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Abstract: Glycosylation is a ubiquitous posttranslational modification of proteins that occurs in
the endoplasmic reticulum/Golgi. N-glycans and mucin-type O-glycans are achieved via a series
of glycohydrolase- and glycosyltransferase-mediated reactions. Glycosylation modulates immune
responses by regulating thymocyte development and T helper cell differentiation. Autoimmune
diseases result from an abnormal immune response by self-antigens and subsequently lead to
the destruction of the target tissues. The modification of N-glycans has been studied in several
animal models of T-cell-mediated autoimmune diseases. This review summarizes and highlights the
modulatory effects of N-glycosylation in several autoimmune diseases, including multiple sclerosis,
systemic lupus erythematosus, inflammatory bowel disease, and type 1 diabetes mellitus.
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1. Introduction of Glycosylation

1.1. Biosynthesis of N- and O-Linked Glycosylated Molecules

Proteins of the eukaryotic cell surface and secretory proteins are posttranslationally modified
with Asn (N)- and Ser/Thr (O)-linked glycans in the endoplasmic reticulum (ER) and Golgi apparatus
via the action of a series of glycohydrolases and glycosyltransferases. Thus, the formation of complex
glycans depends on the expression and activity of these ER/Golgi enzymes. The nutrient environment
of the cells and metabolic supply of substrates also affect their diversity.

N-Glycosylation occurs at N-X-S/T sites of proteins, which are sequentially modified via the
action of α-mannosidases, N-acetyl-glucosaminyltransferases (Mgat) I, II, IV, and V (encoded by Mgat1,
2, 4, and 5, respectively). The Mgat family of proteins utilizes the same substrate, uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc), via the hexosamine biosynthesis pathway (HBP). Mgat1 transfers
GlcNAc from UDP-GlcNAc to Man5GlcNAc2Asn of proteins to initiate the synthesis of complex
and hybrid N-glycans. Mgat2 generates b1,2 GlcNAc branched N-glycans to form a bi-antennary
structure. Mgat4a and Mgat5 further catalyze the β1,4 GlcNAc and b1,6 GlcNAc-branches of the
mannose core of N-glycans to generate tri- and tetra-antennary structures, respectively (as illustrated
in Figure 1). The Km values for UDP-GlcNAc decrease by ~400-fold between Mgat1 (0.04 mM) and
Mgat5 (10 mM) [1,2]. In contrast, Mgat1 has a low affinity for the acceptor N-glycan at ~2 mM, and
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this relationship is reversed for Mgat4 and Mgat5. Both the deficiency of UDP-GlcNAc and Mgat1
overexpression have been shown to reduce N-glycan branching by inhibiting the actions of Mgat4
and Mgat5 [2,3]. Moreover, these Mgat functions depend on each other in the formation of complex
N-glycans. The functionality of Mgat2, Mgat4a and Mgat5 requires Mgat1-mediated N-glycans.
Mgat4a and Mgat5 cannot transfer GlcNAc to the β1,4 GlcNAc and b1,6 GlcNAc-branches of the
mannose core of N-glycans only in the presence of Mgat2. The absence of Mgat5 will not influence
other Mgat-mediated N-glycan processing.

N-glycan branching is further modified by β1,4 galactosyltransferases (β4Gal-Ts) and β1,3N-acetyl-
glucosaminyltransferases (βGNTs), and elongated with poly N-acetyllactosamine (poly-LacNAc).
Finally, the complex N-glycans are capped by sialic acid and fucose via the actions of sialyltransferases
and fucosyltransferases, respectively (Figure 1). The complex N-glycans serve as ligands for a series of
lectins, including galectins [4,5], siglecs [6], and selectins [7,8], that modulate the immune homeostasis.
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when cells interact with lectins in the environment [9,12,13]. Mucin-type O-glycans are modified with 
a GalNAc sugar at the hydroxyl group of serine or threonine residues of proteins by a large family of 
polypeptide GalNAc transferases (ppGalNAc-Ts). The core 1 (T-antigen) structure is catalyzed by the 
core 1 α1,3 galactosyltransferase (T-synthase or C1GalT1), which adds a galactose in a β1,3-linkage 
to the extant GalNAc [14,15]. Cosmc, the ER chaperone, is responsible for the folding and activity of 

