgA antibodies (p = 0.004).  Conclusion:  The significant 
decline in TJP1 expression in CD patients, particularly in 
those with coexisting T1D, was accompanied by an increase 
in FOXP3 expression. This might reflect an attempt to main-
tain immune tolerance to counterbalance the loss of muco-
sal integrity in the small intestine in CD associated with T1D.

  Copyright © 2011 S. Karger AG, Basel

  Introduction

  Tight junction protein 1 [TJP1; also known as zonula 
occludens protein 1 (ZO-1)], the first protein discovered 
at tight junctions in a variety of epithelia  [1] , is involved 
in the structural and functional organization of tight 
junctions in the gut mucosa and might influence small 
bowel mucosa permeability  [2–4] .

  Coeliac disease (CD) is characterized by an altered im-
mune response to ingested wheat gluten and its compo-
nent gliadin, which leads to inflammation, villous atro-
phy and crypt hyperplasia in the small bowel mucosa
 [5, 6] . CD is a very common chronic gastrointestinal dis-
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  Abstract

   Background:  The role of regulatory T cells expressing FOXP3 
in the pathogenesis of coeliac disease (CD) and type 1 diabe-
tes (T1D) has been reported. Recent data have placed special 
focus on the interplay between the intestinal barrier and im-
munoregulatory processes. We aimed to determine whether 
the expression of tight junction protein 1 (TJP1), which re-
flects small bowel mucosa permeability, is changed in CD 
and T1D.  Methods:  Transcription levels of TJP1 and FOXP3 
genes were evaluated in the small bowel biopsies of 14 chil-
dren with CD, 12 with CD and coexisting T1D and 40 controls 
using real-time PCR. Serum IgA and IgG to deamidated glia-
din, bovine  � -lactoglobulin, bovine  � -casein and human tis-
sue transglutaminase (tTG) were determined by ELISA.  Re-

sults:  The highest expression of FOXP3 mRNA was seen in 
patients with CD and T1D compared to patients with CD 
alone and controls (p = 0.02). In contrast, the lowest level of 
TJP1 mRNA expression was found in patients with CD and 
T1D (p = 0.01). The levels of IgA to deamidated gliadin and 
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ease in childhood with a prevalence of 0.5–3% according 
to international population studies  [7, 8] . As confirmed 
by our own studies, in most cases CD possesses atypi - 
cal symptoms and could only be detected by a directed 
search  [9] .

  There is no conclusive knowledge of the interactions 
between gliadin and intestinal epithelia and the mecha-
nism by which it crosses the epithelial barrier. Gluten 
peptides may cross the intestinal epithelium either via the 
paracellular route or via transcytosis of the gliadin after 
its partial degradation  [6, 10] . The role of the gut immune 
system is also considered in the pathogenesis of another 
autoimmune disease, type 1 diabetes mellitus (T1D). Di-
etary gluten as well as cow’s milk proteins are thought to 
be risk factors for T1D  [11–13] . In children, CD and T1D 
are frequently associated. The average prevalence of CD 
among children with T1D in 26 reports was 4.5% (range 
0.97–16.4%)  [14, 15] . The prevalence of CD in T1D in Es-
tonia is at least 3.3%. However, the number of CD cases 
found among T1D patients is dependent on the follow-up 
time of index patients  [16] . In the pathogenesis of both of 
these autoimmune diseases, the intestinal luminal anti-
gens that have been absorbed through the gut mucosa 
might play a certain role in triggering consecutive im-
mune events  [17, 18] . One of the pre-existing conditions 
that leads to an autoimmune process is the presentation 
of an antigen to the mucosal immune system following 
its paracellular passage from the intestinal lumen to the 
gut submucosa  [2, 17, 19] . This process is usually prevent-
ed by tight junctions  [2, 17] . Thus, increased intestinal 
permeability may precede disease by causing delivery of 
an antigen into the gut immune system, leading to pro-
duction of IgA antibodies against gliadin  [6, 20] . The 
functional integrity of the small bowel mucosa is im-
paired in CD, which is even noted in the relatives of pa-
tients with CD  [21–24] . Antibodies to the autoantigen tis-
sue transglutaminase (tTG) have also been shown to in-
crease intestinal permeability in CD  [25] . Duerksen et al. 
 [26]  found positive correlation of tTG antibodies with the 
severity of intestinal lesions and intestinal permeability. 
Increased permeability of the small intestinal mucosa has 
also been shown in patients with T1D, which is suggested 
to be important in the pathogenesis of T1D  [27–29] .

