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Summary

The gastrointestinal tract is covered by mucus that has different properties in the stomach, small
intestine and colon. The large highly glycosylated gel-forming mucins MUC2 and MUC5AC are
the major components of the mucus in the intestine and stomach, respectively. In the small
intestine mucus limits the number of bacteria that can reach the epithelium and the Peyer’s
patches. In the large intestine the inner mucus layer separates the commensal bacteria from the
host epithelium. The outer colonic mucus layer is the natural habitat for the commensal bacteria.
The intestinal goblet cells not only secrete the MUC2 mucin, but also a number of typical mucus
components: CLCA1, FCGBP, AGR2, ZG16, and TFF3.

The goblet cells have recently been shown to have a novel gate-keeping role for the presentation
of oral antigens to the immune system. Goblet cells deliver small intestinal luminal material to the
lamina propria dendritic cells of the tolerogenic CD103*-type.

In addition to the gel forming mucins, the transmembrane mucins MUC3, MUC12 and MUC17
form the enterocyte glycocalyx that can reach about a micrometer out from the brush border. The
MUC17 mucin can shuttle from a surface to an intracellular vesicle localization suggesting that
enterocytes might control and report epithelial microbial challenge.

There is not only communication from the epithelial cells to the immune system, but also in the
opposite direction. One example of this is IL10 that can affect and improve the properties of the
inner colonic mucus layer.

The mucus and epithelial cells of the gastrointestinal tract are the primary gate keepers and
controllers of bacterial interactions with the host immune system, but our understanding of this
relationship is still in its infancy.
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Introduction

The gastrointestinal tract is the largest surface that the body exposes to the outer world, a
world that is not very friendly. It contains everything we eat and swallow as well as an
enormous colony of bacteria that resides in the gut. However, the potential danger is not
wholly exogenous as we secrete potentially harmful molecules into the gut such as
hydrochloric acid, digestive enzymes and bile salts. The concentration of hydrochloric acid
in the stomach is high enough to hydrolyze chemical bonds; the digestive proteases are
capable of cleaving all types of peptide bonds and bile salts are able to dissolve cell
membranes. If this was not enough, most of the immune system is also localized to the
gastrointestinal tract and ready to react with all of its content. It is thus quite remarkable that
this system is relatively stable and that we do not digest ourselves or trigger fulminant
immune responses.

It is important that the immune system develop tolerances, a process that has to be well
balanced in order to trigger appropriate responses to threatening pathogens as well as
tolerate the commensal bacteria. The gastrointestinal mucus system is important for
lowering the exposure of antigens to the immune system, but the mucus system is even more
important for protecting from self-digestion. Typical for the gastrointestinal mucus and the
corresponding membrane bound glycocalyx is their dense decoration with complex
carbohydrates. These oligosaccharides are formed from monosaccharides that are linked to
each other by bonds that we cannot cleave as we do not secrete any such glycosidases in the
intestine. When these carbohydrates decorate the proteins, the intestinal proteases cannot
reach the peptide bonds, rendering the surface coating of the intestine essentially inert to
proteolytic degradation by the host. The hydrophilic nature of the mucus and glycocalyx
also provides a physical barrier that protects the epithelial cells by acting as a diffusion
barrier with its bound water. This is illustrated by the proton gradient from the mucus
surface to the epithelium in the stomach inner mucus layer (1). Another example is the
structured inner mucus layer of colon that forms a barrier that prevents bacteria from
penetrating due to its nature as a size exclusion filter (2).

The focus of this review is the mucus layer and its intimate relation with the enterocytes and
goblet cells of the intestine as well as the innate and adaptive immune systems. Mucus is
secreted by the goblet cells and typically contains several major components. One of these,
the mucins, gives the mucus its gel-like properties. All mucins are characterized by mucin
domains which have abundant Ser, Thr and Pro amino acid residues that are heavily O-
glycosylated thus giving these domains an extended and stiff conformation that resembles a
'bottle brush'. The mucins produced by the goblet cells are the classical gel-forming mucins
MUC2, MUC5AC, MUC6 and MUC5B which are secreted by the intestine, stomach
surface, stomach glands and salivary glands, respectively. All of these form extremely large
polymers. The enterocytes also express mucins, but of another type. The transmembrane
mucins cover the apical surface of these cells and form the glycocalyx. The transmembrane
mucins MUC1, MUC3, MUC4, MUC12, MUCL13, and MUCL17 are all found in the
gastrointestinal tract. In addition to a transmembrane single pass domain, they all have a
cytoplasmic tail and an enormous extracellular mucin domain densely decorated with
glycans.
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The gastrointestinal tract is covered by a single layer of epithelial cells. Most of these cells
are columnar surface cells involved in different tasks depending on their localization along
the tract. The enterocytes of the small intestine are the most abundant as these are
responsible for the final digestion and absorption of nutrients. The enterocytes are
interspersed by goblet cells which show an increased prevalence in the distal direction. The
Paneth cells of the small intestinal crypts provide antibacterial peptides/proteins. Other less
abundant cells are the tuft and enteroendocrine cells (3). All of these cell types are
interconnected with tight junctions and function to separate the luminal material from the
subepithelium. Interestingly, these epithelial cells are also mixed with intraepithelial
lymphocytes (IEL) that comprise a mixture of a3 and v T-cells (4).