Figure 1. Biosynthesis of N-glycan branching. The UDP-GlcNAc supply is sensitive to glucose
(Glc), glutamine (Gln), acetyl-CoA, and GlcNAc. UDP-GlcNAc is required for the initiation of
N-glycans in the ER and is used for branching reactions in the Golgi. N-glycan branching is
achieved via a series of glycohydrolase- and Mgat-mediated reactions. These N-glycans are further
elongated with LacNAc units, which interact with galectin-3. These complex N-glycans are capped
by sialic acid and fucose via the action of sialyltransferases and fucosyltransferases, respectively.
2DG = 2-deoxy-D-glucose, Dol = Dolichol, DMN = deoxymannojirimycin, MI = mannosidase I,
MII = mannosidase II, SW = swainsonine. Additional structural modification via addition of sialic acid,
fucose, N-acetylgalactosamine and/or sulfate is not shown.

Mucin-type O-glycans are abundant on mucins and occur in the in proline, threonine, and serine
repeating domains of proteins (i.e., PTS domains) [9–11]. These glycans are found on many cell-surface
and -secreted proteins and play a critical role in recognition, adhesion, and communication when cells
interact with lectins in the environment [9,12,13]. Mucin-type O-glycans are modified with a GalNAc
sugar at the hydroxyl group of serine or threonine residues of proteins by a large family of polypeptide
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GalNAc transferases (ppGalNAc-Ts). The core 1 (T-antigen) structure is catalyzed by the core 1 α1,3
galactosyltransferase (T-synthase or C1GalT1), which adds a galactose in a β1,3-linkage to the extant
GalNAc [14,15]. Cosmc, the ER chaperone, is responsible for the folding and activity of the mammalian
C1GalT1 enzyme, and Cosmc deficiency selectively inhibits the synthesis of core 1 O-glycans in
mammals, suggesting that Cosmc is essential for the activity of the C1GalT1 enzyme [16–18]. The core 3
structure is catalyzed by β1,3-N-acetylglucosaminyltransferase 6, which adds a GlcNAc in β1,3-linkage
to the extant GalNAc of proteins. The core 1 and core 3 structures can be catalyzed further by
β1,6-N-acetylglucosaminyltransferases, which add GlcNAc in α1,6-linkage to the extant GalNAc
(core 2 or core 4 structures). These glycans can be further extended via linear or branched structures
through the addition of other sugars, such as galactose, GlcNAc, fucose, and sialic acid (Figure 2).
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Figure 2. An overview of the mucin-type O-glycans. Mucin-type O-glycans are modified with a GalNAc
sugar at the hydroxyl group of serine or threonine residues of proteins by ppGalNAc-Ts. The addition
of galactose and GlcNAc results in the formation of the core 1 and core 3 structures, respectively. These
core structures can be catalyzed by β6GlcNAc-Ts, which add GlcNAc in α1,6-linkage to the extant
GalNAc (core 2 or core 4 structures). These glycans can be modified further via linear or branched
structures through the addition of other sugars, such as galactose, GlcNAc, fucose, and sialic acid.
Additional structural modification via addition of sialic acid, fucose, GlcNAc and Gal is not shown.

Galectins, a family of LacNAc-binding animal lectins, contain at least one conserved
carbohydrate-recognition domain (CRD) and are expressed ubiquitously in the extracellular matrix,
at the cell surface and in the cytosol [5,19–21]. In general, they are classified as: prototype galectins
(such as galectin 1), which contain one CRD and occur as monomers or dimers; tandem repeat-type
galectins (such as galectin 9), which have two different CRDs connected by a linker; and the
chimera-type (such as galectin-3), which contains C-terminal CRD conjugated to a non-lectin domain
at the N-terminus [22]. Most galectins interact with N-glycans at the cell surface to form lattices [23–25]
and enhance glycoprotein retention time at the cell surface [2,26]. Galectin-3 interacts preferentially
with Mgat5-mediated N-glycans of TCR molecules on T cells [26]. Interestingly, loss of Mgat2 decreases
N-glycan branching significantly at the cell surface compared with Mgat5 deletion, and the interaction
of galectin-3 with the total LacNAc content at the cell surface in Mgat2−/− and Mgat5−/− T cells is
similar. The compensatory effects of the LacNAc content in Mgat2−/− T cells preferentially occur via
the extension of poly-LacNAc in Mgat1-mediated N-branching [27]. This finding indicates that severe
N-glycan branching deficiency results in linear extension with poly-LacNAc structures on N-glycans.

