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Abstract Gluten-sensitive enteropathy is characterized
by small intestinal damage. The pathogenic mechanisms
involved are not precisely understood. There is recent
interest in the possibility that matrix metalloproteinases
might play a pathogenic role. Using immunohistochemistry
technique, we examined the protein expression of matrix
metalloproteinases-1, -3, and -9 and the tissue inhibitor
metalloproteinase-1 in duodenal biopsies from 30 patients
with celiac disease and dermatitis herpetiformis. We demon-
strated that the percentage of cells expressing these enzymes
and their inhibitor in all patients was significantly greater
than in the normal controls (P < 0.0001). This was evident
even in patients with a minimal lesion but was most marked
in patients with severe damage, mirroring the degree of in-
flammation in the small intestinal tissue. The increased ex-
pression of these enzymes and their inhibitor in the duo-
denal mucosa of patients with gluten-sensitive enteropathy

B. M. Mohamed - C. Feighery - C. Coates - U. O’Shea -

M. Abuzakouk

Department of Immunology, St. James’s Hospital,

Trinity College and Dublin Molecular Medicine Center, Dublin,
Ireland

L. Barnes
Department of Dermatology, St. James’s Hospital,
Dublin, Ireland

J. Kelly
Dublin Institute of Technology,
Dublin, Ireland

M. Abuzakouk (<)

Department of Immunology, St. James’s Hospital and Trinity
College Dublin, Dublin 8, Ireland

e-mail: mmabuzakouk@yahoo.co.uk or

Abuzakm@tcd.ie

a Springer

suggests a role for these enzymes in the tissue remodeling
which is a feature of these disorders.

Keywords Celiac disease - Dermatitis herpetiformis -
Matrix metalloproteinases - Gluten-sensitive enteropathy.

Celiac disease is a gluten-sensitive disorder characterized by
malabsorption and a typical small intestinal histological le-
sion, marked by considerable tissue remodeling [1]. Similar
intestinal lesions are found in dermatitis herpetiformis, an-
other gluten-sensitive enteropathy [2]. The pathogenic mech-
anisms involved in the tissue damage are not precisely un-
derstood, but T-cell reactivity to gluten is likely to play a
central role [3]. Increased production of several cytokines,
in particular interferon-y, has been described in the celiac
mucosa but it is not clear how this leads to the celiac lesion
[4, 5]. There is recent interest in the possibility that matrix
metalloproteinases (MMPs) may play a pathogenic role in
celiac disease [6-8].

MMPs belong to a major family of neutral proteases ca-
pable of degrading extracellular matrix and basement mem-
brane components. They participate in the remodeling of
normal tissue components and in inflammatory damage in
various pathological conditions [9—13]. To date, 24 different
MMPs have been identified: these are divided into four sub-
classes based on their substrate specificity, including collage-
nases (MMP-1), interstitial collegenases (MMP-8 and -13),
stromelysins (MMP-3, -7, -10, -11, -12, and -26), gelatinases
(MMP-2 and -9), and membrane-type MMPs (14-17). The
proteolytic activity of MMPs is controlled by specific tissue
inhibitors of metalloproteinases (TIMPs) [18] and nonspe-
cific inhibitors, such as e¢2-macroglobulin [19]. TIMPs can
bind to the catalytic domain of MMPs in a 1:1 stochiome-
try to form complexes, thus inhibiting the enzymatic activity
of the MMPs [20]. Currently, four different TIMPs have
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Table1 Demographic, . .
serological and histological Sex EMA status Histology grading
details of subjects. Patients (n) M F Age,years (range) (+) (=) O 1 2 3
Note. UTCD, Untreated C(.)eliac UTCD (10) 2 8 48 (19-64) 10 _ — _ 3 7
g}seaseg E%DbTreate.(i.cellac TCD (10) 4 6 43 (25-65) 5 5 — 5 5 —

isease; DT, Lermatitis DH (10) 9 1 49(32-69) 6 4 — 8 2 —
herpetiformis; EMA,

Normal (10) 3 7 54 (26-82) — 10 10 — — —

Endomysial antibody

been identified, revealing different tissue and cell type spe-
cific expression and regulation patterns [19, 21]. MMPs and
TIMPs are produced by various cell populations, including
myofibroblasts, fibroblasts, and inflammatory cells such as
macrophages and lymphocytes [6, 18].

Three studies have investigated mRNA expression of
MMPs and TIMPs in celiac [6, 8] and dermatitis herpeti-
formis [7] intestinal mucosa. Employing in situ hybridiza-
tion, Daum et al. reported increased expression of MMP-1,
MMP-3, and the inhibitor TIMP-1 in untreated celiac disease
[6]. Using a similar technique, Salmela et al. described ele-
vated expression of MMP-12 in the mucosa of patients with
dermatitis herpetiformis, a further gluten-sensitive disorder
[7]. In a more recent study, using real-time RT-PCR, in-
creased MMP-1, MMP-12, and TIMP-1 mRNA levels were
described in patients with untreated celiac disease [8].