Most of the immune system resides in the subepithelial compartment where it lies ready to
take action when the mucus and epithelial cell lining fail. The dendritic cells (DC) are ready
to take up and present antigens to T-cells for action or tolerance development. Macrophages
(M®) screen the intercellular space and keep it clear by phagocytosis. The DC and M® have
crucially important roles in determining the outcome of any challenge, but this outcome is
probably also highly dependent on their interactions with the epithelial cells. All of these
components need to cooperate to maintain the intestinal barrier function and the field of
mucosal immunology must attempt to study the system as an integrated whole (4;5).

This review will focus on the mucus and epithelial cells and will try to bring together what is
currently known about their relationship to the immune system and what might be expected
in the near future.

Organization

The organization of the mucus along the gastrointestinal canal has only been well
characterized over the last decade. At first it might seem unbelievable that this had not been
previously addressed in such an important and easily accessible organ. The reason for this is
that it has taken some time to realize that normal mucus is totally transparent and that more
or less any manipulation causes the mucus gel to collapse. A major observation was made
by Atuma, whilst working with Lena Holm in Uppsala, when it was shown that the mucus
surface can be visually observed by allowing charcoal to sediment down on top of the mucus
(6). Following this procedure a relatively thick mucus layer was observed along the whole
rat intestine. Previous fluid flow observations had defined a phenomenon called ‘unstirred
water’ that roughly describes one aspect of the mucus layer (7).

We now know that in principle there are two types of mucus organization in the
gastrointestinal tract (Figure 1). The glandular stomach and colon have a two-layered system
with an inner and an outer mucus layer whereas the small intestine has only a single layer
(6;8). This organization and the location of luminal bacteria is shown in Figure 1 with the
mucus illustrated in different shades of green depending on mucus density and the bacteria
shown in red (8). The number of bacteria in the gastrointestinal tract increases in a proximal-
distal direction. The stomach is home to very few microorganisms whereas the human colon
harbors more than a kilogram of bacteria. In the small intestine, bacteria do not normally
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contact the epithelial cells other than at the villi tips. In contrast to what was previously
believed, the colonic bacteria do not normally have any direct contact with the epithelial
cells as the inner mucus layer of the colon is impermeable to them (2). The permeable outer
colonic mucus layer is, on the other hand, the normal habitat for the commensal bacteria.
The inner layer of both the colonic and stomach mucus is “firmly’ attached to the epithelial
cells and cannot be removed with simple aspiration. The outer layer of colon can easily be
aspirated off, whereas the outer layer of the stomach is more difficult to aspirate. The mucus
of the small intestine is normally non-attached and can easily be removed.

To summarize, the gastrointestinal tract is covered by mucus that has different properties in
the stomach, small intestine and colon.

Composition

Mucus is of course mostly water (normally >98%) and will shrink to a very thin structure
when dehydrated. That is why mucus is not normally observed on formaldehyde-fixed tissue
sections and can be best preserved using Carnoy fixative based on dry methanol, dry
chloroform and glacial acetic acid (Methacarn) (9). Using this fixative, the two mucus layers
of colon can be well visualized, although even this method results in some shrinkage and
often a gap between the epithelial cells and the inner mucus layer (2).

The mucus protein composition of the gastrointestinal tract has recently been studied by
modern proteomics (2;10;11). As discussed, the major component of the intestinal mucus is
the MUC2 mucin and in the stomach it is the MUC5AC mucin, both of which are produced
by goblet cells. The MUC6 mucin, found in the gastric glands, is hot a component of the
surface mucus and instead passes through transient channels formed in the surface mucus
together with the gastric hydrochloric acid (12;13). Other major mucus proteins secreted by
goblet cells are CLCA1, FCGBP, ZG16, AGR2 and of course antibodies, especially IgA.
The CLCA1 protein was previously believed to be a Ca2* channel and more lately to be
involved in controlling Ca2* secretion (14;15). However, as the secreted CLCA1 protein is
so abundant in the mucus it probably has other as yet not understood functions (Nystém et
al., unpublished). FCGBP (Fc globulin binding protein) is not an immunoglobulin binding
protein as its name suggests (16). Instead it can covalently bind and cross-link mucus
proteins via FCGBP’s autocatalytically cleaved von Willebrand D domains, as shown by its
binding to the MUC2 mucin (10). ZG16 is a small lectin-like protein that binds to Gram+
bacteria and by this move them further away from the epithelium (Bergstrom et al .,
unpublished). AGR2 is an ER residential protein with an ER retention signaling sequence
(17). Even so, this protein is secreted out into the mucus in molar quantities comparable to
the amount of MUC2 (Rodriguez-Pifieiro et al., unpublished). This suggests that AGR2 has
still unknown extracellular functions in the intestine.

