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Gluten related disorders (GRD), which include celiac disease, non-celiac wheat sensitivity
and wheat allergy are heterogeneous conditions triggered by ingestion of gluten-
containing grains. Together, their prevalence is estimated to be ~5% in the general
population, however, in the last years the number of diagnoses has been rapidly
increasing. To this day, the gold standard treatment for these disorders is the complete
removal of gluten-containing grains from the diet. Although this therapy results effective
in the majority of patients, up to 30% of individuals affected by GRD continue to
present persistent symptoms. In addition, gluten-free diet has been shown to have poor
nutritional quality and to cause a socio-economic burden in patients’ quality of life. In
order to respond to these issues, the scientific community has been focusing on finding
additional and adjuvant non-dietary therapies. In this review, we focus on two main
gluten related disorders, celiac disease and non-celiac wheat sensitivity. We delineate
the actual knowledge about potential treatments and their relative efficacy in pre-clinical
and clinical trials.

Keywords: celiac disease, gluten sensitivity, gluten, therapy, treatment

INTRODUCTION

The term “gluten-related disorders” (GRD) describes an array of diseases, including celiac disease
(CD), wheat allergy (WA), and non-celiac wheat sensitivity (NCWS), for which gluten is considered
the main external trigger. Gluten is a complex molecule found in different grains such as wheat,
rye, and barley (1). Its protein fraction includes gliadin monomers and glutenins polymers, both
resistant to complete degradation in the gastrointestinal tract due to their high content of prolines
and glutamines (2, 3). Human exposure to gluten started around 10,000 years ago with the advent
of agriculture and the first description of CD has been attributed to the ancient Greek physician
Aretaeus (4). The overall incidence of gluten related disorders has been quickly increasing in the
recent years (5), therefore making them an important topic of new scientific discussions (6) and
pushing the scientific community to deeply explore their pathogenesis.

Given the recognized role of gluten as external trigger for CD, WA, and NCWS, a life-long
removal of this protein from the diet is the gold standard treatment for people affected by
these conditions (1). The need of alternative and/or adjuvant therapies, however, has been
highlighted by recent studies underlying the economic burden and the poor quality of life
associated with this treatment (7, 8) as well as the overall decreased nutritional quality of
gluten free products as compared to their gluten containing counterparts (9). In this review
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TABLE 1 | Main features of celiac disease and non-celiac wheat sensitivity.

TABLE 2 | Past and ongoing clinical trials on CD and NCWS patients as reported
by clinicaltrials.gov. Status of the trials is shown as completed (C), active (A),
recruiting (R), or unknown (U).

CcD NCWs

Definition Autoimmune disease Reaction to gluten that is
characterized by aberrant not mediated by an allergic
response to gluten in genetically or auto-immune response
susceptible individuals

Prevalence ~1% Between 3 and 6%

Genetic HLA DQ2/DQ8 Only 50% of patients carry

background HLA-DQ2/ or HLA-DQ8

haplotype

Pathogenesis  Innate and adaptive immune Altered expression of
response (IL15, IL8, IELs, TLR1,2,4, reduction in Tregs
Th1/Th17, antibodies clones expansion
production), increased intestinal
permeability

Diagnosis * Serological evaluation for Ig Six weeks of GFD with

anti-TTG
e Duodenal biopsies is
gold standard

evaluation of symptoms and
2 weeks of placebo/gluten
challenge

we will focus on two gluten-related disorders, CD and NCWS,
for which additional therapies other than a gluten-free diet have
been considered. We will examine the pathogenic cascade of each
condition (summarized in Table 1) and describe ongoing and
past clinical trials using alternative therapies to target different
steps of this process (Summarized in Table 2).

Celiac Disease (CD)

CD is a complex autoimmune disease triggered by ingestion of
gluten. It is characterized by a specific genetic predisposition
(HLA DQ2 and/or DQ8) and a continuous exposure to the
external trigger (gluten) that leads to increased intestinal
permeability and a chronic immune response (9). CD affects
around 1% of population worldwide (9). Its classic clinical
presentation includes gastrointestinal symptoms such as
diarrhea, malabsorptive manifestations, constipation, and
abdominal pain. In addition, extra intestinal symptoms such as
anemia, neurological symptom, dermatitis, and arthritis may
be present as well, in particular among adult patients (10). CD
pathogenesis has been studied for long time and the events by
which gliadin triggers the onset of the disease are hypothesized as
following (Figure 1): due to its unique aminoacidic composition,
gliadin can only be partially digested in the gastrointestinal
tract and the resulting peptides trigger an innate immune
response by physically interacting with the small intestinal
mucosa. As a result, CD8" intraepithelial lymphocytes (IELs)
proliferate, several cytokines such as IL8 and IL15 are secreted
by enterocytes and dendritic cells, neutrophils are recruited
in the lamina propria and enterocytes apoptosis is induced
by activation of NKG2D™ cells (11-16). Activation of CXCR3
receptor on the epithelium triggers secretion of zonulin, a
potent tight junction modulator, leading to increased intestinal
permeability, and exaggerated antigen trafficking through the
intestinal barrier (17, 18). Once translocated in the lamina
propria, gliadin peptides are deamidated by transglutaminase2
(TG2) (19) and acquire a strong affinity for HLA DQ2% and

Non-celiac-wheat
sensitivity

Compound Celiac disease

NCT02060864
(AN-PEP) (C)

Endopeptidases NCT01560169 (ALV003) (C)

NCT00859391 (ALVOO03) (C)
NCT00669825 (ALVO03)
NCTO01255696 (ALV003) (C)
NCT01917630 (ALV003) U
NCT00626184 (ALVOO3)
NCT00959114 (ALVOO03) (C)
NCT00962182 (STAN1) (C)
NCT00810654 (AN-PEP) (C)

(
Gluten sequestring NCT01990885 (BL-7010) (C)

polymer
Tight junction
modulators

NCT00386490 (LARAZOTIDE) (C)

NCT08569007 (LARAZOTIDE) (R)
NCT00889473 (LARAZOTIDE) (C
NCT00362856 (LARAZOTIDE) (C
NCT00492960 (LARAZOTIDE) (C
NCT00386165 (LARAZOTIDE) (C
NCT00620451 (LARAZOTIDE) (C
NCT01396213 (LARAZOTIDE) (C

2017-002241-30 Clinical Trials
Register European Union (ZED
1227) (C)

NCT01893775 (Mik--1) (C)
NCT02637141 (AMG714) (C)
NCT02633020 (AMG 714) (C)
NCT00540657 (CCX282-B) (C)
NCT01661933 (C)
NCT03486990 (CNP-101) (C)
NCT03644069 (NexVax2) (A)

NCT03176095 (L.plantarum,L.
paracesei) (C)

NCT03775499 (B. longum) (A)

)
)
)
)
)
)
TG2-inhibitors

Immune therapies

Necator americanus
Nanoparticles
Gluten vaccine

NCT02810301
(ES1_B.longum) (U)

NCT03775499
(B.longum) (A)

Probiotics

NCT04160767 (VivoMixx probiotic
mix) (R)

NCT01257620 (B.infantis) (C)
NCT01699191 (L.plantuarum, L.
casei, B. breve, B. animalis) (U)
NCT03562221 (Lactobacill) (R)
NCT03857360 (Pentabiocel
probiotic mix) (R)
NCT04014660 (L.plantarum,
L.paracesei) (R)

NCT03271138 (B.infantis) (C)
NCT02244047 (B.breve) (C)

DQS8™ antigen presenting cells (APC), that will later activate a
Th1/Th17 driven adaptive immune response characterized by
production of IFNy, TNFaq, IL18, 1L21, and IL17 (16). These
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FIGURE 1 | Celiac disease (CD) and non-celiac wheat sensitivity (NCWS) pathogenesis: In both gluten-related disorders partially digested gliadin peptides interact
with the epithelium and trigger an immune response. In CD these peptides interact with CXCR3 receptor expressed on the epithelium (1) triggering release of zonulin
and leading to an increase in intestinal permeability (2). In NCWS the involvement of CXCR3 or zonulin has not been reported but a decrease in intestinal permeability
has been described. Due to the functional loss in gut barrier function, in CD, gliadin peptides translocate to the lamina propria (3). Here, they trigger an innate immune
response characterized by release of IL15 (4) and IL8 (5) with consequent activation of IELs (6) and recruitment of neutrophils (7). Activation of innate immune
response with increased IELs has been reported also in NCWS patients. However, the exact players involved in this gluten related disorder are still unknown. In CD,
the innate immune-mediated response is followed by release of tissue transglutaminases 2 (TG2) that deamidate gliadin peptides (8) allowing their recognition by HLA

DQ2/DQ8 antigen presenting cells (APC) (9). In NCWS the role of TG2 has not been described and the HLA haplotype DQ2/DQS8 is present only in 50% of the
patients. In CD, antigen presentation by APC results in T helper cells activation (Th1 and Th17) (10). Th cells produce pro-inflammatory cytokines (11) that trigger
maturation of IgG and IgA producing B cells (12) and activation of killer T cells (13) ultimately leading to intestinal damage (14). While activation of a chronic adaptive
and humoral immunity represents a main feature of CD pathogenesis, they do not appear to characterize NCWS patients.

pro-inflammatory cytokines further increase the intestinal
permeability and damage in the intestinal mucosa. As a result
of cooperation with gluten-reactive T cells, B cells differentiate
into plasma cells and secrete anti-tTG2 and anti-gliadin
antibodies (20). Finally, continuous ingestion of gluten, paired
with inefficient suppressive regulation by Treg cells, leads to
chronicity of the immune response (21, 22).

CD diagnosis includes small intestinal biopsy and serological
tests. The endoscopy should show histological changes such

as increased number of intraepithelial lymphocytes, elongated
crypts, and villous atrophy. Serological exams should detect anti-
tTG IgA and IgG as well as anti-endomysial IgA antibodies (10).

