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A B S T R A C T

The effects of a control bread (CB) and a Gluten Friendly™ bread (GFB) on intestinal epithelium mucus pro-
duction and barrier function in healthy human mucus-secreting goblet cells HT-29-16E were investigated. Mucus
production in cells exposed to digested breads (GFB and CB) was preliminarily investigated using staining
techniques, Periodic Acid-Schiff (PAS) and Alcian blue (AB), and MUC2 and MUC3 were also quantified by
ELISA assay. The barrier function of the cell monolayer was evaluated by trans-epithelial electrical resistance
(TEER) measurements. GFB increased the secretion of mucins, expressed as the level of PAS and AB staining in
comparison with the control. MUC3 levels were not affected, whereas higher MUC2 concentrations (P < 0.01)
were found on cells treated with GFB compared to the control. Additionally, significantly higher TEER values
were observed after treatment with both CB and GFB in comparison with the control (P < 0.01), with GFB
having a significantly higher effect than CB (P < 0.01).

1. Introduction

The intestinal epithelial layer is a physical and biochemical barrier,
formed by a monolayer of cells that define the boundary between tis-
sues of the intestine and the external environment. Intestinal epithelial
layer integrity confers protection against luminal antigens (Lundin &
Sollid, 2014). The intestinal goblet cells are specialized secretory cells
that are found in the epithelial layer. They are responsible for the
production of mucins, which create a first layer of defence (Kim & Ho,
2010; Peterson & Artis, 2014) against intrusion of large particles and
bacteria into the epithelial cell layer (Turner, 2009). The most external
part, the non-adherent mucus layer, predominantly contains glycopro-
teins, including the gel-forming mucins MUC2, MUC5AC, MUC6 and
MUC5B (Pelaseyed et al., 2014). The inner adherent layer contains
transmembrane mucins, predominantly MUC3, MUC1, and MUC17
(Pelaseyed et al., 2014). Goblet cells secrete both the main gel-forming
mucins, MUC2, and the transmembrane-bound mucins (Kim & Ho,
2010). These mucins are thought to additionally play an active role in

regulating the porosity and permeability of the epithelial membrane
(Peterson & Artis, 2014).

Below the mucous layers, the intestinal epithelial cells form a tight,
continuous physical barrier, where adjacent epithelial cells are sealed
together by tight junctions and adherens junctions (Schumann,
Siegmund, Schulzke, & Fromm, 2016). These multi-protein tight junc-
tion complexes that join together the intestinal epithelial cells create a
selectively permeable seal, marking out the divide between apical and
basolateral membrane domains (Kim & Ho, 2010; Lee, 2015). By reg-
ulating the intestinal epithelial barrier function and its selective per-
meability, tight junction complexes determine the rate of flux of mo-
lecules across the epithelium (Wells et al., 2016).

