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Adaptive immune activation: glycosylation does

matter

Margreet A Wolfert & Geert-Jan Boons*

Major histocompatibility complex (MHC) class I and Il are glycoproteins that can present antigenic peptides at the cell surface
for recognition and activation of circulating T lymphocytes. Here, the importance of the modification of protein antigens by
glycans on cellular uptake, proteolytic processing, presentation by MHC and subsequent T-cell priming is reviewed. Antigen
glycosylation is important for a number of diseases and vaccine design. All of the key proteins involved in antigen recognition
and the orchestration of downstream effector functions are glycosylated. The influence of protein glycosylation on immune

function and disease is covered.

ost eukaryotic cell surface and secreted proteins are
I\/\ modified by covalently linked glycans, which are essen-

tial mediators of biological processes such as protein
folding, cell signaling, fertilization and embryogenesis as well as
the proliferation of cells and their organization into specific tis-
sues'”. Overwhelming data support the relevance of glycosylation
in pathogen recognition, inflammation, innate immune responses
and cancer'®!. The importance of protein glycosylation is also
underscored by the developmental abnormalities observed in a
growing number of human disorders, known as congenital dis-
orders of glycosylation, caused by defects in the glycosylation
machinery®.

During the past decade, it has become evident that glycosyla-
tion of protein antigens can greatly influence adaptive immune
responses'®'®. Antigen glycosylation has been implicated in dis-
ease, and several studies have linked immune recognition of glyco-
sylated peptides to autoimmunity?**!. Furthermore, all of the key
proteins involved in antigen recognition and the orchestration of
downstream effector functions are glycosylated?>*. Changes in gly-
cosylation of these proteins occur during differentiation, immune
activation and apoptosis. These alterations have been linked to
homeostatic and disease mechanisms including immune-cell traf-
ficking and differentiation, antigen and cytokine receptor acti-
vation, autoimmunity and the induction of leukocyte apoptosis.
Here, the influence of glycosylation of antigens on cellular uptake,
processing, presentation by MHC and subsequent T-cell priming
is reviewed. Furthermore, the importance of appropriate glyco-
sylation of proteins involved in immune activation is described.

Protein glycosylation

Almost all of the naturally occurring protein glycosyla-
tions can be classified as either N-linked glycosides, in which
N-acetylglucosamine is linked to the amide side chain of an
asparagine, or as O-glycosides, in which a saccharide is linked
to the hydroxyl of serine, threonine or tyrosine (Fig. la)*.
Usually, O-glycosides are initiated by N-acetylgalactosamine, but
O-mannosylation and fucoyslation of these amino acids have also
been observed. Recently, several unusual types of glycoproteins
have been identified, such as O-glycosides of hydroxylysine and
hydroxyproline and the C-glycosides of tryptophan?*. Glycosylation
was previously considered to occur only in eukaryotes, but through
advances in analytical methods and genome sequencing, it is now
clear that bacteria can express O- and N-linked glycoproteins®?.

Furthermore, enveloped viruses use the host glycosylation machin-
ery to produce glycoproteins, which may provide opportunities for
immune detection or evasion”.

The biosynthesis of N-linked oligosaccharides occurs in the
endoplasmic reticulum (ER) and Golgi complex. In the ER, a
dolichol-linked Glc;Man,GlcNAc, oligosaccharide precursor is bio-
synthesized and transferred en bloc to an Asn-Xaa-Ser/Thr sequon on
newly synthesized polypeptides through the action of the multisubu-
nit oligosaccharide transferase complex (Fig. 1b)*!. Subsequent
trimming and processing of the transferred oligosaccharide result in
a GIctNAcMan,GIcNAg, structure that is transported to the medial
stacks of the Golgi complex, where maturation of the oligosaccharide
gives rise to extreme structural diversity’=*. In the early secretory
pathway, the glycans have a common role in the promotion of protein
folding, quality control and certain sorting events. This is in contrast
to their roles in the Golgi complex, where they are modified to per-
form the functions displayed by the mature glycoproteins.

The biosynthesis of O-glycans occurs in the Golgi apparatus,
where the GalNAc moiety of UDP-GalNAc is transferred to the
hydroxyl of serine or threonine catalyzed by polypeptide GalNAc
transferase (Fig. 1¢)*. In contrast to N-glycosylation, a consensus
sequence for a-D-GalNAc addition has not been found, although
predictive algorithms do exist. Many O-glycans are extended into
long biantennary oligosaccharide chains with variable termini
that may be similar in structure to those of N-linked glycopro-
teins. In addition, a highly dynamic type of O-glycosylation at
serine and threonine exists in which nuclear and cytoplasmic
proteins are modified by a single p-N-acetyl-p-glucosamine
(O-GlcNAc) moiety through the action of the cycling enzymes,
O-linked GlcNAc transferase and O-GIcNAcase®. Modifications
of proteins by O-GIcNAc function as nutrient and stress sensors,
and abnormalities in the modification process underlie insulin
resistance and glucose toxicity in diabetes, neurodegenerative
disorders and dysregulation of tumor suppressors and oncogenic
proteins in cancer.

