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Glycans are essential cellular components that facilitate a range of critical functions important for tissue development and mucosal
homeostasis. Furthermore, specific alterations in glycosylation represent important diagnostic hallmarks of cancer that contribute
to tumor cell dissociation, invasion, and metastasis. However, much less is known about how glycosylation contributes to the
pathobiology of inflammatory mucosal diseases. Here we will review how epithelial and immune cell glycosylation regulates gut
homeostasis and how inflammation-driven changes in glycosylation contribute to intestinal pathobiology.

Mucosal Immunology (2022) 15:211-222; https://doi.org/10.1038/s41385-021-00466-8

INTRODUCTION

Glycans are complex oligosaccharides that encode a vast range of
distinct biological functions having remarkable implications in
tissue homeostasis and disease. Decoration of glycoproteins with
sugars regulates protein stability and generates the ligands for
glycan-binding proteins (GBPs) including antibodies and lectins'.
GBP-glycan binding interactions regulate key cellular processes
including gene transcription, cell signaling, immune cell traffick-
ing, pathogen-host interactions, and cellular differentiation?.
Glycosylation regulates important processes in a wide variety of
mucosal organs, including respiratory, gastrointestinal, and
genitourinary tracts. This current review will specifically highlight
how glycosylation contributes to homeostasis and inflammation in
the gut.

STRUCTURAL DIVERSITY AND COMPLEXITY OF N AND
O-LINKED GLYCANS

Mammalian oligosaccharide chains are generated through various
combinations of ten individual monosaccharides: glucose (Glc),
galactose (Gal), N-Acetylglucosamine (GIcNAQ),
N-Acetylgalactosamine (GalNAc), glucuronic acid (GIcA), xylose
(Xyl), mannose (Man), fucose (Fuc), Iduronic acid and sialic acid
(Sia)®. Interestingly while humans predominantly express the Sia
variant N-acetylneuraminic acid, the dominant Sia expressed by
mice is N-glycolylneuraminic acid®. Despite being generated from
a somewhat limited set of monosaccharides, mammalian glycan
chains display great structural diversity achieved by heterogenous
topologies and a multitude of glycosidic linkages that connect
individual sugar building blocks. Glycan diversity is further
expanded by addition of monosaccharides in alpha or beta
anomeric confirmations, multiple enzymatic site preferences as
well as specific cell and environmental differences. Individual
monosaccharides can be additionally modified by O-acetylation,
O-sulfation and O-phosphorylation further adding to glycan
structural heterogeneity. Importantly, this vast glycan complexity

is regulated by >700 genes (including glycosyltransferases and
sugar transporters) constituting 1-2% of the entire human
genome”.

Mammalian glycan chains are most commonly attached to
polypeptide structures through linkage to the amide Nitrogen of
Asparagine (N-linked glycosylation)® or through linkage to the
hydroxyl group of Serine/Threonine (O-linked glycosylation)’. N
glycan biosynthesis occurs in both the endoplasmic reticulum and
Golgi apparatus, beginning with synthesis and transfer of a 14-
sugar precursor glycan (GlcsMangGlcNAC,) to a nascent polypep-
tide chain before removal of Glu and Man residues to form the
ManzGIcNAc, common N-glycan core structure (Fig. 1). This initial
core N-glycan structure can be further modified to form one of
three main types of extended N-glycans: (1) oligomannosidic
glycans in which only Man sugars are attached to the core; (2)
complex glycans which have antennae formed from addition of
GIcNAc to the common core structure; and (3) hybrid structures
where only Man glycans are attached to the Mana1-6 arm of the
core while one or two antennae are attached to the Mana1-3 arm
(Fig. 1).

Unlike N-glycan biosynthesis, no oligosaccharide precursor is
required for decoration of glycoproteins with O-linked glycans.
The initiating event for O-linked glycosylation is addition of the
monosaccharide GalNAc (from UDP-GalNAc) to Ser/Thr residues
on an acceptor glycoprotein. The majority of O-linked glycans
fall into four main categories referred to as Core 1-4 structures
(Fig. 1). The initial O-glycan structure linked to Ser or Thr,
referred to as Thomsen-nouveau (Tn) antigen (GalNAca-O-Ser/
Thr), is subsequently extended by additional monosaccharides
transferred to growing glycan chains by specific glycosyltrans-
ferases. A ubiquitously expressed  glycosyltransferase
(Core 1 B1-3-galactosyltransferase, C1GalT1) adds Gal to Tn
structures forming Core 1 type O-glycans (GalB1-3GalNAc)®®. An
additional glycosyltransferase, Core 3 B1-3-N-
Acetylglucosaminyltransferase (C3GnT), adds GIcNAc to Tn
structures to form core 3 derived O-glycans'®'" (Fig. 1). Core

"Department of Pathology, University of Michigan, Ann Arbor, MI 48109, USA. ®email: brazilj@umich.edu; cparkos@umich.edu
Received: 25 June 2021 Revised: 11 October 2021 Accepted: 14 October 2021

Published online: 15 November 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00466-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00466-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00466-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00466-8&domain=pdf
https://doi.org/10.1038/s41385-021-00466-8
mailto:brazilj@umich.edu
mailto:cparkos@umich.edu
www.nature.com/mi