For long time CD has been considered a pediatric condition;
however the recent increase in diagnoses among adult patients
and longitudinal prospective studies suggest that tolerance
to gluten can be lost at any time in life (23). These data,
together with the overall increase in CD incidence that has
been characterizing the last decades, indicate that additional
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factors, other than genetic predisposition and external trigger,
may contribute to the onset of the disease (23). Environmental
changes and alterations in the microbiome composition are
considered strong candidate factors as they appear to have a
potential role in triggering CD onset.

To this day, complete elimination of gluten from the diet
(GFD) is the gold standard treatment for CD (24), in that it allows
clinical and histological recovery within 1 year and prevents long-
term complications. The burden of a life-long gluten free diet
in CD patients, however, has been described by several studies
(7, 8). Adherence to gluten free diet has been reported to be
as low as 36-45% (25-27) with limited availability, high cost of
gluten free products and social isolation being raised as main
causative factors of this poor adherence (28-31). A lack of proper
treatment in CD subjects can lead to important complications
such as decreased bone density, increased risk of malignancies
and higher mortality rate (32, 33).

The above listed complications as well as many others
have been described in a sub-population of CD patients
affected by non-responsive celiac disease (NRCD) that present
persistent symptoms despite 6-12 months of gluten-free diet
(34). While NRCD can be related to alternative primary diagnosis
and associated conditions, a small percentage of patients are
diagnosed with refractory celiac disease (RCD) (35). RCD is
defined as a persistent mal-absorptive condition triggered by
ingestion of gluten with symptoms that persist despite a strict
gluten free diet (36). RCD can affect approximately between 0.3
and 4% of CD patients and it can be sub-classified in RCD1
or RCD2 depending on the abnormal expansion of a specific
subset of IELs and severity of symptoms (36, 37). RCD1 patients
present mild symptoms and show good response to treatment
with 80-100% of 5 year-survival; on the contrary symptoms in
RCD?2 patients are severe and only 50% of these individuals
receive a 5-year prognosis with mortality occurring as a result of
malnutrition and development of associated complications (36).

Overall, the increasing incidence in CD and RCD diagnosis
over the last years combined with the burden of following
a gluten free diet, highlighted the need of alternative and/or
adjuvant therapies for CD.

Non-celiac Wheat Sensitivity (NCWS)

In addition to CD, non-celiac wheat sensitivity (NCWYS) is
another gluten-related disorder whose incidence is increasing
over the years (38). It is defined as a non-allergic, non-
autoimmune condition characterized by intestinal and/or
extra-intestinal symptoms resulting from gluten-containing
grains, that resolve once these grains are removed from the
diet (2, 39, 40).

NCWS affects between 3 and 6% of the general population
with a higher incidence in females than in males (41). However,
exact epidemiological and prevalence data about this condition
are still missing due mainly to the fact that the majority
of patients start to follow a gluten-free diet without having
received a diagnosis from a physician. Conversely to CD, NCWS
has not been associated to a strong genetic predisposition.
Indeed, only 50% of NCWS patients express the HLA-DQ2
and/or HLA-DQ8 haplotype (2), therefore suggesting that these

genes are not necessary or sufficient to develop the condition.
Furthermore, while for CD association with non-HLA genes has
also been reported (42, 43), the same has not been described
for NCWS.

NCWS clinical presentation includes both intestinal (stomach
pain, diarrhea, bloating) and extra-intestinal symptoms (anxiety,
depression, fatigue, rash, headache, “foggy brain,” joint and
muscle pain, and anemia) (2, 39). All symptoms usually occur
soon after wheat-ingestion and improve or disappear within
hours or few days after stopping the assumption of wheat.

NCWS pathogenesis is not yet completely understood and it
differs from CD pathogenesis in many ways (44, 45). It is known
to start when the gut epithelium enters in contact with gluten
storage proteins eliciting an immune response (45). Mucosa
of NCWS patients presents increased CD3™ alpha/beta IELs
compared to healthy controls but their number is significantly
lower than the one recorded in active CD (39, 46). Furthermore,
unlikely CD, NCWS patients do not show apoptotic enterocytes
or villous atrophy (47). Another main difference between NCWS
and CD pathogenesis is the lack of adaptive Th1/Th17 driven
immune response (38) while several studies have suggested an
important role of the innate immunity in the pathogenesis of
this condition (38, 39, 47). In addition, impaired regulation of
the immune response characterized by reduction in Treg clones
expansion and their cytokines production (TGFB1 and IL10)
has been reported to contribute to NCWS pathogenesis as well
(38). Sapone et al. have shown an increased expression of TLR,
especially TLR1, 2, 4 in NCWS as well as a decreased intestinal
permeability (assessed by lactulose-mannitol test) (38).

To this day there is no reliable biomarker for NCWS and its
diagnosis is based on exclusion criteria only (2, 48). In order to be
diagnosed with NCWS a patient should be symptomatic and the
symptoms should improve within few days after starting a gluten-
free diet. In addition, the patient should be excluded for other
conditions (CD, WA, type 1 diabetes mellitus, inflammatory
bowel disease, Helicobacter pylori infection) and test negative for
skin prick test for wheat or autoantibody serology (EMA-IgA
and tTG-IgA). Finally, intestinal endoscopy should show normal
mucosa (Marsh 0-1). To confirm NCWS diagnosis physicians
should require patients to start a 6 weeks period of GFD during
which the symptoms are evaluated, followed by 2 weeks of
placebo/gluten challenge (44, 49, 50).

As seen for other gluten related disorders, NCWS incidence
is rapidly increasing. However, given the heterogeneity of
symptoms and the challenges encountered by scientists in
understanding its pathogenesis, reliable biomarkers for NCWS
are still missing. In recent years the role of gluten as main
trigger for NCWS has become a matter of debate as it has been
described that, beside gluten, amylase trypsin inhibitors (ATI),
and fermentable oligo- and disaccharides, monosaccharides,
and polyols (FODMAPs) may also been involved in inducing
abdominal symptoms typical of NCWS. In light of this, the
scientific community has started to propose new adjuvant and/or
alternative therapies to GFD. The use of different approaches in
treating NCWS patients would not only benefit their quality of
life, but would also give important insights on the pathogenesis
of this disease.
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ALTERNATIVE/ADJUVANT THERAPIES TO
GLUTEN FREE DIET

Since 2005 several clinical trials have started focusing on different
targets with the final goal of preventing the chronic immune
response triggered by gliadin peptides in individuals affected by
CD or NCWS (Table 2). In addition preclinical studies focused
on new technologies are also being developed in the attempt
to target other steps of the pathogenic cascade of these gluten
related disorders.

Endopeptidases

The lack of complete digestion by gastro-intestinal enzymes is
one of the main features of gliadin. The resulting partially
digested peptides have been shown to have cytotoxic,
immunomodulatory and barrier modulating activities (51)
therefore contributing to CD onset. Based on this unique gliadin
characteristic, the use of different endopeptidases has been tested
in several clinical trials to further digest gliadin peptides and
neutralize their toxic activity.

Latinoglutenase (previously called ALV003) is an orally
administered combination of two different proteases that
decrease the immunogenic potential of gluten proteins by
degrading them (ALV001, an EP-B2 cysteine endopeptidase) and
by catalyzing the post-proline hydrolysis of proteins and peptides
(ALV002, a prolyl endopeptidase) (52, 53). A phase zero clinical
trial found that pre-treatment with ALV003 (16g daily for 3
days) inhibits IFNy production by peripheral T cells from CD
patients in response to 33mer gliadin derived peptides (54). Two
separate phase 1 clinical trials using single, escalating doses of
ALV003 (100, 300, 900, and 1,800 mg) confirmed its stability
in the stomach, its capability of degrading dietary gluten and
confirmed the lack of adverse events or allergic reactions (55).
Finally, a phase 2 trial, in which CD patients were challenged for 6
weeks with gluten, demonstrated the efficacy of ALV003 (900 mg)
of attenuating mucosal injury, but showed no improvement in
symptoms (56). Another more recent phase 2 trial did not find
any differences between placebo and Latinoglutenase treatments
(100, 300, 450, 600, and 900 mg) in term of IELs number, villous
height:crypt ratio or serological markers (57).

A 2 weeks long randomized, double-blinded, placebo-
controlled study performed on 16 CD patients challenged with 7
gr of gluten/day, showed that AN-PEP, a prolyl peptidase derived
from Aspergillus niger, was well-tolerated and that it improved
patients’” quality of life. However, the same study also found no
differences in duodenal mucosal changes between the groups
(58, 59). Given the short time period challenge and the scarce
number of patients, more trials are needed to understand the
efficacy of this enzyme.

The efficacy of AN-PEP in degrading gluten has also been
tested in NCWS patients (60). In this double-blinded, placebo
controlled study both low (80,000 PPI) and high doses (160,000
PPI) of AN-PEP were shown to be effective in reducing gluten
concentrations in the stomach and duodenum. While this trial
was not designed to evaluate the safety of the endopeptidase, no
adverse events were reported.

A third endopeptidase that has been explored is STAN-1, a
cocktail of microbial enzymes (0.7 mg/ ml of dipeptidyl peptidase
IV and 0.35 mg/ml of asperegillopepsin) specifically designed
to degrade gluten in the gastrointestinal tract. A randomized,
double-blind placebo controlled trial performed on 35 patients
with persistent elevated tTG-IgA and challenged for 12 weeks
with 1 gr of gluten daily, however, did not show any differences
in tTG-IgA (61).

Finally Kuma030 is an engineered serine-endoprotease
derived from acid collagenase and produced by Alicyclobacillus
sendaiensis with an increased proteolytic activity and a higher
specificity for gliadin peptides (62). A pre-clinical study
has shown promising results with Kuma030 reducing IFNy
production and T cells proliferation in a dose dependent
manner (62).

