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General introduction



Chapter 1

The gastrointestinal tract harbours a dense and complex microbiota, which is colonized
by various microbes during and immediately after birth. Gut colonization is a life-long
process, however the early postnatal period is the most critical phase in the establishment
of the gut microbial communities and an increasing body of evidence suggests that the
initial colonization of the gut determines the development and reactivity of the immune
system in later phases of life (1-5). For example, an early exposure of the gut to so-called
“beneficial bacteria” is thought to significantly reduce the incidence of inflammatory,
autoimmune and atopic diseases (6-9). Physiologically, a healthy gut flora is achieved
by contact between the mother (skin) and the neonate and is supported by functional
ingredients in breast milk (5).

In real life, however, the intestinal mucosa is also inevitably exposed to undesirable and
potentially harmful substances ingested with food, including natural antigens, pathogens
and toxins (10-12). Mycotoxins are the most frequent natural food contaminants occurring
in the daily diet, and the structurally very diverse group of fungal metabolites, which has
been associated with various adverse effects on human and animal health. Among them,
the mycotoxin deoxynivalenol (DON), a member of the trichothecene family, is of specific
concern and occurs in many staple foods such as cereals and grains, in particular wheat
and wheat-based products. As a small, heat stable molecule, DON resists the technical
processes of milling and food processing and can be detected in ready-to-consume food
commodities (11, 13-15). DON has recently gained much attention, as it directly affects
the intestinal barrier integrity (12, 16).

The intestinal barrier serves as a first line of host defense against potentially harmful
stressors from the environment, ingested with food. It is primarily formed by epithelial
cells, which are connected to each other by tight junction (TJ) proteins. TJ proteins form
an anastomosing network sealing adjacent epithelial cells near the luminal surface, thus
preventing a paracellular transport of luminal antigens into the systemic circulation. In
addition, the intestinal epithelium contains mucus-secreting goblet cells and Paneth
cells that actively secrete anti-microbial peptides (17, 18). Another line of defense is the
lamina propria of the intestinal wall, which hosts the majority of mucosal immune cells
of the body. The intestinal epithelial cells (IEC) can sense and respond to different stimuli
to reinforce their barrier function and to participate in the coordination of appropriate
immune responses, ranging from tolerance to the commensal bacteria to anti-pathogen
immunity. IEC maintain a fundamental immunoregulatory function that influences the
development and homeostasis of mucosal immune cells (17-22).

In neonates, the gastrointestinal barrier is immature in the first period of life and hence
an increased epithelial permeability makes the infant very susceptible to natural
antigens, pathogens and toxins. Exposure to these harmful stressors can result in nutrient
malabsorption and immediate local inflammatory reactions, and even more important,
there is increasing evidence that such challenges to the epithelial barrier in early phases
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of life can lead to increased prevalence of many chronic inflammatory conditions, such as
allergies and auto-immune diseases (9, 18, 23).

Human milk oligosaccharides (HMOs), a major component of colostrum, play an essential
role in the postnatal growth and development of the intestinal and immune system (24,
25). As the sufficient supply of the neonate with HMOs cannot always be guaranteed
(mastitis and other diseases of the nursing mother impairing full breast feeding),
various attempts have been made to design alternative prebiotic oligosaccharides that
mimic the health promoting effects of HMOs. At present, a mixture of non-digestible
oligosaccharides, including galacto-oligosaccharides (GOS) and fructo-oligosaccharides
(FOS), is widely used in infant formula aiming to provide an optimal alternative for HMOs.
Although, these neutral oligosaccharides are structurally different from HMOs, they have
prebiotic activities and clinical investigations have confirmed that infants given such a
formula containing GOS/FOS achieve an intestinal microbiota composition comparable
to that of breastfed infants (26-30).

Recent studies also indicate that health promoting effects of GOS/FOS are not limited to
shaping of the intestinal microbiota and the microbiota associated immune responses
(31-34). Hence, the investigations in this thesis aim to gain more insight into direct,
microbiota-independent effects of non-digestible oligosaccharides on epithelial integrity
and function. The mycotoxin DON was used as a model compound mimicking intestinal
integrity breakdown in the in vitro and in vivo models described in this thesis.

Aims and outline of the thesis:

The main aim of this thesis is to expand current knowledge regarding the gut health
promoting effects of non-digestible oligosaccharides focusing on the protection of
the intestinal barrier integrity and subsequent modulation of the associated immune
responses.

The following main objectives were addressed in this thesis:

1. To assess the effects of non-digestible oligosaccharides on the intestinal integrity,
a reproducible model that can be applied in comparative in vitro and in vivo studies is
required. Taking into account that natural challenges can occur in real life, the mycotoxin
DON was selected as a model compound to impair intestinal integrity and to study
intervention strategies to prevent such a breakdown of the barrier function.

2. To determine and compare the protective effects of different non-digestible
oligosaccharides against intestinal barrier disruption and to provide more insight into the
role of oligosaccharides structure and size composition related to the direct, microbiota-
independent interaction with intestinal epithelial cells.

3. To investigate the effect of non-digestible oligosaccharides on the immune system, in
particular on the epithelial cell-derived cytokines, as well as on the Th2 mediated immune
responses (IL-33/ST2 system) induced by epithelial damage.
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In line with these objectives, the following investigations are presented:
Chapter 1: General introduction, describing the aims and outline of this thesis.

Chapter 2: Presents an overview of the importance of TJ proteins in maintaining the
intestinal barrier function. In particular, the current knowledge on molecular structure,
expression alongside the gastrointestinal tract and clinical relevance of different intestinal
TJ proteins are summarized.

Chapter 3: Provides a summary of the available evidences regarding direct effects of
various mycotoxins on the intestinal barrier integrity as dietary exposure of humans
and animals to mycotoxins is of growing concern due to the apparently still increasing
prevalence of these fungal toxins in food and feed commodities.

Chapter 4: This chapter focuses on the adverse effect of the mycotoxin DON, which
triggers an intestinal integrity breakdown through a cascade of events eventually
leading to the loss of epithelial barrier integrity as demonstrated by in vitro and in vivo
experiments.

Chapter 5: The investigations described in this chapter demonstrate that GOS facilitate
TJs reassembly and prevent the DON-induced intestinal (epithelial) barrier disruption and
the related immune responses.

Chapter 6: In this chapter the hypothesis that the structure and size of individual
oligosaccharides may determine the different effects, is investigated. The microbiota-
independent effects of different oligosaccharides on the dysregulated intestinal epithelial
barrier function and the related inflammatory response are compared. The investigations
are conducted with Vivinal® GOS syrup and purified Vivinal GOS, fructo-oligosaccharides
and Inulin as well as individual degree of polymerization (DP) fractions.

Chapter 7: This chapter aims to enhance our understanding of the immunomodulatory
capacity of GOS, demonstrating the impact of dietary GOS intervention on IL-33 and ST2
expression in a murine model for intestinal barrier dysfunction.

Chapter 8: A comprehensive summary of the major findings obtained in this thesis is
presented.

Chapter 9: In the general discussion, the most relevant findings of this thesis are
discussed in terms of their clinical relevance and suggestions are presented for future
research activities that can lead to the closer understanding of the complex mechanisms
involved in the health-promoting effects of dietary non-digestible oligosaccharides.
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Chapter2

Abstract

The gut mucosa is continuously challenged by a diverse microbial community, foreign
antigens as well as toxic molecules. Therefore, the regulation of the intestinal barrier
appears to be crucial for gut immune homeostasis and its impairment results in increased
exposure of the mucosal innate and acquired immune system to the pro-inflammatory
molecules. The intestinal barrier is primarily formed by epithelial cells, connected by
tight junctions, which form an anastomosing network sealing adjacent epithelial cells
near the luminal surface, thus preventing a paracellular transport of luminal antigens
into the systemic circulation. Tight junctions are dynamic structures with a complex
architecture and are composed of different transmembrane and cytoplasmic scaffolding
proteins. Transmembrane tight junction proteins form a linear barrier at the apical-lateral
membrane of the cell and consist of occludin, claudins, junctional adhesion molecules
and tricellulin. The cytoplasmic scaffolding proteins, including zonula occludens proteins,
cingulin and afadin, provide a direct link between transmembrane tight junction
proteins and the intracellular cytoskeleton, which plays a crucial role in regulating the
tight junctions-based integrity. Each individual component of the tight junction network
is structurally and functionally different, but closely interacts with each other to form
an efficient intestinal barrier. This review aims to describe the molecular structure and
expression of intestinal epithelial tight junction proteins and to characterize the detailed
architecture, organization and interaction of some of the key tight junction proteins.
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Introduction

The interplay between the host and environment holds the key to health and well-being.
A major unit of this interaction is the gastrointestinal tract due to I) the large surface area
of approximately 400 m?, which may be exposed to foreign antigens and toxic molecules,
1) its diverse microbial community, and lll) the complex system of mucosal immune cells
that facilitate the major innate and adaptive defense mechanisms (1-5). Maintenance of
gut immune homeostasis depends on the capacity of the intestinal barrier to create the
separation between luminal antigens, including microbial communities, and mucosal
immune cells.

Increased epithelial permeability to food-born allergens, pathogens and toxins leads to
local inflammatory reactions and nutrient malabsorption, which are considered not only
in terms of immediate disease conditions, but more importantly as factors increasing the
prevalence of many chronic inflammatory conditions, auto-immune diseases as well as
allergies (6-11).

Maintenance of the intestinal barrier is acquired by a variety of specific and non-specific
mechanisms, but intestinal epithelial cells form a first line of host defense against
potentially harmful stressors reaching the luminal environment (1, 5,7, 11).

The lining epithelial cells are connected by multiple protein structures denoted as
apical junctional complexes, including tight junctions (TJs), adherens junctions and
desmosomes (Figure 1) (12). Adherens junctions play a role in initiation and stabilization
of cell-cell contacts through a family of intercellular adhesion molecules and consist
of transmembrane proteins, including E-cadherin and nectin as well as associated
cytoplasmic proteins catenins, which are directly connected to the actin cytoskeleton
(13). Desmosomes are patch-like intercellular junctions at the lateral sides of plasma
membranes that join adjacent cells together and provide anchoring sites for intermediate
filaments (14).

TJ proteins are thought to be the most essential components of these multiple structures
and it is now well-established that the mucosal barrier function cannot be maintained
without a well-organized pattern of this anastomosing network of sealing strands
comprising over 50 proteins. The intercellular space completely disappears at the level of
TJs, whereas in adherens junctions and desmosomes, the adjacent membranes are 15-20
nm apart (Figure 1) (12-16). Each individual component of the TJ network is structurally
and functionally different, but closely interacts with each other to form an efficient and
functional barrier.

This review aims to describe the molecular structure and expression of intestinal epithelial
TJ proteins and to characterize the detailed architecture, organization and interaction of
some of the key TJ proteins.
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Tight junctions

Adherens junctions

Desmosomes

1

Figure 1. Schematic illustration of the epithelial junctional complexes. The intestinal epithelial barrier is primarily
requlated by the junctional complexes consisting of tight junctions (TJs), adherens junctions and desmosomes. TJs are the
most apical structures, followed by adherens junctions and desmosomes that are located along the lateral membrane. In
contrast to TJs, the intercellular space does not completely disappear at the level of adherens junctions and desmosomes.
TJs and adherens junctions are linked to the actin filaments (white circles). The illustration is reproduced from Terry et al.
(17).

Molecular architecture of TJs

TJs are dynamic structures with a complex architecture that seal adjacent epithelial cells
near the luminal surface and thus prevent a paracellular transport of luminal antigens.
TJ proteins are composed of I) transmembrane proteins whose extracellular domains
cross the plasma membrane and interact with their partners on the adjacent cells and
) cytoplasmic scaffolding proteins, which are entirely located on the intracellular side
of the plasma membrane. Transmembrane TJ proteins form a linear barrier at the apical-
lateral membrane of the cell and consist of occludin (OCLN), claudins (CLDNs), junctional
adhesion molecules (JAMs) and tricellulin. The cytoplasmic scaffolding proteins, including
zonula occludens (ZOs) proteins, cingulin and afadin, provide a direct link between
transmembrane TJ proteins and the intracellular cytoskeleton. The cytoskeleton plays a
crucial role in the regulation of TJ-based integrity (14, 18-20). TJ proteins are differentially
expressed along the gastrointestinal tract, and this expression pattern is probably related
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to the differences in accessibility to luminal substances between individual intestinal
segments. As an example, it has been shown that TJ proteins are less expressed in crypts
compared to the expression pattern in villi, hence, intercellular tightness is increasing
from the crypt to the villus (19, 21-24). The molecular structure, the expression pattern
and the function as well as clinical relevance of each TJ proteins will be separately
explained in the following section.

Occludin (OCLN)

Molecular Structure

OCLN (~65 kDa) is the first discovered TJ protein with a critical role in sealing the adjacent
cells and contains one intracellular, two neutral extracellular loops, four transmembrane
domains, a short NH -terminal cytoplasmic domain and a long COOH-terminal
cytoplasmic domain (Figure 2) (22).

Expression

It has been shown that OCLN has a consistent expression throughout the entire mouse
intestine and appears as distinct dot-like or line-forming structures at the apical region of
the lateral plasma membrane of the epithelial cells of a villus (25-28). However, only the
phosphorylated form of OCLN is subjected into the intracellular junctional complexes,
whereas the non-phosphorylated OCLN is distributed in an erratic expression pattern
along the basolateral plasma membrane and therefore this form does not regulate barrier
integrity (15, 20, 29).

Intestinal barrier function

Homophilic interaction between the extracellular loops of OCLN with the identical
loops originating from OCLN in the adjacent cells seems to form a barrier against
macromolecules, but not against small ions (15, 20, 29, 30). The COOH-terminal
cytoplasmic domain has been shown to be required for correct targeting of OCLN to the
TJ network. The link between OCLN and the intracellular cytoskeleton is also documented
through the interaction of COOH terminus with several cytoplasmic scaffolding TJ
proteins, such as ZO proteins (Figure 2 and Figure 4) (22). Controversial findings have
been reported regarding the role of OCLN in the regulation of paracellular permeability,
since OCLN knockout mice showed well-organized TJ architecture and a normal barrier
function comparable to those observed in wild type mice. On the other hand, different in
vivo studies support the concept that OCLN is a functional component of the TJ network
and has a convincing role in the regulation of paracellular permeability (15, 20, 31-33).
It is further shown that OCLN has a role in TJs reassembly since the absence of OCLN in
canine MDCK epithelial cells causes a pronounced decrease in expression of CLDNs and
transepithelial electrical resistance (TEER) recovery. However, the expression of ZOs and
JAM-A are not affected in OCLN knockdown MDCK cells (34).
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Clinical relevance

Decreased protein expression and redistribution of OCLN have been observed in the
intestines of patients with Crohn’s disease, ulcerative colitis, coeliac disease and irritable
bowel syndrome (7, 35-38). In addition, small intestinal biopsy specimens of patients with
food allergy exposed to food allergens showed a decreased protein expression of OCLN
compared to those from normal subjects (39).

JAM-JAM
interaction

QCLN'OC_LN Tricellulin-Tricellulin
interaction interaction
f CLDN-CLDN  —o0on—n—

interaction
Extracellular space

Cell membrane

Intracellular space c

—_

Z0-1,70-2 Z0-1,70-2
Z0-3 Cingulin
OCLN CLDNs Tricellulin JAMs

Figure 2. Schematic representation of the molecular structure of different transmembrane tight junction (TJ) proteins
and the related direct interaction with different transmembrane as well as cytoplasmic scaffolding proteins. OCLN, CLDNs
and tricellulin have similar topography, with one intracellular, two extracellular loops, four transmembrane domains,
cytoplasmic N- and C-terminal domains. JAMs are characterized by two extracellular Ig-like domains, a transmembrane
domain and a C-terminal cytoplasmic domain. The C-terminal cytoplasmic domain has been shown to be crucial in
membrane targeting of OCLN, CLDNs and JAMs to the TJ network, whereas both N- and C-terminal domains of tricellulin
seem to playarelevantrolein tricellulinlocalization at the T) network. Homophilicinteractions of different transmembrane
TJ proteins from adjacent cells (between proteins of the same kind) are mediated through the two extracellular loops
(OCLN and tricellulin), second extracellular loop (CLDNs) or membrane-distal extracellular Ig-like domains (JAMs). The
(-terminal domain of OCLN, CLDNs and JAMs interact with different cytoplasmic scaffolding TJ proteins, including Z0s
and cingulin, by which they are connected to the actin cytoskeleton. C, COOH-terminal domain; CLDNs, claudins; JAMs,
junctional adhesion molecules; N, NH -terminal domain; OCLN, occludin; Z0s, zonula occludens.
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Claudins (CLDNs)

Molecular Structure

CLDNs (~20-27 kDa) consist of one intracellular loop, two extracellular loops, four
transmembrane domains, a short NH,-terminal cytoplasmic domain together with a
longer COOH-terminal cytoplasmic domain (Figure 2); however a few members of the
CLDN family exhibit a different structure (22, 40). CLDN5, -16 and -25, for example, have a
higher molecular mass owing to the long NH, terminus (40). It is well known that the half-
life of CLDNs mainly depends on length and relevant amino acid sequences of the COOH-
terminal cytoplasmic domain (19, 41). A strong correlation has been previously reported
between length of the cytoplasmic domains of CLDNs and their half-lives; for example,
the cytoplasmic domain of CLDN2 is two times as long as the cytoplasmic domain of
CLDN4, whereas the half-life of CLDN2 is more than 3-fold higher compared to CLDN4
(41).The first extracellular loop of CLDNs is recognized by well-conserved charged amino
acids, although the number, nature and orientation of charges are different depending
on the CLDN type (40, 42, 43). In this respect, CLDN10b, -13 and -17 possess positively
charged residues and CLDN2, -7, -10a, -12 and -15 carry negatively charged residues.
The charge selective properties of the first extracellular loop enable CLDNs to create
paracellular pores for small ions. It is shown that positively and negatively charged CLDNs
act as anion and cation pores, respectively (22, 29, 40, 44, 45).

Expression

Twenty-seven members of the CLDN family are recognized so far in rodents, however
their expression in humans is not identical. Twenty-six CLDNs have been discovered by
genomic cloning in humans, but the rodent CLDN13 does not have a human homolog (40,
46). Gene expression of CLDN1-27 is profiled and all members, except CLDNG, -9, -11,-16,
-19.and -22, have also been distinguished throughout the mouse intestine (25, 40, 46-48).
However, the majority of the CLDNs show an inconstant expression pattern throughout
the different segments of the gastrointestinal tract. For example, the expression pattern of
the different CLDNs along the entire mouse intestine is summarized in Table 1. In addition,
CLDNs show a different subcellular distribution alongside the intestinal epithelium. For
example, CLDN1 and CLDNS3 are expressed laterally between adjacent cells along the
crypt-to-villus axis, whereas CLDN2 distribution is mainly restricted to the crypts of the
entire intestine. CLDN4 is predominantly expressed in the upper part of the villi alongside
the entire intestine. On the contrary, CLDN7 is more expressed on the basolateral surfaces
of the intestinal epithelium compared to the apical surfaces (19, 25, 47, 49-51).

Intestinal barrier function

CLDNs appear to be the major structural components of the TJ proteins and are known
as the backbone of the TJ network (52). It has been previously discovered that the second
extracellular loop of CLDNs is critically involved in homo- and heterophilic interactions
between CLDNSs. These interactions among CLDN members are previously claimed to be

25




Chapter2

much stronger than those of the other TJ proteins, including OCLN-OCLN interaction or
tricellulin-tricellulininteraction (Figure 2) (40, 53). The COOH-terminal cytoplasmic domain
has been shown to be crucial in membrane targeting of CLDNs to the TJ network and
mutations in this domain result in internalization and subsequent degradation of CLDNs
(19, 40). In addition, the COOH-terminus of all CLDNs (with the exception of CLDN12, -16,
-19a, -21 and -24 to -27) ends in PDZ-binding motifs interacting with PDZ domains of
scaffolding protein, including ZO-1, ZO-2 and ZO-3, which are subsequently connected
to the intracellular cytoskeleton (Figure 2 and Figure 4) (40, 54, 55). The phenotypes of
CLDN knockout mice reveal the importance of specific CLDNs for development, viability
and intestinal integrity. For example, CLDN1 and CLDN5 knockout mice die shortly after
birth; whereas CLDN7 knockout mice have severe intestinal defects, including mucosal
ulcerations, epithelial cell sloughing, villidisruption, significantintercellular gaps between
adjacent epithelial cells, enhanced paracellular permeability and colonic inflammation
(40, 51, 56).

Table 1. The expression pattern of different CLDNs along the mouse intestine (19, 25, 49, 51)

Duodenum Jejunum lleum Colon
CLDN3 + ++ +++ ++++
CLDN4 ++++ +++ ++ +
CLDN?7 ++++ ++++ ++++ ++++
CLDNS8 - : ¥ +
CLDN12 + +++ ++++ ++
CLDN13 - - - -+
CLDN15 +++ ++++ ++ +

The degree of the expression is defined as ranging from not expressed (-) to strongly expressed (++++)

Clinical relevance

Clinical studies show decreased protein expression and redistribution of CLDN3, CLDN5
and CLDNS8 in the intestine of Crohn’s disease patients, whereas in the intestine of
ulcerative colitis patients decreased protein expression and redistribution of CLDN1 and
CLDN4 has been reported. Furthermore, protein expression of CLDN2 is consistently
increased in the intestine of patients with Crohn’s disease as well as in patients suffering
from ulcerative colitis. The protein expression of CLDN1 is decreased in irritable bowel
syndrome patients and is irregularly distributed in the colonic mucosa (7, 35-38, 57).
Increased protein expression of CLDN2 and CLDN3 is observed in the intestine of patients
with coeliac disease (37, 58). In addition, small intestinal biopsy specimens of patients
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with food allergy exposed to food allergens showed a decreased protein expression of
CLDN1 compared to those from normal subjects (39).

Junctional adhesion molecules (JAMs)

Molecular Structure

JAMs (~30-40 kDa) belong to the immunoglobulin (Ig) superfamily of proteins
characterized by two extracellular Ig-like domains, a transmembrane domain and a short
COOH-terminal cytoplasmic domain (Figure 2) (59). Based on sequence similarities in the
cytoplasmic domain, JAMs are classified into two subfamilies. The first subfamily consists
of JAM-A, JAM-B and JAM-C, with a class Il PDZ binding motifs at their COOH-terminal
ends, that directly interact with TJ scaffolding proteins, including ZO-1, ZO-2 and cingulin
(Figure 2) (24, 60-62). The second subfamily consists of coxsackie and adenovirus receptor
(CAR), endothelial selective adhesion molecule (ESAM) and JAM-4 containing class | PDZ
binding motifs (19, 29, 63). Within the JAM family, the role of JAM-A is of particular interest
in the regulation of barrier function, which will be discussed in more detail below.

Expression
Like OCLN, JAM-A is also constantly expressed throughout the mouse intestine and is
localized laterally between adjacent epithelial cells (25, 26, 64).

Intestinal barrier function

JAM-A is generally believed to have dual functions. Within the immune system, it has been
implicated to control the recruitment of leukocytes to the site of inflammation, whereas
along intestinal epithelial cells, dominant expression of JAM-A has been observed in the
region of TJs, suggesting a critical role in barrier function (53, 59, 65, 66). Homophilic
interaction of JAM-A between adjacent cells is mediated through membrane-distal
extracellular Ig-like domains (Figure 2) forming a barrier against luminal substances. The
short cytoplasmic domain of JAM-A terminates with PDZ-binding motifs that interact
with different cytoplasmic scaffolding proteins, including ZO-1, ZO-2 and cingulin (Figure
2 and Figure 4) by which it is linked to the intracellular cytoskeleton (53, 59, 67). Although,
JAM-A knockout mice display a normal epithelial architecture, intestinal integrity tests
confirm an increased gut permeability to different paracellular markers and a decreased
TEER in mucosal tissue samples obtained from these animals (65, 68). In addition, it has
been shown that JAM-A is involved in the recovery of epithelial barrier function after
disruption of TJs by transient calcium depletion, since inhibition of JAM-A leads to
retarded TJs reassembly in human T84 epithelial cells shown by disrupted redistribution
of OCLN and decreased TEER recovery (66).

Clinical relevance

Decreased protein expression of JAM-A is observed in the intestines of patients with
Crohn's disease and in patients suffering from ulcerative colitis (68).
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Tricellulin

Molecular Structure

Tricellulin (~64 kDa) shares a few structural characteristics with OCLN, including one
intracellular, two extracellular loops, four transmembrane domains, a cytoplasmic COOH-
terminal domain and a cytoplasmic NH,-terminal domain, which is longer compared to
the NH_-terminal domain of OCLN (Figure 2) (24, 69).

Expression

Although the above mentioned transmembrane TJ proteins are mainly involved in
sealing the intercellular space between two adjacent cells (known as bicellular junctions),
tricellulin is the first TJ protein identified at tricellular junctions between three adjacent
epithelial cells (Figure 3A, B) (69, 70). Tricellulin is differentially expressed throughout the
mouse intestine (strongly expressed in the small intestine, but weakly expressed in the
large intestine) and appears as dot-like structures in the corners where three adjacent
epithelial cells meet (70, 71). However, it has been shown that tricellulin overexpression
directs this protein into both bicellular as well as tricellular junctions (72). Although, there
is no evidence showing direct and physical interaction between tricellulin and OCLN, it
is proposed that these two proteins may affect each other’s cellular distribution (71). For
example, in vitro studies using MDCK cells showed that knockdown of OCLN results in
mislocalization of tricellulin from tricellular to bicellular junctions, whereas tricellulin
deficiency causes thinner and disrupted continuity of OCLN distribution at bicellular
junctions with teardrop-shaped accumulation of OCLN at tricellular junctions (70, 73).

Intestinal barrier function

Homophilic interaction of extracellular loops with the identical loops originating from
tricellulin in the adjacent cells form a barrier against macromolecules (Figure 2). Unlike
OCLN, both NH,- and COOH-terminal domains of tricellulin seem to play a relevant role in
tricellulin localization at the TJ network (69). Tricellulin appears to be directly involved in
the establishment of a barrier at the tricellular junctions, since strands of bicellular TJs are
not continuous at tricellular junctions. Although tricellulin knockout mice have not been
described yet, a few in vitro studies have highlighted the importance of tricellulin. For
example, the inhibition of tricellulin in mouse Eph4 epithelial cells severely compromise
the epithelial barrier function observed by a decrease in TEER and increase in fluorescein
isothiocyanate-dextran permeability (69, 70). In addition, tricellulin has been shown to
playaroleinTJsreassemblyanditsroleis not restituted by otherTJ proteins, since tricellulin
knockdown Caco-2 cells show a delay in TJs reassembly and barrier development (71).

Clinical relevance

Decreased protein expression of tricellulin is observed in the intestines of patients with
ulcerative colitis (74).

28



Tight junctions and gut barrier integrity

Bicellularjunctions

\/' o \_z
Tricellular junctions

Figure 3. Immunofluorescence picture (A) and schematic drawing (B) of the bicellular junctions (contact sites between
two adjacent cells) and tricellular junctions (contact sites between three adjacent cells).

Zonula occludens (ZOs)

Molecular Structure

The family of ZOs are comprised of three closely related isomers known as ZO-1 (~220 kDa),
Z0-2 (~160 kDa) and ZO-3 (~130 kDa), belonging to the membrane associated guanylate
kinase-like homologs (MAGUK) family (75). The MAGUK family is mainly referred to a group
of proteins found at the sites of cell-cell contacts and they function as molecular adaptors
in different cellular processes, including cell-cell communications, epithelial polarization
and signal transduction (76, 77). Similar to the other MAGUK members, ZO proteins carry
a Src homology 3 (SH3) domain, a guanylate-kinase homology (GUK) domain, proline-
rich (PR) region and in this case three PDZ domains (Figure 4) (75, 76).

Expression

Consistent expression of ZO-1 has been shown throughout the mouse intestine and
appears as distinct line-forming structures at the apical region of the plasma membrane
of the epithelial cells along the crypt-to-villus axis (26, 27, 78). Further studies are needed
to compare the level of expression of ZO-2 and ZO-3 along the mouse intestine.

Intestinal barrier function

Z0 proteins directly interact with both transmembrane TJ proteins (such as OCLN, CLDNs
and JAM-A) as well as with adherens junctions (such as a-catenin and E-cadherin), thus
provide the structural basis for the formation of apical junctional complexes and link
them to the actin cytoskeleton (75, 76). The PDZ2 domain of ZO-1 appears to be crucial
for both homodimerization (ZO-1/Z0-1 dimer) and hetrodimerization (ZO-1/Z0-2 dimer
or Z0-1/Z0-3 dimer) of this protein, while no direct binding has been reported between
Z0-2 and ZO-3 (Figure 4) (75, 79). The GUK domain and the PDZ3 domain of ZO-1 have
been proved to interact with OCLN and JAM-A, respectively, whereas PDZ1 of all three
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ZO proteins are able to bind to the COOH-terminus of CLDNs and induce independent
regulation of both polymerization and localization of CLDNs in epithelial cells. The PDZ2
domain of ZO-2 interacts with JAM-A, while no binding has been reported between ZO-3
and JAM-A (Figure 4) (15, 59, 75, 76, 80).

Both ZO-1 and ZO-2 proteins appear to play a crucial role in maintaining the epithelial
barrier function. Early embryonic lethality of mice lacking ZO-1 and ZO-2 reveals the
importance of these proteins for development and viability. In vitro data using MDCK
and Eph4 cells confirm the functional role of ZO-1 and ZO-2 in the intestinal integrity,
since inhibition of either ZO-1 or ZO-2 triggers atypical monolayer architecture and alters
expression of apical junctional complexes, such as decreasing the amount of OCLN and
E-cadherin (81-86). In addition, ZO-1 is shown to be essential for TJs reassembly, since
knockout of ZO-1 in MDCK and Eph4 cells causes a pronounced delay in the recruitment
of CLDNs and OCLN, after calcium switch assay, to the newly formed apical junctional
complexes (87, 88). ZO-3 seems to be unessential for the regulation of intestinal integrity
and viability, since ZO-3 deficiency displays no apparent phenotype neither in mice nor
in epithelial cells (86, 89).

Clinical relevance

Decreased protein expression of ZO-1 is observed in the intestines of patients with
coeliac disease (37).
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Figure 4. Schematic diagrams of the structural organization of individual cytoplasmic scaffolding proteins and the
related direct interaction with different tight junctions (TJs) as well as adherens junctions. ZO proteins carry three PDZ
domains, a Src homology 3 (SH3) domain, a guanylate-kinase homology (GUK) domain and proline-rich (PR) region.
Afadin consists of two Ras-binding domains (RAT and RA2), a forkhead-associated (FHA) domain, a diluted (DIL) domain,
a PDZ domain and three proline-rich (PR) domains. Cingulin exists as a parallel homodimer of two subunits, each
comprised of a N-terminal globular head region, a long a-helical coiled-coin rod region and a small globular tail. CLDNs,
claudins; JAM-A, junctional adhesion molecule-A; OCLN, occludin; Z0s, zonula occludens.
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Afadin

Molecular Structure

Afadin (~206 kDa) is a multi-domain protein and consists of two Ras-binding domains
(RA1 and RA2), a forkhead-associated (FHA) domain, a diluted (DIL) domain, a PDZ
domain and three proline-rich (PR) domains (Figure 4) (24, 90-92).

Expression

Afadin is expressed throughout the mouse intestine and is localized at both TJs and
adherens junctions. Afadin appears as distinct dot-like or line-forming structures at the
apical region of the plasma membrane of the epithelial cells along the crypt-to-villus axis
(91, 93).

Intestinal barrier function

The PDZ and proline-rich domains of afadin have been associated with either direct
or indirect interaction of afadin with different cell adhesion proteins, including nectin,
E-cadherin, JAM-A, ZOs and CLDNs (Figure 4) (53, 62, 90, 94-96). It is already known
that afadin plays a crucial role in establishment and proper organization of the apical
junctional complexes as well as providing a physical link between different components
of apical junctional complexes and the intracellular cytoskeleton (90, 91, 97). It has been
reported that the architecture of epithelial apical junctions in both the small and large
intestines are preserved in afadin-knockout mice, however, this lack of afadin results in
impaired intestinal homeostasis and increased intestinal permeability (93). In addition,
it is believed that afadin has a crucial role in recruitment of different TJ proteins to the
apical side of the cell-cell adherens junctions, since afadin-depleted MDCK cells show
a significant delay in the reassembly of TJs and it subsequently enhances epithelial
permeability (53, 94, 95, 98, 99).

Clinical relevance
Nothing is known about the clinical relevance of afadin-related barrier defects in human
diseases.

Cingulin

Molecular Structure

Cingulin (~140kDa) is a non-PDZ cytoplasmic scaffolding TJ protein and exists as a parallel
homodimer of two subunits, each comprised of a N-terminal globular head region, a long
a-helical coiled-coin rod region and a small globular tail (Figure 4) (100).

Expression

Cingulin is expressed throughout the mouse intestine, however, subcellular distribution
and differences in level of expression alongside the mouse intestine has not been fully
investigated (101, 102).
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Intestinal barrier function

The head domain of cingulin appears to control the efficient recruitment of cingulin into
cell-cell junctions through its interaction with ZOs, JAM-A and actin, whereas the rod
domain is essential for dimerization of cingulin (60, 61, 100, 103, 104). It is still not clear
whether cingulin plays a fundamental role in barrier function, since different in vitro and
in vivo studies showed that neither depletion nor overexpression of cingulin (full-length
or the head domain of cingulin) cause obvious changes in the molecular organization of
the TJ network. In addition, cingulin knockdown MDCK cells show normal TJs reassembly
and barrier development (61, 101, 105, 106). In addition, the in vivo functional intestinal
barrier can be formed in the absence of cingulin. A study by Guillemot et al. (101) showed
that cingulin is involved in signaling networks that regulate the CLDN2 expression and
cingulin knockout mice show a two-fold increase in the level of CLDN2 proteins in the
duodenum. However, this CLDN2 effect is not sufficient to induce intestinal barrier
breakdown.

Clinical relevance
Nothing is known about the clinical relevance of cingulin-related barrier defects in
human diseases.

Conclusions

It is well accepted that regulation of TJ proteins are indispensable to maintain the
healthy intestinal barrier function. Here, we have summarized the relevant knowledge
about the molecular structure and the expression patterns of different transmembrane
(discriminating between bicellular and tricellular TJs) and cytoplasmic scaffolding TJ
proteins. TJs are dynamic structures with a complex architecture and are composed
of series of different proteins. The direct interaction among different TJ proteins is
essential for the establishment of an efficient paracellular barrier against luminal harmful
substances and the impairment of this biological barrier is considered to be one of the
predisposing factors leading to various chronic intestinal inflammatory diseases.
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Abstract

Mycotoxins, the secondary metabolites of fungal species, are the most frequently
occurring natural food contaminants in human and animal diets. Risk assessment of
mycotoxins focused as yet on their mutagenic, genotoxic and potential carcinogenic
effects. Recently, there is an increasing awareness of the adverse effects of various
mycotoxins on vulnerable structures in the intestines. In particular an impairment of
the barrier function of the epithelial lining cells and the sealing tight junction proteins
has been noted, as this could result in an increased translocation of luminal antigens
and pathogens and an excessive activation of the immune system. The current review
aims to provide a summary of the available evidence regarding direct effects of various
mycotoxins on the intestinal epithelial barrier. Available data, based on different cellular
and animal studies, show that food-associated exposure to certain mycotoxins, especially
trichothecenes and patulin, affect the intestinal barrier integrity and can even result in
increased translocation of harmful stressors. It is therefore hypothesized that human
exposure to certain mycotoxins, particularly deoxynivalenol, as the major trichothecene,
may play animportant role in etiology of various chronicintestinal inflammatory diseases,
such as inflammatory bowel disease and in the prevalence of food allergies, particularly
in children.
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Introduction

Since the early discovery of aflatoxins as food and feed contaminants, risk assessment
of mycotoxin exposure has been initially focused on their mutagenic, genotoxic and
potentially carcinogenic effects, as major human health risks (1-3). More recently,
there is an increasing awareness of the adverse effects of various mycotoxins on
vulnerable structures in the intestines and the impairment of intestinal integrity (4-7). A
compromised barrier function is associated with an increased epithelial permeability and
translocation of luminal allergens and pathogens, as well as a non-specific inflammatory
response and an overstimulation of the gut-associated immune system (8-11). The most
prominent example of a mycotoxin primarily associated with an impairment of the
intestinal integrity is deoxynivalenol, a trichothecene, which first had been recognized
for its pro-inflammatory and immunomodulatory activities (12-15). However, various
other mycotoxins have been studied regarding their effects on the intestinal barrier, both
in vitro as well as in vivo. The current review aims to provide a summary and discussion
of the available evidence regarding direct effects of various mycotoxins on individual
structures of the intestinal epithelial barrier. The mycotoxins addressed, include the
aflatoxins, ochratoxin A, fumonisin B, and patulin, as well as T-2/HT-2 toxin, nivalenol
and deoxynivalenol, as representatives of the class of the trichothecenes. The summary
of the effects of individual mycotoxins on the intestinal barrier is preceded by a short
introduction into common experimental models and test parameters to measure
intestinal integrity.

Experimental models used to assess intestinal permeability

The Caco-2 cell model

During the last few decades, the use of different intestinal epithelial cell lines from various
animal species as well as from human origin has been used to assess the effects of drugs
and toxins on the permeability of the intestinal epithelium. Among them, the Caco-2 cell
line (ATCC® number: HTB-37), originally isolated from a human colon adenocarcinoma, is
well-accepted as a reference model to conduct transport studies as well as to investigate
the effects on barrier function. Caco-2 cells are routinely cultivated as monolayers on
permeable filters. During culturing they undergo spontaneous differentiation resulting
in polarization and formation of the tight junction (TJ) proteins between adjacent
cells. Differentiated Caco-2 cells form polarized apical/mucosal and basolateral/serosal
membranes thatareimpermeable and are structurally and functionally similar to epithelial
cells of the small intestine (16-19). A major advantage of the common technique to grow
Caco-2 cells on transwell inserts is the fact that transport of nutrients and drugs from
the apical to the basolateral compartment can be measured. In turn the established cell
monolayer can be challenged from the apical (luminal) side as well as the basolateral side
with antigens and toxins and allow a wide range of functional parameters to be measured
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(16,20, 21). The Caco-2 cell model is also extensively used in pre-clinical pharmacological
studies to assess the rate of absorption and the potential impact of soluble and efflux
transporters on intestinal permeability (19, 22).

