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Abstract

Generating the barriers that protect our inner surfaces from bacteria and
other challenges requires large glycoproteins called mucins. These come in
two types, gel-forming and transmembrane, all characterized by large, highly
O-glycosylated mucin domains that are diversely decorated by Golgi glyco-
syltransferases to become extended rodlike structures. The general functions
of mucins on internal epithelial surfaces are to wash away microorganisms
and, even more importantly, to build protective barriers. The latter function
is most evident in the large intestine, where the inner mucus layer separates
the numerous commensal bacteria from the epithelial cells. The host’s con-
version of MUC2 to the outer mucus layer allows bacteria to degrade the
mucin glycans and recover the energy content that is then shared with the
host. The molecular nature of the mucins is complex, and how they con-
struct the extracellular complex glycocalyx and mucus is poorly understood
and a future biochemical challenge.
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Goblet cells:
specialized cells that
produce mucus and
especially mucins

Glycocalyx: the
glycan-rich coating of
cells; intestinal
enterocytes have the
thickest and densest
glycocalyx as the apical
coating of their brush
border

O-glycans: glycans
attached via GalNAc
to the hydroxyl amino
acid Ser or Thr
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INTRODUCTION

Maintaining the integrity of a living organism is paramount and requires clear separation between
it and other organisms. The most efficient protection is an inert coat in the form of a shell or, as
for higher animals, a skin composed of dead cells. However, this principle cannot be utilized for
organs that actively interact with their surroundings. Thus, such organs require protection that is
dynamic but still keeps intruders at bay.

The inner surfaces of our bodies are coated with single or multiple layers of very active cells
responsible for nutrient, liquid, and gas exchange. These cells are protected by mucus made of spe-
cialized goblet cells and by a surface coating consisting of a dense glycocalyx (1-3). Glycoproteins
called mucins are the main building blocks of both mucus and glycocalyx (4). The high glycan
content of mucins makes them water soluble and able to bind large amounts of water, reflected
in the transparent nature of normal mucus and glycocalyx. Mucins’ protein core is rendered in-
accessible by the high number of attached oligosaccharides, which are important for protecting
mucosal surfaces. For example, the gastrointestinal tract is ideal for bacterial proliferation, given
its balanced salt and water content, high nutrient content, and ideal temperature. The number of
intestinal bacteria is close to the number of cells in the human body, yet the bacteria do not take
over—largely because of the mucins and their structure and function. However, this is not the
only remarkable feature of mucins. Certain commensal bacteria specialize in degrading the mucin
glycans and utilize the energy thus obtained to feed not only themselves but also their host. Some
of the mysteries surrounding the mucins and their relation to bacteria are starting to be revealed,
but much more has yet to be learned. Below, I discuss our current understanding of mucins.

MUCINS

Mucins are characterized by their dense coat of glycans, especially those of the O-glycan family.
A mucin was originally defined as a glycoprotein with more than 50% of its mass attributable to
O-glycans, and the name mucin was used for the major components of mucus. Today, these mucins
are known as the gel-forming mucins. During the early era of gene cloning, in the late 1980s, the
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Gel-forming and transmembrane mucins have mucin domains encoded by PTS sequences. Abbreviations:
GalNAc, N-acetylgalactosamine; GleNAc, N-acetylglucosamine; PTS, Pro-Thr—Ser.

first mucin to be sequenced was mucin-1, with the abbreviated gene name MUCI (5). MUCI is
a transmembrane mucin and, as it later turned out, very different from the classical gel-forming
mucins, of which MUC?2 was the first to be cloned (6) (Figure 1). Because mucins were named
according to their order of discovery, the nomenclature can be confusing.

Mucin Domains

Sequencing of mucin genes revealed long stretches of often repeated sequences that vary in length.
Such sequences are generally referred to as VNTRs (variable number of tandem repeats); thus,
these parts of the mucins were originally named VN'TRs (7, 8). The human genome contains nu-
merous such VNTR sequences, but only a few are in exons, as for mucins. Analyses of a mucin
and its VN'TR sequences show that the repetitive nature is often lost during evolution, although
the original repeats are sometimes possible to predict. Further studies of these sequences revealed
little relation to evolution but instead showed that they are characterized by a high frequency of
the hydroxy-amino acids Ser and Thr, along with Pro (Figure 1). As a result, we introduced the
name PTS (Pro—Thr-Ser) for such sequences and predicted domains (9). The hydroxyl groups are
used to attach the first O-glycan sugar, the N-acetylgalactosamine (GalNAc) residue. Pro ensures a
nonfolded structure, which allows the peptidyl-GalNAc transferases of the Golgi apparatus to ac-
cess the protein core (10). One can predict PTS sequences by mining genomes for long sequences
rich in Ser/Thr (>25%) and Pro (>5%) in proteins with signal sequences (9).

Upon exiting the endoplasmic reticulum (ER), PTS sequences have a nonstructured, random
coil nature. Once in the Golgi apparatus, peptidyl-GalNAc transferases start to decorate the PTS
sequences. Most of the Ser and Thr amino acids become glycosylated, and the GalNAc is typically
further modified by additional glycans. In this way, the PTS sequence becomes O-glycosylated,
and a mucin domain is formed. The dense glycosylation pulls out the protein core, and long, ex-
tended rodlike structures form. When the physical length of the mucin domain has been possible
to measure and when compared with the actual amino acid sequence and length, it is evident that
the mucin domain peptide backbone is often maximally extended (11, 12). This is in line with
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number of tandem
repeats

PTS: Pro-Thr-Ser

ER: endoplasmic
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Mucin domain: long,
densely O-glycosylated
domain with sequences
rich in Pro, Thr, and
Ser, often
characterized by
tandem repeats
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observations obtained via electron microscopy of mucin domains appearing as long, extended,
stiff-looking rods (13). The properties of the mucin domains depend on the individual mucin
protein sequence and the repertoire of glycosyltransferases present in the mucin-producing cell.
Less densely glycosylated mucin domains with short nonbranched glycans will likely be more
flexible, whereas more densely glycosylated domains with highly branched and long glycans are
predicted to be stiffer. Note that many proteins that are not classified as mucins have short mucin
domains. This is typical for membrane proteins, such as the low-density lipoprotein receptor,
that have a short stalk that extends the functional domain out from the cell surface membrane.