  In addition to the micro- and macro-anatomical 
changes demonstrated in CD and T1D, there is an in-
creasing body of evidence showing that substantial im-
munological changes take place in the small intestinal 
mucosa in both diseases. Among them, the role of regula-
tory T cells (Treg), most frequently characterized by ex-
pression of CD4+ and FOXP3+ by intestinal lympho-

cytes, has been reported in the pathogenesis of both T1D 
and CD  [30–33] . There is evidence that intestinal Treg 
together with thymus-derived Treg collaborate to rein-
force intestinal homeostasis in order to suppress immune 
responses toward dietary antigens and self-antigens  [32] .

  Recent data have placed special focus on the interplay 
between the intestinal barrier and immunoregulatory 
processes. It has been hypothesized that immunoregula-
tory mechanisms will be more strongly activated in the 
case of impaired intestinal barrier function to prevent in-
appropriate inflammatory responses  [3] . Dysfunction of 
epithelial tight junctions causes mucosal immune activa-
tion by challenging CD4+ lymphocytes in the intestinal 
lamina propria  [6, 34] , as well as leading to Treg genera-
tion  [35] . Elevated intestinal permeability leads to an in-
crease in the number of dendritic cells in the intestinal 
lamina propria  [3] , which in turn, being conditioned after 
contact with epithelial cells, are able to promote Treg dif-
ferentiation  [36] .

  In our previous study  [37] , we found higher expression 
of FOXP3 mRNA, as well as a higher number of CD25+/
CD4+/FOXP3+ cells, in small bowel biopsy specimens of 
children with CD, particularly in those with coexisting 
T1D, compared with FOXP3 expression in normal small 
bowel mucosa. However, the association of this phenom-
enon with intestinal permeability and development of 
CD-related autoantibodies remained unclear.

  In the present study, we aimed to determine whether 
small bowel tight junction integrity, characterized by 
TJP1 expression (as TJP1 mRNA and ZO-1 protein in tis-
sue samples), is changed in patients with CD and coexist-
ing T1D and whether it is associated with FOXP3 expres-
sion in the intestinal mucosa and development of anti-
bodies against dietary antigens.

  Subjects and Methods

  Study Subjects
  Sixty-six patients (33 females, 33 males; mean age 8.7  8  6.0 

years) who were admitted to the Children’s Clinic of Tartu Uni-
versity Hospital in the periods 1998–2000 and 2005–2006 and 
who underwent small bowel biopsy were studied. All patients 
were recruited at the time of the diagnosis of CD. A duodenal bi-
opsy was taken either using the Watson capsule (26 cases) or by 
gastroduodenoscopy (40 cases). In the former procedure, the bi-
opsy sample was divided into 2 portions; one half was stored for 
morphological examination and the other half was immediately 
quick-frozen in Tissue Tek OCT Compound (Sakura Finetek, Fin-
land) for real-time (RT)-PCR and stored at –80   °   C. One biopsy 
sample taken by gastroduodenoscopy was used for morphological 
examination, another was stored in RNA later  (Ambion Inc., Aus-
tin, Tex., USA) at –25   °   C for further RT-PCR and the third one was 
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snap frozen, embedded in Tissue Tek OCT Compound (Sakura 
Finetek) and stored at –80   °   C.

  The diagnosis of CD was established on the basis of the criteria 
of the European Society for Paediatric Gastroenterology, Hepatol-
ogy and Nutrition  [38] . Morphologically, villous atrophy was clas-
sified according to the Marsh classification  [39, 40] .

  CD without T1D was diagnosed in 14 patients (mean age 3.5 
 8  4.2 years; villous atrophy according to Marsh: IIIa in 4 cases, 
IIIb in 10), and CD associated with T1D was diagnosed in 12 pa-
tients (mean age 9.5  8  2.9 years; in all 12 patients, villous atrophy 
IIIb according to Marsh). Forty patients (mean age 10.4  8  6.4 
years) with other diagnoses (functional dyspepsia, Down’s syn-
drome, allergy to cow’s milk protein, retardation of psychomotor 
development, allergic dermatitis, duodenal ulcer, erosive gastri-
tis) formed the control group. Four of the patients with other di-
agnoses had partial or subtotal villous atrophy, while the remain-
ing 36 patients without CD had normal small bowel mucosa 
(Marsh classification 0;  table 1 a).