In the current study, using immunohistochemistry, the pro-
tein expression of MMP-1, -3, and -9 and TIMP-1 was in-
vestigated in patients with both treated and untreated celiac
disease and in patients with dermatitis herpetiformis. The pa-
tients were grouped according to the degree of tissue damage,
and the findings were compared with those of normal control
subjects. In addition, protein expression was correlated with
the extent of mucosal damage.

Materials and methods

Patients Thirty patients with gluten-sensitive enteropathy
were investigated and details of their age, sex, and small
intestinal histology grading are presented in Table 1. They
included untreated and treated celiac disease patients and
patients with dermatitis herpetiformis. Duodenal lesions in
these patients were classified based on routine histology,
according to the Marsh classification: grade 1, increased in-
traepithelial lymphocytes counts (n = 13); grade 2, increased
intraepithelial lymphocytes and villous blunting (n = 10);
and grade 3, total villous atrophy (n=7). Biopsy sections
from 10 individuals with normal intestinal mucosa were used
as controls: these patients were classified as having a Marsh
grade 0O lesion and all had negative celiac disease antibody
serology (Table 1).

Immunohistochemistry Immunohistochemical analysis was
carried out on 5-um-thick, formalin-fixed, paraffin-
embedded tissue sections using the avidin-biotin-peroxidase

complex detection method (Vector Labs ABC technique,
USA). Tissue sections were deparaffinized and heated in
a microwave oven for 20 min in 0.1 M citrate buffer (pH
6.0) to retrieve the antigens. Sections were then immersed
in 0.05% hydrogen peroxide in 100% methanol for 20 min
to block endogenous peroxidase activity. After incubation
in normal horse serum for 20 min, sections were incubated
with the anti-MMP-1, MMP-3, and MMP-9 antibodies at
a 1/25 dilution and anti-TIMP-1 antibody at a 1/10 dilu-
tion in phosphate-buffered saline (PBS; pH 7.6) (Santa Cruz
Biotechnology, USA). Sections were then incubated with
biotinylated rabbit anti-mouse IgG (Vector Labs ABC tech-
nique) for 30 min, followed by peroxidase-conjugated strep-
tavidin for 30 min at room temperature. After each antibody
application, sections were washed in PBS. As a negative con-
trol, PBS or irrelevant antibodies were used instead of the
primary antibody. Color was developed using DAB (Sigma)
and slides were counterstained with hematoxylin.

Quantification of MMPs and TIMP-1 Expression Using an
eyepiece graticule, five fields at high-power magnification
(x40; Olympus Bx41 light microscope) were counted in the
lamina propria. The number of stained cells was expressed
as the percentage of total cells counted in the five fields ex-
amined. The slides were coded and read in a blinded fashion.

Statistical Analysis The mean number of lamina propria
cells with 95% confidence intervals was calculated. Results
were analyzed using the nonparametric, Mann—Whitney U
test. Differences were considered significant at a P value of
<0.05.

Results
Expression of MMP -1, -3, and —9

Patients with gluten-sensitive enteropathy (including pa-
tients with celiac disease and dermatitis herpetiformis), clas-
sified into three groups according to the degree of tissue
damage, were compared to normal controls for the level
of expression of MMP-1, -3, and -9 (Table 2). Even pa-
tients with grade 1 tissue damage, which shows only min-
imal architectural change but an increase in intraepithelial
lymphocyte count, showed a significant elevation in all three
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Fig. 1 Stained lamina propria cells expressing MMP-1, -3, and -9 and TIMP-1 in patients with grade 3 mucosal lesion. Arrows represent the

stained lamina propria cells. (Original magnifications, x40.)

MMPs in comparison to normal tissue (P < 0.0001 for each
enzyme). This increase was maintained in patients with a
grade 2 lesion (Table 2). With additional damage to the in-
testine seen in grade 3 lesions, a further, significant elevation
in the expression of all three MMPs was found (P < 0.004
compared with grade 2 damage; Figures 1A—C). Thus, all
patients with gluten-sensitive enteropathy, regardless of the
degree of damage, showed a significant increase in the level
of expression of these MMPs in the lamina propria, and these
levels increased incrementally with the severity of the tissue
damage, being most marked in biopsies with a grade 3 lesion.
Examples of lamina propria cell expression of MMP-1, -3,
and -9 in patients with grade 3 mucosal lesions are shown in
Figures 2A—C.