Overall endopeptidases appear to be effective in digesting
small quantities of gluten, but not larger amounts, therefore
placing them as possible adjuvant therapies, but not alternative
therapies to the gluten free diet (54, 63)

Gluten Sequestering Polymers

Gluten sequestering polymers technology relies on the capability
of these compounds of sequestering intraluminal gliadin in order
to prevent its breakdown into immunogenic peptides (64). BL-
7010 is a synthetic, non-absorbable copolymer that, once tested
in preclinical trial in NOD-DQ8 mice (3,000 mg/kg administered
by oral gavage), has shown to prevent reduction of villous to
crypt ratio, alter barrier function and intraepithelial (64). While
a phase I/II trial looking at the safety of the polymer has been
completed at Tampere University, in Finland, in collaboration
with BioLineRx Ltd., data have not been published yet.

Larazotide Acetate

Altered intestinal permeability is one of the main features
characterizing CD and NCWS pathogenesis (65). Zonulin-
dependent disruption of tight junctions architecture, in fact,
enhances antigen trafficking and translocation of gliadin peptides
into the intestinal lamina propria (20). Based on this knowledge,
the concept of using tight junction modulators able to limit
this effect is an attractive one. Larazotide acetate (also called
AT1001) is a synthetic octapeptide with a high homology
sequence with larazotide and its Vibrio cholerae toxin zonula
occludens analog (66). Preclinical studies in intestinal cell lines
(MCDK, CaCo2, and IEC6) as well as in HLA-HCD4/DQ8
double transgenic mice have shown the efficacy of AT1001 in
restoring overall intestinal barrier function by reducing gliadin
induced intestinal permeability, inflammatory cytokines release
and gliadin translocation (67, 68).

A phase I, double-blind randomized placebo study performed
on 20CD patients in an inpatient setting demonstrated that
Larazotide (12mg) is safe and well-tolerated. Furthermore,
it also detected differences in intestinal permeability between
the placebo and treatment groups (66). Those promising
results concerning changes in intestinal permeability were not
confirmed by another placebo-controlled study involving 86
patients treated in an outpatient setting with different doses (0.5,
1, and 2 mg administered three times a day) of the tight junctions
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modulator (63). Interestingly, the same study found a reduction
of symptoms severity after low doses of Larazotide. Similar results
were reported in a subsequent clinical trial in which 184 patients
were treated for 6 weeks with different doses of Larazotide (1, 4,
and 8 mg three times a day) or placebo (69). Finally, a clinical trial
performed on 342 non-responsive CD patients confirmed the
effectiveness of low doses of Larazotide (0.5 mg) in significantly
reducing symptoms compared to the placebo group. Given these
promising results, a phase 3 clinical trial has been approved by
the Food and Drug Administration (FDA) and it is now ongoing
for the treatment of non-responsive CD (70).

Overall the data collected by these studies suggest that
Larazotide acetate may be effective as adjuvant therapy used to
tolerate minimal amounts of gluten, rather than as alternatives
to a GFD. Furthermore, given its mechanism of action it could
be tested also in other conditions in which altered intestinal
permeability plays a role such as NCWS.

Transglutaminases 2 Inhibitors
Transglutaminases 2 (T'G2) play a major role in CD pathogenesis.
They are responsible for gliadin peptides deamidation and trans-
deamidation, therefore leading to the presentation of these
peptides by HLA DQ2 and/or DQ8 APC to T cells. To this
day, two major types of TG2 inhibitors have been proposed:
competitive and irreversible. The first ones block the substrate
access to TG2 active site by adopting competitive mechanisms,
while the second ones cause covalent modification of TG2 by
bind irreversibly to them (70). Both in vitro and ex vivo studies
performed on CaCo2 cells and duodenal biopsies have shown
the efficacy of two TG2 inhibitors (R281 and R283) in reducing
gliadin induced toxic effects (71, 72). Despite the promising
results, TG2 inhibitors could lead to severe side effects in that
TGs are ubiquitously expressed in human tissues and their shared
high-homology sequences may become undesired targets for
these compounds (63).

New generation TG2 inhibitors (ZED1098, ZED1219, and
ZED 1227) have been developed to have high affinity for intestinal
TG2 and to overcome the side effects that R281 and R283 may
have. Preclinical studies on mice have confirmed the capability of
these new inhibitors of inhibiting intestinal TG2, while a phase 2
clinical trial is still ongoing (70). Given the fundamental role that
TG2 play in regulating intestinal inflammation and healing, the
safety and efficacy of these inhibitors need to be further tested.

HLA DQ2/DQ8 Blockers

The HLA haplotype DQ2 and/or DQS8 represent a genetic
predisposition necessary for CD development with T cells
presentation of gliadin peptides by HLA DQ2/DQ8 APC being
a crucial step of CD pathogenesis. In their study, Kapoerchan
et al. have studied the binding properties of previously identified
natural ligands for HLA DQ2 and, through substitution analysis,
they created peptides with an affinity for HLA DQ2 that were
200 folds higher than gluten derived peptides (73). Some of these
peptides, were found to be non-immunogenic and to block gluten
induced immune response (73). While conceptually promising,
the use of HLA blockers has raised several issues and pre-
clinical trials have been yet to be initiated. Due to the partial

agonist effect exerted by these peptides, in fact, HLA DQ2/DQ8
blockade may not be complete, therefore resulting in severe
immunosuppression (70, 74).

Immune Therapies

Given the important role that the immune response plays in
CD and NCWS pathogenesis, immune therapies have been
often considered as possible adjuvant therapies to GFD. Among
them, IL15 antagonist is, so far, the most promising one. In
CD patients, IL15 secretion by enterocytes and APC leads to
increased lymphocytosis and inhibition of IELs apoptosis (75).
Furthermore, IL15 has also been shown to suppress Treg cells
function in CD patients (76). Based on these evidences, IL15
signaling blockade has been considered a possible therapeutic
target in particular for RCD patients, for whom lymphocytosis
represents a persistent symptom.

To this day, three main IL15 antagonists have been tested in
pre-clinical and clinical trials. Tofacitinib is a pan-JAK inhibitor
already approved by the FDA for rheumatoid arthritis. It has
been proven to be effective in blocking IL15 and in reversing
pathological manifestations in a mouse model for CD (77).
Its use in clinical trials for RCD is now being considered.
Humanized Mik-p-1 is a monoclonal antibody specific for
CD122 (IL2/IL15 receptor) currently tested in a phase 1 clinical
trial in patients with RCD. Another monoclonal antibody, AMG
714 is under investigation in a phase 2 clinical trial in RCD type
2/pre lymphoma and in non-responsive CD patients. Although
in concomitance with adverse events such as pneumococcal
infection, hypertransaminasemia, gait disorder, tuberculosis, and
cerebellar syndrome, its intravenous use at 8 mg/kg dose has been
shown to be effective in improving symptoms and reducing IELs
progression in RCD type 2 patients (78). Similarly, another phase
2a clinical trial tested different doses of AMG 714 in 64 non-
responsive CD and found a significant symptoms improvement
as well as IELs reduction (79).

CCR9 is a chemokine receptor fundamental for T cells
migration into the intestinal compartment (80). As such, the use
of CCX282-B, a CCRY receptor antagonist, has been considered
as an alternative therapy for CD patients. A phase 2 clinical
trial has been performed in CD patients following a GFD and
challenged with gluten, however, the results have not been
published yet (74).

Necator americanus

The immune system is a complex machinery in which
homeostasis is maintained through a delicate balance between
different types of immune response (81), therefore, Th2 regulated
parasitic infections have been suggested to prevent the onset of
Th1 driven autoimmune diseases (82). Based on this assumption,
the effect of hookworm Necator americanus has been investigated
on 12CD patients micro-challenged with gluten for 52 weeks
(83). This study showed an improvement in patients’ quality
of life and a reduction of mean tTG IgA titers, however the
villous height-crypt ratio did not decrease. A randomized double-
blind placebo controlled study has tested the effect of hookworm
Necator americanus on CD patients that had been challenged
with gluten for 21 weeks (84, 85). The study did not show any
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difference in histological damage or number of IFNYy producing
cells. Furthermore, while infected patients showed a decreased
production of IL7a and IFNYy, no hookworm effect was detected
in response to anti-gliadin peptide lymphocytes. Results from the
same clinical trial continued for extra 12 weeks are still to be
published. Although the idea of adopting helminths infections
as a treatment for CD and other autoimmune diseases such as
IBD and multiple sclerosis has been suggested for long time,
major concerns are still making their clinical use challenging.
The exact mechanisms through which helminths are able to
suppress autoimmune response are still unknown (86) and the
effects provoked on patients by a long exposure to helminths
infections are unpredictable (87). Thus, before adopting Necator
americanus, as an alternative therapy to GFD, more pre-clinical
studies have to be performed.

Other Adjuvant Therapies

The use of nanoparticles or cathepsin s inhibitor has been
proposed as an adjuvant treatment for CD. CNP-101 (formerly
TIMP-GLIA) is a gliadin protein embedded in polymer matrix of
poly DL-lactide-coglycolide nanoparticles that, through a non-
inflammatory antigen presentation, is suggested to develop an
immune tolerance to gluten. A phase 2 double blind randomized
proof of concept study has shown the efficacy of CNP-101
in reducing IFNy response, while no differences in villous
height:crypt depth ratio were reported (70).

Cathepsin is a lysosomal cysteine protease important
for antigen presentation by MHC molecules (88). A
randomized, phase 1 double blind placebo-controlled multiple
dose study has focused on a specific cathepsin s inhibitor
(R05459072) and investigated its efficacy, safety, tolerability,
and pharmazokinetics/dynamics in patients affected by CD that
followed a strict GFD. The study has been completed, but results
are yet to be published.

An aberrant immune response plays a fundamental role in CD
pathogenesis, therefore the use of an immunotherapy to treat the
disease has been suggested for long time. NexVax2 is a peptide-
based, epitope specific gluten tolerizing agent that recognizes
the HLA DQ2.5 epitope TCR complex (89) and that has been
proposed as an alternative therapy for CD.

A phase 1 clinical trial monitoring tested NexVax2 safety
in 34 patients with CD and highlighted some important side
effects such as abdominal pain and vomiting (90). Other two
phase 1 trials showed adverse acute gastrointestinal side events
that were similar to gluten ingestion (90). A later study showed
improvement in duodenal mucosal damage in a limited number
of patients (91). A phase 2 clinical trial was due to results
showing no differences between the vaccine and the placebo
in protecting patients from gluten exposure. While the use of
immunotherapies such as NexVax2 is theoretically promising, a
better understanding of its safety and efficacy is still needed.

