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Abstract  The surge in incidence of celiac disease (CD) is due more to environmental than to genetic changes. It is 
paralleled by a food industry that is continuously introducing additives to processed products. Microbial 
transglutaminase (mTG) is an enzyme that deamidates/transamidates proteins, enabling cross-linkage of molecules 
and revolutionizing the properties of many food products. It belongs to the family of transaminases and tissue 
transglutaminase (tTG) has been identified as the autoantigen in CD. Both enzymes de/transamidate gluten, the 
nutritional environmental factor that induces CD. Although several studies have shown that mTG transamidation of 
wheat flour/gluten can detoxify gluten peptide in vitro, by inhibiting the response to intestinal gliadin, inducing T 
cells and reducing INFγ production without influencing their main technological properties, a word of caution is 
advised. The oral challenge of adult CD patients with mTG transamidated flour was found to be only partially 
effective, not fulfilling expectations, and there have been multiple recent observations that indicate that mTG 
transamidated flour/gluten could be dangerous to gluten sensitive populations: mTG cross-linking of gluten may be 
hazardous in CD since the enzyme can deamidate gluten, thus mimicking endogenous tTG, it can link an extensive 
repertoire of proteins and other macromolecules with immunogenic potential, mTG treated gluten peptides are 
immunogenic to celiac patients, inducing specific IgA antibodiesand are recognized by gluten-specific humanT cells. 
Their effect on CD intestinal permeability has not yet been studied. To better understand the actual processes and 
events, associated with the suggested mTG therapy, long-term ex vivo and in vitro studies are needed. Until then, it 
is best to respect the data but suspect the safety of the gluten sensitive populations. 
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1. Introduction 

1.1. Celiac Disease 
Gluten sensitive enteropathy or celiac disease (CD), is a 

distinct type of food hypersensitivity defined as an 
abnormal immunological response to gluten/gliadin which 
results in a diseased state typically characterized by 
damage of the lining of the gastrointestinal tract of 
genetically susceptible individuals. It is the most common 
type of autoimmune food intolerance in the world and is 
of life-long duration [1]. 

Being an autoimmune disease, environmental factors 
are crucial for disease induction and maintenance. Gluten, 
which is the storage protein of wheat, and its alcohol-
soluble gliadins are the offending inducers of the disease 
together with structurally related molecules found in 
barley, rye and oats. However, additional environmental 
factors, including infections and breast feeding, are 
associated with CD [2,3]. tTG is the autoantigen against 

which the abnormal immune response is directed [4] and 
two main autoantibodies, antiendomysium and anti-tTG, 
provide the currently most useful serological markers to 
diagnose or screen for the disease [5,6]. Recently, the 
presence of antibodies to the neo-epitope tTG were shown 
to be very reliable in the serological diagnosis of the 
disease [6,7,8]. The sequential chain of events operating in 
the disease was recently unraveled, and gives hope for 
future therapeutic strategies [9]. Furthermore, the 
epidemiology, prevalence and clinical presentation of CD 
are changing constantly and, with time, new clinical 
presentations are envisaged, increasing the clinical 
variability of CD [2,10,11,12]. 

In accordance with its prevalence, the disease may be as 
much of a concern in developing and emergingcountries 
as in the developed world. Prevalence rates of 0.3% and 
1% have been reported in Northern India, and 0.9, 1.2, 1.6 
and 0.8% in Turkish school children, Turkish blood 
donors, Syrian blood donors and Iranian children, 
respectively. These prevalence rates are similar to those 
reported for Europeans and people of European descent 
(0.4 to 1.2%) [13]. Most recently, CD in the Mediterranean 
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area was described as an emerging epidemic [14]. In the 
near future, most new CD cases are expected to come 
from Africa, Asia and South America. It is estimate that 
more than 5 million cases will occur in the Mediterranean 
region in the next 10 years. Without a timely diagnosis 
and appropriate healthcare, an excess mortality of more 
than 230,000 cases may be expected overthe next decade 
[15]. It is estimated that global totals of the number of 
undiagnosed celiac children have reached 2.2 million (in 
2010) of whom 42,000 likely die annually. The estimated 
number of deaths in children under-the age of 5 
attributable to celiac disease was highest in the African 
region, followed by the Eastern Mediterranean, South-East 
Asian, Pan-American, European and Western Pacific 
regions [16]. 