1.2. Biological Functions of N-Glycosylation

Mgat1 is responsible for generating the first antennary. Mgat1−/− mouse embryos lacking
all N-glycan branching of proteins exhibited developmental retardation and died between 9.5 and
10.5 days [28,29]. Mgat2 is responsible for generating the second antenna of N-glycans. Loss of
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Mgat2 in mice resulted in defective complex N-glycans and revealed a novel bisecting N-glycans
structure [30]. Mice lacking Mgat2 displayed severe gastrointestinal, hematologic, and osteogenic
defects, which are comparable to human Mgat2 deficiency (CDG-II) [31]. Mgat4a is required for the
formation of the tri-antennary N-glycans of proteins, and these glycans interact with galectin-9 in
pancreatic β cells. Mice lacking Mgat4a displayed hyperglycemia, obesity, and insulin resistance in
response to a high-fat diet [32]. In β-cell-specific Mgat4a transgenic mice, β cells increased insulin
sensitivity and protected against type 2 diabetes [33]. These findings suggest that Mgat4a-mediated
N-glycan branching on Glut2 preferentially binds to galectin-9 and enhances surface retention.
Mgat4a and Mgat5 are responsible for the formation of tri- and tetra-antenna N-glycans structures,
respectively. Interestingly, Mgat5-deficient mice were slightly hypoglycemic and were hypersensitive
to fasting [34,35]. The insulin responses were normal in Mgat5-deficient mice, but the higher levels of
glucagon contributed to their lean phenotype [35]. Moreover, Mgat5 was upregulated in carcinomas
for cytokine signaling and subsequently affected the epithelial-mesenchymal transition (EMT), cell
motility, and tumor metastasis [34]. Galectin-3 preferentially interacted with the poly-LacNAc structure
on the Mgat5-mediated N-glycan branching on EGFR and TGF-βRII at the cell surface, and delayed
endocytosis [36]. These studies identified the lattice as a key regulator of the receptors that can modify
cell growth and the inflammatory response.