To summarize, the MUC2 mucin forms the bulk of the intestinal mucus whereas the surface
mucus of the stomach is mostly comprised of MUC5AC.
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Mucus function in the small intestine

The small intestinal mucus fills the luminal space between the villi and usually also covers
the villi tips (Figure 1). However, as the mucus is not anchored to the epithelial surface, it
moves with the peristaltic waves in a distal direction. Fresh mucus is constantly secreted
from the goblet cells, especially from the crypt openings (8). Mucus secreted from the crypt
mixes with Paneth cell secretions containing antibacterial peptides, lysozyme, DMBT1 and
also MUC2 (18-21). The Paneth cell products will, together with enterocyte produced
antibacterial proteins like Regllly, generate an antibacterial gradient in the mucus and keep
the bacteria away from the epithelial cell surfaces (22;23). The small intestinal mucus is
penetrable to bacteria, but the mucus still provides a diffusion barrier and the bacteria would
need to travel against the mucus flow in order to penetrate down to the tissue surface. This is
likely to be a major reason why flagellar motility is so often an essential virulence factor for
intestinal pathogens (24;25).

Of special immunological interest are the aggregated lymphoid follicles that form the
Peyer’s patches which are important for immune surveillance (26). These patches are
covered by a single layer of follicle-associated epithelium (FAE), consisting of enterocyte-
like cells, M cells and also some goblet cells (27;28). Our recent studies suggest that the
Peyer’s patches are also covered by mucus that is largely secreted by goblet cells on
adjacent villi (28). The FAE goblet cells do not secrete mucus upon carbachol or PGE,
stimulation as other small intestinal goblet cells do. As the mucus on the Peyer’s patches is
not anchored, it can easily be washed away and its antigen retrieving M cells better exposed
to luminal material.

The small intestinal mucus is normally not attached to the epithelial cells. However, in the
absence of a functional CFTR channel, as in Cystic Fibrosis, the mucus was found to be
anchored to the epithelium (29). This was shown to be related to a lack of CFTR-secreted
bicarbonate. Extensive analysis of this phenomenon provided the surprising observation that
the MUC2 mucin is anchored to the goblet cell after secretion and that a specific enterocyte
protease needs to cleave the protein core of MUC2 to release the mucin and the mucus
(Schiitte et al., unpublished).

To summarize, the combined small intestinal mucus and antibacterial peptides/proteins
function to limit the number of intact bacteria that can reach the epithelium and the Peyer’s
patches.

Mucus function in colon

As discussed, the large intestine has a different type of mucus organization than the small
intestine, a two-layered system as shown in Figure 1. The inner mucus layer is continuously
formed by secretion from surface goblet cells (30). Upon secretion the MUC2 mucin unfolds
and forms enormous net-like structures that are arranged by interacting with the previously
secreted inner mucus layer (31).

The goblet cells in the upper part of the colonic crypts contribute to the inner mucus layer by
compound secretion in response to stress stimuli (32). An example of this is manifested in
colonic ischemia after which these goblet cells secrete their mucus and quickly wash away
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any bacteria that may have entered the crypts (33;34). These goblet cells in the upper crypt
do not seem to synthesize MUC2 mucin continuously as is the case for the surface goblet
cells (30). The replenishment of new goblet cells and the required MUC2 biosynthesis,
assembly and accumulation in granulae is slow as the time to replace or refill these mucin
filled cells is longer than 4-5 hours (33). This suggests that continuous stress will limit
MUC2 mucin availability (35).

The inner mucus layer is ‘firmly’ attached to the epithelium and about 50 um thick in distal
colon of mice and 200-300 um thick in humans (2;6;36). At the outer side of the inner
mucus, a surprisingly sharp border was observed where the mucus is converted from being
attached to easily aspirated (2). This conversion is dependent on host protease activities as
this conversion process also occurs in the mucus of germ-free mice (2). The nature of the
protease(s) and how the activation can be triggered at such a large distance away from the
epithelial cells is not known, but protease inhibitors can prevent the conversion process
(Schiitte et al., unpublished). These proteases appear to act directly on the MUC2 mucin and
allow the expansion of the net-like structure, as suggested by the appearance of new MUC?2
cleavage products in the outer mucus layer (2).

This inner mucus layer is continuously renewed by secretion from the surface epithelial
cells. An estimate of the turnover of the inner mucus layer in live murine distal colonic
tissue suggests that the layer is renewed every 1-2 hours (30). This fast turnover is of course
important for maintaining this inner mucus layer free from bacteria (2). Another important
factor is the staggered layers of the MUC2 mucin that act as a size-exclusion filter and that
does not normally allow bacteria to penetrate (2;37). This inner layer is not penetrable to
bacteria or beads with sizes down to 0.5 um (36). However, smaller objects, for example 50
kDa proteins, are able to pass through this layer.

