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Abstract

Trefoil factors (TFFs) are bioactive peptides expressed by several epithelia, including the intestine,
where they regulate key functions such as tissue regeneration, barrier function and inflammation.
Although food-associated mycotoxins, including deoxynivalenol (DON), are known to impact many
intestinal functions, modulation of TFFs during mycotoxicosis has never been investigated. Here, we
analyzed the effect of DON on TFFs expression using both human goblet cells (HT29-16E cells) and
porcine intestinal explants. Results showed that very low doses of DON (nanomolar range) inhibit the
secretion of TFFs by human goblet cells (ICgq of 361, 387 and 243 nM for TFF1, 2 and 3, respectively)

and prevent wound healing. RT-gPCR analysis demonstrated that the inhibitory effect of DON is related
to a suppression of TFFs mRNA expression. Experiments conducted on porcine intestinal explants
confirmed the results obtained on cells. Finally, the use of specific inhibitors of signal pathways
demonstrated that DON-mediated suppression of TFFs expression mainly involved Protein Kinase R
and the MAP kinases (MAPK) p38 and ERK1/2. Taken together, our results show for the first time that
at very low doses, DON suppresses the expression and production of intestinal TFFs and alters wound
healing. Given the critical role of TFFs in tissue repair, our results suggest that DON-mediated
suppression of TFFs contributes to the alterations of intestinal integrity the caused by this toxin.
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Introduction

The epithelial cells covering the intestinal surface is a renewing tissue, constituting a selective barrier
that allows the absorption of nutrients and limits the entry of noxious molecules and micro-organisms.
The functional integrity of this barrier relies on the coordinated regulation of different process including
the production of mucus, the establishment of intercellular tight junctions, and the epithelial self- renewal.
Gobilet cells play a critical role in barrier function since these particular intestinal epithelial cells, not only
pro- duce mucins, but also secrete factors regulating the epithelial renewal and healing (Kim and Ho
2010). Indeed, the intestinal epithelium is considered as the most rapidly proliferating tissue of the body
with a complete turnover every 24-96 h, the epithelial renewal taking place through a combination of
cell division, cell migration (also called restitution) and surface shedding (Potten et al. 1992; Taupin and
Podolsky 2003; Sturm and Dignass 2008). Various signal molecules participate in epithelial renewal.
Although secreted growth factors, such as epidermal growth factor (EGF), hepatocyte growth factor
(HGF) and transforming growth factor (TGF) play a role through the stimulation of cell division, the trefoil
factors (TFFs) play an critical role through their ability to stimulate cell migration/restitution (Taupin and
Podolsky 2003; Playford et al. 2004; Hoffmann 2005). In fact, TFFs do not promote or regulate cell
proliferation/division but rather stimulate cell migration that is essential during epithelial restitution
(Dignass et al. 1994). The major role of TFFs in tissue repair has been elegantly demonstrated using
knock- out mice, the deficiency in TFFs causing an ineffective intestinal repair response after intestinal
injuries by chemicals, radiations or hypoxia (Mashimo et al. 1996; Furuta et al. 2001; Beck et al. 2004).
In addition to their major role in intestinal healing, TFFs have also additional regulatory activities on
intestinal immunity and inflammation (Kjellev 2009; Hoffmann 2009). At present, three members of the
trefoil factor family (i.e., TFF1, 2 and 3) have been charac- terized in mammals. They are small peptides
(6.5-12 kDa) having in common a trefoil domain (38 or 39 amino acids) stabilized by three intramolecular



disulfide bridges. TFFs are expressed by various organs of the body, but they are mostly secreted by
mucin-producing cells of epithelia, such as intestinal goblet cells (Madsen et al. 2007; Kjellev 2009).

In relation to their critical role in intestinal healing and to their ability to modulate intestinal immunity and
inflammation, alterations of TFFs expression was associated with inflammatory bowel diseases
(Playford et al. 2004; Sturm and Dignass 2008; Aamann et al. 2014). TFFs levels vary significantly in
the case of some digestive tract cancers, and could potential serve for early detection of these diseases
(Chaiyarit et al. 2015; Xiao et al. 2015; Xie et al. 2017). However, the effect of exposure to toxins on
their expression is still uncharacterized.

