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Abstract

N-linked glycosylation is a post-translational modification that results in the decoration of newly synthesized proteins with diverse
types of oligosaccharides that originate from the amide group of the amino acid asparagine. The sequential and collective action
of multiple glycosidases and glycosyltransferases are responsible for determining the overall size, composition, and location
of N-linked glycans that become covalently linked to an asparagine during and after protein translation. A growing body of
evidence supports the critical role of N-linked glycan synthesis in regulating many features of T cell biology, including thymocyte
development and tolerance, as well as T cell activation and differentiation. Here, we provide an overview of how specific
glycosidases and glycosyltransferases contribute to the generation of different types of N-linked glycans and how these post-
translational modifications ultimately regulate multiple facets of T cell biology.
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Abbreviations: Arg: arginine, CDG-lla: congenital disorder of glycosylation lla, ConA: concanavalin A, CTLA-4: cytotoxic T
lymphocyte-associated protein 4, EAE: experimental autoimmune encephalomyelitis, ER: endoplasmic reticulum, Fut8:
fucosyltransferase 8, Gal: galactose, GIcNAc: N-acetylglucosamine, Glu: glutamine, GNL: Galanthus nivalis lectin, GnT:
N-acetylglucosaminyltranferase, IFN-y: interferon v, IL-15: interleukin 15, IL-2: interleukin 2, IL-21: interleukin 21, IL-2Rp: 3 chain of
IL-2 receptor, IL-7: interleukin 7, LacNAc: N-acetyllactosamine, LCMV: lymphocytic choriomeningitis virus, LEL: lectins Lycopersicon
esculentum lectin, Leu: leucine, LFA-1: lymphocyte function-associated integrin 1, Manial: mannosidase Class |, Man2a2: manno-
sidase class Il, MGAT: mannosyl-glycoprotein N-acetylglucosaminyltransferase, MHC: major histocompatibility, MS: multiple sclero-
sis, PD-1: programmed cell death protein 1, PHA-L: Phaseolus vulgaris leucoagglutinin, SCC7: squamous cell carcinoma, ST6Gal-I:
B-Galactoside a2,6-sialyltranferase-I, STAT5: signal transducer and activator of transcription 5, TCF-1: T cell factor 1, TCR: T cell

receptor, TGF-f: transforming growth factor g, Tregs: regulatory T cells, Tyr: tyrosine, UDP: uridine diphosphate

1. Introduction

Glycosylation is a post-translational modification that results
in the decoration of proteins with an extensive array of oligo-
saccharides that orchestrate several cellular processes including
protein folding, trafficking and secretion, stability, antigenic-
ity, steric conformation, ligand-receptor interaction, and many
other aspects of protein biology "-*. Glycosylation can be
broadly defined as being either O-linked or N-linked depending
on whether the glycan chain originates from serine/threonine
(S/T) or asparagine (N) amino acids, respectively 71,

The repertoire of glycans (both O- and N-linked) decorating
multiple surface proteins on T cells is extremely diverse and
both undergo continuous remodeling across all stages of T
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cell development and differentiation, thereby regulating many
aspects of T cell biology including positive and negative selec-
tion in the thymus, immune tolerance, homeostatic prolifera-
tion, trafficking, antigen recognition, cytotoxicity, and cytokine
responsiveness (611,