Interestingly, the properties of this inner mucus layer are not static. Initially we noticed that
the most commonly used model for colitis in rodents, oral administration of Dextran Sodium
Sulfate (DSS), rendered the inner mucus layer immediately penetrable to both bacteria and
beads of their size (38). Recently, we have also observed that all mouse models with
spontaneous colitis have an inner mucus layer that is penetrable to bacteria (36). It has also
been observed that patients with active ulcerative colitis and some with ulcerative colitis in
remission have penetrable mucus. Once the inner mucus layer of the colon is lost or
becomes penetrable to bacteria, a large number of bacteria will reach the epithelial cells.
This mimics mice lacking the Muc2 mucin (2). In these mice, bacteria were found far down
into the crypts and inside epithelial cells. This massive amount of bacteria in close contact
with host tissues triggers inflammation with all the characteristics of ulcerative colitis, as
well as development of colon cancer (39;40). Surprisingly, the properties of the inner mucus
layer were also found to be coupled to the immune system. The widely used murine colitis
model, IL107/~, has a normal inner mucus layer in terms of thickness, but produces a mucus
structure that is penetrable to bacteria (36). It can thus be suggested that a penetrable inner
mucus layer allowing bacteria to reach the epithelial cells in large quantities is a common
mechanism that underlies many forms of acute or chronic colonic inflammation (35).
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To summarize, the normal inner colonic mucus layer is impenetrable to bacteria. When this
inner layer is penetrable to bacteria, they reach the epithelial cells and trigger inflammation.

Commensal bacteria and mucus

The outer colonic mucus layer is the natural habitat for the commensal bacteria (41). A
proteolytic increase in the MUC2 mucin pore sizes allows bacteria to penetrate into the
mucin net-like structure and gain access to the plentiful mucin-bound carbohydrates that can
be utilized by the bacteria as an energy source (42—44). Approximately one third of the
commensal microbiome is comprised of genes involved in carbohydrate digestion and many
bacteria have specialized operons for different type of complex carbohydrates (45;46). The
gut contains complex carbohydrates from ingested food, in the form of undigested
polysaccharides, and from the numerous glycans found on the mucins. The latter glycans are
probably more important for gut homeostasis as they can contribute to bacterial selection.
Furthermore, the complexity of the mucin glycans can regulate bacterial mucin degradation.
The normal degradation of mucin glycans is relatively slow as one monosaccharide is
removed at a time. If the glycans are shorter, the degradation process will be faster and not
only the outer mucus layer, but also the inner can be degraded fast enough to allow bacteria
to reach the epithelium (47;48).

The commensal bacteria produce a range of metabolites, some of which are useful to the
host. Substantial quantities of short fatty acids are absorbed by the tissue epithelial cells; for
example butyrate seems to have a key role to play in colon epithelial protection and
metabolism (49;50). Bacterial metabolites can further affect the host immune system, host
metabolism, and more recently are implied to affect host brain function (51-53).

To summarize, the commensal bacteria have their habitat in the outer colonic mucus layer.

Pathogenic bacteria and mucus

The gastrointestinal mucus also plays an important role in pathogenic infections as these
pathogens must acquire the ability to overcome the protective mechanisms of the mucus
system. Mucins, as exemplified by MUC2, can act as an environmental cue for bacteria to
modulate the expression of virulence/colonization related genes, as is the case with
Campylobacter jgjuni (54). During Citrobacter rodentium infection, a murine model of
human enteropathogenic Escherichia coli infection, the bacteria can penetrate and reside
beneath the inner mucus layer (55). Despite this, clearance of this pathogen still requires
Muc? as colonization of Muc2~~ mice results in a more severe, and often lethal, infection as
the mice are unable to clear the pathogen from the gut (55;56). This severe form of colitis
with a lethal outcome was also found in Muc2~/~ mice when challenged with Salmonella
enterica serovar Typhimurium bacteria (57). Although the mucus has a protective function,
there are examples of pathogenic bacteria that can utilize the goblet cells and mucus
secretion to increase invasion effectiveness. Listeria monocytogenes invades the host by
taking advantage of binding to normally hidden E-cadherin, which is exposed on emptied
and shrunken goblet cells (58).
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As the inner mucus layer is normally impermeable to bacteria, opportunistic pathogens
should in theory not be able to reach the epithelium and invade the host. However, some
specialist microorganisms have developed mechanisms for circumventing this system. We
have identified the molecular mechanism for a few examples. One is the large parasite
Entamoeba histolytica that secretes a specific protease that is able to cleave the human
MUC2 mucin at a susceptible site that causes the polymeric network to dissolve (59). More
recently the oral bacteria Porphyromonas gingivalis, found also in the colon, was shown to
secrete a protease (RgpB) which is able to cleave MUC2 only one amino acid away from the
E. histolytica cleavage site (60). More recently, several E. coli family proteases with similar
effects have been identified (van der Post et al., unpublished).

