Commensal microorganism
A microorganism living in a
mutually advantageous
relationship with a mammalian
host (for example, in the lumen
of the gastrointestinal tract).

Mucus

A viscous, highly hydrated fluid
layer that overlies the mucosal
surface and is rich in secreted
mucin glycoproteins and other
molecules involved in host
defence against infection.
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Mucin dynamics and enteric pathogens

An enormous surface area of mucosal epithelial cells in
the gastrointestinal tract is potentially exposed to enteric
microorganisms. The mucosal epithelium has highly
specialized functions throughout the gastrointestinal
tract to allow ingested food to be digested, absorbed and
processed for excretion. These processes must coexist
with the need to provide a barrier both to the commensal
microorganisms that ferment undigested food material in
the lumen of the intestine and to potential viral, bacterial
and eukaryotic pathogens. The mutually beneficial rela-
tionship between the commensal microorganisms and
the host is a delicate balance that is maintained by appro-
priate host barrier function and by specific adaptations
of the microorganisms. Although commensal micro-
organisms do not generally cause disease, this is context
dependent: when the mucosal surface is damaged, the
commensal microorganisms can become opportunis-
tic pathogens and contribute to pathology. In order to
protect the mucosa, the host produces a thick, complex
layer of mucus that covers the gastrointestinal tract in the
stomach, the small intestine and the large intestine.
The constituents of this mucus barrier vary through-
out the gastrointestinal tract and are rapidly turned over,
can respond dynamically to infection, and are regulated
by underlying innate and adaptive immunity. The mucus
layer is produced by specialized secretory cells that are
found throughout the entire intestinal tract (FIC. 1). In
the mouth and oesophagus, the mucosa consists of a
squamous epithelial layer with underlying glands that
secrete the fluid (saliva) which lubricates and protects
these tissues. Saliva is a complex fluid containing mucin
glycoproteins and antimicrobial molecules, which repre-
sent the first host challenge for ingested enteric patho-
gens. From the stomach to the rectum, the mucosa
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Abstract | The extracellular secreted mucus and the cell surface glycocalyx prevent infection
by the vast numbers of microorganisms that live in the healthy gut. Mucin glycoproteins are
the major component of these barriers. In this Review, we describe the components of the
secreted and cell surface mucosal barriers and the evidence that they form an effective
barricade against potential pathogens. However, successful enteric pathogens have evolved
strategies to circumvent these barriers. We discuss the interactions between enteric
pathogens and mucins, and the mechanisms that these pathogens use to disrupt and avoid
mucosal barriers. In addition, we describe dynamic alterations in the mucin barrier that are
driven by host innate and adaptive immune responses to infection.

consists of a single layer of columnar epithelial cells
covered by a layer of secreted mucus that is at its thick-
est in the stomach and colon. This is the major barrier
separating the epithelial cells and underlying host tissues
from the commensal microbiota. Like saliva, mucus is a
complex fluid that is rich in mucin glycoproteins, which
give mucus its viscous properties, and a diverse range
of antimicrobial molecules, including a broad range of
nonspecific molecules and secreted immunoglobulins
that are directed against specific microbial antigens. The
spatial separation of the colonic commensal microbiota
and the epithelium by the mucus layer is strong evidence
of the effectiveness of mucus as a barrier'?. Typically,
anaerobic commensal microorganisms occupy only the
outer mucus layer, leaving the inner mucus layer effec-
tively sterile’?. Ongoing degradation of the outer mucus
layer by anaerobic bacteria means that the mucus must
be continually replaced by the epithelium.

Enteric pathogens recognize environmental cues
within the mucus and have developed a range of strate-
gies to subvert and avoid this barrier to reach the under-
lying epithelium, where they can initiate disease. The
host response to these pathogens includes altering the
production rate, constituents and biophysical proper-
ties of the mucus. Although the barrier is effective at
excluding commensal microorganisms, enteric patho-
gens and parasites have evolved a wide range of strate-
gies for circumventing it to cause pathology in the host.
Both innate and adaptive immune responses modulate
and contribute to the barrier to commensal microorgan-
isms, and can respond rapidly to invasion of the epithe-
lium or the submucosa by enteric pathogens. Immune
cells — including antigen-presenting cells, T cells and
granulocytes — secrete cytokines and other factors that
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Mucin

A cell surface or secreted
glycoprotein that is
characterized by the presence
of a large filamentous domain
which is rich in complex
O-linked oligosaccharides.

Antimicrobial molecule
One of a group of molecules
that are produced by Paneth
cells and other epithelial cells
and that have a wide variety of
structures. Many are small,
cationic and amphipathic
peptides or lectins, and are
microbicidal because they
interact with and disrupt
microbial cell membranes.
Many of these molecules can
also be produced by
granulocytes.
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modulate the synthesis rate, glycosylation and release of
mucins. However, the function of the secreted mucus
barrier and its connections with the underlying epi-
thelium and immune cells is often overlooked by those
studying mucosal host-pathogen interactions. In this
Review, we describe the constituents of the extracellular
and cell-associated mucin barrier and provide an over-
view of the interaction of commensal and pathogenic
bacteria with this important defence layer.

The extracellular mucus barrier

Mucus is found throughout the entire gastrointestinal
tract but varies in thickness, ranging from 700 ym in the
stomach and large intestine to 150-300 um in the small
intestine’ (FIC. 1). The barrier consists of two layers: a
thinner inner mucus layer, which is physically difficult
to dislodge and is sterile, and a thicker outer mucus
layer, which is more easily dispersed and not sterile’.
The inner layer is much thinner in the small intestine
than in the large intestine’, a trait that may be neces-
sary to accommodate the need for nutrient absorption.
The extracellular mucus barrier has three major com-
ponents: secreted mucins, nonspecific antimicrobials and
specific antimicrobial immunoglobulins. The major pro-
tein components of mucus are listed in TABLE 1. Mucins
also have important functions at the cell surface, as
discussed below.