The synthesis and maturation of N-linked glycans occur within
the secretory pathway, beginning on the luminal surface of the
endoplasmic reticulum where a 14-sugar oligosaccharide pre-
cursor is transferred from dolichol phosphate by the oligosac-
charyltransferase complex that becomes covalently attached to
asparagine located within the highly conserved N-X-S/T con-
sensus motif, where X represents any amino acid except proline
112,831 Further branching and extension of the precursor N-linked
glycan takes place as the nascent glycan proceeds throughout
the Golgi network, which involves the collective and sequential
action of several glycosidases, glycosyltransferases, and nucleo-
tide-sugar substrates that together shape the final composition
of the mature N-linked glycan (Figure 1). During maturation,
the growing N-linked glycan passes through three structurally
distinct forms (1) mannose rich form, (2) hybrid form with a
single elongated antenna, and (3) complex form with bi-, tri-,
or tetra-antennary structure (Figure 2). Trimming of terminal
mannose residues by mannosidases and the subsequent initial
extension of N-linked glycans by Mgatl is critical for proper
thymocyte survival and development. Once in the periphery,
the extent of branching (by Mgat2 and Mgat5), as well as
the overall complexity and composition of N-linked glycans
(by multiple enzymes such as B-Galactoside a2,6-sialyltran-
ferase-I [ST6Gal-I] and fucosyltransferase 8 [Fut8]) regulates
many aspects of T cell biology including T cell receptor (TCR)
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Figure 1. Enzymatic synthesis of complex N-linked glycans occurs in a sequential fashion through the action of specific glycosidases and
glycosyltransferases. Trimming of terminal mannose residues through the action of a-mannosidase-I is required for hybrid N-linked glycan synthesis by
the addition of GIcNAc by Mgat1. Further trimming of mannose by a-mannosidase-Il and addition of GIcNAc by Mgat2 results in the precursor for the syn-
thesis of complex N-linked glycans. The collective action of additional glycosyltransferases (Mgats, Fut8, ST6Gal-I, etc) determines the extent of branching
and complexity of the final N-linked glycan chain. The majority of complex N-linked glycans are decorated on one or more branches with extended repeats
of N-acetyllactosamine, composed of 51,3-Gal-1,4-GIcNAc, which are terminated following the capping of these repeats with an N-acetylneuraminic acid
(NeubAc; Sialic acid) by ST6Gal-I. Fut8, fucosyltransferase 8; Man1a1, mannosidase-l; Man2a2, mannosidase-Il; Mgat1, N-acetylglucosaminyltransferase-l;
Mgat2, N-acetylglucosaminyltransferase-Il; Mgat5, N-acetylglucosaminyltransferase-V; ST6Gal-I, B-Galactoside a2,6-sialyltransferase-I; UDP-GIcNAc, uridine

diphosphate-GIcNAc.

clustering and activation threshold, interaction with carbohy-
drate-binding proteins (primarily galectins), as well as cytokine
receptor stability and signaling. The detailed step-by-step pro-
cess of N-linked glycan synthesis has been delineated in detail
elsewhere 1127171, Here, we will focus our discussion on the con-
tribution of the enzymes described above that function in the
synthesis of N-linked glycans that have been shown to regulate
various aspects of T cell biology.

2. Mannosidase-l and Il

Mannosidase classes I and II (Manlal and Man2a2) are two
highly conserved eukaryotic Golgi enzymes that catalyze the
cleavage of a1,2-, a1,3- or a1,6- glycosidic linkage of terminal
mannose residues within the core of an oligosaccharide precur-
sor of N-linked glycans 1829 (Figures 1 and 2). Mannosidases
are necessary for the synthesis of hybrid and complex types of
N-linked glycans due to removal of the terminal mannose res-
idues from the core allowing further processing and branching
of the nascent N-glycan chain. The action of mannosidase-1
upstream of Mgat1 leads to the formation of Man5GIcNAc2,
which represents the building unit for the synthesis of branched
(hybrid) N-linked glycan structures "2!. The action of manno-
sidase-II downstream of Mgat1 further removes two mannose
residues which can be further modified by Mgat2 to initiate the
synthesis of complex N-linked glycans 12224,

The surface expression of high-mannose N-linked glycans
remains low across all thymocyte developmental stages, as
quantified using either Galanthus nivalis lectin or concanavalin
A plant-based fluorescent lectins, which display high affinity for
a-mannose rich glycans 2524, Elevated expression of high-man-
nose N-linked glycans has been linked to the pathogenesis of
autoimmune diseases [*?’! and several mechanisms have been
elucidated detailing the contribution of high-mannose N-glycans
in exacerbating immune cell activation and immunopathol-
ogy, such as excessive activation of the mannose-specific lectin
receptors found on innate immune cells 72728, Furthermore,
this greater susceptibility to autoimmune diseases has also been
attributed to diminished development of regulatory T cells
(Tregs) concomitant with the accumulation of high-mannose
N-glycans on thymocytes 2539,