Measurement of Transepithelial Electrical Resistance (TEER)

TEER is the first parameter measured to evaluate the integrity of the epithelial barrier in
the Caco-2 cell model. A simple voltmeter devise equipped with a pair of chopstick-like
electrodes, quantifies ion movement across a monolayer and is considered as an effective
indicator for the developing barrier function. TEER is generally used to follow the cell
differentiation process, and standard values for a completed non-permeable barrier are
established based on individual devices and insert sizes. Even though TEER measurement
is quick and easy and can be repeated as needed, it remains a non-specific endpoint.
Routine TEER measurement is used to control the integrity of the epithelial layer in an
experimental setting and as a first indicator of toxin-induced damages. However, no
specific mechanisms and transport processes can be attributed to changes in TEER
without further investigations. In comparison with the standard TEER assay, real-time
cell electronic sensing was further developed. This technique is based on the continuous
recording of cellular horizontal impedance, which enables a real-time monitoring of the
integrity of the epithelial barrier and the potential effects of toxins and other agents that
affect barrier integrity (23-26).

Paracellular tracer flux assays

In addition to TEER measurement, determination of the paracellular flux of marker
substances across the cell monolayer can be monitored (27). These markers differ in
size and need to be nontoxic, non-charged and water soluble, and they should neither
be absorbed nor metabolized by the cells (28, 29). The most common paracellular
markers used in in vitro models are fluorescent compounds (such as lucifer yellow, LY) or
fluorescently labelled compounds (such as fluorescein isothiocyanate (FITC)-dextran and
FITC-inulin) (30). In particular apical-to-basolateral flux of paracellular markers is used to
identify a compromised intestinal barrier function (31).

Paracellular tracer transport can also be measured in in vivo models by testing the
presence of macromolecular tracers in the blood (such as FITC-dextran) after oral
gavage. In addition, site specific permeability alongside the gastrointestinal (Gl) tract
can be assessed by measuring the presence of a variety of small saccharide probes
and/or chromium-labelled ethylene diamine tetra acetic acid (Cr-EDTA) in the urine of
humans and experimental animals after oral administration. For example, sucrose and
lactulose/mannitol are useful probes for determining permeability characteristics of the
gastroduodenal region and the entire small intestine, while sucralose and Cr-EDTA are
used to evaluate colonic permeability (28, 29, 32).
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Assessment of the expression of TJ proteins

The major functional elements of the epithelial barrier are the TJ proteins, sealing the
intercellular space between adherent epithelial cells (8, 33). TJs form an anastomosing
network near the luminal surface, thus preventing a paracellular transport of luminal
antigens (Figure 1). TJs are composed of I) transmembrane proteins whose extracellular
domains cross the plasma membrane and interact with their partners on the adjacent cells
and Il) cytoplasmic scaffolding proteins, which are entirely located on the intracellular
side of the plasma membrane. Transmembrane TJs form a horizontal barrier at the apical-
lateral membrane of epithelial cells and consist of occludin (OCLN), claudins (CLDNs),
junctional adhesion molecules (JAMs) and tricellulin. The cytoplasmic scaffolding proteins,
like zonula occludens (ZOs) proteins, provide a direct link between transmembrane TJ
proteins and the actin cytoskeleton (34-36). Increased TJ mRNA expression can indicate
ongoing repair mechanisms in an established epithelial cell monolayer (26). However,
the assessment of TJs should not be limited to the gene level, since mMRNA amount does
not necessarily predict the protein level (37, 38). For example, our study showed that
following deoxynivalenol exposure, a decrease in the protein level of CLDNs could be
observed, associated with an up-regulation of the mRNA level of CLDNs (26). Therefore,
for the interpretation of barrier damage, gPCR and Western blot analysis are generally
performed in parallel to measure mRNA and protein levels of TJs, respectively. In addition,
the visualization of the sub-cellular localization of TJs by immunostaining is an additional
tool to identify intestinal barrier dysfunction. All these measurements can be performed
in different in vitro cell culture models as well as in intestinal explants and in vivo models.

Intestinal explant model

Next to cell culture models, intestinal explants have been introduced as a model to
test intestinal integrity. The model is based on the long-term experience with intestinal
specimen mounted in so-called Ussing chambers for the study of nutrient absorption.
For these studies, sheets of intestinal segments are mounted in Ussing chambers and
maintained in complete explant culture medium gassed with 95% O,, 5% CO, and kept
at 37°C with or without shaking for the entire culture time (39). The major advantage
of this model is that explants maintain the complex cellular community and intestinal
architecture and therefore cell-cell interactions can be studied. Moreover, segment-
specific responses can be monitored alongside the Gl tract. The main limitation of
intestinal explant is that the period of culture during which the morphology and function
of cells is preserved, is very short, limiting the possibility to study delayed or long-term
effects (39-41).

In vivo models

In addition to the above-described in vitro (cell culture) or ex vivo (explant) assays, several
markers of intestinal integrity can be directly measured in vivo in comparable models.
This includes the paracellular flux assays and the assessment of the expression of TJ
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proteins together with histological approaches that provide insight into changes of the
intestinal architecture, but also into epithelial cell damage (31). Zonulin, as an example,
is a physiological modulator of intercellular TJs and an increase in zonulin levels in serum
is associated with an impaired intestinal permeability (42, 43). Moreover, to identify the
intestinal epithelial damage, serum concentrations of intestinal fatty acid binding protein
(IFABP) can be evaluated (44, 45), but both parameters have not been widely applied
in the assessment of mycotoxins. In contrast, histological investigations describing
the effects of mycotoxins on villus architecture, goblet cells and mucus production
are among routine approaches to detect the presence and the extent of epithelial cell
damage and intestinal integrity following the exposure to mycotoxins and other toxic
agents in various animal species (31, 46-48).
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Effects of mycotoxins on intestinal permeability

Figure 1 provides a comprehensive overview of the available evidence regarding
direct effects of various mycotoxins on the intestinal epithelial barrier. The direct
effect of aflatoxins, ochratoxin A, patulin, fumonisin B,, T-2/HT-2 toxin, nivalenol and
deoxynivalenol are extensively explained and discussed in the following section.

Decrease in protein ion and change in distribution pattern of TJ proteins
Protein expression Distribution pattern

OTA CLDN3, CLDN4 CLDN4
PAT OCLN, Z0-1 CLDNT1, CLDN3, CLDN4, OCLN, ZO-1
FB, OCLN* ND
DON CLDN1, CLDN3, CLDN4**, OCLN**, ZO-1 CLDN1*¥, CLDN2¥, CLDN3**, CLDN4, OCLN, ZO-1
3-Ac-DON  CLDNS3, CLDN4 ND
15-Ac-DON  CLDN3, CLDN4 ND
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Figure 1. Schematic illustration of the mycotoxin-induced intestinal epithelial barrier breakdown. The gut mucosa
is constantly challenged by a diverse microbial community (yellow rod-shaped bodies), food-borne toxins (T) and
foreign antigens (red heptagrams). The most prominent example of food-borne toxins primarily associated with an
impairment of the intestinal barrier are mycotoxins. Various mycotoxins have been shown to induce intestinal barrier
breakdown demonstrated by a decrease in TEER, an increase in paracellular transport and changes in the expression
as well as distribution pattern of different T proteins. The data shown in the figure have been demonstrated by in vitro
studies unless otherwise stated (*in vivo studies, **in vitro as well as in vivo studies). Abbreviations used: 3-Ac-DON,
3-acetyl-deoxynivalenol; 15-Ac-DON, 15-acetyl-deoxynivalenol; AFB1, aflatoxin B1; AFM,, aflatoxin M, CLDN, claudin;
DON, deoxynivalenol; E. coli, Escherichia coli; FB,, fumonisin B, FITC-dextran; fluorescein isothiocyanate-dextran; HRP,
horseradish peroxidase; LY, lucifer yellow; M. tuberculosiss, Mycobacterium tuberculosiss; ND, not determined; OCLN,
occludin; OTA, ochratoxin A; PAT, patulin; S. typhimurium, Salmonella typhimurium; TEER, transepithelial electrical
resistance; TJ, tight junction; Z0s, zonula occludens.
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Aflatoxins

Aflatoxins are naturally occurring mycotoxins that are produced by various specious of
Aspergillus. The major aflatoxins commonly isolated from foods and feeds are aflatoxins
B,, B,, G, and G, (49). Aflatoxin B, (AFB,), considered as the most toxic form, is metabolized
by liver cytochrome P450 (CYP) enzymes (mainly by CYP3A4 and CYP1A2) to an AFB.-
8,9-exo-epoxide and AFB.-8,9-endo-epoxide. The exo-epoxide rapidly binds to DNA and
forms the 8,9-dihydro-8-(N7-guanyl)-9-hydroxy AFB, (AFB,-N7-Gua) adduct. If this DNA-
damage is not repaired before DNA replication, it causes mutational effects in the 3 base
of codon 249 in the p53 tumor suppressor gene. P53 is the most frequently targeted gene
in human carcinogenesis, with a mutation frequency of 50% in most major cancers (50-
52), hence, this mutation is considered as a key event in aflatoxin-induced carcinogenesis.
The endo-epoxide primarily binds to cellular proteins, and is associated with direct
cytotoxicity and the impairment of liver function. AFB, is classified asa group 1 carcinogen
(carcinogenic to humans) by the International Agency for Research on Cancer (IARC) (53).
Epidemiological evidence suggest a synergistic effect of aflatoxin B, and chronic hepatitis
B virus infections in the prevalence of liver cancer in humans (51, 54-56).

Another important hepatic metabolite of AFB, is aflatoxin M, (AFM,), which is excreted
into milk both in animals as well as in humans. This results in an undesirable exposure of
infants. AFM is less biologically active than AFB,, but can also be converted into an AFM -
epoxide that can bind to DNA and form a AFM -N7-Gua which leads to hepatotoxicity and
hepato-carcinogenicity (49, 57, 58). IARC has classified AFM as a group 2B carcinogen
(possibly carcinogenic to humans) (53).

Effects of aflatoxins on intestinal barrier function

In consideration of the primary hepatotoxicity and hepato-carcinogenicity, only very
few studies have been conducted showing that aflatoxins exposure might compromise
also intestinal permeability (Table 1). Gratz et al. (59) showed that AFB, induces a time-
dependent decrease in TEER values of Caco-2 cells. This effect was only observed
at high concentrations and in the presence of activated CYP3A4, confirming the
biotransformation-dependent toxicity of AFB.. Another study conducted by Caloni et al.
(60) reported that exposure to much lower AFM, concentrations either to the apical or
basolateral surface of the Caco-2 cell monolayer results in a slight, but significant TEER
decrease. The sub-cellularlocalization of OCLN and ZO-1 remained unaffected as observed
by immunostaining. Further studies would be necessary to unravel the potential clinical
impact of aflatoxins, in particular AFM,, on epithelial barrier integrity in infants.
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Table 1. Modulation of the intestinal barrier function by aflatoxins

Model Concentration  Effects on barrier function References

Exposure time

Aflatoxins
Caco-2 cells 150 uM AFB,: Decrease in TEER values (59)
72h
Caco-2 cells 3.2-33nM AFM,: Decrease in TEER values (60)
24 h

Ochratoxin A

Ochratoxin A (OTA) isamycotoxin produced by various species of Aspergillusand Penicillium
(57). Exposure to OTA is a worldwide phenomenon, as evidenced by the presence of OTA
in the majority of the tested human blood samples in many countries (61-63). The kidney
is the major target organ for OTA and its derivatives, and some epidemiological studies in
humans have associated the exposure to OTA with a chronic tubulointerstitial nephritis
(also denoted Balkan endemic nephropathy (BEN)) and urothelial tract tumors (57, 64,
65). At higher concentrations OTA has been shown to be nephrotoxic, teratogenic and
immunotoxic. IARC has classified OTA as a group 2B carcinogen (possibly carcinogenic
to humans) on the basis of sufficient evidence for carcinogenicity in animal studies
(53). A number of mechanisms are described to be involved in OTA toxicity, including
) inhibition of protein synthesis through inhibition of phenylalanyl-tRNA synthetase, II)
mitochondrial dysfunctions and the production of reactive oxygen and nitrogen species
(ROS and RNS) and lipid peroxidation, lll) inhibition of histone acetyltransferase, which
leads to disruption of mitosis and chromosomal instability as well as, IV) DNA adducts,
particularly deoxyguanosine (dG) adducts (66-70). Although, the kidney is generally
believed to be the main target organ for OTA toxicity, its well-known inhibition of cellular
protein synthesis and the generation of reactive oxygen as well as nitrogen species
suggest that the Gl tract may be a possible target organ for OTA as well (5, 7).

Effects of ochratoxin A on intestinal barrier function

Modulation of the intestinal barrier by OTA has mainly been studied using the in vitro Caco-
2 cell model (Table 2). For the first time, Maresca et al. (71) showed that the OTA exposure
results in a concentration- and time-dependent decrease in TEER values of both Caco-2
and HT-29-D4 cells. They showed that the apical surface is more susceptible to OTA in
comparison with exposure via the basolateral surface; in contrast, other studies reported
that both apical and basolateral surfaces are equally affected by OTA (71, 72). Ranaldi et
al. (73) found that the TEER decrease in OTA-exposed Caco-2 cells at concentrations up
to 200 puM for 48 h is reversible and a full recovery of TEER value is achieved within 24 h
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after cessation of mycotoxin exposure. It has been reported that the OTA-induced TEER
decrease is accompanied with an increase in the translocation of paracellular markers,
such as 4, 10 kDa FITC-dextran and horseradish peroxidase (HRP, ~44 kDa) (Table 2). The
OTA-induced permeability is shown to be size selective, since translocation of 20 and 40
kDa FITC-dextran remain unchanged after exposure of Caco-2 cells to OTA up to 100 uM
for24h (6,72). Depletion of specific CLDN isoforms, in particular CLDN3 and CLDN4 as well
as changes in their cellular distribution are well documented, but there are no data on the
other components of the TJ complex such as OCLN and ZOs (72-74). Of clinical relevance
is the finding that the OTA-induced intestinal barrier impairment in a concentrations
equal or higher than 1 uM OTA triggers a concentration- and time-dependent increase in
the translocation of Escherichia coli across Caco-2 cell monolayers (6).

Table 2. Modulation of the intestinal barrier function by ochratoxin A

Model Concentration  Effects on barrier function References

Exposure time

Ochratoxin A

Caco-2 cells 100 uM Decrease in TEER values (72)
24 h Increase in permeability of 4 and 10 kDa FITC-dextran
Decrease in protein expression of CLDN3 and CLDN4

Caco-2 cells 1-100 uM Decrease in TEER values (6)
12h Increase in permeability of HRP and 4 kDa FITC-dextran
Increase in translocation of commensal Escherichia coli
(strain k12)
Caco-2 cells 100 uM Decrease in TEER values (74)
24 h Decrease in protein expression of CLDN3 and CLDN4
Caco-2 cells 40-1000 uM Decrease in TEER values (73)
48 h Affect the distribution pattern of CLDN4
Caco-2 cells 10 uM Neither a significant decrease in TEER values nor an (83)
3h increase in permeability of ['*C]-mannitol
Caco-2 cells 0.1-100 uM Decrease in TEER values (71)

HT-29-D4 cells 48 h

Patulin

Patulin (PAT) is a mycotoxin produced by various species of Penicillium, Aspergillus and
Byssochylamys, known as fruit spoiling fungi (57, 75). Based on experimental models in
mice, PAT was initially suspected to increase the prevalence of gastric cancers, but the
IARC has classified PAT as a group 3 carcinogen (not carcinogenic to humans) due to
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inadequate evidence for the carcinogenicity of PAT in both experimental animals and
humans (76). Currently, the Gl tract and the immune system are thought to be the most
affected tissues following PAT exposure (75, 77). PAT is believed to induce cytotoxicity by
forming covalent adducts with essential cellular thiols (organic compounds that contain
a sulfhydryl group), by which it inhibits the activity of many enzymes. One of the most
likely cellular targets of PAT is the sulfhydryl group of cysteine (Cys) and glutathione (GSH)
leading to depletion of glutathione and subsequent increased generation of ROS (57,
78-81). A recent study conducted by Boussabbeh et al. (82) revealed that PAT induces
apoptosis through the ROS-mediated endoplasmic reticulum stress pathway.

Effects of patulin on intestinal barrier function

Impairment of intestinal barrier integrity induced by PAT has been clearly shown in
different studies (Table 3). PAT is found to induce a rapid and dramatic decrease in TEER
values of Caco-2 and HT-29-D4 monolayers (84-86). PAT exposure to either apical or
basolateral surface resulted in a concentration- and time-dependent decrease of TEER
levels. The apical surface seems to be slightly more sensitive than the basolateral surface
(85, 86). Mohan et al. (87) showed that PAT at concentrations equal or higher than 1.6
MM causes an increase in plasma membrane permeability, observed by increased TOTO-3
fluorescence intensity. In addition, it has been reported that PAT induces the permeability
of different paracellular markers such as HRP and FITC-dextrans of 4-40 kDa across the
intestinal epithelium (Table 3) (6, 86, 88). Maresca et al. (6) showed that the impairment
of intestinal integrity by PAT results in an increased translocation of Escherichia coli
across Caco-2 cell monolayers. There are different studies demonstrating specific effects
of PAT on TJs. For example, it is shown that 5 h exposure of Caco-2 cell monolayers to
100 uM PAT leads to proteolytic cleavage of OCLN and a significant reduction in ZO-1
protein levels. However, the expression levels of CLDN1, CLDN3 and CLDN4 were not
changed (86). Kawauchiya et al. (89) demonstrated that the exposure of Caco-2 cells
to 50 uM PAT, resulted in a gradual decrease in protein expression of ZO-1, while the
expression levels of CLDN4 and OCLN remained unaffected up to 72 h. Interestingly, the
decreased ZO-1 expression observed in latter study was correlated with an increased
phosphorylation of this protein, while phosphorylation of CLDN4 and OCLN were not
detected. This is in contrast to the finding of Katsuyama et al. (88) who reported an
increase in phosphorylation of CLDN4 following a 24 h exposure of Caco-2 cells to PAT ata
concentration of 50 uM. PAT also affects the distribution pattern of different TJs including
CLDNT1, CLDN3, CLDN4, OCLN and ZO-1 (86, 88, 89). Moreover, PAT exposed to isolated rat
colonic mucosa at a concentration of 500 uM for 2 h has been shown to induce intestinal
barrier breakdown demonstrated by a decrease in TEER values and an increase in [*C]-
mannitol (182 Da) permeability (87). There are a few possible mechanisms underlying
the PAT-induced impairment of TJs and intestinal barrier function. For example, Mahfoud
et al. (85) showed that the PAT-induced TEER decrease involves in inhibition of protein
tyrosine phosphatase (PTP) through inactivation of cysteine residues in the catalytic
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domains of PTP. The high affinity of PAT for sulfhydryl groups of Cys and GSH (explained
above) may account for the barrier impairment, since addition of 1.6 mM GSH was found
to completely prevent PAT-induced TEER drop. Therefore, higher amount of GSH in Caco-2
cells compared to HT-29-D4 cells (8.0 vs 4.5 nmol/mg of protein) may explain the different
sensitivity of these cells to PAT (85). It has been recently suggested that PAT decreases
the expression of density-enhanced phosphatase-1 (DEP-1) through down-regulation of
proliferator-activated receptor gamma (PPARYy) (88). DEP-1 is a class Ill transmembrane
phophatidyl-inositol-phosphate, which has been proposed to regulate different signal
transduction pathways, such as cell migration, proliferation, differentiation and adhesion
(90,91). Furthermore, it has been observed that a PAT-mediated decrease of DEP-1 results
in hyper-phosphorylation of CLDN4 and subsequently hinders the interaction between
Z0-1 and CLDN4, which leads to release of CLDN4 from the TJ network (88). In addition,
McLaughlinetal. (86) speculated that matrix metalloproteinases (MMPs) may play arole, at
least partly, in the observed intestinal barrier impairment induced by PAT, since inhibition
of MMP partially protected OCLN from PAT-mediated cleavage. However, according to
their findings, the reduction in ZO-1 levels is not prevented by MMP inhibitors.

Fumonisin B,

Fumonisin B, (FB,) is the major representative of structurally related fumonisins produced
by various specious of Fusarium, predominantly by Fusarium verticillioidis. Initially, FB, has
been associated with an increased prevalence of esophageal cancers in humans in the
Transkei region of South Africa (92-94). IARC has classified FB, as a group 2B carcinogen
(possibly carcinogenic to humans) (53). Maternal exposure to fumonisins increases the
risk of neural tube defects (such as spina bifida and anencephaly) in offspring, mainly
through interference with the function of folate-binding protein and utilization of folic
acid (95-98). FB, has been shown to be hepatotoxic, nephrotoxic, carcinogenic and
immunotoxic in various animal species (99). The main mechanism of action is inhibition
of the enzyme ceramide synthase (CerS) (99-102). CerS is a key enzyme that catalyzes the
formation of complex sphingolipids from the sphingoid bases (99, 103). FB, is observed
to inhibit mainly CerS4 isomers (CerS1 and CerS2 isomers are also inhibited to a lesser
extent) and leads to the accumulation of sphingoid bases (including sphinganine and
sphingosine) and in turn to a depletion of ceramide and complex sphingolipids (57,
99-102). It is well known that sphingolipids participate in a variety of cellular signaling
pathways, such as regulation of cell proliferation, differentiation and apoptosis (103, 104).
Although liver and kidney are thought to be the most affected tissues by FB, in animal
species, the Gl tract has also been reported as a possible target organ for FB1 (99, 105). It
has been shown that a single subcutaneous injection of FB, (25 mg/kg body weight (bw))
causes a transient increase in sphinganine and sphingosine in the mouse small intestine
over 24 h (102). Exposure of pigs to FB, (1.5 mg/kg bw) for 7 days results in a significant
increase in the concentration of sphinganine and sphingosine, and a decrease in the total
glycolipid content as well as alteration in the jejunal glycolipid composition, whereas no
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changes are observed in the duodenum and ileum (100).

Table 3. Modulation of the intestinal barrier function by patulin

Model Concentration  Effects on barrier function References
Exposure time
Patulin
Caco-2 cells 100 uM Decrease in TEER values (86)
5h Increase in permeability of 4-40 kDa FITC-dextran
Proteolysis of OCLN
Decrease in protein expression of ZO-1
Affect the distribution pattern of CLDN1, CLDN3, CLDN4,
OCLN and ZO-1
Caco-2 cells 50 uM Decrease in TEER values (89)
72h Decrease in protein expression of ZO-1
Increase in phosphorylation of ZO-1
Affect the distribution pattern of CLDN4, OCLN and
Z0-1
Caco-2 cells 50 uM Decrease in TEER values (88)
36 h Increase in permeability of 4 kDa FITC-dextran
Increase in phosphorylation of CLDN4
Affect the distribution pattern of ZO-1
Caco-2 cells 1-100 uM Decrease in TEER values (6)
12h Increase in permeability of HRP and 4 kDa FITC-dextran
Increase in translocation of commensal Escherichia coli
(strain k12)
Caco-2 cells 0.2-100 uM Increase in plasma membrane permeability (87)
72h
Caco-2 cells 25 nM-95 uM Decrease in TEER values (84)
24 h
Caco-2 cells 1-100 uM Decrease in TEER values (85)
HT-29-D4 cells 24 h
Rat colonic 100-500 uM Decrease in TEER values (87)
explants 2h Increase in permeability of ['“C]-mannitol
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Effects of fumonisin B, on intestinal barrier function

Impairment of the intestinal barrier integrity induced by FB, has been shown in different
in vitro, ex vivo and in vivo studies (Table 4). A concentration- and time-dependent
decrease in TEER values of IPEC-1 cells (intestinal porcine epithelial cells) has been
observed after FB, exposure and this process was time required as significant effects
occurred only after a long term exposure (at least 8 days after FB, exposure) (100, 106).
Bouhetetal. (106) demonstrated that FB1—induced decrease in TEER values is independent
from the differentiation stage of IPEC-1 cells and this TEER drop is partially reversible.
Another study has shown that the impaired intestinal barrier results in an increase of
permeability for FB, across the IPEC-1 cells, suggesting that after long-term exposure, the
very low absorption rate (normally ~3%) may increase over time (100). Surprisingly, an
increase in TEER values of porcine jejunal explants is reported after 2 h exposure to FB, at
concentration of 10 uM. In contrast, a significant increase in HRP permeability is reported
following treatment with 10 uM FB, over the same time period (107). In vitro and in vivo
studies have showed that FB,-induced barrier function impairment causes an increase in
the translocation of pathogenic Escherichia coli across intestinal epithelial cells (105, 108).
Furthermore, Escherichia coli could be recovered from lung and mesenteric lymph nodes
7 days after oral exposure of pigs to FB, at a dose of 0.5 mg/kg bw (108). Bracarense et
al. (109) observed that the exposure of piglets to a FB,-contaminated diet (3 mg/kg) for
5 weeks significantly decreases the protein expression of OCLN in ileum. Further studies
would be needed to clarify the involvement of TJ impairment in FB -induced impairment
of the intestinal integrity.

Trichothecenes

The class of trichothecenes comprises a unique family of over 200 tetracyclic
sesquiterpenoid fungal metabolites produced by various species of the genera Fusarium,
Stachybotrys, Cephalosporium, Myrothecium, Spicellum, Verticimonosporium, Trichoderma
and Trichothecium (110-112). Common structure elements of trichothecenes are a C-9,-10
double bond and C-12, -13 epoxide moiety contributing to the toxicity of trichothecenes
(110,113, 114).Trichothecenes are classified into four different types (type A-D) according
to the characteristic functional group. Type A trichothecenes are characterized by a
hydroxyl motif at C-8 (e.g. T-2/HT-2 toxins), whereas type B trichothecenes carry a keto
(carbonyl) motif at this position (e.g. nivalenol, deoxynivalenol). Type C trichothecenes
have an additional epoxide group at the C-7, -8 or C-9, -10 position (e.g. crotocin), while
type D trichothecenes possess a macrocyclic ring between the C-4, -15 positions (e.g.
roridin) (110-113, 115). Among them, type A and type B are known to be the most
prevalent trichothecenes (112, 116). At the cellular level, type A and type B trichothecenes
not only interact with the peptidyl-transferase at the 60S ribosomal subunit to cause a
translational arrest and protein synthesis inhibition, but also activate intracellular protein
kinases, particularly mitogen-activated protein kinases (MAPKs) and their downstream
effectors resulting in a process, known as ribotoxic stress response (111, 112, 115,
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117). Rapidly dividing cells, particularly intestinal epithelial cells and immune cells, are
generally believed to be the major target organs for type A and type B trichothecenes
(118, 119). In consideration of the complex group of trichothecenes and the availability
of detailed investigations, only major representatives of this class of mycotoxins such as
T-2/HT-2 toxin, nivalenol (NIV) and deoxynivalenol (DON) will be discussed in more detail
below. Their effects on intestinal barrier integrity are summarized in Table 5 at the end of
this chapter.

Table 4. Modulation of the intestinal barrier function by fumonisin B,

Model Concentration  Effects on barrier function References

Exposure time

Fumonisin B,

IPEC-1 cells 50-200 uM Decrease in TEER values (100)
16d Increase in permeability of FB,

IPEC-1 cells 20-200 uM Increase in translocation of pathogenic Escherichia coli  (105)
4h (strain 28C)

IPEC-1 cells 50-500 uM Decrease in TEER values (106)
28d

Porcine jejunal 10 uM Increase in TEER values (107)

explants 2h Increase in permeability of HRP

Piglet 3 mg/kg feed Decrease in protein expression of OCLN in ileum (109)
5w

Piglet 0.5 mg/kg bw Increase in translocation of pathogenic Escherichia coli  (108)
7d (strain 28CNal")

T-2/HT-2 toxin

Historically, prolonged exposure of humans to T-2 toxin has been associated with a
disease known as Alimentary Toxic Aleukia (ATA); characterized by nausea, vomiting,
diarrhea, gastroenteritis, leukopenia (aleukia), hemorrhages, skin inflammation and in
severe cases a death due to asphyxia (120). Genotoxicity and mutagenicity of T-2 is still a
matter of controversial debate and IARC has classified T-2 toxin as a group 3 carcinogen
(not carcinogenic to humans) due to inadequate evidence for the carcinogenicity in both
experimental animals and humans (121). The major mechanisms of toxicity of -2 toxin are
described as I) inhibition of protein synthesis (at the initiation step of protein translation)
through interaction with the peptidyl-transferase at the 60S ribosomal subunit and II)
generation of ROS and oxidative stress leading to caspase-mediated cellular apoptosis
(111, 112, 117, 122). Rapidly after ingestion, T-2 toxin is mainly metabolized into HT-2
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toxin, through a deacetylation reaction by intestinal microflora, and various hydroxylated
metabolites in the liver. The toxicity of HT-2 is quite similar to that of the T-2 toxin and
their effects cannot be differentiated. However, it has been speculated that HT-2 toxin is
responsible for the observed in vivo toxicity following T-2 toxin ingestion (112, 114, 119).

Effects of T2/HT-2 toxin on intestinal barrier function

Despite the well-documented clinical and pathological intestinal lesions induced by T-2
toxin (118), the effects of T-2 toxin on intestinal integrity have hardly been studied (Table
5). However, a study conducted by Goossens et al. (123) clearly showed that T-2 toxin
causes an impairment of the barrier function at a concentration of 21 nM as observed by
a decrease in TEER values and an increase in the passage of the antibiotics doxycycline
and paromomycin across IPEC-J2 cells (intestinal porcine epithelial cells). Another study
reported that the exposure of mice to T-2 toxin (3.3 mg/kg bw) for 20 days results in an
increased translocation of Mycobacterium tuberculosis (124). In addition, a significant
increase in the translocation of Salmonella typhimurium across IPEC-J2 cell monolayer
occurs already 30 minutes after T-2 toxin exposure with concentrations as low as 2.1
nM (125). Surprisingly in the same study, TEER values remained unaffected up to 24
h after exposure to concentrations of T-2 toxin ranging from 1.6 to 10.7 nM (125). The
exact mechanisms underlying the gut barrier dysfunction induced by T-2/HT-2 toxin are
unknown and would require further investigations.

Nivalenol

Nivalenol (NIV) is one of the less studied type B trichothecenes and littleis known about the
toxicity of NIV in humans (126). Some studies suggest that exposure to dietary NIV could
be associated with an increased incidence of esophageal and gastric cancers in certain
regions of China (114, 126, 127). However, IARC has classified NIV as a group 3 carcinogen
(not carcinogenic to humans) due to inadequate evidence for the carcinogenicity in both
experimental animals and humans (121). NIV is usually found together with DON and
synergistic interactions between them are assumed (128). DON and NIV share highly
similar chemical structures and the only difference between them is a single oxygen
atom at the C-4 position in the trichothecene structure (hydrogen and hydroxyle group
at the C-4 position in DON and NIV, respectively) (112, 114, 115). Although less prevalent
in food commaodities, NIV is generally believed to have a higher toxicity than DON (4, 46,
129). Unlike DON, NIV inhibits protein synthesis by inhibiting the initiation step of protein
translation through interaction with peptidyl transferase at the 60S ribosomal subunit
(111). Using different approaches, the effects of NIV on intestinal epithelial cells have
been acknowledged. Recently, it has been reported that NIV induces oxidative stress in
IEC-6 cells (non-tumorigenic rat intestinal epithelial cell line) by generation of ROS and
inducible nitric oxide synthase (iNOS), which leads to activation of nuclear factor kappa
B (NF-kB) and nuclear factor erythroid 2-related factor 2 (Nrf2) pathways (130). A study
conducted by Bianco et al. (129) showed that NIV induces apoptosis in IEC-6 cells by
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inhibition of the anti-apoptotic protein B cell lymphoma-2 (BCL-2) and the induction of
the pro-apoptotic protein Bcl-2-associated X protein (BAX) as well as caspase-3 activation.
Induction of apoptosis was further confirmed in ex vivo pig jejunal explant and in vivo pig
intestinal loops (46). However, the effect of NIV on the intestinal barrier function has not
been studied yet.

Deoxynivalenol and its mono-acetylated derivatives

Deoxynivalenol (DON) is believed to be the most widely distributed trichothecene (14,
114).The high incidence of human exposure is confirmed by the analysis of urine samples
for DON and its glucuronides, demonstrating that the exposure incidence exceeds 90%
of the tested population in many cases (131-135). Human exposure to DON can cover all
age groups, even the developing fetus, since DON crosses the placental barrier (136, 137).
Genotoxicity and mutagenicity of DON is widely studied and IARC has classified DON as
a group 3 carcinogen (not carcinogenic to humans) (121). DON modulates the function
of various organ systems. For example, DON is also known as vomitoxin, since it induces
a strong emetic effect due to an interaction with the dopaminergic system in the central
nervous system (14, 138, 139). Other neurological effects of DON in regulating overall
activity and satiety have recently been discussed (138, 140, 141). Another important
target of DON is the immune system and DON can induce both immunostimulatory as
well as immunosuppressive responses depending on dose, frequency and duration of
exposure. Asan example, low dose exposure to DON triggers immune responses, whereas
a high dose leads to leukocyte apoptosis and subsequent immunosuppression (14,
142). At the cellular level, DON inhibits protein synthesis (at the elongation-termination
step of protein translation) through interaction with the peptidyl-transferase at the 60S
ribosomal subunit (111). The binding of DON to the ribosome, rapidly activates MAPK
signaling pathways and induces caspase-mediated apoptosis in a process, known as the
“ribotoxic stress response” (2, 14, 111).

In addition to DON itself, two acetylated derivatives (3-acetyl-DON, 3-Ac-DON and
15-acetyl-DON, 15-Ac-DON) may be produced by Fusarium species simultaneously, but
at much lower levels than DON. Due to similarity in the chemical structure, the mode of
action of 3-Ac-DON and 15-Ac-DON is generally considered to be the same as DON (14,
15). Recently, the contribution of plant-derived conjugates, such as glucosides of DON, to
overall DON exposure is considered as well (143).

Effects of DON, 3-Ac-DON and 15-Ac-DON on intestinal barrier function

The contribution of DON to the loss of intestinal barrier function has been extensively
examined in different in vitro, ex vivo and in vivo studies (Table 5). Evidence in different
human (Caco-2,T84 and HT-29) as well as porcine (IPEC-1 and IPEC-J2) intestinal epithelial
cells have shown that DON induces a concentration- and time-dependent drop in TEER
values (26, 118, 144-146). It could be concluded that IPEC-1 cells are more sensitive to
DON compared to Caco-2 cells as indicated by the DON-induced TEER drop (147). This
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difference may be associated with different origin and type of these cell lines, as Caco-
2 cells are human colon adenocarcinoma cells, while IPEC-1 cells are non-transformed
and non-carcinoma cells obtained from porcine small intestines (142, 148). Recently, we
showed that the DON-induced TEER drop considerably depends on the side of application
and this response is much more pronounced when DON is applied to the basolateral,
rather than the apical surface of Caco-2 cells (26). The same surface-dependent effect
is also observed in IPEC-J2 cells (146). Using horizontal impedance measurements, we
and others could show that DON disintegrates a human Caco-2 cell monolayer within
the first few hours of exposure in concentrations as low as 1.5 uM (26, 149). The DON-
induced TEER drop in established epithelial cell monolayers is accompanied with a
concentration-dependent increase in the flux of paracellular markers such as mannitol,
HRP, LY and 4 kDa FITC-dextran (Table 5) (6, 26, 27). Goossens et al. (123) observed that
the decrease in TEER is accompanied with an increase in passage of smaller molecules
such as the antibiotics doxycycline and paromomycin across IPEC-J2 cells. This is in line
with the assumption that an increased flux of paracellular markers is size selective, since
our study with two molecular sizes of FITC-dextran (4 and 40 kDa) revealed that DON
exposure induces a significant increase in the flux of 4 kDa FITC-dextran in the Caco-2
cells, but not of 40 kDa FITC-dextran (26). A similar concentration-dependent increase in
permeability was observed in pig jejunal explants exposed to 20 to 50 uM DON for up to 2
h (147). Intestinal barrier breakdown was further confirmed in vivo by our previous study
showing that a single oral application of DON (25 mg/kg bw) to mice results in significant
increase in 4 kDa FITC-dextran permeability (26). Of clinical relevance is the fact that a
DON-induced impairment of intestinal integrity may result in the increased transfer of
luminal antigens and bacteria. Pinton et al. (147) described that DON treatment causes a
concentration- and time-dependent increase in translocation of pathogenic Escherichia
coli across IPEC-1 cell monolayers. Another study found that DON-induced loss of
epithelial barrier function, observed by decrease in TEER and increase in paracellular
flux, is correlated with increase in translocation of commensal Escherichia coli across
Caco-2 cells (6). DON-enhanced translocation of Salmonella typhimurium is reported
in both undifferentiated and differentiated IPEC-J2 cells, although undifferentiated
cells are found to be more sensitive in comparison to differentiated cells (150). DON-
induced permeability in various in vitro and in vivo models is accompanied with specific
alterations in the expression (at transcriptional and protein levels) as well as distribution
of different TJs. An up-regulation in mRNA levels of CLDN3, CLDN4, OCLN and ZO-1 were
observed in DON-exposed Caco-2 cells (26,27, 151). CLDNs have been reported to be the
most susceptible TJs regarding DON exposure to human intestinal epithelial cells (26, 77,
118, 147). However, in addition to CLDNs, OCLN and ZO-1 have also been shown to be
influenced by DON in porcine intestinal epithelial cells (146, 152, 153).

Up-regulation of TJ mRNA is often reported as an effect of DON, whereas at the same
time a significant reduction in the protein level of different TJs is observed (26, 27).
Therefore, it is assumed that DON primarily targets the TJ proteins and that the RNA
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upregulation needs to be considered as a compensatory mechanism (26, 27, 151, 154).
Another explanation could be that in addition to protein synthesis inhibition (which
could explain the decrease in protein level of TJs), DON augments and prolongs the
usually transient expression of genes either by transcriptional enhancement or transcript
stabilization (leading to increased transcriptional rates of TJs), a mechanism described as
superinduction (155, 156).

In vivo exposure to DON-contaminated diet also significantly affects different TJs and
segment-specific effects of DON are reported to occur throughout the intestine. Our
previous study, as an example, indicated that up-regulation of the different CLDNs caused
by a gavage with DON is most pronounced in the mouse distal small intestine compared
to other segments of the intestine (26). Surprisingly, our group found that even after low-
level exposure to DON, which has been generally considered as acceptable in animal feeds,
substantial changes occur in markers of intestinal integrity. For example, up-regulation
of different TJ proteins were observed alongside the intestine, whereas in the jejunum,
the mRNA expression of certain TJs (CLDN4, OCLN, ZO-1 and ZO-2) was down-regulated
(154). Furthermore, Lessard et al. (157) also observed the down-regulation of CLDN3,
CLDN4 and OCLN mRNA levels in the ileum of pigs consuming a DON contaminated diet,
whereas no effect was observed in the jejunum. A study conducted in broiler chickens
showed an upregulation of CLDN1, CLDN5, ZO-1 and ZO-2 mRNA levels in the ileum after
dietary DON, while only CLDN5 was affected in the jejunum (151).

Several studies demonstrated a decrease in protein expression of CLDN4 and OCLN in pig
jejunum and ileum after a DON diet (109, 147). In contrast to other studies, Alizadeh et al.
(154) showed that the protein expression of OCLN is significantly increased in duodenum,
jejunum and colon of DON-treated pigs compared to control animals, which is probably
related to the short-term, low-dose exposure to DON. In addition, DON is able to interrupt
the distribution pattern of TJs (including CLDNs, OCLN and ZO-1) as demonstrated within
different in vitro as well as in vivo models (26, 146, 153). Our recent murine study showed
that already 6 h after an oral DON gavage (25 mg/kg bw) an irregular distribution of
CLDNT1, CLDN2, CLDN3 has been observed in the distal small intestine, whereas in the
colon no differences in the TJ distribution pattern were detected (26).