Gluten is a common ingredient in the modern food 
industry and cross contamination of products considered 
or labeled as ”gluten-free” is a common problem for 
gluten sensitive populations. During certain periods in life 
50-60% of the patients do not adhere to their diet, facing 
the risk of increased morbidity from osteopenia, osteoporosis, 
nutritional deficiencies, and decreased height during 
adolescence, secondary autoimmune disorders and 
gastrointestinal or hematologic malignancies. Thus, the 
need to eliminate toxic gluten peptides from their food 
and/or to blunt immunogenic reactions is a wishful task. 
In fact, numerous dietary and immunologic alternative 
strategies are in the process of development [9], keeping 
in mind their safety, effectiveness and affordability. 

1.2. Food Industry Microbial Transglutaminase 
Applications and Usage 

The extremely high costs of manufacturing 
transglutaminase from animal origin have prompted 
scientists to search for new sources of this enzyme. 
Interdisciplinary efforts have been aimed at producing 
enzymes synthesized by microorganisms which may have 
a wider scope of use, resulting in development and 
production of mTG [17,18]. mTG is an enzyme that 
catalyzes the formation of isopeptide bonds between 
proteins. Its cross-linking property is widely used in 
various processes: to manufacture cheese and other dairy 
products, in meat processing and to manufacture bakery 
products and prolamine chains. In the bakery, mTG can 
substantially improve dough elasticity, stability, volume, 
shelf life and better fermentation tolerance in baked goods 
such breads, pastas, pastries and tortillas. According to the 
manufacturers, it is “an excellent element for gluten-free 
products as well”. Most food proteins, such as caseins, 
soybean globulins, gluten, actin, myosins, eggs and 
seafood proteins can be cross-linked by forming an ε-(γ-
glutamyl) lysine bond. The enzyme can link even small 
molecules like histamine, cadaverine, histone etc. as well 
as epsilon-amines of lysine residues in proteins. The result 
is an enormous variety and a vast number of new protein 
complexes with neo-structure, physical and chemical 
properties and potentially immunogenic neo-epitopes. 
Additionally, mTG has considerable potential to improve 
the firmness, flavor, color,bite, texture, viscosity, elasticity 
and water-binding capacity of food products. Currently, 
enzymatic preparations are used in almost all industrial 
branches because of their wide variety and the low costs 
associated with their biotechnical production processes 

[17], and are ingested in large amounts in the common 
Western diet [17,18]. Altogether, a maximum daily intake 
of mTG could range up to 15 mg. Dosing for restructuring 
is about 50-100mg of mTG for each kg of treated food 
[19]. 

The following two paragraphs will bring together the 
above information on CD and mTG with respect to 
therapeutic aspects. The enigma of mTG as a future 
therapeutic strategy for CD (treat) will face our current 
knowledge on the immunogenic/pathogenic properties of 
the enzyme (trick). 

2. mTG as a Potential Therapy for CD-
The Treat 

One of the dietary strategies is to detoxify and abolish 
the immunogenicity of the gluten peptides using various 
probiotic bacteria or isolated enzymes, be it in the bakery 
or by oral ingestion. Recently, an Italian group from 
Avellino, presented an interesting and novel approach to 
detoxify gluten using TG enzymes [20,21,22,23]. 
Strangely enough, the authors used tTg, the same CD 
autoantigen that it is logical to inhibit [4,9,24], in vitro, to 
decrease the immunogenicity of gluten peptides, thus 
turning swords into plowshares [25]. tTG mediates 
transamidation with lysine or lysine methyl ester of the 
potent immunostimulatory peptide α-gliadin p56-68. The 
lysine modifiedgliadin peptides, were found to inhibit 
IFNγ production by intestinal T-cell lines derived from 
HLA-DQ2 positive CD patients, thus suppressing a 
hallmark cytokine involved in sub-mucosal inflammatory 
events [20]. Moreover, the authors demonstrated a loss in 
the response of gliadin-specific intestinal T-cell lines 
when challenged with gliadin extracted from flour 
pretreated with mTG (derived from Streptomyces 
moboraensis) and lysine methyl ester. 