A disturbed intestinal epithelial barrier function has been found in
coeliac disease (CD) patients (Schulzke, Bentzel, Schulzke, Riecken, &
Fromm, 1998), even after treatment, due to both reduced mucus se-
cretion and increased intestinal cell permeability (Smecuol et al.,
1997). This weakened gut barrier is more susceptible to pathogens
(Schulzke et al., 1998) and potentially antigenic macromolecules, such
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as gluten (Alaedini & Green, 2005). Although disruption of intestinal
barrier function in CD has been established, the precise nature of this
dysfunction as both a cause and effect of CD is not clear (Schumann
et al., 2016). Mechanistic evidence suggests that gluten increases in-
testinal cell permeability in sensitive individuals, and significantly re-
duces epithelial barrier function in CD patients compared to healthy
controls. In patients adhering to a gluten-free diet (GFD), disruption of
epithelial barrier function is partially reversed and intestinal perme-
ability is improved, when compared to active CD patients not following
a GFD (Fromm et al., 2009; Schumann et al., 2012). Currently, a life-
long GFD remains the only available treatment. However, achieving a
lifestyle completely free of gluten is in reality often impossible, due to
practical and social challenges, which include the cross-contamination
of foods (Hall, Rubin & Charnock, 2013; Thompson & Simpson, 2015).
Furthermore, the effectiveness of a GFD varies among patients, whereas
in non-responsive and refractory CD patients, GFD does not improve
symptoms at all (Shannahan & Leffler, 2017). Moreover, the GFD is
often low in vitamins and minerals, such as B vitamins, iron, calcium
and zinc (Bascunan, Vespa & Araya, 2017; Olivares et al., 2015;
Shannahan & Leffler, 2017), and is deficient in fiber (Hallert et al.,
2002; Shepherd & Gibson, 2013). In recent years, a novel temperature-
based method called Gluten Friendly™ has been developed (Lamacchia,
Landriscina & D’Agnello, 2016), where in vitro, the gluten becomes
unrecognizable by gluten-specific antibodies, without removing gluten
from the flour (Lamacchia et al., 2016). While the temperature-treated
gluten loses its immunogenic properties in vitro, it does not lose its
technological properties and viscoelasticity (its ability to create a ma-
trix and form dough) (Lamacchia et al., 2016). Further in vitro studies
conducted on wheat kernels treated with the Gluten Friendly™ method
also link a reduced cross-reactivity of antibodies recognizing almost the
entire range of gluten proteins, to conformational changes of gluten
protein structure in the kernel (Landriscina et al., 2017). The effects of
Gluten Friendly™ bread or flour on healthy subjects, celiac patients or
individuals suffering from gluten-related disorders have not yet been
investigated. However, it has been postulated in vitro that consuming
GFB could contribute to maintaining the microbial balance in the gut
(Bevilacqua et al., 2016; Costabile et al., 2017). Therefore, we aim to
investigate the effects of the novel GFB, from temperature-treated
wheat kernels, on mucus production and gut barrier function in cell
culture experiments, using mucus-secreting intestinal goblet cells
(HT29-16E) from healthy human models.

The reason why we selected bread instead of temperature-treated
wheat kernels or flour is that we envisioned our study as a model which
could explore a potential real-world application. In fact, in 2017 wheat
was the second most common food crop produced in the world, after
maize, as reported by the Food and Agriculture Organization (FAO).
Bread is one of the most common ways in which wheat is processed for
human consumption.

2. Materials and methods

2.1. Bread substrates and simulated in vitro gastrointestinal digestion

The wheat kernels were supplied by Casillo Group S.p.a (Corato,
Italy) and the chemical/rheological of the flour (Table 1) and nutri-
tional characteristics of the bread (Table 2) are provided. The kernels
underwent the Gluten Friendly™ temperature-based process as pre-
viously cited (Lamacchia et al., 2016; Landriscina et al., 2017). The
caryopses were then milled into flour and baked into Gluten Friendly™
bread (GFB). A control bread (CB) was also baked using untreated
kernels. Both GFB and CB were prepared according to the same bread-
making process (100 g wheat flour, 66mL water, 1.33 g yeast, 1 g salt)
(Bevilacqua et al., 2016). GFB and CB were digested in vitro under
appropriate conditions according to the procedures previously de-
scribed (Maccaferri et al., 2012) in order to simulate mouth, stomach
and small intestinal conditions. In particular, breads were homogenized

with sterile distillated water in a stomacher. Then, digestive enzymes
like α-amylase, pepsin, bile and pancreatine were added in due course
under appropriate pH conditions in order to simulate mouth, stomach
and small intestinal conditions, respectively. Once digested, the breads
were then centrifuged at 2000g for 15min at room temperature to re-
move large particles and supernatants were filtered through a 0.2-µm
sterile syringe filter in preparation for the cell culture experiments.

2.2. Cell lines

Human intestinal cells, HT29-19A (non-mucus-secreting) and HT29-
16E (mucus-secreting) clones (Jarry, Merlin, Hopfer & Laboisse, 1994),
were cultured using standard procedures with Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich, UK) supplemented with foetal
bovine serum (10%), 100×non-essential amino acids (1%), L-gluta-
mine (1%) and penicillin/streptomycin (1%) (Sigma-Aldrich, UK) and
maintained in a 5% CO2 incubator at 37 °C. All the assays were per-
formed between the passages 12 and 20 (Davis, 2002).