The intestinal mucin genes are expressed early before birth (61), but a fully developed and
protective secreted mucus barrier is not formed until days after birth (Birchenough et al.,
unpublished). Poorly developed mucus could be a problem for premature infants that are
also known to have an increased risk of infections. Neonatal bacterial meningitis, a severe
infection in premature children, is mainly caused by E. coli and group B Streptococci. In an
experimental model of E. coli neonatal bacterial meningitis, the poorly developed intestinal
mucus provided opportunities for this pathogen to translocate the intestinal tract (62).
Necrotizing enterocolitis is another common and devastating disease of premature infants
and these infants have been shown to have fewer filled goblet cells and less mucus (63). A
poorly developed mucus system and less mature ability to secrete mucus as a response to
infection are likely reasons for the predominance of these diseases in premature infants.

To summarize, the inner mucus layer of the large intestine separates the commensal bacteria
from the host epithelium thus limiting exposure of the host to bacteria. The outer mucus
layer is the natural habitat for the commensal bacteria.

Goblet cell

The goblet cell of the gastrointestinal tract is specialized in producing and secreting mucus.
As MUC2 mucin is the major structural molecule of the intestinal mucus, the assembly of
this large and complex molecule is a major task for the goblet cell (64;65). The human
MUC?2 is still not fully sequenced, but recent next generation sequencing suggests that
MUC?2 is 5,100 amino acids long (Svensson et al., unpublished), a little shorter than
previously suggested (66). MUC2 has two centrally localized domains rich in the amino
acids proline, threonine and serine (PTS domains) (66). The N- and C-terminal ends of the
MUC2 mucin are large and cysteine-rich.

The primary full-length translational product of MUC?2 is quickly covalently dimerized by
the formation of C-terminal disulfide bonds in the endoplasmic reticulum (ER). The MUC2
mucin contains 215 cysteine amino acids that make up >10% of the total amino acids
outside of the PTS mucin domains. As all cysteines need to be interlinked (oxidized) in
order to exit the ER, the correct assembly of the MUC2 mucin is a formidable challenge.
This is reflected in the recent observation that the chaperone ERN2 (IRE1p) is uniquely
required for the goblet cell ER to process the gel forming mucins (67—69). This stress placed
on the ER is probably also the reason for the relationship between ER stress, the unfolded
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protein response and colonic inflammation, something that has been discussed in detail
elsewhere (20;70;71).

The small PDI-like protein AGR2 is a goblet cell protein that has a KTEL C-terminal
sequence and is thus retained in the ER (17;72;73). AGR2 has been suggested to covalently
bind to the MUC2 mucin, but later studies could not confirm this (Bergstrom et al.,
unpublished) (17). Mice lacking Agr2 are more susceptible to the development of colitis
(17;74), but still have mucus secretion, although they do possess a less developed inner
mucus layer (Bergstrom et al., unpublished). Although it is obvious that AGR2 is involved
in the biosynthesis of the MUC2 mucin, its precise function has yet to be identified.

After the ER, the dimers pass into the Golgi apparatus, where O-glycosylastion takes place
by adding GalNAc to the serine and threonine residues of the two central PTS domains (75).
Additional monosaccharides are added to the GalNAc to form complex oligosaccharides that
characterize the mucin domains. These glycopeptides are long (about 0.5 pm) highly
glycosylated (>80%) extended domains that are like stiff rods and are visually comparable to
a bottle brush. The mass of the MUC2 monomer increases to about 2.5 MDa by
glycosylation and as the building block is a dimer it will be around 5 MDa in total. In the
trans-Golgi network the MUC2 mucin is sorted to the regulated secretory pathway, the N-
terminal MUC?2 organized into concatenated rings and new disulfide bonds formed
generating N-terminal trimers (31;76). This organization of MUC?2 is triggered by the low
pH and high calcium concentration in this part of the secretory pathway. Secretion of the
MUC2 mucin requires packing that is highly organized to allow a >1,000-fold expansion in
volume. This expansion can only take place if the calcium ions are removed and the pH
raised, a process that is accomplished by bicarbonate secretion (29;31).

The goblet cell also produces a number of important and abundant proteins that are major
components of the intestinal mucus; CLCAL, FCGBP, AGR2, ZG16, and TFF3 (10;11). The
goblet cells synthesize and secrete the vast majority of the proteins that comprise the
intestinal mucus.

To summarize, the goblet cells biosynthesize, assemble and secrete the MUC2 mucin that
forms the skeleton of the intestinal mucus.