Probiotics

The gut microbiota is constituted by a complex community of
microorganisms residing in the host gastrointestinal tract (92).
Despite the microbiota being stable throughout the life of a
healthy person and reaching the total colonization of the gut by

3 years-old, some elements can affect its composition. The main
factors that can modulate gut microbiota are host diet, hygiene,
drugs, and stress. Additionally also infectious, metabolic and
inflammatory diseases can also deeply perturb the gut microbiota
(93-95). The alteration of commensal microflora composition is
known as, dysbiosis.

Intestinal commensal bacteria and their metabolites play
a major role in maintaining host overall health. They are
able to modulate intestinal barrier function and contribute to
the development of protective/tolerogenic immune response
(96, 97). The correlation between CD and intestinal dysbiosis
has been described by several groups (98-100). Indeed, gut
microbiota has been shown to contribute to CD pathogenesis
by (1) controlling the digestion of gluten peptides therefore
generating toxic and tolerogenic peptides (99, 101, 102); (2)
modulating the intestinal permeability (45, 102-104); (3) driving
the proper formation and differentiation of mucosal epithelium
(99, 105); (4) regulating the expression of pro-inflammatory or
anti-inflammatory cytokines (99, 106).

Several groups have investigated the composition of fecal,
duodenal, and salivary microbiota in patients with CD. The
main findings from these studies highlighted a reduction of
Lactobacilli in both fecal and duodenal samples from active CD
patients as compared to CD subjects following a GFD and healthy
controls (107) as well as an increased abundance of Bacteroides
spp, E. Coli, Proteobacteria, Staphylococcus and a decrease in
Bifidobacterium spp (108).

While dysbiosis has been correlated with the active state
of CD, our group and others have also shown that, in
genetically predisposed infants, altered microbiome composition
can precede the onset of the disease, therefore suggesting a
possible causative role of dysbiosis in CD (109, 110).

Given the plasticity of the microbiota and its proven
correlation with CD, the use of probiotics has been proposed
to prevent and/or treat CD. Probiotics are described by the
world health organization as “live microorganisms which, when
administered in adequate amounts, confer a health benefit on the
host.” Their protective role has been investigated by in vivo and
in vitro studies, with the specific aim of finding a non-dietary
therapy for a subset of CD patients that, despite being on GFD,
have persistent symptoms.

An in vitro study performed by Lindforf et al. has shown that
Lactobacillus fermentum and Bifidobacterium lactis reduce the
toxic effects of gluten-derived peptides in intestinal CaCo2 cells
by inhibiting the gliadin-induced intestinal permeability (111).

In vivo mice studies have shown promising results about
the possible therapeutic effect of probiotic bacteria, such as
Lactobacillus casei, on CD. This bacterium administered to
immunized DQ8 mice was able to modulate both innate
and adaptive immunity and to reduce gliadin-induced
inflammation (112-114).

The use of probiotics has been suggested also for other gluten
related disorders such as NCWS. Papista et al. have demonstrated
that Saccharomyces boulardii KKI strain hydrolyzes gliadin
toxic peptides, improves enteropathy and decreases histological
damage as well as pro-inflammatory cytokine production in a
model gluten-sensitive (114).
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The study of Laparra et al. investigated the effect of
Bifidobacterium longum CECT7347 in an animal model of
gliadin-induced enteropathy and showed the ability of this strain
to reduce the production of pro-inflammatory cytokines and
their mediated immune response (115).

Work by D’Arienzo et al. has shown that the effect of
probiotics is specific (116). In his work, the author demonstrated
that Lactobacillus and Bifidobacterium lactis in transgenic mice
expressing human DQ8 increased production of antigen-specific
tumor necrosis factor (TNFa), therefore showing that certain
strains of probiotics may have pro-inflammatory effects rather
than beneficial ones.

De Angelis and his collaborators have analyzed the properties
of probiotic preparation VSL#3, a mix of 8 strains including
Bifidobacterium breve, B. longum, B.infantis, Lactobacillus
plantarum, Lactobacillus aciddophilus, Lactobacillus casei,
Lactobacillus delbrueckii, and Streptococcus. VSL#3 was able
to decrease, in vitro, the toxic effects of wheat flour during
the process of prolonged fermentation. This study pointed out
that this probiotics mix was highly effective in hydrolyzing
gliadin polypeptides compared to other commercial products
(117) Moreover, it was also reported that the capability of
VSL#3 to degrade gliadin was disabled if the probiotic strains
were tested individually. These findings suggested that a
single probiotic strain may not be sufficient to degrade gliadin
peptides therefore highlighting the importance of using a
combination of strains in order to obtain an effect against
CD (117).

To this day, studies concerning the usage of probiotics in
human are still limited. Smecuol et al. investigated the effects of
Bifidobacterium infantis in a randomized study where 22 patients
with active CD received the probiotic or placebo while on a gluten
challenge diet for 21 days with a consumption of 12 g of gluten
(118). The study showed that the Bifidobacterium strain was able
to improve GI symptoms while no effect on cytokines production
or celiac serology was reported.

In another randomized control trial, children newly diagnosed
with CD were given Bifidobacterium longum CECT 7347 for
3 months, while following a GFD. This probiotic showed
improvements compared to placebo treatment, as well as
lower peripheral CD4% T lymphocytes concentration and
slightly reduced TNFa. In addition, the treatment with NLS-SS
significantly decreased Bacteroides fragilis and Enterobacteriaceae
species. Improvements of gastro-intestinal symptoms were not
reported (119).

A trial including 49 CD children evaluated the efficacy of
a 3 months administration of 2 Bifobacterium breve in re-
establish eubiosis in CD children on GFD. This study showed
an increase of Actinobacteria as well as a restoration of the
Firmicutes/Bacteroidetes ratio, (120). The same strains were
investigated by Klemenak et al. the authors evaluated the effect
of these probiotics on cytokines production and demonstrated
that these specific bacteria lowered the levels of TNFa after 3
months of daily use, while no difference were found in IL10
production (121).

In 2018, Primec et al. performed a double-bind placebo-
controlled study enrolling 40 CD and 16 healthy children. CD

children were randomized to receive placebo or a mixture
of two strains of Bifidobacterium breve for 3 months. They
performed cytokines profiles analysis, CD serological markers
(EMA, tTG) evaluation and clinical examination at three
different points (at T(0): enrollment, at T(1): intervention
with probiotic, at T(2): 3 months after intervention period.
The probiotic mixture was able to modulate, in feces, the
production of acetic acid and total short-chain fatty acids
(SCFAs) (122).

Another randomized, double blind placebo controlled study
evaluated the effect of Bifidobacterium infantis Natren life
start strain (NLS-SS) on gut permeability, the occurrence of
symptoms, and the presence of inflammatory cytokines in
untreated CD patients. The study showed that the probiotic had
no effect on modifying gut barrier function, but after 3 weeks it
triggered an improvement in digestion process and reduction of
constipation. Moreover, no differences in inflammatory markers
were observed in either of the groups (118).

CONCLUSIONS

Following a GFD represents the gold standard treatment for
most patients affected by CD and NCWS, however a lifelong
elimination of gluten from the diet can have a strong impact
in patients’ quality of life and it does not improve symptoms
in a growing subpopulation of patients affected by RCD. Hence
the importance of findings new non-dietary preventive therapies
and treatments is becoming a subject of interest among the
scientific community.

The pathogenesis of CD has been well-studied and numerous
targets for adjuvant therapies have been already proposed.
Although promising, the majority of therapies tested in
clinical trials have shown important limitations. Probiotics,
intestinal barrier modulators and endopeptidases appear to be
successful in preventing damaging effects of small amounts
of gluten, therefore addressing only the problem of cross
contaminations, rather than representing a real alternative
to GFD. Other therapies such as HLA-, TG2-inhibitors, and
immunotherapies may have important side effects and more
long-term studies are needed to better explore their usage
and safety.

Given the heterogeneity of CD patients, a more stratified
approach in which patients are divided in subgroups
depending on clinical presentation, severity of symptoms,
and response to GFD may be useful to work toward a more
“personalized” therapy.

Overall, given the limitations of the proposed therapies and
the proven efficiency of GFD in relieving symptoms from a
high percentage of CD patients, a more realistic short-term goal
could be to find adjuvant treatments targeting specific subsets of
patients such as the ones with RCD or NRCD for which GFD
alone has not been proven efficient.

The exact steps that lead to NCWS development are still
unknown, therefore making the identification of therapeutic
targets for this condition more difficult to achieve. The few
clinical trials performed on NCWS patients are exploring
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the effect of endopeptidases and probiotics and aim at
reducing the toxicity of the external trigger composition rather
than specifically target the pathogenic cascade. More studies
investigating the pathogenesis of NCWS are needed to find more
effective treatments.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Lebwohl B, Sanders DS, Green PHR. Coeliac disease. Lancet. (2018) 391:70-

81. doi: 10.1016/S0140-6736(17)31796-8

. Sapone A, Bai JC, Ciacci C, Dolinsek J, Green PH, Hadjivassiliou M, et al.

Spectrum of gluten-related disorders: consensus on new nomenclature and
classification. BMC Med. (2012) 10:13. doi: 10.1186/1741-7015-10-13

. Skovbjerg H, Koch C, Anthonsen D, Sjostrom H. Deamidation

and
(2004)

and cross-linking of gliadin peptides by
the relation to celiac disease. Biochim Biophys
1690:220-30. doi: 10.1016/j.bbadis.2004.06.009

transglutaminases
Acta.