So far, domain-predicting programs have not included tools able to predict which extracellular
PTS sequences will become O-glycosylated; rather, they usually refer to these parts as unstruc-
tured. This is a misunderstanding, because once they are O-glycosylated, the mucin domains are
highly structured.

Mucin O-Glycosylation

Mucins are glycosylated predominantly by the O-glycans, which typically make up more than 80%
of the mass of a mucin. The protein core is well hidden, and the glycans form the outer surface
of these mucin domains. The glycans are densely packed and individual glycans usually are not
recognized; rather, clustered saccharide patches form on the glycan surface (14, 15). However, due
to a lack of appropriate methods there is limited understanding of the structure of such patches or
the surface of mucin domains. However, a recent low-resolution cryo-electron microscopy study
of mucin domains of MUCS5B suggests an ordered and variable glycan surface (16). Much research
has been devoted to studies of bacterial binding to individual glycans, but there are no studies on
bacterial binding to glycan patches on mucins (17).

O-Glycosylation of the PT'S sequences starts in the cis-Golgi stack by the action of any of the
peptidyl-GalNAc transferases (10, 18). These enzymes appeared early in evolution, during the
Metazoan era, at the same time as the first mucins appeared, suggesting a close relation between
the two. There are 20 such transferase genes in the human genome that have different specificities;
some are more promiscuous, whereas others are more specific. Biotechnical and mass spectrom-
etry advances have allowed systematic studies of individual single-O-glycan attachment sites (19).
These studies have shown that different peptidyl-GalNAc transferases display peptide sequence
specificity based on both the catalytic unit and its lectin-binding domain, thus acting in concert
to control mucin-type O-glycosylation (20, 21). Some of these transferases can act directly on
the naked peptides, whereas others work only after their glycan-binding domain has bound to an
already-attached GalNAc (10, 21). Consequently, it is difficult to determine whether a certain Ser
or Thr in a peptide sequence is glycosylated or not. Although a Ser or Thr close to Pro is typically
glycosylated, prediction of glycan attachment sites based on amino acid sequence is still complex
because of the integration of target protein structure, transferase specificity, relative enzyme levels,
and relative localization of peptidyl-GalNAc transferases in the Golgi apparatus.

Once the first glycan residue in the form of GalNAc is attached to the protein core, it will act
as a substrate for the glycosyltransferases to add Gal, N-acetylglucosamine (GlcNAc), GalNAc,
N-acetylneuraminic acid (NeuAc), and sulfate groups to this residue (1, 22-24). Studies of indi-
vidual O-glycans show that this group of enzymes is dependent on the peptide sequence further
contributing to the spatial glycan organization along the peptide core of mucins (25). On the basis
of the coupling of Gal to GlcNAc, there are four major basic core structures that make up the core
of O-glycans, called Corel—4 (Figure 2a). At this level, there are already significant differences
between animal species, as illustrated in Figure 24, which shows that mouse colon Muc2 has
mostly Core?2 structures whereas human MUC2 has predominantly Core3 structures (26-28).
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Figure 2

Mucin O-glycosylation. () Major O-glycan core structures. (b)) Chromatograms and major structure of
important O-glycans of mouse Muc2 and human MUC2. Abbreviations: GalNAc, N-acetylgalactosamine;
GleNAc, N-acetylglucosamine; NAc, N-acetylcysteine; NeuAc, N-acetylneuraminic acid.

The Core structures are further elongated by the addition of the same type of sugar residues.
A classical extension consists of one or several lactoseamine disaccharide units of type 1 (Galpl-
3GleNAC) or type 2 (Galp1-4GlIcNAc) that generate long O-glycans. The length of the extension
varies, of course, by tissue and species, but usually the mucin glycans of the intestine are shorter
and have extensions on both the C-3 and C-6 carbons of the peptide-bound GalNAc. This will
generate bulky glycans that help extend and stiffen the mucin domains and efficiently shield the
protein cores from access by proteases.

Mucin O-glycans are typically capped with peripheral glycan residues that cannot be fur-
ther elongated. Among these are fucose (Fucal-2, al-3, al-4), sialic acid [NeuAc(Gce)a2-3a2-6],
GalNAc (al1-3, p1-4), and Gal (a1-3). Some of these combine, giving rise to the blood or his-
togroup structures defining the A, B, H, and Lewis a, b, x, and y epitopes found on mucins as well
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as on internal cells and erythrocytes. Both peripheral and core glycans are substituted by sulfate
groups, and numerous hydroxyl groups are acetylated. The latter modification is known to be
present on sialic acids, but it is likely abundant on other sugar residues as well (29).

Gastrointestinal Mucin O-Glycosylation

The mucin glycan repertoire differs substantially along the gastrointestinal tract. In general, the
stomach mucins are neutral and contain few sialic acids, whereas mucins in the distal end of
the intestine are rich in sialic acid and sulfate groups. The glycan diversity in the normal hu-
man stomach is enormous, with up-to-13-residue-long glycans and around 100 different species
in each individual (30, 31). In 10 individuals, more than 250 different glycan structures were
identified.

The normal human intestine shows a specific distribution of O-glycans along its length (27,
28). Fucose in blood group ABH antigens is more localized to the small intestine and proximal
part of the large intestine, and longitudinal glycan differences along the colon are reflected in the
levels of glycosyl transferases, as expected (32). The fact that blood group status is reflected in the
intestinal mucins means that there is individual variability in glycan epitopes. Interestingly, this
individual glycan variability is almost absent in the distal part of the human large intestine, where
glycans are relatively uniform among individuals (33). This uniformity should be understood in
relation to the commensal bacteria, which utilize the mucin glycans for attachment as well as a
source of nutrients. Glycosylation of mucins in the distal human colon seems to be stable over
time but was found to be altered in active ulcerative colitis (34). The altered glycan repertoire was
triggered by inflammation when the disease was active and returned to normal as the inflammation
faded.