Goblet cells as luminal sensors for the immune system

Goblet cells have always been thought to be a purely secretory cell. However, several recent
observations have shown that this is not the case. The groups of Newberry and Miller have
shown that small intestinal goblet cells can take up luminal material and deliver this material
to lamina propria dendritic cells (DC) (77). More recently, Stappenbeck and coworkers
could show that goblet cell endocytosis was linked to autophagy and controlled secretion
(78). This was in line with earlier observations that autophagy is coupled to the formation of
early endosomes (79). Stappenbeck observed that goblet cells in mice lacking one of the
autophagy proteins (Atg5) accumulated mucus in their secretory granulae. They could
further show that NADPH oxidase driven ROS production was necessary as inhibition of
this, inhibition of endocytosis, or inhibition of autophagy all led to the accumulation of
mucin granulae causing decreased mucin secretion. Interestingly, these processes were
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suggested to take place at the rim of the goblet cell theca (78). This is of interest as we have
observed that the uptake of luminal material in the small intestinal goblet cells also takes
place at the rim of the theca (Gustafsson et al, unpublished). The uptake of luminal material
by goblet cells is stimulated by acetyl choline analogues that are effective stimulators of
small intestinal mucus secretion (8;77). Together these observations suggest a coupling
between goblet cell antigen uptake, autophagy and secretion. One should also remember that
another component in the autophagy machinery, ATG16L1, is genetically linked to Crohn’s
disease, one of the inflammatory bowel diseases (80;81). Recent studies have actually linked
ATG16L1 more to the control of secretion rather than to autophagy, further supporting a
connection between endocytosis and secretion in cells with a regulated secretory pathway
(82).

Ever since Rescigno et al. observed that lamina propria DC can extend dendrites between
the epithelial cells and sample luminal antigen, this mechanism has been the favored model
of intestinal antigen retrieval (83;84). However, using live animal imaging it was evident
that DC dendrite extension into the lumen was a very rare event (77). Paracellular leakage
could also be excluded as a way to expose DC to luminal antigens. Instead, the two-photon
imaging and time-lapse recordings showed the remarkable process of luminal fluorescent
dextran filling up ‘gaps’ in the epithelium (77). DCs in the lamina propria then approached
these gaps and ‘ate’ the dextran. The authors called these sites GAPs and could indirectly
argue that the GAPs were indeed goblet cells. Using mice with fluorescently labeled MUC2
the GAPs have now been positively identified as mucin-secreting goblet cells (Gustafsson,
Svensson, Wising et al., unpublished). There is an upper size limit to the molecules capable
of passing these GAPs with 10 kDa dextran, OVA and also BSA rapidly reaching lamina
propria DCs, whereas larger molecules only transit slowly and micrometer beads do not pass
at all (77). This filter effect is might be mediated by the MUC2 mucin and makes it less
likely that whole bacteria will be presented this way.

To summarize, the goblet cells have a new type of gate keeping role for the presentation of
oral antigen to the immune system. This is illustrated in Figure 2.

Enterocytes

The major intestinal cell is the enterocyte. All enterocytes have a columnar shape with a
highly specialized apical membrane domain. This membrane domain mediates uptake of
nutrients and ions by special transporters driven by the small intestinal sodium gradient from
the lumen to the enterocyte cytoplasm. Certain cells also have specialized functions like the
uptake of bile acids. The surface of the apical membrane is expanded by microvilli and a
well-developed carbohydrate rich micrometer thick glycocalyx (Figure 3). This was easily
observed by electron microscopy during the 1960’s, but the molecular nature of this
glycocalyx has been less well explored (85-87).

More recently it has become clear that the glycocalyx of the intestine is built and composed
of the transmembrane mucins (88-91). That the transmembrane mucins and the gel-forming
mucins belong to the same gene hame nomenclature group (MUC) causes confusion, as their
functions are very different. All transmembrane mucins have a single domain passing the
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plasma membrane and a large highly glycosylated extracellular mucin domain with a similar
structure to the PTS domains of the gel-forming mucins. All these mucins also have a
cytoplasmic tail that interacts with the cytoskeleton. There are two groups of transmembrane
mucins; the SEA-type with an approximately 100-amino acid long SEA domain close to the
membrane on the luminal side (MUC1, MUC3, MUC12, MUC13, MUC16, MUC17) or the
NIDO-AMOP-VWD-type with a more complex domain structure at a similar location
(MUC4) (92-99). Both of these domains are cleaved by autocatalytic mechanisms during
mucin biosynthesis (100;101). The SEA domain is autocatalytically cleaved in the ER using
folding energy and after this cleavage the large outer fragment is still anchored to the
transmembrane fragment by strong interactions between four B-pleated sheets of the SEA
domain (100). However, the SEA domain can be torn apart by mechanical forces, a
mechanism that probably protects the apical membrane from mechanical stress (102). It is
likely that the unfolding of the SEA domain and the separation of the two parts can be
sensed by the cell (100).