In 2012, to challenge their novel potential therapeutic 
strategy, the same group reintroduced gluten following 
wheat flour transamidation by mTG, to 47 adult celiac 
patients on gluten-free diets, in a randomized, controlled 
clinical study [23]. By day 15 of the study, 37% of the 
patients receiving the transamidated flour had relapsed 
clinically. By day 90, at the end of the study, only16 
patients remained free of clinical symptoms, but no 
variations in IgA-tTG serology, histological biopsies 
grading and intestinal IFNγ-mRNA could be found. 
Despite the partial, in vivo, effectiveness for only a subset 
of CD patients, the group used a mouse animal model and 
in vitro intestinal biopsy investigations, to further study 
the mTG and lysine ethyl ester detoxifying effects of 
gliadin transamidated peptide [21). They observed that 
extensive transamidation of wheat flour with lysine ethyl 
ester by mTG yielded a soluble protein fraction and 
insoluble transamidated gliadin fraction [21]. By Western 
blot, they found that these modifications were associated 
with strongly reduced immune cross-reactivity. With the 
use of DQ8 tg mice as a model of gluten sensitivity, a 
dramatic reduction in IFNγ production in gliadin-specific 
spleen cells challenged with soluble protein fraction and 
insoluble transamidated gliadin fractions, in vitro, was 
observed. In the soluble protein fraction, they also 
observed an increase in the IL-10/IFNγ protein ratio. In 
intestinal biopsies from 10 CD patients challenged in vitro 
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with gliadins, the authors demonstrated further that 
insoluble transamidated gliadin dramatically reduced the 
levels of antigen-specific IFNγ mRNA in all specimens 
responsive to native gliadins. As cytotoxic effects have 
been described for gliadins, glutathione S-transferase and 
caspase-3 activities in the enterocytic Caco-2 cell line 
were investigated. Neither activity was modified by flour 
transamidation. The results indicate that lysine ethyl ester 
cross-linking via mTG specifically affects gliadin 
immunogenicity, reversing the inducible inflammatory 
response in models of gluten sensitivity without affecting 
other aspects of the biological activity of gliadins. 

In the same year, further delineation of the biochemical 
modifications of gliadin induced by mTG on wheat flour, 
was reported [22]. Gliadin and glutenin yields decreased 
to 7.6±0.5% and 7.5±0.3%, respectively, after a two-step 
transamidation reaction that produced a water-soluble 
protein fraction. SDS-PAGE, Western blot and ELISA 
analyses confirmed the loss of immune cross-reactivity 
with anti-native gliadin antibodies in residual 
transamidated gliadins and soluble protein fraction as well 
as the occurrence of neo-epitopes. Nano-HPLC-ESI-
MS/MS experiments identified some native and 
transamidated forms of celiacogenic peptides including 
p31-49 and confirmed that mTG had similar stereo-
specificity of tTG. These peptides were found to be 100% 
and 57% modified in the soluble protein fraction and 
residual transamidated gliadins, respectively. In particular, 
following transamidation, p31-49 lost its ability to 
increase tTG activity in Caco-2 cells. Finally, bread 
manufactured with transamidated flour had only minor 
changes in baking characteristics. The authors concluded 
that the two-step transamidation reaction by mTG, 
modified the analyzed gliadin peptides, which are known 
to trigger CD, without influencing the main technological 
properties- thus shedding further light on a detoxification 
strategy alternative to the gluten-free diet. 

Another Italian researcher, this time from Milan, found 
thatenzymatic modification of gluten by microbial 
transglutaminase plus lysine prevents the immunologic 
effect sex pressed by IFNγ release, anti endomysium 
percentage positivity and tTG antibodies levels, 
transglutaminase activity and immunohistochemical 
expression of transglutaminase type 2, on cultured 
duodenal biopsies from celiac patients [26]. 

A new application formicrobial transglutaminase could 
be the detoxification of glutenby cross-linking gluten 
peptides in beverages via isopeptide bonds so that they 
can be removed by filtration [27]. 

Several questions, considerations and aspects should be 
raised, in respect of the use of mTG to inactivate the 
immunodominant antigenic epitopes in gluten proteins. 
Some of these were extensively summarized by Schuppan 
et al. in 2007 [25], but since then, new data has become 
available. 

1. It needs to be shown that mTG processed flour 
retains the desired texture and baking properties that 
patients with CD miss in gluten-free products. 