  The study was approved by the Ethics Review Committee for 
Human Research of the University of Tartu. All studied children 
and/or their parents gave their written consent.

  Real-Time PCR
  Total RNA was isolated from the biopsy samples using the 

RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to 
the manufacturer’s instructions. The amount of RNA obtained 
was determined by measuring absorption at 260 and 280 nm us-
ing NanoDrop (ND-1000 Spectrophotometer, Kisker Biotech, 

Germany). The quality of RNA was checked by agarose gel elec-
trophoresis using ethidium bromide staining according to the 
 RNeasy Mini Handbook  instructions (Qiagen, June 2001, p 92). 
When the 28s ribosome RNA band was present with an intensity 
approximately twice that of the 18s RNA band, the quality of RNA 
proved suitable for further use. In addition, the purity of RNA was 
estimated by measurement in a spectrophotometer as the ratio of 
absorbance of RNA at 260 and 280 nm, which should be 1.9–2.1.

  cDNA was prepared using a cDNA transcription Kit (Applied 
Biosystems, USA) according to the manufacturer’s protocol. Ge-
nomic DNA was eliminated by additional DNAase I treatment 
(Roche Diagnostics, Germany) before cDNA synthesis. Random 
Hexamers (Applied Biosystems) were used for prime first-strand 
synthesis, and the reaction was carried out in a total volume of
20  � l.

  The transcription level of the TJP1 (ZO-1) gene was evaluated 
in 62 small bowel biopsy samples ( table 1 b) using SYBR Green RT-
PCR Gene Expression Analysis according to the manufacturer’s 
instructions (SuperArray Bioscience Corporation, USA). A total 
of 1  � l of cDNA probe was used for each duplicate measurement 
of human TJP1 (Hs.510833, SuperArray Bioscience Corporation), 
and 1  � l of cDNA was used for measurement of the housekeeping 
gene  � -actin (Hs.520640, SuperArray Bioscience Corporation).

  The home-made exogenous cDNA calibrator sample was pre-
pared from the Caco-2 cell line (American Tissue Culture Col -
 lection), cultivated for 21 days at a concentration of 5  !  10 6  cells 
in 120  � l and used as the interassay standard to which all other 
samples were compared for each run. Interassay variation was

 Table 1.   Study groups, state of the small bowel mucosa and the studies employed
 

   a  State of the small bowel mucosa in the different study groups

 Study group  n  Mean age
  years 

 Males/
  females 

 Normal
  mucosa 

 Villous
  atrophy 

 CD without T1D  14 3.5 8 4.2 9/5 0  14 
 CD with T1D  12 9.5 8 2.9 5/7 0  12 
 Controls  40  10.4 8 6.4  19/21  36 4 
 Total  66 8.5 8 0.8  33/33  36  30 
 
   b  Studies employed 

 Study group  n  TJP1
  mRNA
  expression
  studied 

 FOXP3
  mRNA
  expression
  studied 

 E LISA antibodies to  

deamid ated
gliadin
IgA and IgG

 � -casein
IgA and IgG

 � -lacto-
globulin
IgA and IgG

tTG
IgA, IgG and IgM

 CD without T1D  14  14  14  13 5  10 6 
 CD with T1D  12  11 7  12  10  10  10 
 Normal mucosa  36  33  22  32  31  25  29 
 Controls with PVA or SVA 4 4 4 4 4 4 0 
 Total  66  62  47  61  50  49  45 

 PVA  = Partial villous atrophy (Marsh II); SVA = subtotal villous atrophy (Marsh IIIa). 
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5%. The Caco-2 cell line is known to express high levels of TJP1 
mRNA  [41] .

  The ABI Prism 7000 sequence detector was programmed to 10 
min at 95   °   C (enzyme activation), followed by 40 thermal cycles of 
15 s at 95   °   C (denaturation) and 1 min at 60   °   C (annealing/exten-
sion). Amplification was performed in a total volume of 25  � l. 
Each measurement was carried out in duplicate.