J.C. Brazil and C.A. Parkos

212

a b
a3 75} o2
B 4 o2 o3
p4 a3
B1

p1

High mannose

Common N glycan core

o6 B2 B2
06 o3 06
B4
B4
B1
Complex Hybrid

Extended N glycans

n

<<

o3 B4 p4
3 3 6 4 ,,,, . a3
' ' opn ’ 0=q "x¥ >@® ( '
o o pa 1% [P pa pa pa
Core 1 Core 2 Core 3 Core 4 e W o3
p3 B3 p6 B3 06 B3 p6
ol ol ol al
Extended Extended Extended Extended
core 1 core 2 core 3 core 4
0 Glycan cores Extended O glycans
Key: ’ Man . aieNAc () Gal ‘ Sia AFuc D GalNAc
Fig. 1 Common core and extended N and O-glycan structures. a Depiction of common N-glycan core structure. b Three main types of

extended N-glycans (High Mannose, Complex, and Hybrid) share a common core structure including the first two GIcNAc residues and the
first three Man residues. ¢ Depiction of Core 1-4 O-glycan structures. d Representative examples of complex O glycans with extended core 1,

2, 3 or 4 structures.

1 and Core 3 O-glycans can be modified by the addition of a
branching GIcNAc at the C6 hydroxyl group to form Core 2 or
Core 4 structures, respectively'>'® (Fig. 1). Individual Core
O-glycan structures must be correctly assembled by the
relevant glycosyltransferases to facilitate subsequent O-glycan
chain extension and generation of finalized glycan structures
that are required for proper glycoprotein function. As glyco-
proteins traverse the Golgi apparatus, O glycan core structures
are modified by sequential addition of Gal, GIcNAc, GalNAc, Fuc,
Sia, and sulfate to form more complex extended glycan
structures of varying lengths. Importantly, while Core 1 and
Core 2 structures are expressed in most tissues, Core 3 and Core
4 O-glycans are exclusively expressed in the intestinal epithe-
lium '8,
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INFLAMMATION-INDUCED ALTERATIONS IN GLYCOSYLATION
IN THE INTESTINAL EPITHELIUM ARE LINKED TO
PATHOBIOLOGY OF MUCOSAL DISEASE

The intestinal epithelium expresses a plethora of N and O-linked
glycans that control key functions important for barrier function
and protection against foreign toxins and pathogens. As such
intestinal epithelial cell glycans play a key role in maintaining
mucosal homeostasis despite being constantly challenged by
diverse foreign stimuli. Mucin type O-glycans are the major class
of glycans expressed by intestinal epithelial cells with differential
core O-glycan expression observed throughout the human
digestive tract (Fig. 2). Core-1 and Core-2 O-glycans are expressed
by epithelial cells in the stomach and duodenum'’. In contrast,
Core-3 O-glycans are expressed by epithelial cells in the jejunum

Mucosal Immunology (2022) 15:211-222
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Fig. 2 Differential glycan expression throughout the gastrointestinal tract. Cartoon depicting expression of Core O-glycans and terminal
glycans in the human gastrointestinal tract. Core-1 and Core-2 O-glycans are expressed by epithelial cells in the stomach and duodenum. In
contrast Core-3 O-glycans are expressed by epithelial cells in the jejunum and ileum while colonic epithelial cells mostly express Core-3 and
Core-4 glycans. Figure also depicts the increased expression of terminal Sia and GalNAc and decreased expression of terminal Fuc observed as

you move from the stomach to the rectum.

and ileum while colonic epithelial cells mostly express Core-3 and
Core-4 glycans'®2° (Fig. 2). Interestingly, terminal glycosylation in
humans is also regulated regionally by host and environmental
factors in the intestine from the stomach to the rectum with
increased levels of terminal Sia and GalNAc and decreased levels
of glycans terminating with Fuc in the distal colon'”?". In contrast
to human gut glycosylation patterns, the murine intestinal
glycome consists primarily of Core-2 based O-glycans®>?3,
Furthermore, while glycosylated structures in murine ileum,
jejunum, and duodenum are dominated by sialylated and sulfated
Core-2 O-glycans, mouse colon predominantly displays highly
charged fucosylated glycans®>?3. Despite some differences in
glycan localization, mice and humans express many of the same
terminal gut glycan epitopes including Sia, sulfate, and Fuc,
making murine models suitable for studying many aspects
pertaining to regulation of intestinal epithelial glycosylation.

Epithelial glycans in the intestine serve as ligands that induce
host immune signaling and act as nutrients that regulate gut
microbial composition?*°. Furthermore, recent studies have
highlighted that human and murine small intestinal Paneth cells
express specific N-Acetyllactosamine (GalB1-4GIcNAc, LacNAc)
glycans that control growth and differentiation of adjacent stem
cells, a critical event for ongoing intestinal epithelial self-
renewal’'?2. Therefore, intestinal epithelial glycans play an
essential role in integrating host, microbial, and environmental
cues to maintain mucosal homeostasis.