2.3. Cytotoxic activity

The cytotoxic effect of CB and GFB breads was assessed by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (method
(Schiller, Klainz, Mynett & Gescher, 1992). The HT29-16E and HT29-19A
cells were seeded at a density of 2×105 cells/mL in 96-well plates.
Monolayers for both cell lines were incubated for 5 days, until the sub-
confluence (at least 80%) was reached, and were fed on alternate days. In
order to establish the optimal concentration to be used in the

Table 1
Chemical and rheological properties of soft wheat used in the
study.

Parameter Amount

Moisture % 12.10
Protein %ds 11.50
Gluten %ds 7.50
Gluten index 80
Ash %ds 0.76
Falling number 403
Yellow index Nd
Alveograph W: 97–P/L: 0.73
Farinograph A: 59.8–B: 2.1–CD: 2.5

nd= not determinable; ds= dry substance W=dough strength;
P= dough toughness; L= dough extensibility; A=water ab-
sorption; B= dough developing time; CD: dough stability.

Table 2
Nutritional content of soft wheat bread per 100 g.

Energy 271.00/1134.00 (kcal/kj)

Total fat 3.50 g
Saturated fat 0.85 g
Polyunsaturated fat 1.39 g
Monounsaturated 0.81 g

Total carbohydrate 50 g
Dietary fiber 2.70 g
Sugars 0.83 g

Protein 9.6 g
Cholesterol 0mg
Calcium 48mg
Sodium 530mg
Potassium 110mg
Iron 2.10mg
Magnesium 27mg
Thiamin (Vit. B1) 0.47mg
Riboflavin (Vit. B2) 0.15mg
Niacin (Vit. B3) 1.6mg
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experiments, different concentrations of the digested breads (1%, 5%,
10%) were diluted in DMEM, and were then added to the cells and in-
cubated for 24 h at 37 °C and 5% CO2. An equivalent volume of DMEM
was added to HT29-16E and HT29-19A control monolayers, which were
also incubated for 24 h at 37 °C and 5% CO2. MTT solution (0.5mg/mL)
was then added and left for 3 h at 37 °C. The medium was then aspirated,
and 100 µL of DMSO was added to the cells. Colour development was
measured at 570 nm with a Multiskan EX spectrophotometer (Thermo
Fisher Scientific Inc., MA, USA). The cytotoxicity activity data were ex-
pressed as a percentage of viable cells, in relation to the control wells,
which represent 100% viability.

2.4. Assessment of cell mucin production by Periodic acid Schiff (PAS) and
Alcian blue staining

Mucus production was examined using both Periodic acid–Schiff
(PAS) (Diebel, Liberati & Hall-Zimmerman, 2011; Schiller et al., 1992)
and Alcian-blue (AB) (Steedman, 1950) staining techniques. PAS is used
to detect mucosubstances containing a high proportion of carbohy-
drate macromolecules, as well as polysaccharides, the basal laminae
and the glycocalyx of cells. A positive PAS reaction indicates the pre-
sence of neutral mucins. A positive Alcian Blue reaction at pH 1.0 and
2.5 indicates the presence of acidic sulphated and acidic carboxylated
mucins, respectively (Schumacher, Duku, Katoh, Jörns, & Krause, 2004;
Tootian et al., 2013).