. Dowd B, Walker-Smith J. Samuel gee, aretaeus, and the coeliac affection. Br

Med J. (1974) 2:45-7. doi: 10.1136/bmj.2.5909.45

. Ludvigsson JE, Murray JA. Epidemiology of celiac disease. Gastroenterol Clin

North Am. (2019) 48:1-18. doi: 10.1016/j.gtc.2018.09.004

McAllister BP, Williams E, Clarke K. A comprehensive review of celiac
disease/gluten-sensitive enteropathies. Clin Rev Allergy Immunol. (2019)
57:226-43. doi: 10.1007/s12016-018-8691-2

. Lee AR, Wolf RL, Lebwohl B, Ciaccio EJ, Green PHR. Persistent

economic burden of the diet.  Nutrients.

11:399. doi: 10.3390/nu11020399

gluten free (2019)

. Shah S, Akbari M, Vanga R, Kelly CP, Hansen J, Theethira T, et al.

Patient perception of treatment burden is high in celiac disease compared
with other common conditions. Am ] Gastroenterol. (2014) 109:1304-
11. doi: 10.1038/ajg.2014.29

. Fasano A, Catassi C. Clinical practice. Celiac disease. N Engl ] Med. (2012)

367:2419-26. doi: 10.1056/NEJMcp1113994

Leonard MM, Sapone A, Catassi C, Fasano A. Celiac disease
and nonceliac  gluten sensitivity: a  review. JAMA. (2017)
318:647-56. doi: 10.1001/jama.2017.9730

Harris KM, Fasano A, Mann DL. Monocytes differentiated with IL-15
support Th17 and Thl responses to wheat gliadin: implications for celiac
disease. Clin Immunol. (2010) 135:430-9. doi: 10.1016/j.clim.2010.01.003
Mention JJ, Ben Ahmed M, Begue B, Barbe U, Verkarre V, Asnafi V, et al.
Interleukin 15: a key to disrupted intraepithelial lymphocyte homeostasis
and lymphomagenesis in celiac disease. Gastroenterology. (2003) 125:730-
45. doi: 10.1016/S0016-5085(03)01047-3

Kim SM, Mayassi T, Jabri B. Innate immunity: actuating the gears of celiac
disease pathogenesis. Best Pract Res Clin Gastroenterol. (2015) 29:425-
35. doi: 10.1016/j.bpg.2015.05.001

Lammers KM, Chieppa M, Liu L, Liu S, Omatsu T, Janka-
Junttila M, et al. Gliadin neutrophil migration via
engagement of the Formyl peptide receptor, FPR1. PLoS One. (2015)
10:¢0138338. doi: 10.1371/journal.pone.0138338

Lammers KM, Khandelwal S, Chaudhry E Kryszak D, Puppa EL, Casolaro
V, et al. Identification of a novel immunomodulatory gliadin peptide that
causes interleukin-8 release in a chemokine receptor CXCR3-dependent
manner only in patients with coeliac disease. Immunology. (2011) 132:432—
40. doi: 10.1111/j.1365-2567.2010.03378.x

Rubio-Tapia A, Murray JA. Celiac disease. Curr Opin Gastroenterol. (2010)
26:116-22. doi: 10.1097/MOG.0b013e3283365263

Yin J, Yu FS. Rho kinases regulate corneal epithelial wound healing. Am ]
Physiol Cell Physiol. (2008) 295:C378-87. doi: 10.1152/ajpcell.90624.2007
Tripathi A, Lammers KM, Goldblum S, Shea-Donohue T, Netzel-Arnett S,
Buzza MS, et al. Identification of human zonulin, a physiological modulator
of tight junctions, as prehaptoglobin-2. Proc Natl Acad Sci U S A. (2009)
106:16799-804. doi: 10.1073/pnas.0906773106

Rauhavirta T, Hietikko M, Salmi T, Lindfors K. Transglutaminase
2 and transglutaminase 2 autoantibodies in celiac disease: a review.

induces

AUTHOR CONTRIBUTIONS

GS and PD’A wrote the manuscript. AF read and reviewed the
manuscript. All authors contributed to the article and approved
the submitted version.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Clin Rev Allergy Immunol. (2019) 57:23-38. doi: 10.1007/s12016-016-
8557-4

Fasano A. Zonulin and its regulation of intestinal barrier function: the
biological door to inflammation, autoimmunity, and cancer. Physiol Rev.
(2011) 91:151-75. doi: 10.1152/physrev.00003.2008

Granzotto M, dal Bo S, Quaglia S, Tommasini A, Piscianz E, Valencic E, et al.
Regulatory T-cell function is impaired in celiac disease. Dig Dis Sci. (2009)
54:1513-9. doi: 10.1007/s10620-008-0501-x

Serena G, Yan S, Camhi S, Patel S, Lima RS, Sapone A, et al. Proinflammatory
cytokine interferon-gamma and microbiome-derived metabolites dictate
epigenetic switch between forkhead box protein 3 isoforms in coeliac disease.
Clin Exp Immunol. (2017) 187:490-506. doi: 10.1111/cei.12911

Serena G, Lima R, A. Genetic and environmental
contributors for celiac disease. Curr Allergy Asthma Rep. (2019)
19:40. doi: 10.1007/s11882-019-0871-5

Caio G, Volta U, Sapone A, Leffler DA, De Giorgio R, Catassi C,
et al. Celiac disease: a comprehensive current review. BMC Med. (2019)
17:142. doi: 10.1186/s12916-019-1380-z

Vahedi K, Mascart F, Mary JY, Laberenne JE, Bouhnik Y, Morin MC, et al.
Reliability of antitransglutaminase antibodies as predictors of gluten-free
diet compliance in adult celiac disease. Am | Gastroenterol. (2003) 98:1079-
87.doi: 10.1111/j.1572-0241.2003.07284.x

Bardella MT, Molteni N, Prampolini L, Giunta AM, Baldassarri AR,
Morganti D, et al. Need for follow up in coeliac disease. Arch Dis Child. (1994)
70:211-3. doi: 10.1136/adc.70.3.211

Hogberg L, Grodzinsky E, Stenhammar L. Better dietary compliance
in patients with coeliac disease diagnosed in early childhood. Scand ]
Gastroenterol. (2003) 38:751-4. doi: 10.1080/00365520310003318

Singh J, Whelan K. Limited availability and higher cost of gluten-free
foods. J Hum Nutr Diet. (2011) 24:479-86. doi: 10.1111/j.1365-277X.2011.
01160.x

Lee AR, Ng DL, Zivin ], Green PH. Economic burden of a gluten-free diet. J
Hum Nutr Diet. (2007) 20:423-30. doi: 10.1111/j.1365-277X.2007.00763.x
Whitaker JK, West J, Holmes GK, Logan RF. Patient perceptions of the
burden of coeliac disease and its treatment in the UK. Aliment Pharmacol
Ther. (2009) 29:1131-6. doi: 10.1111/§.1365-2036.2009.03983.x

Edwards George JB, Leffler DA, Dennis MD, Franko DL, Blom-Hoffman
J, Kelly CP. Psychological correlates of gluten-free diet adherence
in adults with celiac disease. J Clin Gastroenterol. (2009) 43:301-
6. doi: 10.1097/MCG.0b013e31816a8c9b

Ludvigsson JE, Montgomery SM, Ekbom A, Brandt L, Granath F. Small-
intestinal histopathology and mortality risk in celiac disease. JAMA. (2009)
302:1171-8. doi: 10.1001/jama.2009.1320

Farrell R], Kelly CP. Celiac sprue. N Engl ] Med. (2002) 346:180-
8. doi: 10.1056/NEJMra010852

Penny HA, Baggus EMR, Rej A, Snowden JA, Sanders DS. Non-
responsive coeliac disease: a comprehensive review from the NHS
England national centre for refractory coeliac disease. Nutrients. (2020)
12:216. doi: 10.3390/nu12010216

Rubio-Tapia A, Kelly DG, Lahr BD, Dogan A, Wu TT, Murray
JA. Clinical staging and survival in refractory celiac disease: a
single center experience. Gastroenterology. (2009) 136:99-107; quiz
352-3. doi: 10.1053/j.gastro.2008.10.013

Ali R, Shebak SS. Deep brain stimulation in the globus pallidus internus in
a woman with parkinson’s disease treats depression but does not improve
parkinsonian symptoms: a case report. Prim Care Companion CNS Disord.
(2015) 17. doi: 10.4088/PCC.14101750

Malamut G, Cellier C. Refractory celiac disease. Gastroenterol Clin North
Am. (2019) 48:137-144. doi: 10.1016/j.gtc.2018.09.010

Fasano

Frontiers in Nutrition | www.frontiersin.org

September 2020 | Volume 7 | Article 152


https://doi.org/10.1016/S0140-6736(17)31796-8
https://doi.org/10.1186/1741-7015-10-13
https://doi.org/10.1016/j.bbadis.2004.06.009
https://doi.org/10.1136/bmj.2.5909.45
https://doi.org/10.1016/j.gtc.2018.09.004
https://doi.org/10.1007/s12016-018-8691-2
https://doi.org/10.3390/nu11020399
https://doi.org/10.1038/ajg.2014.29
https://doi.org/10.1056/NEJMcp1113994
https://doi.org/10.1001/jama.2017.9730
https://doi.org/10.1016/j.clim.2010.01.003
https://doi.org/10.1016/S0016-5085(03)01047-3
https://doi.org/10.1016/j.bpg.2015.05.001
https://doi.org/10.1371/journal.pone.0138338
https://doi.org/10.1111/j.1365-2567.2010.03378.x
https://doi.org/10.1097/MOG.0b013e3283365263
https://doi.org/10.1152/ajpcell.90624.2007
https://doi.org/10.1073/pnas.0906773106
https://doi.org/10.1007/s12016-016-8557-4
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.1007/s10620-008-0501-x
https://doi.org/10.1111/cei.12911
https://doi.org/10.1007/s11882-019-0871-5
https://doi.org/10.1186/s12916-019-1380-z
https://doi.org/10.1111/j.1572-0241.2003.07284.x
https://doi.org/10.1136/adc.70.3.211
https://doi.org/10.1080/00365520310003318
https://doi.org/10.1111/j.1365-277X.2011.01160.x
https://doi.org/10.1111/j.1365-277X.2007.00763.x
https://doi.org/10.1111/j.1365-2036.2009.03983.x
https://doi.org/10.1097/MCG.0b013e31816a8c9b
https://doi.org/10.1001/jama.2009.1320
https://doi.org/10.1056/NEJMra010852
https://doi.org/10.3390/nu12010216
https://doi.org/10.1053/j.gastro.2008.10.013
https://doi.org/10.4088/PCC.14l01750
https://doi.org/10.1016/j.gtc.2018.09.010
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Serena et al.

