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Abstract: Currently the only treatment for celiac disease is adherence to a strict gluten-free diet; however, compliance 

with this diet is complex and other alternatives are called for. Herein, we review recent developments in the design of 

novel therapeutic strategies to counteract the pathogenic effects of the interactions between gluten peptides and their spe-

cific biological targets.
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INTRODUCTION 

 Celiac disease (CD) is a chronic inflammatory disorder 
of the small intestine triggered by the ingestion of cereal 
gluten proteins in genetically susceptible individuals. Intesti-
nal tissue lesion of active CD patients is characterized by 
villi atrophy, crypt hyperplasia, and inflammatory cell infil-
tration [1]. The disease is characterized by nutrient malab-
sorption and gastrointestinal symptoms but it can also cause 
extra-intestinal symptoms or apparently have no clinical ex-
pression [2]. 

 The pathogenesis of CD involves interactions between 
genetic, immunological and environmental factors (Fig. (1)). 
Susceptibility to CD is strongly associated with the Human 
Leukocyte Antigen (HLA) genes of the major histocompati-
bility complex. Around 95% of patients express the alleles 
coding for HLA-DQ2 and HLA-DQ8 heterodimer molecules 
[3]. HLA-DQ2/DQ8 molecules of antigen-presenting cells 
bind and present specific gluten peptides (e.g. a 33-mer of 
the alpha-gliadins) to lamina propria CD4+ T cells, trigger-
ing a Th1 biased immune response, with production of 
mainly interferon gamma (IFN- ) [4]. The deamidation of 
gluten peptides by tissue transglutaminase (tTG) promotes 
their binding to HLA-DQ2 and HLA-DQ8 molecules and 
increases their immunogenicity [5]. Moreover, other gluten 
peptides (e.g. 19-mer) trigger an innate immune response 
characterized by interleukin (IL)-15 production by epithelial 
and dendritic cells and expansion of intraepithelial TCR / +
and CD+8 TCR / + lymphocytes, which are cytotoxic for 
epithelial cells and contribute to cell killing [6, 7]. The dis-
ease is also associated with increases in epithelial permeabil-
ity due to tight junction dysfunction as reported in other 
autoimmune diseases. In particular, up-regulation of zonulin 
expression, a molecule that reversibly modulates tight-
junction opening and paracellular permeability, is involved 
in CD [8].  
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 Dietary gluten is the major environmental factor respon-
sible for symptoms and signs of CD. The principal toxic 
components of gluten are proline- and glutamine-rich pep-
tides from wheat, rye and barley, which are resistant to com-
plete proteolytic digestion and susceptible to deamidation by 
tTG. Moreover, given the role of gut microbes in immunity 
and gut barrier functions, one cannot disregard the possible 
role played by the microbiota in the risk and pathogenesis of 
CD. In fact, imbalances in the composition of the intestinal 
microbiota of CD patients, as well as changes in metabolites 
related to the activity of the gut microbiota, have been asso-
ciated with the disease recently [9-11]. Some epidemiologi-
cal studies also indicate that the frequency of microbial in-
fections may increase the risk of CD autoimmunity in child-
hood [12]. However, another recent study suggests that 
lower levels of prosperity and hygiene may guard against 
CD, which would explain the lower prevalence of tTG anti-
bodies and CD in the Russian Karelia population as com-
pared to the Finnish population [13] Most probably, both 
theories are over simplifications of the complex process 
whereby oral tolerance is developed, which might depend on 
the type and amount of environmental stimuli and timing of 
exposure as well as on the particular genotype.  

 CD is the most common lifelong enteropathy, with a 
prevalence of 0.5-2.0% in the general population [14]. Never-
theless, the only treatment of this disorder is lifelong exclu-
sion of gluten from the diet. Complying with this dietary 
recommendation is difficult and affects the patient’s quality 
of life. Therefore, there is a need for therapeutic alternatives. 
The following sections review the state of art of novel thera-
peutic strategies being investigated to tackle CD, intended to 
interfere with the interaction between gluten peptides and 
their specific biological targets within the gastrointestinal 
tract. A chart showing these therapeutic targets is shown in 
Fig. (1).  