Figure 1| The gastrointestinal mucosal barrier. The
mucosa consists of a single layer of columnar epithelial
cells covered by a layer of secreted mucus. The secreted
mucus forms two layers, a thinner inner layer that is sterile
and difficult to dislodge and an outer layer that is not
sterile and is more easily removed. a | The outer layer of
the stomach contains low numbers of transiting bacteria
and measures ~120 um in rats and mice, whereas the inner
layer is sterile and measures ~100-150 pm. The mucus
consists of mucin 5AC (MUC5AC) and MUC6 and is
produced by mucus cells (stomach goblet cells). b | The
mucus layer is thinner in the small intestine, consisting of
aninner layer of ~15-30 pm and an outer layer of

100-400 pm; it is thickest in the ileum, where there are
approximately 10°-107 bacteria per gram of faeces in the
lumen. Mucus in the small intestine (consisting of mainly
MUC2) is produced by goblet cells and Paneth cells.
c|Mucus in the large intestine (mainly MUC?2) is
predominantly produced by goblet cells and consists of a
sterile inner layer of ~100 pm and a thick outer layer of
~700 um. Numbers of bacteria are greater in the large
intestine (10'°-10 per gram) than in the small intestine
owing to low numbers of bacteria in most food, bacterial
killing by acid in the stomach, and the fast transit time and
high concentration of bile acids in the small intestine,
which limit bacterial growth. In the colon, the dwell time is
longer, bile acid concentrations are low, endogenous
mucus substrate is plentiful and Paneth cells and their
secretions are sparse. Therefore, the environment in the
colon (which is a fermentative organ analogous to the
rumen) encourages a large, complex microbial
consortium. Gastrointestinal epithelial cells, particularly
those that do not produce mucus, are covered with
microvilli containing a high density of transmembrane cell
surface mucins.

Cells that produce the secreted barrier. The secreted
(gel-forming) mucin glycoproteins that form the major
macromolecular constituents of mucus are produced
by specialized mucus or goblet cells that are found
throughout the gastrointestinal tract (FIG. 1). The other
major secretory cells within the gastrointestinal tract
are the Paneth cells, which are primarily found adjacent
to stem cells deep in the crypts of the small intestine
(FIC. 1). Paneth cells are identified by their characteristic
intracellular granules containing a range of antimicro-
bial molecules that are secreted into the mucus to ensure
sterility of the stem cell niche*. Mucus is continuously
cleared from the mucosal surface: in the respiratory tract,
mucus is removed by the action of cilia and by coughing,
whereas in the gastrointestinal tract, the outer mucus
layer is continuously shifted by the peristaltic movement
of luminal food and faecal material. Genetic defects in
intestinal goblet cells and Paneth cells can lead to spon-
taneous inflammation and increased susceptibility to
infection, and the large protein synthesis load of these
secretory cells renders them susceptible to endoplasmic
reticulum stress. Defects leading to protein misfolding
or an aberrant unfolded-protein response in intestinal
secretory cells lead to intestinal inflammation®~'% For
example, missense mutations in the mouse mucin 2 gene
(Muc2) that result in misfolding of the protein cause
goblet cell and Paneth cell stress, as well as spontaneous
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Secreted mucin

A secreted glycoprotein with a
central domain containing a
dense array of O-linked
oligosaccharides, and amino-
and carboxy-terminal
cysteine-rich domains that
oligomerize the mucins into a
large macromolecular complex,
giving mucus its viscous
properties.

Goblet cell

A specialized secretory cell
that manufactures secreted
mucin glycoproteins and other
components of the mucus.

Paneth cell

A specialized intestinal
secretory cell that
manufactures antimicrobial
molecules for secretion into the
mucus.

Theca

An intracellular collection of
mucin granules that are
packaged for secretion; the
theca is responsible for

the classical goblet cell
morphology that is seen
following conventional cell
fixation.

Lewis blood group antigen
A carbohydrate antigen that
is found on the cell surface of
red blood cells and also on
epithelial glycolipids and
glycoproteins, including
mucins. Polymorphisms in
glycosyltransferases determine
the presence or absence of
Lewis carbohydrates and also
the precise isoforms of
carbohydrate that are
expressed on blood cells

and the mucosae.

Lamina propria

The tissue that underlies the
mucosal epithelium and
contains immune cells,
connective tissue, and blood
and lymphatic vessels.
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colonic inflammation®. Similarly, when the gene encod-
ing the transcription factor XBP1 (a key component of
the unfolded-protein response) is conditionally deleted
in mouse intestinal epithelial cells, Paneth cell and goblet
cell stress occurs, leading to spontaneous inflammation
in the ileum?®. In addition, mice with this conditional
deletion are more susceptible to infection with enteric
bacterial pathogens®.

Secreted mucin glycoproteins. Secreted mucins are large,
heavily O-glycosylated glycoproteins that are assembled
into homo-oligomers which give mucus its viscous prop-
erties”. There are five oligomerizing secreted mucins
(MUC2, MUC5AC, MUC5B, MUC6 and MUC19) and
one non-oligomerizing secreted mucin (MUC7)", which
are produced in different regions of the gastrointestinal
tract (TABLE 1). The oligomerized mucins form homo-
oligomers via inter-molecular disulphide bonds that are
formed between the cysteine-rich D-domains found at
the amino and carboxyl termini of these mucins (FIC. 2).
N-glycosylation and C-terminal dimerization occur in
the endoplasmic reticulum, followed by O-glycosylation
in the Golgi and N-terminal multimerization of the dim-
ers as mucins are packaged into granules in preparation
for secretion'. There is some controversy about whether
N-terminal oligomerization forms linear thread-like
polymers or whether trimerization or other patterns
of oligomerization result in more complex lattice-like
structures (discussed in REF. 13). The granules form
the characteristic goblet cell thecae and are secreted, both
constitutively and in response to extracellular stimuli,
through a highly regulated process that involves the
transport of granules via actin remodelling, granule
tethering to the membrane and granule exocytosis'.
Reduction of mucin disulphide bonds disassembles the
oligomers and greatly reduces mucus viscosity, demon-
strating the importance of oligomerization. Reduction
of mucins is a routine biochemical procedure that is
used for the analysis of these molecules, and is also
used clinically to reduce mucus viscosity in respiratory
diseases, including cystic fibrosis®. In addition to homo-
oligomerization, it is possible that covalent or non-
covalent crosslinking occurs between mucin molecules
and other components of the mucus (discussed below).