In addition to regulating mucosal homeostasis, altered intestinal
epithelial glycan expression is implicated in the complex etiology
of several inflammatory diseases of the gut including both forms
of inflammatory bowel disease (IBD), ulcerative colitis (UC), and
Crohn’s disease, with aberrant glycan expression directly con-
tributing to disease pathophysiology®*3*. Altered cell surface
glycosylation can be triggered by disrupted intracellular glycan
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biosynthesis, changes in exposure of surface glycans to glycan
modifying enzymes (glycosidases) or changes in expression of
underlying substrate glycoproteins. Interestingly, of the hundreds
of genes involved in glycan biosynthesis, at least 20 have been
implicated as IBD-associated risk genes (Table 1)?°2>™*'. Further-
more, inflammatory induced changes in expression of specific
epithelial glycoproteins as well as altered activity of glycan
modifying enzymes such as sialidases has been identified in the
intestinal mucosa of people with UC and Crohn'’s disease.333%42~%4,

One of the most common alterations in epithelial glycosylation
observed under conditions of chronic intestinal inflammation is
upregulated expression of truncated or immature surface glycans
(Fig. 3). For example, increased epithelial expression of the
oncofetal Thomsen-Friedenreich (TF) disaccharide GalB1-3-
GalNAc is observed in the intestinal mucosa of individuals with
UC and in Cotton-top tamarins with chronic colitis****®. The TF
antigen is recognized by the plant lectin peanut agglutinin
(PNA)¥, and increased binding of PNA is a common feature in the
inflamed mucosa of individuals with IBD**~°. Interestingly,
increased TF antigen expression is also a feature of epithelial
hyperplasia observed in colorectal tumors®'. Given the association
between chronic colitis and cancer, it can be speculated that
immature epithelial glycans are a common feature driving IBD
pathogenesis and gastrointestinal malignancy. Importantly, stu-
dies of unaffected monozygotic twins of individuals with IBD have
revealed elevated TF antigen expression in intestinal epithelial
crypts that is associated with increased NF-kB activation2. These
findings suggest that changes in epithelial glycosylation precede
disease initiation and that induction of TF antigen expression
might predict chronic inflammatory responses in the gut>%. While
the role of epithelial GalB31-3-GalNAc in IBD pathogenesis remains
incompletely understood, it has been proposed that increased
intestinal epithelial TF expression facilitates binding interactions
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Table 1. Inflammatory bowel disease risk associated genes involved
with glycosylation.

Ulcerative colitis only

HNF4A Transcription Factor that regulates Plasma protein
fucosylation'®® 18°

MANBA p-Mannosidase'?® '

MAN2A1 a-Mannosidase®®

SLC9A3 Solute carrier family 9 (Sodium/Hydrogen Exchanger),

target of PHA lectin'®% '3
Crohn’s disease only

IL6ST Cytokine that regulates IgG glycosylation®* #!

Fut2 « 1,2 Fucosyltransferase®

LGALS9 Gal binding lectin (Galectin-9)*

IBD (both ulcerative colitis and Crohn’s disease)

IL10 Cytokine that regulates intestinal epithelial
fucosylation?® 194 193

GALC Galactosylceramidase that hydrolyzes galactose ester
bonds'*®

TMEM258 Component of the oligosaccharyltransferase
transferase complex'®”

C1GALT1C1 X linked chaperone protein involved in core 1/core 2
0O-glycan biosynthesis®

SELE Sia binding lectin (E-Selectin)'®®

SELL Sia binding lectin (L-Selectin)'®®

SELP Sia binding lectin (P-Selectin)'®®

RORC Transcription Factor that regulates immune T-cell
glycosylation'®?

IKZF1 Transcription Factor that regulates IgG N
glycosylation3® > 199

MGAT3 Transcription Factor that regulates IgG N
glycosylation®

BACH2 B cell specific transcription factor that regulates IgG
glycosylation3® 63 200

IL23R Highly glycosylated cytokine receptor'®® 2!

IL2RA Cytokine implicated in N-glycan branching?®% 2°3

between GalB1-3-GaINAc and mitogenic lectins of dietary and
microbial origin that drive epithelial hyper-proliferation
responses>>>%, Intriguingly, it has been demonstrated that PNA
coated betamethasone-containing nanoparticles specifically tar-
get inflamed intestinal epithelium in vivo and reduce pathological
inflammation in both TNBS and oxazolone mediated models of
murine colitis>>. Similarly, the Fusobacterium nucleatum lectin Fap2
binds to GalB1-3-GalNAc and facilitates bacterial targeting to
inflamed TF-expressing intestinal epithelium in vivo®®. Importantly,
growing evidence suggests that F. nucleatum is a pathogenic
bacteria, enriched in the mucosa of people with UC, that triggers
autophagic epithelial cell death pathways to exacerbate intestinal
inflammation®.