  The quantitative value obtained from the SYBR Green run is 
the cycle threshold (Ct) value, which indicates the number of PCR 
cycles at which the amount of the amplified target molecule ex-
ceeds a predefined threshold value. The comparative threshold 
method was used to quantitate gene transcription in the samples. 
The Ct of human  � -actin was subtracted from the target gene Ct. 
The obtained difference was taken as the  � Ct value. The  � Ct
of the calibrator was then subtracted from the  � Ct of the sam - 
ple. The obtained difference was called the  �� Ct value, and the 
results were expressed in relative units based on the calculation of 
2 –  ��  Ct , which yielded the relative amount of the target gene nor-
malized to the endogenous control ( � -actin) and relative to the 
calibrator, multiplied by 1,000.

  The transcription level of the FOXP3 gene (Hs00203958_m1), 
as a characteristic of Treg, was evaluated in the same way, but in 
15 biopsies, using the TaqMan Gene Expression assay (Applied 
Biosystems) as described and published previously  [37] .

  Immunofluorescence Staining for TJP1 (ZO-1)
  Immunofluorescence staining for TJP1 (ZO-1) protein on fro-

zen sections of intestinal mucosa was performed in 14 snap frozen 
biopsy specimens of small bowel mucosa (7 CD patients with co-
existing T1D with villous atrophy and 7 patients with normal 
small bowel mucosa) according to Pizzuti et al.  [42] . Biopsy spec-
imens were embedded in Tissue Tek OCT Compound (Sakura 
Finetek) and stored at –80   °   C.

  The 4- � m frozen sections cut with a cryostat microtome were 
mounted on SuperFrost Plus slides (Menzel GmbH & Co KG, 
Braunschweig, Germany), air dried overnight and used immedi-
ately. The sections were fixed in 4% paraformaldehyde for 10 min 
at room temperature, followed by permeabilization with 0.01% 
Triton X-100 (Serva Feinbiochemica, Heidelberg, Germany) in 
Tris buffer for 30 min at room temperature.

  The sections were incubated with polyclonal rabbit antibodies 
to ZO-1 (Zymed Laboratories, Invitrogen Corporation, Carlsbad, 
Calif., USA) at a dilution of 1:   100 (2.5  � g/ml) in Tris buffer for
2 h at 37   °   C in a humid chamber under coverslips. After washing 
with Tris, a sheep antibody against rabbit IgG (whole molecule) 
Fab’ fragment conjugated with Cy3 (Sigma-Aldrich, St. Louis, 
Mo., USA) at a dilution of 1:   100 was used as the secondary anti-
body (incubation for 1 h at room temperature). After the next 
washing in Tris buffer, the slides were mounted in Tris-glycerol 
solution. A negative control was performed by omitting the pri-
mary antibody (incubation with Tris buffer). The slides were ex-
amined under an Olympus VX50 fluorescence microscope, using 
objectives with a magnification of  ! 20 and  ! 40 and an eyepiece 
at  ! 10. All sections were studied with the investigator blinded to 
the RT-PCR data and scored according to the intensity of staining 
from 0 to 5 (absence of staining was scored as 0, weak staining 
intensity as 1, mild as 2, moderate as 3, marked as 4 and strong 
intensity as 5). The corresponding haematoxylin-eosin slides 
were reviewed for confirmation of histology from the same frozen 
biopsy specimens. ZO-1-positive staining appeared at the apical 

part of the epithelial cell layer of the intestinal mucosa as a crenel-
lated or linear pattern with dot-like accentuation.

  Enzyme-Linked Immunosorbent Assay
  Serum IgA and IgG antibodies to deamidated gliadin (GAF-

3X) were detected in 61 sera by ELISA using the Euroimmun kit 
(Medizinische Labordiagnostika AG, Lübeck, Germany).