Transmembrane mucins MUC3, MUC12 and MUC17 are a main
component of the enterocyte glycocalyx, whereas MUC2 is the most
important gel-forming mucin that is secreted by goblet cells (Pelaseyed
et al., 2014). MUC3 can be considered as a neutral mucin, while MUC2
can be considered as an acidic cysteine-rich mucin, due to their dif-
ferent aminoacid composition in proline, threonine and serine, (Kim,
Gum Jr., Byrd, & Toribara, 1991). Thus, MUC3 stains positive for PAS,
and MUC2 stains positive for AB. For the experiments, HT29-19A and
HT29-16E cells were cultured without passaging for at least 12 days and
then seeded into wells of 24-well plates at 2×105 cells/mL. After
2 weeks, the digested breads, diluted at 5% in DMEM (Maccaferri et al.,
2010, 2012), were added to the cells and incubated for different times
(2h, 4 h and 24 h). PAS staining system (Sigma, Inc) was used to eval-
uate neutral mucin (Bouhet & Oswald, 2005; Steedman, 1950). Briefly,
cell monolayers were immersed in PAS solution for 5min at room
temperature followed by several rinses in dH2O. Cells were immersed
subsequently in Schiff’s reagent for 15min at room temperature, and
washed in tap water. Cells were then counterstained in Gill’s haema-
toxylin solution no. 3 (Sigma, UK) for 90 s and again washed in tap
water. Cell monolayers were allowed to dry and PAS staining assessed
under the microscope. For the Alcian blue staining (Sigma, UK), the
HT29-19A and HT29-16E cells were first fixed with chilled 95%
ethanol/5% glacial acetic acid for 10min, and then incubated with 1%
Alcian blue/3% acetic acid for 5min at room temperature. The cells
were subsequently washed three times with phosphate buffer (Sigma,
UK) to remove any residual stain. Mucin production, assessed by the
level of blue staining, was examined by light microscopy using an
OLYMPUS BX43F microscope (Olympus Life Science, Tokyo, Japan).
Images were acquired using Infinity Capture software. In addition, the
pictures were also analysed by means of Photoshop and Image Tool
software, which convert the images to binary mode: the dark blue
stained cells turn black, and the light blue unstained cells become
white. The percentage of black and white pixels is then calculated in
order to compare the effect of the different treatments. Mucin pro-
duction by Alcian blue staining was expressed as a percentage (%) of
black pixels obtained from Image Tool software.

2.5. Measurement of Trans-Epithelial Electrical Resistance (TEER) in cell
monolayers

In order to evaluate the effect of GFB and CB on the cell monolayers,

specifically its integrity and permeability, TEER measurements were
taken using a Millicell-ERS meter (Millipore, Billerica, MA, USA) con-
nected to a pair of electrodes, following the manufacturer’s standard
procedure. HT29-16E cells were seeded on microporous Transwell® 6-
well plates (Sigma, UK) at 2× 105 cells/mL for 3 weeks at 37 °C and 5%
CO2. HT29-19A non-mucus-secreting cells were used as a control. Cells
were grown into polarized monolayers and TEER was measured at
regular intervals (7, 10, 14, 18, 21 days). Monolayers with a
TEER > 250Ω cm2 were used for exposure to digested bread products.
HT29-16E cell monolayers were exposed to digested breads (5%) for
24 h at 37 °C and 5% CO2. The 24-hour time frame was established as
the optimal time measurement to evaluate in vitro the effects of sub-
stances on cell barrier integrity of the small intestine mucosa (Barnett,
Roy, McNabb, & Cookson, 2016; Damiano et al., 2018). The integrity of
the polarized cell monolayers was determined before and after treat-
ments by measuring the TEER. TEER values were standardized and
reported as percent changes relative to the TEER at the beginning of the
experiment. After the last TEER measurement, all supernatants and cell
lysates were collected and processed for further analysis of MUC2 and
MUC3 levels.

2.6. Human MUC2 and MUC3 quantification by ELISA assays

Human MUC2 (Abbexa, UK, cat abx055282) and MUC3 ELISA
(Abbexa, UK, cat abx152398) kits were used to determine the level of
these two types of mucins in the supernatants and cell lysates.
Concentrations of MUC2 in cell culture supernatants and MUC3 in cell
lysates were analysed by Human Mucin enzyme linked immunosorbent
assays (ELISA) Kits (Abbexa Ltd, Cambridge, UK). Briefly, HT-29 16E
cell supernatants were taken; cells were washed with PBS in order to
take all non-adherent mucins and they were finally centrifuged at
6000 rpm for 20min to remove the precipitant. Non-adherent MUC2
production was measured in this fraction. Regarding the MUC3 quan-
tification, HT-29 16E cell monolayers free of non-adherent mucins were
detached with trypsin (1.5 mL) and collected by centrifugation at
4000 rpm for 10min to remove the supernatant. Then the cells were
washed three times in ice-cold PBS, lysed by ultra-sonication and cen-
trifuged to remove cellular debris. MUC3 sandwich ELISA was carried
out on this fraction. Control analyses were also carried out.