Mycotoxins are fungal secondary metabolites contaminat- ing the food chain and affecting animal and
human health (Bennett et al. 2003; Wu et al. 2014). Among the various mycotoxins, deoxynivalenol
(DON) is one of the most stud- ied due to its known deleterious effects and high prevalence (Maresca
2013; Payros et al. 2016). As other trichothecenes, DON is a small sesquiterpenoid with an epoxide
group at position 12—13 critical for its biological effects (Maresca 2013). Although it was first thought that
this epoxide group was reactive and creates a covalent bound between DON and the ribosomes, it has
been recently demonstrated that it is critical for DON to adopt an appropriate conformation able to
interact with ribosomes (Pierron et al. 2016a; Dellafiora et al. 2018). This leads to the so-called ribosome
stress response characterized by the activation of various protein kinases (including the Protein Kinase
R (PKR) and the MAP kinases p38 and ERK1/2) and eventually causing the modulation of gene
expression, the inhibition of protein

synthesis and the cell death depending of the dose and time of exposure (Lucioli et al. 2013; Maresca
2013). DON is known to alter the functions of various tissues and organs such as the immune system,
the brain and the intestine (Pestka 2010; Razafimanjato et al. 2011; Alassane-Kpembi et al. 2017). At
the gut level, DON is able to affect numerous processes, including the barrier function, the absorption
of nutrients, the production of mucus and the intestinal immu- nity (Maresca 2013; Pinton and Oswald
2014; Robert et al. 2017). No data are however available at present regarding the potential effect of
DON on the intestinal expression of TFFs by goblet cells. We recently used a validated in vitro model of
human goblet cells, i.e., the HT29-16E cells, to demonstrate that DON inhibits mucins expression
through modulation of the resistin-like molecule B (RELMB) (Pin- ton et al. 2015). In the present study,
HT29-16E cells and porcine intestinal explants were used to study the impact of DON on TFFs
expression by human and animal goblet cells. Results demonstrated that low doses (i.e., nanomolar
range) of DON decrease the expression and secretion of TFFs by goblet cells contributing to the
intestinal alterations and lesions caused by this toxin.

Materials and methods

Cell culture

HT29-16E cells (generous gift from Prof Christian Laboisse) and Caco-2 cells (ATCC HTB-37) were
maintained in Dul- becco’s modified essential medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 1% I-glutamine and 1% antibiotics (all from Invitrogen) and maintained in a 5% CO2 incubator at
37 °C. For studying DON effects, HT29-16E cells were seeded at an initial density of 250,000 cells per

cm? onto 12 or 96 well plates and let to differentiate for 10-14 days, preliminary experiments showing

that expres- sion and secretion of TFF were optimal at that time.

Preparation of jejunal explants

Six castrated male piglets, acquired just after weaning, were used to prepare intestinal explants. All
experiments were conducted under the approval of the French Ministry of Higher Education and
Research (decision no. #6303_2016080314392462, February 2nd 2017). Animals were slaughtered by
electronarcosis before exsanguination. The jejunum was rapidly excised and processed as previously
described (Alassane-Kpembi et al. 2017; Garcia et al. 2018). Briefly, biopsy punches were laid on
sponges and incubated for 8 or 12 h in Williams medium (Sigma) supplemented with penicillin,
streptomycin, gentamicin and 10% fetal calf serum (Eurobio, Courtaboeuf, France), 4.5 g/l of D-glucose
and 30 mM of amino acid (Ala/Glu) (Sigma) in presence of 10 uM of DON at 39 °C, under a CO2

controlled atmosphere with orbital shaking before they were used for gene expression assessment.

Mycotoxin treatment

DON (from Romer Lab) stock solutions was prepared in anhydrous ethanol and stored at — 20 °C. Serial
dilutions of DON were prepared in anhydrous ethanol allowing the addition of similar volume of vehicle
in all experiments. HT29-16E cells were treated with the indicated concentrations of DON or equivalent
volume of ethanol (for untreated cells) (1% final, volume/volume) in DMEM without FCS and without
antibiotics.