1.3. Effect of N-Glycans on the Immune System

Many studies have proven that N-glycan branching plays a major role in the immune
system [26,30,37]. During thymocyte development, the levels of N-glycan branching vary by 5-fold
from double negative (DN) to single positive (SP) thymocytes, followed by a decline in the levels
of N-glycan branching of 2-fold from SP to peripheral T cells [38], suggesting that these changes
in N-glycan branching regulate TCR clustering during thymocyte development. The number of T
cells in the thymus and spleen of mice lacking N-glycan branching in T cells lacking Mgat1 [38]
or Mgat2 [30,38] was significantly reduced after the increase in co-receptor endocytosis and the
inhibition of Lck activation. Therefore, complex N-glycans are required for the interactions between
peptide-MHC and TCR for positive selection during thymocyte development. Mgat5 is responsible for
the formation of tetra-antennary N-glycan, and its deficiency did not significantly alter the number
and population of T cells in the thymus and spleen. Mgat5 deficiency decreased the lattice formed
between T cells and galectin-3 and increased TCR clustering in immune synapses; subsequently, it
contributed to the development of delay-type hypersensitivity (DTH) and experimental autoimmune
encephalomyelitis (EAE) [26]. Mgat5-mediated N-glycans further attenuated Th1 [39] and Th17
cell differentiation [40] and increased the surface retention of cytotoxic T lymphocyte antigen 4
(CTLA-4) [2]. CTLA-4, which is an inhibitory costimulatory molecule that plays a major role in
T-cell arrest. The Thr17Ala polymorphism in human CTLA-4, which reduces the number of its
N-glycan sites from two to one, is associated with multiple sclerosis (MS) risk via the attenuation of its
surface retention [3,41,42]. Cytokines and their receptor-associated activation of signal transducer and
activator of transcription proteins (STATs) regulate the expression of specific transcriptional factors
and contribute to T helper cell development [43,44]. IL-2Rα (CD25), which is expressed mainly on
activated T cells or Treg cells, plays a critical role in the high-affinity binding to IL-2, in conjunction
with IL-2Rβ and the γ chain. This binding activates MAPK, PI3K/Akt/mTOR, and STAT5 to
regulate T-cell survival, proliferation, differentiation, and activation-induced cell death (AICD). CD25
is a highly glycosylated protein that contains N- and mucin-type O-glycan modifications [43,45].
Inhibition of N-glycosylation by glucosamine or tunicamycin treatment significantly attenuates the
surface retention of CD25 on T cells and IL-2 downstream signaling. These inhibitory effects of
CD25 systemically downregulate Th1, Th2, and Treg cell differentiation and markedly promote
Th17 cell development [45,46]. Moreover, supplementation with glucose and glutamine increases
N-glycosylation biosynthesis and subsequently enhances the surface retention of CD25 through the
HBP [46]. Interestingly, the inhibition of N-glycosylation moderately attenuates the surface retention
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of other cytokine receptors including IL-12Rβ2, IL-4Rα and IL-6R and slightly downregulates the
activation of STAT4, STAT6, and STAT3, respectively.

Why is the surface retention of CD25 on T cells significantly affected by the inhibition of N-glycans
or the nutrients in the HBP? The number of N-glycan modifications on each glycoprotein sequence
regulates the surface retention of glycoproteins [2,36]. The predicted molecular weight of CD25 is
25 kDa, and its real molecular weight is approximately 55 kDa. Nonetheless, CD25 contains three
consensus N-glycosylation sites, and the response of CD25 was similar to those that were decorated
with a high number of N-glycans [36]. Another possibility is elevated expression of CD25 on T cells
compared with the expression of other cytokine receptors, such as IL-12Rβ2 and IL-4Rα. These findings
suggest that both the number of N-glycans and the expression levels of receptors contribute to T cell
growth and differentiation.

2. Overview of Autoimmune Diseases and the Modulatory Effects of N-Glycan Branching on
These Diseases

Autoimmune diseases, which result from immune-system disorders caused by self-antigens,
affect approximately 3–8% of the population. Over 80 autoimmune disorders have been identified,
and genetic and environmental factors have been shown to contribute to the development of
autoimmunity in humans and animal studies. The activation of immune cells, such as T or B cells,
by self-antigens in tissues leads to the secretion of inflammatory cytokines or autoantibodies, which
damage the target cells or tissues [47]. In this section of the article, we will review the modulatory effects
of N-glycan branching in several autoimmune diseases, including MS, systemic lupus erythematosus
(SLE), inflammatory bowel disease (IBD), and type 1 diabetes (T1D).

2.1. Multiple Sclerosis

2.1.1. Pathogenesis and Experimental Animal Models of MS

Multiple sclerosis (MS) is a neurodegenerative disease of the central nervous system (CNS) [48].
Immune cells, such as macrophages, neutrophils and T cells, are involved in the damage of the
neuronal myelin sheath that occurs during the development of MS [49,50]. Experimental autoimmune
encephalomyelitis (EAE) is the mouse model of MS because of its pathological similarity to human
multiple sclerosis [51]. EAE can be induced in susceptible strains of mice, such as SJL and C57BL/
6 mice, by immunization with the proteolipid protein (PLP) or myelin oligodendrocyte glycoprotein
(MOG) emulsified in complete Freund’s adjuvant, respectively [52]. CD4 T cells play a critical role in
the development of MS. Inflammatory cytokines, such as IFN-γ [53,54] and IL-17 [55], are secreted by
these cells and contribute to the severe inflammation and damage of the myelin sheath and neurons
observed in MS.