Unlike well-documented effects of DON on gut barrier, knowledge about toxicity of its
acetylated derivatives is still limited and only a few studies have addressed intestinal
barrier impairment induced by 3-Ac-DON and 15-Ac-DON (Table 5). Kadota et al. (158)
showed that 15-Ac-DON has a higher potency to affect the permeability of Caco-2 cells
compared to DON and 3-Ac-DON. The potency of DON and its acetylated derivatives on
the barrier function of IPEC-1 cells are ranked as 15-Ac-DON > DON > 3-Ac-DON based on
the decrease in TEER values and the increase in the permeability of 4 kDa FITC-dextran.
Measuring the protein expression of CLDNs clearly showed that 15-Ac-DON has a more
pronounced effect on the expression of CLDN3 and CLDN4 in IPEC-1 cells compared to
DON and 3-Ac-DON (118).

As mentioned above, interaction of DON with the peptidyl-transferase at the 60S
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ribosomal subunit has been associated not only with translational arrest and protein
synthesis inhibition, but also with an activation of the intracellular protein kinases
(particularly MAPKs) and their downstream signaling partners in a process known
as the ribotoxic stress response (15, 118, 134, 159). MAPKs play a crucial role in many
physiological processes including cell growth, differentiation, apoptosis and immune
responses (159). Further studies have shown that TJ structure and function can also be
regulated by signaling molecules involved in MAPK pathways (86, 160). At the molecular
level, MAPK extracellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase
(JNK) and p38 are described to get rapidly activated by DON in human as well as porcine
intestinal cell lines (118, 161) and this activation leads to a decrease in the expression of
CLDNs (118, 162).

Different observations of DON-induced activation of MAPKs have been reported in
ex vivo as well as in vivo models. Using IPEC-1 cells, Pinton et al. (162) showed that the
DON-activated MAPK ERK1/2 correlates with a reduction in barrier function observed by
decrease in TEER, increase in paracellular permeability and decrease in the expression of
CLDN4. Interestingly, inhibition of ERK1/2 phosphorylation restored the barrier function
of differentiated IPEC-1 cells (162). In addition, a study conducted by the same author
showed that none of the MAPKs, such as ERK1/2, JNK and p38 are significantly activated
neither in ex vivo (pig jejunal explants exposed to DON) nor in in vivo (jejunum of DON-
fed pigs) models (118). However, another study using the same ex vivo and in vivo
approaches, reported that DON significantly enhances the phosphorylation of ERK1/2
and p38, whereas the phosphorylation of JNK remains unaffected (163).

Only a few studies displayed differences between DON and its acetylated derivatives
regarding their potency to activate MAPKs. 15-Ac-DON, as an example, has a greater
capacity to activate MAPK ERK1/2, p38 and JNK, in the porcine intestinal epithelial cells
and in pig jejunal explants compared to DON and 3-Ac-DON (118).
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Table 5. Modulation of the intestinal barrier function by trichothecenes

Model Concentration  Effects on barrier function References
Exposure time
T-2 toxin
IPEC-J2 cells 0.21-210 nM Decrease in TEER values (123)
72h Increase in  permeability of doxycycline and
paromomycin
IPEC-J2 cells 1.6-10.7 nM Increase in translocation of Salmonella typhimurium (125)
1h (strain 112910a)
Mouse 3.3 mg/kg bw Increase in translocation of Mycobacterium tuberculosis  (124)
20d (strain H37RvR-KM)
Deoxynivalenol
Caco-2 cells 1.39-12.5 uM Decrease in TEER values (26)
24 h Decrease in horizontal impedance value
Increase in permeability of LY and 4 kDa FITC-dextran
Increase in transcript level of CLDN3, CLDN4, OCLN and
Z0-1
Decrease in protein expression of CLDN1, CLDN3 and
CLDN4
Affect the distribution pattern of CLDN1, CLDN3, CLDN4,
OCLN and ZO-1
Caco-2 cells 0.16-16 uM Decrease in TEER values (27)
24 h Increase in permeability of mannitol
Increase in transcript level of CLDN4 and OCLN
Decrease in protein expression of CLDN4
Caco-2 cells 5-100 uM Decrease in TEER values (147)
48 h Increase in permeability of 4 kDa FITC-dextran
Increase in translocation of pathogenic Escherichia coli
(strain 28C)
Decrease in protein expression of CLDN4
Caco-2 cells 1-100 pM Decrease in TEER values (6)
12h Increase in permeability of HRP and 4 kDa FITC-dextran
Increase in translocation of commensal Escherichia coli
(strain k12)
Caco-2 cells 0.37-1.5 uM Decrease in horizontal impedance value of (149)
6-120 h undifferentiated cells
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Caco-2 cells
T84 cells
HT-29-D4 cells

IPEC-1 cells

IPEC-1 cells

IPEC-1 cells
IPEC-J2 cells

IPEC-J2 cells

IPEC-J2 cells

IPEC-J2 cells

IPEC-J2 cells
Porcine jejunal
explants

Piglet

Pig
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0.16-0.67 uM
14d

0.001-100 pM
48 h

30 uM
48 h

5-50 uM
48h

0.67-6.7 uM
48h

6.74 uM
48h

0.67-13.4 uM
24-72h

1.68-33.7 uM
72h

0.33-3.3 uM
24h

5-50 uM
2h

3 mg/kg feed
5w

0.9 mg/kg feed
10d

Decrease in TEER values
Increase in permeability of LY

Decrease in TEER values

Decrease in TEER values

Increase in permeability of 4 kDa FITC-dextran
Decrease in protein expression of CLDN4
Affect the distribution pattern of CLDN4

Decrease in TEER values
Increase in permeability of 4 kDa FITC-dextran
Decrease in protein expression of CLDN3 and CLDN4

Decrease in protein expression of ZO-1
Affect the distribution pattern of ZO-1

Decrease in TEER values

Decrease in protein expression of CLDN3, OCLN and
Z0-1

Affect the distribution pattern of ZO-1

Decrease in TEER values
Decrease in protein expression of CLDN3 and ZO-1
Affect the distribution pattern of CLDN3

Decrease in TEER values

Increase in  permeability of doxycycline and

paromomycin

Increase in translocation of pathogenic Salmonella
typhimurium (strain 112910a)

Increase in permeability of 4 kDa FITC-dextran

Decrease in protein expression of OCLN in ileum

Increase in transcript level of CLDNs (caecum), OCLD
(duodenum, ileum, caecum and colon) and ZOs
(duodenum and colon)

Decrease in transcript level of CLDN4, OCLN, ZO-1 and
Z0-2in jejunum

Increase in protein expression of OCLN in duodenum,
jejunum and colon

(144)

(145)

(162)

(147)

(153)

(152)

(146)

(123)

(150)

(147)

(109)

(154)
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Pig 2.85mg/kg feed Decrease in protein expression of CLDN4 in jejunum (147)
5w
Pig 3.5mg/kg feed  Decrease in transcript level of CLDN3, CLDN4 and OCLN  (157)
6w inileum
Mouse 25 mg/kg bw Increase in permeability of 4 kDa FITC-dextran (26)
6h Increase in transcript level of CLDN2, CLDN3 and CLDN4
in distal small intestine
Affect the distribution pattern of CLDN1-3 in distal small
intestine
Broiler chicken 7.5 mg/kgfeed Increase in transcript level of CLDN5 in jejunum and (151)
3w CLDNT1, CLDN5, ZO-1 and ZO-2 in ileum
3-and 15-acetyl deoxynivalenol
Caco-2 cells 337 uM Decrease in TEER values (158)
6h 15-Ac-DON > DON > 3-Ac-DON
Increase in permeability of LY
15-Ac-DON
IPEC-1 cells 10-30 pM Decrease in TEER values (118)
24-48 h Increase in permeability of 4 kDa FITC-dextran

15-Ac-DON > DON > 3-Ac-DON

Decrease in protein expression of CLDN3 and CLDN4
15-Ac-DON > DON = 3-Ac-DON
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Clinically relevance and conclusions

A dynamic and well-regulated intestinal barrier is necessary to protect the body against
dietary antigens and the residential intestinal microflora. This barrier is created by an
impermeable layer of epithelial cells, sealed by specific TJ proteins prohibiting paracellular
diffusion of luminal antigens and pathogens (Figure 1). An impaired intestinal barrier
leads to mucosal inflammation and has been linked to the pathogenesis of various
chronicintestinal inflammatory diseases, such as Crohn’s disease, ulcerative colitis, coeliac
disease and irritable bowel syndrome (164-169). TJs sealing the epithelial monolayer are
one of the most important functional elements of the intestinal barrier, and a decrease
in the abundance and a re-distribution of different TJ proteins is observed in all major
chronic intestinal inflammatory diseases as summarized in Table 6.

Table 6. Aspect of T)-related barrier dysfunction in chronic intestinal inflammatory diseases

Inflammatory disease TJ proteins References
Crohn's disease OCLN, CLDN3, CLDNS5, CLDNS, JAM: ¥ (168,170,171)
CLDN2: A

Redistribution of OCLN, CLDN3, CLDN5, CLDN8

Ulcerative colitis OCLN, CLDN1, CLDN4, JAM, Tricellulin: ¥ (167,168, 170,172)
CLDN2: A
Redistribution of OCLN, CLDN1, CLDN4

Coeliac disease OCLN, ZO-1: ¥ (165, 173)

CLDN2, CLDN3: A
Redistribution of OCLN

Irritable bowel syndrome OCLN, CLDN1, ZO-1: ¥ (164)
Redistribution of OCLN, CLDN1, ZO-1

Expression: ¥ decrease, A increase

Dietary exposure of humans and animals to mycotoxins is of growing concern due to the
apparently still increasing prevalence of these fungal toxins in food and feed commodities
(2, 57, 174, 175). Due to this increasing prevalence in food commodities, mycotoxins
appear to be important, but often neglected substances that are able to affect TJ proteins
and impair the integrity of the intestinal barrier. Even though mycotoxins have not
been associated with a specific intestinal disease, the investigations summarized above
demonstrate that mycotoxins affect the expression and function of TJ proteins in different
ways. Among the various mycotoxins, particularly DON has been identified to modulate
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the expression, intracellular localization and function of TJ proteins (Figure 1), while PAT
seems to directly affect the epithelial cell monolayer. PAT is only found incidentally as
a contaminant of fruit juices and other fruit products, whereas DON is found in major
food supplies, such as wheat and other cereal products, which are consumed daily. This
suggests a role of this frequently occurring mycotoxin in the etiology of chronic intestinal
inflammatory diseases. The observation that even pathogenic bacteria are translocated
from the intestinal lumen to the internal environment, when animals are challenged
with mycotoxins, confirm their significance in inflammatory reactions. Considering the
lactational transfer of various mycotoxins (transfer of various mycotoxins from maternal
plasma into milk), exposure of infants deserve special attention. Even minor changes in
the (developing) barrier function can lead to exposure to luminal antigens in early phases
of life and may result in accelerated immunological responses and clinical manifestations,
such as allergies. The prevalence of wheat allergy in children is increasing (176-178), and
as DON is mainly found in wheat and wheat-derived products, it cannot be excluded that
DON plays also a role in the onset of allergic reactions in children. Further studies should
be devoted to the effects of frequently occurring mycotoxins in human food supplies on
the TJ proteins and their effect on the intestinal barrier should be included in the overall
risk assessment of mycotoxins in foods.
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Chapter4

Abstract

Disintegration of the colonic epithelial barrier is considered a key event in the initiation
and progression of inflammatory bowel and coeliac disease. As the primary aetiology of
these diseases remains unknown, we hypothesized that the trichothecene deoxynivalenol
(DON), a fungal metabolite found in grain-based human diets, might be one of the
triggers resulting in an impairment of the intestinal tight junction network preceding
an inflammatory response. Using horizontal impedance measurements we demonstrate
that DON disintegrates a human Caco-2 cell monolayer within less than 1 hour after
exposure to concentrations as low as 1.39 uM. This initial trigger is followed by a decrease
in transepithelial resistance and an increased permeability of marker molecules such as
lucifer yellow and FITC-labelled dextran. In parallel, the increase in paracellular transport
of FITC-dextran is demonstrated in vivo in B6C3F, mice, challenged orally with DON. /n
vitro claudin protein levels are decreased and correlated with a displacement within
the cells in vitro and in vivo, accompanied with a compensatory up-regulation of mRNA
levels of claudins and their binding partner ZO-1. In treated mice alterations in villus
architecture in the entire intestinal tract resemble the disintegration of the epithelial
barrier, a characteristic of chronic inflammatory bowel disease.

78



Deoxynivalenol and intestinal integrity breakdown

Introduction

The intestinal epithelial barrier is essential for the maintenance of physiological gut
functions and serves as the first line of host defence against potentially harmful stressors
from the environment, such as bacteria and viruses, as well as natural antigens and toxins
occurring in food (1-3). The physical intestinal barrier is primarily formed by epithelial
cells, connected by tight junction (TJ) proteins, which form an anastomosing network
sealing adjacent epithelial cells near the luminal surface thus preventing a paracellular
transport of luminal antigens (4, 5).

TJs are composed of 1) transmembrane proteins, including occludin and claudins, which
form a linear barrier at the apical-lateral membrane of the cell, Il) peripheral membrane
proteins (cytoplasmic scaffolding proteins), like zonula occludens (ZOs) proteins, that
serve as a link between the transmembrane TJ proteins; and cytosolic and nuclear
proteins (6, 7). It is well accepted that a breakdown of the normally impeccable epithelial
barrier of the intestine results in the development of a“leaky” gut. Disintegrated intestinal
TJ proteins allow the paracellular infiltration of luminal antigens and is considered as a
pivotal pathogenic factor in the onset and promotion of chronic intestinal inflammations
such as inflammatory bowel disease (IBD) and coeliac disease (8-10).

Recent evidence has suggested that certain food contaminants, in particular the
mycotoxin deoxynivalenol (DON) can impair intestinal barrier functions (11-14) and may
be directly involved in intestinal inflammation (15-17). DON, a Fusarium metabolite, is
among the most frequently detected contaminants of cereal-based foods including
breakfast cereals (18-21). Considering this regular human exposure, the aim of the
current study was to characterize the sequence of events induced by DON that lead to a
compromised intestinal barrier function.

Using human Caco-2 cell monolayers as an in vitro model, we investigated the effect
of DON on barrier integrity following apical and basolateral exposure, the paracellular
transport of marker molecules and alterations in the expression and cellular distribution
of TJ proteins. In vivo experiments in male B6C3F, mice, challenged orally with DON, were
conducted to substantiate the in vitro findings and to demonstrate the impact of DON
exposure on villus architecture.

The presented results challenge the hypothesis that nutritional DON exposure and the
postulated high concentrations of the toxin in the intestinal lumen are the possible
explanation for the observed translocation of luminal pathogens, while at the same
time providing convincing evidence that DON acts as a trigger for intestinal integrity
breakdown.

79




Chapter4

Materials and Methods

Deoxynivalenol solution

Purified DON (D0156; Sigma-Aldrich, St Luis, Mo, USA) was dissolved in absolute ethanol
(99.9%, JT Baker, Deventer, the Netherlands) to prepare a 25 mM stock solution, stored
at -20°C. Serial dilutions of this stock were prepared in cell culture medium. All other
chemicals were of the highest purity available.

In vitro experiments

Caco-2 cell cultures

Human epithelial colorectal adenocarcinoma (Caco-2) cells were obtained from the
American Type Tissue Collection (Code HTB-37) (Manassas, VA, USA, passages 79-91) and
were cultured in 75 cm? culture flasks (Greiner, Frickenhausen, Germany) in Dulbecco’s
modified Eagle’s minimum essential medium (DMEM), containing 25 mM Hepes, 4.5
g/l glucose (Gibco, Invitrogen, Carlsbad, CA, USA) and supplemented with 10% heat-
inactivated fetal calf serum (Gibco), Penicillin (100 U/ml)/Streptomycin (100 pg/ml)
(Biocambrex, Verviers, Belgium), Glutamine (2 mM) (Biocambrex) and Non-essential
Amino Acids (1%) (Gibco). The cells were maintained in a humidified atmosphere of 95%
air and 5% CO, at 37°C. Medium was refreshed every 2-3 days and cells were passaged
once a week. For subculture, the confluent cells were trypsinized using 0.05% trypsin and
0.54 mM ethylene diamine tetraacetic acid (EDTA) and were diluted in culture medium.

Caco-2 cell monolayers on transwell inserts

All in vitro experiments were conducted with Caco-2 cells grown on 0.3 cm? high pore
density polyethylene terephthalate membrane transwell inserts with 0.4 pm pores
(Falcon, BD Biosciences, Franklin Lakes, NJ, USA) placed in a 24-well plate, if not otherwise
stated. The cells were seeded at a density of 0.3 x 10°cells/insert. The cells were incubated
at 37°C in a humidified atmosphere of 95% air and 5% CO.,. After 17-19 days culturing
a confluent monolayer was achieved, with a mean transepithelial electrical resistance
(TEER) exceeding 400 Q.cm? measured by a Millicell-ERS Volt-Ohm-meter (Millipore,
Temecular, CA, USA). Each transwell experiment started when the TEER values reached
this plateau.

Lactate dehydrogenase assay

Caco-2 cells grown on inserts as described above were exposed to DON (0-37.5 uM) for 24
h and the cytotoxic effect of DON on the Caco-2 cells was evaluated by measuring lactate
dehydrogenase (LDH) leakage. LDH leakage was measured in the culture media of the
apical and basolateral compartment using the CytoTox 96°® Non-Radioactive CytoToxicity
Assay Kit (Promega Corporation, Madison, WI, USA), according to manufacturer’s
instructions.
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Transepithelial Electrical Resistance (TEER) measurement

Caco-2 cells were grown on inserts as described above. The integrity of the cellular
monolayer was evaluated by measuring TEER using a Millicell-ERS Volt-Ohm-meter
(Millipore, Temecular, CA, USA). Mean TEER values for untreated cell monolayers were
435415 Q.cm?. The cells were challenged by adding increasing concentrations of DON
(0,0.05,0.15,0.46, 1.39, 4.17 and 12.5 uM) to the apical side, the basolateral side or both
sides. TEER was measured at 0, 2, 4, 8, 12 and 24 h after DON exposure.

Paracellular tracer flux assay

Caco-2 cell monolayers grown on inserts as described above were treated with increasing
concentrations of DON in the apical and basolateral compartments for 24 h. Thereafter,
membrane-impermeable molecules such as lucifer yellow (LY, molecular mass of 0.457
kDa, Sigma Chemical Co, St Luis, Mo, USA) and two different molecular sizes of fluorescein
isothiocyanate-dextran (FITC-dextran, molecular mass of 4 and 40 kDa, Sigma Chemical
Co, St Luis, Mo, USA) were added at a concentration of 16 ug/ml to the apical compartment
(350 pl) in the transwell plate for 4 h and paracellular flux was determined by measuring
the fluorescence intensity in the basolateral compartment with a fluorimeter (FLUOstar
Optima, BMG Labtech, Offenburg, Germany) set at excitation and emission wavelengths
of 410 and 520 nm, respectively, for lucifer yellow, and 485 and 520 nm for FITC-dextran.

Real-time horizontal impedance measurements

The cell xCELLigence system (Roche Applied Science, Mannheim, Germany) was used for
dynamically monitoring of epithelial barrier integrity as described before (22, 23). Briefly,
50 ul of the culture medium was added to 16-well E-plates (Roche Diagnostics, Mannheim,
Germany) to obtain background readings of the individual wells. Caco-2 cells were seeded
into these plates at a density of 5000 Caco-2 cells/well in 100 pl medium and grown for
approximately 2 days to reach confluence as indicated by a plateau in impedance signal.
Since dome formation (24) may lead to detachment of the Caco-2 cells in this E-plate
(not observed in transwell inserts) and decreased impedance measurements (from 60-
72 h), the real-time horizontal impedance measurements started 2 days post-seeding to
prevent effects of dome formation on these measurements. DON was added at increasing
concentrations (0, 1.39, 4.17 and 12.5 uM) applied in temperature-equilibrated medium,
followed immediately by real-time impedance measurements every 5 minutes over a
period of 24 h. Impedance measurements were recorded at frequencies of 10, 25 and 50
kHz from which a compound signal, referred to cell index, was created (25). The relative
change in impedance at a certain time point was calculated by dividing the cell index
value by the reference time point (time zero) and corrected in relation to the control
condition. Areas-Under-Curve (AUC) of each replicate were calculated for statistical
analysis.
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In vitro expression of TJ proteins: isolation of RNA and qRT-PCR analysis of Caco-2
cells

Caco-2 cell monolayers grown on inserts and exposed to increasing concentrations
of DON in the apical and basolateral compartments for 3, 6 and 24 h. Thereafter, cells
were washed twice with ice-cold PBS and were harvested into 100 pl RNA Lysis Buffer
with B-mercaptoethanol. Total RNA was isolated using spin columns according to
the manufacturer’s instructions (Promega, Madison, WI, USA). The RNA amount was
determined spectrophotometrically and purity of the RNA was measured by NanoDrop
2000 (Thermo Scientific, Waltham, WIL, USA) as A260/A280 ratio with expected values
between 1.8 and 2. Subsequently, 1 ug of extracted total RNA was reversely transcribed
with the iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). The cycling protocol
for 20 pl reaction mixes was 5 minutes at 25°C, followed by 30 minutes at 42°C, and 5
minutes at 85°C to terminate the reaction. After reverse transcription, cONA was stored
at -20°C. ¢<DNA was diluted with nuclease-free water (1:9) directly before qRT-PCR
analysis. The reaction mixture for the qRT-PCR, containing 10 pl of the diluted cDNA
mixed with 12.5 ul iQSYBR Green Supermix (Bio-Rad, Hercules, CA, USA), forward and
reverse primers (final concentration of 300 nM for each primer) and sterile deionized
water, was prepared according to manufacturer’s instructions. gRT-PCR was performed
using the MylQ single-colour real-time PCR detection system (Bio-Rad, Hercules, CA,
USA) and MylQ System Software Version 1.0.410 (Bio-Rad, Hercules, CA, USA). PCR cycle
parameters: general denaturation at 95°C for 3 min, 1 cycle, followed by 40 cycles of 95°C
for 20 s, annealing temperature (AT) for 30 s, and elongation at 72°C for 30 s. Gene specific
primers for claudin1 (CLDN1), claudin3 (CLDN3), claudin4 (CLDN4), occludin (OCLN)
and zonula occludens protein-1 (ZO-1) (Table 1) were designed by using the National
Center for Biotechnology Information Primer-Basic Local Alignment Search Tool and were
manufactured commercially (Eurogentec, Seraing, Belgium). Specificity and efficiency of
selected primers (Table 1) were confirmed by qRT-PCR analysis of dilution series of pooled
cDNA at a temperature gradient (55°C to 65°C) for primer-annealing and subsequent
melting curve analysis. The geNorm software (version 3.5) was used to identify the most
stable reference genes for this experiment. The mRNA quantity was calculated relative
to the expression of two reference genes, Glyceraldehydes 3-phosphate dehydrogenase
(GAPDH) and B-actin (ACTB). No significant effect of DON exposure on the Ct values of
GAPDH and ACTB compared to the unstimulated cells (0 uM DON) was observed (data
not shown).
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Table 1. Human primer sequences used for qRT-PCR analysis

Primer sequence (5’-3')

Genes Forward Reverse AT References
CLDN1 AGCTGGCTGAGACACTGAAGA GAGAGGAAGGCACTGAACCA 63 NM_021101
CLDN3  CTGCTCTGCTGCTCGTGTC CGTAGTCCTTGCGGTCGTAG 63 NM_001306
CLDN4  GTCTGCCTGCATCTCCTCTGT CCTCTAAACCCGTCCATCCA 62.5 NM_001305
OCLN TTGGATAAAGAATTGGATGACT ACTGCTTGCAATGATTCTTCT 57 NM_002538
Z0-1 GAATGATGGTTGGTATGGTGCG TCAGAAGTGTGTCTACTGTCCG 558  NT_010194.17
GAPDH ACCCACTCCTCCACCTTTGAC CCACCACCCTGTTGCTGTAG 624  NM_002046
ACTB CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA 63 NM_001101

AT, annealing temperature (°C)

Western blot analysis

Caco-2 cell monolayers were grown on inserts and incubated with increasing
concentrations of DON in the apical and basolateral compartments for 24 h. Caco-2
monolayers were washed twice with cold PBS, and cells were lysed with 50 ul RIPA lysis
buffer (50 mMTris, 150 mM NaCl, 0.5% DOC, 1%NP-40, 0.1% SDS, PH 8.0) (Thermo scientific,
Rockford, IL, USA) containing protease inhibitors (Roche Applied Science, Penzberg,
Germany). After 5 minutes incubation with RIPA buffer, monolayers were harvested and
centrifuged at 14.000 g for 15 minutes to yield a clear lysate. Total protein content was
determined using the BCA protein assay following manufacturer’s instructions (Thermo
scientific, Rockford, IL, USA). Equal protein amounts of heat-denaturated non-reduced
samples were separated electrophoretically (Criterion™ Gel, 4-20% Tris-HCL, Bio-Rad,
Hercules, CA, USA) and electrotransferred onto polyvinylidene difluoride membranes
(Bio-Rad, Veenendaal, The Netherlands). The membranes were blocked with PBS
containing 0.05% Tween-20 (PBST) and 5% milk proteins for 1 h at room temperature.
Subsequently, the primary antibodies CLDN1, CLDN3, CLDN4, OCLN and ZO-1 (Invitrogen)
(detailed information is provided in Supplementary Table 1) were diluted according to
manufacturer’s instructions and incubated overnight at 4°C, followed by washing the
blots in PBST. Secondary antibodies (Dako, Glostrup, Denmark) were applied for 2 h at
room temperature. Blots were washed in PBST and incubated in commercial ECL reagents
(Amersham Biosciences, Roosendaal, The Netherlands), and exposed to photographic
film. Membranes were subsequently re-probed with rabbit monoclonal anti-human
B-actin antibody (Cell Signaling, Danvers, MA, USA) (detailed information is provided
in Supplementary Table 1) to assess homogeneity of loading. Films were scanned on a
GS710 calibrated imagine densitometer (Bio-Rad Laboratories, Hercules, CA, USA) and
the optical density (OD) for the immune-reactive bands was quantified.
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Immunofluorescence staining Caco-2 cells

Cellularlocalization of TJ proteins was assessed by immunofluorescence. Caco-2 cells were
grown oninserts and exposed to4.17 uM DON in the apical and basolateral compartments
for 24 h. Subsequently, the inserts with cells were fixed with 10% formalin for 10
minutes. After washing with PBS, the cells were permeabilized with PBS containing 0.1%
Triton-X-100 for 5 min, and blocked with 5% serum for 30 minutes at room temperature.
Thereafter the samples were incubated (2 h, room temperature) with different primary
antibodies CLDN1, CLDN3, CLDN4, OCLN and ZO-1 (Invitrogen) (detailed information
is provided in Supplementary Table 1) diluted in PBS containing 1% BSA according to
manufacturer’s instructions. The negative control lacking the primary antibodies were
included (Supplementary Figure 3A). Samples were rinsed with PBS followed by
incubation with Alexa-Fluor conjugated secondary antibody (Life Technologies) for 1 h at
room temperature. A nuclear counterstaining was performed by incubating the samples
for 1-3 minutes with Hoechst 33342 (Invitrogen) (1:2000). After washing, the inserts
were mounted with ProLong Gold antifade reagent. Immunolocalization of TJ proteins
was visualized and images were taken using the Nikon Eclipse TE2000-U microscope
equipped with a Nikon Digital Sight DS-U1 camera.

In vivo experiments

Animals

Male B6C3F, mice (n = 5-6 mice/experimental group), 6-7 weeks old (Charles River
Laboratories, Maastricht, The Netherlands) were housed under controlled conditions in
standard laboratory cages and were acclimated to the in house environment for two
weeks. The room was maintained on a 12 h light/dark cycle at approximately ~20.5°C with
a relative humidity of approximately ~61.5%. The AIN-93G-based diet (26), composed by
Research Diet Services (Wijk bij Duurstede, the Netherlands), and water were provided ad
libitum. The AIN-93G-based diet was checked for DON contamination by standard HPLC
analyses with affinity column clean-up based on the method as described by Dombrink-
Kurtzman et al. (27) and no DON contamination exceeding the limit of 10 pg/kg feed
was detected. All in vivo experimental protocols were approved by the Ethics Committee
for Animal Experiments (Reference number: DEC 2012.111.02.012) and were performed in
compliance with governmental and international guidelines on animal experimentation.

DON gavage and FITC-dextran permeability assay

Feed was withdrawn from cages 2 h before toxin administration. DON, dissolved in 200
pl PBS, was administered at a dose of 25 mg/kg body weight (bw) by oral gavage. Control
animals received 200 pl of vehicle. The 25 mg/kg dose represents approximately one-
third to one-half of the LD50 for DON in mice (28). Two hours after DON administration, all
animals received FITC-dextran (500 mg/kg bw; molecular mass 4 kDa; Sigma Chemical Co,
St Luis, Mo, USA) by an oral gavage. The appearance of FITC-dextran in blood serum was
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measured 4 h after the FITC-dextran gavage (6 h after DON administration). Directly after
cervical dislocation, blood was obtained by heart puncture and collected in MiniCollect Z
Serum Sep tubes (Greiner Bio-one). After 1 h the clotted blood samples were centrifuged
for 10 minutes at 14.000 rpm and the sera were collected. Standard curves were obtained
by a serial dilution of FITC-dextran in serum of mice that did not receive FITC-dextran and
were not included in this experiment.

Serum samples from treated animals were diluted in an equal volume of PBS and the
amount of FITC-dextran determined by measuring the fluorescence intensity using
a spectrofluorimeter (FLUOstar Optima, BMG Labtech, Offenburg, Germany) set at
excitation and emission wavelengths of 485 and 520 nm, respectively.

In vivo expression of TJ proteins: isolation of RNA and qRT-PCR of mice intestinal
samples

For mRNA studies, the mouse intestine was flushed with cold PBS and separated into
different segments. These segments were defined as follows: proximal small intestine
(first cm of the proximal part of the jejunum, approximately 2 cm after the stomach),
middle small intestine (part of the intestine 7-8 cm after the first cm of the proximal part
of the jejunum), distal small intestine (final cm before the ileum-caecum-colon junction),
caecum and colon. These whole intestinal wall samples (approximately 1 cm) were snap
frozen in liquid nitrogen and stored at -80°C for RNA isolation. Fifty mg of each sample
was suspended into 350 pl RNA Lysis Buffer with B-mercaptoethanol and homogenized
using a TissueLyser (Qiagen, Hilden, Germany) for 1T minute/25 Hz. RNA isolation, cDNA
synthesis and qRT-PCR reactions were performed as described in materials and methods,
in vitro experiments. Primer sequences with corresponding annealing temperatures are
listed in Table 2.

Immunofluorescence staining of mice intestinal specimens

The distal small intestine and colon (4-5 mice/experimental group) were fixed in 10%
neutral buffered formalin and embedded in paraffin as a “Swiss roll” (29) to permit a
complete microscopic examination. After paraffin embedding, 5 um sections were cut
(2-3 sections/antibody/animal). These Swiss-rolled paraffin sections were deparaffinized,
endogenous peroxidase activity was blocked with 0.3% H,O, (Merck, Darmstadt,
Germany) in methanol for 30 minutes at room temperature and rehydrated in a graded
ethanol series to PBS. For antigen retrieval, the slides were boiled in 10 mM citrate
buffer (PH 6.0) for 10 minutes in a microwave. The slides were cooled down to room
temperature, rinsed with PBS (3x) and blocked with 5% serum for 30 minutes at room
temperature. Thereafter, the immunofluorescence staining protocol with the primary
antibodies CLDN1, CLDN2, CLDN3, CLDN4, OCLN (Invitrogen) and ZO-1 (Millipore)
(detailed information in Supplementary Table 1) was performed as described above. The
negative controls lacking the primary antibodies were included (Supplementary Figure
3B-D).
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Table 2. Murine primer sequences used for qRT-PCR analysis

Primer sequence (5’-3’)

Genes Forwrad Reverse AT References
CLDN1 TCTACGAGGGACTGTGGATG TCAGATTCAGCTAGGAGTCG 57 NM_016674
CLDN2  GGCTGTTAGGCTCATCCAT TGGCACCAACATAGGAACTC 55 NM_016675
CLDN3  AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG 58.7  NM_009902
CLDN4  CGCTACTCTTGCCATTACG ACTCAGCACACCATGACTTG 55 NM_009903
OCLN ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT 61.2  NM_008756.2
Z0-1 CGAGGCATCATCCCAAATAAGAAC  TCCAGAAGTCTGCCCGATCAC 58.7  NM_009386
GAPDH GAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC 61 NM_008084.2
ACTB ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC 61 NM_007393.3

AT, annealing temperature (°C)

Histomorphometric analysis of mouse intestines

The proximal small intestine and distal small intestine were fixed in 10% neutral buffered
formalin and embedded as a “Swiss roll” (29). After paraffin embedding, 5 pm sections
were cut and stained with haematoxylin/eosin (H&E) according to standard methods.
Photomicrographs were taken with an Olympus BX50 microscope equipped with a Leica
DFC 320 digital camera. The morphometric analysis of the sections was performed on 10
randomly selected, well-oriented villi and crypts per animal. A computerized microscope-
based image analyser (CellAD, Olympus, Europa GmbH, Germany) was used to determine
histomorphometric parameters: villus height (measured from the tip of the villus to the
villus-crypt junction), crypt depth (measured from the crypt-villus junction to the base
of the crypt), villus width, villus surface area (total surface of the villus) and epithelial
cell area (villus area minus villus area without epithelial cells). These regions of interest
were manually defined for each villi separately and an example of the histomorphometric
analysis of a villus is depicted in Supplementary Figure 1.

Statistical analyses

Experimental results are expressed as mean + SEM. Analyses were performed by using
GraphPad Prism (version 5.0) (GraphPad, La Jolla, CA, USA). Differences between groups
were statistically determined by using One-way ANOVA, with Bonferroni post hoc test for
in vitro experiments and an unpaired two-tailed student’s t-test for in vivo experiments.
Results were considered statistically significant when P < 0.05.
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Results

Cytotoxic effects of DON in Caco-2 cells

The direct cytotoxicity of DON was measured over a concentration range between 0
and 37.5 uM by the LDH leakage assay. DON did not impair cell viability as indicated by
LDH release in apical and basolateral compartments up to a concentration of 12.5 uM.
LDH release increased slightly but not significantly at this concentration (Figure 1). In all
forthcoming experiments, DON concentrations equal to or below 12.5 uM were used.
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Figure 1. DON did not exert cytotoxic effects on Caco-2 cells. Caco-2 cells grown on inserts were incubated with increasing
concentrations DON (0, 1.39, 4.17, 12.5 and 37.5 pM) for 24 h, followed by measurement of LDH release in the apical as
well as the basolateral compartments of the transwell insert system. Results are expressed as percentage of LDH released
by the non-treated cells = SEM of three independent experiments, each performed in triplicate (*P < 0.05; significantly
different from the non-stimulated cells).

Effects of DON on TEER of a Caco-2 monolayer

Upon exposure to increasing concentrations of DON (0, 0.05, 0.15, 0.46, 1.39, 4.17 and
12.5 uM) added to the apical and basolateral compartments a clear dose-response curve
was obtained. Concentrations up to 0.46 uM DON remained without any effect, whereas
the test concentration of 1.39 uM resulted in a highly significant decrease of the TEER
value (Figure 2A). To assess the differences in the routes of exposure, DON was added to
either the apical or the basolateral side, or to both sides of the transwell chamber (Figure
2B). Results show that after basolateral exposure to DON the decrease of TEER values
was more pronounced compared to the alterations observed after apical exposure to
DON (Figure 2B), where only small effects were observed. The TEER decrease after dual
exposure to DON from the apical and basolateral side was comparable with the decrease in
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TEER values after basolateral exposure (Figure 2B). Since DON is quickly and expeditiously
absorbed in the upper parts of the small intestine (30) and following absorption it is likely
to be secreted into the gut lumen as DON is a substrate for ABC efflux transporters (31),
exposure to both apical and basolateral side mimics the in vivo situation and will be used
in the following experiments. The time dependency was established in experiments
using increasing concentrations of DON (1.39, 4.17 and 12.5 uM), which were added to
the apical as well as to the basolateral side. Different incubation time points (2, 4, 8, 12
and 24 h) were tested and a time dependent decrease in TEER was observed (Figure 2C).
The first significant TEER decrease by DON was observed after 8 h.
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Figure 2. DON induced a decrease in TEER of the Caco-2 monolayer. Caco-2 cells were grown on inserts and the effect
of the concentration of DON (A) (apical and basolateral DON exposure), the direction of DON exposure (B), and different
incubation times (C) (apical and basolateral DON exposure) were examined. Subsequently, the TEER was measured
as described in materials and methods. Results are expressed as a percentage of initial value as mean + SEM of three
independent experiments, each performed in triplicate (*P < 0.05, **P < 0.01, ***P < 0.001; significantly different from
the related non-stimulated cells).
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DON increases the permeability of the Caco-2 monolayer

Monitoring the permeability of the paracellular transport markers lucifer yellow (0.457
kDa) and two different molecular sizes of FITC-dextran (4 and 40 kDa, respectively) across
the cell monolayer (Figure 3), indicated that DON (added to both apical and basolateral
compartments) induced a significant increase in the translocation of lucifer yellow
(0.457 kDa) and 4 kDa FITC-dextran from the apical to the basolateral chamber (Figure
3A, B). However, DON exposure (both apical and basolateral) did not affect the Caco-2
monolayer permeability of 40 kDa FITC-dextran, which remained unchanged (Figure 3B).
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Figure 3. DON increased the permeability of the Caco-2 monolayer. Caco-2 cells were grown on inserts and stimulated
with increasing concentrations of DON in the apical and basolateral compartments for 24 h. Subsequently, the
translocation of lucifer yellow (0.457 kDa) (A) and two different molecular sizes FITC-dextran (4 and 40 kDa) (B) from
the apical to the basolateral chamber was performed as described in materials and methods. Results are expressed in ng
transport marker/(cm?xh) as mean + SEM of three independent experiments, each performed in triplicate (*P < 0.05,
**P < 0.01, ***P < 0.007; significantly different from the non-stimulated cells).