Together with changes in Gal containing glycans, studies have
highlighted dynamic changes in epithelial fucosylation during
intestinal inflammation®”°%, Moreover, genetic deficiencies in
fucosylation have been shown to inhibit intestinal Notch signaling
and trigger spontaneous colitis and adenocarcinoma®®. Fucosyl-
transferases add Fuc to growing glycan chains in a1-2, a1-3, a1-4
or a1-6 conformations, with a1-2 being the dominant Fuc linkage
found in the intestinal epithelium of humans and mice®*,
Genome-wide association studies (GWAS) have identified strong
associations between IBD susceptibility and polymorphisms in
intestinal a1-2 fucosyltransferases (FUT1 and FUT2)*%%5%8 ABO
blood group antigens are formed by modification of terminal Gal
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residues by addition of a1,2 Fuc to form Fucal-2Gal (H antigen).
FUT2 encodes the H antigen in intestinal epithelial cells lining the
gastrointestinal tract while FUT1 is necessary for synthesis of these
structures on erythrocytes®. Epithelial expressed ABO-related
antigens strongly influence gut microbial composition by func-
tioning as binding epitopes for certain intestinal microbes
including Helicobacter pylori and Norovirus and acting as a Carbon
source for bacterial species such as Escherichia coli’®”'. Recent
studies have demonstrated that during homeostasis bacterial
interactions with innate lymphoid cells triggers production of IL-
22 which binds to IL-22R and induces epithelial expression of a1-2
Fuc in mice?®72, Increased epithelial a1-2 Fuc expression has been
shown to reduce colonization by opportunistic gut pathogens
including Enterococcus faecalis while promoting growth of
commensal microbes such as Porphyromonadaceae, Ruminococca-
ceae, and Bacteroides species®®’2. Importantly, loss of function
mutations in FUT2 have been shown to directly contribute to
colitis associated microbial dysbiosis in individuals with Crohn'’s
disease®”. While loss of function mutations in FUT2 represent IBD-
associated genetic risk factors>®*’, elevated intestinal epithelial
FUT2 expression has also been reported in the inflamed mucosa of
people with Crohn’s disease’®. Others have demonstrated that
IL10 producing lamina propria CD4" T cells suppress murine
intestinal epithelial FUT2 expression®®, suggesting complex
regulation of intestinal fucosylation is required to maintain
mucosal homeostasis in the gut.

In conjunction with the role of epithelial expressed al1-2 Fuc,
oral delivery of exogenous Fuc has been shown to alleviate
chronic dextran sodium sulfate (DSS) induced colitis in mice by
decreasing inflammation-induced intestinal bile acid accumula-
tion and shifting overall bile acid profiles to favor colonization by
beneficial commensal gut microbes’*”>. Supplementation with
Fuc has also been shown to ameliorate acute DSS colitis by
limiting macrophage M1 polarization and inhibiting NLRP3
inflammasome and NF-kB activation’®. These findings serve to
highlight the importance of epithelial fucosylation for mainte-
nance of microbial eubiosis in the gut as well as the complexity of
al-2 Fuc contributions to regulation of intestinal epithelial
function by components of the innate and adaptive immune
systems.

Consistent with reports showing altered intestinal fucosylation,
significant changes in epithelial sialylation are observed within
intestinal mucosa of people with UC and Crohn’s disease.
Increased expression of short O-linked oncofetal glycans such as
the sialyl Tn antigen (Siaa2-6GalNAc) occur in inflamed mucosa
from these individuals’’~”°. CD44 type | transmembrane glyco-
proteins represent an important family of heavily sialylated
adhesion molecules expressed by intestinal epithelial cells.
Immunohistochemical studies of human intestinal mucosa have
shown that expression of the CD44v6 variant is upregulated
during colitis and in intestinal tumors of epithelial origin®>4>8%81,
Importantly, increased CD44v6 expression in IBD correlates with
increased inflammatory infiltrates and with increased mucosal
tissue damage®®. More recent immunohistological and liquid
chromatography mass spectrometric glycomics analyses have
demonstrated upregulated expression of sialylated Lewis family
O-glycans on epithelial CD44v6 and on Muc2 in inflamed human
and murine colonic mucosa®***8278> Furthermore, recent func-
tional studies have shown that antibody targeting of specific
sialyl-Lewis glycans on epithelial CD44v6 blocks human neutrophil
transepithelial migration (TEpM), protects against DSS-induced
colitis in vivo and promotes epithelial wound closure following
colonic injury®***8¢, These studies highlight how inflammation
induced sialylated O-linked glycan epitopes may represent
potential therapeutic targets for limiting excessive PMN infiltra-
tion, driving re-epithelization processes, and promoting restora-
tion of mucosal homeostasis in the inflamed gut.

Mucosal Immunology (2022) 15:211-222
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on epithelial cells, immune cells, and intestinal mucins'>

ABERRANT GLYCOSYLATION OF INTESTINAL MUCINS IS
OBSERVED IN IBD
The physical barrier provided by absorptive enterocytes is
augmented by hyper O-glycosylated mucin proteins secreted by
goblet cells (GCs) to provide an additional layer of protection
against intestinal pathogens (Fig. 3). A recent single cell RNA-seq
study highlighted a sub-population of intestinal GCs that
upregulate stress response genes in the mucosa of individuals
with UC suggesting dynamic differentiation of GCs during
intestinal inflammation®’. Furthermore, another RNA-seq analysis
in mCherry-Muc2 transgenic mice identified a sub-population of
highly differentiated colonic GCs that localize to the surface
epithelium between intestinal crypts (inter-crypt GCs, icGCs).
Functionally icGCs were shown to have a distinctive transcription
profile producing a more permeable mucus that fills spatial
regions between mucus plumes released from standard intestinal
crypt GCs. Importantly, reduced numbers of icGCs along with
disorganized mucus structure was observed during DSS colitis in
mice and in the intestinal mucosa of individuals with UC
highlighting important regulation of GC maturation and transcrip-
tion during intestinal inflammation®®