The mucin glycans vary widely between different evolutionarily closely related species, and
this variability is especially evident in the respiratory and gastrointestinal tracts (for a more de-
tailed discussion of glycan variability in the intestine of humans and rodents, see the sidebar titled
Intestinal Glycan Differences Among Mouse, Rat, and Human). A likely explanation is that dif-
ferent microbial pathogens generated exogenous selection pressure on the host to replace glycan
structures, as the pathogens utilized these to invade the host (40). As a consequence, there are un-
explored genetic mechanisms favoring species polymorphism and more rapid evolution of glycans
than in general.

INTESTINAL GLYCAN DIFFERENCES AMONG MOUSE, RAT, AND HUMAN

The normal rodent small intestinal mucins show, similarly to humans, glycans that differ from those in the colon
(26, 35). In mouse, the Fut2 enzyme that adds fucose is constituently present in the colon but is inducible in the small

intestine by bacteria or parasites (36, 37). Interestingly, in rats the Fut2 enzyme is constitutively present; instead, a

blood group A-type GalNAca1-3 transferase is transiently induced upon parasite infection (38).

Human intestinal mucin glycans are characterized by the presence of Core3 and, to a lesser extent, Core4
(Figure 2a), and they essentially lack Corel. Mouse glycans, by contrast, comprise predominantly Corel-based
components, although they make small amounts of Core3 and Core4 (26). A major difference is that humans have

an active sialyl transferase that adds NeuAca2-6 to the peptide-bound GalNAc, an enzyme not active in mice
(Figure 2b). However, both mice and humans have the Sd*-Cad blood group-like epitope [NeuAca2-3(GalNAcf1-
4)GalB1-3/4GlcNAc] as a major cap of their glycans in the large intestine (26, 28, 39).
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Table 1 Human mucins

Number of Typical
Mucins? Domain structure Chromosome | amino acids localization Reference
TM mucins
SEA
MUC1 PTS-SEA-TM-CT 1q22 1,255 General 5
MUC3 PTS-SEA-TM-CT 7q22.1 >2,541 Intestine 80
MUC12 PTS-SEA-TM-CT 7q22.1 5,478 Intestine 81
MUC13 PTS-SEA-TM-CT 3q21.2 512 Intestine 82
MUCI16 (PTS-SEA)33-TM-CT 19p13.2 22,152 General 77
MUC17 PTS-SEA-TM-CT 7q22.1 4,493 Intestine 79
NIDO-AMOP-VWD
MUC4 | PTS-NIDO-AMOP-VWD-TM-CT | 3q29 5,284 General 73
Others
MUC15 PTS-TM-CT 11p14.2 334 General 71
MUC21 PTS-TM-CT 6p21.33 566 Esophagus 70
MUC22 PTS-TM-CT 6p21.33 1,733 Esophagus 70
Secreted mucins
Gel-forming
MUC2 VWD1-VWD2-VWD3- 11pl5 5,130 Intestine 66
PTS(CysD)-VWD4-CT
MUCSAC VWD1-VWD2-VWD3- 11pl5 5,654 Lung, stomach 64
PTS(CysD)-VWD4-CT
MUC5B VWD1-VWD2-VWD3- 11pl5 5,703 Lung, saliva 60
PTS(CysD)-VWD4-CT
MUC6 VWD1-VWD2-VWD3-PTS-CT 11pl5 5,534 Stomach 69
Monomeric
MUC7 PTS 4q13.3 377 Saliva 42
MUC20 PTS 3q29 709 Kidney/urinary tract | 43

*Not all numbers are used: MUCS is not a mucin; MUC9 was renamed OVIOGP1; MUCI1O0 is not found in humans; MUCI11 is part of MUC12; MUC14
is called EMCM; MUCI8 is not used; and MUCI19 is not expressed in humans.

Abbreviations: AMOP, adhesion-associated domain; CT, cytoplasmic tail; NIDO, nidogen domain; PTS, Pro-Thr-Ser; SEA, sea urchin—enterokinase—agrin;
TM, transmembrane; VWD, von Willebrand D domain.

Typically, there are many (often more than 100) different O-glycan structures on the same
mucin from the same organ. A major reason for this wide diversity is that all biosynthetic in-
termediates are usually present. In contrast, the glycosphingolipids of the apical enterocyte cell
membrane lack most biosynthetic intermediates (41). The reason for these differences could be
that it is difficult for glycosyltransferases to reach all potential substrates on the mucins because
of their size, but they are more likely of functional importance, in that they allow the mucins to
present an enormously rich decoy of potential bacterial binding sites.

Secreted Mucins

Mucins lacking transmembrane sequences have been classified as secreted mucins (Table 1;
Figure 1). They are further divided into monomeric and gel-forming mucins. The term gel-
forming refers to the ability to form mucus with gel-like properties. This is not an ideal name,
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and the term polymer-forming probably better reflects their structure. Two monomeric mucins,
MUCY7 and MUC20, essentially consist of only a secreted mucin domain (42, 43).

Polymer-Forming Mucins

The classical polymer-forming mucins have a common protein domain organization shared with
von Willebrand factor (VWEF), an important molecule in the vascular coagulation system. The
four human gel-forming mucins and VWF all have 3.5 von Willebrand D (VWD) assemblies in
their N termini (Figure 3; Table 1) named VWD1, VWD2, VWD', and VWD3. The central part
of the mucins, but not VWF, consists of one or several PTS sequences that, after O-glycosylation,
become mucin domains. These central mucin domains are often interrupted by 100-amino-acid-
long domains called CysD domains. The C termini of the mucins and the VWF contain a Cys-
knot domain that may be preceded by VWD4 assembly and von Willebrand C (VWC) domains
(Figure 3).