The repertoire of glycan structures biosynthesized by a given
cell is largely based on the expression of a subset of more than 200
glycosidases and glycosyl transferases found in the mammalian
genome. Glycosyltransferases transfer a monosaccharide from
an activated sugar nucleotide to a specific hydroxyl of a growing
oligosaccharide chain. The resulting product can then act as an
acceptor for another glycosyltransferase, thereby generating an
array of glycans®. Glycan biosynthesis is not template-driven like
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Figure 1| Various classes of glycans and their biosynthesis. (a) Common types of protein glycosylation: core pentasaccharide common to all N-linked
glycans and various types of O-glycosylation. (b) Biosynthesis of N-glycans. The biosynthesis of N-glycans is initiated in the ER by the transfer of a dolichol
(Dol-P-P)-linked glycan to an asparagine moiety of an Asn-Xaa-Ser/Thr sequon of a polypeptide. In the ER, protein glycosylation functions in the quality
control of protein biosynthesis. Calnexin (CNX) is a chaperone that keeps the unfolded protein in the ER. Improperly folded glycans can encounter the
a-mannosidase MNST1, which removes a terminal mannoside, providing a glycoform that will be transported to the cytosol. Here, an N-glycanase (N-Gase)
removes the N-linked glycans, and the resulting protein is then imported into the proteasome for proteolysis. Properly folded proteins are transported
to the Golgi, where an array of glycosyltransferases diversifies the various antennae of the glycans to give an array of complex structures. The resulting
complex-type glycoproteins are transported to the cell surface or secreted. OST, oligosaccharyltransferase; glcase, a-glucosidase; UGGT, UDP-
glucose-glycoprotein glucosyltransferase; Hmt1p, HNRNP methyltransferase 1; Minl1p, mannosidase-like protein 1; N-gase, N-glucosidase; Man,
a-mannosidase; GnT, N-acetyl glucosaminyltransferase. (¢) Biosynthesis of O-glycans. The biosynthesis of O-glycans that start the structure with an
0O-GalNAc moiety begins in the Golgi, where various polypeptide polypeptide GalNAc transferases (GIcNAcT) attach a GalNAc residue. The resulting
glycoprotein can be converted into various core structures that can be diversified by a range of glycosyltransferases.

the biosynthesis of polypeptide structures from genome-derived
transcripts. The generation of glycan diversity is controlled by
factors such as enzyme abundance and specificity, abundance of
the respective protein or lipid acceptor substrates, accessibility
to glycan modification sites, availability of activated sugar donor
substrates and relative levels and locations of other biosynthetic
enzymes in the secretory pathway that compete for the same gly-
can substrates® . The total number of distinct glycan structures
in the human glycome is not known; however, it has been esti-
mated that approximately 7,000 pentasaccharide sequences exist
that represent minimal epitopes for binding to glycan-binding
proteins®. Glycans are usually much larger than a pentasaccha-
ride, and thus the total number of structures is probably orders of
magnitude larger. Glycosylation can alter the structure and func-
tion of proteins by steric influences or by mediating interactions
with glycan-binding proteins. Changes in the glycome can occur
in response to environmental and genetic stimuli and are often
associated with the acquisition of altered cellular phenotypes.

Antigen presentation and recognition by T cells

The adaptive immune system, also known as the acquired immune
system, relies on the ability to distinguish ‘self” antigens from path-
ogen-derived antigens. The MHC is a family of structurally and
genetically related glycoproteins that serves a key role in this process
by controlling T-cell activation (Fig. 2)**. To fulfill their function,
MHC proteins must acquire peptide antigen, which is performed by
the two main classes of MHC glycoproteins. MHC class I (MHC-I),
which is expressed by all nucleated cells, reports on intracellular
events such as viral infection, the presence of intracellular bacteria
and cellular transformations. In this case, ubiquitinated proteins are
degraded in the cytosol by the proteasome followed by further trim-
ming by cytosolic peptidases*’. Specific eight- to ten-residue-long
peptides are then transported to the lumen of the ER for loading
on newly synthesized MHC-I. This complex is transported to the
cell surface, where it can interact with an appropriate T-cell receptor
(TCR) on the cell surface of a CD8* T cell. This interaction leads to
activation and proliferation of the T cell, leading to the production
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of mature cytotoxic T cells. These cells can kill infected cells that
also present the corresponding peptides on their cell surface in
complex with MHC-L.