The transmembrane MUC3, 12 and 17 mucins are the major components of the enterocyte
glycocalyx. The MUC3, 12 and 17 genes are located at the same genomic locus and encode
proteins that are about 5,000 amino acids long with extended mucin domains that extend out
about one um from the cell membrane (Figure 3). Only small amounts of MUC1 are found
in the normal intestine, but it is more abundant in the stomach (103). Under pathological
conditions a special splice variant of MUCL is found in the small intestine (104).

The MUC13 mucin is also an SEA-type mucin and a major enterocyte component (95), but
is short with only 400 amino acid residues extending outside of the membrane. It is thus
more like a normal glycoprotein, suggesting that it will not contribute significantly to the
extended glycocalyx. An alternative to this assumption is that it might be a second line of
defense or sensor once, for example, bacteria have bypassed the long transmembrane
mucins. Studies on the Muc13~/~ mice suggest that MUC13 has an anti-inflammatory
function and anti-apoptotic effect in the epithelial cells (105;106).

The cytoplasmic tails of the transmembrane mucins are relatively divergent. MUC1 has a
longer tail with several tyrosine phosphorylation sites (107). On the other hand the MUC3,
12 and 17 mucins all have PDZ-binding motifs in their far C-terminal region (108). The
MUC17 mucin has been shown to interact with three of the four PDZ domains in PDZK1,
an apical scaffolding protein known to also bind several ion channels such as NHE3 and
CFTR (109;110). Mice lacking Pdzk1 protein have their Muc17 mucin dislocated from the
apical membrane to intracellular vesicles (108). Interestingly, PDZK1 is also a major
regulator of CFTR localization to the apical membrane (110;111).

The PDZ binding motif of the MUC3 mucin has been shown to bind GOPC (Golgi-
associated PDZ and coiled-coil motif containing) protein that only has a single PDZ domain
(112). When CFTR binds to GOPC it is targeted for lysosomal degradation (113).
Interestingly, overexpression of GOPC lowered the total cellular levels of MUC3, something
that was reversed by introducing CFTR (112). This suggests that CFTR and MUC3 compete
for binding to the single PDZ domain on GOPC, which in turn regulates the relative levels
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of these two proteins. Thus there is functional coupling between MUC3 and the CFTR
channel.

The paracellular route for traversing the epithelial sheet has for a long time been regarded as
the major path for entering the submucosa. The tightness and other properties of this seal are
controlled by the tight junction proteins occludin and claudin and the adherens junction
protein cadherin which all residing in the plasma membrane (114). These form a ring around
the cell and are coupled to the cell cytoskeleton. The tightness of the tight junctions varies
between different tissues and is also believed to vary under certain conditions, for example
inflammation (114). The relative importance of the transcellular or paracellular route is often
debated in relation to luminal antigens and bacteria uptake, but the paracellular path is
obviously more relevant after epithelial cell damage than under basal conditions.

To summarize, the enterocyte glycocalyx is built and composed of the transmembrane
mucins MUC3, MUC12 and MUC17 that reach about a micrometer out from the brush
border.

Enterocytes as luminal sensors for the immune system

As discussed, a dense layer of transmembrane mucins that act as a diffusion barrier covers
the apical surface of the enterocytes. The porosity and penetrability of this glycocalyx has
not been studied, but most likely bacteria will have difficulties in passing this barrier
whereas partly digested food products will pass more easily. As this glycocalyx is extending
out into the intestinal lumen it is important to understand if it only acts as a passive barrier
or has other more dynamic functions. The observation that the transmembrane mucins
MUCS3, 12 and 17 have typical PDZ-binding motifs could suggest more active functions
(108). As carbachol stimulation is known to alter the localization of the ion channels CFTR
and NHES3, both of which have PDZ-binding motifs, the possibility that transmembrane
mucins were also relocalized was tested on both cultured cells and tissues (88). As expected,
the CFTR channel was relocated from an intracellular vesicle pool to the surface membrane
and the NHE3 exchanger was moved from the apical membrane to an intracellular location.
Interestingly the MUC17 mucin was also relocated from the apical membrane to an
intracellular vesicular pool distinct from classical endosomes (88). This was not the case for
the MUC3 and 12 transmembrane mucins, suggesting specific roles for each of these closely
related molecules. Preliminary studies suggest that bacterial adhesins and whole bacteria can
be transported into the epithelial cell by this process (Pelaseyed et al, unpublished). The
observation of intracellular bacteria in enterocytes of mice lacking the Muc2 mucin and thus
having a massive exposure of bacteria to the apical membrane could speak for such a
specific mechanism for bacterial uptake (2). The further fate of the material taken up this
way is currently not known, but it can be suggested that enterocytes will communicate with
the immune system.

The enterocytes are known to have a number of innate immune signaling molecules that are
localized to both the surface and intracellular regions of the cell (5;115). These include the
intracellular peptidoglycan receptors NOD1 and NOD2 as well as surface and intracellular
Toll-like receptors (TLR) which recognize a range of conserved bacterial, fungal and viral
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structures (116;117). These are all coupled by signaling pathways to the master regulator of
immune responses, NFxB (115).