The complex array of oligosaccharides on the large,
central glycosylated domains of mucins represent mul-
tiple potential ligands for microbial adhesins and can be
utilized as an energy source by some commensal micro-
organisms in the outer mucus layer. The identity of these
oligosaccharides is determined by the expression pat-
tern of the glycosyltransferases within the Golgi of the
goblet cells. Mass spectrometry has revealed that >100
different oligosaccharides are present on human colonic
MUC2 (REF. 16). The expression of glycosyltransferases
differs between sites in the gastrointestinal tract and can
be modulated by innate and adaptive immunity. Genetic
variation in the genes encoding these transferases results
in a diversity of mucin carbohydrate structures in human
populations; one example is the variation in oligosac-
charides of the Lewis blood group antigens. Even the
same mucin proteins can be differentially glycosylated

by different populations of goblet cells within the same
tissue. For example, it has been shown using histochemi-
cal staining in the human colon that adjacent goblet
cells within individual crypts produce different mucin
glycoforms that then form striated layers in the secreted
mucus. In addition, there are occasionally individual
crypts that contain goblet cells producing a different
mucin glycoform to those produced by the goblet cells
of surrounding crypts". In addition to this variation
in glycosylation within a species, there is considerable
variation between species, and this variation may be an
important contributor to the species specificity of both
commensal bacteria and pathogens'®.

Antimicrobial components of the secreted barrier. The
mucus gel provides a matrix for the retention of anti-
microbial molecules in the mucosal environment; these
molecules are produced throughout the gastrointestinal
tract, primarily by Paneth cells, and include a-defensins,
cathlecidins, lysozymes, angiogenin 4, secretory phospho-
lipase A2, lipopolysaccharide-binding protein, collectins,
histatins, and lectins such as REGIIIa (also known as HIP
and PAP) and REGIIIy*"** (TABLE 1). Although these mol-
ecules have a wide variety of structures, many are microbi-
cidal lectins or small, amphipathic, cationic peptides, and
interact with and disrupt microbial cell membranes* .
Direct interactions with mucins can facilitate the reten-
tion of antimicrobial molecules; for example, in saliva
MUCY binds to histatin 1 and statherin®, and MUC5B
binds to histatin 1, histatin 3, histatin 5 and statherin®. In
addition, mucin glycoproteins can themselves have direct
antimicrobial properties that limit the growth of micro-
organisms in the mucus. The terminal mucin monosac-
charide a(1,4)-linked N-acetylglucosamine, found on
gastric MUCS, inhibits the synthesis of Helicobacter pylori
cell wall components” and has therefore been suggested
to limit H. pylori growth within the gastric mucus. MUC7
has a histatin peptide domain with direct antimicrobial
activity against Candida spp. and thus limits the growth of
yeast in saliva®. The secretory antibodies, immunoglobu-
lin A (IgA) and IgG, which are produced by B cells in the
lamina propria of the intestine and are secreted into the
mucus by the epithelial cells, are very important compo-
nents of the mucosal barrier?. These antibodies influence
the commensal microbiota and contribute substantially
to the capacity of the mucus to retain and clear potential
pathogens; these antibodies also function more efficiently
through their retention in the mucus environment than
they would if they were simply dispersed into the intesti-
nal lumen**. However, although the Paneth cells in the
ileum secrete many antimicrobial molecules, there are
still around 10°-107 bacteria per gram of luminal material
in this region of the intestine. This is likely to reflect the
fact that the microbicidal molecules in the mucus are at
their highest concentration close to the mucosal surface
and that therefore the concentration at the luminal side
of the mucus layer is sufficiently low to allow the bacteria
to survive.

Interestingly, there are no examples of individual
antimicrobial molecules for which a deficiency results
in either spontaneous inflammation or susceptibility to
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Rheological
Pertaining to the study of the
properties of flow of matter.

Table 1| Expression of mucins and antimicrobials throughout the gastrointestinal tract

Tissue Gel-forming Cell surface Nonspecific antimicrobials* Antigen-specific
mucins* mucins* antimicrobials
Oral cavity MUC5B MUC1 a-defensins slgA
MUC78 MUC4 B-defensins IgG
MUC19 MUC16 Cathlecidins IgM
Lactotransferrin
Lysozymes
Histatins
Stomach MUC5AC MUC1 B-defensins slgA
MUC6 MUC16 IgG
IgM
Smallintestine  MUC2 MUC1 a-defensins slgA
MUC3A Cathlecidins IgG
MUC3B Lysozymes IgM
MUC4 Angiogenin 4
MUC12 Lectins (e.g. REGlIly and REGllla)
MUC13 Secretory phospholipase A2
MUC15 Lipopolysaccharide-binding protein
MUC16 Collectins
MUC17 Histatins
Large intestine  MUC2 MUC1 a-defensins slgA
MUC5AC MUC3A Cathlecidins IgG
MuUCe! MUC3B Lysozymes IgM
MUC4 Angiogenin 4
MUC12 Lectins (e.g. REGlIly and REGllla)
MUC13 Secretory phospholipase A2
MUC15 Lipopolysaccharide-binding protein
MUC16 Collectins
MUC17 Histatins

lg, immunoglobulin; slgA, secretory IgA. *The human nomenclature and expression pattern is listed. The expression pattern in mice
is similar and the nomenclature is identical, except that the mouse orthologue of human MUC17 is named MUC3. Note that
glycosylation of mucins can vary between tissues and between different goblet cell populations within tissues, and can be altered
by infectious and inflammatory factors. *Expression of nonspecific antimicrobials is higher in the small intestine than in the large
intestine. SMUC7 is a secreted mucin that is a major component of saliva but is not homo-oligomerized into a large molecular
complex.'MUC?2 is the major mucin of the large intestine, with lesser amounts of MUC6 and MUC5AC produced under some conditions.

infection by enteric pathogens, which is likely to reflect
the substantial overlap in the expression of antimicrobial
molecules. However, there are examples that highlight
the important role of specific antimicrobial peptides
in defence against infection. Mice lacking matrilysin
(MMP?7), the protease that processes pro-a-defensins
into active compounds, are impaired in intestinal clear-
ance of Escherichia coli and have more severe systemic
infection with Salmonella enterica subsp. enterica serovar
Typhimurium following oral inoculation than wild-type
mice”. In addition, mice that express human defensin 5
have increased resistance to S. Typhimurium infection®.
When interpreting these data, it is important to recog-
nize that an altered production of antimicrobial mole-
cules by Paneth cells results in changes to the commensal
microbiota®, which in turn could change the niche for,
and host susceptibility to, individual enteric pathogens and
chronic inflammation®.

Proteomic studies have shown that mucus contains
a large number of proteins in addition to mucins*. For
many of these molecules, their function within the
mucus remains unclear, although many may interact
with the mucin glycoproteins, as has been shown for
IgG-Fc-binding protein (FcGBP)*, which has cysteine-
rich domains that are homologous to MUC2 in addi-
tion to multiple domains capable of binding IgG. These
additional proteins may influence the rheological and/or
functional properties of mucus.