MHC class IT (MHC-II) draws on a different pool of peptides that
are generated from exogenous proteins*’. The molecular expression
of MHC-II molecules is restricted to professional antigen-present-
ing cells, such as dendritic cells (DCs), macrophages and B cells.
In particular, immature DCs reside in tissues such as skin and
lungs and in the gastrointestinal tract, where they survey for the
presence of pathogens or other foreign entities. These antigens are
internalized via endo- or pinocytosis, and, after reaching endoso-
mal or lysosomal compartments, they are processed by resident pro-
teases, and specific 10- to 25-residue-long peptides are loaded onto
MHC-II (Fig. 2). Export of the resulting complex to the cell surface
allows interactions with TCRs of CD4* T cells to initiate effector
and regulatory functions. In particular, the activated helper T (T})
cells can make a similar interaction with B cells®, thereby instruct-
ing them to produce IgG antibodies. A link, termed cross-presen-
tation, exists between the MHC-I and MHC-II pathways, whereby
exogenously derived antigens are presented by MHC-I molecules*.
Furthermore, peptides derived from endogenous cytosolic proteins
can be presented by MHC-II when these proteins are degraded
through autophagy or other pathways.

Glycosylation can have a major influence on protein antigen
uptake and proteolytic processing, which in turn can affect MHC
presentation and subsequent immune responses. Also, it has
become apparent that MHC-I and MHC-II can present glycopep-
tides and that such post-translational modifications can be impor-
tant for T-cell recognition. The next section highlights examples of
the influence of glycosylation on antigen presentation, and its rel-
evance to vaccine design is also discussed.

C-type lectin receptors: immune cell activation and antigen uptake
DCs have a key role in immune surveillance by monitoring the
extracellular space for foreign proteins and report by presenting
specific peptides in complex with MHC-I and MHC-II to T cells.
Dendritic and other myeloid cells express C-type lectin receptors
(CLRs) such as DC-SIGN, DEC-205, langerin and dectin-1. This
family of proteins contains a highly conserved structural motif
(C-type lectin domain) arranged as two protein loops stabilized by
two disulfide bridges at the base of each loop. One of these loops is
more flexible and generally contains the glycan-binding site*. Ca?*-
dependent glycan binding is a common feature of these proteins,
giving the name to the family of proteins.

Several CLRs of immune cells preferentially bind microbial
glycans, whereas others respond to altered self ligands. Another
group of CLRs exhibit binding to microbial as well as to self gly-
cans. Glycan recognition by CLRs can result in cell-signaling events
that modulate immune cell responses***”. For example, several
CLRs can recruit the tyrosine kinase Syk, which coordinates many
downstream signaling pathways that lead to myeloid cell activation.
Other CLRs can recruit phosphatases that negatively regulate sign-
aling through kinase-associated receptors. These CLRs generally
modulate myeloid cell activation when they are triggered together
with activating receptors such as Toll-like receptors.

CLRs also function as endocytosis receptors, thereby promoting
internalization of antigens that leads to their degradation as well
as to antigen retrieval and presentation to T cells®®. For example,
DC-SIGN is a type II transmembrane CLR that contains a carbo-
hydrate recognition domain that can bind glycans containing high-
mannose glycans and Lewis-type antigens, which are expressed
not only by a wide range of viral, bacterial, fungal and parasitic
pathogens but also by host glycoproteins®. Upon ligand binding,
DC-SIGN rapidly internalizes and directs its cargo into the lyso-
somal pathway, which can result in the presentation of specific
peptides in complex with MHC-II. Antigen uptake by DC-SIGN
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Figure 2 | T-cell activation by endogenous and exogenous antigens.

(@) MHC-I presents peptides derived from endogenous antigens. Antigen

is proteolyzed by the immune proteasome and specific peptides loaded to
MHC-I. The resulting MHC-I-peptide complex is transported to the cell
surface, where it can be recognized by the TCR of CD8" cells. The resulting
CD8 cells proliferate to give cytotoxic T cells. These cells can kill other cells
that present the same antigen in complex with MHC-I. (b) Endocytosis of
antigen by antigen-presenting cells followed by proteolysis by lysosomes
provides peptides that can be loaded on MHC-II. The resulting complex is
transported to the cell surface where it can activate CD4" cells. The resulting
cells can activate B cells that present the same antigenic peptide in complex
with MHC-II. The activated B cell differentiates into plasma cells that secrete
antibodies and memory B cells.

can also lead to the priming of CD8" T cells, and thus an endo-
cytic route should exist that leads to cross-presentation. DC-SIGN
forms tetramers that are present in nanodomains on the cell sur-
face of DCs*. This arrangement assures that DC-SIGN exhibits
high avidity for multivalent displays of appropriate glycans. It has
been proposed that discrimination between host and foreign gly-
cans is based on a density-dependent recognition mechanism®’. In
particular, pathogens appear to express relevant epitopes in high
density, such as in polysaccharides and lipopolysaccharides, result-
ing in selective cellular uptake.