In VWE the central part of the mucin is replaced by von Willebrand A and B domains. Studies
of the evolution of VWD domains show that these appeared early in or even before Metazoan
evolution and were associated with PTS sequences, as in mucins (9, 44) (Figure 4). VWF ap-
peared much later, during vertebrate evolution; thus, polymer-forming mucins were its origin.
Interestingly, polymer-forming mucins were lost during the evolution of insects. There is only
one remaining protein in insects called hemolectin, which has two functions: encapsulating bac-
teria and inhibiting hemolymph leakage, thereby recapitulating the function of the mucins and
VWE, respectively (45). The fact that the peptidyl-GalNAc transferases also appeared during the
Metazoan era adds further support for the early importance of mucins (10).

The number of polymer-forming mucins has changed during evolution. Most mucins are found
in species that have mucins not only on their internal organs but also on their skin. Frogs have
around 25 polymer-forming mucins; fishes, 15-20 (9, 44). Mammals have four or five of these
mucins (Figure 4), which protect only internal organs. There are five polymer-forming mucins in
the human genome, but only four are expressed as complete mucin proteins: MUC2, MUC5AC,

Hansson
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Evolution of mucins and their major domains. Abbreviations: PTS, Pro-Thr—Ser; SEA, sea
urchin-enterokinase—agrin; VWD, von Willebrand D.

MUCS5B, and MUC6. The MUCIY gene is not expressed in humans but is highly expressed in
pigs, where it is called PSM (porcine submaxillary mucin) (46-48).

All polymer-forming mucins are assembled into covalent dimers in the ER by disulfide bonds
between two Cys-knot domains (49) (Figure 3). The dimers then pass into the Golgi appara-
tus, where the PT'S sequences are O-glycosylated and reach masses in the range of 5 MDa. The
pH gradually decreases over the secretory pathway, and when the mucins reach the #runs-Golgi
network, their N termini form packed electron-dense assemblies that are sorted into regulated
secretory vesicles. The mucin N termini, blocked from forming disulfide-bonded polymers in the
ER by the VWD1-VWD?2 assemblies, are now covalently assembled into N-terminal dimers of
dimers or trimers of dimers by disulfide bonds formed within VWD3.

Only limited detailed structural information on the different domains of the polymer-forming
mucins is available. The first such domain to be structurally determined was a monomeric form of
VWD'-VWD?3 of VWF (50). A structure of the MUC2 VWD3 domain was published recently
(51). These structures show the coordination of the expected bound calcium ion. Some struc-
tural information on other domains in mucins from other proteins is also available. The Cys-knot
domain is found as homodimers in several proteins, and the VWC domain is found in collagen
(52).

Mucins’ role in protecting the mucosal surfaces, especially the intestine, is demanding. The in-
testinal mucin MUC2 is insoluble, a fact that was long overlooked but first observed by Carlstedt
etal. (53) in Sweden. MUC2’s insolubility in urea and in chaotropic salts like guanidinium chlo-
ride has been linked to the appearance of nonreducible covalent bonds. Electrophoresis gels have
revealed oligomers higher than the expected monomer after dithiothreitol treatment (54). Such
nonreducible bonds form during biosynthesis and passage through the later stages of the secretory
pathway (55). Much later, these nonreducible bonds were shown to be isopeptide bonds between
the side chains of Lys and Gln (56). Such bonds are known to stabilize other proteins exposed to
mechanical stress, such as collagen in skin and fibrin in blood clots (57). These bonds are formed
by transglutaminases, of which TGM2 and TGM3 are found in normal intestine and TGM2 in
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chronically diseased lungs (58, 59). The precise molecular details and functions are lacking, but
we can assume that isopeptide bonds mechanically stabilize mucus.

MUC2, MUCS5AC, MUC5B, and MUC6

The major normal mucin in the respiratory tract and saliva is MUCSB (60, 61) (Figure 3;
Table 1). This mucin forms N-terminal dimers and thus linear polymers (62, 63).

The sequence of MUCS5AC is the most similar to that of MUCS5B (64, 65). This mucin forms
N-terminal covalent dimers that further interact with tetrameric noncovalent polymers (S. Trillo-
Muyo & G.C. Hansson, unpublished manuscript) to form netlike structures.

MUC2 is found in the small and large intestine and has two large mucin domains interspersed
by two CysD domains (66). This mucin forms N-terminal disulfide-bonded trimers that, once
secreted, generate stacked netlike polymers, ideal for the generation of protective filters (67).

MUCS6 is found in the stomach glands and pancreas and has a similar size as the other mucins
but a simpler organization, with a single central mucin domain and short C termini (68, 69). Little
is known about its assembly and higher-order polymers.

Transmembrane Mucins

All transmembrane mucins are type 1 transmembrane proteins with an N-terminal extracel-
lular mucin domain, a transmembrane domain, and a relatively short unstructured C-terminal
cytoplasmic tail (Figure 1). There are three groups of transmembrane mucins: SEA (sea urchin—
enterokinase—agrin) mucins, NIDO-AMOP-VWD mucins, and a group without specific protein
domains other than a mucin domain (Table 1). This last group, consisting of MUC15, MUC21,
and MUC22, has essentially only an extracellular mucin domain coupled to the transmembrane
part (43, 70, 71). In the NIDO-AMOP-VWD mucins, these domains are extracellular, between
the N-terminal mucin domain and the transmembrane domain. Interestingly, there is only one
member of this family, MUCH4, in each higher species; it is not restricted to mucosal surfaces. Little
is known about its normal function, as it has largely been studied in relation to cancer (72-74).