  Serum IgG and IgA antibodies to bovine  � -lactoglobulin (Sig-
ma-Aldrich) in 49 sera and to bovine  � -casein (Sigma-Aldrich) in 
50 sera were measured using ELISA. The wells of microtitre plates 
(Nunc PolySorp, Denmark) were coated with bovine  � -lactoglob-
ulin at a concentration of 1  � g/ml, or with bovine  � -casein at a 
concentration of 2  � g/ml in PBS, and incubated overnight at 4   °   C. 
After washing with PBS-Tween (0.05%), the plates were blocked 
with 2% normal horse serum in PBS for 1 h at 37   °   C. Sera were 
diluted to 1:   20 in 1% horse serum-PBS, applied to the plate in trip-
licate (2 coated wells and 1 well without the antigen) and incu-
bated for 1 h at 37   °   C. After washing, 100  � l of horseradish perox-
idase-conjugated rabbit anti-human IgG (Dako, Glostrup, Den-
mark; dilution 1:   4,800) and rabbit anti-human IgA (Dako; 
dilution 1:   4,000) were applied to the wells, followed by incubation 
for 1 h at 37   °   C. After washing, 100  � l of tetramethylbenzidine 
liquid substrate (Sigma-Aldrich) was applied to the plates and in-
cubated for 10 min at room temperature. The reaction was stopped 
with 2  M  H 2 SO 4 , and optical density was measured immediately 
at 450 nm. The absorption value in the well without the antigen 
was subtracted from the absorption values of the antigen-coated 
wells, which yielded the absorbance value of the studied sera. 
Three reference sera with a high level of the studied antibodies 
were used as positive controls (donated by Prof. E. Savilahti, Hel-
sinki, Finland).

  IgA, IgG and IgM antibodies against tTG were detected in 45 
sera by ELISA as described by Teesalu et al.  [43] . For assessment 
of IgG and IgM anti-tTG antibodies, a modified assay with puri-
fied human fibronectin was used  [43] .

  All antibodies of interest, i.e. antibodies to deamidated glia-
din, bovine  � -lactoglobulin, bovine  � -casein and tTG, were pos-
sible to evaluate in 33 sera.

  Statistical Analysis
  Statistical calculations were performed using the Statistica 8.0 

software (Stat Soft) and the GraphPad Prism 5.03 software. The 
results obtained for different study groups were presented as 
means  8  SE and compared using the t test for independent sam-
ples and the Mann-Whitney test.   Correlation between the results 
of TJP1 gene expression and the level of antibodies was analysed 
by Spearman’s rank correlation test. Age adjustment for mean an-
tibody levels was performed using multiple regression analysis. 
Differences were considered statistically significant at p  !  0.05.

  Results

  The lowest level of TJP1 mRNA expression was found 
in patients with CD and coexisting T1D, which was sig-
nificantly different from the corresponding level in the 
control group (437.9  8  52.5 vs. 713.2  8  98.4; p = 0.01). 
The highest expression of FOXP3 mRNA was seen in pa-
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tients with CD and T1D (335.3  8  102.6), which was dif-
ferent from FOXP3 mRNA expression in patients with 
CD alone (92.6  8  15.8; p = 0.02) and in persons with nor-
mal mucosa (61.1  8  10.1; p = 0.0001). Comparative ex-
pression of TJP1 and FOXP3 mRNA in small bowel bi-

opsy specimens for the different study groups is present-
ed in  figure 1 a and b. Significant negative correlation was 
found between the expression of the TJP1 gene and the 
values of FOXP3 gene expression in the biopsy specimens 
of the studied patients (r = –0.42; p = 0.003; n = 46).
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  Fig. 1.  Comparative expression of TJP1 ( a ) and FOXP3 mRNA ( b ) 
in small bowel biopsy specimens of the study groups.  a  The tran-
scription level of the TJP1 (ZO-1) gene was evaluated using SYBR 
Green RT-PCR for human TJP1 (Hs.510833). As the housekeeping 
gene,  � -actin (Hs.520640) was used.  b  The transcription level of 