ENZYMATIC DEGRADATION OF GLUTEN PEP-

TIDES 

 The principal toxic components of gluten are proline- and 
glutamine-rich peptides that are resistant to proteolysis by 
gastric, pancreatic and intestinal brush border membrane 
enzymes [15]. Therefore, they can accumulate in the small 
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intestine eliciting a pathogenic immune response in geneti-
cally susceptible individuals. This link between digestive 
enzyme resistance and gluten toxicity has triggered a search 
for enzymes able to hydrolyze gluten peptides, thereby neu-
tralizing their adverse effects.  

 In this context, proline-specific peptidases, including 
prolyl endopeptidases and proline specific exopeptidases 
(e.g., proline iminopeptidases, X-prolyl-dipeptidyl pepti-
dases, prolinases and prolidases), are ideal candidates for use 
in gluten toxicity reduction [16] (Table 1). Unlike most pep-
tidases, prolyl endopeptidases are proteases with the unique 
ability to hydrolyze the peptide bonds on the carboxyl side of 
a proline residue, generating smaller peptides that are then 
suitable substrates for exopeptidases (Table 1, Fig. (1)). These 
enzymes are widely distributed in bacteria, fungi, animals 
and plants. However, human prolyl endopeptidase locates 
intracellularly in the epithelium, similarly to dipeptidyl pep-
tidase IV, so it can hardly contribute to gluten peptide diges-

tion. In addition, the mammalian prolyl endopeptidase is 
unable to digest 33-mer peptide, which, conversely, is a pro-
lyl endopeptidase inhibitor; therefore other peptidases are 
needed to eliminate noxious gliadin-derived peptides [17].  

 Initially, most studies aiming to find a suitable enzyme 
for CD therapy have used the prolyl endopeptidases of Fla-
vobacterium meningosepticum, Sphingomonas capsulate and 
Myxococcus xanthus, which are members of the serine pepti-
dase family S9A (Table 1). These enzymes are similarly able 
to break down gluten peptide sequences and reduce their 
immune and toxic effects in in vitro and ex-vivo model sys-
tems [15, 18]. A clinical study on CD patients has also dem-
onstrated that the pre-treatment of gluten with the F. menin-
gosepticum enzyme prevented nutrient malabsorption from 
taking place in the majority of patients [19]. However, the 
abovementioned enzymes are not active at low stomach pH 
and are susceptible to pepsin degradation. Thus, they would 
be unable to work optimally in vivo, being inactive once 

Fig. (1). Schematic representation of the pathogenic mechanism of gluten peptides in CD, and the biological targets for developing alterna-

tive therapies to the gluten-free diet. (1) Endopeptidases and exopeptidases able to degrade gluten peptides resistant to digestive enzymes 

before activating an aberrant immune response in the small intestine; (2) Inhibitors of tTG that prevent the conversion of glutamine residues 

into glutamic acid, with higher affinity for HLA-DQ molecules and immunogenicity; (3) Inhibitors of gluten peptide antigen presentation by 

HLA-DQ molecules that prevent activation and clonal expansion of T-cell subsets involved in the humoral response with production of dis-

ease–specific antibodies (e.g. anti-tTG antibodies) and in the cell-mediated Th1 immune response with release of pro-inflammatory cytoki-

nes (IFN-  and TNF- ); (4) Anti-inflammatory cytokines like IL10 that counteract the Th1-biased immune response elicited by gluten pep-

tides; anti pro-inflammatory cytokine drugs that block the action of the key cytokines involved in CD pathogenesis (IFN- , TNF- , and IL-

15); and (4) inhibitors of cell-adhesion molecules that prevent the migration of T cells to the lamina propria and their interaction with pep-

tides presented via HLA-DQ molecules of antigen presenting cells; (5) Inhibitors of molecules involved in the increase of paracellular per-

meability associated with CD (e.g. inhibitors of the zonulin receptor) triggered by gluten peptides and pro-inflammatory cytokines; (6) 

Commensal bacteria and probiotics that compete with pro-inflammatory pathogenic microorganisms and contribute to the host’s defense 

mechanisms by promoting secretory-IgA production, reducing paracellular permeability and regulating aberrant immune responses by induc-

ing IL-10 production and T regulatory cells. 
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reaching the small intestine where gluten causes the most 
damage. 