2.7. Statistical analysis

For the MTT, Mucin2, Mucin3 and TEER assays, statistical analysis
was performed using one-way ANOVA with a significance level set at
0.05, followed by Tukey multiple comparison test, in order to assess the
effect of the different treatments. For the Alcian blue staining at dif-
ferent time-points, the statistical analysis was performed using two-way
ANOVA, comparing the simple effects of treatment within each time-
point. All analyses were performed using GraphPad Prism Software
(version 7.0, Inc., San Diego, CA, USA).

3. Results

3.1. Cytotoxic activity

Cytotoxicity of CB and GFB was evaluated by MTT assay in order to
establish the optimal concentration to be used in the following ex-
periments. Fig. 1 shows the percentage of viability of HT29-16E cells
from healthy human models, after 24 h incubation in the presence of
the two different types of digested bread (1%, 5% and 10% v/v) com-
pared to the control. The cytotoxicity activity data were expressed as a
percentage of viable cells, in relation to the control wells, which re-
present 100% viability. It was observed that the treatments were not
cytotoxic for the cells at any of the concentrations tested.
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3.2. Assessment of mucin production by Periodic acid Schiff and Alcian-
blue staining

Fig. 2 shows representative images of Alcian blue (Fig. 2A) and PAS
(Fig. 2B) stainings of the HT29-16E cells (mucus-secreting) and of the
HT29-19A cells (non-mucus-secreting) after 4 h of incubation with the
digested breads. The stainings depict common morphological patterns
of mucus production by these cells. The HT29-19A non-mucus-secreting
cell line did not present relevant levels of PAS and AB staining as ex-
pected. With regards to the HT29-16E cells (mucus-secreting) we can
observe that in the GFB group, the levels of staining with AB (Fig. 2A)
are higher than in both the CB group and the control. With regards to
PAS staining (Fig. 2B) of HT29-16E cells (mucus-secreting), control
cells (exposed to control solution resulting from in vitro digestion)
showed levels of staining similar to the levels in CB treated cells. CB
treated cells and control cells showed lower levels of PAS staining than
GFB treated cells. Additionally, Fig. 2C provides a semi-quantitative
analysis using Photoshop and Image Tool software, of the AB staining at
3 time-points (2h, 4 h, and 24 h), showing that the cells treated with CB
and GFB had significantly higher levels of staining, expressed as per-
centage of pixels, in comparison with the control, after 4 h and 24 h
treatments (see Fig. 2C).

3.3. Assessment of cells mucin production by ELISA

Human MUC2 (Abbexa, UK, cat abx055282) and MUC3 ELISA
(Abbexa, UK, cat abx152398) kits were used to determine the level of
these two types of mucins in the supernatants and cell lysates, respec-
tively (Fig. 3). The cells treated with GFB had a significantly higher
level of MUC2 (Fig. 3A) than the ones incubated with the Control
(P < 0.001) or CB (P < 0.01). No significant differences were ob-
served in MUC3 levels (Fig. 3B) among all different treatments.

3.4. Assessment of cells monolayer integrity by TEER measurement

The integrity of the cells monolayer before and after treatment with
the digested breads was evaluated by the TEER. Fig. 4 reports the TEER
values, expressed as % of the initial TEER. Both CB and GFB treated
cells had significantly higher TEER values compared to control cells
(P < 0.01 and P < 0.001, respectively). In addition, the cells treated
with GFB had significantly higher TEER values than CB treated cells.

4. Discussion

It is well-known that the intestine is the first organ exposed and
affected by nutrients or antigens, following their ingestion (Maresca &
Fantini, 2010; Scaldaferri, Pizzoferrato, Gerardi, Lopetuso, &
Gasbarrini, 2012). Whereas specific membrane transporters allow ab-
sorption of beneficial compounds, the tight junctions and the mucus
layer are responsible for the barrier function of the gut (Brandtzaeg,
2013; Pinton et al., 2015). Mucus plays major roles in the intestinal
barrier function, and in the symbiosis with the microbiota. Perturba-
tions of the composition and/or secretion of mucus are associated with
diseases in animals and humans (Johansson, Sjövall & Hansson, 2013;
Kim & Deng, 2008). Many studies have reported quantitative and
qualitative abnormalities, of mucin gene expression in gastrointestinal
diseases (Hafez, 2012). Previous studies have shown that GFB, pro-
duced from flours treated with the novel, patented temperature-based
process (Lamacchia et al., 2016) is able to modulate in vitro, the gut
microbiota function in both healthy and coeliac donors (Bevilacqua