DON induces a decline in impedance values after real-time monitoring

Real-time recording of the horizontal impedance every 5 minutes over a period of 24 h
following exposure of a Caco-2 monolayer to 3 different concentrations of DON (1.39,
417 and 12.5 pM) showed an immediate and concentration-dependent decline in
impedance values commencing within the first 15 minutes of DON exposure and lasting
for almost the entire observation period (Figure 4A). Lines of individual experiments
were summarized as Areas-Under-Curve (AUC) and this summary measure was used for
statistics (in a separate panel, Figure 4B). P-values are One-way ANOVA tests to statistically
determine the differences between groups.
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Figure 4. Real-time monitoring of DON-induced epithelial barrier dysfunction. Caco-2 cells were grown on E-plates
to form a monolayer and were incubated with increasing concentrations of DON (0, 1.39, 4.17 and 12.5 pM) for 24 h.
The real-time resistance was monitored every 5 minutes as described in materials and methods. Results are expressed
in relative change in impedance (in %) as mean + SEM of three independent experiments (A), each performed in
quadruplicate. Areas-Under-Curve (AUC) of each replicate were calculated for statistical analysis (B). Results are expressed
in AUCs compared to vehicle (0 yM DON) (in %) as mean =+ SEM of three independent experiments, each performed in
quadruplicate (P-values are given).

DON up-regulates the mRNA expression of the TJ proteins in Caco-2 cells

In order to correlate the DON-induced impaired integrity with barrier dysfunctions, the
MRNA expression levels of the different TJ proteins (CLDN1, CLDN3, CLDN4, OCLN and ZO-
1) were measured. Caco-2 cell monolayers, grown on inserts, were exposed to increasing
concentrations DON (1.39, 4.17 and 12.5 puM) in apical and basolateral compartments for
3, 6 or 24 h. qRT-PCR analysis demonstrated that already after 3 h of DON exposure, the
MRNA expression levels of CLDN3, CLDN4 and ZO-1 were up-regulated in a concentration-
dependent manner (Figure 5A). After 6 h of DON exposure, the mRNA expression levels
of all different TJ proteins were dose-dependently increased (Figure 5B). The mRNA
expression of the TJ proteins in Caco-2 cells after 24 h of DON exposure, was comparable
with the results after 6 h of DON exposure (Figure 5C).
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Figure 5. DON up-regulated the mRNA expression of the TJ proteins in Caco-2 cells. Caco-2 cells were grown on inserts
and stimulated with increasing concentrations of DON (1.39, 4.17 and 12.5 uM) in apical and basolateral compartments
for3h (A), 6 h (B) and 24 h (C). mRNA levels of TJ proteins (CLDN1, CLDN3, CLDN4, OCLN and Z0-1) were measured by qRT-
PCR as described in materials and methods. Results are relative mRNA expression as mean + SEM of three independent
experiments, each performed in triplicate. (*P < 0.05, **P < 0.01, ***P < 0.001; significantly different from the non-
stimulated cells).
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DON selectively affects the TJ protein levels in Caco-2 cells

Next to the assessment of mMRNA expression of the TJ proteins, the effect of DON on
the protein levels of several TJ proteins (CLDN1, CLDN3, CLDN4, OCLN and ZO-1) were
quantified by Western blot analysis in Caco-2 cell lysates of cells that had been exposed
to DON in apical and basolateral compartments for 24 h. A representative blot of each TJ
proteins and the corresponding 3-actin used as loading control are shown in Figure 6A,
B (additional blots are available in Supplementary Figure 2). The optical density of the
molecular weight bands of the different TJ proteins was measured and after normalization
with B-actin also depicted in Figure 6A, B. A dose-dependent reduction of the CLDN1,
CLDN3 and CLDN4 protein levels was observed in DON-exposed Caco-2 cells compared
to untreated cells (Figure 6A). The OCLN and ZO-1 levels remained unchanged after DON
challenge (Figure 6B).

DON affects the distribution pattern of TJ proteins in Caco-2 cells

To investigate the cellular localization of TJ proteins, Caco-2 cell monolayers grown
on inserts were incubated with or without DON (4.17 uM) at apical and basolateral
compartments for 24 h, followed by an immunofluorescent staining. In the intact Caco-
2 cells, CLDN1, CLDN3, CLDN4, OCLN and ZO-1 are localized at the cell membrane and
appeared as continuous belt-like structures encircling the cells at the contact points
with adjacent cells (Figure 6A, B). DON exposure disturbed the continuity of all tested TJ
proteins, which appeared to be irregular distributed in the cells (Figure 6A, B).

Invivo exposure of B6C3F miceto DONresultsinanincreasedintestinal permeability
In order to confirm the DON-induced hyperpermeability observed in the Caco-2
monolayer, an in vivo intestinal permeability assay was performed in a mouse model
using the paracellular tracer FITC-dextran (4 kDa). This tracer was significantly increased
in serum of DON-treated mice when measured 4 h after a FITC-dextran oral gavage
(Figure 7). This finding indicates that DON induced an increase in the in vivo intestinal
permeability observed by the translocation of FITC-dextran across the intestinal interfaces
in B6C3F, mice.

DON selectively up-regulates the mRNA expression of the TJ proteins in different
parts of the mouse intestines

In order to extrapolate the DON-induced induction in mRNA expression of different TJ
proteins observed in Caco-2 cells, the mRNA expression levels of the same TJ proteins
(CLDN1, CLDN2, CLDN3, CLDN4, OCLN, and ZO-1) were measured in different segments
of the mouse intestines (proximal, middle and distal small intestine, caecum and colon).
CLDN4 mRNA expression levels were increased in all parts of the intestines of the
DON-treated animals compared to the control animals (Figure 8A-E), whereas CLDN3
expression levels were increased after DON gavage in all parts of the intestines, except the
proximal and middle small intestine (Figure 8C-E). The mRNA expression levels of CLDN2
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were increased in the mouse middle and distal small intestine upon DON exposure as
compared to the non-treated animals (Figure 8B, C). The ZO-1 mRNA expression levels
were only increased in the proximal small intestine of the DON-treated animals (Figure
8A). The mRNA expression of OCLN and CLDN1 remained unaffected in all parts of the
intestines of DON-exposed mice compared to control mice.

DON affects the distribution pattern of TJ proteins in the intestines of mice
Considering that DON selectively up-regulated the mRNA levels of the TJ proteins in the
mouse intestines, especially in the distal part of the small intestine, immunofluorescence
staining of all TJ proteins (CLDN1, CLDN2, CLDN3, CLDN4, OCLN and ZO-1) were
performed to show the cellular distribution and localization of TJ proteins. Results show
that in the distal small intestine of control mice, CLDN1 and CLDN3 were expressed
laterally between adjacent cells with neither a specific signal at the apical cell surface
nor on the basal membrane. After DON gavage the CLDN1 and CLDN3 expression was
more pronounced laterally and at the basal cytoplasm (Figure 9). CLDN2 distribution was
mainly restricted to the crypts in the distal small intestine of control animals and was
expressed laterally between adjacent cells. This CLDN2 expression pattern was disrupted
after DON gavage. In contrast to the controls, CLDN2 expression was not restricted to the
crypts anymore (Figure 9). CLDN4 was expressed in both, the tips and crypts of the villi
in the distal small intestine. These findings clearly indicate that the expression of CLDN4
is restricted to selective sites and cannot be found on every tip or crypt of the villus
epithelium. No pronounced effect on the CLDN4 distribution pattern in the distal small
intestine was observed after the DON gavage (Figure 9). Unlike the distribution pattern of
the claudins, expressed laterally between adjacent cells in the distal small intestine, OCLN
and ZO-1 were localized in distinct dot-like structures at the apical region of the lateral
plasma membrane of the epithelial cells of a villus, and no clear alterations were observed
after DON exposure (Figure 9). Additionally, immunofluorescence staining of different TJ
proteins (CLDN1, CLDN2, CLDN3, CLDN4, OCLN and ZO-1) were performed in the colon
of control and DON-treated animals, to investigate whether the distribution pattern of
TJ proteins in the colon is impacted by DON. No clear differences in the TJ distribution
patterns of CLDN1, CLDN2, CLDN3, CLDN4, OCLN and ZO-1 were observed in the colon of
DON-treated animals compared to control animals (Supplementary Figure 4).
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Figure 6A. DON selectively affected the TJ protein levels and localization. Caco-2 cells were grown on inserts and
stimulated with increasing concentrations of DON (1.39, 4.17 and 12.5 pM) in apical and basolateral compartments
for 24 h. The Caco-2 monolayers were lysed and the protein extract was analyzed by Western blot analysis for CLDN1,
CLDN3, CLDN4 and corresponding B-actin (representative blots are shown). Expression of the proteins was estimated
by densitometry after normalization with -actin. Values are expressed as mean ratio (TJ protein expression (0D/mm?)
normalized to B-actin) = SEM of three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001; significantly
different from the unstimulated cells). For immunofluorescence, Caco-2 monolayers were incubated with DON (4.17
pM) at apical and basolateral compartments and detected by antibodies for CLDN1, CLDN3 and CLDN4 as described in
materials and methods. Magnification 400x.
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Figure 6B. DON selectively affected the TJ protein levels and localization. Caco-2 cells were grown on inserts and
stimulated with increasing concentrations of DON (1.39, 4.17 and 12.5 uM) in apical and basolateral compartment for 24
h. The Caco-2 monolayers were lysed and the protein extract was analyzed by Western blot analysis for OCLN, Z0-1 and
corresponding B-actin (representative blots are shown). Expression of the proteins was estimated by densitometry after
normalization with B-actin. Values are expressed as mean ratio (TJ protein expression (0D/mm?) normalized to B-actin)
+ SEM of three independent experiments. For immunofluorescence, Caco-2 monolayers were incubated with DON (4.17
M) at apical and basolateral compartments and detected by antibodies for OCLN and Z0-1 as described in materials and

methods. Magnification 400x.
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Figure 7. DON increased in vivo intestinal permeability in B6C3F, mice. Two hours after oral DON administration (25
mg/kg bw), mice were gavaged with 4 kDa FITC-dextran (500 mg/kg bw). Four hours after the FITC-dextran gavage the
appearance of FITC-dextran was measured in blood as described in materials and methods. n = 5-6 mice/experimental
group. Values are expressed in pg/ml as mean = SEM (*P < 0.05; significantly different from the control group).

DON induces histomorphological changes in the intestines of mice

A quantitative histomorphometric analysis of the proximal and distal small intestine
showed a significant decrease in villus height and villus area in the proximal (Figure 10A)
as well as in the distal small intestine (Figure 10B) of DON-exposed mice in comparison
to the non-treated animals. Furthermore, the epithelial cell area of the DON-treated mice
was also significantly diminished in both proximal (Figure 10A) and distal small intestine
(Figure 10B). The crypt depth was only increased in the proximal small intestine of the
DON-treated mice compared to non-treated mice (crypt depth; control: 131.71 £ 5.20 ym
versus DON: 168.50 + 7.65 pm, P < 0.01), while no changes in villus width were observed
in both parts of the small intestine followed by DON treatment.
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Figure 8. DON selectively affected the TJ mRNA expression levels and their localization in mouse intestine. Mice received
DON by oral gavage (25 mg/kg bw). After 6 h, samples from different parts of the intestine (proximal (A), middle (B),
distal small intestine (C), caecum (D) and colon (E)) were collected and mRNA levels of TJ proteins (CLDN1, CLDN2, CLDN3,
(LDN4, OCLN, and Z0-1) were measured by qRT-PCR. n = 5-6 mice/experimental group. Results are relative mRNA
expression as mean = SEM (*P < 0.05, **P < 0.01, ***P < 0.001; significantly different from the control group).
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Figure 9. DON selectively affected theTJ localization in mouse intestine. Mice received DON by oral gavage (25 mg/kg bw).
After 6 h, Swiss-rolled paraffin sections obtained from distal small intestine and were stained by immunofluorescence
staining and detected by antibodies for CLDN1, CLDN2, CLDN3, CLDN4, OCLN and Z0-1 as described in materials and
methods. n = 5-6 mice/experimental group (2-3 sections/animal). Magnification 200x.
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Figure 10. DON induced histomorphological changes in the intestine of mice. Mice received DON by oral gavage (25 mg/
kg bw) and after 6 h, Swiss rolls obtained from the proximal (A, C, E, G and I) and distal (B, D, F, H and J) small intestine
were stained with H&E for histomorphometric analysis (villus height (A, B), villus area (C, D), epithelial cell area (E, F) and
related pictures from control (G, H) and DON-treated mice (1, J)). Magnification 200x. n = 5-6 mice/experimental group.
Results are expressed as mean = SEM (*P < 0.05, **P < 0.07; significantly different from the control group).
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Discussion

A compromised intestinal barrier function has been associated with various diseases,
including inflammatory bowel disease, coeliac disease and the irritable bowel syndrome.
It is generally assumed that the primary cause leading to such a loss of intestinal
integrity remains often unknown and is believed to be multifactorial. In this study we
hypothesized that one of the factors that compromises the intestinal barrier function
is the fungal toxin deoxynivalenol (DON). DON is a secondary metabolite and exotoxin
of various fungal species of the genus Fusarium, which are soil-borne and invade living
plants prior to harvest. As a small molecule (molecular weight: 296.3 g/mol), it resists
technical processes of milling and food processing and can be detected in various food
commodities. The high incidence of human exposure is confirmed by the analysis of
urine samples for DON and its glucuronides, demonstrating that the exposure incidence
exceeds in many cases 90% of the tested population (18-21). Experimental data showed
that DON inhibits cellular protein synthesis and exerts a ribosomal stress syndrome
associated with an inflammatory response, as recently reviewed by Pestka (32) and He
et al. (33). Initially, incidental and human exposure to high concentrations of DON was
associated with acute gastritis and intestinal distress (15). Recent experimental data with
different in vitro systems, however, show that DON already at lower dietary concentrations
is able to impair the integrity of epithelial cell monolayers. A dysfunctional epithelial cell
barrier may be one of the predisposing factors leading to inflammatory diseases such as
food allergy, inflammatory bowel disease and coeliac disease. Here we describe a series of
experiments designed to identify the cascade of events exerted by DON that lead to the
loss of epithelial barrier integrity in vitro and a compromised intestinal barrier function in
vivo in mice exposed orally to DON, resembling human dietary exposure.

The impairment of TEER depends on the route of exposure

A common early marker of an impairment of epithelial barrier integrity is a decrease in the
TEER of an established Caco-2 cell monolayer at DON concentrations that do not affect cell
viability. In an initial series of experiments we demonstrated that concentrations equal to
or below 12.5 uM DON did not impair Caco-2 cell viability (Figure 1), a finding that was in
agreement with previous results (31). Considering the kinetics of DON, which is rapidly
absorbed in the upper intestine (30), but is also secreted into the intestinal lumen as it is
a substrate for ABC efflux transporters (31), we conducted TEER measurements following
different routes of exposure. First, increasing concentrations of DON were added to the
apical side mimicking the direct contact of the epithelial cells with contaminated food
components. A dose-dependent decrease in TEER of the Caco-2 monolayer was observed
after 24 h DON incubation. This is in agreement with previous studies (12, 13) and the
data of De Walle et al. (11), who found a dose-dependent decrease in TEER of Caco-2 cells
at concentrations between 0.17-17 uM of DON after apical exposure of a cell monolayer.
In turn, DON was added to the basolateral compartment to mimic the secretory pathway
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of absorbed DON, which is mediated by the efflux transporters ABCB1 (Pg-p) and ABCC2
(MRP2) (31). Interestingly, the decrease in TEER values following basolateral exposure
was more pronounced. This finding is in agreement with recent data by Diesing et al.
(12), reporting that the basolateral surface of the intestinal barrier seems to be more
susceptible to DON as compared to the apical exposure route in porcine IPEC-J2 cells.
To further substantiate these findings, DON was added to both compartments of the
transwell system. The measured decrease of TEER values was almost similar to the effects
of a basolateral exposure to DON. Besides this dose-dependent effect of DON on the
TEER of Caco-2 monolayers after 24 h, a time-dependent decrease in TEER was observed
when comparing different incubation time points (2, 4, 8 and 12 h). Although, the
gastrointestinal transit time of DON ingested with feed is expected to be less than one
day, a 24 h DON incubation time is relevant for the in vivo situation, since DON is a daily
food contaminant of wheat and grain products and intestinal epithelial cells are regularly
exposed to DON during a day. Moreover, Azcona-Olivera et al. (28) observed that DON
was still measurable in the mouse small (2.50 pmol/mg) and large intestine (7.80 pmol/
mgq) tissue 24 h after a DON gavage (25 mg/kg bw). In addition, following absorption in
proximal intestine after oral ingestion, DON is likely to be secreted into the colon lumen
due to the high expression of efflux transporters along the colon (31).

The impairment of epithelial integrity facilitates a paracellular transport of
macromolecules in vitro and in vivo

The functional consequences of the readily measured impairment of the cell monolayer
integrity was demonstrated by measuring the translocation of the paracellular transport
markers lucifer yellow (0.457 kDa) and FITC-dextran (4 and 40 kDa). Upon 24 h exposure,
DON induced a significant increase in the translocation of lucifer yellow and 4 kDa
FITC-dextran from the apical compartment to the basolateral side. These findings are
in agreement with the data of Pinton et al, who demonstrated that upon 48 h DON
exposure, the Caco-2 and IPEC-1 monolayers became more permeable for 4 kDa FITC-
dextran (13, 16, 34). In contrast, we found no difference in the permeability of the 40
kDa FITC-dextran, indicating that larger molecules still cannot pass the epithelial barrier.
DON-mediated changes in TJ proteins increase paracellular permeability to small
molecules, but not transcellular flux of large molecules as this would require disruption of
the cellular layer by cell death. The in vivo experiments with B6C3F, mice, orally exposed
to DON confirmed the hyperpermeability as a significant increase in the translocation of
FITC-dextran (4 kDa) from the gut lumen to blood circulation was observed in the DON-
treated animals. Comparable findings were reported as yet only following exposure of
animals to lipopolysaccharide (LPS) and even bacterial pathogens (35, 36).

DON alters the function and expression of TJ proteins in vitro and in vivo

The epithelial barrier function relies on TJ proteins eliminating the intercellular space,
like ZO proteins that are peri-membrane proteins that link the apical membrane proteins
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(such as occludin and claudins) with cytoskeleton proteins such as actin (37). Disruption
of these actin filaments destroys the TJ protein network, thereby decreasing TEER values
(38). The first evidence of a direct effect of DON on the TJ network was obtained by the
horizontal impedance measurement. The real time analysis displayed that DON exposure
induced an instant drop in impedance already in the first 1-2 h, followed by a marginal
but not full recovery within the 24 h test period. These new findings demonstrate
pronounced effects already at concentrations as low as 1.39 uM DON, suggesting a direct
effect of DON on TJ proteins, sealing the intercellular space. In this study the measured
impedance is based on different frequencies (10, 25 and 50 kHz) merged to one signal,
therefore we cannot discriminate between transcellular and paracellular impedance
contributions. Although, there is a considerable overlap between the real-time impedance
and TEER measurements (23), real-time impedance measurements clearly show the time-
dependency of the events.

Since TEER and impedance measurements suggested alterations of TJ permeability and
in order to describe the effect of DON on TJ proteins in more detail, the mRNA expression
levels, protein levels, as well as cellular distribution of different TJ proteins (CLDN1,
CLDN3, CLDN4, OCLN, and ZO-1) were measured in Caco-2 cells following DON exposure.
gRT-PCR analyses pointed out that the mRNA expression of Caco-2 cells exposed to DON
for 3 h showed a concentration-dependent up-regulation of the expression levels of
CLDN3, CLDN4 and ZO-1, while the mRNA expression levels of all different TJ proteins,
were increased upon 6 h DON exposure and these results were comparable with the
results obtained after 24 h DON exposure. All individual time points of DON exposure
show most probably a compensatory up-regulation of TJ mRNA levels. These results
correlate to previous findings with IPEC cells (12) and complete the data of De Walle et
al. (11), showing previously a raise in the mRNA expression levels of CLDN4 and OCLN in
Caco-2 cells exposed to DON for 24 h. These findings were compared again with the in
vivo mouse model by measuring the mRNA expression levels of TJ proteins after a DON
gavage. Although a direct comparison between the in vitro findings in human Caco-2
cells with findings in mice needs to consider possible species differences and the fact that
the samples taken in the in vivo study contained the entire intestinal wall and not only the
epithelial cell layer. However, a number of interesting similarities in the response to DON
were observed. For example, in line with the increase in mRNA expression of TJ proteins
in DON-stimulated Caco-2 cells, in DON treated mice the mRNA expression levels of
CLDN2, CLDN3 and CLDN4 were significantly increased in different parts of the intestines
(small intestine, caecum and colon), whereas the ZO-1 mRNA expression levels were only
increased in the proximal small intestine of the DON-treated animals. The CLDN1 and
OCLN mRNA expression were not significantly affected in the treated mice as compared
to the control animals. In the in vivo experiments CLDN2 was measured in addition to
CLDN1, CLDN3 and CLDN4, whereas in Caco-2 cells CLDN2 is normally not expressed
(39). The observed up-regulation of the different claudins was most pronounced in the
distal part of small intestine. The epithelial cells along the distal part of the small intestine
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are the most susceptible interface in the intestine, most probably because the distal
small intestine is exposed to DON from both luminal and basolateral side (40). DON is
quickly and expeditiously absorbed in the upper parts of the small intestine (30, 41) and
following absorption it is likely secreted into the gut lumen as DON is a substrate for the
efflux transporters ABCB1 (Pg-p) and ABCC2 (MRP2) (31).

When investigating the protein levels of the TJ proteins CLDN1, CLDN3, CLDN4, OCLN
and ZO-1 in the Caco-2 cells of the in vitro DON model, a dose-dependent reduction of
the CLDN1, CLDN3 and CLDN4 protein levels in DON-treated Caco-2 cells compared to
untreated cells was demonstrated, while the OCLN and ZO-1 levels remained unchanged
after DON stimulation. De Walle et al. (11) and Pinton et al. (13) also showed the absence
of a decrease in ZO-1 expression in Caco-2 cells exposed to DON. While these findings
reflect the results of the impedance measurements, they also indicate that the T) network
had not entirely lost its functions. This was also indicated by the observations that very
large molecules such as 40 kDa FITC-dextran still could not pass the epithelial Caco-2 cell
monolayer. These findings are also in agreement with results in different other cell lines
(11,12, 16). The decrease in claudin protein levels is associated with an increase in mRNA
expression levels observed after 24 h DON exposure, which is most likely indicative of a
repair mechanism.Whether or not such repair mechanisms are directly affected by DON at
transcriptional level or are impaired by the previously described non-specific inhibition of
the cellular protein synthesis as discussed by de Walle et al. (11), remains to be elucidated.
The impact of the decrease in protein levels and the compensatory upregulation of
MRNA levels of the measured TJ proteins are visualized by the analysis of the cellular
localization of TJ proteins in Caco-2 cells. For the immunofluorescence staining the Caco-
2 cells treated with 4.17 uM DON were used, since concentrations from approximately
0.5-7 uM DON represent plausible intestinal DON concentrations that may be found in
the gastrointestinal tract after ingestion of moderately to highly DON-contaminated food
as described in Sergent et al. (14). The samples of immunofluorescence analysis of Caco-2
cell monolayer show the membrane-associated localization of all TJ proteins, while DON-
exposed cells exhibit irregular structures of the stained proteins, suggesting clumping
and internalization of fragmented networks. These altered distribution patterns were not
only observed for the claudin proteins, which were dose-dependently decreased, but
also for OCLN and ZO-1, for which only marginal alteration in the total immunoreactive
protein levels could be measured.

It is becoming increasingly apparent that a variety of pathological stimuli such as pro-
inflammatory cytokines, microorganisms and toxins can induce endocytosis of several
TJ proteins and as a consequent internalization of TJ proteins. The internalization of TJ
proteins can be accompanied by their advanced degradation or a re-allocation to the
plasma membrane. However, both mechanisms cause increased paracellular permeability
due to the significant loss of TJ proteins at the plasma membrane of epithelial cells (42-
46).

Comparable to the in vitro and in vivo findings, where the most pronounced effects on
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TJ proteins were observed in the claudin family, immunofluorescence analysis of the
distal small intestine of mice confirmed that DON exposure mainly affected the claudin
distribution.

The lateral distribution pattern of CLDN1 and CLDN3 over the entire villi in the distal
small intestine was observed in control mice and this typical pattern was even more
pronounced after DON exposure resulting additionally in a visible expression at the basal
cytoplasm. As already described by Rahner et al. (47) and Tamagawa et al. (48), CLDN2 is
predominantly found in the crypts in mouse small intestine and this is confirmed in our
study, where the CLDN2 was expressed laterally between adjacent cells in the crypts.
However, after DON gavage this CLDN2 expression pattern is disrupted and not restricted
to the crypts anymore, but is also distributed along the villus. Furthermore, our findings
clearly indicate that the expression of CLDN4 is restricted to selective sites, and not found
on every tip or crypt of the villus epithelium, which is in agreement with Tamagawa et al.
(48). No pronounced effect on the CLDN4 distribution pattern in the distal small intestine
was observed after the DON gavage. Unlike the distribution pattern of the claudins in
the distal small intestine, OCLN and ZO-1 were localized in distinct dot-like structures at
the apical region of the lateral plasma membrane in the epithelial cells of the villus, and
no clear alterations were observed after DON exposure. Immunofluorescence staining
of different TJ proteins were also performed in the colon of control and DON-treated
animals to confirm the qRT-PCR analyses suggesting that the (distal) small intestine is
most significantly affected by DON. As expected, no clear differences in the TJ distribution
patterns of CLDN1, CLDN2, CLDN3, CLDN4, OCLN and ZO-1 were observed in the colon of
DON-treated animals compared to control animals.

Taken together, it can be concluded that the most pronounced effects of DON on TJ
proteins involve the claudin family as decreased claudin levels of the DON-treated
Caco-2 cells as well as increased claudin levels in mouse intestine and an altered claudin
distribution in the distal small intestine upon DON stimulation was observed. Claudins
are known to be determinants of functional barrier properties, including size and charge
selectivity of the paracellular permeability of the intestinal epithelium (49, 50). It also can
be hypothesized that the claudins are more susceptible to DON exposure since these
transmembrane proteins contain extracellular domains that may act as a binding site for
DON as demonstrated for Clostridium perfringens enterotoxins interacting with CLDN3
(51).Claudins form a selective barrier between adjacent cells in contrast to the intracellular
scaffold protein ZO-1, which interacts with intracellular domains of transmembrane
proteins anchoring these proteins to the actin cytoskeleton (52).

A subsequently conducted histomorphometric analysis of the intestinal tissue of the
DON exposed mice showed a significant decrease in villus height, villus area and also
in the epithelial cell area in comparison to the non-treated animals. This result is in
agreement with the data from Pinton et al. (17), reporting a significant reduction in the
villus height along jejunum of pigs exposed to a DON-contaminated diet for 4 weeks. An
ex vivo study by Kolf-Clauw et al. (53) shows alterations of pig jejunal explants including
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shortened and coalescent villi following DON exposure for 4 h. One possible explanation
for the shortened villi could be sloughing of epithelial lining from the surface of the
villi and apoptosis and necrosis of the epithelial cells, since the epithelial cell area was
also decreased in DON-treated animals. However, no prominent histological lesions
were observed. Moreover, after acute mucosal injury by DON (at high dosage), villus
contraction can take place, which is the initial phase of repair mechanisms aiming at the
restoration of barrier function by reducing the total and denuded surface area of the
villi. Villus contraction can be separated in an immediate contraction and second phase
ongoing contraction which progresses in the first hours after injury and is mediated by
endogenous prostaglandins (54).

In conclusion, the comparison of in vitro Caco-2 cell studies with the in vivo murine
model suggests that the main molecular target of DON in the intestine is the TJ network.
Disintegration of this network is accompanied by a loss of barrier function, which
increases the risk of antigen transfer and an inflammatory response. Considering the high
prevalence of dietary DON exposure in consumers of grains and grain-based products,
the possible contribution of DON to the onset and propagation of inflammatory bowel
disease warrant further investigation.
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Supplementary data
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Supplementary Figure 1. An example of a villi picture measured via the computerized microscope-based image
analyser (CellAD). The measurement of the villus height, the crypt depth, the villus area (the total surface of the villi),
and the epithelial cell area (villus area — villus area without epithelial cells) is indicated. Magnification 200x.
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Supplementary Figure 2. DON selectively affected the TJ protein levels. Caco-2 cells were grown on inserts and
stimulated with increasing concentrations of DON (1.39, 4.17 and 12.5 pM) for 24 h. The Caco-2 monolayers were lysed
and the protein extract was analyzed by Western blot analysis for CLDN1, CLDN3, CLDN4, OCLN, Z0-1 and related B-actin
(blots of three independent experiments are depicted individually).
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Supplementary Figure 3. For immunofluorescence staining, negative controls lacking the primary antibodies were
included. For the immunofluorescence staining of Caco-2 monolayers incubated with DON (4.17 uM), the second antibody
goat anti-rabbit (A) was included. Magnification 400x. For the immunofluorescence staining of distal small intestine of

the control and DON-treated mice, the second antibodies goat anti-rabbit (B), goat anti-mouse (C), goat anti-rat (D) were
included. Magnification 200x.
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Supplementary Figure4. DONselectively affected the localization of TJ proteinsin mouse colon. Forimmunofluorescence
staining, Swiss-rolled paraffin sections obtained from colon were detected by antibodies for CLDN1, CLDN2, CLDN3,
CLDN4, OCLN and Z0-1 as described in materials and methods. n = 5-6 mice/experimental group (2-3 sections/animal).
Magpnification 200x.
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Supplementary Table 1. Antibodies used for Western blot and immunofluorescence staining

Antibody Company Isotype Clonality Con.WB Con.IF
Rabbit anti-claudin1  Invitrogen 51-9000  Rabbit IgG Polyclonal (JAY.8) 1:1000 1:50
(in vitro +
in vivo)
Mouse anti-claudin2  Invitrogen 32-5600 Mouse IgG2b  Monoclonal (12H12) 1:100
(in vivo)
Rabbit anti-claudin3  Invitrogen 34-1700  Rabbit IgG Polyclonal (Z23.JM) 1:500 1:50
(in vitro +
in vivo)
Mouse anti-claudin4  Invitrogen 32-9400 Mouse IgG1 Monoclonal (3E2C1)  1:1000
Rabbit anti-claudin4 Invitrogen 36-4800  Rabbit IgG Polyclonal (ZMD.306) 1:50
(in vitro +
in vivo)
Rabbit anti-occludin  Invitrogen 71-1500  Rabbit IgG Polyclonal (Z-T22) 1:4000 1:50
(in vitro +
in vivo)
Rabbit anti-ZO-1 Invitrogen 40-2200  Rabbit IgG Polyclonal (ZMD.436)  1:1000 1:50
(in vitro)
Rat anti-ZO-1 Millipore (MABT11)  Rat IgG2ak Monoclonal (R40.76) 1:50
(in vivo)
Rabbit anti-B-actin Cell Signaling Rabbit IgG Polyclonal (13E5) 1:4000
#4970
Goat anti-rabbit Dako E0432 19G Polyclonal 1:2000
Rabbit anti-mouse Dako P0260 19G Polyclonal 1:2000
Alexa Fluor® goat Life technologies 19G Polyclonal 1:200
anti-rabbit IgG A11011/A11008
Alexa Fluor® goat Life technologies 19G Polyclonal 1:200
anti-mouse IgG A11017
Alexa Fluor® goat Life technologies 19G Polyclonal 1:200

anti-rat IgG

A11006
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Abstract

Theintegrity of the continuous layer of epithelial cells in the gastrointestinal tract protects
organisms from exposure to luminal antigens, which are considered as the primary
cause of chronic intestinal inflammation and allergic responses. The common wheat-
associated fungal toxin deoxynivalenol (DON) acts as a specific disruptor of the intestinal
tight junction network and might contribute to the pathogenesis of inflammatory bowel
diseases (IBD). The aim of the current study was to assess whether defined galacto-
oligosaccharides (GOS) can prevent the DON-induced epithelial dysfunction. In a parallel
invitro/in vivo approach, human epithelial intestinal Caco-2 cells, pretreated with different
concentrations of GOS (0.5%, 1% and 2%) for 24 h, were stimulated with 4.2 uM DON (24
h), while 6/7-week-old male B6C3F, mice were fed a diet supplemented with 1% GOS
for 2 weeks before being orally exposed to DON (25 mg/kg bw, 6 h). Barrier integrity
was determined by measuring transepithelial electrical resistance (TEER) and intestinal
permeability to marker molecules lucifer yellow (LY) and fluorescein isothiocyanate-
dextran (FITC-dextran). The calcium switch assay was conducted to study the reassembly
of epithelial tight junction proteins. Alterations in tight junction and cytokine expression
were assessed by gqRT-PCR, Western blot analysis or ELISA, while their localization was
visualized by immunofluorescence microscopy. Furthermore, sections of the proximal
and distal small intestine were stained with hematoxylin/eosin for histomorphometric
analysis. The in vitro data with Caco-2 cells grown in transwell inserts showed that
medium supplemented with 2% GOS improved tight junction reassembly reaching an
acceleration of 85% after 6 h (P < 0.05). In turn, GOS pretreatment prevented the DON-
induced loss of epithelial barrier function as measured by TEER (114% of control) and the
DON-affected paracellular flux of the marker lucifer yellow was reduced (82.7% of pre-
challenge values, P < 0.05). Moreover, GOS pretreatment stabilized the expression and
cellular distribution of claudin3 and suppressed by > 50% the DON-induced synthesis and
release of interleukin-8 (IL-8/CXCL8), a typical marker for an inflammatory response (P <
0.05). These findings were confirmed by in vivo experiments in mice where pretreatment
with GOS prevented the DON-induced mRNA overexpression of claudin3 (P = 0.022) and
CXCL8 homologue CXCL1 (P = 0.06) as well as the DON-induced morphological defects.
The presented results demonstrate that GOS stimulate the tight junction reassembly and
in turn mitigate the deleterious effects of DON on the intestinal barrier of Caco-2 cells and
on villus architecture of B6C3F mice.
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Introduction

The major function of the intestinal barrier is to protect the organism against invading
bacterial and viral pathogens and food-borne toxins (1, 2). Defects in intestinal barrier
function result in a paracellular influx of luminal antigens, which is considered as a
pivotal pathogenic factor in the onset and promotion of intestinal inflammation and
inflammatory bowel diseases (IBD) as well as allergies (3).

A dietary component that is known to affect the intestinal barrier function is the
mycotoxin deoxynivalenol (DON) (4-8). DON is one of the most frequently occurring
natural toxins in wheat and wheat-based products and can readily enter the food and feed
chain, since DON is resistant to processing and heating (9). Consumption of foodstuffs
contaminated by DON have been associated with human and animal intoxications and
the pro-inflammatory and immunotoxic effects of DON are of increasing concern for farm
animals, such as pigs, as well as for humans (10-14). Human exposure to DON can cover all
age groups, even the developing fetus, as it also transfers across the placental barrier (15,
16). Therefore it is an important human safety issue and these epidemiological findings
warrant the search for dietary supplements that can be used in infants as well as in adults
for the mitigation of the adverse effects of DON on intestinal integrity.

Recently, the gut health promoting effects of non-digestible oligosaccharides are
broadly acknowledged (17). In particular selected fractions of milk-derived galacto-
oligosaccharides (GOS) are of interest due to their potential immunomodulatory and
anti-inflammatory effects. GOS, which resemble oligosaccharides that occur naturally
in human breast milk, are currently used in infant formulas (18). They are expected not
only to modulate the composition and metabolism of the gut microbiota by increasing
Bifidobacterium and Lactobacillus spp. numbers (19-21), but seem to prevent specific
pathologies involving the gut immune system, such as food allergies and inflammatory
bowel disease, as demonstrated in clinical trials already (19, 22, 23). However, the exact
mechanisms involved in such immunomodulatory effects, remain to be elucidated.

The aim of the current experiments was to characterize the effects of GOS on the
epithelial barrier using a standardized Caco-2 cell model and to investigate whether a
potential barrier-stabilizing effect results also in an improved integrity of the intestinal
barrier function and reduced inflammatory response during a DON challenge.
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Materials and Methods

Galacto-oligosaccharides (GOS)

GOS are generally defined as a mixture of those substances produced from lactose by
the enzyme B-galactosidase, comprising between 2 and 8 saccharide units (degree
of polymerization, DP), with one of these units being a terminal glucose and the
remaining saccharide units being galactose and disaccharides composing 2 units of
galactose (24, 25). For the current experiments, the commercial product Vivinal® GOS
syrup (FrieslandCampina Domo, Borculo, The Netherlands), containing approximately
45% galacto-oligosaccharides with a DP of 2-8, 16% free lactose, 14% glucose and 25%
water, was used. Dilutions (0.5%, 1% and 2% GOS) were made in complete cell culture
medium. Prior to the functional assays described below, the potential cytotoxicity of GOS
at different concentrations for Caco-2 cells had been measured by the Alamar Blue assay
(Invitrogen, Camarillo, CA, USA), a standard method to assess cell viability. These control
experiments confirmed that GOS did not induce any cytotoxicity in Caco-2 cells at the
selected test concentrations. In addition, close to equimolar concentrations of lactose
(16%) and glucose (14%) present in the 2% GOS solution were included in the Caco-2 cell
assays and had no effect on the DON-induced transepithelial electrical resistance (TEER)
decrease and increase in paracellular flux of lucifer yellow (Supplementary Figure 1).

Deoxynivalenol (DON)

Purified DON (D0156; Sigma, St Louis, MO, USA) was diluted in absolute ethanol (99.9%,
JT Baker, Deventer, The Netherlands) to prepare a 25 mM stock solution and was stored
at -20°C. For the cell culture experiments DON was diluted to a concentration of 4.2 uM
DON in complete cell culture medium and added for the challenge experiments to the
apical side as well as to the basolateral side of the transwell plates for 24 h. This DON
concentration was selected on the basis of our previous results and did not impair cell
viability (8). Physico-chemical interactions between DON and GOS were excluded by co-
incubation experiments with both compounds, since the free DON fraction remained
unchanged as measured by standard HPLC analysis with affinity column clean up, based
on the method described by Dombrink-Kurtzman et al. (26) (Supplementary Figure 2).

In vitro experiments

The Caco-2 cell model

Human epithelial colorectal adenocarcinoma (Caco-2) cells obtained from the American
Type Tissue Collection (Code HTB-37) (Manassas, VA, USA, passages 102-114) were
used according to established methods, also described by Akbari et al. (8). In brief, cells
were cultured in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) and
seeded at a density of 0.3 x 10°cells into 0.3 cm?high pore density (0.4 um) inserts with a
polyethylene terephthalate membrane (BD Biosciences, San Diego, CA, USA) placed in a
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24-well plate. The Caco-2 cells were maintained in a humidified atmosphere of 95% air and
5% CO, at 37°C. After 17-19 days of culturing, a confluent monolayer was obtained with
a mean TEER exceeding 400 Q.cm? measured by a Millicell-Electrical Resistance System
Voltohmmeter (Millipore, Temecular, CA, USA). The Caco-2 cells were pre-incubated with
different concentrations of GOS (0.5%, 1% and 2%) for 24 h before being exposed to DON
in the presence of GOS for another 24 h. GOS and DON were added to both compartments
(apical and basolateral) of the transwell insert unless otherwise stated.