the FOXP3 gene (Hs00203958_m1) was evaluated using the Taq-
Man Gene Expression assay, and as the housekeeping gene, ribo-
somal 18s was used. The results are expressed in relative units 
based on the calculation of 2 –  ��  Ct . Each bar represents the mean 
 8  SE.
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  Fig. 2.  Expression of TJP1 at the apical part of the epithelial cell 
layer (arrows) in normal intestinal mucosa (crenellated, without 
disruptions), with the staining intensity scored as 5 ( ! 20 objec-
tive,  ! 10 eyepiece). An immunofluorescence method was used, 
with antibodies to ZO-1 at a dilution of 1:   100 (2.5  � g/ml) and the 
secondary antibody sheep anti-rabbit IgG (whole molecule) Fab’ 
fragment conjugated with Cy3 at a dilution of 1:   100.
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  Fig. 3.  Weak staining of TJP1 on the epithelial surface of the in-
testinal villae with disrupted patches (arrow) from a patient with 
CD and coexisting T1D, scored as 2 ( ! 20 objective,  ! 10 eye-
piece). An immunofluorescence method was used, with antibod-
ies to ZO-1 at a dilution of 1:   100 (2.5  � g/ml) and the secondary 
antibody sheep anti-rabbit IgG (whole molecule) Fab’ fragment 
conjugated with Cy3 at a dilution of 1:   100.
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  The pattern of TJP1 expression in normal intestinal 
mucosa ( fig. 2 ) appeared crenellated and more clearly dis-
tinguished compared with that in the intestinal mucosa 
of patients with villous atrophy ( fig. 3 ). There was no dis-
ruption of the fluorescence pattern in the normal muco-
sa, while in patients with atrophy, TJP1 reactivity ap-
peared as a disrupted pattern. The immunofluorescence 
intensity varied considerably within both study groups; 

however, the mean staining intensity score did not differ 
significantly between the group of patients with CD and 
T1D (2.42  8  0.36; n = 7) and the control group with nor-
mal mucosa (2.42  8  0.61; n = 7; p = 0.5).

  As expected, the levels of IgA and IgG antibodies to 
deamidated gliadin were significantly higher in CD pa-
tients (without T1D as well as with T1D) than in patients 
with normal gut mucosa ( fig. 4 a, b). In the group of pa-
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  Fig. 4.  Values of IgA ( a ) and IgG ( b ) antibodies to gliadin (GAF-3X) in the various study groups, detected by 
ELISA using the Euroimmun kit. Mean values are marked with horizontal lines  8  SE. RU = Relative units.

  Fig. 5.  Values of IgA ( a ) and IgG ( b ) antibodies to  � -lactoglobulin in the various study groups, expressed as op-
tical density (OD) (ELISA, serum diluted 1:   20). Mean values are marked with horizontal lines  8  SE.
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tients with CD and coexisting T1D, the level of IgA anti-
bodies to deamidated gliadin was significantly higher 
than that in CD patients without T1D (p = 0.003;  fig. 4 a). 
Age adjustment (using multiple regression analysis) 
showed that the levels of IgA and IgG antibodies to glia-
din were not dependent on age ( �  = 0.15, p = 0.35, and
 �  = 0.048, p = 0.76, respectively). A significant negative 
correlation between expression of the TJP1 gene and the 
level of IgA to gliadin (r = –0.24; p = 0.03; n = 57) was es-
tablished by analysing the data of the whole studied 
group.

  The level of IgA but not IgG antibodies to bovine
 � -lactoglobulin was significantly elevated in CD patients 
compared with the group of patients with normal mu-

cosa ( fig. 5 a, b), while a significantly higher level of IgG-
type antibodies to bovine  � -casein was found in patients 
with CD (including those with associated T1D) com-
pared with patients with normal mucosa (p = 0.02; 
 fig. 6 a–c). The level of IgA as well as that of IgG and IgM 
antibodies to tTG was significantly higher in CD patients 
than in patients with normal small bowel mucosa (p = 
0.009, 0.0005 and 0.004, respectively;  fig. 7 a–c). The high-
est level of IgA antibodies to tTG was demonstrated in 
CD patients with coexisting T1D, i.e. 81.2  8  13.9 arbi-
trary units (AU) versus 30.0  8  12.9 AU in CD patients 
without T1D (p = 0.01) and 3.2  8  0.4 AU in the control 
group (p = 0.009;  fig. 7 a). Age adjustment (using multiple 
regression analysis) showed that the value of IgA anti-
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  Fig. 6.   a  Values of IgG antibodies to  � -casein for persons with 
normal mucosa and for all studied CD patients, expressed as opti-
cal density (OD) (ELISA, sera diluted 1:   20). Mean values are 
marked with horizontal lines  8  SE.  b ,  c  Values of IgA ( b ) and IgG 
( c ) antibodies to  � -casein in the various study groups, expressed 
as optical density (OD) (ELISA, sera diluted 1:   20). Mean values 
are marked with horizontal lines  8  SE. 
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bodies to tTG did not depend on age ( �  = 0.06; p = 0.7) 
but did depend on the study group ( �  = 0.5; p = 0.003). In 
CD patients (including those with T1D), a higher level
of IgA antibodies to tTG correlated with lower expression 
of the TJP1 gene in biopsy specimens (r = –0.84; p = 0.03; 
n = 6).