Biophysical properties of the secreted barrier. The highly
hydrated, viscous mucus gel is necessarily porous to
allow the diffusion of macromolecules that are required
for gastrointestinal secretion and absorption (most
important in the small intestine), but it nonetheless
provides an effective biophysical barrier to particulate
matter, including microorganisms. Virus-sized particles
(<500 nm) can readily diffuse through undiluted cervical
mucus, whereas mucus is an impermeable elastic barrier
to bacterium-sized particles***. However, when small
particles, including viruses, interact with components of
the mucus, the particles can be trapped, mimicking what
happens when viruses bind the mucins themselves or to
antibodies within the mucus®.

Goblet cells secrete several other proteins into the
mucus in addition to mucins, such as trefoil peptides.
Trefoil peptides have been implicated in non-covalent
binding to mucins®~** and appear to be capable of alter-
ing the biophysical and protective properties of the
mucus®*. Some individual trefoil peptides are tightly
co-expressed with specific secreted gel-forming mucins.
When two or more different mucins are mixed in the
mucus, this is likely to alter its rheological properties.
The ionic environment can also influence the biophysical
properties of the mucus; for example, Ca®* concentrations
change the viscosity of human saliva and the ability of
particles to diffuse through it*!, and bicarbonate (HCO;,")
has also been shown to influence mucus viscosity*.
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Cell surface mucin

A transmembrane glycoprotein
with a dense array of O-linked
oligosaccharides in its
extracellular domain and with
complex cytoplasmic domains
that are involved in intracellular
signalling. The extracellular
domain of these mucins can be
shed from the cell surface.

Glycocalyx

An extracellular zone on the
apical surface of mucosal
epithelial cells that is
composed of carbohydrate-rich
transmembrane and secreted
molecules, including cell
surface mucin glycoproteins.
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Figure 2 | Mucin biosynthesis. a | Mucin 2 (MUC2) is the major component of the secreted mucus barrier in the small and
large intestines. The variable number of tandem repeat (VNTR) domains are heavily O-glycosylated, and the amino-
and carboxy-terminal D-domains are involved in homo-oligomerization. The structure of MUC1 is typical of the structures
of the large number of cell surface mucins in the gastrointestinal tract. The extracellular VNTR domain is heavily
O-glycosylated, and the protein is N-glycosylated near the SEA module. The cytoplasmic domain of MUC1 is involved in
intracellular signal transduction. b | Cell surface mucins are cleaved into two subunits in the endoplasmic reticulum,
inserted into the membrane and N-glycosylated. In the endoplasmic reticulum, secreted mucins are N-glycosylated and
dimerize via their C-terminal domains. Both cell surface and secreted mucins are O-glycosylated in the Golgi. Following
completion of O-glycosylation, the dimers of the secreted mucins undergo N-terminal oligomerization and are packed
into granules for secretion. ¢ | Oligomerized mucins either form a tangled web of linear polymers following N-terminal
dimerization, or a complex molecular network following N-terminal trimerization (one possible network is shown). Other
non-mucin molecules may form non-covalent interactions with mucins. Following secretion, granules hydrate and swell

by as much as 100-1,000-fold as mucus is formed.

The cell surface mucin barrier

Although the rheological and biochemical properties
of the extracellular mucus layer present a considerable
challenge to enteric microorganisms, pathogens can
sometimes breach this barrier and reach the cell surface.
Cell surface mucins have an important role in the response
to microorganisms that reach the cell surface.

Cell surface mucins in the glycocalyx. The apical surface
of mucosal epithelial cells is usually covered by dense
microvilli and a complex glycocalyx containing high

levels of cell surface transmembrane mucin glycopro-
teins. Cell surface mucins produced in the gastrointes-
tinal tract include MUC1, MUC3A, MUC3B, MUC4,
MUCI12, MUC13, MUC15, MUC16 and MUC17
(REF. 43) (TABLE 1). Although the relative expression of
these mucins varies between different regions of the
tract, and between different cell types within each
region, many gastrointestinal cells express multiple
members of this cell surface mucin family. All of these
mucins contain an extracellular O-glycosylated domain,
which is often extremely large and is likely to form a
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long filamentous structure that is predicted to be larger
than the microvilli themselves in some cases*. These
large mucins carry oligosaccharides that mimic other
sugars found in the glycocalyx and may be ligands for
microbial adhesins. For example, several of the Lewis
blood group carbohydrate structures are also found
on glycosphingolipids that are present in the intestinal
apical glycocalyx*. The cell surface mucins are cleaved
during biosynthesis and reach the cell surface as two
non-covalently linked subunits that are joined at the SEA
module, allowing subsequent release of the glycosylated
extracellular domain from the surface*>*. In addition
to constitutive shedding of the mucin domain owing to
disassociation of the subunits at the SEA module, shed-
ding is enhanced following binding by bacteria*’ and can
be promoted by extracellular proteases**.

Cell surface mucins in protection from mucosal infec-
tion. Cell surface mucins are required to protect against
enteric pathogens that penetrate the inner mucus layer.
These mucins are likely to be the first molecules that
invading microorganisms interact with at the cell
surface and thus can limit pathogen binding to other
glycoproteins and neutralize the pathogen. Many
enteric pathogens have secretion systems for the intro-
duction of microbial proteins into intestinal epithelial
cells in order to disturb epithelial physiology to their
advantage. Binding of the bacteria to the cell surface
is essential for activation of these secretory systems.
Consequently, many pathogens have evolved adhesins
for the ligands that are found on the apical surface of
intestinal epithelial cells. Emerging evidence supports
an important role for the cell surface mucins in limit-
ing the pathology that results from bacterial infections
of the gastrointestinal tract. Despite some redundancy in
the expression of cell surface mucins, mice deficient
in MUC1 are more susceptible to infection with the gas-
tric pathogen H. pylori®**' and the gastrointestinal patho-
gen Campylobacter jejuni**. Compared with wild-type
mice, Mucl™'- mice develop a fivefold-higher density of
infection as early as 1 day after exposure to H. pylori®,
demonstrating that this mucin limits the density of
H. pylori, the majority of which is found deep in the
gastric mucus®. Furthermore, Mucl~”~ mice develop
much more severe chronic inflammation, showing that
cell surface mucins can limit the pathology resulting
from chronic mucosal infection®**'. Similarly, in acute
infection with C. jejuni, Mucl~- mice rapidly develop
systemic infection, demonstrating that MUC1 effectively
limits translocation of this enteric pathogen®?. Using
in vitro co-cultures of H. pylori and gastric epithelial cells,
we have shown that MUCI is shed from the cell sur-
face in response to infection and thus acts as a decoy to
limit adhesion of the bacteria to the cell surface (FIG. 3).
Interestingly, this blocking effect of MUCI is influenced
by the binding of bacteria to the mucin, but works even
when bacteria lack adhesins for the mucin carbohydrates.
H. pylori can express two main adhesins for mucin carbo-
hydrates, sialic acid-binding adhesin (SabA) and blood
group antigen-binding adhesin (BabA), which vary in
their expression levels in infected human populations