In the small intestine of humans and mice, Muc2 is the most
abundant mucin and forms a single loose layer of mucus that is
penetrable by certain bacteria thus serving as a habitat for
commensal gut microbes®®. Structurally Muc2 resembles a bottle
brush with a protein core at its center and glycans (which account
for 80% of molecular mass) acting as bristles. In the colon, where
there are as many as 10'? bacteria per gram of stool, Muc2 forms
an outer non-attached mucus layer inhabited by microbes and a
sterile inner mucus layer that is adherent to the intestinal
epithelium®?'. The sterile inner mucus layer of the distal colon
is renewed by GC’s every hour and is gradually converted into the
outer more permeable mucus layer via host-controlled proteolytic

Mucosal Immunology (2022) 15:211-222

, 34, 64, 77-80, 90, 91,7 95-10!

cleavage of cysteine rich regions of Muc2®2. Such cleavage does
not disrupt Muc2 polymerization but rather allows the mucus to
expand to approximately four times its volume that makes a more
soluble habitat to support intestinal microbes®?. Bacteria resident
in the loose mucus gel of the intestine use glycan-degrading
enzymes to sequentially release monosaccharides from mucin
glycans until the protein core is exposed and degraded by
proteolytic enzymes?2. Monosaccharides released in this fashion
can be metabolized by bacteria into short fatty acids such as
butyrate that are utilized as an energy source by intestinal
enterocytes, highlighting that sugar-derived glycan metabolites
facilitate a symbiosis between commensal microbes and intestinal
epithelial cells*°*, The importance of intestinal microbiota for
mucus glycosylation is further highlighted by work comparing
Muc2 glycosylation in germ-free mice and mice raised under
standard housing conditions. Increased glycosyltransferase
expression along with more extended glycan structures and
higher levels of fucosylation on intestinal Muc2 has been reported
in conventionally raised mice?? suggesting that commensal
microbes play an important role in the glycosylation of intestinal
Muc2. In addition to providing a food source for intestinal
microbes and minimizing bacterial-epithelial contact, murine
intestinal Muc2 O-glycans have been reported to regulate mucosal
homeostasis by forming an immune complex with Galectin-3,
Dectin-1, and FcyRIIB that inhibits pro-inflammatory cytokine
production by dendritic cells®®

Intestinal mucin glycans are often modified by sulfation and,
mice lacking intestinal sulfate transporters (or sulfate transferases)
display increased leukocyte trafficking to the gut, enhanced
intestinal permeability, and increased susceptibility to DSS
induced colitis”™?°, Moreover, histochemical analyses have
demonstrated decreased sulfation of Muc2 O-glycans in colonic
biopsy specimens isolated from individuals with active UC®"~'%°,
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As such, decreased sulfation of Muc2 glycans, as observed in UC, is
likely to be important for disease pathogenesis although specific
mechanisms for this have yet to be fully elucidated. Interestingly,
despite having some common alterations in intestinal glycosyla-
tion, South Asians who develop IBD differ from their European
counterparts in that they do not have reduced levels of Muc2
glycan sulfation'®". Importantly, South Asians have lower overall
incidence rates for IBD, and colitis-associated cancer compared to
North Americans and Europeans'®"'°2. Therefore, it can be
speculated that lower rates of IBD and colitis-associated cancer
observed in certain populations could be related to specific
regional differences in intestinal glycan sulfation.

Increased expression of truncated or shortened O-glycans such
as the cancer-associated Tn antigen on Muc2 has also been
reported in patients with active UC'>7?%2, Furthermore, intestinal
Muc2 glycosylation was found to be similar across normal controls
and UC patients in remission suggesting that inflammatory
mechanisms regulate post translational glycosylation of intestinal
Muc2 and, that IBD-associated changes in glycosylation are
reversible over time®2. Another consequence of expression of
truncated or immature O-linked intestinal glycans is the loss of
epithelial expressed sulfo-Lewis glycans that represent ligands for
specific immune cell expressed Sia binding immunoglobulin-like
lectins (Siglecs) including Siglec 93%%%'%%, While the importance of
Siglec 9 signaling during intestinal inflammation has not been
studied to date, previous studies have demonstrated that
engagement of Siglec-9 triggers programmed cell death
responses in human neutrophils (PMN)'®*. Other studies have
reported regulation of PMN trafficking into inflamed lung tissues
by the murine analog of Siglec 9 (Siglec E)'*>'%. Therefore, it is
likely that loss of inhibitory Siglec 9 signaling in the intestine
might promote hyperactivation of PMN which would contribute to
the chronic mucosal inflammatory responses observed in IBD.