Even though complex N-linked glycans are the dominant form
that decorates glycoproteins in mammalian cells, the a chain of
MHC-I is reported to retain high-mannose N-linked glycans
1831 Moreover, high-mannose N-linked glycans are essential for

the proper folding of MHC-I in the ER as well as regulating
proteasomal degradation of the 6 subunit of CD3, suggesting
that controlling the level of high-mannose N-glycans by manno-
sidases indirectly impacts T cell functions by modulating their
capacity to interact with other cell types [13233, Further investi-
gation revealed that TCR engagement directly upregulated the
gene expression of a wide variety of N-linked glycan-modifying
enzymes including mannosidase-I and II enzymes, a phenome-
non that was observed only in naive T cells, since the expression
level remained unchanged following restimulation of memory
or effector T cells B3¢, Moreover, pharmacological inhibi-
tion of mannosidases via treatment with pyranose or furanose
analogs such as 1-deoxymannjirimycin, kifunensine, or swain-
sonine leads to accumulation of mannose rich, unbranched
N-linked glycans, which was accompanied by lower activation
threshold of both murine and human naive CD4* T cells and
enhanced skin-graft rejection mediated by alloreactive T cells
35371 Alternatively, inhibition of mannosidase activity in human
tumor cells enhanced immunogenicity and T-cell-mediated cyto-
toxicity *®l. Inhibition of mannosidase-II also increased the adhe-
sion of Jurkat T cells, causing them to form large cell aggregates
due to enhanced surface expression of adhesion molecules such
as CD54 and lymphocyte function-associated integrin 1 while
reducing interaction with the carbohydrate-binding protein
galectin-1, which preferentially binds to branched N-glycans,
suggesting a potential role for mannosidase-II in modulating
T cell interactions *>#, Taken together, these data suggest an
important contribution for mannosidases in guarding against
aberrant activation of T cells.

3. N-acetylglucosaminyltranferases (GnTs/Mgats)

Branching of the nascent N-linked glycan chain is initiated
in the medial Golgi through a family of enzymes known as
N-acetylglucosaminyltranferases (GnTs), which are encoded by
Mgat genes. Mgats catalyze the transfer of N-acetylglucosamine
(GleNAc) from uridine diphosphate-GleNAc (UDP-GleNAc) to
either an a or B glycosidic linkage of an acceptor sugar residue
411 The degree of branching of N-linked glycans is dictated by
the collective action of Mgats and ranges from hybrid glycans
with a single antenna to complex N-glycans with bi-, tri-, or
tetra-antennary structures (Figure 2). Dysregulated Mgat activ-
ity has been linked to multiple T-cell-mediated immunopathol-
ogies 771 while oral supplementation with the Mgat substrate
GlcNAc elevated the level of N-glycan branching on T cells
concomitant with mitigated inflammation, ameliorated severity
of established autoimmunity and delayed onset of autoimmune
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Figure 2. Three major types of N-linked glycans and their influence on T cell biology. In general, high-mannose, N-linked glycans are typically detrimen-
tal to T cells and severely impair thymocyte maturation leading to the development of various autoimmune diseases. Hybrid N-linked glycans containing terminal
mannoses, but carrying a single branch are sufficient for normal development of thymocytes. Complex N-linked glycans can be highly diverse and regulate many
aspects of T cell function and differentiation within the periphery to guard against hyperactivity, inflammation and autoimmunity.

disease, indicating the fundamental role for Mgats in regulating
T cell activity ¥24#1 1In this section, we will discuss three of
the five well-characterized Mgat family members that are active
participants in orchestrating T cell development and functions.