and affect pathogenicity>**>. When H. pylori expresses
SabA and BabA, the mucin binds the bacterium and
is shed from the cell surface. When H. pylori lacks the
adhesins, the mucin is not shed but still effectively blocks
adhesion of the bacterium to the cell surface, presumably
by steric hindrance” (FIC. 3). It should be stressed that cell
surface mucins are likely to exist in complex molecular
networks in the glycocalyx, and this model is therefore
probably an oversimplification of the molecular events
that occur during bacterial attachment to mucins.

Polymorphisms in MUCI have been associated with
the development of gastritis and gastric cancers follow-
ing H. pylori infection in humans®*, providing further
evidence of the importance of this mucin in chronic
H. pylori infection. Furthermore, secretor status is deter-
mined by polymorphic inheritance of galactoside 2-a-L-
fucosyltransferase 2 (FUT2), an enzyme that influences
glycosylation of both cell surface and secreted mucins
(specifically of oligosaccharide ligands for H. pylori
adhesins) and influences the distributions of specific
adhesin-carrying strains of H. pylori in human popula-
tions®. Mice lacking FUT2 show altered glycosylation
of mucins and altered binding of H. pylori to the gastric
mucosa®. In rhesus monkeys infected with H. pylori, time-
dependent changes occur in glycosylation that influence
the host-pathogen interaction and are dependent on
secretor status®®®!, further underlining the significance
of the oligosaccharide ligands for this bacterial species.
In another example of the importance of Lewis blood
group antigens, human noroviruses, which can cause
severe gastroenteritis, bind to the cell surface via Lewis
epitopes, but individuals that do not secrete these antigens
are protected from norovirus infections®.

In addition to impeding bacterial adhesion to the cell
surface, there is emerging evidence that the cell surface
mucins modulate epithelial cell inflammatory signalling
through their cytoplasmic domains®. MUC1 signalling,
which is probably activated by interaction of the extra-
cellular domain with bacteria and/or by shedding of
the extracellular domain, can modulate activation of the
nuclear factor-xB (NF-kB) family of transcription fac-
tors, which are the master regulators of inflammatory
signalling®"**. Although the consequences of signalling
by most of the remaining members of the cell surface
mucin family remain to be elucidated, it is clear that the
cell surface mucins are important elements of the inter-
actions between enteric pathogens and mucosal epithe-
lial cells, and important modulators of the subsequent
immune responses. Interestingly, MUCI polymorphisms
have been recently linked with Crohn’s disease, which is
a chronic intestinal inflammatory condition for which
both pathogens and innate immunity defects have been
implicated as potential aetiological contributors®.

Pathogens and the mucosal barrier

Gastrointestinal epithelial cells are tightly linked via
intracellular junctions that form a contiguous barrier
which is resistant to microbial passage. Thus, there are
three levels to the barrier to infection: secreted mucus, the
apical glycocalyx and epithelial tight junctions. However,
enteric pathogens have evolved a wide range of specific
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Figure 3 | Immediate responses to enteric pathogens at the cell surface. a | Contact of an enteric pathogen with
the cell surface stimulates secretion of stored mucus from goblet cells. Mucin granules expand (increasing in size by
100-1,000-fold) on hydration and surround pathogens with fresh mucus containing antimicrobial molecules. b | Engagement
of cell surface mucins by pathogens initiates signalling through the cytoplasmic domain of these cell signalling proteins.
c| If a pathogen binds to a cell surface mucin, the mucin extracellular domain is shed, releasing the pathogen from the
cell surface. d | Enteric pathogens that do not bind to the cell surface mucins are excluded by steric hindrance.

d Pathogen excluded by steric hindrance

Receptor

strategies to either penetrate or circumvent the secreted
and cellular barriers to infection. The importance of
the mucus barrier is underlined by recent reports that
mice deficient in MUC2 develop severe, life-threatening
disease when infected with the attaching and effacing
E. coli-like pathogen Citrobacter rodentium®, and show
delayed clearance of the nematode parasite Trichuris
muris”. These mice also develop spontaneous intestinal
inflammation®, consistent with the previously demon-
strated non-physiological exposure of the commensal
microbiota to the epithelium when mucus is depleted'.
Not surprisingly, pathogens have evolved many ways of
evading the mucosal barrier. These include mechanisms
to allow efficient penetration of the mucus, enzymes
that degrade the mucus, pathways that allow evasion of
the barrier, and disruption of the cells that produce the
barrier (FIC. 4).

Penetration and disruption of the mucus barrier. Many
enteric pathogens are chemoattracted to mucus and use
it as a cue to upregulate genes involved in pathogen-
icity®®’°. For example, after in vitro exposure to purified
human MUC2, C. jejuni upregulated genes encoding
cytolethal distending toxin, vacuolating cytotoxin, sur-
face-exposed lipoprotein (JIpA), Campylobacter inva-
sion antigen B, the multidrug efflux system, putative
mucin-degrading enzymes, flagellin A and putative rod
shape-determining proteins™. The mucus environment
can also be advantageous for the pathogen; for example,
H. pylori is protected from the low acidity in the stomach
by residing deep in the mucus layer®.

One common feature of enteric pathogens is the
presence of flagella, which allow the bacteria to pro-
pel themselves within the viscous mucus environment.