The importance of O-glycans in maintenance of intestinal
homeostasis is exemplified in mice lacking Core-3 derived
glycosyltransferases. These mice display reduced levels of total
intestinal O-glycans and are more susceptible to DSS-induced
colitis'®. Similarly, mice lacking intestinal Core-1 mucin-type
O-glycans develop spontaneous colitis that is triggered by
microbiota and epithelial-derived caspase-1 dependent mucosal
inflammasome  activation'”. Indeed, mice with intestinal
epithelial-specific deficiency of Core-1 derived O-glycans
(C1GALT1 IEC knockout mice) have been shown to develop
spontaneous distal colitis with massive neutrophilic infiltrates,
crypt abscesses and histopathology that closely resembles UC'®,
Successful functioning of C1GALT1 requires the X linked
chaperone protein Cosmc (C1GALT1C1)'>'6'% GWAS analyses
have shown that loss of function mutations in Cosmc represent
IBD risk-associated genes>>'%°, suggesting that lack of intestinal
C1GALT1 activity contributes to the aberrant intestinal O
glycosylation observed in individuals with UC. While the role
epithelial glycosylation plays in driving intestinal inflammation is
an emerging area of interest, studies to date highlight that altered
intestinal O-glycosylation results in a defective inner colonic
mucus layer, increased contact between epithelial cells and
bacteria, and triggering of pro-inflammatory immune responses
that likely contribute to IBD pathogenesis (Fig. 3).

IGG GLYCOSYLATION AND EFFECTOR FUNCTION
ALTERATIONS IN IBD

Together with inflammation-induced changes in intestinal epithe-
lial glycan composition altered glycosylation and distribution of
serum IgG occurs in IBD. Glycosylation of IgG modulates binding
affinity to FcyRs instructing either pro or anti-inflammatory
responses''®'""! Interestingly, 5 of the 16 genes that regulate
IgG glycosylation contain SNPs linked to increased risk for IBD
identified by GWAS®°. Reduced levels of serum IgG sialylation is
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observed in both UC and Crohn'’s disease’'>~"'* as well as altered

fucosylation, with increased levels detected in Crohn’s disease and
lower levels in people with UC'">'">, While the functional role of
IgG fucosylation in regulating intestinal inflammation is not
understood, afucosylated IgG has been shown to enhance pro-
inflammatory cytokine production by monocytes in the lungs of
individuals with severe COVID-19''6, suggesting that altered IgG
fucosylation could also contribute to IBD pathobiology. Impor-
tantly, the prevalence of agalactosylated IgG increases in Crohn’s
disease patients where it correlates with levels of C reactive
protein suggesting that changes in IgG galactosylation directly
contribute to IBD disease severity''’"''°, One of the important
consequences of IgG galactosylation is exposure of underlying
GIcNAC glycans that have been shown to bind to mannan-binding
lectin and induce inflammation via activation of the lectin
complement pathway in rheumatoid arthritis'?°. Given that
mannan-binding lectin expression is upregulated during intestinal
inflammation'?, it can be speculated that aberrant IgG galacto-
sylation also contributes to IBD pathobiology through activation of
inflammatory signaling pathways in the gut. Overall, a clear
functional role for IgG glycosylation in IBD pathophysiology has
yet to be determined. However given that current strategies for
differential diagnosis and monitoring of IBD can lack sensitivity
and are often invasive'?*'%, measurement of serum IgG
glycosylation could potentially represent an attractive and
minimally invasive option for IBD patient stratification’'*''?,

Along with changes in IgG glycosylation, serological studies
have shown that exposure of host cells to surface glycans
expressed by intestinal bacteria triggers the production of
carbohydrate-specific antibodies. Indeed, people with IBD com-
monly have elevated titers of such glycan reactive anti-microbial
antibodies'**"?°_In IBD, there is decreased microbial diversity and
increased colonization of potentially inflammatory bacterial
species including adherent-invasive E. coli'**"'*2, Since certain
pathogenic bacteria mimic host glycans to evade immune
recognition'**'3* antibodies against bacterial glycans have the
potential to cross react with intestinal epithelial glycoepitopes and
contribute to the chronic inflammatory responses observed
during active flares of IBD.

NEUTROPHIL GLYCOSYLATION AND INTESTINAL
INFLAMMATION

In addition to intestinal epithelial cell dysfunction and altered IgG
glycosylation, dysregulated neutrophil (PMN) infiltration and
activation are closely linked to pathobiology in IBD'**7'%°, It is
well appreciated that in the gut, uncontrolled influx of PMNs across
intestinal epithelial barriers coupled with indiscriminate release of
toxic reactive oxygen metabolites and tissue degrading proteases
results in extensive mucosal and/or transmural injury including
edema, loss of GCs, decreased mucus production, crypt injur?/ with
erosions, ulceration and, crypt abscess formation'3>7137.140.141
Importantly, critical binding interactions facilitating PMN recruit-
ment out of the microcirculation are regulated by cellular
glycosylation'*'*®, In particular endothelial E and P-selectins
engage sialyl-Lewis X [Sia-a2-3GalB1-4(Fucal-3)GIcNAc-R, sLe*]-
containing N- and O- glycans on PMN glycoproteins including
CD44, E-selectin ligand 1 and P-selectin glycoprotein ligand 1 to
facilitate PMN tethering and rolling (reviewed elsewhere'*3). Firm
adhesion of PMN to endothelial cells is further mediated by
interactions between PMN integrins and oligomannosidic
N-glycans displayed on endothelial ICAM-1"447149,