Analysis of TFFs secretion by ELISA

HT29-16E cells seeded onto 12-well plates were treated or not with DON. After exposure to toxin, cell
supernatants were collected, centrifuged at 1200 rpm for 5 min at 4 °C and stored at — 80 °C for later
use. For ELISA analysis, 200 pl of HT29-16E cell culture supernatants or of increasing concentrations
of pure TFFs standards (recombinant human TFF1, 2 and 3, Peprotech) diluted in DMEM were added
onto 96-well plates (MaxiSorp from Nunc) and incubated overnight at 4 °C. Plates were washed three
times with wash buffer (PBS plus 0.025% Tween-20). Wells were then saturated with PBS containing
2% BSA. Primary antibodies against human TFF1 (sc-28925), TFF2 (sc-23558) or TFF3 (sc-81467) (all
from Santa Cruz, 1:100 dilution) were added for 1 h at room temperature. Wells were washed three
times and horseradish (HRP)-conjugated secondary antibodies (1:10,000) (Jackson Immunoresearch)
were added for 1 h at room temperature. After six washes, HRP substrate (Fast OPD from Sigma-—
Aldrich) was added. After 30 min of color development, reaction was stopped with concentrated HoSOy4

and the optical density was finally measured at 490 nm. TFFs concentrations in samples were
determined using the standard curves obtained using pure recombinant human TFF1, 2 or 3 (from
Peprotech).

Measurement of the cell viability

Integrity and viability of HT29-16E cells were evaluated using lactate dehydrogenase (LDH) and MTT
assays, respec- tively (Razafimanjato et al. 2010, 2011; Pinton et al. 2015). For the LDH assay, HT29-
16E cells seeded onto 12-well plates were treated with increasing concentrations of DON for various
times. Then, 50 pl of culture supernatants were collected and added to 250 ul of reaction buffer
containing Tris—HCI (86 mM; pH 9.3), KCI (172 mM), L-lactic acid (56 mM) and NAD (6.88 mM) in 96-
well microplates. OD

at 340 nm was measured 30 s after culture supernatants were added to wells giving the initial measure.
OD340 nm was then measured after 10 min of incubation at 37 °C, variation of OD being linear over this
time period (data not shown). Percentage of released LDH was finally calculated using cells lysed with
Triton X-100 (1% final concentration) as 100% of release. The MTT assay was performed on HT29- 16E
cells seeded onto 96-well plates as previously described (Razafimanjato et al. 2010, 2011; Pinton et al.
2015).

Wound-healing assay

The effect of goblet cells on enterocyte migration was studied using Caco-2 cells as model of
enterocytes. Caco-2 cells were seeded at an initial density of 250,000 cells per cm? onto culture devices
specifically designed for wound-healing assays (iBdi). After 3—4 days of growth, when cell confluence
was reached, cell monolayer was washed three times with DMEM medium without FCS and antibiotics.
The cen- tral detachable plastic part of the device was then removed according to manufacturer's
instructions to create a regular wound of 500 nm of length across the Caco-2 cell monolayer. Wells were
then filled with conditioned medium collected from confluent HT29-16E cells seeded onto 12-well plates
and treated or not with DON at 10 uM in DMEM without FCS for 48 h. To avoid artifacts due to the
presence of DON, DON was eliminated from HT29-16E cell culture supernatants using 1 kDa Centricon
devices before being added onto Caco-2 cells. Briefly, culture supernatants were passed through the
Centricon tubes by centrifugation accordingly to manufacturer’s protocol. Retained conditioned
supernatants (MW > 1 kDa) were washed three times with 0.5 ml of DMEM without FCS. After the last
wash, retained conditioned supernatants were collected, diluted with DMEM without FCS to the volume
initially filtered and added onto Caco-2 cell monolayers. The absence of DON was confirmed using
ELISA kit (AgraQuant, Romer lab). DMEM containing 10% FCS and DMEM without FCS were,
respectively, used as positive and negative control of wound healing. Cells were returned at 37 °C in
the 5% CO: incubator. After 24 or 48 h of incubation, Caco-2 cell monolayer was observed and pictures
were taken using photonic micro- scope device (Floid cell imaging station, Life Technologies). Tissue
repair was evaluated through the measurement of the length and the area of the wound over the time.

Quantification of TFFs mRNA

Total mRNA from HT29-16E cells or porcine intestinal explants were extracted and quantified as
previously described (Pinton et al. 2012, 2015; Graziani et al. 2015; Gourbeyre et al. 2015). Primers
used for mRNA quantifiation were selected using Universal Probe Library Assay Design Center (Roche
applied science) when available or designed at home. Their sequences are reported in Tables 1 and 2.
TFFs mRNA levels were normalized to house-keep- ing genes, i.e., GAPDH and cyclophilin A, ribosomal
protein L32 or B-2microglobulin, for HT29-16E cells and porcine explants, respectively. The relative
quantification of TFFs mRNA levels was performed using the comparative AACt method (Livak and
Schmittgen 2001).