Pathogens with disturbed flagellar function have
reduced pathogenicity, underlining the importance of
motility in disease (it should be recognized that flagella
are also involved in adhesion and activation of immune
responses)’"”2. Furthermore, some pathogens can alter
the mucus in their microenvironment to increase their
motility, as exemplified by H. pylori, which can increase
the pH of its local environment, thus decreasing the
viscoelasticity of the surrounding mucus”. Despite
pathogen motility, mucus can aggregate and remove
microorganisms; consequently, many microorganisms
have evolved enzymes to degrade the mucus. These
enzymes include glycosidases, which degrade the mucin
oligosaccharides, exposing the mucin peptide backbone
to proteases while also removing decoy carbohydrates
for microbial adhesins (TABLE 2). Proteolytic cleavage of
mucins causes disassembly of the oligomerized mucin
macromolecules, resulting in substantially diminished
mucus viscosity, dispersal of the mucus, and diffusion
and dilution of antimicrobial molecules. The protozoan
parasite Entamoeba histolytica cleaves MUC2 in the non-
glycosylated oligomerization domains, thus breaking
down the macromolecular structure and reducing mucus
viscosity”™. An example of both a response to mucus and
the degradation of mucus comes from Vibrio cholerae,
which switches on hapA after exposure to intestinal
mucus; this gene encodes haemagglutinin protease
(Hap), which has mucolytic activity that is required for
translocation through mucin-containing gels™.

Mucus degradation is not limited to pathogens, as some
commensal intestinal bacteria are also mucolytic, and can
use mucin glycoproteins as an energy source’*” and also
to provide substrates for other non-pathogenic bacteria
in the outer mucus layer”. In contrast to the pathogens,
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Figure 4 | Pathogen strategies to subvert the mucus barrier. a | Pathogens can penetrate the mucus barrier physically,
through flagella-mediated motility or through enzymatic degradation of the mucus. This can result in both pathogens
and commensal bacteria reaching the epithelium. b | Microfold (M) cells in the small intestine sample the commensal
microbiota to control the specificity of non-inflammatory, secretory immunoglobulin A-dominated immune responses to
the normal microbiota. The M cells are found in the dome epithelium, which is not covered by a thick mucus layer; thus,
pathogens can avoid the mucus barrier by entering via the M cells. c | Many pathogens secrete toxins that can diffuse
through the mucus. These can disrupt the tight junctions between the epithelial cells, block epithelial cell growth and
disrupt mucus production. The reduction in mucus levels will allow pathogens to reach the cell surface.

these bacteria are typically strictly anaerobic and do not
penetrate the inner mucus layer. Complex populations of
commensal mucolytic bacteria dominate the niche in the
outer mucus layer in vivo, and this may favour the host by
excluding pathogens. When anaerobic mucolytic bacteria
are combined in vitro, there is more complete degradation
of MUC2 and more bacterial growth than when these bac-
teria are found in isolation”, explaining the importance of
complex populations of commensal microorganisms, and
their ability to exclude pathogens”™. The distribution of
commensal mucolytic bacteria varies between members
of the population and is probably determined in part by
polymorphic host glycosylation'®

Furthermore, depending on nutrient availability,
microorganisms are able to switch from utilizing dietary
fibre to using mucin glycoproteins as their major source
of energy, linking the host diet with mucin degradation
and, thus, with the functional efficacy of the mucus bar-
rier’®. Mucus production requires substantial energy,
and mucin glycoproteins are rich in the essential amino
acid threonine. Therefore, low-protein diets can result in
decreased mucin biosynthesis and a diminished mucus
layer®. This could affect the frequency and severity of
enteric infections, especially in the developing world.

There are no empirical data on how microbial mucin-
degrading enzymes affect the function of the cell surface
mucins, although it is likely that these enzymes would
also impair the cell surface mucin-mediated block
of microbial adhesion to the cell surface, and would
therefore promote pathogenicity.

Peyer’s patch

An organized collection of
tertiary lymphoid tissue
directly underlying the
intestinal epithelium; mainly
found in the small intestine.

Avoidance of the mucus barrier. Rather than penetrate
the mucus directly, a large number of enteric pathogens
have evolved strategies to infect the host via the normal
physiological sampling of bacteria that is carried out
by the mucosal immune system in the small intestine.
Microfold (M) cells capture and present microorganisms

Transcytose
To pass something (such as a
microorganism) through a cell.

that are representative of the commensal microbiota to
underlying antigen-presenting cells®*. This allows the
initiation of non-inflammatory, secretory IgA-dominated
immune responses against the normal microbial micro-
organisms in the lumen of the gut. This highly controlled
immune response is central to maintaining the function
of the mucosal barrier and intestinal homoeostasis®*-.
M cells reside in the dome epithelium, which overlays the
Peyer's patches of the small intestine. The dome epithe-
lium lacks goblet cells and therefore is not covered by a
thick mucus layer, leaving holes in the mucus barrier that
allow the M cells to sample the gut microbiota. M cells
can be identified by their reduced density of micro-
villi and by alterations in the oligosaccharides in their
glycocalyx, suggesting that they also have an altered
expression of cell surface mucins®**. The altered cell
surface of these cells and their ability to transcytose
commensal microorganisms makes them inherently sus-
ceptible to pathogens. Many microaerophilic or aerobic
pathogens specifically enter the intestinal mucosa via
the M cells, including bacteria (such as S. Typhimurium,
Shigella flexneri, Yersinia enterocolitica and V. cholerae),
viruses (such as reoviruses, HIV-1 and poliovirus) and
parasites (such as Cryptosporidium spp.)*"#%. As the
dome epithelium is restricted to the small intestine,
pathogens in the large intestine need to penetrate the
mucus barrier to reach the cell surface. Upon reaching
the epithelial surface, many pathogens spread laterally by
disrupting the epithelium and binding to the vulnerable
basolateral surface of epithelial cells.

Disruption of epithelial integrity. Many pathogens
secrete toxins that can disrupt epithelial cells and conse-
quently alter the production of mucins and antimicrobial
molecules. These toxins can result in lysis, induction of
apoptosis, growth inhibition, cell cycle arrest, disrup-
tion of intracellular tight junctions and modulation of
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Table 2 | Enzymatic degradation of mucins by commensal and pathogenic microorganisms

Microorganisms Pathogenic or Enzymes Substrates Refs
commensals
Consortia from dental Pathogenicand  Not identified (multiple microorganisms are required ~ MUC5B 166

plaque commensal for degradation)

Consortia from faeces Commensal Mucin sulphatase, sialate O-acetyl esterase and Intestinal mucins 167,168
sialidase

Consortia from bacterial Pathogenicand  Glycosulphatases and sialidases (multiple Cervical and vaginal mucins 169

vaginosis commensal microorganisms are required for degradation)

Consortia from ocular fluid Commensal Not identified (multiple microorganisms required for ~ Secreted and cell surface 170
degradation) ocular mucins