 Further, an acid prolyl endopeptidase from Aspergillus 
niger, initially used to reduce bitterness of casein peptides, 
was evaluated for the same purpose [18]. This enzyme is a 
member of the serine peptidase family S28, which shares 
more sequence homology with the lysosomal Pro-X car-
boxypeptidase than with prolyl oligopeptidases, works opti-
mally at pH 4-5, remains stable at pH 2, and is resistant to 
pepsin digestion (Table 1). The enzyme rapidly degraded 
different T-cell stimulatory peptides, as well as intact gluten 
molecules in vitro, leading to the destruction of the T-cell 
epitopes as demonstrated by T-cell proliferation assays and 
immunologic tests [18]. The efficacy of this enzyme in de-
grading gluten was further evaluated in a dynamic human 
gastrointestinal model system fed with either a slice of bread 
or a standard fast food menu with and without co-adminis-
tration of the enzyme [20]. The enzyme accelerated the deg-
radation of gluten in the stomach compartment to such an 
extent that hardly any gluten reached the duodenal compart-
ment.  

 In addition, the ability of a new combination of enzymes 
with complementary activities to detoxify gluten has been 
evaluated using in vitro and in vivo (rat) experimental sys-
tems [21]. This combination consists of a glutamine-specific 
endopeptidase from barley, which hydrolyzes intact gliadin 

polypeptides under acidic conditions but it is unable to 
cleave some of the inflammatory peptides (e.g. 33-mer from 

-gliadin), and a duodenally active prolyl endopeptidase 
from Sphingomonas capsulate able to degrade the 33-mer for 
instance. The first enzyme extensively hydrolyzes complex 
gluten proteins of bread, whereas the prolyl endopeptidase 
rapidly detoxifies the residual oligopeptide products of the 
first digestion. Thus, it has been suggested that the admini-
stration of this combination of enzymes could increase the 
safe threshold of ingested gluten, thereby ameliorating the 
burden of a highly restricted diet for patients with CD [21]. 

 Similar enzymes have been detected in lactic acid bacte-
ria [16, 22], although the post-prolyl endopeptidases identi-
fied in these bacteria are metallo peptidases (Table 1). In 
addition, lactobacilli exopeptidases (amino- and dipepti-
dases), which hydrolyze peptide bonds at the N-terminus of 
polypeptides and show specificity for proline-containing 
peptides (e.g. PepI, PepX, PepR and PepQ), could contribute 
to the progress of the proteolytic chain, thereby leading to 
the generation of innocuous free amino acids and very small 
peptides. Some of these lactic acid bacteria have been used 
to detoxify gluten-containing products before they were in-
gested [16, 23]. In particular, Lactobacillus sanfranciscensis
LS40 and LS41 and Lactobacillus plantarum CF1 were se-
lected on the basis of their ability to hydrolyze gluten pep-
tides during the fermentation process of cereal-based prod-
ucts. These lactobacilli have been shown to hydrolyze and 

Table 1. Main Biochemical Properties of Microbial Proline-Specific Peptidases 

Enzyme type Origin EC number Catalytic type Specificity Family 

Oligopeptidases    Xn- -X-Yn  

Prolyl oligopeptidase Flavobacterium meningosepticum 3.4.21.26 Serine Xn- -Pro-Yn S9A 