Fig. 1. Cell viability measured by MTT assay in HT29-16E cellsafter 24 h of
incubation with different concentrations of control bread (CB) and Gluten
Friendly™ bread (GFB). Data are means of 3 separate experiments, each per-
formed in 4 replicates (n= 12), and presented as mean ± SD. Statistical
analysis was conducted by One-way ANOVA with Tukey post-hoc test
(P > 0.05 vs. control).

Fig. 2. Representative images of mucin staining in HT29-16E (mucus-secreting)
and HT29-19A (non-mucus-secreting) cell lines after 4 h of incubation with the
digested breads: control bread (CB) and gluten-friendly bread (GFB) compared
to a control cell monolayer. Acid mucins were visualized by Alcian Blue (AB)
staining (x10 objective) (A) and neutral mucins were visualized by Periodic
acid-Schiff (PAS) staining (×10 objective) (B). 3 separate experiments were
performed, with 5 replicates for each experimental group (n=15). Acid mucin
production semi-quantitative analysis after 2 h, 4 h and 24 h incubation of
HT29-16E cells with control bread (CB) and gluten-friendly bread (GFB),
compared to a control cell monolayer (C). The staining was performed with
Alcian Blue and images were analysed using Photoshop and Image Tool. Data
are means of 3 separate experiments, each performed in 5 replicates (n=15),
and presented as mean ± SD. Statistical analysis was conducted by One-way
ANOVA with Tukey post-hoc test (* = P < 0.05 vs. control; ** = P < 0.01 vs.
control).
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et al., 2016; Costabile et al., 2017). The main hypothesis of this study
was to determine whether GFB could have beneficial effects on mucus
production and intestinal epithelial barrier in vitro. To study the effect
of GFB on intestinal mucus, we used the HT29-16E mucus-secreting
cells that, like normal goblet cells, produce mucins (Augeron &
Laboisse, 1984; Maoret et al., 1989). Confluent HT29-16E monolayers

secrete a dense mucus gel and represent an established healthy human
model to study goblet cell mucus secretion in vitro. Importantly, ex vivo
experiments performed on intestinal explants from pigs confirmed in
vitro data, demonstrating the high predictive value of the HT29-16E
cells as a health model of intestinal goblet cells (Pinton et al., 2015). It
has been previously reported that granules positive for Alcian blue
contain (Behrens, Stenberg, Artursson & Kissel, 2001) non-sulfated
acidic mucins or sialomucin (pH 2.5), as well as sulphated mucins or
sulphomucins (pH 1.0), and also that PAS-positive goblet cells secrete
neutral mucins (Trevizan et al., 2016). Studies about mucin secretion
have proven challenging in the past, as mucins are difficult to purify. At
the same time, both chemical or radioactive labelling have limitations
because labelling is restricted to a single attribute, such as a mono-
saccharide or amino acid, which is not exclusive to mucins, or ne-
cessarily evenly distributed among them (Forstner, 1995). The data
presented here demonstrated that GFB does not affect cell viability, as
indicated by the MTT assay, but does increase the secretion of mucins as
observed after PAS and Alcian blue staining, in comparison with the
control cells.

Whereas a rise in mucus production is indicative of a healthy re-
sponse of the intestinal epithelia (Forstner, 1995), reduced mucus
production is consistently observed in Inflammatory Bowel Diseases,
such as ulcerative colitis and Crohn disease (Lammers et al., 1994;
Makkink et al., 2002). Alteration of mucin production has also been
reported in CD patients (Bischoff et al., 2014; Einerhand et al., 2002;
Strugala, Dettmar & Pearson, 2008) and has been linked to the onset of
CD (Boltin, Perets, Vilkin & Niv, 2013).