Bacteroides thetaiotaomicron = Commensal Those encoded by 88 different glycan utilization loci ~ O-linked oligosaccharides 171

Ruminococcus and Commensal a-glycosidases, B-glycosidases, a-2,3-and Intestinal mucins 172

Bifidobacterium genera a-2,8-N-acetylneuraminidase

Streptococcus oralis and Pathogenicand  Fucosidase and sialidase Gastric mucins 173

Streptococcus sanguis commensal

Burkholderia cepacia and Pathogenic Mucin sulphatase Intestinal secreted mucins 174

Pseudomonas aeruginosa

Shigella flexneri and Pathogenic Pic (a mucin serine protease that recognizes Intestinal mucins 175

enteroaggregative O-glycosylated serine)

Escherichia coli

Campylobacter pyloridis Pathogenic Non-identified mucin protease Gastric mucins 176

Streptococcus pneumoniae Pathogenic B-galactosidase and neuraminidase A (also knownas  Respiratory mucins 177,178
sialidase A)

Vibrio cholerae Pathogenic Hap (mucinase) Intestinal mucins 75

Yersinia entercolitica Pathogenic Mucin-depolymerizing enzyme Intestinal mucins 179

Clostridium perfringens Pathogenic Endo-a-N-acetylgalactosaminidase Secreted and cell surface 180

mucins

Vibrio cholera Pathogenic TagA mucinase Intestinal mucins 181

Enterohemorrhagic Pathogenic Metalloproteinase StcE Salivary and intestinal mucins 182

Escherichia coli

Naegleria fowleri Pathogenic Cysteine protease Mucins 183

(parasitic)
Entamoeba histolytica Pathogenic Cysteine protease MUC2 74
(parasitic)

inflammatory signalling. Such damage not only facili-
tates further invasion by the pathogen but also can
result in the normal commensal microorganisms gain-
ing access to the epithelium and submucosa. Infection
and inflammation in the intestine alters the commensal
microbiota in response to the changed mucosal micro-
environment®-%. Similarly, non-infectious damage to
the gastrointestinal epithelium can change the microbial
populations® and facilitate enteric infections by compro-
mising mucosal barrier function.

After pathogens have reached the epithelium, many
of them disrupt the tight junctions between adjacent
epithelial cells; this exposes the vulnerable lateral
membranes that are not protected by the glycocalyx,
allowing the pathogen to access underlying tissues and
promoting diarrhoea (reviewed in REF. 95). Examples of
gastrointestinal microorganisms which interfere with
cell-cell adhesion include S. flexneri®®, Listeria mono-
cytogenes®, enteropathogenic E. coli®®, Porphyromonas
gingivalis®®, H. pylori'® and rotaviruses'”'. Electron
microscopy studies in isolated porcine ileal loops show
that S. Typhimurium preferentially targets sites where

infected epithelial cells are being extruded from the epi-
thelium'® In addition to their blocking role on the cell
surface, cell surface mucins seem to modulate epithelial
cell responses to toxin-induced damage. For example,
MUCI protects adenocarcinoma cells from apoptosis
after exposure to DNA-damaging drugs in vitro'*'%; this
probably occurs because of the known role of MUC1 in
protecting mucosal epithelial cells from pathogen toxins
such as the C. jejuni cytolethal distending toxin®.

Mucin dynamics

The mucosal barrier should not be viewed as a static
barrier, as its constituents and their release are modu-
lated by the luminal microenvironment and by neural,
endocrine and immune factors. Although mucins are
constitutively secreted, infection of mucosal surfaces
can result in a rapid release of stored mucin granules
to bolster the barrier and exclude pathogens'. A range
of environmental stimuli can alter the rate of mucin
release, including inflammatory cytokines, prostaglan-
dins, cholinergic stimuli, lipopolysaccharide, bile salts,
nucleotides, nitric oxide, vasoactive intestinal peptides
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a

Pre-infection

and neutrophil elastase'"'%. The release of granules
containing stored secreted mucins from goblet cells
can happen rapidly through compound exocytosis and
results in a 100-1,000-fold expansion in mucin volume

Post-infection
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0 | Commensals influence
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Figure 5| Regulation of the mucus barrier. a | The constitutive release of mucins and
antimicrobial molecules is influenced by the microbial flora. Post-infection, the secretion
of mucus and antimicrobial molecules increases and pathogen-specific immunoglobulins
are also secreted. b | The recognition of pathogens leads to the production of host
inflammatory factors that, in turn, induce the differentiation of secretory cells and
alterations in mucus composition through altered transcription of mucins and the glyco-
syltransferases that act on them. The recognition of pathogen-associated molecular
patterns (PAMPs) activates Toll-like receptor (TLR) and NOD-like receptor (NLR) signalling
pathways, which leads to alterations in the expression of mucin and antimicrobial genes.
IL, interleukin; T, T helper cell.

upon hydration'”"'8. Thus, mucosal tissues can rapidly
replace mucus that may have been removed mechani-
cally or by degradation by pathogens. Shedding of cell
surface mucins is induced by bacterial attachment, pos-
sibly in response to shear forces that result from bind-
ing to motile bacteria, and can also be modulated by
the activity of proteases that are released at the apical
cell surface.

Steady-state regulation of mucin expression. The major
components of the mucosal barrier are expressed consti-
tutively, as continuous mucus production and secretion
are required to replace the mucus that is degraded by
luminal bacteria and that which is lost with the move-
ment of luminal contents. Dynamic changes to the
mucosal barrier in response to local factors are sum-
marized in FIG. 5. The production rates of both cell
surface and secreted mucins, as well as their glycosyla-
tion, are modulated by the normal microbiota and can
be dynamically regulated by both innate and adaptive
immunity following infection. Similarly, the production
rates of antimicrobial molecules are regulated by both
the normal microbiota and inflammatory signals. In
germ-free conditions, there are fewer intestinal goblet
cells and reduced intracellular storage of mucin gran-
ules in the thecae'*'?2, as well as reduced expression of
some Paneth cell molecules, such as angiogenin 4 and
REGIIIy'?*"*. The microbiota in the gut also influences
mucin glycosylation, as re-establishment of a commensal
microbiota in germ-free animals alters mucin glycosyla-
tion'*1>>". However, these studies have used only crude
analyses of mucin carbohydrates, and detailed analy-
ses of individual mucins are still required to detail the
specific changes in glycosylation.