3.1 Mgat1 (GnT-1)

N-acetylglucosaminyltransferase-I, encoded by Mgatl gene,
catalyzes the attachment of 31,2-GIcNAc to al,3-linked man-
nose of the growing N-linked glycan core P° (Figures 1 and
2). The action of Mgatl represents a rate-limiting enzymatic
step in the biosynthesis of hybrid and complex N-glycans, as it
introduces the first branching antenna to the oligomannosidic
N-glycan chain and genetic deletion of Mgat1 leads to total loss
of branching on N-linked glycans *'=4. Mgat1 activity is essen-
tial for normal development, as evidenced by early death of mice
embryos lacking Mgat1 approximately 10 days postnatal due to
impaired tissue development 54561,

In peripheral T cells, the differential gene expression of the var-
ious Mgats is tightly regulated by TCR signaling, as expression
of Mgatl and Mgat2 is reduced, while expression of Mgat5 is
increased following stimulation with antibodies against CD3/
CD28, suggesting that individual Mgats play distinct roles in
regulating T cell activation and differentiation and may also
suggest a limited requirement for Mgatl in activated T cells
134, Furthermore, signaling downstream of the IL-7 receptor
also increases expression of Mgat1 by ~twofold 7. Mgat1 has
the highest affinity for UDP-GIcNAc, ~250fold higher than the
lower affinity Mgat5 enzyme P*. Thus, diminished expression
of Mgat1 in T cells following activation may increase the avail-
ability of UDP-GIcNAc to other Mgats (such as Mgat5) that are
potentially more critical in regulating T cell effector functions.

N-linked glycan chain branching is essential for normal T cell
development in the thymus. The extent of N-linked glycan
branching oscillates across all stages of T cell development,
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reaching its lowest level on single positive thymocytes and
peripheral T cells, which can be evaluated using the fluorescent
plant lectins Lycopersicon esculentum lectin and Phaseolus vul-
garis leucoagglutinin. Meanwhile, the synthesis of high-mannose
N-linked glycans remained relatively constant across all stages
of thymocyte development, suggesting that the extent of branch-
ing, rather than the overall abundance of N-linked glycans, is
necessary for normal thymocyte development 1252¢, The activity
of Mgat1 appears to be temporally regulated, since genetic dele-
tion of Mgatl at the double negative stage 4, enhances apopto-
sis of the double positive thymocytes, thereby diminishing the
total number of mature T cells that reach the periphery 252, In
contrast, genetic deletion of Mgat1 in peripheral T cells did not
alter their capacity to survive, suggesting that, unlike thymo-
cytes, Mgatl-mediated branching of N-linked glycan is dispens-
able for the survival of peripheral T cells 12¢!.

Further investigation of the mechanisms underlying Mgatl-
mediated survival of thymocytes revealed that Mgat1 modulates
the upper and lower TCR affinity threshold to both enhance
positive selection and inhibit negative selection-associated thy-
mocyte cell death. Mgat1 promotes positive selection of thymo-
cytes by enhancing TCR sensitivity and signaling in response to
low-affinity peptide-MHC complexes, mainly by increasing sur-
face retention of CD4 and CD8 coreceptors and consequently
inhibiting thymocyte death by neglect 2241, Alternatively, Mgat1
inhibits negative selection of thymocytes by limiting TCR stim-
ulation-mediated calcium influx and the subsequent cell death
following the engagement of high-affinity peptide-MHC com-
plexes and rather, promotes the development of Tregs 252,
Taken together, these data indicate that N-linked glycans with
at least a single antenna are essential to ensure proper T cell
development within the thymus.

3.2 Mgat2 (GnT-1l)

N-acetylglucosaminyltransferase-II, encoded by the Mgaz2
gene, functions downstream of mannosidase-II and catalyzes
the attachment of 81,2-N-acetylglucosamine to the a1,6-linked
mannose residue to form biantennary decorated N-linked gly-
cans and initiate the synthesis of complex N-linked glycans 1%
(Figures 1 and 2). Point mutations in Mgat2 have been identi-
fied in humans and are associated with congenital disorder of
glycosylation Ila and general neurological defects, as well as
increased risk of experimental autoimmune encephalomyelitis
in mice P%60-2, Mice lacking Mgat2 exhibit severe developmen-
tal defects in various tissues and die early postnatally, indicating
the critical role of complex N-linked glycans in regulating nor-
mal development and physiology 561,