  The expression of FOXP3 mRNA correlated highly 
with the level of anti-gliadin IgA antibodies (r = 0.3; p = 
0.02; n = 43), anti-gliadin IgG antibodies (r = 0.37; p = 
0.01; n = 41) and anti-tTG IgA antibodies (r = 0.52; p = 
0.004; n = 27) for the whole study group. The level of an-
ti-tTG IgA in CD patients with coexisting T1D correlated 
with higher expression of FOXP3 mRNA (r = 0.90; p = 
0.04; n = 5).

  Discussion

  The results of the present study revealed a significant 
decline in TJP1 gene expression in CD patients, particu-
larly in those with associated T1D, suggesting that these 
persons may suffer considerable loss of epithelial tight 
junctions, leading to an increase in intestinal permeabil-
ity. Our data support the notion of impaired intestinal 
integrity and permeability in patients with CD and T1D 
 [13, 17, 44] . The results of our study are in concordance 
with the data of Drago et al.  [45] , who showed signifi-
cantly lower expression of ZO-1 (TJP1) and occludin 
genes in CD patients compared to non-CD controls. Also, 
Pizzuti et al.  [42]  demonstrated a significant decrease in 
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the mRNA level as well as the protein expression of ZO-1 
in the small bowel mucosa of untreated CD patients com-
pared with normal mucosa. However, we failed to find a 
clear concordance between the results for the expression 
of TJP1 mRNA and the expression of this protein in the 
small bowel mucosa of our patients with the use of a semi-
quantitative histochemical approach to protein detec-
tion. We suppose that the TJP1 (ZO-1) staining pattern is 
quite difficult to interpret from biopsy sections, as it 
seems to be patchy compared with mRNA expression 
from the entire biopsy in quantitative analysis. According 
to a recent extensive study of Ravelli et al.  [46] , some vari-
ability in histological lesions can be found in newly diag-
nosed CD, as was the case with our study group, even 
within the same duodenal biopsy specimen.

  In our study, CD patients with lower expression of 
TJP1 had higher levels of anti-gliadin as well as anti-tTG 
IgA antibodies, which might reflect greater intestinal 
permeability to gluten in these persons  [22, 26] . The link 
between enhanced gut permeability to gliadin and pro-
duction of anti-gliadin IgA antibodies was already re-
ported by Bonamico et al.  [47]  and was confirmed by oth-
er authors  [20] . An interesting finding of our study was 
the particularly high level of anti-gliadin IgA antibodies 
in CD patients with coexisting T1D, who also displayed 
the lowest expression of TJP1. This is consistent with the 
concept of the leaking gut syndrome and its role in the 
pathogenesis of T1D  [13] . In addition, our study showed 
that the small bowel mucosa of CD patients with associ-
ated T1D may have significant peculiarities in terms of its 
basic immunological function.

  Increased levels of antibodies reactive with dietary 
proteins such as cow’s milk proteins have been well stud-
ied in patients with CD and T1D  [12, 48–50] . Rodriguez-
Juan et al.  [49]  found that the level of antibodies to bovine 
serum albumin was significantly higher in CD patients 
and in those T1D patients who had antibodies to reti -
 culin, endomysium or gliadin compared with controls. 
These authors suggested that antibodies to bovine serum 
albumin appear in T1D patients with compromised epi-
thelial permeability and with a predisposition to autoim-
munity. The results of our study showed that IgA and IgG 
antibodies to bovine milk proteins were mostly elevated 
in CD patients, also in those with coexisting T1D.