Regulation by innate and adaptive immunity. In addi-
tion to direct regulation of epithelial cells in response
to microbial signals, both innate and adaptive immu-
nity can regulate the differentiation of goblet cells, the
glycosylation of mucins and the production rates of
antimicrobial molecules and of secreted and cell sur-
face mucins in response to infection. The most potent
effects are induced by T cell cytokines: interleukin-4
(IL-4) and IL-13, the cytokines that are produced by
T helper 2 (T,2) cells in response to parasitic infec-
tions, promote goblet cell hyperplasia and substantial
increases in mucus production in the intestine'?*'?.
These cytokines induce expression of the transcription
factor SPDEF, which drives goblet cell differentiation
and the expression of genes involved in mucus bio-
synthesis and secretion'**. In addition, interferon-y
(IFNy) and IL-17, which are classically produced by
T, 1 cells and T ;17 cells in response to intracellular and
extracellular pathogens, respectively, affect goblet cells
by increasing mucin production'**'¥. In fact, the expres-
sion of mucins by mucosal epithelial cells in vitro can be
directly upregulated by a broad array of inflammatory
cytokines, such as IL-1p, IL-4, IL-6, IL-9, IL-13, IFNs,
tumour necrosis factor, nitric oxide and granulocyte
proteases!0®111128138-144 T ce]] cytokines also mediate
changes in mucin glycosylation, probably representing
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an attempt by the host to alter the pattern of glycosyla-
tion that was unable to prevent infection by the pathogen
or parasite'*'*". Comprehensive studies of the dynamic
changes in mucin glycosylation during infection and
inflammation are warranted, and should take advan-
tage of modern mass spectrometry-based technologies
to rapidly analyse complex mucin oligosaccharides.

Gastrointestinal epithelial cells can directly respond
to pathogen-associated molecular patterns (PAMPs)
via Toll-like receptor (TLR) and NOD-like receptor
(NLR) signalling. However, in intact polarized epithe-
lial layers, the limited expression of TLRs on the api-
cal surface ensures that the cells do not overreact to the
high concentration of PAMPs in the intestinal mucosal
environment''. The exposure of cultured mucosal epi-
thelial cells to microbial products generally results in
an increased production of cell surface and secreted
mucins'®*21% The L. monocytogenes toxin listerio-
lysin O not only induces increased biosynthesis of cell
surface and secreted mucins, but also rapidly triggers
the release of mucins by cultured intestinal cells, and
these mucins then inhibit pathogen entry into the cells
through a mechanism that is dependent on sialylation of
the mucins'*®. By contrast, there are examples of PAMPs
that cause reduced mucin production, which is likely to
facilitate infection; for example, the exposure of epithelial
cells to H. pylorilipopolysaccharide results in decreased
synthesis of gastric mucin'”".

Changes in mucins during infection. The control of
mucin abundance during enteric infection is complex
and depends on patterns of gene expression, on rates
of mucin biosynthesis, secretion and shedding, and
on rates of microbial degradation in the extracellular
environment. Unfortunately, there is a lack of compre-
hensive studies of these factors for even the most com-
mon enteric pathogens. Given the changes in the rates of
mucin synthesis, glycosylation, secretion and shedding
following infection, it is probable that there are impor-
tant changes in the biophysical properties of the mucus
subsequent to infection, although these changes are also
yet to be evaluated. In C. rodentium infection in mice,
there was a progressive depletion of most of the intesti-
nal secreted and cell surface mucins that were localized
to the site of infection, consistent with increased mucin
shedding and secretion in an attempt to eliminate infec-
tion®®'*, Interestingly, despite this progressive depletion
of most mucins, there was a progressive increase in the
amount of the cell surface mucin MUCI. During rota-
virus infection in mice, MUC2 production is increased,
mucin glycosylation changes and mucins isolated from

pnas.1006451107).

(2001).

following its physical removal.

Acad. Sci. USA 25 Jun 2010 (doi:10.1073/

Atuma, C., Strugala, V., Allen, A. & Holm, L.

The adherent gastrointestinal mucus gel layer: 5.
thickness and physical state in vivo. Am. J. Physiol.
Gastrointest. Liver Physiol. 280, G922-G929

In situ measurement of the mucus thickness 6.
throughout the rodent gastrointestinal tract and
observations on the replacement of mucus

the infected mice effectively neutralize the virus in vitro,
consistent with an important role for MUC2 in limit-
ing infections with rotaviruses'”. Many enteric parasites
trigger changes in mucin production and glycosylation
that appear to be associated with successful expulsion of
the parasites; this is seen, for example, for T. muris and
Gymnophalloides seoi in mice'*'®", Teladorsagia circum-
cincta in sheep'® and Cooperia oncophora in cattle'®.
In a primate model of H. pylori infection, it was shown
that there are changes in mucin glycosylation that affect
the ability of H. pylori to bind to the mucins and to the
cell surface®®!. These changes differ between acute and
chronic infection, presumably owing to alterations in
inflammatory factors as the immune response devel-
ops. Further research is required to understand the
functional significance of mucin alterations during
infections.

Conclusion

Microbial enteric infections still represent a major health
challenge in the developed world and remain some of
the most significant causes of morbidity and mortality
in the developing world'**. Owing to the nature and site
of these infections, and the characteristics of the spe-
cific causative pathogens, effective vaccines are yet to
be developed for the majority of these infections. Our
understanding of the interactions between the patho-
gens that cause enteric infections, the normal micro-
bial populations in the gut, the secreted mucus barrier
and the host mucosal surface is increasing but remains
incomplete. Unfortunately, mucosal barrier research is
restricted by poor in vitro co-culture systems and by
technical difficulties in assessing the rapid and dynamic
interactions between pathogens and the mucosal barrier
in vivo. Almost all co-culture systems used by research-
ers in the field use malignant epithelial cells which lack
goblet cells and do not form a protective mucus layer.
Furthermore, these cells often have a different cell sur-
face mucin expression pattern to that found in vivo,
and altered mucin glycosylation'®. The field would be
dramatically enhanced by systems that would allow the
growth of normal differentiated gastrointestinal epithe-
lial cells in culture and by the development of in vivo
imaging techniques to permit observation of dynamic
events as enteric pathogens interact with undisturbed
mucus layers in physiological conditions. Ascertaining
the nature of the interactions between the secreted and
cell surface mucosal barrier and pathogens should be
a priority for future research, as it could lead to novel
strategies to bolster the innate defence and to antagonize
pathogen strategies to disrupt barrier function.
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