Identification of the signal pathways involved in DON effect

DON is known to activate signal pathways such as the Pro- tein Kinase R (PKR) and the mitogen-
activated protein kinases (MAP kinases) p38 and ERK1/2 (Pinton et al. 2012; Lucioli et al. 2013;
Maresca 2013). To test the involvement of such signal pathways in DON effect on TFF expression in
HT29-16E cells, specific inhibitors were added 30 min prior DON treatment (10 uM). Inhibitors used
were adenine (specific PKR inhibitor, 2 mM), SB 203580 (specific p38 inhibitor, 20 uM), PD 98059
(specific ERK1/2 inhibitor, 50 uM) (all from Tocris), preliminary data having shown that inhibitors at these
doses have no effect on TFFs expression (data not shown). After 48 h incubation, TFFs expression was
then analyzed using RT-gPCR as explained above.

Statistical analysis

All experiments were conducted in triplicate. IC50 were calculated using GraphPad® Prism 7 software.
t test and two-way ANOVA analyses were used to address the signifi- cant differences between mean
values with significance set atp<0.05.

Results

DON inhibits the secretion of TFFs by human intestinal goblet cells

The impact of DON on TFFs secretion was first studied on HT29-16E cells, a well-characterized model
of human goblet cells. Dose-dependent effect of DON on TFFs secretion was evaluated after 48 h
exposure of HT29-16E cells to increasing doses of toxin (Fig. 1). Results showed that DON is able to
suppress the secretion of TFFs by human goblet cells, with a statistically significant effect starting at 1
MM (77.2 £ 6.3, 87.5 £ 11.2 and 92.4 + 8.8% inhibition for TFF1, 2 and 3, respectively (p < 0.01)) and
half-inhibitory concentration (ICso) values of 0.361 + 0.087, 0.387 + 0.131 and 0.243+0.072 uM for TFF1,
2 and 3, respectively. Importantly, measurement of the effect of 48-h exposure to DON on the viability
of HT29-16E cells by LDH and MTT assays demonstrated that cytotoxicity only appears at doses of
DON higher than 25 pyM, with an ICsoon cell viability of 79 + 27 and 88 + 12 yM for LDH and MTT assay,
respectively (Fig. 2), demonstrating that the inhibitory effect of DON on TFFs secretion is specific and
not due to general toxicity.

Based on the major role of TFFs in tissue repair, inhibitory effect of DON on TFFs secretion was further
studied using wound-healing assay (Figs. 3, 4). The ability of conditioned media originating from human
goblet cells (HT29-16E cells cultured in DMEM—-FCS) exposed or not to DON (10 uM for 48 h) to
stimulate wound healing of human enterocytes (Caco-2 cells) was tested. Conditioned medium obtained
from untreated HT29-16E cells was able to stimulate wound healing similarly to the positive control
medium (DMEM + FCS) (decrease in the wound distance of 68.3 + 11.4 and 98.7 £ 6.1% or 50.2 £ 9.8
and 88.2 + 13.1% and decrease in the wound area of 74.1 £ 15.9 and 96.2 + 22.6% or 45.8 + 13.1 and
89.3 £ 18.1% at 24 and 48 h for DMEM + FCS or HT29-16E conditioned medium, respectively)
confirming the ability of HT29-16E supernatant to cause cell migration and wound healing. By contrast,
conditioned medium obtained from HT29-16E cells treated with DON was unable to induce cell migra-
tion and wound healing giving similar results to negative control (DMEM-FCS) (decrease in the wound
distance of 14.1 £ 2.9 and 45.6 £ 12.8% or 17.1 + 15.6 and 40.9 £ 24.1% and decrease in the wound
area of 11.5 + 13.8 and 49.1£17.3% or 22.4+19.1 and 31.5+£26.1% at 24 and 48 h for DMEM-FCS or
DON-treated HT29-16E conditioned medium, respectively). Quantification of TFF secretion by ELISA
confirmed that DON-treated HT29-16E conditioned medium contained significantly less TFF proteins
compared to HT29-16E conditioned medium (9.7 + 0.6, 36.1 + 2.8 and 33.4 + 1.8 ng/ml versus 1.2 +
0.2,2.3+0.4 and 2.1 £ 0.3 ng/ ml for TFF1, TFF2 and TFF3 in HT29-16E-conditioned medium and
DON-treated HT29-16E-conditioned medium, respectively).