Additional experiments with Caco-2 cells were conducted in which 1) GOS were only
added to the apical compartment, 2) GOS (apical and basolateral) were removed after
24 h pretreatment and before the cells were challenged with DON in GOS-free DMEM
medium and 3) GOS (apical and basolateral) were co-incubated with DON for 24 h
(without pre-incubation with GOS). TEER measurements were conducted 24 h after
DON incubation and thereafter the paracellular flux was measured using two different
membrane-impermeable marker molecules, lucifer yellow (LY, 0.457 kDa) and fluorescein
isothiocyanate-dextran (FITC-dextran, 4 kDa) (Sigma, St Luis, Mo, USA) added at a
concentration of 16 pug/ml to the apical side (350 pl) in the transwell plate for 4 h (8).
Medium without fluorescent marker molecules was used as a blank and the concentration
of LY and FITC-dextran at the basolateral side was calculated on the basis of a standard
curve in the concentration range of 0.19-12.5 pg marker molecule/ml.

Calcium switch assay

Caco-2 cells grown on inserts were pretreated with different concentrations of GOS
(0.5%, 1% and 2%) either on the apical side or on both sides of the transwell inserts for
24 h, as described above. Subsequently, Caco-2 cells were deprived from calcium by
washing the cells twice with pre-warmed PBS and exposing the cells transiently for 20
minutes to 2 mM ethylene glycol-bis(2-aminoethyl ether)N,N,N;N'-tetraacetic acid (EGTA)
(Sigma, St Luis, Mo, USA) in calcium- and magnesium-free Hanks’ Balanced Salt Solution
(HBSS) (Gibco, Invitrogen, Carlsbad, CA, USA). At the end of the incubation period, HBSS-
EGTA was removed, the cells rinsed and allowed to recover in either complete cell culture
DMEM (containing 2 mM CaCl,) or in DMEM supplemented with the addition of different
concentrations GOS (0.5%, 1% and 2%). TEER was monitored at various time points (2, 4,
6, 8, 12, 24 h) during this recovery period as an index of tight junctions (TJs) reassembly
and restoration of barrier function. The results are expressed as a percentage of initial
value (27).

TJ proteins: mRNA expression, Western blot analysis and cellular distribution

The levels of mMRNA expression of the TJ target genes in Caco-2 cells pretreated with
different concentrations GOS for 24 h before exposure to DON (in presence of GOS) for
6 h were measured by gRT-PCR. Cells were harvested and total RNA extraction, cDNA
preparation and gRT-PCR analysis were performed as described previously (8). Forward
and reverse primers for claudin1 (CLDN1), claudin3 (CLDN3), claudin4 (CLDN4), occludin
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(OCLN), zonula occludens protein-1 (ZO-1) and zonula occludens protein-2 (ZO-2) (Table
1) were designed by using the National Center for Biotechnology Information Primer-
Basic Local Alignment Search Tool and were manufactured commercially (Eurogentec,
Seraing, Belgium). Specificity and efficiency of selected primers were confirmed by
gRT-PCR analysis and dilution series of pooled cDNA at a temperature gradient (55°C
to 65°C) for primer-annealing and subsequent melting curve analysis. Glyceraldehydes
3-phosphate dehydrogenase (GAPDH) and (3-actin (ACTB) were used as reference genes
and the GeNorm software (version 3.5) was used to identify the most stable reference
genes.

For Western blots, GOS pretreated Caco-2 cells were exposed to DON for 24 h (in the
presence of GOS) and total protein extracts were prepared as described previously
(8). Equal protein amounts were separated by SDS-PAGE, blotted onto polyvinylidene
difluoride membranes. Rabbit anti-CLDN3 (1:500, Invitrogen, Camarillo, CA, USA) or
rabbit anti-B-actin (1:4000, Cell Signaling, Beverly, MA, USA) served as primary antibodies
for overnight incubations at 4°C and horseradish peroxidase-conjugated goat anti-rabbit
(1:2000, Dako, Glostrup, Denmark) served as the secondary antibody applied for 2 h at
room temperature. Blots were washed in PBS-tween, incubated in commercial enhanced
chemiluminescence reagents (Amersham Biosciences, Roosendaal, The Netherlands) and
exposed to photographic film and scanned on a GS710 calibrated imagine densitometer
for quantification.The cellularlocalization of CLDN3 was assessed by immunofluorescence
microscopy after staining with rabbit anti-CLDN3 (1:50, 34-1700, Invitrogen, Camarillo,
CA, USA) (8), followed by incubation with Alexa-Fluor conjugated secondary antibody
(Invitrogen, Carlsbad, CA, USA). Immunolocalization of CLDN3 was visualized, and images
were taken with use of the confocal laser-scanning microscope Leica True Confocal Point
Scanner with Spectral Detection-ll (Leica Microsystems GmbH) with Leica Application
Suite Advanced Fluorescence software.

Interleukin-8 (CXCL8): mRNA expression and secretion

In parallel to the experimental steps as described for the TJ proteins above, the CXCL8
MRNA expression was analyzed by qRT-PCR (Primer sequences, Table 1) and release of
CXCL8 from Caco-2 cells into the medium of the apical side as well as the basolateral
side of the transwell insert was measured by ELISA using the Human IL-8 ELISA Set (BD
Biosciences, San Diego, CA, USA) according to manufacturer’s instructions.
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Table 1. Human primer sequences used for qRT-PCR analysis

Primer sequence (5’-3')

Genes Forward Reverse AT References
CLDN1 AGCTGGCTGAGACACTGAAGA GAGAGGAAGGCACTGAACCA 63 NM_021101
CLDN3  CTGCTCTGCTGCTCGTGTC CGTAGTCCTTGCGGTCGTAG 63 NM_001306
CLDN4  GTCTGCCTGCATCTCCTCTGT CCTCTAAACCCGTCCATCCA 62.5 NM_001305
OCLN TTGGATAAAGAATTGGATGACT ACTGCTTGCAATGATTCTTCT 57 NM_002538
Z0-1 GAATGATGGTTGGTATGGTGCG TCAGAAGTGTGTCTACTGTCCG 558  NT_010194.17
Z0-2 GCCAAAACCCAGAACAAAGA ACTGCTCTCTCCCACCTCCT 65 NT_008470.19
CXCL8  ATGACTTCCAAGGTGGCCGTGGCT  TCTCAGCCCTCTTCAAAAACTTCTC 63 NM_000584
GAPDH ACCCACTCCTCCACCTTTGAC CCACCACCCTGTTGCTGTAG 62.4 NM_002046
ACTB CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA 63 NM_001101

AT, annealing temperature (°C)
In vivo experiments

Animals

Male B6C3F, mice (n = 5/6 per group, 5/6 animals per cage), 6-7 weeks old with an average
weight of 19.9 + 0.32 gram (Charles River Laboratories, Maastricht, The Netherlands) were
housed under controlled conditions in standard laboratory cages with sterilized woody-
clean sawdust bedding (Technilab-BMI, Someren, The Netherlands) and were acclimated
to the environment for two weeks. The room was maintained on a 12 h light-dark cycle
at ~20.5°C with a relative humidity of ~61.5%. They were ad libitum provided with water
and commercial rodent diet (AIN-93G) (28). Animals were randomly distributed into
different experimental groups. All in vivo experimental protocols were approved by the
local Ethics Committee for Animal Experiments (Reference number: DEC 2012.111.02.012)
and were performed in compliance with national and international guidelines on animal
experimentation.

Diets and DON gavage

The experimental AIN-93G-based diets were composed and mixed with 1% GOS (1 kg diet
containing 22.22 g/kg Vivinal® GOS syrup) by Research Diet Services (Wijk bij Duurstede,
The Netherlands). Carbohydrates in Vivinal GOS were compensated isocalorically in
the control diet by means of cellulose (for GOS), lactose (for lactose), and dextrose (for
glucose). The diet was checked for DON contamination by standard HPLC analyses with
affinity column clean-up, based on the method as described by Dombrink-Kurtzman et al.
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(26). None of experimental diets exceeded the detection limit of 10 ug DON per kg feed.
The mice were fed the AIN-93G diet with or without 1% GOS for 2 weeks before being
challenged with DON, given by oral gavage at a dose of 25 mg/kg body weight (bw) in
200 pl sterile PBS (29-31). Control mice received 200 pl sterile PBS. Six hours after the
DON challenge, mice were sacrificed by cervical dislocation, blood was obtained by heart
puncture and collected in MiniCollect Z Serum Sep tubes (Greiner Bio-one, Kremsmunster,
Austria) and different parts of the intestine were collected and preserved for mRNA
isolation and histology. Weight gain was monitored throughout the experiment and no
significant differences were recorded between control- and GOS-fed animals, except at
day 12, where a slight, but significant increase in weight gain was observed in the GOS-
fed animals (Supplementary Figure 3). This slight increase in weight gain could possibly
be related to the food intake, however this was not determined in this study.

Intestinal specimen from mice used for isolation of mRNA and qRT-PCR analysis

For mRNA isolation, the mouse intestine was flushed with cold PBS and separated into
different segments. These segments were defined as follows: proximal small intestine
(approximately 2 cm after the pylorus), middle small intestine (7-8 cm after the pylorus),
distal small intestine (final 1 cm before the ileocecal-junction), caecum and colon (first 1
cm after caecum). These intestinal wall samples (approximately 1 cm) were snap frozen
in liquid nitrogen and stored at -80°C until RNA isolation. Total RNA extraction, cDNA
preparation and qRT-PCR analysis were performed as described previously (8). Primer
sequences with corresponding annealing temperatures are listed in Table 2.

Immunofluorescence staining of intestinal specimen of mice

Swiss rolls (32) of the distal small intestine were fixed in 10% formalin and embedded in
paraffin. For antigen retrieval, the 5 um sections were boiled in 10 mM citrate buffer (pH
6.0) for 10 min in a microwave. Rabbit anti-CLDN3 (1:50, 34-1700, Invitrogen, Camarillo,
CA, USA) was used as first antibody and after incubation, immunofluorescence staining
was conducted as described above in Materials and Methods of the in vitro experiments.

Histomorphometric analysis of intestinal specimen of mice

Sections of the proximal and distal small intestine were stained with hematoxylin/eosin
(H&E) according to standard procedures. Photomicrographs were taken with an Olympus
BX50 microscope equipped with a Leica DFC 320 digital camera (magnification of 200x).
The morphometric analysis of the sections was performed on 10 randomly selected, well-
oriented villi and crypts per animal. A computerized microscope-based image analyzer
(CellAD, Olympus, Europa GmbH, Germany) was used to determine histomorphometric
parameters: villus height (measured from the tip of the villus to the villus-crypt junction)
and crypt depth (measured from the crypt-villus junction to the base of the crypt). These
regions were manually defined for each villi (8).
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Table 2. Murine primer sequences used for qRT-PCR analysis

Primer sequence (5’-3')

Genes Forwrad Reverse AT References
CLDN1 TCTACGAGGGACTGTGGATG TCAGATTCAGCTAGGAGTCG 57 NM_016674
CLDN2  GGCTGTTAGGCTCATCCAT TGGCACCAACATAGGAACTC 55 NM_016675
CLDN3  AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG 58.7  NM_009902
CLDN4  CGCTACTCTTGCCATTACG ACTCAGCACACCATGACTTG 55 NM_009903
OCLN ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT 61.2 NM_008756.2
Z0-1 CGAGGCATCATCCCAAATAAGAAC  TCCAGAAGTCTGCCCGATCAC 58.7 NM_009386
CXCL1 GCGCCTATCGCCAATGAG AGGGCAACACCTTCAAGCTCT 643 U20527
CXCL2 GGCTGTTGTGGCCAGTGAA CTCAAGCTCTGGATGTTCTTGAAG 61.2 NM_009140.2
IFN-y TCAAGTGGCATAGATGTGGAAGAA  TGGCTCTGCAGGATTTTCATG 614 NM_008337.3
IL-1a ATGAAGCTCGTCAGGCAGAAG GAGATAGTGTTTGTCCACATCCTGAT 58.7 NM_010554.4
IL-18 ATCCCAAGCAATACCCAAAGAA GCTGATGTACCAGTTGGGGAA 61 NM_008361.3
IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT 61.2 NM_021283.2
IL-6 TGGGACTGATGCTGGTGACA TGGGAGTGGTATCCTCTGTGAA 63.1 NM_031168.1
TNF-a AACGGCATGGATCTCAAAGA TTTCTCCTGGTATGAGATAGCAAATC 643 NM_013693.3
GAPDH GAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC 61 NM_008084.2
ACTB ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC 61 NM_007393.3

AT, annealing temperature (°C)

Statistical analysis

Experimental results of in vitro experiments were expressed as mean = SEM of 3
independent experiments (n = 3), each performed in triplicate (3 wells/condition).
Differences between groups of in vitro experiments were statistically determined by
using One-way ANOVA, with Bonferroni post hoc test. Additionally, Two-way ANOVA was
used to compare the effects of 2% GOS treatment with or without DON exposure. Data
of in vivo experiments were expressed as mean + SEM, n = 5-6 animals/experimental
group (with the exception of Supplementary Figure 3, weight gain, n = 11-12 animals/
experimental group) and were statistically analyzed by using a Two-way ANOVA followed
by a Bonferroni post hoc test. Results were considered statistically significant when P <
0.05. Analyses were performed by using GraphPad Prism (version 6.0) (GraphPad, La Jolla,
CA, USA). The required sample size to achieve the given power was calculated using the
program PS-Power and Sample Size Calculation based on previous research.
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Results

GOS prevent the DON-induced impairment of the Caco-2 cell monolayer integrity
As shown in Figure 1A, GOS modulated the DON-induced decrease in TEER in a
concentration-dependent manner, and pretreatment with 2% GOS entirely prevented
the loss of integrity (P < 0.001). In line with these results, the DON-induced increase in
tracer transport (LY and FITC-dextran) was decreased by GOS (P < 0.001 and P < 0.01,
respectively) (Figure 1B, C). As in all these experiments GOS were applied to the apical
as well as basolateral sides, additional experiments were conducted in which GOS were
given only to the apical side, or removed during the DON challenge, as indicated in Table
3. Under these conditions, 2% GOS induced a protective effect on the DON-induced
impaired monolayer integrity, albeit less pronounced than in experiments where GOS
were present at both sides and during the entire exposure period (Table 1). Neither 0.5%
GOS, nor 1% GOS were effective (P > 0.99 and P > 0.05 for TEER and tracer transport,
respectively) (Table 3). Co-incubation of GOS and DON (without pre-incubation with GOS)
for 24 h did not counteract the DON-induced intestinal barrier disruption as observed in
TEER values (P > 0.99) and tracer transport (P > 0.99) (Supplementary Figure 4).

GOS accelerate TJs reassembly after calcium deprivation in Caco-2 cells

It was demonstrated that GOS caused a remarkable acceleration in TJs reassembly over
a period of 24 h (2% GOS, 12 h, P < 0.001) (Figure 2). This effect remained when GOS
were removed during the recovery period (2% GOS, 12 h, P < 0.001) and a significant
acceleration in TJs reassembly was also observed when GOS were applied only at the
apical side, albeit to a lesser degree (2% GOS, 12 h, P = 0.008) (Supplementary Figure 5).

GOS prevent the DON-induced disturbance of CLDN3 expression and its cellular
distribution in Caco-2 cell monolayers

After a DON challenge of an established Caco-2 cell monolayer, mRNA expression levels
of the TJ proteins CLDN3, CLDN4, OCLN, ZO-1 and ZO-2 were up-regulated compared
to the untreated cells (Supplementary Figure 6A, B). Pretreatment with GOS resulted in
a less pronounced induction of CLDN3 and this effect was statistically significant (P =
0.022) (Figure 3A). GOS did not affect the DON-induced mRNA expression of CLDN4 (P =
0.38), OCLN (P > 0.99), ZO-1 (P > 0.99) and ZO-2 (P > 0.99) (Supplementary Figure 6A, B).
Subsequent Western blot analyses showed that DON induced a significant decrease in
CLDN3 protein levels (P = 0.006) and this decrease was prevented by 2% GOS (P = 0.031)
(Figure 3B, C). Representative pictures of the CLDN3 cellular distribution of the Caco-2
monolayer are depicted in Figure 3D-F. DON exposure was associated with a disturbed
and irregular cellular distribution of CLDN3 and a translocation of CLDN3 from the cellular
membrane to the submembraneous space (Figure 3E) as compared to the control Caco-
2 cells (Figure 3D). Control Caco-2 cells pretreated with GOS did not affect the CLDN3
cellular distribution (data not shown), while the DON-induced deranged distribution of

124



Galacto-oligosaccharides as functional food

CLDNS3 seemed to be prevented by GOS (Figure 3F).
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Figure 1. GOS prevent the DON-induced impairment of the Caco-2 cell monolayer integrity. Caco-2 cells were pretreated
apically and basolaterally with GOS or DMEM medium prior to the addition of DON (apical and basolateral compartments).
TEER (A) and the transport of lucifer yellow (B) as well as 4 kDa FITC-dextran (C) from the apical to the basolateral chamber
were measured. Results are expressed as a percentage of initial value (TEER) or in the amount of tracer transported [ng/
(cm?xh)] as mean = SEM, n = 3. Labeled bars without a common letter differ, P < 0.05, Bonferroni post hoc test.
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Table 3. Apical and/or basolateral GOS exposure differently protect from the DON-induced impairment of the Caco-2 cell
monolayer integrity’

Route of GOS application

Group Apical and basolateral? Apical? Apical and basolateral®
TEER LY flux TEER LY flux TEER LY flux
Control 101 £2.72 458 + 24°¢ 103 £4.17 261 + 3.8° 94,5 +1.2% 305 +3.3¢
2% GOS 949 +1.5° 503 £12¢ 101 +3.3° 271 +£13°¢ 98.7 £1.72 292 +32¢
DON 36.4+ 3.6 1027 £ 74° 36.0 £ 1.0° 761 £ 49° 224+1.8° 1060 + 657

DON + 0.5% GOS 434+81° 1014+34° |409+13° 618+22%® 23.1+£0.8° 1037 + 86°

DON + 1% GOS 586+ 1.0° 766+ 38° 457 £15° 624+29° | 246+07° 877 +35%®
DON + 2% GOS 110+ 1.2 556+42° |[554+10° 505+49° 326+16° 682+28°
P value P <0.001 P <0.001 P <0.001 P <0.001 P <0.001 P <0.001

' Caco-2 cells were pretreated apically and basolaterally with GOS (24 h) and then with deoxynivalenol (apical and
basolateral compartments) plus GOS (both apical and basolateral or only apical compartment) for another 24 h, or co-
incubated apically and basolaterally with deoxynivalenol and GOS for 24 h. TEER and LY flux are measured and results are
expressed as a percentage of initial value (TEER) or amount of LY transported [ng/(cm?xh)] as mean + SEM, n = 3. Means
in a column without a common letter differ, P < 0.05, Bonferroni post hoc test.

2Duration of GOS application: 24 h pre-incubation GOS, 24 h co-incubation GOS + deoxynivalenol.

3 Duration of GOS application: 24 h pre-incubation GOS, 24 h incubation deoxynivalenol.

In vivo application of GOS prevent the DON-induced overexpression of CLDN3
mRNA and maintain its normal cellular distribution in mouse intestines

The mRNA expression levels of CLDN2, CLDN3 and CLDN4 were increased in a different
pattern along the intestine following a DON challenge. The most pronounced effect
was observed in the distal part of the small intestine (Supplementary Figure 7). ZO-1,
OCLN and CLDN1 remained unaffected in the different segments of the intestines of
DON-exposed mice (P > 0.99) (Supplementary Figure 7). Interestingly, the DON-induced
increase in CLDN3 mRNA expression (P = 0.004) was significantly suppressed in the distal
small intestine of mice fed with 1% GOS diet compared to a normal diet (P = 0.024) (Figure
4A). Additionally, a significant decrease in the DON-induced CLDN2 mRNA expression
was observed in the distal small intestine of mice fed a 1% GOS diet (P = 0.018). Dietary
GOS did not affect the DON-induced mRNA expression of investigated TJ proteins in
other segments than the distal small intestine (P > 0.99) (Supplementary Figure 7). To
give an impression of the expression pattern of CLDN3 in the mouse distal small intestine,
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representative pictures of an immunofluorescence staining are shown in Figure 4B-D. In
the distal small intestine of control mice CLDN3 was located laterally between adjacent
cells over the entire villus, with neither a specific signal at the apical surface nor on the
basal membrane (Figure 4B) and this CLDN3 distribution pattern was also observed in
the distal small intestine of control mice fed a GOS diet (data not shown). DON exposure
seemed to alter this typical CLDN3 distribution pattern towards an accumulation in
the basal cytoplasm (Figure 4C). It seemed that the distribution of CLDN3 in the distal
small intestine of GOS-pretreated mice after DON exposure remained comparable
to that of control animals (Figure 4D). Despite these effects of GOS against the DON-
induced overexpression of CLDN3 mRNA and CLDN3 distribution, the DON-induced
hyperpermeability of the intestines for FITC-dextran (4 kDa) (P = 0.08) was not mitigated
in mice fed with 1% GOS diet compared to normal diet (P > 0.99) (Supplementary Figure
8).
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Figure 2. GOS accelerate TJs reassembly after calcium deprivation of Caco-2 cells. Caco-2 cells were pretreated apically
and hasolaterally with GOS before calcium deprivation and the TEER was measured during recovery (0, 2, 4, 6,8, 12 and
24 h) in complete, calcium containing DMEM medium with GOS. Results are expressed as a percentage of initial value
as mean + SEM, n = 3. **P < 0.01, *** P < 0.001; significantly different from control at each independent time point,
Bonferroni post hoc test.
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Figure 3. GOS prevent the DON-induced disturbance of CLDN3 expression and its cellular distribution in Caco-2 cell
monolayers. CLDN3 mRNA (A) and protein levels (B and C) after a DON challenge (apical and basolateral compartments)
in Caco-2 cells apically and basolaterally pretreated with GOS or DMEM medium. Results are expressed as CLDN3 mRNA
expression (fold of control) (qRT-PCR, normalized to GAPDH and ACTB) or CLDN3 protein expression (0D/mm?) (Western
blot, normalized to B-actin) as mean + SEM, n = 3. Labeled bars without a common letter differ, P < 0.05, Bonferroni post
hoc test. Immunofluorescence photomicrographs (D, E and F) of Caco-2 monolayers stained with CLDN3 in the presence
and absence of GOS and DON. Representative results were reproduced in 3 separate experiments (400x magnification).

The scale bar represents 20 pm.

GOS suppress the DON-induced increase in the mRNA expression as well as the
synthesis and secretion of epithelial CXCL8 in Caco-2 cells

DON induced an increase in mRNA expression levels of CXCL8 (P < 0.001), and this effect
could be prevented by 1% and 2% GOS pretreatment as shown by a decrease in CXCL8
mMRNA levels (P =0.023 and P = 0.006, respectively) (Figure 5A). Subsequent quantification
of the secreted CXCL8 in the cell culture medium, showed that 2% GOS-pretreatment
prevented the DON-induced increase in CXCL8 levels in both apical and basolateral
compartments (P < 0.001 and P = 0.002, respectively) (Figure 5B, C).
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Figure 4. In vivo application of GOS prevent the DON-induced overexpression of CLDN3 mRNA and maintains its normal
cellular distribution in mouse intestine. CLDN3 mRNA levels (A) after a DON challenge in the distal small intestine of mice
supplemented with or without a GOS diet. qRT-PCR data are normalized to GAPDH and ACTB and expressed as CLDN3
mRNA expression (fold of control) as mean = SEM, n = 5-6 animals/experimental group. Labeled bars without acommon
letter differ, P < 0.05, Bonferroni post hoc test. Representative immunofluorescence photomicrographs (B, Cand D) of the
mouse distal small intestine stained with CLDN3 (400x magpnification). The scale bar represents 25 um.

GOS suppress the DON-induced increase in the expression of the murine CXCL8
analogues CXCL1 and CXCL2 mRNA in the intestines

The mRNA expression levels of different cytokines, such as IFN-y, IL-1q, IL-13, IL-4, IL-6,
TNF-a and the murine CXCL8 homologues, CXCL1 (keratinocyte chemoattractant (KC))
and CXCL2 (macrophage inflammatory protein-2a (MIP-2a)) were measured in intestinal
samples of DON-treated mice by gRT-PCR (Supplementary Figure 9). Only CXCL1 and
CXCL2 mRNA expression was up-regulated in the DON-exposed mouse intestines,
especially in the small intestine, compared to the non-treated mice (Supplementary
Figure 10).In the animals pretreated with GOS, the DON-induced CXCLT mRNA expression
was partly suppressed in the distal small intestine (P = 0.06) (Figure 5D, E).
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Figure 5. GOS suppress the DON-induced changes in the expression, synthesis and secretion of CXCL8 in Caco-2 cells, and
the CXCLT and CXCL2 mRNA expression in the mouse intestine. CXCL8 mRNA (A) and protein levels (B and () after a DON
challenge (apical and basolateral compartments) in Caco-2 cells apically and basolaterally pretreated with GOS or DMEM
medium. CXCL1T and CXCL2 mRNA levels after a DON challenge in mice supplemented with or without GOS diet (D and E).
ELISA results are expressed as pg/ml as mean + SEM and qRT-PCR data are normalized to GAPDH and ACTB and expressed
as (XCL8 and CXCL1/CXCL2 mRNA expression (fold of control) as mean =+ SEM, in vitro n = 3 and in vivo n = 5-6 animals/
experimental group. Labeled bars without a common letter differ, P < 0.05, Bonferroni post hoc test.
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GOS prevent the DON-induced histo-morphological alterations in the mouse
intestine

DON-treated mice show a significant decrease in villus height (Figure 6A) in the proximal
small intestine in comparison to the non-treated animals (P = 0.023), while in the distal
small intestine a slight decrease in villus height was observed after the DON gavage (P
< 0.08) (Figure 6C). Offering the mice a diet supplemented with 1% GOS prior to the
DON challenge prevented these typical DON-induced histomorphological changes in
the proximal small intestine (P = 0.032) (Figure 6B, D). The crypt depth was significantly
increased in the proximal small intestine in DON-treated mice compared to non-
treated animals (P = 0.022), but GOS did not have an effect on this parameter (P = 0.57)
(Supplementary Figure 11).
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Figure 6. GOS prevent the DON-induced histomorphological alterations in the villi of the mouse intestine. Villus height
in proximal (A) and distal (C) small intestine with representative photomicrographs of H&E-stained tissue (B, D) after a
DON challenge in mice supplemented with or without a GOS diet (magnification of 200x). Results are expressed as mean
+ SEM, n = 5-6 animals/experimental group. Labeled bars without a common letter differ, P < 0.05, Bonferroni post hoc
test. The scale bar represents 50 pym.
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Discussion

Non-digestible oligosaccharides are known to exert a beneficial effect on the gut
microbiota in infants and adults (19, 23) and are recommended as supportive therapy in
patients with ulcerative colitis (22), and other chronic inflammatory conditions (17). While
the risk factors and pathogenesis of chronic inflammatory bowel diseases are still not
entirely elucidated (33), recent findings suggest a possible role for the wheat-associated
mycotoxin deoxynivalenol (DON) in the induction and/or progression of human chronic
intestinal inflammatory diseases (11, 34, 35). Given the global and frequent occurrence of
DON, its stability during food processing and its known toxic effects, DON is considered
to be of public health concern as food contaminant (9, 10, 36, 37). The aim of the current
study was to assess the potential beneficial effects of defined GOS on the DON-induced
intestinal damage in a series of in vitro models as well as in an in vivo study in mice. The
presented in vitro results demonstrate the ability of GOS to prevent the DON-induced
loss of barrier function measured as transepithelial resistance and paracellular transport
of marker molecules. Comparing the results of the various experimental approaches
in which GOS were added either to both, the apical and the basolateral sides, of the
Caco-2 cell monolayer, or to the apical side only, or simultaneously with DON (without
a pretreatment phase), showed that the most pronounced effect was achieved when a
pretreatment of GOS added to both compartments was preceding the DON challenge.
These findings suggest that GOS have predominantly a preventive effect, although a
more rapid repair of existing DON lesions cannot be excluded. The latter mechanism is
suggested by the calcium switch assay, showing an acceleration of the TJs reassembly
by GOS and a decreased repair time of the transepithelial resistance after a calcium-
deprivation period.

The difference between the results obtained with dual exposure of GOS to the apical
and basolateral compartments, which were more pronounced than an application to the
apical compartment only, were unexpected, as Gnoth et al. (38) and Eiwegger et al. (39)
showed in vitro evidence for a transport of human milk oligosaccharides and prebiotic
oligosaccharides, like GOS, across the intestinal epithelial layer. These findings suggest
an absorption of orally applied GOS, which was recently supported by the presence of
human milk oligosaccharides in the circulation (plasma and urine) of breastfed infants
(40). A possible explanation for the different results in the current experiments regarding
the route of GOS exposure could be the rather short pre-incubation time of 24 h, which
might not be sufficient to allow an equilibrium between both compartments by means
of transcellular transport of GOS.

The direct effect of GOS on TJs was further substantiated by the related gene expression
profile of different TJ proteins (CLDN1, CLDN3, CLDN4, OCLN, ZO-1 and ZO-2) in DON-
exposed cells with or without GOS pretreatment. Only the DON-induced CLDN3 mRNA
expression could be almost entirely prevented by GOS. Western blot analyses pointed
out that GOS pretreatment also prevented the DON-induced decrease in CLDN3 protein
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expression. In addition, it seemed that the DON-induced derangement of the cellular
distribution of CLDN3 was moderated by GOS visualized by immunofluorescence
microscopy. This contradiction between increase in TJs mRNA expression and decrease in
protein levels after DON exposure was earlier reported by De Walle et al. (41). DON seems
to prolong the usually transient expression of genes related to activation of signaling
cascades by transcriptional enhancement and/or transcript stabilization (42). Conflicting
results are described related to mechanisms behind the DON-related effect on claudins,
since Pinton et al. (43, 44) described that the DON-induced activation of the ERK signaling
pathway inhibits CLDN4 protein expression, while others pointed out that extracellular
signalregulated kinase, c-Jun N-terminal kinase, and NF-kB pathways were not involved
(41). These findings suggest that DON is not solely reducing the TJ protein expression by
inhibition of protein synthesis, but by a complex de-regulation of gene expression and
transcription pathways.

CLDNS3 is already previously identified as one of the most affected TJ proteins after DON
exposure in intestinal porcine epithelial cells derived from jejunum (IPEC-J2) (7) as well as
in Caco-2 cells (8) and the effect of DON on members of the claudin-family has been also
described in different in vivo studies (4, 8, 34, 41, 43, 44). Our in vitro results showing that
GOS counteracted the DON-induced disturbance of CLDN3 expression was confirmed
in the in vivo mouse model. CLDN3 is strongly expressed in the mouse small intestine
(45) and plays an important role in the postnatal maturation of murine intestinal barrier
functions (46). In the current study, the induction of CLDN3 mRNA expression in the distal
small intestine after a DON challenge was shown to be prevented in mice pretreated
with a GOS-supplemented diet. The mechanisms behind this effect await further
clarification. However, CLDN3 is an important regulator of epithelial barrier permeability
and seals the paracellular pathway against the passage of ions (47, 48), the DON-induced
hyperpermeability of the intestines for FITC-dextran (4 kDa) was not mitigated by GOS.
In a direct comparison between the in vitro findings and the findings in mice, it needs to
be considered that in mice, more important determinants of intestinal permeability are
present, such as the mucus layer, secretory IgA and distinct other cell types, including
goblet cells, Paneth cells and immune cells, each of which contributes in a unique way to
the maintenance of barrier integrity (49-52).

Previous investigations indicated that DON can induce both immunostimulatory or
immunosuppressive responses depending on dose, frequency and duration of exposure
(10, 53) and hence we studied some typical markers of intestinal inflammation. The
chemokine CXCL8 is the most prominent cytokine expressed by Caco-2 cells and is
secreted early in the inflammatory process by human enterocytes in vivo. It acts as a
potent chemo-attractant for neutrophils, an effect which is also described following
dietary DON exposure (35). The current study demonstrated that 1% and 2% GOS prevent
the DON-induced epithelial mRNA expression of CXCL8 in Caco-2 cells. These findings
are in line with previous results with oligosaccharides, in which it could be shown that
a3-sialyllactose or fructo-oligosaccharides suppressed CXCL8 mRNA expression levels in
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non-stimulated Caco-2 cells (54). The DON-induced CXCL8 release in both the apical and
basolateral compartments was also counteracted by GOS. Basolateral secretion of CXCL8
plays a role in the recruitment of circulating neutrophils from the bloodstream to the site
of tissue injury or infection, while it is speculated that apically secreted CXCL8 may initiate
or augment the pathway responses in epithelial restitution prior to any potential loss of
barrier integrity because of toxin production (55-58). Parallel to the in vitro experiments
with human-derived Caco-2 cells, in the in vivo experiments with mice, the up-regulation
of the murine CXCL8 homologues, CXCL1 and CXCL2, by DON was noted, especially in
the small intestine. The effect on CXCL1 in the distal small intestine could be alleviated
by GOS pretreatment as well. Previously it has been suggested GOS interact with
peptidoglycan recognition protein 3 (PGLYRP3) and peroxisome proliferator-activated
receptor y (PPARG), carbohydrate receptors, such as C-type lectin and Toll-like receptor-4
that may contribute to the protective effects of GOS (17, 54, 59).

In addition, the control conditions with GOS did not affect the different parameters
measured in the Caco-2 cell model as well as in the in vivo mouse model. Other in vitro
and invivo studies also described no effect in control conditions with GOS in combination
with fructo-oligosaccharides (FOS) (60-63) and this could be related to the difficulty to
positively affect the homeostatic environment.

In summary, the presented in vitro and in vivo studies demonstrated that GOS
concentration-dependently are able to prevent typical adverse effects of the wheat-
derived fungal toxin DON. Of particular interest is the effect of GOS on facilitating TJs
reassembly and on the regulation of the CLDN3 expression. Moreover, a reduction of
the inflammatory response (CXCL8 and CXCL1) following a DON challenge could be
observed in line with a prevention of DON-induced alterations in villus architecture in
the mouse intestine. Considering that the DON-induced alterations in the intestinal
tract resemble those of human chronic inflammatory diseases (64-66) and the regular
exposure of humans to DON due to its presence in wheat and wheat-derived products,
further studies are warranted to assess in more detail the potential beneficial effects
of GOS as supportive therapy in the prevention of toxin-induced inflammatory bowel
diseases and related syndromes.
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Supplementary Figure 1. Effects of lactose and glucose pretreatment on the DON-induced impairment of the Caco-2
cell monolayer integrity. Caco-2 cells grown on inserts were pretreated apically and basolaterally (24 h) either with GOS
or equimolar concentrations of lactose (Lac, 16%) and glucose (Glc, 14%) as present in the 2% GOS solution before being
challenged with DON (apical and basolateral compartments) for 24 h. The impairment of the barrier integrity was assessed
by TEER measurement (A) and the transport of lucifer yellow (B) from the apical to the basolateral compartments. Results
are expressed as a percentage of initial value (TEER) or in the amount of tracer transported [ng/(cm?xh)] as mean =+ SEM,
n =1 (performed in triplicate). Labeled bars without a common letter differ, P < 0.05, Bonferroni post hoc test.
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Supplementary Figure 2. Control incubations in cell free medium to identify possible physico-chemical interactions
between DON and GOS. Chromatography of representative samples of the incubations with DON only (4.2 uM) (A) were
compared with results from a co-incubation with the mixture of DON (4.2 uM) and GOS (2%) (B), as used in the in
vitro experiments. After the incubation period (4 h), samples were filtered and directly subjected to HPLC analysis. No
decline of the DON fraction (peak area at the retention time of 9.7 minutes, arrow) was observed, indicating that no
unspecific binding reduced the free fraction of DON in the Caco-2 cell assays.
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Supplementary Figure 3. Effect of GOS-supplemented diet for 2 weeks on the weight gain (day 0, 5, 8, 12, 14) in
mice before being orally exposed to DON. Results are expressed as mean + SEM, n = 11-12 animals/experimental group.
*Different from control at that time, P < 0.05, Bonferroni post hoc test.
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Supplementary Figure 4. Effects of GOS treatment on the DON-induced impairment of the Caco-2 cell monolayer
integrity. Caco-2 cells grown on inserts were co-incubated (apical and basolateral compartments) with DON and GOS for
24 h (A, B). The impairment of the barrier integrity was assessed by TEER measurement (A), and the transport of lucifer
yellow (B) from the apical to the basolateral compartments. Results are expressed as a percentage of initial value (TEER)
or in the amount of tracer transported [ng/(cm?xh)] as mean =+ SEM, n = 3 (each performed in triplicate). Labeled bars
without a common letter differ, P < 0.05, Bonferroni post hoc test.
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Supplementary Figure 5. Effects of GOS on the TJs reassembly of Caco-2 cells. Caco-2 cells were pretreated apically
and basolaterally with GOS before calcium deprivation and TEER was measured during recovery (0, 2, 4, 6, 8, 12 and 24
h) in complete, calcium containing medium without GOS (A) or Caco-2 cells were incubated with GOS only at the apical
side before and after calcium deprivation (B). Results are expressed as a percentage of initial value as mean = SEM, n
= 3 (each performed in triplicate) (*P < 0.05, **P < 0.01, ***P < 0.001; significantly different from control at each
independent time point), Bonferroni post hoc test.
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Supplementary Figure 6. Effects of GOS pretreatment on the mRNA expression of different T) proteins after a DON
challenge in Caco-2 cells. Caco-2 cells grown on inserts were pretreated apically and basolaterally with GOS (24 h) and
then DON plus GOS (apical and basolateral compartments) for 6 h. mRNA levels of T proteins including CLDN1, CLDN3 and
CLDN4 (A) as well as OCLN, Z0-1 and Z0-2 (B) were measured by qRT-PCR. qRT-PCR data are normalized to GAPDH and
ACTB and expressed as mRNA expression (fold of control) as mean =+ SEM, n = 3 (each performed in triplicate). Labeled
bars without a common letter differ, P < 0.05, Bonferroni post hoc test.
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DON challenge. qRT-PCR data are normalized to GAPDH and ACTB and expressed as mRNA expression (fold of control) as
mean + SEM, n = 5-6 animals/experimental group. Labeled bars without a common letter differ, P < 0.05, Bonferroni
post hoc test.
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Supplementary Figure 9. Effects of GOS-supplemented diet for 2 weeks on the mRNA expression of murine cytokines
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DON challenge. qRT-PCR data are normalized to GAPDH and ACTB and expressed as mRNA expression (fold of control) as
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post hoc test.
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Chapter 6

Abstract

The direct effect of galacto-oligosaccharides (GOS), including Vivinal® GOS syrup
(VGOS) and purified Vivinal® GOS (PGOS), on the epithelial integrity and corresponding
CXCL8 release was examined in a Caco-2 cell model for intestinal barrier dysfunction.
To investigate structure-activity relationships, the effects of individual DP fractions of
VGOS were evaluated. Moreover, the obtained results with GOS were compared with
Caco-2 monolayers incubated with fructo-oligosaccharides (FOS) and Inulin. Caco-2
cell monolayers were pre-treated (24 h) with or without specific oligosaccharides or DP
fractions of VGOS (DP2 to DP6) before being exposed for 12 h or 24 h to the fungal toxin
deoxynivalenol (DON). Measurements of the transepithelial electrical resistance (TEER)
and lucifer yellow (LY) permeability were conducted to investigate barrier integrity.
The calcium switch assay was used to study the reassembly of epithelial tight junction
proteins. Release of interleukin-8 (IL-8/CXCL8), a typical marker for inflammation, was
measured by ELISA. In comparison to PGOS, FOS and Inulin, VGOS showed the most
pronounced protective effect on the DON-induced impairment of the monolayer
integrity, acceleration of the tight junction reassembly and the subsequent CXCL8
release. DP2 and DP3 in concentrations occurring in VGOS prevented the DON-induced
epithelial barrier disruption, which could be related to their high prevalence in VGOS.
However, no effects of the separate DP GOS fractions were observed on CXCL8 release.
The current comparative study demonstrates the direct, microbiota-independent effects
of oligosaccharides on the intestinal barrier function and shows the differences between
individual galacto- and fructo-oligosaccharides. This microbiota-independent effect of
oligosaccharides depends on the oligosaccharide structure, DP length and concentration.
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Introduction

Human milk oligosaccharides (HMOs) play an essential role in the postnatal growth
and development of the intestinal and immune system (1). As the sufficient supply of
the neonate with HMOs cannot always be guaranteed, various attempts were made
to design alternative prebiotic oligosaccharides that mimic the gut health promoting
effects of HMOs. At present, prebiotic oligosaccharides, for example the mixture of
90%G0S/10%IcFOS, aiming to mimic molecular size distribution of neutral HMOs,
are widely used in infant formulas (2, 3). Although these neutral oligosaccharides are
structurally different from HMOs, they have prebiotic activities and clinical investigations
have confirmed that infants given such a formula containing GOS or GOS/IcFOS,
achieve an intestinal microbiota composition comparable to that of breastfed infants
(4, 5). Besides the effects of GOS and the mixture of GOS/IcFOS on the gut microbiota
(6, 7), direct interactions of these oligosaccharides with intestinal epithelial cells have
recently been described by our group and others (8-11). It has been shown that these
oligosaccharides improve and protect the intestinal barrier integrity and modulate the
immune responses of epithelial cells.