Expression of TIMP-1

The number of cells in the lamina propria expressing TIMP-1
was also increased in all of the gluten-sensitive enteropathy
patients compared to the normal controls (P < 0.0001 for
each patient group; Figure 1D). As with the MMPs stud-
ied, patients with grade 1 tissue damage had a significant
elevation in TIMP-1 in comparison with the normal con-
trols (P < 0.0001). TIMP-1 expression increased in accord
with the level of tissue damage, and patients with grade
3 lesions showed a significant elevation in TIMP-1 over
grade 2 (P <0.009). Thus, the level in TIMP-1 expres-
sion largely mirrored that of the MMPs studied (Table 2,
Figure 1D).

Table 2 Mean Percentage and
95% Confidence Intervals of

MMP-1 MMP-3 MMP-9 TIMP-1

MMP-1, -3, and -9 and TIMP-1

Expression in Gluten-Sensitive Grade 0
Enteropathy Patients and Grade 1
Normal Controls Grade 2

Grade 3

22% (19-25%)
49% (44-54%)
51% (46-55%)
59% (55-63%)

21% (18-24%)
51% (47-55%)
529 (48-55%)
59% (55-64%)

24% (21-26%)
46% (41-50%)
50% (45-55%)
61% (55-66%)

22% (19-25%)
37% (33-41%)
449 (40-48%)
52% (48-55%)

Note. Grade 0, normal controls; grade 1, patients with increased intraepithelial lympho-
cytes; grade 2, patients with villous blunting and increased intraepithelial lymphocytes;
grade 3, patients with total villous atrophy.
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Fig. 2 Percentages of lamina propria cells expressing MMP-1, -3,
and -9 and TIMP-1 in gluten-sensitive enteropathy patients and normal
controls. Grade 0, normal controls; grade 1, patients with increased in-
traepithelial lymphocytes; grade 2, patients with villous blunting and in-
creased intraepithelial lymphocytes; grade 3, patients with total villous
atrophy. Difterences between groups were calculated using the Mann—

Discussion

In this study, the protein expression of the matrix metal-
loproteinases MMP-1, MMP-3, and MMP-9 and the tissue
inhibitor of metalloproteinases-1 (TIMP-1) was investigated
in mucosal biopsies from patients with celiac disease and
dermatitis herpetiformis. The patients were grouped accord-
ing to their degree of mucosal damage; however, the small
intestinal expression of these three metalloproteinases, and
of TIMP-1, was significantly increased in all of these pa-
tients compared with the normal control group. Further-
more, the expression of these enzymes and the inhibitor
mirrored the degree of mucosal damage, with the most
marked increase in staining for each of the four proteins
observed in patients with Marsh grade 3 lesions. However,
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Whitney U test. Bars represent the mean and 95% confidence intervals.
Patients with grade 1, 2, and 3 lesions all had significantly elevated
cell populations compared with the normal control group (P < 0.0001).
Filled circles, patients with celiac disease; open circles, patients with
dermatitis herpetiformis

it was of interest that the expression of all four proteins
was also significantly increased in patients with a Marsh
1 lesion, in which an increase in intraepithelial lympho-
cytes is the principal histological abnormality. The major-
ity of the latter group of patients were taking a gluten-free
diet.

These observations imply that metalloproteinases may be
involved in the tissue remodeling seen in the intestinal le-
sion in gluten-sensitive enteropathy. Moreover, the finding
of increased expression of TIMP-1 as the severity of the le-
sion increased could represent an involvement of the normal
inhibitory mechanism in an attempt to limit the extent of
metalloproteinase-mediated damage.

This is the first study to investigate protein expression
of metalloproteinases in the intestinal lesion in celiac and
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dermatitis herpetiformis tissue. Interestingly, the findings are
in broad agreement with three earlier studies that investigated
mRNA expression of MMPs and TIMP-1 in celiac [6, 8] and
dermatitis herpetiformis [7] intestinal mucosa. Using in situ
hybridization, Daum et al. (1999) reported increased mRNA
expression of MMP-1, MMP-3, and TIMP-1 in untreated
celiac disease [6]. Likewise, Salmela et al. (2004) described
elevated expression of MMP-12 mRNA in the mucosa of pa-
tients with dermatitis herpetiformis [7]. Finally, in a recent
study, using real-time RT-PCR, increased mRNA levels of
MMP-1, MMP-12, and TIMP-1 were described in patients
with untreated celiac disease [8]. However, whereas in these
reports mRNA expression of MMP-3 was either absent [7]
or less prominent [6], in this study equal protein expression
of this enzyme was observed. This highlights the need to
examine protein, as well as mRNA, expression of given cell
products in order to understand their role in disease pro-
cesses.