2.1.2. Role of N-Glycan Branching on T Cells in MS

Mgat5 catalyzes the addition of β1,6GlcNAc to N-glycan, to form a tetra-antennary structure.
Mgat5-deficient mice display enhanced DTH and increase susceptibility to EAE via the downregulation
of the threshold to TCR clustering [26], the enhancement of IFN-γ production by T cells [39], and the
decrease in CTLA-4 surface retention [2]. T-cell-specific Mgat2-deficient mice (Mgat2f/f/Lck-Cre) also
display a significantly more severe EAE than do their control littermates [27]. Interestingly, Mgat2
deficiency leads to a marked decrease in N-glycan branching at the cell surface compared with Mgat5
deficiency, whereas the interaction of galectin-3 with the total LacNAc content at cell surface is similar
in Mgat2−/− and Mgat5−/− T cells. The compensatory effects of the LacNAc content in Mgat2−/−

T cells preferentially occurs via the extension of poly-LacNAc of Mgat1-mediated N-glycan branching.
Mgat2f/f/Lck-Cre mice were further treated with kifunensine, which inhibits α-mannosidase I and
blocks the poly-LacNAc context of Mgat1-mediated N-glycan branching, resulting in a dramatic
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increase in clinical score. These findings demonstrate that poly-LacNAc extension plays a major role in
the control of T cell growth, differentiation, and autoimmunity.

Several mouse inbred strains, such as PL/J and SJL mice, have an intrinsic deficiency in N-glycan
branching in T cells compared with other inbred strains, such as BALB/c and C57BL/6 mice. PL/J mice
display the lowest levels of N-glycan branching vs. other inbred mouse strains [56]. Mgat5-deficient
PL/J mice spontaneously develop inflammatory demyelination and neurodegeneration and display
Tim-3+ Th1 cells more frequency than do PL/J mice, which is consistent with the regulation of Th1
cell differentiation by N-glycan branching in vitro [39]. Several polymorphisms of Mgat1 that increase
the levels of mRNA and enzymatic activity reduce the UDP-GlcNAc utilization by Mgat4 and Mgat5,
and result in a decrease in N-glycan branching [3]. CTLA-4 is an inhibitory molecule that has a higher
affinity for CD80/CD86 on antigen-presenting cells and negatively regulates the T-cell response [57–59].
CTLA-4 has two N-glycosylation sites. The Thr17Ala polymorphism in human CTLA-4, which results
in one N-glycosylation site, not only limits the surface retention of CTLA-4 on T cells but also represents
a risk factor of MS [3]. Both GlcNAc supplementation and vitamin D treatment increase N-glycan
branching and enhance the surface retention of CTLA-4 on T cells, subsequently attenuating the
development of demyelinating disease. Thus, the genetic defect of N-glycan branching in mouse or
human T cells is directly associated with MS, and metabolic supplementation may increase N-glycan
branching on T cells and reduce the risk of MS.

Glucose, glutamine and GlcNAc are metabolites for the biosynthesis of UDP-GlcNAc in the
HBP. UDP-GlcNAc is further used in the ER for the initiation of N-glycosylation and in the Golgi
for the generating N-glycan branching. Glucosamine, an amino sugar, is also the substrate of
UDP-GlcNAc in HBP [60,61] and interferes with the process of N-linked glycosylation [62,63],
unlike GlcNAc. Many studies have shown that glucosamine has immunomodulatory effects on
autoimmune diseases [64–67]. We first demonstrated that glucosamine treatment inhibits Th1,
Th2, and Treg cell differentiation and markedly promotes Th17 polarization by interfering with the
N-glycosylation of CD25 and downregulating its downstream signaling. These effects of glucosamine
were similar to those observed in tunicamycin-incubated cells. Interestingly, excess glucose rescues
this glucosamine-mediated regulation, suggesting a functional competition between glucose and
glucosamine. Moreover, low-dosage of glucosamine treatment exacerbates the severity of EAE by
enhancing Th17 cell differentiation [45], which is consistent with previous studies demonstrating an
inhibitory effect of N-glycan branching on EAE development. Furthermore, another study has shown
that glucose and glutamine treatments not only block Th17 cell differentiation but also induce a cell-fate
switch to iTreg cells via the increase of N-glycan branching and the surface retention of CD25 [46].
These findings further provide evidence that glycolysis and glutaminolysis cooperatively modulate
T-cell development, differentiation, and self-tolerance through limited supply to N-glycan biosynthesis.