2. It would only be effective in controlled settings, such 
as in places where these modified cereals and flours are 
used, mainly in developed countries and less so in the 
underdeveloped ones, where industrial mTG treated food 
is limited. 

3. The cost-effectiveness of large-scale industrial 
production and costs of these processed flours compared 
with a gluten-free diet should be calculated. 

4. Safety issues regarding the novel products, are of 
prime importance. The possible generation of neo-
antigenic epitopes on the cross-linked peptides, needs to 
be extensively investigated. 

5. Another uncertainty regards the as yet ill-defined 
involvement of innate immunity in the pathogenesis of 
CD. The innate response is mainly triggered in response to 
gluten peptides that are different from those peptides that 
drive adaptive immunity. Innate immunity appears to be 
independent of gluten deamidation, and even a near-
complete abrogation of adaptive immunity by gluten 
transamidation may not be sufficient to suppress celiac 
genesis. 

6. Can complete transamidation of gluten peptides be 
achieved in flours using the mTG technique, because 
some patients are very sensitive and react to trace amounts 
of gluten? 

7. The transamidated peptides failed to compete with 
the native, nondeamidated gluten peptides for binding to 
HLA-DQ2. Although intestinal T-cell–mediated 
inflammation in adults appears to be mainly driven by 
deamidated peptides, this is not the case in infants and 
young children whose T-cell repertoire is prominently 
directed against nondeamidated gluten and sequences that 
are not substrates for tTG. 

8. The changes in the nutritional values induced by 
mTG application on the various proamines are not known. 

Below are the observations and arguments against using 
mTG in CD. 

3. Food Industrial mTG is a Risk Factor 
for CD-The Trick 

3.1. mTG is able to Deamidate Gluten 
A major question arises: Can mTG imitate tTG in 

deamidating gluten, as is the case in the submucosa of CD 
patients, thus increasing the immunogenicity of gluten 
originated toxic peptides? The answer is definitely yes: 

Skovbjerg et al studied the deamination and cross-
linking of gliadin peptides by different TG. 
Streptoverticillium transglutaminase, which is used as a 
cross-linker in the food industry, was able to generate 
deamidated epitope(s) in a concentration-dependent 
manner [28]. More recently, a Japanese research group has 
shown that mTG induced 72% deamidation when applied 
to wheat gluten [29]. An upward shift of gluten bands on 
gel electrophoresis, alteration in secondary structure of the 
deamidated gluten and deterioration of the aggregation 
ability of the gluten molecule were reported. mTG has a 
broader substrate specificity than tTG and deamidates 
both synthetic and natural gluten peptides [30]. It appears 
that both TGs, the human and the bacterial ones, are 
capable of de/transamidation depending on various 
variables: substrate sequence, affinity and reaction 
conditions like pH, presence of primary amines and 
enzyme concentration [17,18,31,32]. Since many studies 
were performed using synthetic or isolated substrates in-
vitro and since the in-vivo physical/rheological/nutrient 
composition conditions are much more complicated and 
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since both of the TG are sensitive to all these unstable 
conditions, the ratio of de/transamidation is very sensitive 
and highly variable. Presently, no data exist on the human 
luminal or intestinal ratio between tTG and mTG 
concerning concentration/functionality and gluten 
handling in the aspect of de/transamidation. In fact, human 
jejunal TG activity was demonstrated long ago but only 
tTG was investigated [33].  

Gliadin is a good substrate for endogenous and 
microbial TGs, the specific activities (counts/min/mg) 
being 9800 and 4290, respectively [34]. Yong YH et al 
[29], raised the alternative that gliadins are deamidated by 
microbial or food TGs in the intestinal lumen.  A 
disturbing possibility that TG, in baked products, may act 
upon gliadin proteins in dough to generate the epitope 
associated with celiac response, was suggested [35,36]. 
Even the decreased substrate specificity of mTG, compare 
to tTG, [17,18] which is an advantage to the food industry, 
may represent a disadvantage to the celiac population [37]. 

The ensuing conclusion is that mTG is capable of 
deamidation of gluten, the degree of which, in vivo, is 
variable, thus potentially creating immunogenic 
glutenneo-peptides and enhancing celiac genesis. 