In contrast to Mgatl, genetic deletion of Mgat2 has only min-
imal impact on the surface expression of CD4 and CD8 126,
Furthermore, Mgat2 deficient thymocytes capable of synthesiz-
ing only hybrid type N-glycans developed normally in the thy-
mus without changing the number of peripheral T cells 1252¢!. The
lack of requirement for Mgat2-mediated branching of N-linked
glycans by developing thymocytes could be explained through
the observed compensatory increase of N-acetyl-lactosamine
extension (extended repeats of f1,3-Gal-B1,4-GlcNac; LacNAc)
on the single antenna of hybrid N-glycans. The majority of com-
plex N-linked glycans are decorated with at least one or more
antennas bearing LacNAc repeats, which serves as a ligand for
the carbohydrate-binding proteins galectins, which are typically
expressed by stromal cells of lymphoid tissues and function as
endogenous ligands [©34, Poly-LacNAc—galectin interactions
lead to the formation of bulky structures, often referred to as
galectin lattices, which are thought to regulate the spatial orga-
nization of various T cell surface proteins. The decoration of

Immunometabolism

hybrid N-glycans with LacNAc repeats in Mgat2 deficient T
cells may rescue the T cell interactions with other cells through
enhancing galectin lattice formation within the thymus micro-
environment, thereby maintaining the geometric distribution of
T cell surface proteins and extend their retention or enhance sig-
naling downstream of these surface receptors %5, Processing
and presentation of carbohydrate bacterial-antigen, but not
peptide antigens, by MHC-II also requires the expression of
complex N-glycans as indicated by abolished T cell response
to the polysaccharide antigens of commensal bacterial due to
loss of antigen binding and presentation by MHC-II in Mgat2
deficient dendritic cells 16671,

Sex differences in N-linked glycan branching have been reported
in both aged mice and humans. Naive CD4* T cells from old
females exhibited elevated basal levels of N-linked glycan
branching, which was associated with reduced reactivity and
proinflammatory cues when compared to either memory or old-
male naive CD4* T cells 1*®l. This sexual-dimorphic branching
pattern has been attributed to elevated IL-7 signaling by naive
T cells from aged females, resulting in higher phosphorylation
of the transcription factor STATS 181, Genetic deletion of Mgat2
enhanced TCR signaling and reactivity of old-female CD4* T
cells and Mgat2-deficient T cells exhibited greater capacity to
eliminate salmonella infection due to greater T,,17 differentia-

tion when compared to wild-type CD4* T cells from old females
[68]

3.3 Mgat5 (GnT-V)

The contribution of N-acetylglucosaminyltransferase 5, which
is encoded by the Mgat5 gene, was first described in a mouse
lymphoma cells line where it was found to be critical for the
formation of tri- and tetra- antennary complex N-linked gly-
cans by catalyzing the attachment of 31,6-GlcNac to an al,6-
linked mannose residue of the nascent N-glycan core as it passes
through medial Golgi *. Mgat5 mediated 81,6-GlcNAc deco-
ration of N-linked glycans exhibits the highest binding affinity
and avidity for galectins and has been reported to be heavily
involved in regulating T-cell responses 12671,