DON inhibits the mRNA expression of TFFs by human and pig goblet cells

Since DON inhibits TFFs secretion, study was conducted to evaluate if this inhibitory effect was due to
an inhibition of TFFs mRNA expression. Time-dependent effect of DON on TFFs mRNA expression in
HT-29-16E cells was first studied (Fig. 5a). Results showed that DON at 10 uM caused a biphasic effect
on TFF1, 2 and 3 mRNA expression. An initial increase in mMRNA expression was observed after
exposure of 3 h with 555, 14617 and 62+14% increase for TFF1, TFF2 and TFF3 mRNA, respectively.
This initial stimulation was followed by a progressive decrease in the expression of TFFs mRNA over
time, leading to nearly complete suppression after exposure of 48 h (i.e., 93+ 4,99+ 0.5and 92 + 1%
of inhibition for TFF1, TFF2 and TFF3, respectively).

Next, dose-dependent study of the effect of DON on TFFs mRNA expression was performed after 48-h
exposure of human goblet cells to increasing doses of DON. Results showed that DON caused a dose-
dependent suppression of TFF1, 2 and 3 mRNA expression (Fig. 5b) with a statistically significant
inhibition starting at 1 nM DON for TFF1 and TFF2 (i.e., 27 + 2 and 39 + 1% of inhibition, respectively,



p < 0.05) and a nearly total inhibition of the expression of TFF1, 2 and 3 at doses of DON superior or
equal to 1 yM. Determination of IC5 demonstrated that DON was able to inhibit TFFs mRNA expression

at very low doses, with IC5(q values of 0.042 + 0.019, 0.056 + 0.024 and 0.372 + 0.122 uM for TFF1,

TFF2 and TFF3, respectively.

In order not to restrict the observation to an intestinal cell line, experiments were also performed on
whole intestinal tissues using porcine explants, a well-characterized model to study the effect of
mycotoxins (Pierron et al. 2016a; Alassane-Kpembi et al. 2017). Porcine intestinal explants were
exposed for 8 or 12 h to 10 uM of DON before analysis of

TFFs mRNA expression (Fig. 6). At 8-h exposure, DON had different effects on TFF1, 2 and 3. Whereas
DON inhibited TFF2 and TFF3 expression (39 + 9 and 44 + 5% of inhibition, respectively), it caused a
stimulation of TFF1 expression (169 + 58% of increase, p < 0.05). At 12-h exposure, DON inhibited the
expression of all TFFs with 53 + 10, 67 £ 7 and 73 + 6% of inhibition for TFF1, TFF2 and TFF3,
respectively (p < 0.01).

Inhibition of the expression of TFFs by DON relies on the activation of PKR and the MAP kinase p38
and ERK1/2 in HT29-16E cells

DON is known to affect gene expression and cell functions through the initial activation of Protein Kinase
R (PKR) and subsequent activation mitogen-activated protein kinases (MAP kinases) (mainly p38 and
ERK1/2) pathways (Maresca 2013; Payros et al. 2016). Specific inhibitors of these pathways were used
to evaluate their role in the inhibitory action of DON on TFFs expression in HT29-16E cells (Fig. 7).
Results showed that adenine (a specific PKR inhibitor, 2 mM) abolished the inhibitory effect of DON on
TFFs expression (120 + 39, 96 + 45, 79 £ 19% inhibition of DON effect for TFF1, 2 and 3, respectively,
p < 0.01). Similarly, SB 203580 (a specific p38 inhibitor, 20 uM) counteracted the inhibitory action of
DON on TFFs expression, affecting more TFF1 and 2 expression (93 + 10 and 52 + 8% inhibition of
DON effect for TFF1 and 2, respectively, p <0.01) than TFF3 (23 + 6% inhibition of DON effect on TFF3,
p < 0.05). PD 98059 (a specific ERK1/2 inhibitor, 50 uM) was also able to limit the inhibitory action of
DON on TFFs expression, affecting more TFF1 and 3 (62 + 21 and 73 £ 15% inhibition of DON effect
on TFF1 and 3, respectively, p < 0.001) than TFF2 (38 + 28% inhibition of DON effect on TFF2, p <
0.05). Taken together, the use of specific inhibitors demonstrated that the suppressive effect of DON on
TFFs expression by human goblet cells relies on the activation of PKR and MAP kinases.