MUCT is part of the largest group of transmembrane mucins, all of which have a SEA do-
main between the N-terminal PTS sequence and the transmembrane domain. The SEA domain
is cleaved autocatalytically during ER folding but s still held together by strong noncovalent forces
generated by four antiparallel B-sheets (75). MUCI is the most-studied mucin of this family and
is found on many cell types outside of the mucosal surfaces, as well as on a number of immune
cells (76). The largest known mucin, MUCI16, has more than 20,000 amino acids. This mucin has
more than 30 repeated SEA-PT'S sequences in which the SEA domains are not cleaved as they
are in mucins with only one such domain (77, 78). This mucin is well known because it carries the
CA125 epitope, which is widely utilized as a marker for ovarian cancer (78).

The remaining SEA mucins (MUC3, MUCI12, MUCI13, and MUCI17) are all found in the
intestinal tract and localize to the apical surface of polarized epithelial cells (79-82). Their PTS
sequences contain more than 4,000 amino acids, with the exception of MUCI3, which is con-
siderably smaller with only 150 amino acids in its PTS. MUC3, MUCI12, and MUC17 reach
approximately 1 pm from the tips of the enterocyte microvilli into the intestinal lumen. Such
mucins form the densely glycosylated glycocalyx of enterocytes (83).

MUCINS AND BACTERIA

Mucus and its main components, the mucins, as well as epithelial surface mucins have the role
of protecting inner mucosal surfaces. This role has dual functions: to protect the epithelium and
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to remove intruders. Protection is based on building a system where the epithelium is protected
from contact. Removal is based on a system that requires trapping intruders and the ability to
move them to less susceptible (for the host) positions, usually the colon. Protection requires a
barrier that is attached to the epithelial surface. For example, transmembrane mucins build the
dense glycocalyx of intestinal enterocytes, and polymer-forming mucins build the impenetrable
inner mucus layer of the colon. Removal requires movement and is accomplished by cilia in the
respiratory system and by peristalsis in the intestine.

The host faces a tremendous challenge in protecting its inner surfaces. Parasites have been
a considerable problem throughout human evolution, but they are a less frequent threat today,
as high-density human populations are more challenged by viruses. Bacteria may be the most
important threat, as they can divide and evolve rapidly. Mucus and mucins play an important role
in protecting the organism from these challenges. The remainder of this review focuses on the role
of mucins in protecting humans from bacteria at the two largest internal surfaces: the respiratory
and gastrointestinal tracts.

THE RESPIRATORY SYSTEM

The respiratory tract is exposed to millions of particles and bacteria at every breath we take.
Despite this exposure, healthy lungs are kept essentially free from bacteria (84), although DNA
amplification methods show that most individuals have at least some resident bacteria (85). In con-
trast, in individuals with chronic lung diseases, such as cystic fibrosis (CF) and chronic obstructive
pulmonary disease (COPD), the lungs are heavily colonized, often with specific bacteria.

A hallmark of the respiratory epithelia is the ciliated cells. The beating of the cilia continu-
ously generates vectorial transport in the cephalic direction of the airway surface liquid (ASL).
The ciliated cell membrane and cilia are coated with the transmembrane mucins MUC1, MUCH4,
and MUCI16, where the mucin domains generate a biophysical brush (86). The high carbohy-
drate content of these mucins maintains the liquid around the cilia, called periciliary liquid,
and provides the low friction required for cilia movement (86). The coating provided by these
mucins helps protect the epithelial cells from mechanical forces and acts as a barrier against
microorganisms.

Large animals, such as pigs and humans, have numerous submucosal glands (Figure 54), spe-
cialized molecular machines that make long and thick MUCSB bundles (87, 88). In the late se-
cretory pathway of the MUCS5B mucin-producing cells, where pH is low (5.5-6), the N-terminal
VWD1 and VWD?2 domains of the VWD3 dimer are bent inward, hooking together two MUCS5B
dimers that face each other at an angle of 180° (89). Electron microscopy and 3D-printed models
further suggest that these double dimers are assembled side by side into linear structures in which
the remaining MUCSB, including the mucin domains, point outward in all directions. Such non-
expanded structures have been observed in saliva (90). In the submucosal gland, the most periph-
eral cells generate a chloride- and bicarbonate-rich fluid that flushes the MUC5B mucin-secreting
cells. Bicarbonate increases the pH, causing the MUCS5B N termini complexes to disassemble, and
the flow pulls MUCS5B out into linear polymers (87, 91). These polymers are gathered into thicker
bundles in the gland ducts and are observed at the exit of the glands as thick bundles ~25 pum in
diameter (Figure 54). These bundles have a central core made of MUC5B mucins. Calculations
based on the estimated diameter of the mucin domains suggest that each bundle contains 1,000
5,000 MUCS5B polymers (87, 91). The mucin bundles must be organized by as-yet-unidentified
MUCS5B intermolecular interactions and perhaps by additional molecules.

Observations of the mucin bundle movements on a tilted tracheal surface show that they are
transported uphill by the forces generated by the beating cilia that also drive the ASL uphill.
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Figure 5

The mucus system of the normal and diseased respiratory tract. (#) The submucosal gland is a molecular machine that generates
MUCS5B-based bundles. (b)) The bundles are transported cephalically on the tracheobronchial surface by the beating of cilia and
movement of the airway surface liquid. Bacteria are collected by bundles sweeping over the surface. (c) An attached mucus layer is
formed by MUC5AC and MUCS5B in diseased lungs, thereby helping to separate epithelial cells from bacteria.

Interestingly, the bundles did not, as expected, move parallel to the ASL movement but rather
perpendicular to it (87, 91) (Figure 5b). The bundle transport velocity was also approximately a
tenth as fast as that of the ASL and the bundles did not move evenly, as the ASL did. Furthermore,
the bundles must be kept down on the tracheobronchial surface, as they should not fall off into
the lumen. The bundles are efficient at cleaning the tracheobronchial surface and removing
bacteria (91) (Figure 5b). In individuals with CF, the bundles are immobile from birth, and the
bacteria remain on the epithelial surface.