Early evidence reported upregulation of Mgat5 gene expression
following TCR stimulation, suggesting a role for 1,6-GlcNAc
branching in regulating T cell activation 347!1. To further assess
the functional contribution of Mgat5, Mgat5-- mice were gen-
erated and were reported to exhibit a lower threshold for T cell
activation due to enhanced clustering and signaling of the TCR
(701 Later evidence revealed that the galectin lattice formation
due to interaction with the 1,6 attached poly-LacNAc N-linked
glycans on the TCR forms a spatial barrier that restricts spon-
taneous clustering of TCR in the absence of T cell-specific
antigen 77072, Meanwhile, Mgat5-mediated branching of the
N-glycans decorating the tyrosine phosphatase CD45 main-
tains its localization within the TCR microdomain, where it
facilitates restriction of Lck activation and subsequent TCR
signaling in resting T cells "3, In accordance with this, reduced
antigen sensitivity of CD8* T cells during chronic LCMV infec-
tion has been linked to IL-10-mediated expression of Mgat$
and binding of galectin-3 to the TCR 4. Furthermore, Mgat5-'"-
mice exhibit greater susceptibility to multiple sclerosis (MS),
experimental autoimmune encephalomyelitis (EAE) as well
as the development of autoimmune-mediated glomerulone-
phritis F243:4546571 Gimilarly in humans, dysregulated Mgat$
activity has been linked to autoimmunity and hyperactivity
of T cells. Mgat5 gene polymorphism and reduced enzymatic
activity in lymphocytes has been correlated to the severity and
progression of MS ¥7:577576] Moreover, in patients with ulcer-
ative colitis, higher levels of N-glycan branching on TCRs and
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elevated Mgat5 gene expression in mucosal (lamina propria)
T cells strongly correlated with mild symptoms and enhanced
responsiveness to standard therapy 77781, Taken together, these
data highlight the pivotal contribution of $1,6 branching of
N-linked glycan in guarding against aberrant T cell activation
and autoimmune disease development.

In addition to regulating TCR clustering and signaling, further
studies revealed that Mgat$ is also critical to maintaining sur-
face expression/retention of the inhibitory receptor CTLA-4 on
T cells due to enhanced CTLA-4-galectin lattice formation 134771,
Mgat5 deficiency further contributes to aggravating autoimmu-
nity by favoring the differentiation of the more proinflamma-
tory T, 1 and T, 17 over T2 CD4* T cells %%, On the other
hand, mice given oral supplements of GIcNAc or overexpression
of Mgat$ increased regulatory T cell differentiation and main-
tenance due to enhanced surface retention of the high-affinity «
chain of IL-2 receptor (CD2S5) concomitant with reduced T},1
and T,;17 responses *#1. In contrast to Mgatl, Mgat5 seems
to contribute only minimally to either positive or negative selec-
tion of thymocytes 2*l. Taken together, these data provide
strong evidence that Mgat5 plays a critical role in modulating
T cell activation to ensure optimal T cell responses and to avoid
exceeding the autoimmunity threshold.

4. Fucosyltransferase 8

The Golgi-localized Fut8 is the only enzyme in mammals, among
the 13 fucosyltransferases, that catalyzes a1,6- attachment of
L-fucose to the innermost asparagine-linked GlcNAc, forming
what is widely described as core fucosylation (Figure 3) [82-841,
Loss of Fut8 enzymatic activity has been reported in humans
and is associated with severe developmental defects along with
respiratory and neurological complications ¥, Furthermore,
~80% of Fut8 mice die within 3 days of birth and the sur-
viving Fut8”- mice exhibited severe growth retardation along
with renal and respiratory impairments. Further investiga-
tions revealed that these physiological defects are largely due
to diminished signaling downstream of multiple growth factor
receptors, TGF-f3 receptor, and a3, integrin, along with elevated
matrix metalloproteinases activity within the affected organs,
demonstrating that core fucosylation of N-linked glycans is crit-
ical for normal organogenesis and physiology ¥,

Core fucosylated glycoproteins present on the surface of a vari-
ety of immune cells have been reported and a growing body
of evidence suggests a role for core fucosylation in regulating
immune responses. T cells isolated from inflamed intestinal
mucosal tissues exhibited elevated levels of core fucosylated
glycoproteins in both humans and mice with colitis, systemic
lupus erythematosus, or EAE 2% Genetic deletion of Fut8

e TCR Clustering
e Stabilize PD-1 Expression
L_ | e Limit Degradation of PD-L2

f’ ‘ * TGF-B Signaling by T cells?
GDP-zA GDP

e Cytokine Responsiveness?