Alternative Therapies for Gluten Related Disorders

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sapone A, Lammers KM, Casolaro V, Cammarota M, Giuliano MT, De
Rosa M, et al. Divergence of gut permeability and mucosal immune gene
expression in two gluten-associated conditions: celiac disease and gluten
sensitivity. BMC Med. (2011) 9:23. doi: 10.1186/1741-7015-9-23

Fasano A, Sapone A, Zevallos V, Schuppan D. Nonceliac gluten sensitivity.
Gastroenterology.  (2015)  148:1195-204. doi:  10.1053/j.gastro.2014.
12.049

Catassi C, Bai JC, Bonaz B, Bouma G, Calabro A, Carroccio A, et al.
Non-celiac gluten sensitivity: the new frontier of gluten related disorders.
Nutrients. (2013) 5:3839-53. doi: 10.3390/nu5103839

Cascella NG, Kryszak D, Bhatti B, Gregory P, Kelly DL, Mc Evoy JP, et al.
Prevalence of celiac disease and gluten sensitivity in the United States clinical
antipsychotic trials of intervention effectiveness study population. Schizophr
Bull. (2011) 37:94-100. doi: 10.1093/schbul/sbp055

Dieli-Crimi R, Cenit MC, Nunez C. The genetics of celiac disease: a
comprehensive review of clinical implications. ] Autoimmun. (2015) 64:26—-
41. doi: 10.1016/j.jaut.2015.07.003

Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A, et al.
Multiple common variants for celiac disease influencing immune gene
expression. Nat Genet. (2010) 42:295-302. doi: 10.1038/ng.543

Igbinedion SO, Ansari J, Vasikaran A, Gavins FN, Jordan P, Boktor M,
et al. Non-celiac gluten sensitivity: all wheat attack is not celiac. World |
Gastroenterol. (2017) 23:7201-10. doi: 10.3748/wjg.v23.i40.7201

Hollon ], Puppa EL, Greenwald B, Goldberg E, Guerrerio A, Fasano A. Effect
of gliadin on permeability of intestinal biopsy explants from celiac disease
patients and patients with non-celiac gluten sensitivity. Nutrients. (2015)
7:1565-76. doi: 10.3390/nu7031565

Bardella MT, Elli L, Ferretti F. Non celiac gluten sensitivity. Curr
Gastroenterol Rep. (2016) 18:63. doi: 10.1007/s11894-016-0536-7

Sapone A, Lammers KM, Mazzarella G, Mikhailenko I, Carteni M, Casolaro
V, et al. Differential mucosal IL-17 expression in two gliadin-induced
disorders: gluten sensitivity and the autoimmune enteropathy celiac disease.
Int Arch Allergy Immunol. (2010) 152:75-80. doi: 10.1159/000260087
Armstrong D, Don-Wauchope AC, Verdu EF. Testing for gluten-related
disorders in clinical practice: the role of serology in managing the
spectrum of gluten sensitivity. Can ] Gastroenterol. (2011) 25:193-
7. doi: 10.1155/2011/642452

Catassi C, Elli L, Bonaz B, Bouma G, Carroccio A, Castillejo G, et al.
Diagnosis of non-celiac gluten sensitivity (NCGS): the salerno experts’
criteria. Nutrients. (2015) 7:4966-77. doi: 10.3390/nu7064966
Molina-Infante ], Carroccio A. Suspected nonceliac gluten sensitivity
confirmed in few patients after gluten challenge in double-
blind, placebo-controlled trials. Clin Gastroenterol Hepatol. (2017)
15:339-48. doi: 10.1016/j.cgh.2016.08.007

Serena G, Kelly CP, A.  Nondietary
celiac disease.  Gastroenterol North ~ Am.
63. doi: 10.1016/j.gtc.2018.09.011

Siegel M, Bethune MT, Gass J, Ehren J, Xia ], Johannsen A, et al. Rational
design of combination enzyme therapy for celiac sprue. Chem Biol. (2006)
13:649-58. doi: 10.1016/j.chembiol.2006.04.009

Marti T, Molberg O, Li Q, Gray GM, Khosla C, Sollid LM. Prolyl
endopeptidase-mediated destruction of T cell epitopes in whole gluten:
chemical and immunological characterization. ] Pharmacol Exp Ther. (2005)
312:19-26. doi: 10.1124/jpet.104.073312

Tye-Din JA, Anderson RP, Ffrench RA, Brown GJ, Hodsman P, Siegel M,
et al. The effects of ALV003 pre-digestion of gluten on immune response
and symptoms in celiac disease in vivo. Clin Immunol. (2010) 134:289-
95. doi: 10.1016/j.clim.2009.11.001

Siegel M, Garber ME, Spencer AG, Botwick W, Kumar P, Williams
RN, et al. Safety, tolerability, and activity of ALV003: results from two
phase 1 single, escalating-dose clinical trials. Dig Dis Sci. (2012) 57:440—
50. doi: 10.1007/s10620-011-1906-5

Lahdeaho ML, Kaukinen K, Laurila K, Vuotikka P, Koivurova OP, Karja-
Lahdensuu T, et al. Glutenase ALV003 attenuates gluten-induced mucosal
injury in patients with celiac disease. Gastroenterology. (2014) 146:1649-
58. doi: 10.1053/j.gastro.2014.02.031

Murray JA, Kelly CP, Green PHR, Marcantonio A, Wu TT, Maki M,
et al. No difference between latiglutenase and placebo in reducing villous

Fasano
Clin

therapies  for
(2019) 48:145-

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

atrophy or improving symptoms in patients with symptomatic celiac disease.
Gastroenterology. (2017) 152:787-798.e2. doi: 10.1053/j.gastro.2016.11.004
Tack GJ, van de Water JM, Bruins MJ, Kooy-Winkelaar EM, van Bergen
], Bonnet P, et al. Consumption of gluten with gluten-degrading enzyme
by celiac patients: a pilot-study. World J Gastroenterol. (2013) 19:5837-
47. doi: 10.3748/wjg.v19.i35.5837

Salden BN, Monserrat V, Troost FJ, Bruins MJ, Edens L, Bartholome R,
et al. Randomised clinical study: Aspergillus niger-derived enzyme digests
gluten in the stomach of healthy volunteers. Aliment Pharmacol Ther. (2015)
42:273-85. doi: 10.1111/apt.13266

Konig ], Holster S, Bruins M]J, Brummer R]. Randomized
clinical trial: effective gluten degradation by Aspergillus niger-
derived enzyme in a complex meal setting. Sci Rep. (2017)

7:13100. doi: 10.1038/s41598-017-13587-7

Ehren ], Moron B, Martin E, Bethune MT, Gray GM, Khosla C. A food-
grade enzyme preparation with modest gluten detoxification properties.
PLoS ONE. (2009) 4:e6313. doi: 10.1371/journal.pone.0006313

Wolf C, Siegel JB, Tinberg C, Camarca A, Gianfrani C, Paski S, et al.
Engineering of Kuma030: a gliadin peptidase that rapidly degrades
immunogenic gliadin peptides in gastric conditions. ] Am Chem Soc. (2015)
137:13106-13. doi: 10.1021/jacs.5b08325

. Leffler DA, Kelly CP, Green PH, Fedorak RN, DiMarino A, Perrow W, et al.

Larazotide acetate for persistent symptoms of celiac disease despite a gluten-
free diet: a randomized controlled trial. Gastroenterology. (2015) 148:1311-9
6. doi: 10.1053/j.gastro.2015.02.008

McCarville JL, Nisemblat Y, Galipeau HJ, Jury ], Tabakman R, Cohen A,
et al. BL-7010 demonstrates specific binding to gliadin and reduces gluten-
associated pathology in a chronic mouse model of gliadin sensitivity. PLoS
ONE. (2014) 9:€109972. doi: 10.1371/journal.pone.0109972

Fasano A. All disease begins in the (leaky) gut: role of zonulin-mediated
gut permeability in the pathogenesis of some chronic inflammatory diseases.
FI1000Res. (2020) 9. doi: 10.12688/f1000research.20510.1

Paterson BM, Lammers KM, Arrieta MC, Fasano A, Meddings JB. The safety,
tolerance, pharmacokinetic and pharmacodynamic effects of single doses
of AT-1001 in coeliac disease subjects: a proof of concept study. Aliment
Pharmacol Ther. (2007) 26:757-66. doi: 10.1111/j.1365-2036.2007.03413.x
Gopalakrishnan S, Tripathi A, Tamiz AP, Alkan SS, Pandey NB. Larazotide
acetate promotes tight junction assembly in epithelial cells. Peptides. (2012)
35:95-101. doi: 10.1016/j.peptides.2012.02.016

Gopalakrishnan S, Durai M, Kitchens K, Tamiz AP, Somerville R, Ginski
M, et al. Larazotide acetate regulates epithelial tight junctions in vitro and
in vivo. Peptides. (2012) 35:86-94. doi: 10.1016/j.peptides.2012.02.015

Kelly CP, Green PH, Murray JA, Dimarino A, Colatrella A, Leffler DA,
et al. Larazotide acetate in patients with coeliac disease undergoing a gluten
challenge: a randomised placebo-controlled study. Aliment Pharmacol Ther.
(2013) 37:252-62. doi: 10.1111/apt.12147

Caio G, Ciccocioppo R, Zoli G, De Giorgio R, Volta U. Therapeutic options
for coeliac disease: what else beyond gluten-free diet? Dig Liver Dis. (2020)
52:130-7. doi: 10.1016/j.d1d.2019.11.010