Sphingomonas capsulate     

Myxococcus xanthus     

Aspergillus niger  Serine Xn- -Pro-Yn S28 

Endopeptidase (PepO2/PepO3) Lactobacillus helveticus   Metallo Xn- -Pro-Yn  

Dipeptidases     X- -Y  

Prolidase (PepQ) Lactobacillus delbrueckii   3.4.13.19 Metallo Pro- -Y M24B 

Prolinase (PepR) Lactobacillus helveticus  Serine X- -Pro  

Lactobacillus rhamnosus     

Dipeptidyl-peptidases   X-Y- -(Z)n

X-Pro-dipeptidyl peptidase (PepX) Lactococcus lactis 3.4.14.11 Serine X-Pro- -(Z)n S15 

Lactobacillus delbrueckii      

Lactobacillus helveticus      

Aminopeptidases    X- -(Y)n  

Proline-iminopeptidase (PepI) Lactobacillus  delbrueckii   3.4.11.5 Serine Pro- -(Y)n S33 

Lactobacillus helveticus      
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reduce the toxicity of low amounts of gluten present as con-
taminants in gluten-free products and to enhance the nutri-
tional properties of bread [23]. The possible use of these 
enzymes to detoxify gluten during the gastrointestinal pas-
sage has been proposed but has not been evaluated yet [16].  

 Overall the findings suggest that the co-administration of 
enzyme(s) with a gluten-containing meal could reduce gluten 
toxicity, and offer patients the possibility of occasionally 
abandoning their strict gluten-free diet [20, 21]. The in vivo
efficacy and the safety of the therapeutic enzyme(s) regard-
ing allergen properties, systemic effects, and possible altera-
tions of intestinal physiology have yet to be evaluated. 

TISSUE TRANSGLUTAMINASE (tTG) INHIBITORS  

 tTG plays a major role in the pathogenesis of CD as it is 
both the target of specific auto antibodies and promotes the 
gluten-specific T-cell response [5]. tTG is found just below 
the epithelium and in the brush border and it catalyzes the 
conversion of specific glutamine residues of gliadin peptides 
into glutamate (Figs. (1) and (2)). Thus, tTG generates nega-
tively-charged amino-acid residues that bind to HLA-DQ2 or 
DQ8 molecules with higher affinity, promoting the pro-
inflammatory T-cell response [5, 24]. tTG can also cross-link 
gluten peptides with matrix proteins, thereby retaining gluten 
in the tissue environment and generating complexes that in-
duce an immune response to additional auto antigens. tTG 
antibodies may also play a direct pathogenic role in CD by 
activating monocytes via Toll-like 4 receptor binding [25] 
and by disturbing several steps of angiogenesis [26]. As a 
consequence tTG inhibitors, including reversible competitive 
inhibitors and irreversible inhibitors, have been evaluated as 
potential therapeutic agents for CD [27]. Competitive inhibi-
tors, such as cystamine and mono-dansyl-cadaverine, act by 
competing with natural amine substrates in the transamida-
tion reaction (Fig. (2)). Although tTG remains enzymatically 
active in the presence of these inhibitors, initial studies have 
shown that blocking the endogenous tTG activity in the ce-
liac biopsies with cystamine, reduced the proliferative re-
sponse of T-cell lines to deamidated gluten peptides com-
pared to non-cystamine treated controls [24].  

 Irreversible tTG inhibitors have a more specific mecha-
nism of action, preventing substrate binding by covalent 
modification of the enzyme. Most of them are designed to 

target the active site cysteine using chemical functional 
groups that are reactive in the presence of a nucleophilic 
atom but form relatively stable chemical bonds after react-
ing. One of the irreversible inhibitors studied for CD treat-
ment is the 2-[(2-oxopropyl)thio]imidazolium derivative 
L682777. This compound was able to prevent the in situ
cross linking of gluten peptides to endogenous proteins of 
tissue sections as well as the T-cell activation induced by 
gluten peptides in celiac small intestinal biopsies [28]. How-
ever, this compound is also a specific inhibitor of Factor 
XIIIa, and therefore unsuitable for use in animals and hu-
mans. Alternatively, the halo-dihydroisoxazole compound 
KCC009 has shown good oral bioavailability, short serum 
half-life, and efficient tTG inhibitory activity in small intes-
tinal tissue and low toxicity in mice after oral administration 
[29].  