al,6

Figure 3. Core fucosylation of N-linked glycans regulates multiple
facets of T cell biology. Fucosyltransferase 8 (Fut8) catalyzes the addition
of an a1,6 linkage fucose to the innermost N-acetylglucosamine residue of
N-linked glycans, a process known as core fucosylation. Core fucosylation
of N-linked glycans influences T cell activity and function through a variety of
known and proposed mechanisms.
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ameliorated autoimmune-associated inflammation in mice,
which was associated with decreased inflammatory cytokine
production by CD4* T cells >, Another study found that
global absence of Fut8 impaired CD4* T cell-B cell interactions
without affecting the interaction between CD4* T cells and
dendritic cells, which was associated with diminished humoral
responses following infection with Salmonella typhimurium P4,
However, it is important to note that these studies were per-
formed using mice with complete and global Fut8 deficiency,
which as mentioned earlier, exhibit broad and severe develop-
mental defects, making it difficult to conclude that the overall
dysregulated immune response is solely due to aberrant T cell
functions.

TCR activation triggers transient upregulation of the inhibitory
receptor PD-1, which functions to suppress T cell activity, how-
ever, the surface expression of PD-1 persists under conditions of
continuous antigen-mediated TCR stimulation, which contrib-
utes to progressive loss of T cell effector functions >8I, PD-1
is a highly glycosylated surface protein and core fucosylation
of its N-linked glycans (specifically those attached to Asn49
and Asn74) are essential to stabilize PD-1 surface expression
on T cells, as well as PD-1 recruitment to TCR microclusters
upon engaging its ligand PD-L1 ¥’ In vitro work performed
in Jurkat T cells revealed that core fucosylation protected PD-1
from ubiquitination and subsequent proteasomal degradation
11001 Similarly, core fucosylation also guards against ubiquitina-
tion and degradation of PD-L2 (a PD-1 ligand). Substitution of
Arg168, Glu171, and Tyr174 of PD-L2 with Ala disrupted its
interaction with Fut8 and triggered T-cell-mediated antitumor
response due to degradation and absence of PD-L2 on squa-
mous cell carcinoma tumor model "°!. In line with these data,
both genetic deletion and pharmacological inhibition of Fut8
enhanced T cell proliferation, effector functions, and antitumor
immunity in mice 'l Meanwhile, enhanced core fucosylation
of MHC-II in both mice and humans increased its surface stabil-
ity on melanoma cells leading to greater abundance of tumor-in-
filtrating T cells, enhanced antitumor T-cell-mediated immunity,
and limited progression of melanoma %2, Taken together, these
studies provide evidence that core fucosylation of N-linked gly-
cans is involved in shaping the repertoire of cell surface proteins
which alters T cell functions and their ability to eradicate infec-
tions and tumors.

Core fucosylated N-linked glycans have also been observed
on other surface glycoproteins that are critical for regulating
various aspects of T cell responses, however, further studies
are needed to directly assess whether core fucosylation of these
glycoproteins contributes to conformational regulation, proper
protein folding, surface expression, signal transduction or recep-
tor-ligand interactions. For example, IL-21 is critical for pro-
moting immunity through suppressing regulatory T cell activity
and enhancing CD8* T cell proliferation, maintenance, effector
functions, and responsiveness to immunotherapy during chronic
viral infections and cancer 11981, Within the IL-21 receptor, an
N-linked glycan bearing a core fucose has been observed on
Asn54 and is necessary to stabilize the expression of the IL-21
receptor when expressed in 293T cells, however, whether core
fucosylation stabilizes expression of the IL-21 receptor remains
to be confirmed in vivo 'l In addition, the crystal structure
of the heterotrimeric IL-2 receptor complex revealed an a1,6
core fucose on the N-linked glycan synthesized on Asn17 of
the IL-2Rp chain. This fucose formed 4 hydrogen bonds with
Arg105 and Leu106 on the D2 domain of IL-2Rf 1%, which may
help stabilize the spatial orientation of the D1 and D2 domains
which are necessary for ligand binding (IL-2 and IL-15) [0
Finally, it is well established that TGF-31 regulates many aspects
of T cell differentiation and function as documented in several
studies, therefore, it is highly likely that diminished signaling
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downstream of the TGF-1 receptor will enhance T cell activity,
since lack of core fucosylated N-linked glycans on the TGF-g1
receptor was found to negatively regulate its function, however,
this remains to be further investigated ¢!,