The mechanisms responsible for holding down the bundles on the tracheobronchial sur-
face and controlling bundle movement are poorly understood. However, the observation that
MUCSAC extends from inside the surface goblet cells, reaches over to, and patchily attaches
to and coats the MUCS5B bundles suggests an interesting mechanism (87, 91, 92). In contrast
to previous assumptions, gel-forming mucins seem to remain attached to goblet cells during se-
cretion, despite their lack of transmembrane domains. This was first observed in the small and
large intestine, where MUC2 is attached to goblet cells (87, 93, 94). The molecular mecha-
nisms responsible for attaching gel-forming mucins to goblet cells are not understood, but the
attachment suggests anchoring to unknown transmembrane proteins that are likely present in the
secretory granule membrane. Studies of the small intestine have shown that protease activities
are involved in detachment, as exemplified by the meprin B protease (94). In contrast to normal
mice, mice lacking this enzyme have attached small intestinal mucus. Observations of the bundle
movement pattern suggest that mechanical forces are involved in organizing the perpendicular
and irregular movement of the bundles. Similar mechanisms as for the VWF may be at work in
which blood flow can pull open an ADAMI13 cleavage site in the von Willebrand A2 (VWA?2) do-
main, allowing rupture of the VWEF polymer. However, no VWA domain is present in the mucins
(95, 96).

The normal organization of the mucus and mucins in the lungs differs considerably among
species. Small animals, such as mice, lack submucosal glands (except for a few at the larynx), and
their tracheobronchial surface is cleaned by small mucus clouds made from MUCSB from the
surface goblet cells (97, 98). The reason is, of course, the lack of submucosal glands, something that
is likely related to the smaller diameter of these animals’ bronchi. It is intuitively understandable
that small mucus clouds could be sufficient for sweeping and cleaning small airways but insufficient
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in large airways, such as the centimeter-wide human trachea. Human airways contain submucosal
glands and mucus bundles down to about the tenth bronchial bifurcation. In the smallest human
airways, the cleaning process might be similar to what has been observed in mice. Regardless of
whether bundles or cloud mucus moved by cilia is responsible, these are highly efficient systems
for keeping the lungs free from bacteria.

Upon infection, or in chronic diseases like CF or COPD, the lungs can revert from cleaning to
protection. In such cases, an attached mucus layer that is able to separate bacteria from the epithe-
lial cells is generated (58) (Figure 5c¢). The layer appears stratified and thus similar to the one that
protects the colon. The molecular mechanism responsible for forming such a layer likely involves
the structures formed by MUCSAC, a mucin that is dramatically increased in these diseases (63,
99). MUCS5AC forms a linear disulfide-bonded polymer, just like MUCSB, but in addition, the
VWD3 domain dimer further interacts to form a stable dimer—dimer tetramer (S. Trillo-Muyo
& G.C. Hansson, unpublished manuscript). Such polymers will thereby organize netlike sheets
that, together with other proteins found in the normal colon, form a stratified mucus layer that
can separate bacteria from the epithelial surface.

In chronic lung diseases such as COPD and CF, the attached mucus layer is retained in the
lungs (100). As a major function of mucus is to trap bacteria, the bacteria are retained in the lungs.
Certain bacteria, especially Pseudomonas aeruginosa, have special preferences for living in mucus.
Retention of bacteria in the lungs triggers inflammatory reactions, which eventually destroy lung
tissue in patients with these diseases.

THE DIGESTIVE SYSTEM

Just as the respiratory system is efficient in keeping the lungs relatively free from bacteria, the
intestine is highly efficient in handling a large number of bacteria. The major intestinal mucin,
MUC2, is crucial for this purpose. A major reason for the structural organization of the polymer-
forming mucins is likely the requirement for a digestive system in multicellular organisms. The
intestine is supposed to degrade and absorb most types of food without degrading itself. This im-
portant feature is provided by limiting the host digestive system to degrading only certain carbohy-
drates. Human digestive enzymes can cleave only the specific glycosidic linkages (Glca1-4Glc and
Glcal-6Glc) found in starch and those in a few disaccharides (lactose, sucrose, maltose, isomaltose,
and trehalose). This allows the glycans on the mucins, both transmembrane and polymer-forming,
to be unaffected and makes them able to protect the intestinal surface. The N and C termini of the
polymeric mucins are less glycosylated but are rich in Cys (1 in every 7-10 amino acids). These
bonds will help the mucins to form highly compacted and stabilized structures in which pancre-
atic proteases cannot access their specific cleavage sequences. Together, these features of MUC2,
despite its more than 5,000 amino acids, mean that this mucin remains intact after exposure to
pancreatic proteases. The commensal bacteria in the human large intestine, in contrast, help us
degrade MUC2 glycans and recover their energy content.

Stomach

The stomach is covered by an attached mucus layer built around MUCS5AC, which, importantly,
has the ability to form netlike polymers (101; S. Trillo-Muyo & G.C. Hansson, unpublished
manuscript). This mucus layer acts as a diffusion barrier for luminal hydrochloric acid, thereby
protecting the surface epithelial cells (102). The stomach glands that produce hydrochloric acid
and pepsinogen, however, are protected in unknown ways. MUCG is the only gel-forming mucin
produced in these glands and might have an important protective role. The gland content is
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secreted through the surface MUCS5AC mucus layer covering the glands via opening of pores,
which occurs by as-yet-unexplored molecular mechanisms (103).

Small Intestine

The small intestine has a nonattached mucus layer built around MUC2 (59, 101). MUC2 remains
attached to goblet cells after secretion and requires the protease meprin p to cleave MUC2, allow-
ing its detachment (94). The detachment is well controlled, as its activation requires the presence
of bacteria as well as an active bicarbonate-secreting CF transmembrane conductance regulator
(CFTR) ion channel (104). The mucus is penetrable to bacteria and bacteria-sized beads, but be-
cause of the abundance of antibacterial peptides and proteins, especially those from the Paneth
cells in the crypt bottom, there are no bacteria in contact with the cells (105, 106).