GOS and FOS differ in origin and structure and it has been suggested previously that
the biological function of oligosaccharides is influenced by their structures, molecular
weight and type of glycosidic linkages (12, 13). GOS are oligosaccharides based on the
milk sugar lactose, and the oligomers (degree of polymerization (DP)2-8) are produced
by glycosylation of lactose using the enzyme (-galactosidase (14). Inulin, also called
long-chain FOS (IcFOS), corresponds to unprocessed chicory Inulin, mainly composed of
fructans (DP2-60) ending with a terminal glucose monomer, whereas FOS are composed
of partially hydrolysed Inulin (DP2-8) and more molecules end with a fructose rather than
with a glucose monomer (15, 16).

In addition to origin and structure, the specific DP composition is believed to influence
the prebiotic activity and the degree of fermentation of oligosaccharides, since distinct
sensitivity of human gut bacteria to selected DP of oligosaccharides has been observed
(13, 17, 18). However, the direct interactions of individual DP fractions with intestinal
epithelial cells have not yet been investigated.

In the current study, we aimed to compare direct, microbiota-independent effects of
different galacto-oligosaccharides, on dysregulated intestinal epithelial barrier function
and the related inflammatory response. Monolayers of the human intestinal epithelial
cell line, Caco-2, served as a model system for intestinal barrier function, while the fungal
toxin deoxynivalenol (DON) was used as a model compound to impair the intestinal
integrity as previously described by Akbari et al. (19). Considering the protective effects
of GOS in this Caco-2 cell model, we compared these results to the effects of FOS and
Inulin and further evaluated the effect of individual DP fractions of GOS (ranging from
DP2 to DP6).

149




Chapter 6

Materials and Methods

Deoxynivalenol (DON)

Purified DON (D0156; Sigma-Aldrich, St Luis, Mo, USA) was dissolved in pure ethanol
(99.9%, JT Baker, Deventer, the Netherlands) and stored at -20°C. The mycotoxin DON
was selected as model compound to impair intestinal barrier integrity in the cell culture
experiments. DON was diluted to a concentration of 4.2 uM in complete cell culture
medium and added to the apical side as well as to the basolateral side of the transwell
inserts for either 12 h or 24 h. This DON concentration was selected on the basis of our
previous results and did not affect the viability of the Caco-2 cells (19).

Oligosaccharides

Galacto-oligosaccharides (Vivinal® GOS syrup (VGOS, 59% GOS on dry matter) and
purified Vivinal® GOS (PGOS, 97% GOS on dry matter) without the monomeric sugars
glucose, galactose and lactose were provided by FrieslandCampina Domo (Borculo, The
Netherlands). Fructo-oligosaccharides (FOS, Orafti®P95) and Inulin (Orafti®LGl) were
obtained from Beneo Orafti (Tienen, Belgium). The detailed composition of the applied
oligosaccharides is summarized in Table 1 (related to Figure 1-5, 8 and 9) and Table 2
(related to Figure 6 and 7), and the oligosaccharide structures are schematically depicted
in Supplementary Figure 1. The concentrations used in this study are calculated based on
the pure oligosaccharide fractions.

Purification of GOS

Purified GOS with < 3% (w/w dry matter) monomers and lactose (purified from the
lactose-based prebiotic Vivinal® GOS syrup) were used. For the purification, Vivinal® GOS
syrup was enzymatically treated with a lactase to hydrolyze the lactose into glucose
and galactose, after which the monosaccharides were removed by nanofiltration on
laboratory scale (18). By the purification process of Vivinal® GOS syrup, next to lactose,
also a part of the DP2 GOS is removed as well (Figure 1).

High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection (HPAEC-PAD)

Specific chain length profiles were characterized by HPAEC using a Dionex ICS 3000
system (Dionex, Sunnyvale, CA, USA), equipped with a Dionex CarboPac PA-1 column (2 X
250 mm) in combination with a CarboPac PA-1 guard column (2 x 50 mm) and a ISC5000
ED detector (Dionex) in the PAD mode as previously described (20, 21). Characterization
of individual peaks were concluded comparing the obtained HPAEC-PAD profiles with
SEC GOS-DP fractions and mass spectrometry.
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Table 1. Characteristics of the applied oligosaccharides

Products Drymatter Oligosaccharides Mono-and Di-saccharides DP
(wt % on DM) (w/w)

VGOS 75% 59 glucose, galactose, lactose: 41% 2-8

PGOS >98% 97 glucose, galactose, lactose: 3% 2-8

FOS >98% 93.2 glucose, fructose, sucrose: 6.8% 2-8

Inulin >98% 96 glucose, fructose, sucrose: 4% 2-60

Table 2. Percentages of DP composition in VGOS

Compound wt % on DM
Galacto-oligosaccharides 61.9
DP2 (including lactose) 37.8
DP3 220
DP4 10.8
DP5 4.8
DP6 and higher 2.3
Lactose in DP2 15.8
Glucose 20.7
Galactose 1.1
Total 99.5%

Size Exclusion Chromatography (SEC)

The oligosaccharides present in Vivinal® GOS syrup were separated by SEC. Vivinal® GOS
syrup was fractionated using a XK50 column (length 60 cm, GE Healthcare, Pittsburgh, PA,
USA) filled with Bio-Gel P-2 Gel Resin (Fine 45-90 um, BioRad Laboratories, Hercules, CA,
USA) connected to a AktaPrime Plus (GE Healthcare, Pittsburgh, PA, USA). The jacket of
the column was connected to a water bath in order to maintain the temperature at 50°C.
Diluted Vivinal® GOS syrup (approx. 30% on DM) was injected onto the column (flowrate:
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1.0 ml/min) using a 2 ml sample loop and eluted with demineralized water. Sampling was
based on refractive index and samples corresponding to the same DP were pooled and
subsequently freeze dried.

The Caco-2 cell model

Human epithelial colorectal adenocarcinoma (Caco-2) cells obtained from American
Type Tissue Collection (Code HTB-37) (Manassas, VA, USA, passages 90-102) were used
according to established methods, also described by Akbari et al. (19). In brief, cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) and seeded at a density of 0.3 x
10° cells into 0.3 cm? high pore density (0.4 mm) inserts with a polyethylene terephthalate
membrane (BD Biosciences, Franklin Lakes, NJ, USA) placed in a 24-well plate. Caco-2 cells
were maintained in a humidified atmosphere of 95% air and 5% CO2 at 37°C. After 17-
19 days of culturing, a confluent monolayer was obtained with a mean TEER exceeding
400 Q.cm? measured by a Millicell-Electrical Resistance System voltohmmeter (Millipore,
Temecular, CA, USA).

Dilutions of the oligosaccharides VGOS, PGOS, FOS and Inulin (0.5%, 1% and 2%) and
different DP fractions of VGOS (either in equimolar concentrations as present in VGOS
or in a concentration of 0.75%) were prepared by dissolving in complete cell culture
DMEM. Subsequently, cells were pre-incubated with different oligosaccharides or DP
fractions of VGOS from apical side as well as basolateral side of the transwell inserts for
24 h before being challenged with DON in the presence of the different oligosaccharides
or DP fractions of VGOS for another 24 h or 12 h, respectively. Prior to the functional
assays described below, the potential cytotoxicity of the different oligosaccharides or DP
fractions of VGOS in Caco-2 cells had been evaluated by measuring lactate dehydrogenase
(LDH) leakage (Promega Corp., Madison, WI, USA). These control experiments confirmed
that none of the above oligosaccharides induced any cytotoxicity in Caco-2 cells at the
concentrations used in the assays (data not shown).

Transepithelial Electrical Resistance (TEER) measurement

The integrity of the Caco-2 cell monolayer grown on inserts was investigated by
monitoring the TEER across the monolayer. A Millicell-ERS Voltohmmeter connected to
a pair of chopstick electrodes was used to measure TEER values either 12 h or 24 h after
DON stimulation with or without pretreatment with the different oligosaccharides or DP
fractions of VGOS for 24 h. Results are expressed as a percentage of the initial value.

Paracellular tracer flux assay

Transport studies from the apical side to the basolateral side of a Caco-2 cell monolayer
were performed using a membrane-impermeable molecule, lucifer yellow (LY, molecular
mass: 0.457 kDa, Sigma, St Luis, Mo, USA). LY was added at a concentration of 16 pg/ml
to the apical compartment (350 pl) in the transwell plate for 4 h and the paracellular flux
was determined by measuring the fluorescence intensity in the basolateral compartment
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with a spectrophotofluorimeter (FLUOstar Optima, BMG Labtech, Offenburg, Germany)
set at excitation and emission wavelengths of 410 and 520 nm, respectively.

Calcium switch assay

Caco-2 cells grown on inserts were pretreated with various concentrations (0.5%, 1%
and 2%) of different oligosaccharides (VGOS, PGOS, FOS and Inulin) on both sides of
the transwell inserts for 24 h. Subsequently, Caco-2 cells were exposed transiently for 20
minutes to 2 mM ethylene glycol-bis(2-aminoethyl ether)N,N,N;N'-tetraacetic acid (EGTA)
(Sigma, St Luis, Mo, USA) in calcium and magnesium free Hanks’ Balanced Salt Solution
(HBSS) (Gibco, Invitrogen, Carlsbad, CA, USA) to disrupt tight junction (TJ) proteins as
previously described (8). At the end of the incubation period, cells were rinsed and
allowed to recover in either complete cell culture DMEM (containing 2 mM CaCl,) or in
DMEM supplemented with the addition of various concentrations (0.5%, 1% and 2%) of
different oligosaccharides. During this recovery period, reassembly of TJs and restoration
of barrier function were determined by measuring TEER at various time points (2, 4,6, 12
and 24 h). The results are expressed as a percentage of initial value.

CXCL8 secretion

The inflammatory marker, CXCL8, was quantified in the medium of the apical as well
as the basolateral sides of the Caco-2 transwell inserts in response to the treatments.
CXCL8 concentrations were measured by using the human IL-8 ELISA (BD Biosciences,
Pharmingen, San Diego, CA, USA) according to manufacturer’s instructions.

Statistical analysis

Experimental results are expressed as mean + SEM. Analyses were performed by using
GraphPad Prism (version 6.05) (GraphPad, La Jolla, CA, USA). Differences between groups
were statistically determined by using One-way ANOVA, with Bonferroni post hoc test.
Results were considered statistically significant when P < 0.05.
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Results

VGOS and PGOS characteristics

Figure 1 shows the HPAEC-PAD chromatograms of VGOS and PGOS and clearly
demonstrates that both GOS samples are complex mixtures of oligosaccharides with a
DP of mainly 2-6 and various isomers per DP (Supplementary Figure 1). PGOS, derived
from VGOS, is lacking predominantly the monosaccharides and lactose, although also
some other components of GOS-DP2 were (partly) removed.

G

PAD - response

Vivinal GOS

Purified GOS

20 40 60 80 100 120 140 160 180 200 220

Time (min)

Figure 1. VGOS and PGOS characteristics. HPAEC-PAD elution patterns of Vivinal® GOS syrup and purified GOS. Numbers
2-6 correspond to galacto-oligosaccharides having a degree of polymerization from 2 to 6. G and L represent galactose/
glucose and lactose, respectively.

Different effects of VGOS and PGOS on the DON-induced impairment of the Caco-2
cell monolayer integrity

Pretreatment with VGOS prevented the DON-induced decrease in TEER values in a
concentration-dependent manner as depicted in Figure 2A, while only the highest
concentration of PGOS significantly attenuated the DON-induced TEER decrease.
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However, this effect was significantly lower compared to 2% VGOS (Figure 2A). In line with
the effects on the observed TEER values, the DON-induced increase in tracer transport
(LY) was significantly decreased by 1% VGOS, 2% VGOS and 2% PGOS (Figure 2B).
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Figure 2. Different effects of VGOS and PGOS on the DON-induced impairment of the Caco-2 cell monolayer integrity.
(aco-2 cells were pretreated apically and basolaterally with increasing concentrations (0.5%, 1% and 2%) of VGOS or
PGOS (24 h) prior to the addition of DON (4.2 pM) (apical and basolateral compartments) for another 24 h. Subsequently,
TEER (A) and translocation of lucifer yellow from the apical to the basolateral compartment (B) were measured. Results
are expressed as a percentage of initial value (TEER) or the amount of tracer transported [ng/(cm®xh)] as mean =
SEM of three independent experiments, each performed in triplicate. (***P < 0.001; significantly different from the
unstimulated cells. AP < 0.05, AAAP < 0.001; significantly different from the DON-stimulated cells. P < 0.05, #P <
0.001; significantly different from each other).

VGOS time-dependently accelerates TJs reassembly after calcium deprivation in
Caco-2 cells

It was demonstrated that 2% VGOS caused a time-dependent acceleration in TJs
reassembly over a period of 24 h (Figure 3A) and the first significant effect on TEER
restoration was already observed 4 h after calcium recovery. In addition, 1% VGOS
also showed a significant improvement in TEER values after 24 h recovery. Caco-2 cells
incubated with 2% PGOS showed only improved restoration in TEER after 24 h recovery,
whereas the other tested PGOS concentrations (0.5% and 1%) did not accelerate the TJs
reassembly (Figure 3B).
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Figure 3.VGOS time-dependently accelerated TJs reassembly after calcium deprivation in Caco-2 cells. Caco-2 cells were
pretreated apically and basolaterally with increasing concentrations (0.5%, 1% and 2%) of VGOS (A) or PGOS (B) (24 h)
prior to transient calcium deprivation with HBSS-EGTA to disrupt TJ proteins. TEER was measured at the indicated time
points (0, 2, 4, 6, 12 and 24 h) during recovery in complete, calcium containing DMEM medium either with VGOS (A) or
PGOS (B). Results are expressed as a percentage of initial value as mean =+ SEM of three independent experiments, each
performed in triplicate (*P < 0.05, **P < 0.01, ***P < 0.001; significantly different from the untreated cells).
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VGOS and not PGOS is able to suppress the DON-induced increase in CXCL8 release
by Caco-2 cells

The DON-induced increased levels of secreted CXCL8 could be only prevented by
incubation with 1% and 2% VGOS as observed by a concentration-dependent decrease
in CXCL8 release on both sides (Figure 4A, B). PGOS exposure to Caco-2 cells did not affect
CXCL8 secretion neither into the apical nor the basolateral compartment of the transwell
system (Figure 4A, B).

Supplementation of glucose, galactose and lactose to PGOS does not mimic the
effect of VGOS against DON-induced barrier disruption and CXCL8 release
Supplementation of glucose, galactose and lactose (in equimolar concentrations as
presentin 2% VGOS, Table 2) to 2% PGOS did not improve the effect of PGOS on the DON-
induced gut barrier impairment as observed by TEER (Figure 5A) and paracellular flux of
LY (Figure 5B). In addition, this supplementation to PGOS did not mimic the protective
effect of VGOS against the DON-induced increase in CXCL8 release (Figure 5C, D).
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Figure 4. VGOS was able to suppress the DON-induced increase in CXCL8 release by Caco-2 cells. Caco-2 cells were
pretreated apically and basolaterally with increasing concentrations (0.5%, 1% and 2%) of VGOS or PGOS (24 h) prior
to the addition of DON (4.2 uM) (apical and basolateral compartments) for another 24 h. (XCL8 secretion into medium
of apical (A) and basolateral (B) compartments were measured by ELISA. Results are expressed as pg/ml as mean +
SEM of three independent experiments, each performed in triplicate (***P < 0.001; significantly different from the
unstimulated cells. AP < 0.05, AMAP < 0.01, AAAP < 0.001; significantly different from the DON-stimulated cells. *P <
0.05, #P < 0.01; significantly different from each other).
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Figure 5. Supplementation of glucose, galactose and lactose to PGOS did not mimic the effect of VGOS against DON-
induced barrier disruption and CXCL8 release. Caco-2 cells were pretreated apically and basolaterally with VGOS and PGOS
with or without supplementation with glucose (Glc), galactose (Gal) and lactose (Lac) (24 h) prior to the addition of DON
(4.2 uM) (apical and basolateral compartments) for another 24 h. Subsequently, TEER (A), transport of lucifer yellow
(B) and CXCL8 release into the apical (C) and basolateral (D) compartments were measured. Results are expressed as a
percentage of initial value (TEER), the amount of tracer transported [ng/(cm?xh)] or pg/ml CXCL8 as mean = SEM of three
independent experiments, each performed in triplicate (***P < 0.007; significantly different from the unstimulated cells.
AP <0.05, AAP < 0.01, AAAP < 0.001; significantly different from the DON-stimulated cells. P < 0.05, #P < 0.001;
significantly different from each other).

158



Structure-activity relationships of non-digestible oligosaccharides

Combined DP fractions of VGOS mimic VGOS in preventing DON-induced barrier
disruption and CXCL8 release, whereas only individual DP2 and DP3 prevent the
DON-induced barrier disruption

Pretreatment with DP2 or DP3 (in equimolar concentrations as present in VGOS)
prevented the DON-induced decrease in TEER values (Figure 6A). The DON-induced
increase in tracer transport was significantly decreased by DP2, whereas the effect of
DP3 was not significantly different (P = 0.076) (Figure 6C). None of the individual DP4,
DP5 or DP6 induced a preventive effect on the DON-induced intestinal epithelial barrier
impairment as observed by TEER (Figure 6A) and paracellular flux of LY (Figure 6C) and
none of the individual DP fractions (ranging from DP2 to DP6) was able to prevent the
DON-induced increase in secreted CXCL8 (Figure 6E, G). The combination of different DP
fractions of GOS (ranging from DP2 to DP6 in equimolar concentrations as present in
VGOS) with or without glucose and galactose supplementation did show a protective
effect against DON-induced gut barrier impairment and CXCL8 release comparable to
the effect of VGOS (Figure 6B, D, F, H). In addition, the effects of individual DP fractions
and the combined DP fractions were also determined in non-treated Caco-2 cells. These
results indicated that neither individual DP fractions nor the combination of different
DP fractions with or without glucose and galactose supplementation affect gut barrier
function and CXCL8 release (Supplementary Figure 2A-H).

Different effects on the Caco-2 cell monolayer induced by individual DP fractions of
VGOS with equal concentrations

Next to investigating the effect of DPs in equimolar concentrations as present in VGOS,
we studied the effects of the individual DP fractions in equal concentrations of 0.75%
to clarify concentration-dependent effects of DP fractions. Pretreatment with 0.75% of
individual DP2, DP3 or DP5 significantly prevented the DON-induced decrease in TEER
values and DON-induced increase in tracer transport (Figure 7A, B) and these effects were
similar to that of 0.75% VGOS (Figure 7A, B). DP4 (0.75%) did not significantly affect the
DON-induced gut barrier impairment as measured by TEER (Figure 7A) and paracellular
flux of LY (Figure 7B). Additionally, neither 0.75% VGOS nor the individual DP fractions
(0.75%, ranging from DP2 to DP5) attenuated the DON-induced increase in CXCL8 release
(Figure 7C, D).

FOS and Inulin characteristics

Figure 8 shows the HPAEC-PAD chromatograms of FOS (A) and Inulin (B) and demonstrates
that FOS clearly contain oligosaccharides up to DP7-8, either built up by fructose residues
only (F, series) as well as fructose residues with a terminally linked glucose moiety (GF,
series). Inulin mainly consists of fructose chains terminated with a glucose molecule
representing a wide range of DPs (Supplementary Figure 1).
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Different effects of FOS and Inulin on the DON-induced barrier disruption, TJs
reassembly and CXCL8 release

Furthermore, the microbiota-independent effects of GOS were compared to
oligosaccharides with a different structure and DP, including Inulin and FOS. The highest
concentration of FOS (2%) significantly modulated the DON-induced epithelial barrier
disruption as measured by TEER values and paracellular flux of LY, whereas, none of
the tested Inulin concentrations induced a preventive effect on the barrier integrity of
the Caco-2 monolayer (Figure 9A, B). Caco-2 cells incubated with 2% FOS or 2% Inulin
showed both improved restoration in TEER 24 h after calcium recovery, whereas the other
tested concentrations (0.5% and 1%) did not accelerate the TJs reassembly after calcium
deprivation (Figure 9C, D). DON-induced increase in CXCL8 secretion was affected neither
by FOS nor by Inulin (Figure 9E, F).
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Figure 9. Different effects of FOS and Inulin on the DON-induced barrier disruption, TJs reassembly and CXCL8 release.
(aco-2 cells were pretreated apically and basolaterally with increasing concentrations (0.5%, 1% and 2%) of FOS or Inulin
(24 h) prior to the addition of DON (4.2 uM) (apical and basolateral compartments) for another 24 h (A, B, E, F) or transient
calcium deprivation with HBSS-EGTA to disrupt TJ proteins (C, D). Subsequently, TEER values at the indicated time points
(A, C, D), transport of lucifer yellow (B) and CXCL8 secretion into medium of apical (E) and basolateral (F) compartments
were measured. Results are expressed as a percentage of initial value (TEER), the amount of tracer transported [ng/
(cm2xh)] or pg/ml CXCL8 as mean = SEM of three independent experiments, each performed in triplicate (*P < 0.05, **P
<0.01,***P < 0.001; significantly different from the unstimulated cells. AP < 0.05, AAP < 0.07; significantly different
from the DON-stimulated cells. *P < 0.05; significantly different from each other).
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Discussion

Non-digestible oligosaccharides, including GOS and mixtures of GOS/IcFOS, are
commonly used in infant formula as an alternative for HMOs, which are not commercially
available (12, 22). Gut health promoting effects of GOS and GOS/IcFOS are not limited
to the modulation of the intestinal microbiota, since also direct interaction between
intestinal epithelial cells (IEC) and these oligosaccharides has recently been described (8-
11). The prebiotic activity of GOS and FOS are believed to be determined by their unique
structure and specific DP composition (12, 13, 17, 18). However, the effect of structure
and DP composition of GOS or FOS on direct interaction with IEC has never been studied.
Hence, in the current study the direct effects of Vivinal® GOS syrup, purified Vivinal®
GOS and their DP fractions were compared in a DON-stimulated Caco-2 cell model for
intestinal barrier dysfunction as previously described (19). We aimed to understand which
DP fractions of VGOS are responsible for the observed protective effects. Furthermore,
the effect of oligosaccharides with a different structure and DP than GOS, such as Inulin
and FOS, were examined in this Caco-2 cell model.

The mycotoxin DON was used as a model compound to impair the intestinal integrity.
DON is a 12,13-epoxytrichothecene and is known to directly impair TJ integrity and
to induce an inflammatory response (19, 23, 24). Our group recently found that GOS
stimulate the TJs reassembly and in turn mitigate the deleterious effects of DON on the
intestinal barrier of Caco-2 cells and these effects are not related to a direct interaction
between DON and GOS (8).

GOS are derived from lactose and consist of a chain of galactose units with a terminal
glucose monomer, different glycosidic linkages (e.g. 3(1-4) and B(1-6)), and the DP varies
between 2-8 (14, 25). GOS structures have the lactose building block in common with
HMOs, although the latter is more complex, since HMO oligomers may also have galactose
and N-acetylglucosamine (GIcNAc) in their backbone, which are further substituted with
frucose and neuraminic acid (2, 26). Holscher et al. (27) found differential roles for specific
HMOs in the differentiation and barrier function of Caco-2 cells.

In the current study, VGOS was most effective and purified GOS (PGOS) was significantly
less effective with respect to the improvement of the impairment of the Caco-2 cell
monolayer integrity as well as the modulation of immune responses, including CXCL8
release. The monosaccharides (glucose and galactose) and disaccharide (lactose) present
in Vivinal® GOS syrup were not responsible for this superior effect of VGOS over PGOS,
since combined supplementation of glucose, galactose and lactose to PGOS did not
mimic the effect of VGOS against the DON-induced effects, as shown by the current
experiments. We previously confirmed that similar concentrations of these saccharides
present in the 2% GOS solution did not affect the DON-induced impairment of Caco-
2 monolayer integrity (8). Comparing the HPAEC elution patterns (Figure 1), another
difference between VGOS and PGOS is the amount of DP2, which is partly lost during
the purification process. It could therefore be hypothesized that DP2 is driving the
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higher potency of VGOS. In our experiments we demonstrated that isolated DP2 and
DP3 fractions (in equimolar concentrations as present in VGOS) significantly prevented
the DON-induced barrier disruption, whereas no effect of the larger DPs (equal or above
DP4) was observed. The prominent effect of DP2 and DP3 seems to be related to their
high prevalence in the VGOS mixture. When we tested equal concentrations (0.75%) of all
available DPs, only DP4 was not effective in preventing the Caco-2 monolayer integrity
disruption by DON.

Related to our results, the DP concentration and to a lesser extent the DP length may
be crucial for the observed protective effects of galacto-oligosaccharides. Previous
studies have already indicated that effect of individual oligosaccharides on the intestinal
microbiota can be related to their DP composition. Ladirat et al. (18) described that
addition of GOS or a DP3 fraction to a human faecal inoculum resulted in the highest
Bifidobacterium spp. increase, whereas the DP4 and DP5 fractions displayed the lowest
increase. In line with our results, they did not find significant differences between the
DP GOS fractions and VGOS at similar concentrations. In a study with maltose-based
oligosaccharides, DP3 oligomers showed the highest selectivity towards bifidobacteria,
and oligosaccharides above DP7 did not promote the growth of beneficial bacteria,
including bifidobacteria (13). In contrast, the presence of the larger DP fractions
within GOS were effective in restoring the microbiota following an antibiotic-induced
dysbacteriosis (18), whereas Sinclair et al. (28) showed that in particular higher DP GOS
fractions were capable of inhibiting the in vitro binding of Vibrio cholerae toxin to its GM1
receptor. We therefore speculate that the DP length of oligosaccharides is related to
different physiological effects.

In contrast to galacto-oligosaccharides, Inulin (or IcFOS), consists of a mixture of fructose
residues linked by (3(2-1) fructosyl-fructose glycosidic bonds with a glucose monomer at
the end of almost each fructose chain within a DP range of 2-60. FOS has been produced
from Inulin by partial enzymatic hydrolysis and differs from Inulin to its degree of
polymerization (DP2-8) and fructose oligomers occur with or without the presence of a
terminal glucose moiety (Figure 8) (16, 20). Schematic structures of GOS, FOS and Inulin
are depicted in Supplementary Figure 1. Only 2% FOS showed moderate, but significant,
protective effects against intestinal barrier dysfunction as observed by TEER recovery and
decreased LY paracellular flux, whereas none of the mentioned parameters were affected
by Inulin. Since the DP of both GOS and FOS varies from 2 to 8, we can speculate that these
smaller DP fractions (DP2-8) are important for inducing the protective effects on barrier
integrity compared to higher DP fractions (DP9-60). Also in a different experimental
setting, Shoaf et al. (29) described that GOS were most effective in preventing bacterial
colonization and pathogen invasion by their anti-adhesive capacity compared to the
other oligosaccharides, including FOS, Inulin, lactulose and raffinose.

With regard to the potential anti-inflammatory properties of oligosaccharides, our results
demonstrated that only VGOS was able to prevent the DON-induced CXCL8 release,
whereas PGOS, the separate GOS DP fractions, FOS and Inulin did not prevent CXCL8
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secretion. The anti-inflammatory activity of VGOS was also observed by Vendrig et al.
(30) since peripheral blood mononuclear cells (PBMCs) derived from VGOS-treated foals
were less responsive to a lipopolysaccharide challenge and did show lower IFN-y and
IL-6 mRNA expression levels. Differences in chain length between different FOS-products
could be responsible for differential effects in skewing the cytokine balance, since Vogt
et al. (20) found a positive correlation between chain length of FOS and IL-10/IL-12 ratios
in human PBMCs. Different in vitro and ex vivo studies displayed that short chain FOS
and long chain FOS are able to induce a more anti-inflammatory or pro-inflammatory
condition, respectively (20, 31, 32). In addition, higher concentrations of Inulin or short
chain-FOS (10%) did significantly decrease the CXCL8 gene expression induced by
Citrobacter rodentium (33) and in unstimulated Caco-2 cells, FOS reduced the CXCLS,
IL-12 and TNF-a gene expression via activation of peptidoglycan recognition protein 3
(PGIyRP3) and peroxisome proliferator-activated receptor y (PPARy) (11). In the presence
of a GOS/IcFOS mixture, a potential role for Toll-like receptor 9 (TLR9) and galectin-9 in
modulating cytokine production has been demonstrated (34, 35). In contrast, Ortega-
Gonzalez et al. (36) hypothesized that GOS and FOS are TLR4 ligands in intestinal
epithelial cells, which may be a relevant mechanism for the immunomodulatory effects
of prebiotics. However, this latter mechanism cannot explain our results in the Caco-2 cell
model, since these cells do not express TLR4 (37). The direct effect of VGOS on cytokine
expression and release is possibly mediated by other pattern recognition receptor(s) and
this signaling pathway seems to be galacto-oligosaccharide-specific.

In summary, this study for the first time compared direct, microbiota-independent effects,
of defined oligosaccharides, including GOS (Vivinal® GOS syrup (VGOS) and purified
Vivinal® GOS (PGOS)), and their related DPs, as well the plant-derived oligosaccharides
FOS and Inulin on intestinal epithelial cells. It can be concluded that the tested
oligosaccharides have different capacities to regulate the DON-disrupted epithelial
monolayer and the related immune response. VGOS showed the most significant
protective effect on all tested parameters in a concentration-dependent manner. Overall,
differences in oligosaccharide structure and size result in significant changes in the direct,
microbiota-independent effects.
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Supplementary Figure 1. Schematic representation of the main oligosaccharide structures present in GOS, FOS and
Inulin. GOS are comprising of a chain of galactose units with a terminal glucose monomer (A). FOS contain both F_+ GF
series of oligomers (B), while Inulin mainly consists of the GF_type fructans (C). The total number of galactose or fructose
with terminal glucose units (degree of polymerization, DP) of GOS, FOS and Inulin ranges mainly between 2-6, 2-7 and
2-60, respectively. F = number of fructose subunits, GF. = fructose chain terminated with a glucose molecule.
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(XCL8 release by Caco-2 cells. Caco-2 cells were incubated apically and basolaterally with VGOS, individual DP fractions of
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with glucose (Glc) and galactose (Gal) (36 h). Subsequently, TEER (A, B), transport of lucifer yellow (C, D) and CXCL8
release into the apical (E, F) and basolateral (G, H) compartments were measured. Results are expressed as a percentage
of initial value (TEER), the amount of tracer transported [ng/(cm?xh)] or pg/ml (ELISA) as mean + SEM, n =1 (performed
in triplicate).
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Chapter7

Abstract

The alarmin interleukin-33 (IL-33) and its receptor ST2 play an important role at mucosal
barrier tissues, and seem to be crucial for Th2 cell mediated host defense. Galacto-
oligosaccharides (GOS), used in infant formulas, exhibit gut and immune modulatory
effects. To enhance our understanding of the immunomodulatory capacity of GOS, this
study investigated the impact of dietary GOS intervention on IL-33 and ST2 expression
related to intestinal barrier dysfunction or asthma. B6C3F, and BALB/c mice were
fed a control diet with or without 1% GOS. To simulate intestinal barrier dysfunction,
B6C3F, mice received a gavage with the mycotoxin deoxynivalenol (DON). To mimic
asthma-like inflammatory airway responses, BALB/c mice were sensitized on day 0 and
challenged on days 7-11 with house dust mite (HDM). Samples from the intestines
and lungs were collected for IL-33 and ST2 analysis by qRT-PCR, immunoblotting and
immunohistochemistry. Dietary GOS counteracted the DON-induced IL-33 mRNA
expression and changed the IL-33 distribution pattern in the mouse small intestine. The
IL-33 mRNA expression was positively correlated to the intestinal permeability. A strong
positive correlation was also observed between IL-33 mRNA expression in the lung and
the number of bronchoalveolar fluid cells. Reduced levels of IL-33 protein, altered IL-33
distribution and reduced ST2 mRNA expression were observed in the lungs of HDM-
allergic mice after GOS intervention. Dietary GOS mitigated IL-33 at the mucosal surfaces
in a murine model for intestinal barrier dysfunction and HDM-induced asthma. This
promising effect may open up new avenues to use GOS not only as a prebiotic in infant
nutrition, but also as a functional ingredient that targets inflammatory processes and
allergies associated with IL-33 expression.
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Introduction

Non-digestible oligosaccharides, such as galacto-oligosaccharides (GOS) and fructo-
oligosaccharides (FOS), are currently added to infant milk formulas to achieve an
intestinal microbiota composition more similar to that of breastfed infants (1).
Experimental evidence clearly indicates that infants given infant formula enriched with
oligosaccharides, particularly GOS, showed a significant increase in Bifidobacterium and
Lactobacillus app. in the microbiota, resembling that of breastfed infants. From other
studies, we know that growth of pathogens is reduced (2). Besides their effects on the
intestinal flora, oligosaccharides can also modulate the activity of the immune system
and regulate natural immune mechanisms (3). Interestingly, a reduction in the incidence
of allergic manifestations and infections was observed after nutritional application
with prebiotic oligosaccharides (90%GOS/10%IcFOS) (4, 5). Recent work by our group
demonstrated that GOS also have microbiota-independent properties on intestinal
epithelial cells (6, 7). The homeostasis of the epithelial inflammatory response within the
intestinal epithelium can be regulated by the axis of interleukin-33 (IL-33) and its receptor
ST2, which belongs to the IL-1/TLRs receptor superfamily (8). In recent years, scientific
interest in IL-33 has grown, since this cytokine seems to be an indicator of Th2-mediated
host defense and plays an important role in mucosal barrier tissues like the intestine
and the surface of the airways, where it functions as an endogenous danger signal in
response to tissue damage (9). Moreover, increased expression of IL-33 and its receptor
ST2 has been reported in asthma and ulcerative colitis (UC) patients in association with
pro-inflammatory effects (8, 10, 11).

Since there are indications that GOS can modulate barrier and immune functions and
directly interact with epithelial cells, this study aimed to investigate whether the cytokine
IL-33 and its receptor ST2 can be affected by the prebiotic GOS. An acute model for
intestinal barrier dysfunction and a house dust mite (HDM)-induced allergic asthma
model with an inflammation-induced expression of IL-33 were used to test our hypothesis.
Dietary intervention with GOS mitigated the inflammation-induced expression of the
alarmin IL-33 in these two murine models, while decreased ST2 mRNA expression was
observed in lungs of HDM-allergic mice fed a GOS diet.
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Materials and Methods

Animal studies

All in vivo experiments were conducted in compliance with the guidelines of Ethical
Committee on the use of Laboratory Animals of the Utrecht University (DEC 2012.111.02.012
and 2013.11.01.003). Male B6C3F, and male BALB/c mice (6-8 weeks old) obtained from
Charles River (Maastricht, The Netherlands) were housed under controlled conditions in
standard laboratory cages or under bio-contained sterile conditions using HEPA® filtered
isocages® (Tecniplast, Buguggiate, Italy), respectively. The present data were obtained
from further analyses of samples from recently published studies (6, 12).

Animals were fed a control diet (AIN-93G) with or without 1% v/w GOS (Vivinal® GOS
syrup with approximately 59% galacto-oligosaccharides, 21% lactose, 19% glucose, and
1% galactose on dry matter (dry matter of 75%); FrieslandCampina Domo, Borculo, The
Netherlands) from day -14 to 0 (deoxynivalenol (DON) gavage study) and from day -14
to 14 (asthma study). Carbohydrates in Vivinal® GOS were compensated isocalorically
in the control diet by means of cellulose (for GOS), lactose (for lactose), and dextrose
(for glucose). Food and water were provided ad libitum. For the DON gavage study
(Supplementary Figure 1), DON (D0156; Sigma, St. Louis, MO, USA) was administered at
a dose of 25 mg/kg body weight (bw) by a single oral gavage to B6C3F, mice at day
0; control mice received sterile PBS. Six hours after the gavage, mice were sacrificed by
cervical dislocation and the distal small intestine was collected for mRNA isolation and
immunohistochemistry. For the asthma study (Supplementary Figure 1), BALB/c mice
were intranasally (i.n.) sensitized with 1 pg house dust mite (HDM)/40 pL PBS (Greer
Laboratories, Lenoir, NC, USA) under isoflurane anaesthesia on day 0 and i.n. challenged
daily on days 7 to 11 with PBS (control) or 10 ug HDM/40 pL PBS. At day 14, mice were
sacrificed by an intraperitoneal overdose of pentobarbital (600 mg/kg, Nembutal™, Ceva
Santé Animale, Naaldwijk, The Netherlands) and the lungs were collected for mRNA
isolation, Western blot analysis and immunohistochemistry.