The intraepithelial lymphocytes (IEL) are found between the epithelial cells of the intestine
and thus form part of the first line of cells that encounter luminal threats. The IELs are a
mixture of conventional CD8* a3 T-cells and non-MHC restricted af or v& T-cells
(115;118;119). Their location requires an intimate relationship with the epithelial cells and it
is likely that their relationship with enterocytes is crucial to their function. It is also probable
that this relationship involves soluble cytokines, but is more likely controlled by direct cell-
cell interactions (119). The nature of these interactions is still only partly understood.
Butyrophilins (Btns) and butyrophilin-like (Btnl) proteins are a novel family of B7-related
proteins with the expression of Btnl1, Btnl4, and Btnl6 limited to enterocytes (120;121).
These molecules appear to be localized in both the intracellular and cell surface regions and
seem to be involved in modulating intraepithelial T-cell interactions and by this mechanism
inhibit and regulate inflammation of the intestine.

To summarize, it is now increasingly evident that the epithelial cells and enterocytes have a
clear role in determining the immunological events subsequent to microbial challenge. This
system of primary immune regulation has been suggested to be called the ‘epimmunome’
(115).

The subepithelial immune cells

The immune system of the lamina propria is part of an integrated mucosal immune system
(5). Although this review is focusing on the mucus and first line of single cells protecting the
gastrointestinal tract, the lamina propria immune system has to be shortly addressed
although there are numerous reviews covering this system including their T-cells, B-cells,
MQ, and DC-cells (122). Of special importance are of course the B-cells which secrete IgA
that is transported through the enterocytes into the lumen where it helps to control intestinal
bacteria (123). Resident intestinal macrophages (M<2) are important for removing bacteria
that penetrate the epithelial cell barrier without triggering a stronger immune response (124).
Other MQ cells are recruited upon inflammation.

The interactions of epithelial cells with DC are of special importance. As discussed above,
the goblet cells in the small intestine deliver luminal antigens to the DC of the lamina
propria (77). However, not all types of DC were sampling from the GAPs as it turned out
that it was only the CD11c*/CD103* DC subpopulation that were capable of doing this (77).
These cells are known to cross-present antigens to T-cells and induce tolerance (77;125).
The CD103* DC interaction and retinoic acid in the lamina propria promote Foxp3
induction and formation of T-reg cells (126). The mechanism of why and how the goblet
cells and CD103*DC cooperate to promote tolerance is far from understood, but recently it
was suggested that the MUC2 mucin has a special role in this process (127).

Currently we do not know if there is any direct interaction between the enterocytes and the
lamina propria immune cells other than cyto- and chemokine mediated processes. However,
it is very likely that there are more specific mechanisms for the enterocytes to regulate the
lamina propria immune system.
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There is of course also interactions in the other direction, from the immune system to the
epithelial cells. An important molecule in this sense is IL10 that is produced by T cells,
certain macrophages and other cells in the lamina propria (115;124). IL10 acts in an anti-
inflammatory way on other immune cells, but our recent observations also show that IL10
can directly affect the mucus produced by the goblet cells and the mucus properties (36).
This altered mucus must be due to IL10 affecting goblet cells and enterocytes. This
emphasizes that it is not only the epithelial cells that can be affected by the lamina propria
immune system, but also that the mucus system can be modulated by the immune cells.

To summarize, the lamina propria DCs that sample luminal material via the goblet cells are
of the tolerogenic CD103*-type. There is also communication in the other direction as IL10
from the lamina propria immune cells can affect mucus properties.

Conclusions and perspective

The mucus that covers and protects the intestine is a dynamic system that is coupled to the
immune system via the goblet cells that are the main producers of the mucus and at the same
time sampling luminal antigen and presenting these to the dendritic cells. The enterocyte
surface glycocalyx reaches out into the intestinal lumen and is likely also involved in
sensing luminal phenomena.

The epithelial goblet cells and enterocytes are positioned to take a leading role in controlling
the function of the intestinal immune system. Our current understanding of this role is
limited, but what we have already uncovered of the goblet cell’s secrets has shown that this
field is promising for future research.
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Figure 1.
Schematic representation of the gastrointestinal mucus system. The mucus is depicted in

green and the bacteria represented as red dots. The axis to the left shows the thickness of the
mucus as measured in mice (8).

Immunol Rev. Author manuscript; available in PMC 2015 July 01.



Pelaseyed et al. Page 22

Dendritic cell (DC)

Figure 2.
Schematic presentation of goblet cells passing luminal antigen to lamina propria dendritic

cells (77).
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Figure3.
Electron micrograph of duodenal microvilli with surface glycocalyx (A) and schematic

presentation of a potential function of the MUCL17 enterocyte mucin binding and
internalizing of bacteria at the same time as mucus is secreted from the goblet cell after
carbachol stimulation (B).
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