The enterocytes of the small intestine have the densest and thickest glycocalyx of any cell
type. In these cells, packed mucins and especially MUCI17 create a barrier against bacteria but
not small digested nutrients. The thickness of the glycocalyx is similar to the length of the
MUCI17, MUC12, and MUC3 extended mucin domains. This group of mucins anchors in the
apical membrane, but to protect the membrane from rupture, the cleaved SEA domain provides a
mechanical breaking point (107). Because such mucins reach the farthest away from the epithelial
cells, they may have as-yet-undefined sensory functions, as has been suggested for similar types
of molecules in yeast (108).

The small intestinal mucins along with the glycan decoration of their mucin domains are very
important for the selection of commensal bacterial species. The importance of attached/detached
mucus was illustrated by experiments in which germ-free animals were first fed normal mouse
bacteria (109). The attached mucus layer in the germ-free animals retained and selected different
bacterial flora with an increased number of Bacteroidetes and a concomitantly lower number of
Firmicutes (110). This altered composition returned to normal once the mucus was normalized
and detached 4-5 weeks after colonization. In CF patients, problems with both intestinal obstruc-
tion and bacterial overgrowth from the distal small intestine are likely related to their mucus being
attached (104, 111, 112).

Large Intestine

MUC2 forms the skeleton of the colon mucus system, with two major mucus layers: an outer,
nonattached, less dense layer and an inner, attached, dense mucus layer (93) (Figure 6). The inner
mucus layer has a stratified outer part, in which MUC2 is self-organized in flat netlike structures,
as well as a less well organized inner part close to the epithelial cells, where mucin expands (67, 93).

Commensal bacteria. The large intestine harbors an estimated 1,000 different bacterial species,
the majority of which belong to the phyla Bacteroidetes, Proteobacteria, Firmicutes, and Acti-
nobacteria (113). Their high number and diversity have been estimated from 16S ribosomal RNA
genome sequencing (114, 115). More recently, full metagenome and transcriptome sequences of
the commensal bacteria and available genomic sequences for several thousand species have been
obtained (116-120). Annotating these genomes and determining the functional importance of the
encoded proteins are current major challenges.

One of the earliest-known and most-studied commensal bacteria is Bacteroides thetaiotaomicron,
which, like many other commensal bacteria, has devoted much of its genome to carbohydrate
degradation. In this and other bacteria, carbohydrate utilization is organized in gene assemblies
called polysaccharide utilization loci, which include sensors, transporters, and glycosidases
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The mucus system and bacteria of normal and diseased colon. (#) Goblet cells assemble MUC2 into large polymers that, upon secretion,
generate large netlike structures that are staggered from below on one another to form the attached inner mucus layer. The pore size of
this inner layer is small, keeping bacteria away from the epithelial cells. At the interface with the outer mucus layer, the mucus expands
and the pore size is increased, allowing bacteria to enter and degrade the mucin glycans so as to generate short-chain fatty acids
(SCFAs) that feed the epithelial cells. (#) Ulcerative colitis is initiated when the inner mucus layer (first defense line, @), the sentinel
goblet cells (second defense line, @), and a potential third defense line (@) fail and bacteria reach the subepithelial immune system.

(113, 121). Other commensal bacteria have similar or fewer genes for carbohydrate utilization;
some are devoted to degrading complex plant saccharides, and others are more specialized
in mucin glycan degradation. One of the latter is Akkermansia muciniphila, an efficient mucin
glycan degrader that can live on pig stomach mucins (122, 123). The mucin O-glycans are highly
diverse, and there are few bacteria that can live on these glycans by themselves. Instead, several
bacteria typically need to collaborate to utilize all of the glycans. Note that mucin O-glycans vary
enormously along the intestinal tract and between species; researchers in this area should take
great care and study bacteria and mucin from the same host and niche.

Outer mucus layer and bacteria. The outer mucus layer is formed from the inner mucus
layer through detachment and volume expansion, processes that are controlled by the host (93,
109) (Figure 6a). The two processes are not fully understood at the molecular level, and they
likely are not linked, as detachment generates a sharp border whereas expansion is gradual. The
slow expansion of the outer mucus layer is demonstrated by the aggregation of bacteria by the
peptidoglycan-binding protein ZG16, which thereby moves them further away into the outer
mucus layer (124). Several proteases orchestrate the processes generating the outer mucus layer,
of which at least one has been identified: the CLCALI protein (125, 126). This abundant mucus
protein, which contains an N-terminal metalloproteinase domain, a central VWA domain, and
a C-terminal fibronectin type III domain, likely has both enzymatic and structural roles in the
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formation of mucus. A comparison between the MUC2 mucin of the inner colon mucus layer
and that of the outer colon mucus layer suggests cleavages in the C-terminal part of MUC2
that do not necessarily cause depolymerization, as the C-terminal part is heavily cross-linked by
numerous disulfide bonds (93). The important consequences of the formation of the outer mucus
layer are that bacteria can enter and that this mucus can be transported by peristalsis.

Selection of bacteria by the host has been nicely illustrated by elegant experiments in which
zebrafish and mice were made germ free, after which bacteria were transferred from one host
to the other (127). The mice selected out normal (for the mouse) bacteria from the mixture of
zebrafish bacteria.

As bacteria do not enter the inner mucus layer and the host does not secrete mucin glycan
glycosidases, the outer surface of the inner mucus layer exposes the intact mucin domain glycans
as biosynthesized by the host (128, 129) (Figure 6a). This exposure is likely crucial for specific
host microbial selection. Studies of bacterial adhesion to glycans have largely involved single-
carbohydrate epitope—protein interactions (17, 130). This is likely not the way in which commen-
sal bacteria recognize the mucin domain glycans, as these glycans are densely packed. Instead,
recognition is probably based on glycan patches in which the combined surface generated by sev-
eral specifically arranged glycans of the mucin domains is recognized. At present we have only
limited knowledge of the structure of these patches. Such patches will be defined by both the
arrangement of glycan attachment sites and the glycan structures themselves. Potential bacterial
adhesins recognizing mucin glycan patches have to be carefully studied using bacteria and mucin
domains from the same host, part of the intestine, and bacteria localized to the interface between
the inner and outer mucus layers.