2.2. Systemic Lupus Erythematosus

2.2.1. Pathogenesis and Experimental Animal Models of Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a complex autoimmune disease that results from
the interaction between the innate and the adaptive immunity. This disease syndrome includes
malar (“butterfly”), rash, photosensitivity, nephritis and arthritis caused by the overproduction of
autoantibodies to nuclear antigens and the formation of immune complexes [68]. Genetic, environmental,
hormonal, epigenetic, and immunoregulatory factors are involved in the damage of multiple tissues
observed during the development of SLE. Inflammatory cytokines, such as IL-2, IL-6, IFN-γ, IL-17 and
TNF-α, are involved in the pathogenesis of the disease [69]. Although SLE was considered to be a
Th1-mediated disorder [70], IL-6 and IL-17 also contribute to the disease [71], suggesting that the Th1
and Th17 responses play critical roles in the development of SLE.

The various mouse models of SLE include the NZB/W F1 hybrids between the New Zealand
Black (NZB) and New Zealand White (NZW) strains, BXSB/Yaa strains, and MRL-Faslpr strains.
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The NZB/W F1 strains are the classical model of SLE. Both NZB and NZW display a
normal phenotype, whereas NZB/W F1 strains develop severe SLE-like phenotypes, which include
lymphadenopathy, splenomegaly, antinuclear autoantibodies, and immune complex-mediated
glomerulonephritis (GN) [72]. GN develops apparently at 5–6 months of age and results in kidney
failure and death at 10–12 months of age. Unlike human SLE and the MRL/lpr mouse models,
the autoantibodies from NZB/W F1 mice do not act against RNA-containing complexes.

MRL-Faslpr mice are another mouse model of SLE-like autoimmune syndromes. The lpr mutation
alters the transcription of Fas, which is a surface-bound receptor that interacts with the Fas ligand.
The deficiency of Fas signaling on B cells and T cells from MRL-Faslpr mice results in a defect in
apoptosis. These mice spontaneously display systemic autoimmunity, massive lymphadenopathy,
arthritis, and immune complexes [73,74].

2.2.2. Role of N-Glycan Branching in SLE

α-mannosidase II is a key enzyme that removes mannose residues from hybrid N-glycans,
subsequently allowing Mgat2, Mgat4, and Mgat5 to generate complex N-glycans. α-mannosidase
II-deficient mice display a systemic autoimmune disorder that is similar to human SLE [75].
The formation of defective N-glycans caused by α-mannosidase II deficiency leads to the generation
of mannose-dependent glycan ligands for multiple innate lectin receptors [37]. Interestingly,
Mgat5-deficient mice have defective of tetra-antennary N-glycans and display a spontaneous increase
in leukocyte infiltrates in kidney at one year of age. These mice have mononuclear infiltrates
and accumulation of fibrin, leading to the obliteration of Bowman’s space, which is indicative of
autoimmune-mediated GN [26]. These findings suggest that defective N-glycan branching disrupts
the defense mechanism of vertebrates that is involved in the distinction between the glycomes of lower
eukaryotic and prokaryotic pathogens.

2.3. Inflammatory Bowel Disease

2.3.1. The Pathogenesis and Animal Models for Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic immune-mediated disorder of the gastrointestinal
tract that is mediated by genetic, immune, and environment factors and microbiota. Both Crohn’s
disease (CD) and ulcerative colitis (UC) are IBDs; however, they exhibit distinct clinical features [76,77].
For example, Th1/Th17 cells and related cytokines, such as IFN-γ and IL-23, play critical roles in
the pathogenesis of CD, whereas Th2-related cytokines, such as IL-5 and IL-13, contribute to the
development of UC [78,79].