3.2. mTG is Capable of Linking Many 
Various Molecules to Gluten 

When suitable amino groups are available in the 
environment, mTG links an amino group to a newly 
obtained glutamic acid. The amino groups can be small 
molecules like histamine or cadaverine or epsilon-amines 
of lysine residues in many proteins (caseins, soybean 
globulins, gluten, actins, myosins, collagen, egg, fish and 
meat proteins). This transamidation can cross-link two 
proteins leading to a complex matrix of proteins bound 
together. Most recently, mTG was shown, for the first 
time, to display a much broader acyl-acceptor substrate 
specificity. Very short-chain alkyl-based amino acids such 
as glycine and the esterified α-amino acids Thr, Ser, Cys, 
Trp can serve as acceptor substrates [38]. With appropriate 
primary amines as spacers, various functional groups, 
carboxyl groups, phosphate groups, saccharides and so on, 
can be incorporated into protein, including gluten, by 
using mTG [39]. It is reality, that industry has expanded 
the use of mTG to include: cross-linking of proteins with 
agro wastes, production of protein lipidation, modification 
of hormones by PEGylation, restoration of functionality of 
gluten from insect-damaged wheat, modification of 
rheological properties of proteins including wheat, 
improvement of gelling properties of proteins, 
emulsification by cross-linking of heterogeneous products 
originating from the plant and animal kingdoms or the sea, 
processing of wheat gluten toward biobased or bioplastic 
material and many more products and applications. The 
cross-linking of proteins and the capacity to link other 
nutrient or industrial additives by mTG application, also 
embeds risk in gluten sensitive populations: 

• mTG and proteases have similar substrate preferences 
for hydrophobic amino acids in the peptide/protein 
sequence. In addition, glutamine residues attacked by 
mTG are located in regions characterized by enhanced 
flexibility, which are also favorable targets for proteases. 
Finally, mTG has the potential to modify surface proteins, 
making them more stable against proteolytic digestion 

[40]. Based on the above observations, one can envision 
that mTG can change the natural outcome of gluten 
digestion in the human intestine, rendering it more 
resistant to endogenous proteolysis. 

• Industrial techniques to improve gluten-free 
flour/bread using mTG, various extruded flours and 
protein isolates, were suggested [41,42]. The addition of 
mTG to the very small quantities of gluten existing in the 
various gluten-free diets, thus changing various properties 
of the peptides or promoting protein network formation or 
new protein complexes, deserves further studyprior to its 
industrial application. 

• The effects of mTG on dough proteins are cultivar 
dependent. The cultivar Cortazar was found to be the most 
susceptible. The amounts of ω and α+β gliadins were 
increased and solubility reduced after treatment with mTG 
[43]. Changing concentration and solubility of CD toxic 
peptide will impact their immunogenicity.  

• The use of food industrial mTG is expanding, 
resulting in linking traditional gluten-containing food (like 
pasta) with gluten-free products. There are numerous 
examplesof heterologous polymers constructed by mTG 
usage, but only one will be cited. Fresh yellow alkaline 
noodles (an oriental noodle) can be cross-linked with soy 
protein isolate by mTG [44,45]. The introduction of 
traditional gluten-free products to gluten-containing ones, 
has an unlimited potential toconfuse gluten-sensitive 
populations. On the shop shelf, when soy is marked on the 
product, a celiac patient can buy it without paying 
attention to the second moiety containing gluten. 
Improvements in food processing technologies do not 
always conform to the needs of consumer subpopulations. 
Thereare no limits to such confusion. 

3.3. mTG Treated Gluten Peptides are 
Immunogenic to Celiac Patients 

• mTG modified gluten proteins were shown to react 
with celiac sera IgA-anti gliadin antibodies [46].  

• mTG-treated cereal prolamines are recognized in an 
age-related manner by IgA from celiac affected patients 
[47]. This could reflect a differential manifestation of the 
effects of such proteins on the intestinal barrier. 

• mTG treatment of wheat prolamines in bread 
increases the serum IgA reactivity of CD patients. 
Interestingly enough, IgA from pooled celiac sera showed 
greater reactivity against mTG -treated gluten-free breads 
than against mTG untreated ones. The electrophoretic 
pattern of gluten-free bread prolamines was altered by the 
mTG treatment [48]. The observations imply that mTG-
treated breads or gluten-free breads induce immunogenic 
peptides that react with IgA. This is the appropriate place 
to be reminded that CD is an IgA mediated disease with 
specific antibodies against wheat gliadins and tTG. 