Discussion

DON is known to affect numerous intestinal functions such as barrier function, nutrient absorption and
gut immunity in humans and animals (Maresca 2013; Pinton and Oswald 2014; Payros et al. 2016).
Whereas the effects of DON on enterocytes is well documented, its effect on other cells forming the
intestinal epithelium, including goblet cells, is the less studied. We recently showed, using porcine
explants and human goblet cells (i.e., HT29-16E cells), that DON is able to inhibit the expression and
secretion by human and porcine goblet cells of mucins through a PKR and MAP kinase-dependent
repression of the resistin-like molecule B (RELM-B) (Pinton et al. 2015). In the present study, the same
ex vivo and in vitro models were used to evaluate the effect of DON on the expression and secretion of
another important family of molecules produced by goblet cells, the trefoil factors (TFFs). TFFs play an
important role in the gut since they stimulate tissue regeneration/repair (Taupin and Podolsky 2003;
Playford et al. 2004; Hoffmann 2005). It has been established that the repair effect of TFFs does rely on
their action on cell proliferation/division but rather through their ability to stimulate cell migration that is
essential during epithelial restitution (Dignass et al. 1994). Thus, the deficiency in TFFs is associated
with an ineffective intestinal repair response after physical or chemical insults (Mashimo et al. 1996;
Furuta et al. 2001; Beck et al. 2004). In vivo and ex vivo studies conducted in pigs and mice have
demonstrated that intoxication with DON reduces the length of the intestinal villi (Payros et al. 2017;
Garcia et al. 2018; Pierron et al. 2018). Although this shortening of the length of the villi could be
attributed to an effect of DON on cell division/cell renewal, an effect of DON on cell migration along the
crypt-villi axis through an alteration of the secretion of TFFs could not be ruled out.

Our results confirmed that DON dose-dependently sup- presses the secretion of TFF1, TFF2 and TFF3
by human goblet cells. A wound-healing assay confirmed the inhibitory action of DON on TFFs secretion
by human intestinal goblet cells. Indeed whereas the conditioned medium obtained from control HT29-
16E cells was able to stimulate cell migration and wound healing, the conditioned medium obtained from
HT29-16E cells treated with DON failed at causing it. Measurement of the expression of TFFs mRNA
demonstrated that the inhibition of TFFs secretion by DON is associated to a decrease in their
expression. Time-dependent study showed that the effect of DON on TFFs mRNA expression is
biphasic, with a moderate initial increase (1.6- to 2.4-fold increase at 3—-6 h exposure compared to
control) followed by a strong inhibition of their expression after 6 h of exposure, with around 50%



inhibition after 24-h exposure and almost complete inhibition after 48-h exposure (Fig. 5a) in accordance
with the data obtained when measuring the secretion of TFFs at that time. Dose-dependent study of the
effect of DON on the expression of TFFs mRNA after 48-h exposure (Fig. 5b) confirmed the results of
ELISA and a complete suppression of TFFs mRNA expression by HT29-16E cells exposed to doses of
DON superior or equal to 1 pM. Importantly, ex vivo experiments performed on intestinal explants
isolated from pigs confirmed in vitro data obtained with HT29-16E cells, demonstrating the high
predictive value of these cells as model of intestinal goblet cells. Interestingly, a recent in vivo study
addressed the pre- ventive effect of Lactobacillus rhamnosus on the gut bar- rier defect caused by a
mixture of DON and zearalenone in mice (Wan et al. 2016). Although it was not the focus of this study,
the authors found that the mixture of DON and ZEA was able to decrease the expression of TFF3 mRNA.
This result obtained in vivo with mice confirm our ex vivo and in vitro observations, suggesting that DON
effect on TFFs is not species-dependent and is observed at least in mice, pigs and with human goblet
cells.

In accordance with previous work (Pinton et al. 2015), measurement of the effect of DON on the viability
of HT29-16E cells using LDH and MTT assays gave IC5( values on cell viability of 79 + 27 and 88 + 12