The metalloproteinases, including MMP-1, MMP-3, and
MMP-9, can cause degradation of the extracellular matrix
and basement membranes and could promote the influx of
cells of both the innate (e.g., dendritic cells) and the acquired
(e.g., T cells) immune system into the lamina propria and ep-
ithelial departments [22, 23]. These events may contribute
to the celiac lesion including the marked mucosal damage
that can develop within hours of in vivo gliadin challenge of
celiac patients [24]. Evidence in support of this concept is
found in a fetal gut model of small intestinal damage, where
tissue cultured in the presence of pokeweed mitogen [22] or
Staphylococcus aureus [25] showed increased expression of
MMP-1 and MMP-3. Moreover, in these models, morpho-
logical changes similar to the celiac lesion developed.

Increased metalloproteinase activity has been implicated
in several other inflammatory disorders, such as inflamma-
tory bowel disease [19, 26] and rheumatoid arthritis [27, 28],
and may also play a role in malignancy [29, 30]. In many
of these studies, the findings were based on estimation of
mRNA transcripts, using techniques such as in situ hy-
bridization or PCR [19]. Elevated mRNA levels for the three
metalloproteinases investigated in this study have been re-
ported in inflammatory bowel disease [19, 26] and transcript
levels correlated positively with the degree of inflammation
in some studies [31]. Furthermore, MMP protein expression
examined by immunohistochemistry was shown to be present
extracellularly in areas of mucosal damage in both Crohn’s
disease and ulcerative colitis [13, 19]. In rheumatoid arthri-
tis, raised levels of metalloproteinase protein were described
in both serum and synovial fluid and found to correlate with
clinical indicators of disease activity [27, 28].

The MMPs are regulated by specific tissue inhibitors of
metalloproteinases, or TIMPs [21]. An imbalance of this sys-
tem can adversely affect the composition of the intercellu-
lar matrix and functions of immunocompetent cells includ-
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ing their adhesion, migration, and differentiation [21, 30].
TIMP-1 is the first member of the TIMP family and is known
to form a stable complex with MMP-1, MMP-3, and MMP-9
[20], thereby inhibiting their activity. In this study, although
the expression of TIMP-1 mirrored the severity of the his-
tological lesion, it is possible that levels of this inhibitor
were insufficient to negate the increased activity of MMPs
in celiac and dermatitis herpetiformis tissue with consequent
tissue damage. In support of this hypothesis, in patients with
grade 3 mucosal lesions it was noted that the number of
cells expressing MMP-1 significantly exceeded that of cells
expressing TIMP-1 (P < 0.0002).

As is the case with metalloproteinases, increased expres-
sion of TIMP-1 is reported in various inflammatory condi-
tions, including inflammatory bowel disease [19, 26] and
rheumatoid arthritis [27, 28] and, also, in malignancy [29,
30]. In inflammatory bowel disease tissue, both mRNA tran-
scripts and protein levels of this inhibitor were increased
[13, 19]. Raised levels of soluble TIMP-1 have been found
in culture supernatants of inflamed biopsies from ulcerative
colitis and Crohn’s disease patients [32, 33]. Increased sol-
uble TIMP-1 levels were found in synovial fluid [27] and
serum samples of rtheumatoid arthritis patients [28]. Like-
wise, increased tissue transcripts and plasma protein levels
of TIMP-1 have been described in patients with gastroin-
testinal malignancy [29, 30].

The increased protein expression of MMP-1, MMP-3,
MMP-9, and TIMP-1 described in this study was localized
to cells widely distributed throughout the lamina propria in
patients’ biopsies. In the case of MMP-1 and MMP-3, promi-
nent collections of cells in the subepithelial region were
noted. The morphological appearance of these cells was in
keeping with cells of both macrophage and lymphocyte lin-
eages. However, the specific identity of cell types was not
investigated. In earlier studies of gluten-sensitive enteropa-
thy, RNA transcripts for these proteins were particularly lo-
cated in fibroblasts, myofibroblasts, and macrophages [6—8]
and these cells were principally located in the subepithelial
region [6, 7]. Cytokines produced by macrophages and T
cells including TNF-«, IFN-y, and IL-1 stimulate cellular
production of these proteins [12]. The involvement of TNF
was supported by the finding that a p55 TNF receptor fusion
protein inhibited MMP-3 production [25]. Overproduction
of these cytokines has been reported in celiac mucosa [4, 5].
A further potential T-cell cytokine candidate is IL-17, shown
to be upregulated in inflammatory bowel disease and to cause
increased secretion of MMP-3 [34].

In conclusion, this is the first study to demonstrate in-
creased protein expression of MMP-1, -3, and -9 and the
inhibitory molecule TIMP-1 in the intestinal mucosa of pa-
tients with celiac disease and dermatitis herpetiformis. More-
over, the level of expression of these enzymes and their
inhibitor, although significantly increased even in grade 1
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biopsies, was most significantly elevated in biopsies with
the most severe lesion (grade 3), suggesting that these en-
zymes play a role in the pathological lesion. These findings
advance the information reported in earlier studies, in which
mRNA transcripts for some these molecules were shown to
be increased in gluten-sensitive disorders.
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