 As yet the effects of such drugs have not been evaluated 
in clinical trials and their efficacy is questioned because 
some gluten T-cell epitopes are also recognized without 
needing to be modified by tTG. In addition, there is concern 
about the possible side-effects of tTG inhibitors as a treat-
ment for CD because this enzyme is found in most bodily 
tissues and has a wide range of biological roles, including 
wound and tissue repair and macrophage phagocytosis [30]. 
It is believed that the optimal therapeutic tTG inhibitor for 
CD should be selective and act only locally at the gut mu-
cosa level. Further advances, also thought to be crucial to 
developing future therapeutic strategies, concern the discov-
ery of the mechanisms by which tTG, which is normally 
inactive in the intestine, initiates the deamidation of gluten. 

INTERFERENCE WITH GLUTEN PEPTIDE PRES-

ENTATION BY HLA-DQ MOLECULES 

 CD is closely associated with HLA-DQ2/DQ8 molecules, 
which are involved in the disease pathogenesis by presenting 
gluten peptides to T cells (Fig. (1)). Therefore, blocking the 
peptide-binding sites of DQ2/DQ8 molecules has been con-
sidered as a way to treat CD. The possible therapeutic strate-
gies developed to interfere with peptide antigen presentation 
so far comprise: (i) modified HLA-DQ peptide ligands 
(termed HLA agonists), which can induce anergy in T-cells, 
and HLA-DQ blockers that act by out-competing the HLA 
binding of the agonist peptide [31].  

Fig. (2). Schematic representation of the peptide modification carried out by tTG and its possible inhibition. tTG catalyzes deamidation from 

the side chain glutamine into glutamic acid; this reaction can be inhibited by competitive inhibitors, such as cystamine, which have primary 

amines that compete with the natural substrate for tTG binding. 
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 Peptides that are analogs of gliadin T-cell epitopes, which 
act as antagonists and can down-regulate the pathogenic im-
mune response of CD, have been obtained artificially by 
amino acid substitution of gliadin T-cell stimulatory se-
quences [32]. In addition, a decapeptide (QQPQDAVQPF) 
obtained from an alcohol-soluble protein fraction of durum 
wheat was shown to exert an antagonistic effect in vitro
against gliadin toxicity by reducing lymphocyte activation 
triggered in peripheral blood mononuclear cells by exposure 
to the peptic-tryptic digest of bread wheat gliadin and pep-
tide 62-75 from alpha-gliadin [32]. An aldehyde-function-
alized gluten peptide analogue has also been designed, which 
acts as both a tight-binding HLA-DQ2 ligand and a high-
affinity, reversible inhibitor of tTG [33].  

 The potential use of cyclic peptides and dimeric peptides 
as blockers to prevent DQ2 mediated antigen recognition by 
T-cell receptors of CD patient mucosa has also been evalu-
ated recently [31]. Cyclic peptides containing the DQ2-
alphaI gliadin epitope LQPFPQPELPY were synthesized by 
introducing flanking cysteine residues cross linked via a di-
sulfide bond. Cyclic peptides were also prepared with stable 
polyethylene glycol bridges across internal lysine residues  
of modified antigenic peptides such as KQPFPEKELPY  
and LQLQPFPQPEKPYPQPEKPY. Dimeric peptides were 
obtained by dimerizating the peptide LQLQPFPQPEK-
PYPQPELPY through the lysine side chains (Fig. (3)). One 
dimeric peptide analogue with an intermediate linker length 
was found to be especially effective at inhibiting DQ2-
mediated antigen presentation [31].  

Fig. (3). Basic structure of dimeric peptides evaluated as HLA-DQ2 

blockers to prevent DQ2 mediated antigen recognition by T cells 

(adapted from [31]).