Rauhavirta T, Oittinen M, Kivisto R, Mannisto PT, Garcia-Horsman JA,
Wang Z, et al. Are transglutaminase 2 inhibitors able to reduce gliadin-
induced toxicity related to celiac disease? A proof-of-concept study. J Clin
Immunol. (2013) 33:134-42. doi: 10.1007/s10875-012-9745-5

Sulic AM, Kurppa K, Rauhavirta T, Kaukinen K, Lindfors K.
Transglutaminase as a therapeutic target for celiac disease. Expert Opin Ther
Targets. (2015) 19:335-48. doi: 10.1517/14728222.2014.985207

Kapoerchan VV, Wiesner M, Hillaert U, Drijfhout JW, Overhand M, Alard
P, et al. Design, synthesis and evaluation of high-affinity binders for the
celiac disease associated HLA-DQ2 molecule. Mol Immunol. (2010) 47:1091-
7. doi: 10.1016/j.molimm.2009.10.036

Alhassan E, Yadav A, Kelly CP, Mukherjee R. Novel nondietary
therapies for celiac disease. Cell Mol Gastroenterol Hepatol. (2019)
8:335-45. doi: 10.1016/j.jcmgh.2019.04.017

Abadie 'V, Jabri B. IL-15: a central
disease  immunopathology.  Immunol  Rev.
34. doi: 10.1111/imr.12191

Zanzi D, Stefanile R, Santagata S, Iaffaldano L, Iaquinto G, Giardullo N,
et al. IL-15 interferes with suppressive activity of intestinal regulatory T

of  celiac
260:221-

regulator
(2014)

Frontiers in Nutrition | www.frontiersin.org

10

September 2020 | Volume 7 | Article 152


https://doi.org/10.1186/1741-7015-9-23
https://doi.org/10.1053/j.gastro.2014.12.049
https://doi.org/10.3390/nu5103839
https://doi.org/10.1093/schbul/sbp055
https://doi.org/10.1016/j.jaut.2015.07.003
https://doi.org/10.1038/ng.543
https://doi.org/10.3748/wjg.v23.i40.7201
https://doi.org/10.3390/nu7031565
https://doi.org/10.1007/s11894-016-0536-7
https://doi.org/10.1159/000260087
https://doi.org/10.1155/2011/642452
https://doi.org/10.3390/nu7064966
https://doi.org/10.1016/j.cgh.2016.08.007
https://doi.org/10.1016/j.gtc.2018.09.011
https://doi.org/10.1016/j.chembiol.2006.04.009
https://doi.org/10.1124/jpet.104.073312
https://doi.org/10.1016/j.clim.2009.11.001
https://doi.org/10.1007/s10620-011-1906-5
https://doi.org/10.1053/j.gastro.2014.02.031
https://doi.org/10.1053/j.gastro.2016.11.004
https://doi.org/10.3748/wjg.v19.i35.5837
https://doi.org/10.1111/apt.13266
https://doi.org/10.1038/s41598-017-13587-7
https://doi.org/10.1371/journal.pone.0006313
https://doi.org/10.1021/jacs.5b08325
https://doi.org/10.1053/j.gastro.2015.02.008
https://doi.org/10.1371/journal.pone.0109972
https://doi.org/10.12688/f1000research.20510.1
https://doi.org/10.1111/j.1365-2036.2007.03413.x
https://doi.org/10.1016/j.peptides.2012.02.016
https://doi.org/10.1016/j.peptides.2012.02.015
https://doi.org/10.1111/apt.12147
https://doi.org/10.1016/j.dld.2019.11.010
https://doi.org/10.1007/s10875-012-9745-5
https://doi.org/10.1517/14728222.2014.985207
https://doi.org/10.1016/j.molimm.2009.10.036
https://doi.org/10.1016/j.jcmgh.2019.04.017
https://doi.org/10.1111/imr.12191
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Serena et al.

Alternative Therapies for Gluten Related Disorders

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

cells expanded in celiac disease. Am ] Gastroenterol. (2011) 106:1308-
17. doi: 10.1038/ajg.2011.80

Yokoyama S, Perera PY, Waldmann TA, Hiroi T, Perera LP. Tofacitinib, a
janus kinase inhibitor demonstrates efficacy in an IL-15 transgenic mouse
model that recapitulates pathologic manifestations of celiac disease. J Clin
Immunol. (2013) 33:586-94. doi: 10.1007/s10875-012-9849-y

Chen Q, Tan H, Tu Y, Zhang L. Experimental insight into the evolutionary
mechanism of solid-to-hollow hydrogel. Chem Commun. (2019) 55:11470-
3. doi: 10.1039/C9CC05947D

Lahdeaho ML, Scheinin M, Vuotikka P, Taavela J, Popp A, Laukkarinen
], et al. Safety and efficacy of AMG 714 in adults with coeliac disease
exposed to gluten challenge: a phase 2a, randomised, double-blind,
placebo-controlled study. Lancet Gastroenterol Hepatol. (2019) 4:948-
59. doi: 10.1016/52468-1253(19)30264-X

Hernandez-Ruiz M, Zlotnik A. Mucosal chemokines. ] Interferon Cytokine
Res. (2017) 37:62-70. doi: 10.1089/jir.2016.0076

Zhang Y, Zhang Y, Gu W, He L,
function in immune system. Adv
841:45-65. doi: 10.1007/978-94-017-9487-9_3
Weinstock JV. Autoimmunity: the worm returns. Nature. (2012) 491:183—
5. doi: 10.1038/491183a

Croese ], Giacomin P, Navarro S, Clouston A, McCann L, Dougall A,
et al. Experimental hookworm infection and gluten microchallenge promote
tolerance in celiac disease. J Allergy Clin Immunol. (2015) 135:508-
16. doi: 10.1016/j.jaci.2014.07.022

Daveson AJ, Jones DM, Gaze S, McSorley H, Clouston A, Pascoe A,
et al. Effect of hookworm infection on wheat challenge in celiac disease-
a randomised double-blinded placebo controlled trial. PLoS ONE. (2011)
6:¢17366. doi: 10.1371/journal.pone.0017366

McSorley HJ, Gaze S, Daveson J, Jones D, Anderson RP, Clouston
A, et al. Suppression of inflammatory immune responses in celiac
disease by experimental hookworm infection. PLoS ONE. (2011)
6:¢24092. doi: 10.1371/journal.pone.0024092

Wang M, Wu L, Weng R, Zheng W, Wu Z, Lv Z. Therapeutic
potential of helminths helminth-derived
immune-regulators and immune balance. Res. (2017)
116:2065-74. doi: 10.1007/s00436-017-5544-5

Smallwood TB, Giacomin PR, Loukas A, Mulvenna JP, Clark R], Miles
JJ. Helminth immunomodulation in autoimmune disease. Front Immunol.
(2017) 8:453. doi: 10.3389/fimmu.2017.00453

Burster T, Macmillan H, Hou T, Boehm BO, Mellins ED. Cathepsin G:
roles in antigen presentation and beyond. Mol Immunol. (2010) 47:658-
65. doi: 10.1016/j.molimm.2009.10.003

Anderson RP, Jabri B. Vaccine against autoimmune
antigen-specific ~ immunotherapy.  Curr  Opin
25:410-7. doi: 10.1016/§.c01.2013.02.004

Goel G, King T, Daveson AJ, Andrews JM, Krishnarajah J, Krause
R, et al. Epitope-specific immunotherapy targeting CD4-positive
T cells in coeliac disease: two randomised, double-blind, placebo-
controlled phase 1 studies. Lancet Gastroenterol Hepatol. (2017)
2:479-93. doi: 10.1016/S2468-1253(17)30110-3

Daveson AJM, Ee HC, Andrews JM, King T, Goldstein KE, Dzuris JL, et al.
Epitope-specific immunotherapy targeting CD4-positive T cells in celiac
disease: safety, pharmacokinetics, and effects on intestinal histology and
plasma cytokines with escalating dose regimens of Nexvax2 in a randomized,
double-blind, placebo-controlled phase 1 study. EBioMedicine. (2017) 26:78-
90. doi: 10.1016/j.ebiom.2017.11.018

Kim S, Jazwinski SM. The gut microbiota and healthy aging: a mini-review.
Gerontology. (2018) 64:513-20. doi: 10.1159/000490615

A, Hernell O, Stenlund H, Persson LA.
feeding protects against celiac disease. Am ] Clin Nutr.
75:914-21. doi: 10.1093/ajcn/75.5.914

Neu J, Rushing J. Cesarean versus vaginal delivery: long-term infant
outcomes and the hygiene hypothesis. Clin Perinatol. (2011) 38:321-
31. doi: 10.1016/j.clp.2011.03.008

Francavilla R, Cristofori F, Tripaldi ME, Indrio F. Intervention for dysbiosis
in children born by C-section. Ann Nutr Metab. (2018) 73 (Suppl. 3):33-
9. doi: 10.1159/000490847

cell’s
(2014)

Sun B. Thl/Th2
Exp Med Biol.

in autoimmune diseases:
Parasitol

disease:

Immunol.  (2013)

Breast-
(2002)

Ivarsson

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep.
(2006) 7:688-93. doi: 10.1038/sj.embor.7400731

Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M,
Nageshwar Reddy D. Role of the normal gut microbiota. World |
Gastroenterol. (2015) 21:8787-803. doi: 10.3748/wjg.v21.i29.8787

Cenit MC, Olivares M, Codoner-Franch P, Sanz Y. Intestinal microbiota
and celiac disease: cause, consequence or co-evolution? Nutrients. (2015)
7:6900-23. doi: 10.3390/nu7085314

Chibbar R, Dieleman LA. The gut microbiota in celiac disease and probiotics.
Nutrients. (2019) 11:2375. doi: 10.3390/nu11102375

Hills RD Jr, Pontefract BA, Mishcon HR, Black CA, Sutton SC, Theberge
CR. Gut microbiome: profound implications for diet and disease. Nutrients.
(2019) 11:1613. doi: 10.3390/nul1071613