While mechanisms that drive PMN extravasation are relatively
well described, less is known about how PMN cross the epithelial
barriers that line mucosal organs such as the intestine. However,
more recent studies have highlighted an important role for
glycan-mediated binding events in regulating PMN TEpM. It has
been reported that sLe* glycans on PMN CD11b/CD18 mediate
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binding interactions with intestinal epithelial expressed ICAM-1
and, that antibody ligation of sLe* induces human PMN
aggregation and degranulation responses while reducing levels
of PMN TEpM'>°. In addition to sialylated glycans regulating PMN-
intestinal epithelial interactions, fucoidin (@ homopolymer of
sulfated L-Fuc) reduces levels of PMN TEpM demonstrating a role
for Fuc mediated binding events in this important process'’.
More recent MALDI-TOF mass spectrometry analyses of CD11b/
CD18 purified from human PMN revealed the total profile of
N-linked glycans on both the unique CD11b and the common
CD18 integrin subunits. Glycan analysis of CD11b highlighted an
unusual lack of sialylation, an over-abundance of high Man
glycans (including the binding target of the macrophage Man
receptor) along with the expression of unusual bisected GIcNAc
glycan structures'. Importantly PHA-E lectin targeting of
bisected GIcNAc N-glycans on CD11b deactivated PMN Syk
signaling, reduced levels of PMN TEpM, decreased reactive oxygen
species release and increased rates of PMN phagocytosis and
apoptosis'>2,

Targeting of the type 1 Lewis family member Lewis A [GalB1-3
(Fuc a1-4)GIcNAc-R, Le?] on PMN has been shown to increase
levels of TEpM'>3. Interestingly, in contrast to effects seen
downstream of Le* engagement, targeting of the related type 2
Lewis glycan structure Lewis X [GalB1-4(Fucal-3)GIcNAc-R, Le™],
expressed on CD11b/CD18, reduced human PMN TEpM,
decreased trafficking of murine PMN to the proximal colon and
increased PMN phagocytosis and degranulation responses'>'>4,
Taken together, these studies highlight that targeting specific
Lewis family glycan structures results in contrasting effects on key
PMN inflammatory effector functions suggesting that these
glycans could represent rational targets for ameliorating inap-
propriate PMN-intestinal influx and activation during IBD-
associated intestinal inflammation.

In addition to Lewis family glycans, recent literature has
established that azurophilic granule proteins from human PMN
(including myeloperoxidase, cathepsin G, proteinase 3, azurocidin
and elastase) display unconventional glycans that lack Man
residues (paucimannosidic glycans) and monoantennary (single
branched) complex type N-glycoproteins infrequently reported in
other areas of human glycobiology'>>~"®°. Functional studies have
revealed that truncated paucimannosidic N-glycans may be more
accessible than conventional high Man N-glycans which could
result in enhanced affinity of PMN glycoproteins (including
elastase) to ligands such as Man-binding lectins and al-
antitrypsin that are expressed in inflamed tissues'®'. Indeed,
MPO-specific glycan analyses have confirmed the presence of
truncated paucimannosidic N-glycans and revealed site-specific
glycosylation of PMN MPO with uncommon high Man glycan
structures'®2. While the role of paucimannosidic or high Man
glycans in modulating pro-inflammatory effects of MPO in
intestinal mucosa have yet to be determined, it is likely that
atypical glycans on PMN MPO may promote MPO clearance from
sites of inflammation by macrophages or dendritic cells that
express specific Man-binding lectins'®?,

A recent human PMN granule mapping study elegantly
highlighted that glycan complexity increases progressively during
PMN granulopoiesis, suggesting temporal changes in the PMN
glycosylation machinery resulting in granule-specific glycan
signatures'®®. Unusual truncated paucimannosidic N-glycans and
a complete lack of O-glycosylation on glycoproteins were found
within human PMN azurophilic granules. This uncommon deficit
of O glycosylation suggests that azurophilic granules are formed
at a stage of granulopoiesis where a-GalNAc-transferases are not
actively expressed. Like azurophilic granules, specific and gelati-
nase containing granules were shown to display rare glycan
signatures including complex N- and O-glycans with unusually
elongated poly-N-acetyllactosamine (poly-LacNAc) repeats deco-
rated with Lewis glycans. These long poly-LacNAc extensions have
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not yet been identified on other cells, highlighting unconventional
biosynthetic pathways in PMN that likely underpin cell-specific
glycosylation features and PMN specific functional properties.
Long poly-LacNAc repeats could promote binding interactions
between PMN and multivalent Galectins (Gal binding lectins) that
are released into the gut lumen during inflammation'¢>'%®, Along
with effects on PMN trafficking, phagocytosis, and degranulation it
has become increasingly apparent that glycans modulate the
formation and activity of neutrophil extracellular traps (NETs)'®’.
Human and bovine PMN express polySia glycans (extended chains
of a2-8-linked Sia) that can modulate the binding of lactoferrin to
NETSs to decrease overall levels of NETosis'®®'%°, Similarly, reduced
ionomycin and PMA induced NETosis was reported downstream
of PMN binding to highly glycosylated mucins'”°.