 These strategies had previously been explored as thera-
pies for other autoimmune diseases such as multiple sclero-
sis, rheumatoid arthritis and type I diabetes, but were unsuc-
cessful due to difficulties in achieving effective drug deliv-
ery. In contrast to the organs affected by other autoimmune 
diseases, the small intestine affected by CD is readily acces-

sible via oral administration of a therapeutic compound [31]. 
In particular, the modified peptides suitable to treat CD 
should presumably reach the small intestine in an active 
form, as do their analogous dietary gluten peptides, after oral 
administration. Therefore, although the development of this 
strategy is still in its infancy and its in vivo efficacy has not 
been evaluated, the use of HLA-DQ blocker peptides seems 
promising as an alternative to CD treatment.  

CYTOKINE AND ADHESION MOLECULE REGU-

LATION  

 Anti-inflammatory cytokines and antagonists of pro-
inflammatory cytokines have been considered as possible 
therapeutic drugs for chronic inflammatory and autoimmune 
disorders, including CD. The use of recombinant IL-10 has 
been proposed as a therapy because this cytokine down-
regulates activation of Th-cell subsets and particularly coun-
teracts the Th1-biased immune response of CD and Crohn's 
disease (Fig. (1)). IL-10 also inhibits macrophage inflamma-
tory cytokine production (e.g. TNF- ) and T-cell associated 
macrophage activity. IL-10 administration has exerted bene-
ficial therapeutic effects in several murine models of colitis 
and in Crohn's disease patients by intravenous administration 
[34]. In the context of CD, recombinant human IL-10 has 
been shown to suppress Th1-mediated immune responses to 
gliadin in ex-vivo cultured treated and untreated celiac intes-
tinal mucosa via down regulation of antigen presentation, 
reduction of T-cell infiltration and activation, and induction 
of hyporesponsiveness in gliadin-specific T cells [35]. How-
ever, the administration of recombinant IL-10 subcutane-
ously to refractory CD patients exerted little effect in a pilot 
study [36].  

 Alternatively, the administration of inhibitors of cytoki-
nes playing a key pathologic role in CD, such as IFN-  and 
IL-15, has been considered as a strategy to treat the disease 
(Fig. (1)). IFN-  is the main Th1-type cytokine produced by 
gluten-reactive T cells. IFN-  also enhances the production 
of TNF- , which altogether contributes to increasing intesti-
nal permeability and damaging the intestinal mucosa [4, 35]. 
The efficacy of anti- IFN-  and anti TNF-  drugs has been 
investigated in Crohn’s disease patients [37]. In particular, 
antagonists of TNF- , such as infliximab, certolizumab pe-
gol and adalimumab, have afforded important therapeutic 
benefits to these patients, although other alternatives are also 
being studied, including anti IFN-  drugs [38]. This kind of 
therapy could also be applied to CD according to the benefi-
cial effects detected in vitro and in ex-vivo model systems 
using IFN-  inhibitors [39]. IL-15 also plays a key role in the 
innate immune response elicited by gluten peptides, charac-
terized by expansion of intraepithelial lymphocytes, which 
are cytotoxic for epithelial cells [6]. The efficacy of anti-IL-
15 antibodies (HuMax IL-15) and an antagonistic mutant IL-
15-Fc protein that targets the IL-15 receptor has been inves-
tigated in preclinical and phase II clinical trials to treat 
rheumatoid arthritis [40, 41]. These strategies are also pre-
sumably applicable to CD. In general, therapies based on the 
administration of either cytokines or cytokine inhibitors are 
well tolerated, although they may have some drawbacks re-
lated to organ-specific delivery and their possible systemic 
side-effects in the long-term [38].
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 In addition to cytokine-based strategies, blockage of leu-
kocyte migration from the bloodstream to inflamed sites by 
the use of cell adhesion molecule inhibitors is being investi-
gated (Fig. (1)). Antagonist antibodies of alpha4 integrin 
adhesion molecule, expressed by most leukocytes, like Na-
talizumab, constitute one of the new effective treatments for 
patients with inflammatory bowel diseases and multiple scle-
rosis [42, 43]. In addition, the antagonist MLN02, which 
targets the adhesion molecule integrin- 4 7 expressed by 
intestinal T cells, has been tested in phase II clinical trials for 
the treatment of inflammatory bowel diseases [44]. CCX282-
B is also an antagonist of the chemokine receptor CCR9, 
which is a highly specific receptor expressed by T cells mi-
grating to the digestive tract and recruited in the epithelium 
of the small intestine. This compound has also shown a cer-
tain degree of clinical efficacy in inflammatory bowel dis-
eases [45]. It can be speculated that this compound could 
also interfere with the action of the HLA-DQ-restricted T 
cells recognizing gluten peptides in the lamina-propria. The 
possible side-effects of these compounds include increased 
susceptibility to gastrointestinal infections and disturbances 
in oral tolerance to food proteins because they act by pre-
venting migration of T cells to the lamina propria in the 
event of danger. 