The various animal models of IBD include chemically induced mouse models, cell-transfer models,
and genetically modified mice. The chemically induced mouse models include trinitrobenzene sulfonic
acid (TNBS)-induced colitis, dextran sulfate sodium (DSS)-induced colitis, and oxazolone colitis.
The cell-transfer model is initiated by adoptive transfers of (naïve) CD4+CD45RBhigh T cells into T-
and B-cell-deficient mice. The genetically engineered models include IL-10-deficiency colitis, T-bet
transgenic mice, and T-cell specific Blimp-1 deficiency colitis [76]. These disease models have not only
provided novel concepts regarding the pathogenesis of IBD but have also led to the development of
potential therapeutic strategies.

2.3.2. Role of Glycosylation on T Cells in IBD

Galectin-4 binds to memory CD4 T cells under conditions of intestinal inflammatory disorder in
patients with UC via an interaction with the immature core-1 O-glycan at cell surface. This colitis-associated
expansion effect of O-glycan on CD4 T cell expansion results in the clinical severity observed in
T cell-mediated intestinal inflammation in mouse models because of the increase of immunological
synapses [80].
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In addition to the role of core-1 O-glycan in colitis, patients with UC exhibit defective N-glycan
branching on TCR in lamina propria T cells [81]. This deficiency in N-glycan branching is caused by
reduced MGAT5 gene expression, which is associated with T-cell hyperactivation [26]. Fucose, which
is a hydrophobic monosaccharide, can be modified with glycans based on different linkages including
α1–2/1–3/1–4 (Lewis type), α1–6 (core fucosylation), and O-fucosylation. α1–6 fucosyltransferase
(Fut8) plays a major role in the core fucosylation of N-glycans in proteins. The levels of FUT8-mediated
core fucosylation on T cells are increased in inflamed intestinal mucosa of colitic mice and patients
with IBD. Furthermore, Fut8-deficient mice are resistant to the development of colitis in chemical and
cell-transfer induced mouse models, via the inhibition of TCR signaling [82]. These findings indicate
that not only core-1 O-glycan, but also the branching and core fucosylation levels of N-glycans on
T cells, are involved in the pathogenesis of IBD.

2.4. Type 1 Diabetes Mellitus

2.4.1. Pathogenesis of Type 1 Diabetes Mellitus and Non-Obese Diabetic Mice

Type 1 diabetes (T1D) is an autoimmune diabetes that results from the T-cell-mediated destruction
of insulin-producing β cells in pancreatic islets [83]. T1D is usually diagnosed in childhood and is
also called juvenile diabetes. This disease is characterized by hyperglycemia, ketosis, insulitis, and the
presence of anti-islet autoantibodies. Genetic and environmental factors contribute to the susceptibility
and pathogenesis of T1D [84,85].

Non-obese diabetic (NOD) mice spontaneously develop autoimmune diabetes because of its
pathological similarity to T1D [86]. Eighty to 90 % of female and 40–50% male NOD mice develop
diabetes by the age of 30 weeks [84], while human T1D occurs at a frequency that is approximately
equal between men and women. Treatment of female NOD mice with androgens significantly protects
against insulitis and delays the development of diabetes [87], indicating a modulatory effect response
on the endocrine on immune system.

Many studies have demonstrated that Th1 cells play a critical role in the pathogenesis of
autoimmune diabetes. Treatment with neutralizing antibodies against IFN-γ [88] or IFN-γR-deficient [89]
NOD mice delays the onset and prevents the incidence of diabetes. In addition, treatment of NOD
mice with Th2 cytokines, IL-4, or IL-10 prevents insulitis and the onset of diabetes [90,91].

2.4.2. Role of N-Glycans in T1D

PL/J and SJL mice display intrinsic deficiency in N-glycan branching on T cells compared with
BALB/c and C57BL/6 mice [56]. Oral GlcNAc supplementation in NOD mice increases the N-glycan
branching on T cells and subsequently protects against the incidence of autoimmune diabetes [92].
Moreover, the MGAT1 and CTLA-4 variants inhibit N-glycan branching and decrease the surface
retention of CTLA-4, respectively; these two gene variants are also found in T1D [93] and MS [3].