To better investigate the effect of GFB on mucin production, we
used two specific MUC2 and MUC3 Human enzyme linked im-
munosorbent assays (ELISA) that allowed us to quantify the two mu-
cins, and discriminate the inner layer attached firmly to the epithelial
surface, and the outer layer non-adherent mucus (Augeron & Laboisse,
1984; Crabtree, Heatley & Losowsky, 1989). MUC3 is a membrane
bound adherent mucin, while MUC2 is a gel-forming mucin secreted on
the outer or non-adherent mucus layer (Augenlicht, Augeron, Yander &
Laboisse, 1987).

Thus, MUC2 ELISA data support the finding that GFB induces higher
production of MUC2 than the control and CB. No significant difference
was observed in MUC3 secretion throughout different experiment
conditions. Arike and Hansson (2004) explain that MUC2 mucins have
a protective role owing to their o-glycosylation density, forming a hy-
drophilic diffusion barrier with its bound water. Furthermore, MUC2
also provides food for commensal bacteria (Byrd & Bresalier, 2004) and
prevents pathogens from reaching the glycocalyx beneath, which is
devoid of microbes (Arike & Hansson, 2004; Johansson et al., 2008). It
is important to highlight that MUC2 does not only constitute a non-
specific physical barrier, but also significantly affects the im-
munogenicity of gut antigens by delivering tolerogenic signals to den-
dritic cells, via the intestinal epithelial cells, and therefore enhancing
gut homeostasis (Johansson et al., 2013; Shan et al., 2002). A reduced
MUC2 production has indeed been associated to a range of gastro-
intestinal inflammatory states, including ulcerative cholitis (Makkink
et al., 2002; Shan et al., 2013). The data presented here support the
potential of GFB to maintain and/or enhance gut homeostasis and in-
testinal barrier function, by maintaining higher mucin levels than
control and CB treated cells. Indeed, GFB triggers MUC2 production to a
higher extent, potentially contributing to create a stronger intestinal
barrier. It is also worth underlining that innate immunity has been
considered as another possible key element in the development of CD
(Van Klinken, Van der Wal, Einerhand, Büller, & Dekker, 1999), which
is characterized by imbalances of the intestinal microbiota composition,
thus suggesting a role of intestinal microbiota in this pathology. The
mode by which GFB stimulates mucin production requires further in-
vestigation. Results collected so far suggest that exposure of hydrated
wheat caryopses to the Gluten Friendly™ technology induces a different
spatial conformation of the amino acid sequences and a rearrangement

Fig. 3. Quantification of specific mucin production by HT29-16E cells after 24 h
incubation with control bread (CB) and gluten-friendly bread (GFB), compared
to a control cell monolayer. MUC2 levels (A) and MUC3 levels (B) were de-
termined by ELISA. Data are means of 3 separate experiments, each performed
in 4 replicates (n= 12), and presented as mean ± SD. Statistical analysis was
conducted by One-way ANOVA with Tukey post-hoc test (*** = P < 0.001 vs.
control; §§ = P < 0.01 vs. CB).

Fig. 4. Epithelial barrier function measured as Trans Epithelial Electrical
Resistance (TEER). Data are shown as the % of initial TEER, in HT29-16E cells
after 24 h incubation with control bread (CB) and gluten-friendly bread (GFB),
compared to a control cell monolayer. Data are means of 3 separate experi-
ments, each performed in 3 replicates, 2 measurement for each replicate
(n=18), and presented as mean ± SD. Statistical analysis was conducted by
One-way ANOVA with Tukey post-hoc test (** = P < 0.01 vs. control; *** =
P < 0.001 vs. control; §§ = P < 0.01 vs. CB).
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of the secondary and tertiary structure of gluten proteins (Lamacchia
et al., 2016). Furthermore, it has been postulated that such rearrange-
ment of the gluten protein structure exposes positive charges, namely
cationic residues, and could explain the novel effects of GFB on bacteria
and probiotics (Bevilacqua et al., 2016). Given that secretion is trig-
gered by a wide array of bioactive factors, including cholinergic ago-
nist, hormones (neuropeptides), microbes and microbial products
(peptides), inflammatory cytokines, and reactive oxygen and nitrogen
species (Kim & Ho, 2010), the cationic peptides in GFB could also be
acting as mucin segretagogues on HT29-16 E mucus-secreting cells.