INCREASED GUT PERMEABILITY INHIBITORS  

 Cytoskeleton and tight-junction proteins regulate the 
permeability of the intestinal epithelium, preventing the en-
try of harmful bacteria and dietary antigens. Breakdown of 
this barrier is usually associated with inflammation due to 
increased traffic of molecules from the intestinal lumen to 
the submucosa with excessive activation of the mucosal im-
mune system. In CD paracellular permeability is enhanced 
and the integrity of the tight junction system is compro-
mised, constituting one of the possible early events in the 
pathogenesis of this disorder [46]. In particular, the expres-
sion of zonulin, a protein that modulates intercellular tight 
junctions, was increased in intestinal tissues of CD patients 
[8]. Moreover, biopsy specimens of CD patients displayed a 
stronger response to gliadin when compared with non-celiac 
controls, characterized by an increased and persistent release 
of zonulin and significant increase in permeability [47]. Ex-
posure of intestinal epithelial cells to gliadin induced the 
release of zonulin in the cell medium with subsequent bind-
ing to the surface of zonulin receptor-positive cells, rear-
rangement of the cell cytoskeleton, loss of occludin-ZO1 
protein-protein interaction, and increased monolayer perme-
ability [47]. Gliadin peptides have been shown to bind spe-
cifically to the chemokine receptor CXCR3, thereby leading 
to a MyD88-dependent zonulin release [48]. This evidence 
has led to the proposal of CD therapies that strengthen the 
epithelial barrier function and limit the access of gluten pep-
tides to the submucosa. The administration of AT-1001, a 
zonulin receptor antagonist, led to a significant rate of pro-
tection of CD patients exposed to wheat proteins [49]. AT-
1001 was shown to be well tolerated and appeared to reduce 
intestinal barrier dysfunction, pro-inflammatory cytokine 
production (IFN- ), and gastrointestinal symptoms in CD 
patients. Larger-scale trials to verify the degree of efficacy of 

AT-1001 for the treatment of CD are underway. 

MODULATION OF THE INTESTINAL MICROBIOTA  

 CD is also characterized by a breakdown in the balance 
between beneficial and potentially harmful bacteria in the 
intestine, termed dysbiosis, which may contribute to the 
pathogenesis of this disorder [10, 11]. It has been suggested 
that a dominant Th1-type cytokine profile may be triggered 
by harmful microorganisms that stimulate IFN-  and TNF-
production and activate T-cell macrophage associated activ-
ity (Fig. (1)) [50]. These pro-inflammatory cytokines (IFN-
and TNF- ) as well as IL-15 could contribute to increasing 
epithelial permeability thereby favoring the access of higher 
antigen loads (gliadin and microbial) to the submucosa [51]. 
Thus, infections or intestinal dysbiosis could facilitate an 
increase in permeability, spreading of gluten-reactive T cells 
and loss of gluten tolerance in predisposed individuals [4]. 
On this basis, it can be hypothesized that the administration 
of probiotics, which modulate the composition and functions 
of the intestinal microbiota, could be an adjuvant strategy in 
the management of CD. Specific probiotic strains have been 
shown to protect against leakage of tight-junctions detected 
in infections, stress, and inflammatory conditions [52, 53]. In 
the context of CD, a Bifidobacterium lactis strain was shown 
to inhibit the gliadin-induced increase of epithelial perme-
ability in a dose-dependent manner in vitro. This strain influ-
enced the zonulin expression pattern and inhibited membrane 
ruffle formation induced by gliadins in Caco-2 cells [54].  