MM, respectively. The fact that modulation of the expression and secretion of TFFs by human goblet
cells are observed at sub-toxic doses of DON demonstrated that such effect is independent of general
cytotoxicity but rather depends on subtle altera- tions of signal pathways and gene expression in goblet
cells. Although DON is known to activate various signal pathways after its initial binding to ribosomes,
the major ones are the Protein Kinase R (PKR) and the mitogen-activated protein kinases (MAP kinases)
including p38 and ERK1/2 (Maresca 2013). The respective involvement of these pathways in DON
signaling and DON effects on intestinal cells depends of the cell type and function affected. For example,
the effect of DON on intestinal tight junctions is dependent on p38 and ERK1/2 (Pinton et al. 2010).
DON’s effect on interleukin 8 secretion by enterocytes (Maresca et al. 2008) and on mucin expression
by HT29-16E cells (Pinton et al. 2015) relies on the activation of p38 but not ERK1/2, whereas DON'’s
effect on the invasion of enterocytes by Salmonella depends on ERK1/2 but not p38 (Vandenbroucke
et al. 2009). The use of specific inhibitors allowed us to demonstrate that the effect of DON on the
expression of TFFs by human goblet cells relies on the activation of PKR and the MAP kinase p38 and
ERK1/2. How PKR and/or MAP kinases regulate TFFs expression is presently unknown, further work
being necessary to address this question. Nevertheless, our results demonstrate that, although the
effects of DON on entero- cytes were mostly studied and described, goblet cells are another important
target of DON in the gut. Thus, DON not only affects the ability of goblet cells to produce mucins forming
the intestinal mucous layer involved in physical/ chemical protection of the gut and providing board and
lodging to the microbiota (Kim and Ho 2010; Pinton et al. 2015), but also affects their ability to produce
trefoil factors that are involved in tissue repair and gut immunity/inflammation (Kim and Ho 2010).
Interestingly, looking at other important proteins of goblet cells, we also found that DON at doses
superior or equal to 1 uM is able to strongly suppress the expression of another important protein
produced by goblet cells, i.e., the Fc-y-binding protein or IgG Fc-binding pro- tein (Fcgbp) (unpublished
data), a protein of 596 kDa able to covalently bind to mucins, to cross link and stabilize the mucin network
(Kim and Ho 2010).

Determination of mycotoxin exposure in humans in Europe has shown that adults may be exposed daily
to up to 0.52 ug of DON per kg of body weight (Gerding et al. 2014), higher exposure being reported by
the Joint FAO/ WHO Expert Committee on Food Additives (JECFA) (up to 2.4 ug/kg of BW per day).
Modified forms of DON, such as 3- or 15-acetyl-DON and DON-3 glucoside, potentially fur- ther increase
the daily exposure of humans to DON (Berthiller et al. 2013; Ajandouz et al. 2016; Pierron et al. 2016b).
The actual provisional maximum tolerable daily intake (PMTDI) and maximal exposure levels found in
human food lead to potential intestinal concentrations of 210 and 504 nM of DON, respectively (Maresca
and Fantini 2010; Maresca 2013). The fact that alterations of TFFs expression and secretion are
observed at 1 yM or less of DON is thus alarming. Indeed, due to the important role played by TFFs in
intestinal repair, a depletion of TFFs caused by DON may participate in the alterations of the intestinal
epi- thelium observed after exposure of humans and animals to this mycotoxin.
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Table 1: Sequences of primers used in this study for human mRNA analysis.

Gene Accession Description Amplicon Primers Length Tm %GC
Glyceraldehyde- gagtccactggcgtcttcac 20 60 60
GAPDH NM_002046.3 3-phosphate 119 nt
- de%ydrggenase ttcacacccatgacgaacat 20 59 45
20 59 55
TFF1  NM_003225.2 Trefoil factor 1 7gnt  cocotggtgctictatecta
gatccctgcagaagtgtctaaaa 23 59 43
20 59 55
TFF2  NM_005423.4 Trefoilfactor2 ~ 109nt  Cdaagigetgetictecaac
Ccagatgcatcctctggaac 20 60 55
19 59 58
TFF3 ~ NM_003226.3 Trefoil factor 3 g7nt  Sctgctgetitgactceag
Tggaggtgcctcagaaggt 19 60 58
Table 2: Sequences of primers used in this study for porcine mRNA analysis.
. o Amplic . Lengt T %G
Gene Accession Description on Primers h m c
Sus scrofa tgccagagtgaactgtggtttc 22 99 50
TFFA1 AM283538.1 Trefoil factor 68 nt
1 caaagcagcagccttttttttc 22 59 41
Sus scrofa atcaccagcgaccagtgctt 20 59 55
TFF2 ?](M—003358971' ;’refoil factor 110 nt  atgacgcactcctcagactett 23 60 59
g
Sus scrofa caggatgttctggctgctagt 22 39 4
TFF3 '1\"\"—001243483' Treoilconiisny. = - 1
3 gcagtccaccctgtccttg 9 58 63
Cyclophili peptidylprolyl cccaccgtcttcttcgacat 20 62 55
NM_214 ; 2 nt
n 214353 isomerase A 92n tetgctgtctttggaactttgtct 24 68 41
beta-2- ttctaccttctggtccacactga 23 68 48
B2M NM_21397 ; . 162 nt
2lRrE microglobulin : tcatccaacccagatgca 18 54 50
ribosomal agttcatccggcaccagtca 20 62 55
RPL 32 NM 1001636 : 92 nt
3 00100163 protein L32 n gaaccttctccgcaccetgt 20 64 60
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Figure 1: DON dose-dependently inhibits the secretion of TFFs by human goblet cells.