Fluorescein isothiocyanate-dextran permeability assay

To assess intestinal permeability changes, the intestinal permeability to 4 kDa fluorescein
isothiocyanate (FITC)-dextran (Sigma-Aldrich, St. Louis, MO, USA) was measured as
described previously (13). Briefly, 2 h after DON administration, all mice received FITC-
dextran (500 mg/kg bw) by an oral gavage. Four hours after the FITC-dextran gavage,
blood was obtained by heart puncture directly after cervical dislocation, and the
appearance of FITC-dextran in blood serum was measured with a spectrofluorometer
(FLUOstar Optima; BMG Labtech, Offenburg, Germany).

Bronchoalveolar lavage

The trachea of the mice (asthma model) were cannulated and lungs were lavaged four
times with 1 ml saline solution (0.9% NaCl, 37°C). The bronchoalveolar lavage fluid (BALF)
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cells were centrifuged (400g, 5 min) and total number of BALF cells were counted using
a Burker-Tiirk chamber. Differential cell counts were performed on cytospin preparations
stained by DiffQuick (Dade, Diidingen, Switzerland).

qRT-PCR

Gene expression was determined by quantitative RT-PCR, as described previously (13).
In brief, distal small intestine and lung tissue samples were homogenized in RNA lysis
buffer with B-mercaptoethanol and RNA was extracted using spin columns according
to manufacturer’s instructions (Promega, Madison, WI, USA). cDNA was prepared from
1 ug RNA using the iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). gRT-PCR
was performed using the MylQ single-colour real-time PCR detection system (Bio-Rad,
Hercules, CA, USA) with iQSYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and IL-33
and ST2 primers were derived from the NCBI GenBank and manufactured commercially
(Eurogentec,Seraing,Belgium).IL-33:forward:5'-GGTGTGGATGGGAAGAAGCTG-3;reverse:
5-GAGGACTTTTTGTGAAGGACG-3’ and ST2 forward: 5-CAAGTAGGACCTGTGTGCCC-3";
reverse: 5-CGTGTCCAACAATTGACCTG-3'" The relative amounts of gene expression were
standardized and calculated by the expression of house-keeping control gene (B-actin)
as an internal standard, using the 22*““method.

Immunoblotting

Total protein extracts were prepared as described previously (12). Equal protein amounts
were separated by SDS-PAGE, blotted onto PVDF membranes and analyzed with goat
anti-mouse IL-33 (R&D systems, Minneapolis, MN, USA, mouse monoclonal, AF3626,
1:500), rabbit anti-ST2 (Abcam, Cambridge, England, rabbit polyclonal, ab25877, 1:1000)
orrabbit anti-B-actin (Cell Signaling, Danvers, MA, USA, rabbit monoclonal, #4970, 1:4000).
Appropriate horseradish peroxidase-conjugated secondary antibodies (Dako, Glostrup,
Denmark) were used for detection by enhanced chemiluminescence (Amersham
Biosciences, Roosendaal, The Netherlands). The band intensity was acquired by a GS710
calibrated imagine densitometer (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded distal small
intestine (Swiss roll) and lung tissue using the IL-33 antibody (R&D systems, Minneapolis,
MN, USA, mouse monoclonal, AF3626, 1:500) or ST2 antibody (Abcam, Cambridge,
England, rabbit polyclonal, ab25877, 1:1200). For antigen retrieval, the slides were boiled
in 10 mM citrate buffer (pH 6.0) for 10 minina microwave (14). Digitalimages were acquired
using an Olympus BX50 microscope (Olympus Europa GmbH, Hamburg, Germany)
equipped with a Leica 320 digital camera (Leica Microsystems, Wetzlar, Germany). No
staining was detected in negative controls, in which the primary antibody was omitted
(Supplementary Figure 2).
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ELISA

IL-33 and ST2 levels in BALF were measured by ELISA using the Mouse IL-33 ELISA set
(R&D Systems, Minneapolis, MN, USA, DY3626) and Mouse ST2 ELISA set (R&D Systems,
Minneapolis, MN, USA, DY1004) according to manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed by using GraphPad Prism 6.0 (Graphpad, LaJolla,
CA, USA). Differences between groups were statistically determined by using One-
way ANOVA followed by a Bonferroni multiple comparison test. Spearman’s rank tests
were conducted for analyses of correlation. Results were considered to be statistically
significant when P < 0.05.

Results

IL-33 mRNA expression is correlated to the intestinal permeability changes and to
the number of BALF cells

In the murine model for intestinal barrier dysfunction, a strong positive correlation was
observed between the IL-33 mRNA expression levels in the mouse distal small intestine
and intestinal permeability to 4 kDa FITC-dextran (r,= 0.6634, P = 0.002; Figure 1A). In
the HDM-induced asthma model, IL-33 mRNA expression levels in the lung positively
correlated with the number of total BALF cells (r, = 0.5424, P = 0.0008; Figure 1B).
Differential analysis of the BALF cells showed an increase in eosinophils. The number
of lymphocytes and neutrophils was significantly higher in HDM-allergic mice than in
control mice (Supplementary Table 1).

Dietary intervention with GOS counteracts the DON-induced IL-33 mRNA expression
and distribution pattern in distal part of the mouse small intestine

The prominent increase in IL-33 mRNA expression in the distal small intestine observed
after DON gavage was prevented by GOS, since the IL-33 mRNA levels in DON-treated
animals fed with a GOS diet were significantly lower than in the DON-treated animals
given a control diet (Figure 2A).

Immunohistochemical staining confirmed that the IL-33 production was increased in the
distal small intestine after DON gavage (Figure 2C) compared to the control mice fed
a control or GOS diet (Figure 2B, D). The most pronounced differences were observed
in the epithelial layer around the villi. The GOS diet prevented this DON-induced IL-33
production in the distal small intestine and a lower amount of IL-33-expressing epithelial
cells was observed (Figure 2E). Related to the IL-33 mRNA expression, the increased ST2
MRNA expression in the distal small intestine of DON-treated animals was reduced in
DON-treated animals fed a GOS diet, however this decrease was not significantly different
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(Figure 2F). The ST2 immunohistochemical staining depicted in Figure 2G-J showed a
strong expression pattern in the cytoplasm of the intestinal epithelial cells and ST2 was
also detected in scattered lamina propria mononuclear cells. Similar patterns of ST2
expression for all experimental groups were observed (Figure 2G-J).

A B

107 r =06634 57 r =05424
P=00020 P=0.0008

IL-33 mRNA expression
°
IL-33 mRNA expression

0.0 0.5 1.0 15 20 25 0 50 100 150
Serum FITC-dextran (pg/ml) Total BALF cells (x 10%)

Figure 1. IL-33 mRNA expression correlated with the intestinal permeability and the number of BALF cells. Correlation
of IL-33 mRNA expression in the distal small intestine and the intestinal permeability to 4 kDa FITC-dextran in the murine
model for DON-induced intestinal barrier dysfunction (A). Correlation of IL-33 mRNA expression in the lungs and the total
amount of BALF cells in the HDM-induced asthma model (B). Correlation was analyzed using the Spearman correlation
test.

Dietary intervention with GOS reduces IL-33 and ST2 mRNA expression and IL-33
protein levels in the lungs of HDM-allergic mice

TheincreaseinIL-33 mRNA expressioninthe lungs of HDM-allergic mice was partly reduced
by dietary intervention with GOS (Figure 3A), however this decrease was not statistically
significant. The same trend has been observed for the IL-33 concentration in BALF (Figure
3B). Moreover, the IL-33 protein levels in lung tissue homogenates of GOS-treated HDM-
allergic mice were significantly decreased compared with non-treated HDM-allergic mice
(Figure 3C). Comparable with the Western blot data, immunohistochemical staining
indicated that more IL-33 expressing cells were present in the lungs of the HDM-allergic
mice (Figure 3E) than in the control mice (fed a control or GOS diet; Figure 3D, F). Dietary
intervention with GOS caused a decrease in IL-33 expression in the lungs of HDM-allergic
mice compared to the nontreated HDM-allergic mice (Figure 3G). Furthermore, a clear
increase in ST2 mRNA expression was observed in the lungs of HDM-allergic mice, which
was significantly reduced in HDM-allergic mice fed a GOS diet (Figure 4A). The ST2 levels
in BALF (Figure 4B) and the ST2 protein levels in the lung (Figure 4C) did not significantly
differ between the experimental groups; this was confirmed by immunohistochemical
staining showing the airway epithelium as primary source for ST2 (Figure 4D-G).
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Figure 2. Dietary intervention with GOS counteracts the DON-induced IL-33 mRNA expression and distribution pattern
in distal part of the mouse small intestine. Mice were fed a control diet or a diet supplemented with GOS for 2 weeks
followed by an oral gavage with DON (25 mg/kg bw). Six hours after the DON challenge, the mRNA levels of IL-33 and
ST2 were measured by qRT-PCR (A, F). Results are expressed as IL-33 or ST2 mRNA expression (fold of control) (qRT-
PCR, normalized to B-actin) as mean + SEM (***P < 0.001; significantly different from the control group AAP < 0.01;
significantly different from the DON-treated animals). n = 5-6 animals/experimental group. For immunohistochemistry,
Swiss-rolled paraffin sections obtained from distal small intestine were stained with anti-IL-33 (B, C, D, E) and anti-ST2
(G, H,1,)) antibodies as described in Materials and Methods. Magnification IL-33 staining: 200x and ST2 staining: 400x.
The scale bar B-E and G-J represent 50 pm and 20 pm, respectively.
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Figure 3. Dietary intervention with GOS reduces IL-33 protein levels and expression in the lungs of HDM-allergic mice.
Mice fed a control diet or a diet supplemented with GOS from day -14 to 14, were sensitized with HDM on day 0 and
were challenged on days 7 to 11 with HDM or PBS (control). IL-33 mRNA expression in lungs (A), IL-33 concentration in
BALF (B) and IL-33 protein levels in lungs (C) were measured and results are expressed as IL-33 mRNA expression (fold of
control) (qRT-PCR, normalized to B-actin), pg/ml BALF (ELISA) or OD/mm? (Western blot, normalized to B-actin) as mean
+ SEM (*P < 0.05; ***P < 0.007; significantly different from the control group, AP < 0.05; significantly different from
the HDM-allergic animals). n = 7-9 animals/experimental group (qRT-PCR and ELISA). For immunohistochemistry, lung
sections were stained with anti-IL-33 antibody (D, E, F, G) as described in Materials and Methods (Magnification 200x).
The scale bar represents 50 pm.
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Figure 4. Dietary intervention with GOS reduces ST2 mRNA expression in the lungs of HDM-allergic mice. Mice fed a
control diet or a diet supplemented with GOS from day -14 to 14, were sensitized with HDM on day 0 and were challenged
on days 7 to 11 with HDM or PBS (control). ST2Z mRNA expression in lungs (A), ST2 concentration in BALF (B) and ST2
protein levels in lungs (C) were measured and results are expressed as ST2 mRNA expression (fold of control) (qRT-PCR,
normalized to B-actin), pg/ml BALF (ELISA) or OD/mm? (Western blot, normalized to B-actin) as mean = SEM (***P <
0.001; significantly different from the control group, AP < 0.05; significantly different from the HDM-allergic animals).
n = 7-9 animals/experimental group (qRT-PCR and ELISA). For immunohistochemistry, lung sections were stained with
anti-ST2 antibody (D, E, F, G) as described in Materials and Methods (Magpnification 200x). The scale bar represents 50 um.
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Discussion

IL-33 is @ member of the IL-1 cytokine family. It has a dual function: it activates various
immune cells through the IL-33 receptor ST2 and acts as an intracellular factor with
transcriptional properties (15). It also delivers an important danger signal in the cellular
response to tissue damage, and epithelial cells at mucosal barrier sites constitutively
express IL-33 (16). Specific effects in the gut can be exerted by IL-33, since mice injected
intraperitoneally (i.p.) with recombinant IL-33 demonstrated an increase in permeability
of the mucosal barrier, intestinal inflammation and hypertrophy and hyperplasia of
goblet cells (17, 18).

In our study, the mycotoxin DON serves as a reliable and reproducible model of intestinal
barrier dysfunction (13, 19) and a strong positive correlation was observed between IL-
33 mRNA expression in the mouse distal small intestine and the intestinal permeability
induced by the mycotoxin DON. Besides IL-33, the tight and adherens junctions are critical
for the maintenance of intestinal barrier integrity (20-22). IL-33 impairs the epithelial
barrier function; this was observed in a human colonic epithelial Caco-2 monolayerand in
mice treated with exogenous IL-33. IL-33 injected intraperitoneally exacerbated sodium
(DSS)-induced colitis in mice (23, 24). Observations in IL-337~ mice suggested that IL-33
deficiency leads to delayed local inflammation and tissue damage during experimental
colitis (25). On the other hand, it has been published recently that IL-33 promoted
regulatory T cell function in the intestine. IL-23, an important pro-inflammatory cytokine
in the pathogenesis of inflammatory bowel disease (IBD), inhibits this regulatory T cell
responsiveness to IL-33 (26, 27). Furthermore, IL-33 is found to be prominently present in
inflamed colon tissue, mainly localized to the surface epithelium and in the crypt cells, in
patients with Crohn's disease and UC (8, 28, 29). In this study, a similar distribution pattern
of IL-33 was observed in the mouse small intestine after disrupting the intestinal barrier
with DON. Besides the increase in IL-33 expression observed by an immunohistochemical
staining, a 5-fold increase was observed in IL-33 mRNA levels in the mouse distal small
intestine after DON gavage, but the levels of other cytokines and chemokines, such as
IFN-y, IL-1q, IL-1B3, IL-4, IL-6 and TNF-a remained unchanged (described by Akbari et al. (6)).
The IL-33/ST2 system plays apparently an important role in IBD (29-31). Pastorelli et al. (28)
described that a specific imbalance between IL-33 and ST2 may play a pathogenic role
in UG, since ST2 is decreased in UC colonic epithelium and IL-33 is markedly increased in
active UC. In the current study, no effect of the DON gavage on the ST2 distribution in the
distal small intestine was observed; however, the ST2 mRNA expression was significantly
increased in the distal small intestine of DON-treated animals.

The DON-induced increase in IL-33 was mitigated by dietary intervention with GOS,
observed in IL-33 mRNA levels as well as by IL-33 distribution in the intestine, but GOS
did not affect the DON-induced ST2 expression. Recently, we observed that GOS directly
protected the intestinal barrier function by maintaining tight junction (TJ) proteins and
modulating CXCL8 responses in a human Caco-2 cell monolayer and in a mouse model
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for intestinal barrier dysfunction. However, the DON-induced hyperpermeability of the
intestines for FITC-dextran (4 kDa) was not altered by GOS (6).

As IL-33 is implicated in Th2 type responses required for the development of allergic
inflammation, the effect of dietary GOS on IL-33 expression was also investigated in a
murine HDM-induced asthma model. In this model, the IL-33 mRNA expression levels
in the lung positively correlated with the number of total BALF cells. Previous studies
suggested thatIL-33 and ST2 are both associated with the development and maintenance
of allergic asthma and are correlated with disease severity (32, 33). It has been suggested
that the IL-33-induced production of proinflammatory cytokines is a critical event that
aggravates asthma (34). Treatments with anti-IL-33 monoclonal antibody have been
reported to inhibit allergen-induced airway inflammation, Th2 cytokine production and
mucus hypersecretion in mice (35).

Intranasally challenged IL-33-deficient mice showed impaired IL-5 and IL-13 production
fromgroup 2innate lymphoid cellsas well as lunginflammation and Th2 cell differentiation
(36,37). Administration of blocking anti-ST2 antibodies or ST2-Ig fusion protein to allergic
mice abrogated the Th2-mediated inflammatory response (38). Contradictory results
are described for T1/ST2-deficient mice, since Hoshino et al. (39) observed normal Th2
responses in these animals, while Townsend et al. (40) showed reduced levels of IL-4 and
IL-5.

In line with the data of the intestinal barrier dysfunction model, dietary intervention with
GOS resulted in lower IL-33 and ST2 levels and an altered IL-33 distribution in the lungs
of HDM-allergic mice. In addition, the increased concentration of the Th2 cytokine IL-13
in the lung of HDM-allergic mice was significantly decreased by dietary intervention with
GOS and the same trend was observed for the IL-5 concentration in the BALF, however
this was not significantly different (Supplementary Table 2) (12).

The mode of action of GOS is complex and still not entirely understood. The reduced
IL-33 expression exerted by GOS might result from alterations in the composition of
the microbiota, since initially, GOS were considered as typical prebiotic supporting the
growth of Lactobacillus and Bifidobacterium spp. in the large intestine (1,41). GOS not only
stimulate these bacteria, but affect the whole intestinal flora by production of short chain
fatty acids, like butyrate and by decreasing the pH (1, 42). It is known that butyrate exerts
anti-inflammatory properties explaining the desirable effects of various oligosaccharides
(43). In turn, different immune-related, anti-allergic and anti-inflammatory effects were
observed in vivo after GOS/ICFOS supplementation, suggesting a positive effect on
mucosal immunity via suppression of the Th2 type responses, a down-regulation of total
immunoglobulin levels and an induction of Th1- and Treg-cell polarization (4, 5, 44, 45).
Moreover, GOS seem to exert direct, microbiota-independent effects on the immune
system by directly interacting with epithelial and immune cells as indicated by in vitro
experiments (3, 6, 7, 46). Although direct interaction with Toll-like receptor 4 (TLR4) has
been hypothesized (46), the direct effect of GOS on TJs reassembly in Caco-2 cells (6)
indicates the involvement of other mechanisms as well, since Caco-2 do not express
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TLR4. Furthermore, different galectins have distinct binding specificities for binding
oligosaccharides (47). Indeed, previous investigations could show that dietary GOS
enhanced the serum galectin-9 levels, which are involved the regulation of immune
responses and tolerance induction, which leads to a suppression of allergic symptoms in
mice and humans (48).

These findings can be considered as first indication of a systemic modulatory effect of
GOS, and they are now supported by our findings that GOS suppress IL-33, an alarmin
that is produced at different mucosal surfaces. The parallel response of intestinal repair
mechanisms and anti-allergic properties of GOS, may therefore be attributable to the
systemic effects of signaling molecules like galectins and specific cytokines like IL-33.
Further research is needed to investigate whether GOS directly interact with the IL-33/ST2
system or whether it prevents intestinal barrier disruption and allergic asthma by altering
the microbiota composition which, indirectly, leads to a decreased IL-33 production.

In conclusion, dietary intervention with GOS mitigated the important immunomodulator
IL-33 in mouse intestines, observed in a model for intestinal barrier dysfunction and
in murine lungs in a house dust mite-induced asthma model, which is not necessarily
associated with the ST2 expression. These preclinical experiments warrant studies on its
clinical relevance and to unravel the mechanism behind this effect.
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Supplementary data

Mouse model for intestinal barrier dysfunction:
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|
I
8 9 10 11

|
| T T T
Day -14 0 7 13 14
i rrr i
Sensitization i.n. Challenge i.n. Sacrifice
1 ug HDM 10 ug HDM or PBS

Mice fed control diet (AIN93G)

or 1% GOS diet

Supplementary Figure 1. Mouse model for intestinal barrier dysfunction and mouse model for HDM-induced allergic

asthma.

189



Chapter7

Supplementary Figure 2. Negative controls immunohistochemistry. No staining was detected in negative controls, in
which the primary antibody was omitted. A) negative control of IL-33 staining in distal small intestine, B) negative control
of IL-33 staining in lungs, C) negative control of ST2 staining in distal small intestine, D) negative control of ST2 staining
in lungs. The scale bar A, B as well as E represent 50 um and the scale bar C represents 20 pm.
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Supplementary Table 1. BALF cell count and differentiation in the HDM-allergic model

Mean (¥10%) £ SEM

Control HDM GOS HDM + GOS
Macrophages 17.95+2.15 33.19+7.46 22.38+235 19.36 +3.44
Lymphocytes 0.90 £0.25 4.54 + 0.95%** 0.57£0.14 2.71£0.60
Neutrophils 0.25+0.08 3.97 +£1.28* 0.26 £0.10 3.16+1.41
Eosinophils 0.03+0.03 20.92 + 4.53%** 0.05+0.03 9.06 +4.53
(P=0.09)
Total 19.13 £2.37 62.63 + 11.48%** 23.25+2.32 34.29 +6.78N

*P < 0.05; ***P < 0.001 significantly different from the control animals, AP < 0.05 significantly different from the
HDM-allergic animals.

Supplementary Table 2. (ytokine concentrations in the HDM-allergic model

Mean + SEM
Control HDM GOS HDM + GOS
IL-13 65.57 +3.02 99.07 + 8.01%*** 4691 +2.41 65.25 + 2.82AN
(pg/mg protein)
IL-5 7.07 £0.99 17.92 £591 3.53+£0.39 10.75+3.13

(pg/ml)

IL-13 (pg/mg protein) measured in lung homogenates and IL-5 (pg/ml) measured in BALF.
**¥P < 0,001 significantly different from the control animals, AAP < 0.01 significantly different from the HDM-allergic
animals.
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Chapter 8

The experiments described in this thesis were performed to gain more insight into the
effectiveness of non-digestible oligosaccharides, including GOS, FOS and Inulin, on the
dysregulated intestinal epithelial barrier function and related immune responses. Here,
we summarize the most important findings of this thesis and describe the potential
effect of GOS in the prevention of a deoxynivalenol (DON)-induced intestinal barrier
breakdown and related immune responses.

For a better understanding of the importance of tight junction (TJ) proteins related to
intestinal barrier function, a review is presented in Chapter 2 summarizing the current
knowledge on molecular structure, expression alongside the Gl tract and clinical
implications of different intestinal TJs. Chapter 2 further emphasizes the importance
of interaction among different TJs in preserved gut barrier integrity. A dynamic and
well-regulated barrier is crucial for gut immune homeostasis (1, 2) and maintenance
of a functional intestinal barrier is acquired by a variety of specific and non-specific
mechanisms, among which the expression and function of TJs is of particular interest
(3, 4). As depicted in Figure 1, TJs form an anastomosing network sealing adjacent
epithelial cells near the luminal surface to prevent a paracellular transport of luminal
antigens, pathogens and toxins. They are composed of I) transmembrane proteins which
their extracellular domains cross the plasma membrane and interact with their partners
on the neighboring adjacent cells and Il) cytoplasmic scaffolding proteins, which are
entirely located on the intracellular side of the plasma membrane. Transmembrane TJs
form a horizontal barrier at the apical-lateral membrane of epithelial cells and mainly
consist of occludin (OCLN) and claudins (CLDNs). The cytoplasmic scaffolding proteins,
like zonula occludens (ZOs), provide a direct link between transmembrane TJ proteins
and the cytosolic and nuclear proteins (5-7). Chapter 2 also aims to explain that any
individual component of the TJ network is structurally and functionally different, but
that all components interact with each other to form a network that ultimately results
in an efficient intestinal barrier. The impairment of this biological barrier may be one of
the predisposing factors leading to various chronic (intestinal) inflammatory diseases,
including inflammatory bowel disease (Crohn’s disease and ulcerative disease) and
coeliac disease as well as allergic responses to food-derived antigens.

Dietary exposure of humans and animals to mycotoxins is of growing concern due to the
apparently still increasing prevalence of these fungal toxins in food and feed commodities
(8-10). Risk assessment of mycotoxin exposure initially focused on their potential
mutagenic, genotoxic and carcinogenic effects, as major human health risks (10-12). More
recently, there is an increasing awareness of the adverse effects of various mycotoxins on
vulnerable structures in the intestines, targeting intestinal barrier function. Even though
mycotoxins have only incidentally been associated with a specific intestinal disease, for
example in acute gastroenteritis induced by trichothecenes and fumonisin in humans (10,
13, 14), the intestinal epithelium is the first biological barrier encountered by mycotoxins.
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The most prominent example of a mycotoxin primarily associated with an impairment
of the intestinal barrier is DON, which first had been recognized for its pro-inflammatory
and immunomodaulatory activities (15, 16). Therefore, Chapter 3 aims to provide a
summary of the available evidences regarding direct effects of various mycotoxins on the
intestinal epithelial barrier. Available data, based on different cellular and animal studies,
show that food-associated exposure to DON, T-2 toxin, patulin, ochratoxin A, fumonisin B,
and aflatoxins disrupt the gut barrier function, albeit with different intensity. Because of
lactational transfer (transfer from maternal plasma into breast milk) and the immaturity of
intestinal barrier function at birth, infants are considered to be particularly susceptible for
such an impairment of barrier functions, potentially resulting in increased translocation
of pathogens as well as antigens (17-19). Chapter 3 therefore also aims to improve the
understanding of non-conventional endpoints, including intestinal integrity, in the risk
assessment of mycotoxins taking into account also the vulnerability of certain age-
groups of the human population and the risk for patients suffering from other chronic
(infectious) diseases.

As outlined in Chapter 2, disintegration of the intestinal epithelial barrier is considered
as a key event in the initiation and progression of intestinal inflammatory diseases and
allergic responses. Since the primary aetiology of these diseases remains unknown,
Chapter 4 hypothesizes that the mycotoxin DON is one of the triggers resulting in an
impairment of the intestinal TJ network and subsequently leading to a disturbed mucosal
immune homeostasis. Therefore, we designed a series of experiments described in
Chapter 4 to identify the cascade of events exerted by DON that eventually lead to the
loss of epithelial barrier integrity. Both, in vitro experiments with DON-exposed Caco-2 cell
monolayers and in vivo experiments in mice orally exposed to DON, are presented. Caco-
2 cell monolayers cultivated on permeable filters are commonly recognized as the most
reliable in vitro model to assess the intestinal barrier function (20-22). Using horizontal
impedance measurements, we demonstrate that exposure to low concentration of DON
disintegrates the human Caco-2 cell monolayer already within the first 1-2 h. This initial
trigger is followed by a concentration- and time-dependent decrease in transepithelial
resistance (TEER). Chapter 4 further shows that DON-induced impairment of the TEER
values markedly depends on the route of exposure, which can be ranked as follows:
apical and basolateral exposure > basolateral exposure > apical exposure. The functional
consequences of the readily measured impairment of the cell monolayer integrity is
confirmed by an increased paracellular transport of macromolecules (LY, 0.457 kDa and
FITC-dextran, 4 kDa) across Caco-2 cell monolayers. Paracellular transport can also be
measured in in vivo models by detecting the presence of macromolecular tracers, given
by oral gavage, in the blood of mice. In Chapter 4, it is clearly demonstrated in mice that
the DON-induced impairment of epithelial integrity facilitates the translocation of FITC-
dextran (4 kDa) from the gut lumen to the blood circulation. Decrease in TEER values
and increase in permeability of marker molecules suggest a direct effect of DON on the
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TJ network. When investigating the protein levels of the different TJs, a dose-dependent
reduction of the CLDN1, CLDN3, and CLDN4 protein levels in DON-treated Caco-2 cells
has been demonstrated, accompanied with a displacement of these proteins within the
cells. These altered distribution patterns are not only observed for the CLDN proteins, but
also for OCLN and ZO-1, for which only marginal alteration in the total immunoreactive
protein levels could be measured. In turn, exposure of Caco-2 cell monolayers to DON
induced an up-regulation of mRNA levels of different TJs (CLDN1, CLDN3, CLDN4,
OCLN, and ZO-1) in a concentration-dependent manner, which might be regarded as a
compensatory response to alterations of TJ protein levels. Segment-specific effects of DON
along the mouse intestine are presented in Chapter 4. It is shown that the DON-induced
up-regulation of the mRNA levels of different CLDNs is most pronounced in the mouse
distal small intestine compared to other segments of the intestine. In addition, an altered
distribution of CLDN1-3 is observed in the distal small intestine of DON-treated animals.
Furthermore, histomorphometric analysis of the proximal and distal small intestine of
the control and DON-exposed mice displays a significant decrease in villus height, villus
area as well as in the epithelial cell area compared to control animals. We speculate that
the changes in villus architecture, discussed in Chapter 4, are neither due to sloughing
of epithelial lining from the surface of the villi, nor related to apoptosis or necrosis of the
epithelial cells, since no prominent histological lesions have been observed. However,
after acute mucosal injury by DON (at high dosage), villus contraction may take place,
which might be a direct pharmacologic effect (DON is known to modulate dopaminergic
and serotonergic receptor responses) or a non-specific defense mechanism aiming at the
protection of the barrier function by reducing the total and denuded surface area of the
villi (23, 24). Figure 1 illustrates the effects of DON on intestinal epithelial barrier function
as presented in Chapter 4.

To prevent the intestinal barrier disruption induced by DON or other exogenous stimuli,
gut health promoting substances that protect the intestinal epithelial barrier need to be
identified. Nowadays, the health promoting effects of non-digestible oligosaccharides
have been broadly acknowledged (25). In particular, lactose-derived galacto-
oligosaccharides (GOS) are of interest because of their potential immunomodulatory
and anti-inflammatory effects. GOS, which resemble oligosaccharides that occur
naturally in human breast milk, are expected not only to modulate the composition
and metabolism of the gut microbiota (26-28), but seem to prevent specific pathologies
in diseases associated with the intestinal immune system, such as food allergies and
inflammatory bowel disease (26, 29, 30). Given the global and frequent occurrence
of DON in food and feed (as discussed in Chapter 3) we again used in Chapter 5 this
challenge to assess whether GOS can prevent the DON-induced intestinal (epithelial)
barrier disruption and the related immune responses. First, we demonstrated that GOS
accelerate the TJs reassembly as demonstrated by a calcium switch assay, in which
a decreased repair time of the transepithelial resistance after a calcium-deprivation
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period has been observed after GOS incubation. In turn, GOS pretreatment prevented
the DON-induced impairment of Caco-2 cell monolayer integrity as measured by TEER
values and paracellular flux of the markers LY and 4 kDa FITC-dextran. Chapter 5 further
focuses on the direct effect of GOS on TJs and displays that only the DON-induced CLDN3
MRNA expression is almost entirely prevented by GOS. Western blot analyses pointed
out that GOS pretreatment also prevent the DON-induced decrease in CLDN3 protein
expression. In addition, the DON-induced derangement of the cellular distribution of
CLDN3 was visualized by immunofluorescence microscopy and again, a preventive
effect of GOS could be demonstrated. Previous investigations indicated that DON can
induce both immunostimulatory or immunosuppressive responses depending on dose,
frequency and duration of exposure (15, 31). Hence, in Chapter 5 further investigations
are presented on some typical markers of intestinal inflammation, including IFN-y, IL-1q,
IL-1B3, IL-4, IL-6, TNF-a and CXCL8. The chemokine interleukin-8 (IL-8/CXCL8) is the most
prominent cytokine expressed by Caco-2 cells and is secreted early in the inflammatory
process by human enterocytes (32-34). We show, for the first time, that GOS pretreatment
suppress the DON-induced synthesis and release of CXCL8 in Caco-2 cells. These in vitro
findings are confirmed by in vivo experiments in mice where pretreatment with GOS
partly prevented the DON-induced mRNA overexpression of CLDN3 and CXCL1 (the
murine CXCL8 homologue). Furthermore, DON-induced changes in villus architecture
(discussed in Chapter 4 and Chapter 5) are mitigated in mice pretreated with a GOS-
supplemented diet. The protective effects of GOS on DON-induced intestinal integrity
breakdown and CXCL-8 release are depicted in Figure 1. As discussed in Chapter 5, the
gut health promoting effects of GOS are generally ascribed to the modulation of intestinal
microbiota and the direct interaction of these oligosaccharides with intestinal epithelial
cells (IEC) has only recently been identified by us and others (35-38).

The prebiotic activity of GOS, FOS and Inulin are believed to be associated by their
unique structure and specific degree of polymerization (DP) (39-42). However, the direct
effect of structure and DP composition of GOS, FOS and Inulin on interaction with IEC
awaited further clarification. Therefore, Chapter 6 aims to compare the direct effects
of four oligosaccharides (different in structure and DP), including Vivinal® galacto-
oligosaccharides syrup (VGOS), purified galacto-oligosaccharides (PGOS), plant-derived
oligosaccharides Inulin and fructo-oligosaccharides (FOS, a fermented product of Inulin
with low DPs) in the previously described DON-stimulated Caco-2 cell model. Results show
that the DON-induced impairment of the Caco-2 cell monolayer integrity is differently
affected by the individual oligosaccharides. VGOS exhibited the most pronounced
protective effect on the disrupted epithelial barrier as measured by TEER and paracellular
flux of LY. The outstanding improvement of the barrier integrity by VGOS is, at least
partly, related to acceleration in TJs reassembly as demonstrated by the calcium switch
assay. Compared to VGOS, PGOS and isolated fractions of VGOS with different degrees of
polymerization were less potent. A comparison of the obtained results pointed towards
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a high potency of DP2 as well as DP3 (equimolar concentrations as present in VGOS),
whereas higher DPs (equal or above DP4) showed only minimal and non-significant
effects. In addition, PGOS is partly lacking GOS-DP2 due to the purification procedure.
The comparison of GOS with FOS and Inulin, also demonstrated the higher potency of
GOS, which more closely resemble the structure of human milk oligosaccharides (43, 44).
Again, lower DPs as in the FOS product, show more pronounced effects than Inulin as
such, in which a broad variety of long-chain oligosaccharides is present. On the other
hand, the DP concentration present in VGOS can also play a role in the protective effect,
since after incubation with equal DP concentrations (0.75%), also DP5 is effective in
preventing the Caco-2 monolayer disruption.

In addition to the effects on intestinal barrier integrity, our comparative study
demonstrates that the tested oligosaccharides have different capacities to inhibit the
inflammatory response in Caco-2 cells, since only VGOS is able to prevent the DON-
induced CXCL8 release, whereas none of the other oligosaccharides (PGOS, FOS,
Inulin and DP fractions of VGOS) affect this DON-induced CXCL8 secretion. Chapter 6
concludes that the most optimal protective effect (not only on the intestinal integrity,
but also on the CXCL8 release) is achieved when combinations of all DP fractions are
present, which emphasizes a possible synergistic effect of separate DPs. Therefore, the
potential protective effect of VGOS is dependent on the combination of the different DP
fractions, the DP length and DP concentration. The comparison of different classes of
oligosaccharides presented in Chapter 6 refers to the direct, microbiota-independent,
effects of different oligosaccharides on IECs. However, it cannot be excluded that
different results will be obtained when the microbiota has taken into account, although
there is also some evidence that the bifidogenic effect of oligosaccharides is also more
pronounced for lower DPs.

Besides the effect of DON on the epithelium-derived pro-inflammatory cytokines, we
further aimed to test the contribution of epithelial damage on the epithelial derived
Th2 cell inducing cytokine interleukin-33 (IL-33) (Chapter 7). The alarmin IL-33 and its
receptor ST2 have been shown to play an important role in mucosal barrier tissues, like
the intestine and the surface of the airways, where it functions as an endogenous danger
signal in response to tissue damage (45, 46). The IL-33/ST2 system seems to be crucial
for Th2 immune responses in various inflammatory diseases including auto-immune
diseases (rheumatoid arthritis) and inflammatory bowel disease (46, 47). In addition to
the observed protective effects of GOS on the intestinal barrier dysfunction (discussed
in Chapter 5 and Chapter 6), a reduction in the incidence of allergic manifestations and
infections has also been reported after nutritional application with GOS and FOS early in
life (48, 49). Hence, Chapter 7 aims to investigate the impact of dietary GOS intervention
onlL-33and ST2 expressionina murine model forintestinal barrier dysfunctioninduced by
DON (explained in Chapter 4) and in a murine model for house dust mite (HDM)-induced
allergic asthma. A strong positive correlation between the IL-33 mRNA expression levels
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in the mouse distal small intestine and the DON-induced intestinal barrier breakdown has
been displayed in our study. DON increases the IL-33 expression in the distal part of the
mouse small intestine, whereas the DON-induced IL-33 mRNA expression is accompanied
with an increase in ST2 mRNA expression in the mouse distal small intestine. Chapter 7
shows also for the first time that dietary intervention with GOS counteracts the DON-
induced IL-33 mRNA expression and distribution pattern in the distal part of the mouse
small intestine. In the HDM-induced allergic asthma model, the dietary intervention with
GOS reduces the IL-33 protein levels and ST2 mRNA expression in the lungs of HDM-
allergic mice. This promising effect may open up new avenues to use GOS not only as a
prebiotic in infant nutrition, but also as a functional ingredient that targets inflammatory
processes and allergic responses.

In conclusion, this overall summary of the different chapters combined in this thesis
pointed towards the major results obtained, including:

- The direct, non-microbiota dependent, effects of galacto-oligosaccharides (GOS) on
intestinal barrier integrity, particularly on the tight junctions.

«  Thesedirect, microbiota independent effects not only depend on the oligosaccharide
structure, but also on the DP length and concentration.

«  The protective effect of GOS, particularly Vivinal® GOS, against the detrimental
effects of the 12,13-epoxytrichothecene deoxynivalenol, a mycotoxin that is found

with increasing frequency in various food commodities, including breast milk.

«  The anti-inflammatory effect of GOS on challenged epithelial cells, demonstrated by
the prevention of the induction and release of CXCL8.

- The protective effect of dietary GOS intervention on the Th2-mediated immune
responses induced by epithelial damage as observed by the suppression of the IL-33
expression.

The above mentioned protective effects of GOS are summarized in the following figure:
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Figure 1. Schematic illustration of the protective effects of GOS on the DON-induced intestinal epithelial
barrier breakdown and epithelial-derived immune responses.

The gut mucosa is constantly challenged by a diverse microbial community (yellow rod-shaped bodies), food-borne
toxins (T) and foreign antigens (red heptagrams). Therefore, the precise regulation of the intestinal barrier, mainly
formed by TJs, appears to be crucial for gut immune homeostasis (Chapter 2). The most prominent example of a
food-borne toxin primarily associated with an impairment of the intestinal barrier is the mycotoxin DON (Chapter 3).
DON disintegrates the intestinal epithelial barrier function as observed by a decrease in TEER values and an increase
in paracellular tracer transport (Chapter 4). The DON-induced impairment of the epithelial integrity is related to
changes in the expression level and/or cellular distribution of different TJs (CLDNs, OCLN, and Z0s) (Chapter 3 and
Chapter 4). GOS prevent the DON-induced intestinal epithelial barrier disruption as measured by TEER values and
paracellular transport, whereas only the DON-induced CLDN3 expression and distribution have been almost entirely
prevented by GOS. Furthermore, GOS accelerate the TJs reassembly. In addition to the protection of the intestinal barrier
function, GOS positively modify the gut-related immune responses, since the DON-induced epithelial derived CXCL8 and
alarmin IL-33 are mitigated by GOS (Chapter 5 and Chapter 7). Abbreviations used: CLDNs, claudins; CXCL8, chemokine
(XC motif ligand 8; DON, deoxynivalenol; GOS, galacto-oligosaccharides; IL-33, interleukin-33; OCLN, occludin; TEER,
transepithelial electrical resistance; Ts, tight junctions; Z0s, zonula occludens. The structure of a B(1-4) linked GOS
molecule is adapted from Jeong et al. (50).
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Chapter9

The interplay between an individual, human or animal, with the environment is a pivotal
key to health and well-being. A major unit in this interaction is the gastrointestinal (Gl)
tract due to its large surface area (approximately 400 m? in an adult human) and its role
as interface between nutritional and harmful substances, including natural antigens,
pathogens and toxins. To protect the body from these potentially hazardous stressors,
a physical barrier between the intestinal lumen and the underlying tissue, including the
gut-associated immune system, is formed by a monolayer of tightly adhered intestinal
epithelial cells (IEC) (1-3).