There are, of course, factors other than the host glycan repertoire that are important for bac-
terial selection, such as the action and specificity of antibacterial defensins (131). Also important
are the host’s diet and its plant-derived complex glycan content.

Once bacterial glycosidases have started to act on the mucin glycans, the host-specific glycan
epitopes disappear. The bacteria continue to degrade the glycans, and finally the protein back-
bone is exposed and degraded. Only small amounts of mucins appear in feces, showing that the
commensal bacteria efficiently utilize the host mucins. The bacterial metabolism uses the released
monosaccharides to generate the short-chain fatty acids (SCFAs) acetate, propionate, and butyrate.
SCFAs diffuse back through the inner mucus layer and feed the local epithelial cells and, to some
extent, the body (113).

Inner mucus layer and bacteria. The inner colon mucus layer is normally devoid of bacteria be-
cause it is impenetrable to bacteria and micrometer-sized particles (93, 109). This filter-like effect
is generated by the nets formed by MUC2 polymers staggered on top of one another (67, 132)
(Figure 6a). The theoretical pore sizes generated by the MUC2 ringlike polymers are consider-
ably larger than bacteria and exclude micrometer-sized beads, suggesting that individual MUC2
sheets are not staggered directly on top of one another. Recent studies investigating how Salmonelln
bacteria swim in the colon mucus are illustrative (133). These flagellated bacteria swim freely in
the outer mucus layer and on the surface of the inner mucus layer, where they search for breaches
as a way to access the epithelium and thereby invade the host. Interestingly, bacteria are sometimes
trapped and stop moving at the outer surface of the inner mucus layer, supporting the concept of
a netlike inner mucus layer with pores that are smaller than the bacteria and thus act like a fishnet.

Interestingly, germ-free mice have an inner mucus layer that is penetrable to bacteria-sized
beads (109). The thickness of this inner mucus layer is almost identical to that in normal animals,
and it has only a slightly lower concentration of MUC?2. Colonization of germ-free mice with a
normal bacterial mixture regenerates the normal impenetrable inner mucus layer, a process that

Hansson



takes up to 7 weeks. Colonization of germ-free mice with bacteria from mice with a partially pen-
etrable inner mucus layer recapitulates the abnormal properties of the mucus layer (110). Recent
observations have shown that feeding of Western diets, high in fat and especially low in plant
polysaccharides (fiber), within 3 days renders the inner mucus layer more penetrable to bacte-
ria, allowing them to come closer to the host epithelium (134, 135). Together, these observations
suggest that bacteria can influence not only the amount of MUC2 mucin secreted but also its or-
ganization once it has been secreted and expanded, implying that bacterial products can influence
the formation of mucus. As the inner mucus layer provides a diffusion barrier, it is likely that bac-
terially generated small molecules will be responsible for such communication. Understanding
the organization of a functional inner mucus layer requires a detailed molecular understanding
of the different domains of MUC2 and the other major proteins of the colon mucus as well as
their interaction with one another. Mucin secretion and its enormous volume expansion demon-
strate the importance of the ionic conditions and pH during mucus secretion, as they likely also
modulate mucus properties.

The inner mucus layer normally keeps the commensal bacteria at bay, but when this first line
of defense fails, bacteria come in contact with the epithelium. This event is likely the first in the
development of the inflammatory disease ulcerative colitis (136, 137) (Figure 65). When bacteria
reach the crypt opening, they encounter a second line of defense as sentinel goblet cells sense the
increased level of bacterial products and initiate a response by a coordinated release of a mucus
plume to wash away bacteria (138) (Figure 65). A third line of defense is likely mediated by the
emptying of crypt goblet cells (139) (Figure 6b). These lines of defense are easily exhausted; the
regeneration of new MUC2 mucins is time-consuming, as their biosynthesis is demanding and
prone to cause ER stress responses. Once an overwhelming number of bacteria reach the immune
cells of the lamina propria, an overt inflammatory reaction is triggered, increasing mucus secretion
and likely initiating an acute episode of ulcerative colitis.

CONCLUSION

Understanding the molecular organization of the respiratory mucus system and of colon mucus
and its interaction with the commensal bacteria is crucial for both science and society. To make
significant progress, we have to take a humble and careful approach, adhering to the highest sci-
entific standards, to increase our understanding of these extremely complicated systems.

1. Mucins are characterized by long, extended rodlike mucin domains generated by dense
O-glycosylation.

2. The intestines and lungs are protected from bacteria by transmembrane mucins, which
generate an epithelial cell apical glycocalyx, and by gel-forming mucins, which form
mucus of different shapes.

3. Mucus can form a protective layer that physically separates bacteria from surface epithe-
lial cells in the large intestine and diseased lungs.

4. Mucins normally anchored to goblet cells can be detached in controlled ways, thereby
trapping and removing bacteria.

5. The mucin O-glycans of the colon mucus layers act as attachment sites for commensal
bacteria and as a nutrient source for both bacteria and host.
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1. We need to reveal the molecular structure of the different domains found in mucins and
how they mediate interaction between mucins and other mucus proteins to generate
highly organized mucus.

2. We need to understand how mucins are unfolded upon secretion and how different ions
and fluid conditions lead to different mucus properties.

3. We need to understand how gel-forming mucins detach from goblet cells in the intestine
and lung.

4. We need to understand the glycan-generated surface of mucin domains and how they
interact with bacteria.

5. We need to understand how different bacteria cooperate and utilize mucin glycans.

6. We need to understand how bacterial metabolites communicate with and influence the
host epithelium and its mucus production.

7. We need to develop novel therapeutic approaches and agents that can enhance the pro-
tective capacity of colon mucus for the treatment of ulcerative colitis.

8. We need to develop novel therapeutic approaches and agents that can detach the attached
mucus in CF and COPD.
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