• mTG deamidated gluten peptides are recognized by 
gluten-specific T cells, thus enhancing the 
immunogenicity of gluten [30]. 

• Most recently, it was shown that mTG treated gluten 
peptides applied to cultured intestinal biopsies from CD 
patients, induced a 15 fold increase in INFγ release, and 
2.5 and 2.1 fold increases in medium tTG antibody levels 
and endomysial antibody positivity, respectively [26]. 

• Contrary to above mentioned celiac patients’ 
immunogenicity toward mTG-treated cereal prolamines 
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observations, we demonstrated anti-mTG antibodies in 
CD patients, the levels of which reflect the degree of their 
intestinal damage (personal communication). 

A study in Switzerland revealed that marketed meat and 
meat products were found to contain variable amounts of 
mTG, indicating that mTG used in the food industry finds 
its way onto the shop shelf oris ingested by consumers, 
directly to their intestinal lumen [49]. 

3.4. Potential Effects of mTG on Intestinal 
Permeability 

The potential harmful effects of mTG treated food 
products were recently extensively reviewed [50,51]. 

Intestinal permeability is increased in CD allowing 
increased trafficking of macromolecules between the 
lumen and the host. The tight junction is a complex 
machinery under strict regulation that acts as a gatekeeper 
and its abnormal function is a major step in CD pathogenesis 
[52]. The following are potential mechanisms through 
which mTG may aggravate the leaky intestine: 

• By cross-linking the tight junction proteins to luminal 
ones, an increased permeability might ensue 

• Gluten, by itself, is a well-known inducer of intestinal 
permeability [52]. Since it is a substrate form TG, neo-
gluten peptides may potentiate the effect of the uncross-
linked molecule. 

• mTG cross-links numerous ingredients in the food 
industry, emulsifying them and facilitating their passage 
through the tight junction. 

• If mTG imitates the protective and trophic functions 
of tTG on infectious agents and facilitates their luminal 
survival, the tight junction may leak since infections 
increase intestinal permeability [52]. 

4. Summary 
Despite several studies showing that mTG 

transamidation of wheat flour/gluten can detoxify gluten 
peptide in vitro, by inhibiting the response to intestinal 
gliadin, inducing T-cells and reducing INFγ production 
without influencing their main technological properties, a 
word of caution is suggested. An oral challenge of adult 
CD patients with mTG transamidated flour was shown to 
be partially effective, not fulfilling expectations, and there 
are multiple recent observations that render mTG 
transamidated flour/gluten dangerous to gluten sensitive 
populations. mTG cross-linking of gluten may be 
hazardous in CD since the enzyme can deamidate gluten, 
it can link an extended repertoire of protein and other 
macromolecules with immunogenic potential andmTG 
treated gluten peptides are immunogenic to celiac patients, 
whereby their effect on CD intestinal permeability has not 
yet been checked. 

We are not the first to warn against the mTG treat, and 
many authors have indicated caution for mTG treated 
wheat/gluten usage in CD [19,28,29,30,35, 36,46,47,48]. 
Most recently, we have summarized the scientific 
background and put forward the hypothesis that the 
increased consumption of food industry bacterial 
transglutaminase may explain the surge in celiac disease 
incidence [50]. In addition, we suggested that changes in 
intestinal tight junction permeability associated with 

industrial food additives, including mTG, explains the 
rising incidence of autoimmune disease [51]. More importantly, 
we recently observed that mTG is immunogenic in 
children with CD and by complexing to gliadin its 
immunogenicity is enhanced (unpublished, personal 
communication). In view of the pathogenic role allocated 
to tTG antibodies, further studies are needed to explore the 
pathogenic potential of the immunogenic mTG and anti-
mTG antibodies in CD. Improved enzymatic bread 
making [53, does not guarantee safety to celiac patients. 

The final answers to these questions can only be 
obtained from long-term clinical studies with significant 
numbers of patients and sensitive readouts, such as 
cytokine expression measured in intestinal biopsies before 
and after challenge, mTG activity and functions in the 
intestinal lumen and wall of celiac patients, 
immunogenicity of the mTG cross-linked molecules in 
vivo, competition studies between tTG2 and mTG on 
ingested intestinal prolamines and the immunopathogenic 
consequences of mTG treated gluten-free products. 
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