To date, studies of PMN glycosylation have highlighted several
important concepts including cell, site, and protein specific
glycosylation. Therefore, it can be speculated that discrete PMN
glycans bind to specific GBPs triggering differential regulation of
inflammatory effector functions in inflamed mucosal tissues.
Extracellular glycan chains terminate with a limited number of
specific terminal monosaccharides. Common capping features of
glycan chains including GlcNAcylation, galactosylation, fucosyla-
tion, and sialylation form the recognition motifs for GBPs which
contain one or more carbohydrate recognition domains that bind
specific configurations of 2-7 monosaccharide residues'”". Studies
have shown that PMN spatiotemporally display a wide variety of
GBPs including Galectins, Siglecs, Man recognizing lectins, and
glycan-binding integrins that shape PMN function with remark-
able plasticity'’2. Furthermore, given the relatively short half-life
and lack of robust transcriptional activity of these GBPs, it may be
speculated that mature PMN have evolved to use glycan
remodeling as a rapid way to fine tune critical functional
responses. As such terminal glycans may be a rational target for
regulating PMN trafficking and modulating effector functions in
inflammatory diseases where dysregulated PMN influx is asso-
ciated with mucosal tissue damage.

T-CELL GLYCOSYLATION CONTRIBUTES TO INTESTINAL
INFLAMMATION

In addition to innate immune cells, uncontrolled activation of
adaptive immune mediators including T cells plays a key role in
the pathogenesis of IBD. Critically, altered T-cell glycosylation is
directly implicated in the pathobiology of IBD. Lamina propria
T cells isolated from people with UC display decreased
N-acetylglucosaminyltransferase V (MGAT5) activity resulting in
reduced levels of (1-6 branched surface glycans (Fig. 3).
Furthermore, lower levels of 31-6 T-cell glycosylation was found
to correlate with increased IBD severity'”>'7*, A recent study has
demonstrated that low levels of branched N-glycans detected on
T cells around the time of UC diagnosis is predictive of poor
response to standard IBD therapies indicating the likelihood of a
more severe course of disease in these individuals'’>. Deficiency
of B1-6 branching on N-glycans in Mgat5~'~ mice has been
shown to promote T-cell receptor (TCR) clustering, decrease TCR
activation thresholds, and increase T-cell activation leading to
increased susceptibility to experimental colitis'’®. Along with
changes in glycan branching, increased levels of fucosyltransfer-
ase 8 (FUT8) mediated core fucosylation is observed in intestinal
T cells isolated from inflamed mucosa of UC and Crohn'’s disease
patients with augmented fucosylation correlating with higher
endoscopic disease activity scores'’”. Similarly, increased core
fucosylation has been observed in mucosal T cells from colitic
mice while Fut8 deficiency protects from development of TNBS
mediated colitis. Functionally, it was shown that CD4™ T cells from
Fut8~'~ mice have reduced pro-inflammatory cytokine production
suggesting that core fucosylation of TCRs is required for T-cell
signaling and induction of colitis in vivo'”’.
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In addition to Fuc-containing glycans, T cells express LacNAc
polymers that display the glycan ligands for numerous Galectins.
Galectin-2 has been shown to induce apoptosis of mucosal T cells
in mice and ameliorate DSS and T-cell transfer induced colitis
in vivo'’®, Another ubiquitously expressed Galectin, Galectin-3 is
known to form a molecular lattice between Gal glycans on TCRs
and N-glycans on the phosphatase CD45 that inhibits downstream
T-cell activation'’®'®, Furthermore, knockout of Galectin-3 in
mice resulted in more severe DSS-induced colitis, while supple-
mentation of wild-type mice with Galectin-3 reduced disease
severity through induction of regulatory T cells in the intestinal
mucosa'®'. Importantly, there is reduced Galectin-3 expression in
the inflamed intestinal epithelium of IBD patients suggesting that
altered Galectin-3-T-cell signaling interactions may contribute to
human disease pathobiology'®*'®3, Similar to anti-inflammatory
effects observed with Galectin-3, administration of Galectin-1 to
mice before induction of colitis has been shown to reduce the
number of hapten activated splenic T cells, decrease production of
INFy by intestinal T cells and reduce overall severity of disease'®*.
In contrast to protective effects of Galectins-1-3 on T-cell function
during colitis, the epithelial cell lectin, Galectin-4 has been shown
to stimulate IL-6 production by mucosal CD4" T cells, and delay
recovery from inflammation-induced colonic injury'®. Further
investigations are clearly needed to fully understand how
glycosylation regulates mucosal T-cell function. However, studies
to date highlight how alterations in T-cell glycosylation represent
potentially diagnostic IBD biomarkers as well as druggable targets
for reduction of chronic intestinal inflammatory responses.

CONCLUSION/SUMMARY

The enormous diversity of mammalian 6glycans (>15,000 specific
glycan determinants identified to date'®®) coupled with the high
density of cell surface glycosylation makes uncovering the biological
functions of individual glycan structures extremely challenging.
However, the role glycosylation plays in driving mucosal pathogen-
esis under conditions of chronic inflammation is an exciting
emerging field with multiple directions for future research. Work to
date has highlighted that inflammation induced changes in intestinal
and immune cell glycosylation produce potentially prognostic
biomarkers in addition to generating targets for development of
new therapeutic strategies for amelioration of IBD-associated
mucosal tissue damage. One of the main challenges for the future
will be determining how different biological contexts can impart cell
and protein-specific glycan encoded signals to regulate mucosal
homeostasis and disease. With the advent of exciting new analytical
technologies including Surface-protein Glycan and RNA-seq, a
recently developed method that facilitates analysis of N-linked
glycosylation, extracellular epitopes, and the transcriptome at a
single cell level'®, our understanding of the molecular basis of cell-
specific glycan mediated signaling during mucosal inflammation is
set to improve considerably in the years to come.
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