 Commensal microbiota also interacts with the gut mu-
cosa associated lymphoid tissue that contributes to diverse 
immune processes, such as secretory-IgA production, modu-
lation of cytokine and chemokine release, and balanced 
Th1/Th2 responses and oral tolerance development to dietary 
antigens and commensal microbes (Fig. (1)) [55]. Specific 
Bifidobacterium strains have been acknowledged for their 
anti-inflammatory and regulatory properties by inducing IL-
10 production in peripheral blood and lymphoid tissue cells 
[56, 57], in contrast to the predominant production of Th1-
type cytokines induced by pathogenic microorganisms. In 
recent years, commensal bacteria, such as B. infantis 35624, 
have been shown to induce regulatory T cells, which con-
tribute to protecting the host against aberrant activation of 
the innate immune system in response to pathogens [58]. 
Furthermore, transfer of probiotic-treated dendritic cells to 
mice has been shown to protect against 2, 4, 6-trinitro-
benzenesulfonic acid-induced colitis. In this study, probiotics 
were shown to stimulate dendritic-cell regulatory functions 
associated with reduction of inflammatory scores and colonic 
expression of pro-inflammatory genes, and induction of 
CD4+ CD25+ regulatory cells in an IL-10-independent fash-
ion [59]. On this basis, the use of certain strains as probiotics 
to treat or prevent inflammatory conditions, like inflamma-
tory bowel diseases, has been proposed [60]. In addition, 
genetically modified bacterial strains have been constructed 
for mucosal delivery of bioactive proteins (e.g. IL-10, intes-
tinal trefoil factor or superoxide dismutase) by oral admini-
stration. In particular, the administration of a Lactococcus 
lactis strain secreting recombinant IL-10 to genetically defi-
cient IL-10 mice could counteract the development of 
chronic enterocolitis caused by an unregulated Th1 response 
to endogenous gut bacteria [61]. In a pilot study of 10  
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Crohn’s disease patients, the oral intake of this strain also 
afforded certain benefits and had no toxic effects [62]. In 
recent studies, Bifidobacterium strains with immunoregula-
tory properties have been shown to suppress in vitro the pro-
inflammatory cytokine pattern induced by the altered colonic 
microbiota of CD patients and to increase IL-10 production 
(Fig. (1)) [63]. In the light of this new evidence, probiotics 
have been proposed as novel dietary supplements that may 
help in the treatment and prevention of CD by regulating gut 
permeability and immune functions, without causing side-
effects [50]. Preclinical and clinical in vivo studies have yet 
to be carried out to verify such a hypothesis.  

CONCLUSIONS 

 The latest advances in understanding the pathogenic 
mechanisms underlying CD have contributed to discovering 
new molecular therapeutic targets of relevance to the future 
management of this disease. Although promising results can 
be anticipated on the strength of those reported for other 
chronic inflammatory disorders, the efficacy and safety of 
most therapeutic drugs have yet to be proven in CD patients 
by means of clinical trials. The fact that this pathology mani-
fests clinically in a wide variety of ways would suggest that 
multiple genes, epigenetic factors and environmental ele-
ments are involved in its development. Furthermore, proba-
bly not all the patients are equally sensitive to the same gli-
adin fragments, which would make it particularly difficult to 
develop one single treatment for this disorder.  
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