The intestinal epithelium contains not only enterocytes, but also mucus-secreting goblet
cells, contributing to a chemical barrier, as well as Paneth cells that actively secrete
functional anti-microbial peptides (4, 5). The second line of defense is the lamina propria
of the intestinal wall, which hosts the majority of mucosal immune cells of the body.
The major challenge for the immune system is to develop tolerance against nutritional
substances and commensal non-dangerous bacterial population, while recognizing and
attacking invading pathogens (2, 6).

Permeability of the intestinal barrier is facilitated by two main routes: transcellular and
paracellular pathways. The transcellular permeability is generally related to the passage
of soluble nutrients, such as minerals, amino acids, fatty acids, sugars and water, through
epithelial cells, which is often mediated by specific transporters (7-9). The paracellular
permeability is associated with transport across an epithelium by passing through the
intercellular space between epithelial cells. This is controlled by a dynamic multiprotein
network, sealing the apical and apical-lateral sites of the epithelial cells, composed of
tight junctions (TJs), adherens junctions and desmosomes (for details see Chapter 2).

Mycotoxins as food contaminants and their potential to impair gut barrier functions
Mycotoxins are the most frequent natural contaminants present in the daily diets of
humans as well as animals. While previously, mycotoxins have been mainly considered
as being of public health concern due to the mutagenic, genotoxic and probably
pro-carcinogenic properties, recent interest focuses on the direct effects of certain
mycotoxins on the innate and acquired immune system and on gut health in general
(as reviewed in Chapter 3) (10-12). In this context, special attention has been given to
the deoxynivalenol (DON), which is produced by various Fusarium species at the pre-
harvest stage. DON occurs in many staple foods such as cereals and grains, in particularly
wheat and wheat-based products. DON resists the technical processes of milling and
food processing and can be detected in ready-to-consume food commodities (10, 13,
14).The high incidence of human exposure to DON is confirmed by the analysis of human
urine samples demonstrating that the exposure incidence exceeds in many cases 90%
of the tested population. Human exposure to DON can cover all age groups, even the
developing fetus, as it also transfers the placental barrier (15, 16).

In experimental studies with high DON concentrations, DON exerts a variety of toxic
effects, but the intestinal epithelium and the gut immune system are generally believed
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to be the main target organs for DON (17-20). We already demonstrated in piglets, that
even after low-level exposure to DON, which has been generally considered as acceptable
in animal feeds, clinically relevant changes are measurable in markers of gut health and
integrity (21).

In the presented investigations, DON was applied as a relevant model substance to study
the impairment of the intestinal barrier function. The choice was made in consideration of
its above-mentioned role as food contaminant, qualifying it as a substance that alsoin real
life challenges the intestinal barrier (in contrast to many other models), as demonstrated
by in vitro as well as in vivo studies (10, 13, 22). In this study, special emphasis was given
to the effect of DON on the expression and cellular distribution of TJ proteins. It was
demonstrated that the increased paracellular permeability induced by DON is associated
with a derangement of the cellular distribution of TJ proteins (for details see Chapter 4).
Conflicting results are described related to mechanisms behind the DON effects on the
TJ network. Pinton et al. (23) described that the DON-induced activation of the mitogen-
activated protein kinase (MAPK) extracellular signal-regulated kinase 1 and 2 (ERK1/2)
signaling pathway correlates with a reduction in barrier function observed by a decrease
in transepithelial resistance, increase in paracellular permeability and decrease in CLDN4
protein expression, whereas others pointed out that MAPK ERK1/2, c-Jun N-terminal
kinase, and NF-kB pathways were not involved (24).

Itis known that DON activates MAPK via a mechanism that has been termed the “ribotoxic
stress response” (13). It has been proposed that DON inhibit protein synthesis by binding
to the peptidyl transferase region of the ribosome and interfering with initiation and
elongation steps of protein translation. Furthermore, DON can also activate ribosome-
associated kinase known as double-stranded RNA-associated protein kinase (PKR) by
altering the tertiary structure of 28S ribosomal-RNA. Promoting the degradation of 28S
ribosomal RNA via an apoptosis associated pathway, DON impairs the ribosome function
resulting in an inhibition of the translation step in protein synthesis (25-28). In addition,
DON seems to prolong the usually transient expression of genes related to activation of
signaling cascades by transcriptional enhancement and/or transcript stabilization (29).
These mechanisms might explain the findings in our studies, where the derangement
of the cellular localization of TJ proteins, was accompanied by an increase in gene
expression, but a decrease in protein levels of various TJ proteins.

Due to the DON-induced translational impairment, de novo synthesis of TJ proteins
could be delayed, and hence might cause a long-lasting impairment of barrier function,
particularly after multiple exposures as common for food-born toxins. The exact
molecular targets for DON in the TJ complex still remains to be elucidated, but the
functional alterations that could be measured clearly indicate the clinical relevance of
these findings, identifying DON as risk factor for intestinal barrier breakdown.

207




Chapter9

Clinical manifestation of epithelial damage: chronic inflammatory responses

TJ proteins form a continuous belt-like structure encircling epithelial cells at the border
between the apical and lateral membrane regions and efficiently control paracellular
permeability. The metabolic pathways involved in the regulation of TJ homeostasis are
still largely unknown. Under pathophysiological conditions, different cytokines such
as IFN-y, TNF-q, IL-1B, IL-4, IL-6 and IL-13 can affect the function of TJ proteins and as a
consequence contribute to barrier impairment (8, 30, 31). In this aspect, T cells and mast
cells play a crucial role in immune regulation of intestinal barrier function as well. T cell-
derived IFN-y and TNF-a induce phosphorylation of epithelial myosin light chain (MLC),
leading to disruption of TJ structures (32). Mast cells release a variety of inflammatory
mediators ranging from cytokines to proteases, which have been shown to impair
intestinal barrier function. For example, mast cell protease-1 (MCPT-1) degrades the TJ
proteins, altering barrier function (8, 33).

The model compound DON used in the current studies, is known to induce a pro-
inflammatory response as evidenced by increased serum levels of IFN-y, IL-2, IL-4 and
IL-6 levels in DON-exposed mice (34) as well as by the induction of inflammation- and
immune-regulated genes after DON exposure in vitro (35, 36). In the current experiments,
the DON-induced increase in CXCL1 as well as CXCL2 expression (murine CXCL8
homologs) in vivo and CXCL8 expression in vitro could serve as markers for the pro-
inflammatory effects. Basolateral secretion of CXCL8 plays a role in the recruitment of
circulating neutrophils from the bloodstream to site of tissue injury or infection, while it is
speculated that apically secreted CXCL8 may initiate or augment the pathway responses
in epithelial restitution prior to any potential loss of barrier integrity because of toxin
production (37-40). It is prudent to assume that the secretion of these chemokines are
important factors driving the regulation of TJs and the loss of barrier function. Both MAPK
p38 and NF-kB pathways have been identified to play a role in the DON-induced CXCL8
secretion (41, 42).

Derangement of the TJ protein complex increases the paracellular permeability and
may trigger the translocation of allergens and pathogens into the sub-epithelial space
resulting in activation of the immune system. The final outcome is an accelerating
inflammatory response that further fuels barrier disintegration and is further thought
to be important in the initiation and/or development of allergies and several chronic
inflammatory diseases, such as inflammatory bowel disease and celiac diseases (8, 43-45).
We therefore hypothesized in the related publication (Chapter 4) that DON-exposure
might contribute to the prevalence of these diseases.

Clinical manifestation of epithelial damage: allergic responses

Epithelial damage may contribute to the development of allergic manifestations and
it has been previously shown that disruption of the airway epithelial barrier as well as
epidermal barrier could induce allergic sensitization. The proteolytic activity of inhaled
allergens, such as house dust mite (HDM), pollen or fungi (particularly Aspergillus
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fumigatus) can disrupt the TJ network in the lung epithelium. Subsequently, this
epithelial damage results in activation of dendritic cells (DC) and the release of cytokines
and alarmins (endogenous danger signals) important for a Th2 cell skewing in immune
responses, as well as the IgE synthesis by B cells (46-48). Also in the skin, Strid et al. (49, 50)
found that even mild epidermal damage results in production of alarmins and cytokines,
which initiate migration and activation of epidermal y& T cells required for the induction
of specific cytokines associated with Th2 responses leading to a systemic IgE response. In
line with these observations in lung and skin, intestinal epithelial damage and subsequent
release of alarmins may also be essential requisites for the initiation and development of
allergic sensitization and ultimately Th2-mediated immune responses (51, 52).

Local protective and tolerogenicimmune responses towards the luminal content depend
on antigen sampling by the gut epithelial layer (53). Recent investigations by our group
showed that DON facilitates allergic sensitization to food proteins, suggesting a potential
role of DON and possible other food contaminants in allergic sensitization in humans (54).
In this study, the DON-induced epithelial damage resulted in a rapid increase of intestinal
IL-33 and its receptor ST2 in serum, which was associated with changes in intestinal cell
subsets, including elevated numbers of ILC2 and DC (54).

Among the different alarmins that are produced in response to tissue damage, special
attention has been devoted recently to IL-33, a member of the IL-1 cytokine family. IL-
33 delivers an important danger signal in the cellular response to the epithelial damage
(55) and it has been shown that the epithelial inflammatory response is largely regulated
by IL-33 and its receptor ST2 (56). This epithelial cell-derived IL-33 can induce an
allergic response, even in the absence of the B and T cells, which suggest the potential
involvement of type 2 innate lymphoid cells (ILC2) in this response (57, 58). ILC2 produce
IL-5, IL-9 and IL-13 in response to IL-33 and therefore, serve as an important signal that
orchestrates the type 2 response to allergens (58, 59).

Our and previous findings demonstrated that IL-33 and ST2 are both associated with the
development and maintenance of allergic asthma (60, 61), whereas treatments with anti-
IL-33 or anti-ST2 antibodies abrogated the Th2-mediated inflammatory response (62, 63).
Besides the involvement of IL-33 in allergies, IL-33 is also related to an impaired barrier
function as observed in mice treated with exogenous IL-33, IL-337 mice and in patients
with Crohn’s disease and ulcerative colitis (64-67). In Chapter 7, we described an increase
in IL-33 and ST2 mRNA expression in the mouse distal small intestine after a DON gavage
and even the IL-33 production in the distal small intestine was augmented by DON as
demonstrated by immunohistochemistry.
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Intervention strategies to preserve losses of barrier integrity

1. Direct effects of galacto-oligosaccharides on TJ proteins

Dietary application of non-digestible oligosaccharides, such as galacto-oligosaccharides
(GOS) and fructo-oligosaccharides (FOS), is commonly used in infant formula to
mimic the gut health- promoting effects of human milk oligosaccharides (HMOs), and
have been associated with a reduced risk of inflammatory diseases as well as allergic
responses. Initially, oligosaccharides have been selected due to their prebiotic activity,
since they shape the intestinal microbiota and promote the development of desirable
microorganisms, such as Bifidobacterium and Lacobacillus spp., thereby supporting both
digestive and immune health (68-71).

Importantly, in this thesis we described the direct, microbiota-independent effects of
selected oligosaccharides on the TJ network and the corresponding barrier integrity.
The first evidence was obtained by demonstrating the capability of GOS to promote the
reassembly of TJ proteins after a calcium-deprivation period (see Chapter 5 for details).
Furthermore, we showed that GOS can prevent the DON-induced intestinal barrier
disruption mainly through direct stabilization of the expression and cellular distribution of
CLDNS3 (Chapter 5). It has been previously demonstrated that the Ras GTPase superfamily
(including Rho and Rab13), protein kinase C (PKC) and AMP-activated protein kinase
(AMPK) regulate the assembly of epithelial TJ proteins, and therefore these are interesting
targets to be evaluated in the future (72-74). Rho GTPase-dependent regulation of the
actin cytoskeleton is very important for processes requiring the assembly of TJ proteins
(73, 75), whereas Rab13 plays a role in early junctional formation and is involved in
endocytic recycling and regulating the transport of transmembrane proteins, including
claudins and occludin, to the plasma membrane (76-78). Furthermore, PKC is known to
regulate the subcellular localization, phosphorylation states, and transcription of several
TJ proteins, including claudins, occludin and ZO proteins (31, 74), whereas AMPK maintains
the cellular energy balance. It has been shown that the level of AMPK phosphorylation
increases during calcium-induced TJs assembly and expression of a kinase-dead mutant
of AMPK inhibits TJs assembly (72, 79).

Besides TJ proteins, adherens junctions (AJ) are also involved in intestinal epithelial
integrity and homeostasis. AJ consist of transmembrane proteins, including E-cadherin
and nectin, as well as associated cytoplasmic proteins, the catenins, which are directly
connected to the actin cytoskeleton (80-82). In contrast to TJ proteins, the intercellular
space does not completely disappear at the level of adherens junctions (83). Considering
that in particular E-cadherin plays a role in initiation and stabilization of cell-cell contacts
through a Ca?" dependent mechanism, it can be hypothesized that the acceleration of
the TJs reassembly in the calcium switch assay as well as the functional losses observed
in our transcellular transport experiments, are also associated with changes in E-cadherin
expression (which was not measured in these studies). Indeed, in other experiments
of our group we could show that GOS prevented the protein disruption as well as the
delocalization of E-cadherin, related to the loss of barrier function under the conditions
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of heat stress (84). In the same study, GOS prevented the heat-induced increase in haem
oxygenase-1 (HO-1) mRNA levels, a sensitive marker of oxidative stress. Possibly GOS,
like other glycans, have a macromolecule-stabilizing character that protect cells against
oxidative stress (85). Numerous studies have reported that oxidative stress is also an
important mechanism in the toxicity of tricothecenes, like DON (86-89).

2. Immunomodulatory effects of galacto-oligosaccharides on the intestinal
barrier
Numerous studies have addressed the potential immunomodulatory effect of dietary
oligosaccharides in human and animals focusing on their effects of the intestinal flora
(68, 90, 91). However, when studying the microbiota-independent effects of GOS on
intestinal barrier integrity, we could demonstrate that GOS have the ability to modulate
the DON-induced epithelial CXCL8 release (Chapter 5). We further demonstrated that
dietary intervention with GOS mitigates the alarmin IL-33 in mouse intestines, observed
in a murine model for intestinal barrier dysfunction and in murine lungs in the HDM-
induced asthma model (Chapter 7). These promising effects may open new avenues to
use GOS not only as a prebiotic in infant nutrition, but also as a functional ingredient that
targets inflammatory and allergic responses.
The currently available preclinical experiments warrant studies to further unravel
the mechanism behind this effect and clinical studies would be the next approach to
evaluate our findings in experimental animals. Dietary invention studies with GOS
and other oligosaccharides related to diseases with intestinal barrier breakdown, like
inflammatory bowel disease and celiac disease, would be a valuable addition to the
clinical studies that are already conducted in infants as well as in adults (92-94). In
addition, our findings suggest that also animals would benefit from the addition of GOS
and other oligosaccharides to their diet. Typical indications for such an application are
neonatal animals, piglets around weaning experiencing a loss of barrier function due to
drastic dietary changes, animals exposed to mycotoxin-contaminated diets (pigs show
the highest sensitivity to DON), as well as heat-exposed chickens (21, 95, 96).
Only a few studies have recently described direct immunomodulatory effects of
oligosaccharides with different cell types during both steady-state and inflammatory
conditions (97-100).
For example, incubation of unstimulated Caco-2 cells either with FOS or a3-sialyllactos
can inhibit the expression of pro-inflammatory cytokines (CXCL8, IL-12 and TNF-a) and
the nuclear translocation of NF-kB. These immunomodulatory effects of oligosaccharides
might be related to the induction of the nuclear receptor peroxisome proliferator-
activated receptor y (PPARy), which regulates the peptidoglycan recognition protein
3 (PGIyRP3) (98). Badia et al. (101) reported that plant-derived oligosaccharides are
able to attenuate Salmonella-induced IL-6 and CXCL8 secretion in porcine intestinal
epithelial cells. In addition, oligosaccharides may also act as molecular receptor decoys
or antiadhesives that can competitively inhibit the adherence of pathogens to the host
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epithelial cell surface (102).

Various investigations hypothesize an interaction with TLR4 receptors as the GOS/
IcFOS-induced IL-10 release by DCs is impaired by addition of a TLR4 antagonist (103).
Comparable results were described by our group showing that PBMCs derived from GOS-
treated foals were less responsive to a LPS challenge (97) and Ortega-Gonzalez et al. (104)
suggested that oligosaccharides are TLR4 ligands in intestinal epithelial cells. While this is
certainly a valid hypothesis, the fact that Caco-2 cells, used in current experiments, do not
express TLR4 receptors, points towards alternative molecular targets.

Epithelial cells express proteins involved in the recognition of carbohydrate (glycan)
structures, so called lectins that may be involved in the recognition of non-digestible
oligosaccharides. One family of the soluble type lectins expressed by IEC that contain
carbohydrate recognition domains, are galectins, which exhibit binding specificity for
[-galactosides (105). To date, IEC were found to express galectin-2, -3, -4, -6, -7 and a
specific long isoform of galectin-9 (105, 106). Although it has not been confirmed,
HMOs or related oligosaccharides like GOS and FOS, may bind to galectins, resulting in
modulation of the immune response in the intestine. de Kivit et al. (100) showed that
galectin-9 is expressed and secreted by IEC upon activation of TLR9 and exposure to
GOS/IcFOS, which supports a tolerogenic DC-mediated Th1/Treg response. Due to the
importance of the crosstalk between IEC and the underlying immune system, application
of co-culture models with IEC and different immune cells (100, 107) may provide
additional insights into the direct targets and immunomodulatory properties of GOS and
other oligosaccharides.

3. Structure-activity relationships of galacto-oligosaccharides

Commercially available GOS are produced by enzymatic digestion of the milk sugar
lactose. This fermentation process results in a complex mixture of oligosaccharides with
different degrees of polymerization (DP) (for details see Chapter 6). When comparing
these GOS mixtures with plant-derived oligosaccharides, such as FOS and Inulin (used
as a reference), it appeared that the GOS mixture was more effective in the experimental
model with Caco-2 cells, in which TEER and paracellular transport of marker molecules
were used as main functional parameters to assess their effect on DON-induced intestinal
barrier breakdown.

The comparison with individual DP fractions again revealed that the mixture of different
fractions was more potent than individual fractions. Also an additive effect of various
DP fractions present in the mixture can be assumed. The further results showed that
particularly the lower DP fractions (like DP2 and DP3) present in Vivinal® GOS syrup were
more effective compared to the higher DP fractions. However, the DP concentration as
presentinVivinal® GOS syrup may be crucial for the observed protective effects. Compared
to GOS, more complex oligosaccharides with higher degree of polymerization, like Inulin,
did not affect the intestinal barrier integrity as well as the corresponding CXCL8 release.
This is not entirely unexpected, as with a higher DP and an increased molecular size,
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membrane attachment and/or transport will be hampered.

It has been speculated for a long time, whether any of the oligosaccharides that are
dietary applied, could pass the intestinal barrier. However, the presence of HMOs in the
circulation (plasma and urine) of breastfed infants is recently reported (108). In addition,
recent investigations by our group provided clear evidence for a - albeit limited -
absorption from the intestinal lumen, as dietary applied oligosaccharide structures could
be detected in the blood and urine of piglets (109).

The discovery of prebiotic oligosaccharides in the body fluid highlights the importance
of a further evaluation of the systemic effects of oligosaccharides in humans and the
molecular targets of GOS as discussed above.

Other potential molecular targets for dietary oligosaccharides at the intestinal
barrier

Besides the TJ network, a healthy gut barrier function is further acquired by other
structural elements, such as the physical barrier (mucus layer), the biochemical barrier
(anti-microbial peptides) and the immunological barrier (secretory immunoglobulin
A, slgA), each of which contributes in a unique way to the maintenance of barrier
integrity (3, 5, 110). Improved mucosal immunity and barrier function induced by
prebiotic supplementation has been previously attributed to specific changes in the gut
microbiota, particularly the stimulation of Lactobacillus and Bifidiobacterium spp. growth,
which are known to increase the expression and secretion of mucus, human B-defensin
2 and slgA (111-113). However, direct, microbiota-independent, effects of GOS and other
oligosaccharides on the physical, biochemical and immunological barriers awaits further
clarification.

An important, but often neglected part of gut barrier, is the mucus layer produced by
goblet cells. In addition to forming of physical barrier against pathogens, intestinal mucus
contributes to the establishment of the symbiosis between the host and the commensal
bacteria (114, 115). The major components of the mucus are called mucins, and the most
prominent mucin alongside the small as well as the large intestine is mucin-2 (MUC-
2). MUC-2 is densely packed within mucus granules of goblet cells and is released via
exocytosis (5, 116). Bhatia et al. (117) described that GOS may enhance mucosal barrier
function through direct stimulation of intestinal goblet cell secretory products, such
as MUC-2, trefoil factor-3 and resistin-like molecule B. In addition, GOS also enhance
specific Golgi sulfotransferases, which contribute to the production of barrier-enhancing
sulfomucins. Interestingly, it is known that DON inhibits the expression of intestinal
mucins, produced by goblet cells, through a PKR and MAPK dependent repression of
the resistin-like molecule 3, increasing the susceptibility of an enteric infection following
DON exposure (118).

Secretory IgA (slgA), produced by lamina propria plasma cells, is the major mucosal
antibody secreted into the gut and it has been recognized as a first line of innate
immunological protection against mucosal antigens. Immune exclusion generally refers
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to the process of agglutinating of antigens or microbial pathogens by crosslinking them
with slgA, trapping them in the mucus layer, and clearing them through peristalsis
(110). Apical exposure of Shigella flexneri to Caco-2 cells, for example, causes disruption
of the TJ network, actin depolymerization and cell death, which could be prevented by
agglutinating slgA (119, 120). We recently investigated the effects of GOS on the mucosal
immune system by measuring slgA in saliva of piglets and we observed that the addition
of GOS in the diet significantly increased the salivary IgA levels (121). We speculated
that promoting the abundance of specific intestinal Bifidobacterium spp. by dietary GOS
as observed in the same study, might contribute to this elevated slgA concentration in
saliva (121-123). However, a direct effect on the microbiome in the oral cavity could not
be entirely excluded. Since formula-fed infants lack the transfer of protective maternal
slgA (124), they would potentially benefit from dietary ingredients that support the
production of endogenous slgA, hence it is important to unravel the exact mechanism
behind this effect.

Conclusions

The current studies have focused on the identification of microbiota-independent effects
of oligosaccharides. To demonstrate their potential protective effects, the intestinal
barrier function was challenged by DON, a mycotoxin that occurs in the daily diet.
The main conclusion derived from our recent work is that a DON-induced disruption
of the TJ network and the corresponding epithelial inflammatory response could be
prevented by GOS, in addition to the well-known prebiotic effect of these non-digestible
carbohydrates. These findings clearly indicate that various molecular targets have to be
considered when evaluating the clinical efficacy of GOS. The presented experiments
were conducted with cultures of colonic epithelial cells (Caco-2 cells) in the absence of
immune cells. Although the results of various experimental approaches were confirmed
in in vivo experiments in mice, the number of test-parameters remained limited, focusing
on the TJs, as a novel approach in assessment of barrier protecting effects of galacto-
oligosaccharides. Therefore, the important finding that galacto-oligosaccharides indeed
exert microbiota-independent effects should stimulate further investigation into other
functional aspects of the intestinal barrier and associated disease conditions. This may
result in the identification of new indications for the utilization of their protective effects
against bacterial and fungal toxins and other environmental stressors that can jeopardize
gut health.
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Het darmstelsel bevat een enorm groot aantal micro-organismen, gezamenlijk de
microbiota genoemd. De kolonisatie van de darm begint al tijdens de 1¢ levensuren
en de bacterién waarmee de pasgeborene in de eerste periode in aanraking komt,
bepalen grotendeels de uiteindelijke samenstelling van de microbiota. Een gezonde
darm- en vaginale flora van de moeder ondersteund door de functionele ingrediénten
in moedermelk zijn de eerste aanzet voor een gezonde darmflora van het kind. Deze
darmflorais direct betrokken bij de ontwikkeling van hetimmuunsysteem en steeds meer
onderzoeken wijzen uit dat de eerste kolonisatie van de darm cruciaal is voor reactiviteit
van het immuunsysteem later in het leven. De “goede” bacterién in de darm kunnen
het immuunsysteem ondersteunen en werken dus beschermend tegen allergieén,
ontstekingen of auto-immuun ziekten.

Ons darmkanaal wordt voortdurend blootgesteld aan binnendringende, potentieel
schadelijkeelementen,zoals natuurlijkeantigenen, pathogenen, en toxinen.Mycotoxinen,
de door schimmels geproduceerde chemische stoffen, zijn veel voorkomende natuurlijke
voedselcontaminanten die in het dagelijkse dieet voorkomen en geassocieerd worden
met (acute en chronische) ziekteverschijnselen bij mens en dier. Het mycotoxine
deoxynivalenol (DON), een toxine geproduceerd door verschillende soortenvan hetgenus
Fusarium, komt voor op granen, zoals tarwe, en mais. DON is een zeer stabiel molecuul
en kan niet door verhitting geneutraliseerd worden en is daarom ook vaak aanwezig in
verwerkte graanproducten. De negatieve effecten van het mycotoxine DON op mens en
dier komen steeds meer aan het licht en recent is gebleken dat DON de darmbarriére kan
beinvloeden. De darmbarriére is een van de eerste verdedigingslinies van het lichaam
en zorgt ervoor dat ziekteverwekkers en schadelijke stoffen uit de omgeving en de
voeding het lichaam niet binnendringen. De intrinsieke component van de darmbarriere
bestaat uit een laag epitheelcellen, die door tight junctions met elkaar verbonden zijn.
Tight junctions zijn eiwitten die het “cement” tussen de darmepitheelcellen vormen om
te voorkomen dat antigenen, pathogenen en toxinen uit het lumen in de bloedbaan
terecht komen. Tevens spelen mucus (slijm) en antimicrobiéle peptiden geproduceerd
door Goblet cellen (slijmbekercellen) en Paneth cellen een rol bij het beschermen van de
darm tegen ziekteverwekkers.

Baby’s (en pasgeboren dieren) hebben een functioneel immatuur (onrijp) en immuno-
naief darmstelsel bij de geboorte en zijn door de verhoogde doorlaatbaarheid van
de darm zeer gevoelig voor potentieel schadelijke stoffen. Blootstelling aan toxinen
kan direct leiden tot malabsorptie van nutriénten en lokale ontstekingsreacties. Deze
verhoogde doorlaatbaarheid van het epitheel tijdens de vroege levensfases kan zelfs
leiden tot een verhoogde kans op chronische ontstekingsreacties later in het leven, zoals
allergieén en auto-immuunziekten.

Bij de postnatale ontwikkeling van de microbiota en het immuunsysteem lijken
oligosacchariden, complexe suikers die in grote mate voorkomen in moedermelk, een
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essentiéle rol te spelen. Helaas is het geven van borstvoeding niet altijd mogelijk voor alle
vrouwen, en is het zoeken naar alternatieven voor deze prebiotische oligosacchariden
een uitdaging. Een veel gebruikt alternatief of aanvulling van moedermelk zijn
producten met toegevoegde galacto- and fructo-oligosacchariden (GOS en FOS), die ook
prebiotische activiteit vertonen en de samenstelling van de microbiota in de darm van
kinderen die borstvoeding krijgen, kunnen evenaren. Eerdere onderzoeken hebben deze
positieve effecten op de microbiota en het gerelateerde immuunsysteem in de darm
veelvuldig bevestigd. Het hier gerepresenteerde onderzoek richt zich dan ook op andere,
microbiota-onafhankelijke effecten van deze oligosacchariden en beschrijft hun werking
op de darmepitheelbarriére en functie. De verschillende in vitro en in vivo modellen, die
ontwikkeld zijn om deze effecten duidelijk te maken, zijn beschreven in dit proefschrift.

Doel en overzicht van het proefschrift

Het doel van dit proefschrift is het uitbreiden van de huidige kennis betreffende effecten
van niet verteerbare oligosacchariden op een verstoorde darmbarriére en het darm-
gerelateerde immuunsysteem. Om dit doel te bereiken zijn de volgende subdoelen
behandeld in het proefschrift:

1. Het opzetten van reproduceerbare in vitro en in vivo modellen, die gebruikt kunnen
worden om de effecten van niet verteerbare oligosacchariden op de beschadiging van
de darmbarriére te testen.

2. Het bepalen en vergelijken van de directe, microbiota-onafhankelijke effecten van
niet verteerbare oligosacchariden op darmbarriére verstoringen in epitheelcellen en
meer kennis vergaren betreffende de invloed van de structuur en grootte van deze
oligosacchariden op dit beschermende effect.

3. Het onderzoeken van het effect van niet verteerbare oligosacchariden op hetimmuun
systeem na darmbarriére verstoringen met de nadruk op cytokines geproduceerd door
epitheelcellen (CXCL8) en T helper 2 gemedieerde cytokines (IL-33/ST2 systeem).

Hoofdstuk 2 geeft een overzicht van de verschillende tight junctions, die een rol spelen
in het handhaven van de darmbarriére functie, gericht op de moleculaire structuur, het
voorkomen in de darm en hun klinische relevantie. Tight junctions zijn opgebouwd uit
transmembraaneiwitten (o.a. occludine en claudine), die interageren met intracellulaire
eiwitten (scaffolding eiwitten), zoals zona occludens 1 (ZO-1), die transmembraan eiwitten
verankeren aan het actinecytoskelet. De meest belangrijke functie van de tight junctions
tussen de aangrenzende cellen is het voorkomen van een paracellulair transport van
antigenen, pathogenen en toxinen uit het lumen. De interactie tussen verschillende tight
junction eiwitten is van groot belang voor het behouden van een goede darmintegriteit
en een goed gereguleerde barriére is cruciaal voor de homeostase in de darm. Verstoring
van de darmbarriere kan leiden tot de ontwikkeling van verschillende chronische
ontstekingsprocessen, zoals inflammatory bowel disease (ziekte van Crohn en colitis
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ulcerosa), coeliakie en andere allergische reacties tegen antigenen uit de voeding.

In Hoofdstuk 3 wordt op de betekenis van mycotoxinen in de humane voeding ingegaan.
De contaminatie van (humane en dierlijke) voeding met mycotoxinen is een wereldwijd
probleem en verdient steeds meer aandacht door de verhoogde prevalentie van deze
natuurlijke toxines in granen en graanproducten. Uit recente onderzoeken is gebleken,
dat verschillende mycotoxinen ook schadelijke effecten teweeg kunnen brengen in de
darm, omdat ze het darmepitheel direct aantasten. In Hoofstuk 3 worden de effecten
van verschillende mycotoxinen op de darmbarriere beschreven gebaseerd op in vitro en
in vivo data. Blootstelling aan deoxynivalenol (DON), T-2/HT-2 toxin, patulin, ochratoxin
A, fumonisin B, of aflatoxins kan in verschillende mate de darmbarriére functie verstoren.
Door de mogelijke aanwezigheid van mycotoxinen in moedermelk en de onvolgroeide
darmbarriere bij pasgeborenen, zijn kinderen bijzonder gevoelig voor blootstelling aan
deze toxinen. Het meest bekende voorbeeld van een mycotoxine die de darmbarriére
verstoord, is het Fusarium toxine DON, dat tevens bekend is geworden door zijn pro-
inflammatoire en immuun-modulatoire eigenschappen.

In Hoofdstuk 4 ligt de focus op de opheldering van de cascade van schadelijke effecten
geinduceerd door het mycotoxine DON en deze cascade leidt uiteindelijk tot een
beschadiging van de darmbarriére. Een van de typische effecten van DON, gemeten
in een in vitro model met Caco-2 cellen, een wel bekende epitheliale cellijn afkomstig
van het menselijke colon, is het verlies van de barriére integriteit. Dit is gemeten door
bepaling van de elektrische weerstand van de cellaag. Een interessante bevinding bij
deze proeven is het feit, dat de verstoring van de barrierefunctie niet alleen afhankelijk
is van de mycotoxine concentratie en tijd van blootstelling, maar de mate van verstoring
wordt ook bepaald door de blootstellingsroute, waarbij de volgende rangorde in de ernst
van het effect bepaald is: apicaal en basolateraal > basolateraal > apicaal. Tevens is de
paracellulaire transport van markermoleculen verhoogd in epitheelcellen gestimuleerd
met DON en in muizen die een orale gavage met DON hebben gehad. Zowel de in
vitro experimenten met de darmepitheelcellen blootgesteld aan DON, als de in vivo
experimenten met muizen blootgesteld aan DON, laten zien dat het tight junction
network verstoord is. DON heeft ook een negatief effect op de histomorfologie van de
dunne darm, want zowel de villus lengte als de oppervlakte van de villus zijn afgenomen.

In Hoofdstuk 5 zijn experimenten beschreven, die laten zien, dat de door DON verstoorde
integriteit van de darmbarriére, voor een groot gedeelte kan worden voorkomen, indien
de Caco-2 cellen van tevoren worden “beschermd” door GOS, het prototype van niet-
verteerbare oligosacchariden. GOS staat bekend om zijn potentiele anti-inflammatoire
en immuun-modulatoire effecten in de darm. De hier gepresenteerde onderzoeken laten
zien, dat GOS niet alleen een prebiotische werking heeft (invloed op de samenstelling van
de microbiota), maar kan ook direct de darmbarriére ondersteunen door de vorming van
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tight junctions te bevorderen. Deze werking van GOS, i.e. het herstel van de verstoring
in het tight junction netwerk werd zowel in vitro alsmede in vivo in experimenten
met muizen aangetoond. Met betrekking tot het immuunsysteem is bewezen dat de
synthese en release van interleukine-8 (CXCL8) en CXCL1 (muis homoloog voor CXCL8),
een belangrijke mediator bij ontstekingsprocessen, geinduceerd wordt door DON.
Ook dit effect van DON kan worden onderdrukt door voorbehandeling met GOS. Ook
de veranderingen in de structuur van de darm, zoals de veranderingen in de villus
architectuur na DON blootstelling zijn verminderd na toediening van een GOS dieet
voorafgaand aan de orale gavage met DON.

In Hoofdstuk 6 worden onderzoeken naar de actieve structuren in GOS beschreven.
GOS is een fermentatieproduct dat bestaat uit een mengel van oligosacchariden met
verschillendemoleculairestucturen (degree of polymerization, DP). Het werd gepostuleerd
dat mogelijkerwijs de structuur en grootte van individuele oligosacchariden eenrol spelen
bij de beschermende effecten op darmbarriére. In het in vitro testsysteem met humane
darmepitheelcellen blootgesteld aan DON zijn daarom verschillende oligosacchariden
getest: GOS (Vivinal® GOS siroop en gezuiverde GOS, gemaakt uit lactose), FOS (fructo-
oligosacchariden) en Inuline (gemaakt uit planten). De effecten van deze verschillende
oligosacchariden op epitheelbarriére integriteit en CXCL8 release zijn vergeleken.
Duidelijke onderlinge verschillen tussen de oligosacchariden zijn waargenomen met
betrekking tot de effecten op epitheelbarriere functie. Vivinal® GOS siroop vertoont de
meest duidelijke beschermende effecten op epitheelbarriére integriteit, en gezuiverd
GOS, FOS en Inuline zijn minder potent. Naast de effecten op barriere functie, remt
alleen Vivinal® GOS siroop de ontstekingsreactie (CXCLS release) geinduceerd door DON.
Er kan niet worden uitgesloten met deze experimenten, dat andere resultaten zullen
worden verkregen indien er rekening gehouden wordt met de aanwezigheid van de
microbiota. De geobserveerde verschillen tussen de oligosacchariden en de potentiele
beschermende effecten van Vivinal® GOS siroop zijn dus blijkbaar afhankelijk van de
oligosacharide structuur, molecuulgrootte en mate van polymerisatie.

In Hoofdstuk 7 wordt dieperingegaan op hetimmuun-modulatoire effect van GOS op de
Thelper 2-geinduceerde cytokine interleukine-33 (IL-33).1L-33 en zijn receptor ST2 spelen
een belangrijke rol in mucosale weefsels, zoals de darm en de long, waar zij functioneren
als alarmsignaal in reactie op weefselschade. Het IL-33/ST2 systeem is cruciaal voor het
induceren van T helper 2 immuunreacties in verschillende ontstekingsziektes, zoals auto-
immuunziekten, IBD en allergieén. Uit voorgaande onderzoeken is gebleven dat GOS niet
alleen effect heeft op een verstoorde darmbarriére (zoals bediscussieerd in Hoofdstuk 5
en Hoofdstuk 6), maar toevoeging van GOS/FOS aan zuigelingenvoeding lijkt ook het
risico op allergische ziekten en infecties te verminderen. Daarom wordt in Hoofdstuk
7 onderzocht of een dieet met GOS invloed heeft op IL-33 en zijn receptor ST2 in de
darmen van muizen met een verstoorde darmbarriére en in de longen van muizen
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met allergisch astma. GOS vermindert de verhoogde IL-33 expressie in de dunne darm
geinduceerd door DON en verlaagt de IL-33 eiwit niveaus en ST2 expressie in de longen
van astmatische muizen. Deze veel belovende resultaten suggereren dat GOS niet alleen
gebruikt kan worden als prebioticum in zuigelingenvoeding, maar tevens als functioneel
ingrediént om inflammatoire en allergische reacties te onderdrukken.

In conclusie, de verschillende hoofdstukken uit dit proefschrift hebben de volgende
belangrijke resultaten opgeleverd:

«  GOS heeft naast zijn eigenschappen als prebioticum, een microbiota-onafhankelijk
effect op de darmbarriere integriteit, voornamelijk op het tight junction network.

- Dedirecte, microbiota-onafhankelijke effecten van de verschillende oligosacchariden
zijn niet alleen afhankelijk van de oligosacharide structuur en concentratie, maar ook
van de mate van polymerisatie.

. Een beschermend effect van (voornamelijk) GOS op de schadelijke effecten van het
mycotoxine DON, een veel voorkomende voedselcontaminant.

« Een anti-inflammatoir effect van GOS op gestimuleerde darmepitheelcellen,
aangetoond door de vermindering van CXCL8 inductie.

«  Een beschermend effect van GOS op de T helper 2 immuunreacties geinduceerd
door epitheelschade, aangetoond door een verlaging van de IL-33 expressie.

In de literatuur werden de effecten van GOS tot nu toe voornamelijk toegeschreven aan
de prebiotische werking en dus de verandering in samenstelling van de microbiota van
de darm. De resultaten in dit proefschrift betreffende de directe interactie van GOS met de
darmepitheelcellen geven aanwijzingen voor andere moleculaire werkingsmechanismen
van oligosacchariden en ruimere toepassingsmogelijkheden in de preventie van
allergische en immuun-gemedieerde ontstekingsprocessen.
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