  Another important finding of our study was that low-
er expression of TJP1 in patients with CD and coexisting 
T1D was associated with pronounced FOXP3 mRNA ex-
pression and, consequently, higher Treg expression in the 
intestinal mucosa  [37] . This is in line with the data of
Tiittanen et al.  [31] , who also found higher expression of 

FOXP3 mRNA and an increased number of FOXP3-
stained CD25+ cells in the lamina propria of the intesti-
nal mucosa of children with active CD alone or with CD 
and coexisting T1D, compared with children with nor-
mal mucosa. Moreover, as we already showed in our pre-
vious study  [37] , patients with CD, especially those with 
coexisting T1D, had a higher number of FOXP3-positive 
cells in their intestinal mucosa than persons with normal 
mucosa. The results of our double-staining study show 
that the majority of FOXP3+ cells were CD4+ and CD25+ 
 [37] , which confirms that the studied patients with small 
bowel villous atrophy had an increased number of Treg 
in their proximal jejunum. These findings are consistent 
with recent data about the activation of immunoregula-
tory mechanisms after loss of the intestinal barrier by in-
duction of Treg generation to prevent inappropriate in-
flammatory responses  [3, 35] .

  In a study by Kivling et al.  [51] , children with both T1D 
and CD showed higher FOXP3 mRNA expression in pe-
ripheral blood mononuclear cells than children with T1D 
alone. The authors suggest that these results could be a sign 
of increased Treg-associated activity in children with two 
autoimmune diseases. In the same study, Kivling et al.  [51]  
found that gluten was able to induce FOXP3 mRNA ex-
pression in children with CD but not in controls. We found 
that expression of intestinal FOXP3 mRNA correlated sig-
nificantly with the levels of anti-gliadin IgA and IgG anti-
bodies, as well as with anti-tTG IgA antibodies. This situ-
ation can be interpreted as a compensatory increase in Treg 
towards down-regulation of the immune response to for-
eign and self-antigens to maintain immunological toler-
ance. Enhanced immune activation in the small intestine 
in paediatric patients with T1D was demonstrated in a 
study by Westerholm-Ormio et al.  [52] , and elevated levels 
of anti-tTG IgA antibodies in the small intestine of chil-
dren with T1D were demonstrated by Maglio et al.  [53] . 
Most probably, both the inflammatory and regulatory 
arms of the immune response are activated after loss of in-
testinal barrier function, while the balance between them 
determines the severity of immune pathology in the gut.

  Recent studies  [3, 36]  of the association between in-
creased intestinal epithelial tight junction permeability, 
accumulation of dendritic cells in the lamina propria and 
their role in Treg differentiation under conditioning by 
epithelial cells could cast some light on existing immu-
nological mechanisms in the intestinal mucosa. It is hy-
pothesized that interaction between the dendritic cells 
and antigenic material in the intestinal lumen is regu-
lated by tight junction permeability and has an important 
role in maintaining immune homeostasis  [3] . From this 
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point of view, further study of the dendritic cells as inte-
grators of mucosal homeostasis by intestinal barrier dys-
function would be highly important.

  The issue deserving special attention in further re-
search would be determination of the mechanisms that 
lead to the most prominent changes in TJP1 and FOXP3 
expression in the small bowel mucosa of patients with CD 
and coexisting T1D. At present, one can only speculate 
that the integrity of the small bowel mucosa in CD pa-
tients with T1D is substantially impaired due to the si-
multaneous influence of different factors, among which 
microorganisms may play a specific role. Tight junction 
proteins, including TJP1, are a well-known target for dif-
ferent infectious agents  [4] , and the small intestinal mu-
cosa, harboring viruses like enteroviruses, might serve as 
one of the candidates  [54] .

  Conclusion

  Lower expression of the TJP1 gene in patients with co-
existing CD and T1D indicates failed mucosal integrity 
and increased small bowel permeability. In the present 
study, lower TJP1 expression in CD patients was signifi-
cantly associated with a higher level of anti-tTG IgA. A 
simultaneous increase in FOXP3 expression might con-
tribute to maintaining intestinal immunological toler-
ance in CD patients with T1D, which can be interpreted 
as a compensatory increase in these cells in order to 

achieve down-regulation of the immune response to for-
eign and self-antigens.

  Our study shows that small bowel mucosal integrity 
and immune homeostasis might be significantly changed 
in CD associated with T1D. This is reflected by higher 
levels of IgA antibodies to different food antigens as well 
as by elevated expression of FOXP3 mRNA and Treg in 
the small bowel mucosa of patients with CD and coexist-
ing T1D.
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