Interestingly, we proved that high dosage of glucosamine treatment significantly inhibits Th1
cell differentiation via the downregulation of the N-glycosylation of CD25 and Glut1. Glucosamine
treatment further delays the onset of diabetes after BDC2.5 T-cell transfer, which expresses a transgenic
TCR with specificity for the islet antigen chromogranin A and prolongs the survival of islet grafts
in NOD recipients [45]. However, T cells from NOD mice exhibit ~30% less N-glycan branching
than do Balb/c and B10.S mice [56]. This difference may contribute to the Th1 cell differentiation
and the development of autoimmune diabetes observed in NOD mice. However, the inhibitory
effect of glucosamine severely affects N-glycosylation biosynthesis, which significantly inhibits
CD25 surface retention and downregulates its downstream signaling. Taken together, these findings
suggest that N-glycosylation plays a dual role in the differentiation of T cells and the development of
autoimmune diabetes.
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3. Conclusions

This review summarizes findings that have led to a better understanding of the modulatory role
of N-glycosylation on T cells (Figure 3) in several animal models and in patients with autoimmune
diseases (Table 1). N-glycans play a critical role in T-cell development in the thymus and peripheral
lymphoid organs. N-glycan branching on T cells not only prevents TCR clustering but also increases
glycoprotein surface retention via interactions with galectins.

Patients with autoimmune diseases and many inbred mouse strains such as PL/J and NOD
mice display intrinsic deficiency in N-glycan branching on T cells, and these defective N-glycans
are associated with the development of autoimmune diseases. Oral supplementation with GlcNAc
or vitamin D attenuates the development of EAE via an increase in N-glycan branching. Thus, the
genetic defect of N-glycan branching in T-cell-associated autoimmune diseases may be restored by
metabolite supplementation.

Because a series of enzymes in the ER/Golgi orchestrate the cascades of N-glycosylation synthesis
in T lymphocytes, studying N-glycosylation and identifying its associated immune disorders has
revealed important aspects of this regulatory machinery and may help provide new insights into the
regulation of immune homeostasis and the potential of therapeutic strategies.
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Figure 3. Metabolism, glycoprotein synthesis and T cell functions. Glucose is essential for
N-glycosylation via its utilization to produce UDP-GlcNAc in the HBP. UDP-GlcNAc is used in
the ER for the initiation of N-glycosylation and in the Golgi for generating N-glycan branching. TCR,
CTLA-4, and CD25 are N-glycosylated. The N-glycan branching downregulates the threshold to
TCR clustering and attenuates T cell activation. Moreover, the increase in CTLA-4 or CD25 surface
retention present at the cell surface promotes downstream signaling and affects T cell functions. GLUT1,
glucose transporter1; mTOR, mammalian target of rapamycin; PLCγ, Phospholipase Cγ; PP2A, Protein
phosphatase 2; SHP-2, the SH2 domain-containing phosphatases.
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Table 1. The modulatory effects of glycosylation in T-cell-mediated autoimmune diseases.

Disease Strategies Used Target Glycans Clinical Outcome Mechanisms Ref.

EAE

T-cell specific Mgat2 KO mice

Defective N-glycan branching

Increase severity Increased TCR clustering and CTLA-4 endocytosis [27]
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Table 1. Cont.

Disease Strategies Used Target Glycans Clinical Outcome Mechanisms Ref.

IBD

Fut8 KO mice with DSS,
TNBS and cell

transfer-induced colitis

Defective Core fucosylation
Reduced severity Decreased TCR signaling [82]
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EAE Experimental autoimmune encephalomyelitis
HBP Hexosamine biosynthesis pathway
SLE Systemic lupus erythematosus
IBD Inflammatory bowel disease
T1D Type 1 diabetes mellitus
NOD Non-obese diabetic
DSS Dextran sodium sulfate
TNBS Trinitrobenzene sulfonic acid
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