Caminero A, Herran AR, Nistal E, Perez-Andres ], Vaquero L,
Vivas S, et al. Diversity of the cultivable human gut microbiome
involved in gluten metabolism: isolation of microorganisms with
potential interest for coeliac disease. FEMS Microbiol Ecol. (2014)
88:309-19. doi: 10.1111/1574-6941.12295

Olivares M, Laparra M, Sanz Y. Influence of Bifidobacterium longum CECT
7347 and gliadin peptides on intestinal epithelial cell proteome. J Agric Food
Chem. (2011) 59:7666-71. doi: 10.1021/jf201212m

Heyman M, Abed J, Lebreton C, Cerf-Bensussan N. Intestinal permeability
in coeliac disease: insight into mechanisms and relevance to pathogenesis.
Gut. (2012) 61:1355-64. doi: 10.1136/gutjnl-2011-300327

Cinova J, De Palma G, Stepankova R, Kofronova O, Kverka M,
Sanz Y, et al. Role of intestinal bacteria in gliadin-induced changes
in intestinal mucosa: study in germ-free rats. PLoS ONE. (2011)
6:¢16169. doi: 10.1371/journal.pone.0016169

Pozo-Rubio T, Olivares M, Nova E, De Palma G, Mujico JR, Ferrer MD, et al.
Immune development and intestinal microbiota in celiac disease. Clin Dev
Immunol. (2012) 2012:654143. doi: 10.1155/2012/654143

Sjoberg V, Sandstrom O, Hedberg M, Hammarstrom S, Hernell
O, Hammarstrom ML. Intestinal T-cell responses in celiac disease
- impact of celiac disease associated bacteria. PLoS ONE. (2013)
8:¢53414. doi: 10.1371/journal.pone.0053414

Collado MC, Donat E, Ribes-Koninckx C, Calabuig M, Sanz Y. Specific
duodenal and faecal bacterial groups associated with paediatric coeliac
disease. J Clin Pathol. (2009) 62:264-9. doi: 10.1136/jcp.2008.061366

Sanz Y. Microbiome and gluten. Ann Nutr Metab. (2015) 67 (Suppl. 2):28-
41. doi: 10.1159/000440991

Sellitto M, Bai G, Serena G, Fricke WE, Sturgeon C, Gajer P, et al. Proof of
concept of microbiome-metabolome analysis and delayed gluten exposure
on celiac disease autoimmunity in genetically at-risk infants. PLoS ONE.
(2012) 7:€33387. doi: 10.1371/journal.pone.0033387

Olivares M, Neef A, Castillejo G, Palma GD, Varea V, Capilla A, et al.
The HLA-DQ2 genotype selects for early intestinal microbiota composition
in infants at high risk of developing coeliac disease. Gut. (2015) 64:406—
17. doi: 10.1136/gutjnl-2014-306931

Lindfors K, Blomqvist T, Juuti-Uusitalo K, Stenman S, Venalainen J, Maki
M, et al. Live probiotic Bifidobacterium lactis bacteria inhibit the toxic effects
induced by wheat gliadin in epithelial cell culture. Clin Exp Immunol. (2008)
152:552-8. doi: 10.1111/§.1365-2249.2008.03635.x

D’Arienzo R, Maurano E Luongo D, Mazzarella G, Stefanile R, Troncone
R, et al. Adjuvant effect of Lactobacillus casei in a mouse model of gluten
sensitivity. Immunol Lett. (2008) 119:78-83. doi: 10.1016/j.imlet.2008.04.006
D’Arienzo R, Stefanile R, Maurano F, Mazzarella G, Ricca E, Troncone R,
et al. Immunomodulatory effects of Lactobacillus casei administration in
a mouse model of gliadin-sensitive enteropathy. Scand J Immunol. (2011)
74:335-41. doi: 10.1111/j.1365-3083.2011.02582.x

Papista C, Gerakopoulos V, Kourelis A, Sounidaki M, Kontana A, Berthelot
L, et al. Gluten induces coeliac-like disease in sensitised mice involving IgA,
CD71 and transglutaminase 2 interactions that are prevented by probiotics.
Lab Invest. (2012) 92:625-35. doi: 10.1038/labinvest.2012.13

Laparra JM, Olivares M, Gallina O, Sanz Y. Bifidobacterium longum CECT
7347 modulates immune responses in a gliadin-induced enteropathy animal
model. PLoS ONE. (2012) 7:e30744. doi: 10.1371/journal.pone.0030744
D’Arienzo R, Maurano E Lavermicocca P, Ricca E, Rossi M. Modulation
of the immune response by probiotic strains in a mouse model of

Frontiers in Nutrition | www.frontiersin.org

11

September 2020 | Volume 7 | Article 152


https://doi.org/10.1038/ajg.2011.80
https://doi.org/10.1007/s10875-012-9849-y
https://doi.org/10.1039/C9CC05947D
https://doi.org/10.1016/S2468-1253(19)30264-X
https://doi.org/10.1089/jir.2016.0076
https://doi.org/10.1007/978-94-017-9487-9_3
https://doi.org/10.1038/491183a
https://doi.org/10.1016/j.jaci.2014.07.022
https://doi.org/10.1371/journal.pone.0017366
https://doi.org/10.1371/journal.pone.0024092
https://doi.org/10.1007/s00436-017-5544-5
https://doi.org/10.3389/fimmu.2017.00453
https://doi.org/10.1016/j.molimm.2009.10.003
https://doi.org/10.1016/j.coi.2013.02.004
https://doi.org/10.1016/S2468-1253(17)30110-3
https://doi.org/10.1016/j.ebiom.2017.11.018
https://doi.org/10.1159/000490615
https://doi.org/10.1093/ajcn/75.5.914
https://doi.org/10.1016/j.clp.2011.03.008
https://doi.org/10.1159/000490847
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.3390/nu7085314
https://doi.org/10.3390/nu11102375
https://doi.org/10.3390/nu11071613
https://doi.org/10.1111/1574-6941.12295
https://doi.org/10.1021/jf201212m
https://doi.org/10.1136/gutjnl-2011-300327
https://doi.org/10.1371/journal.pone.0016169
https://doi.org/10.1155/2012/654143
https://doi.org/10.1371/journal.pone.0053414
https://doi.org/10.1136/jcp.2008.061366
https://doi.org/10.1159/000440991
https://doi.org/10.1371/journal.pone.0033387
https://doi.org/10.1136/gutjnl-2014-306931
https://doi.org/10.1111/j.1365-2249.2008.03635.x
https://doi.org/10.1016/j.imlet.2008.04.006
https://doi.org/10.1111/j.1365-3083.2011.02582.x
https://doi.org/10.1038/labinvest.2012.13
https://doi.org/10.1371/journal.pone.0030744
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Serena et al.

Alternative Therapies for Gluten Related Disorders

117.

118.

119.

120.

121.

gluten sensitivity. Cytokine. (2009) 48:254-9. doi: 10.1016/j.cyto.2009.
08.003

De Angelis M, Rizzello CG, Fasano A, Clemente MG, De Simone C, Silano
M, et al. VSL#3 probiotic preparation has the capacity to hydrolyze gliadin
polypeptides responsible for celiac sprue. Biochim Biophys Acta. (2006)
1762:80-93. doi: 10.1016/j.bbadis.2005.09.008

Smecuol E, Hwang HJ, Sugai E, Corso L, Chernavsky AC, Bellavite FP,
et al. Exploratory, randomized, double-blind, placebo-controlled study
on the effects of Bifidobacterium infantis natren life start strain super
strain in active celiac disease. J Clin Gastroenterol. (2013) 47:139-
47. doi: 10.1097/MCG.0b013e31827759ac

Olivares M, Castillejo G, Varea V, Sanz Y. Double-blind, randomised,
placebo-controlled the effects of
Bifidobacterium longum CECT 7347 in children with newly diagnosed coeliac
disease. Br ] Nutr. (2014) 112:30-40. doi: 10.1017/S0007114514000609
Quagliariello A, Aloisio I, Bozzi Cionci N, Luiselli D, D’Auria G, Martinez-
Priego L, et al. Effect of Bifidobacterium breve on the intestinal microbiota
of coeliac children on a gluten free diet: a pilot study. Nutrients. (2016)
8:660. doi: 10.3390/nu8100660

Klemenak M, Dolinsek J, Langerholc T, Di Gioia D, Micetic-Turk D.
Administration of Bifidobacterium breve decreases the production of

intervention trial to evaluate

122.

TNF-alpha in children with celiac disease. Dig Dis Sci. (2015) 60:3386—
92. doi: 10.1007/s10620-015-3769-7

Primec M, Klemenak M, Di Gioia D, Aloisio I, Bozzi Cionci N, Quagliariello
A, et al. Clinical intervention using Bifidobacterium strains in celiac disease
children reveals novel microbial modulators of TNF-alpha and short-
chain fatty acids. Clin Nutr. (2019) 38:1373-81. doi: 10.1016/j.clnu.2018.
06.931

Conflict of Interest: AF is co-founder and stock holder of Alba Therapeutics.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Serena, D’Avino and Fasano. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

12

September 2020 | Volume 7 | Article 152


https://doi.org/10.1016/j.cyto.2009.08.003
https://doi.org/10.1016/j.bbadis.2005.09.008
https://doi.org/10.1097/MCG.0b013e31827759ac
https://doi.org/10.1017/S0007114514000609
https://doi.org/10.3390/nu8100660
https://doi.org/10.1007/s10620-015-3769-7
https://doi.org/10.1016/j.clnu.2018.06.931
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Celiac Disease and Non-celiac Wheat Sensitivity: State of Art of Non-dietary Therapies
	Introduction
	Celiac Disease (CD)
	Non-celiac Wheat Sensitivity (NCWS)

	Alternative/Adjuvant Therapies to Gluten Free Diet
	Endopeptidases
	Gluten Sequestering Polymers
	Larazotide Acetate
	Transglutaminases 2 Inhibitors
	HLA DQ2/DQ8 Blockers
	Immune Therapies
	Necator americanus
	Other Adjuvant Therapies
	Probiotics

	Conclusions
	Author Contributions
	References