HT29-16E cells were exposed for 48 h to increasing doses of DON and the secretion of TFF1, 2 and 3

in the culture supernatant was measured. Results were expressed as means + SD.
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Figure 2: Evaluation of the toxicity of DON on human goblet cells using the LDH and MTT assays.
HT29-16E cells were exposed for 48 h to increasing doses of DON and the cell viability and integrity
were measured by the LDH (A) and the MTT (B) assays, as explained in Materials and Methods.
Results were expressed as means + SD, with * p at least < 0.05 (n = 3).
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Figure 3: DON suppresses the wound healing capacity of the supernatant of HT29-16E cells.
Wound healing assay was performed using Caco-2 cells and conditioned medium from HT29-16E
cells treated or not with DON (10 uM, 48 h) as explained in Materials and Methods. Wound closure
was observed and pictures were taken after 0 (TO), 24 h (T24h) and 48 h (T48h) of incubation. For
better observation of the healing, limits of the wound were unde

rlined in yellow. Pictures are representative of observations done in triplicate (n = 3). White bar
represents 100 nm.
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Figure 4: Quantification of the inhibition of the wound healing by DON.

Pictures of Figure 3 were used to measure the wound healing capacity of complete culture medium
(DMEM+FCS), culture medium without fetal calf serum (DMEM-FCS), supernatant obtained from
untreated HT29-16E cells (16E SN) or supernatant obtained from HT29-16E cells treated with DON 10
MM 48 h (16E+DON SN) as explained in Materials and Methods. Wound healing capacity was measured
in term of residual wound distance (A) and of percentage of healing (B). Results were expressed as
means * SD (n = 3). Bars without a common letter differ by at least p < 0.05.
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Figure 5: DON inhibits the expression of TFFs mRNA in human gobilet cells.

A- HT29-16E cells seeded onto 12-well plate were treated with 10 uM of DON for various times. At the
end of the incubation, human TFFs mRNA were quantified and normalized against GAPDH mRNA.
Results were expressed as fold increase in target mMRNA production compared to untreated cells (means
+ SD) (n = 3).

B- HT29-16E cells seeded onto 12-well plate were treated with increasing doses of DON for 48 h. At
the end of the incubation, human TFFs mRNA were quantified and normalized against GAPDH mRNA.
Results were expressed as fold increase in target mMRNA production compared to untreated cells (means
+ SD) (n = 3).
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Figure 6: DON time-dependently inhibits the expression of TFFs mRNA in intestinal explants
from pigs.

Explants were treated with 10 uM of DON for 0, 8 or 12 h. At the end of the incubation, porcine TFFs
mRNA were quantified and normalized using cyclophilin A, ribosomal protein L32 and -2micoglobulin
MRNA. Results were expressed as fold increase in target mMRNA production compared to untreated cells
(means + SD, with * p < 0.05 and ** p < 0.01 (n = 6)).
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Figure 7: PKR, p38 and ERK1/2 inhibitors prevent the effect of DON on TFFs mRNA expression.
HT29-16E cells seeded onto 12-well plate were pre-treated with PKR inhibitor (adenine (Ad) at 2 mM)
or with inhibitors of the MAP kinases p38 (SB 203580 (SB) at 20 uM) or ERK1/2 (PD 98059 (PD) at 50
MM). HT29-16E cells were then treated with 10 uM of DON for 48 h. At the end of the incubation, TFFs
mRNA were quantified and normalized using GAPDH mRNA. Results were expressed as fold increase
in target mMRNA production compared to untreated cells (means + SD, with * p < 0.05, ** p < 0.01 and
***p <0.001 (n = 3)).