TEER values for human small intestine vary from 50 to 100Ω/cm2.
However, in this study, the integrity of the monolayer was confirmed by
TEER > 200Ω/cm2 (Martínez-Maqueda et al., 2015, chap. 11). Var-
iations in TEER measurements may arise due to differing culture
parameters, such as the passage number of the cells; the age and the
stage of differentiation of the cells; the type of culture medium used; the
seeding density of the cells and the type of support the cells are cultured
on (Sambuy, 2005). Therefore, in spite of some limitations of the in vitro
cell model (Martínez-Maqueda et al., 2015, chap. 11; Sambuy, 2005),
this study indicated the potential for GFB to improve the intestinal
cellular barrier integrity, as indicated by the significantly higher TEER
increase, compared to both control and CB. Even though the exact in-
teractions and contributions of the intestinal mucosa are not clearly
defined, an increased TEER signal indicates increased intestinal barrier
function. Mucins are a key extracellular component of the intestinal
barrier (Rossi & Schwartz, 2010). It could be assumed that the increased
trans-epithelial electrical resistance is mainly due to the increase in the
gel-forming MUC2 secretion. However, it should be noted that the
glycocalyx and tight junction proteins are also known to be key con-
tributors (Lee, 2015).

Abnormal bacterial adherence and internalization by epithelial cells
have been reported in CD Patients (Drago et al., 2006; Rossi &
Schwartz, 2010). In vitro studies using Caco-2 cells and IEC6 have
shown that tight junction protein interactions are compromised by
gluten (Rossi & Schwartz, 2010). This leads to the rearrangement of the
cytoskeleton, and increases monolayer permeability (Drago et al.,
2006). With recent knowledge that adherent mucosa-associated bac-
teria play a critical role in IBS (Irritable Bowel Syndrome) and colitis-
associated colorectal cancers, there is increased understanding that an
abnormal interaction between epithelium and bacteria also exists.
There is now scientific consensus regarding the importance of gut mi-
crobiome in health and disease (Byrd & Bresalier, 2004; Ulluwishewa
et al., 2011) and there are many factors that influence its composition
(Nicholson et al., 2012; Ulluwishewa et al., 2011).

The gut microbial dysbiosis seen in CD patients has been found to
dramatically affect the host physiology (Yatsunenko et al., 2012). Re-
cently, the effect of GFB on the gut microbiota of both healthy and CD
patients has been investigated (Bevilacqua et al., 2016; Costabile et al.,
2017) and it has been shown that GFB positively modulated the com-
plex bacterial ecosystem with an increase in numbers of health-pro-
moting beneficial bacteria (Costabile et al., 2017).

Additionally, GFB prolonged the survival of Lactobacillus acidophilus
and had antibacterial effects towards Staphylococcus aureus and
Salmonella Typhimurium (Bevilacqua et al., 2016). Other studies have
found that L. acidophilus counteracts inhibition of butyrate uptake in
intestinal epithelial cells by enteropathogenic E. coli (Krishnan, Alden &
Lee, 2015).

It has been reported that the intestinal microbiota may modulate
goblet cell function and the intestinal mucus layer (Kumar, Rajendran,
Kumar, Hamwieh, & Baum, 2015). Therefore, taken together with the
outcome of the present study, intestinal epithelium mucus production
may be increased not only by a direct effect of GFB itself, but also as a
consequence of gut microbiota modulation triggered by GFB. Further
research is, however, required to assess whether such functionality is
also maintained in vivo, particularly in coeliac subjects. It could be
concluded that GFB has the potential to induce mucin secretion by

intestinal epithelial cells and to improve intestinal epithelial barrier
function. Thus in vivo studies are recommended to confirm the in vitro
outcome presented in this study. If confirmed, such observed potential
may effectively contribute to consequent benefits, such as higher gut
barrier defense, decreased susceptibility to infections and better ab-
sorption regulation, thus helping to redress such disturbances in
chronic inflammatory intestinal diseases.
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