5. p-Galactoside 02,6-sialyltranferase-I

ST6Gal-I preferentially modifies complex N-linked glycans
by catalyzing attachment of a terminal «2,6-N-acetylneur-
aminic acid (sialic acid) to N-acetyl-polylactosamine branches
(GalB1,4-GlcNac) and blocking further extension =113,
a2,6-sialic acid capping of N-linked glycans on CD4S5 is critical
to inhibit galectin-1-induced cell death of mature medullary thy-
mocytes and peripheral naive T cells primarily through enhanc-
ing the phosphatase activity of CD45 1+!7l Furthermore, T
cell activation suppresses ST6Gal-I activity and expression of
ST6Gal-I is reduced on recently activated effector and mem-
ory T cells compared to naive T cells B+18191 The differential
expression of ST6Gal-I also regulates the balance between sub-
sets of helper CD4* T cells. For example, T, ;2 CD4* T cell subsets
were protected from galectin-1-induced cell death due to greater
a2,6 sialylation of their surface N-linked glycans compared to
T,1 and T, 17 T cells 2% In agreement with this observation,
ST6Gal-I"- mice were more prone to autoimmune disease due
to increased abundance and enhanced responsiveness of T 1
and T,;17 CD4* T cells %%, Later evidence linked high levels
of ST6Gal-1 expression and activity to the expression of the
transcription factor TCF-1 by a pathogenic population of CD4*
T cells that chronically produced IFN-y and in turn, promoted
intestinal inflammation 27123, Taken together, these findings
highlight the pivotal role of 2,6 sialylation of N-linked glycan
in regulating the differentiation of CD4* T cells. Although CD8*
T cells appear to develop normally in the absence of ST6Gal-I
131" comprehensive evidence investigating the functional contri-
bution of ST6Gal-I in CD8* T cells is still lacking. In one study,
the primary expansion of antigen-specific CD8* T cells and the
differentiation of terminal effectors were both impaired in the
absence of ST6Gal-I and that was speculated to be due to dys-
regulated IL-2 signaling [!3!. In contrast, another study observed
normal kinetics and effector functions of influenza-specific CD8*
T cells in ST6Gal-I"- mice "**. Future studies will be needed to
address these opposing findings and to determine the role(s) of
ST6Gal-1 in regulating CD8* T cell responses.

6. Conclusions and future perspectives

As discussed in this review, N-linked glycan synthesis involves
the collective action of an extensive array of glycan-modifying
enzymes that eventually dictates the final composition and func-
tion of the glycan structures decorating the surface proteins of
T cells. The activity of various members of the N-linked glycan
synthesis machinery is highly regulated across various stages
of T cell development and differentiation. The presence of
branched N-linked glycans on the surface of T cells is essential
to ensure proper T cell development and formation of a diverse
pool of naive T cells primarily by altering TCR affinity lim-
its to enhance thymocyte survival during selection. Following
the seeding of secondary lymphoid tissues in the periphery, the
interaction of branched N-linked glycans with various galec-
tins promotes survival and inhibits spontaneous activation of
T cells by controlling the spatial distribution of components
of the TCR signaling complex. We also discussed how various
modifications of N-linked glycans regulate surface retention or
inhibit the degradation of certain proteins that directly affect
T cell activation, cytokine responsiveness, and differentiation.

Overall, these findings highlight fundamental principles that
must be considered regarding autoimmune disease treat-
ment, vaccinations, and immunotherapy approaches. Recent
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treatment strategies are often strongly focused on either enhanc-
ing or limiting T cell responses at the epigenetic and/or tran-
scriptional level, without considering that these approaches
may also dramatically remodel the glycan repertoire decorat-
ing numerous surface receptors. The extent of N-linked glycan
branching, as well as the composition of each antenna, contrib-
ute to the overall quality and strength of the T cell response.
Thus, therapeutically shaping the nature and extent of N-linked
glycan synthesis by antigen-specific T cells represents a largely
unexplored opportunity for the potential development of novel
disease treatments that could have major implications for either
enhancing or limiting T cell responses in vivo.
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