The multivalent recognition of glycans by DC-SIGN and other
glycan-binding proteins of DCs has been exploited for the design
of improved vaccines. For example, it has been shown that a den-
drimer carrying 32 antigenic peptides and Lewis® epitopes (Fig. 3),
the latter being a ligand for DC-SIGN, displays optimal internali-
zation, routing to lysosomal compartments, cytokine response
and antigen presentation®>*. In another approach, laminarin,
which is a B-glucan ligand of dectin-1, and a synthetic $-mannan
derived from Candida albicans® were individually conjugated to
tetanus toxoid to provide a tricomponent conjugate vaccine®. A
macrophage cell line expressing dectin-1 readily internalized the
conjugate. Furthermore, treatment of immature bone marrow-
derived DCs with the tricomponent or control vaccine confirmed
that the B-glucan-containing vaccine exerted its enhanced activity
by virtue of DC targeting and uptake. Immunization of mice with
the vaccine candidate resulted in improved antigenic responses,
as manifested by high titers of antibodies recognizing C. albicans
-mannan.
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Figure 3 | Multivalent presentation of DC-SIGN ligands for enhanced cellular uptake of antigen. (a) Glycopeptide dendrimers were synthesized by
attaching a glycopeptide to the primary amines of PAMAM dendrimers by functionalization with a maleimide-containing linker followed by reaction with
the thiol of the C-terminal cysteine of the CKOTI/II peptide, which was further extended by a Lewis® epitope. The structure of a third-generation dendrimer
is shown. (b) Cellular binding of glycopeptide dendrimers. The glycopeptide dendrimers were labeled with a fluorophore and incubated with mutant DC-
SIGN-expressing cells in the presence of increasing concentrations of mannose as a binding inhibitor. The resulting half-maximum inhibitory concentration
(ICsp) values are plotted against the number of functional groups attached to the dendrimer. Reprinted with permission from reference 52.

Glycosylation and antigen processing

Protein glycosylation can influence proteolytic processing of pro-
tein antigens by sterically blocking the action of proteases®. For
example, the gp120 subunit, which is an HIV envelope glycopro-
tein involved in host cell binding, is a heavily glycosylated protein
expressing ~25 N-linked glycans per protein molecule. Several
studies®”*® have shown that N-glycans on gp120 can facilitate viral
escape from the host immune system by constraining proteolytic
processing of the protein antigen required for antigen presentation
and cytotoxic T-cell priming. The N-glycans can also block access of
neutralizing antibodies to critical epitopes.

An elegant study by Hanisch and co-workers® has shown that
O-glycosylation can influence proteolytic processing by the immu-
noproteasome. They performed an in vitro study in which a range
of synthetic glycopeptides derived from the mucin MUCI were
exposed to immune proteasomes, and then the products were ana-
lyzed by HPLC and MS. It was found that O-glycosylated MUCI1
glycopeptides that carried GalNAc or Gal-GalNAc moieties could
be proteolytically processed. However, the efficacy and site speci-
ficity of proteolysis was greatly influenced by the length of the
glycopeptide, abundance and position of glycosylation sites, glyco-
sylation type and amino acid sequence. These findings have impor-
tant implications for vaccine design. For example, glycosylation of
amino acids near proteolytic cleavage sites can block proteolysis,
which in turn prevents the formation of peptides or glycopeptides
for presentation to MHC1 or MHCIL.

Glycopeptides and antigen presentation and T-cell priming

Several studies have shown that N- and O-linked glycosides can
survive lysosomal degradation and that the formed glycopep-
tides can be presented in complex with MHC-II'**"%, O-linked
glycans can also remain intact during processing by the immune
proteasomes, and resulting glycopeptides can be complexed by
MHC-1"*21%, N-glycosylated peptides have not been found in
complex with MHC-I, and, although controversial, it has been
proposed that N-glycans need to be removed by a cytosolic
peptide-N-glycanase before proteins can enter the cylinder-
shaped proteasome®®'. N-glycosylation can, however, influence
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MHC-I peptide presentation because removal of N-glycans results
in the conversion of glycosylated asparagine to aspartic acid and
thus leads to the presentation of an epitope with a different amino
acid®.

During the past decade, it has become clear that a T-cell reper-
toire exists that specifically can recognize glycopeptides complexed
with MHC-I and MHC-II®. In an early study, MHC-II-restricted
T-cell hybridomas were raised against a synthetic glycopeptide
derived from mouse hemoglobin that was known to strongly
bind MHC-II E(k)*. The specificity of the T-cell hybridomas for
the glycan moiety was investigated by examining their responses
toward a panel of glycopeptides carrying different glycans. It
was found that the hybridomas displayed high specificity for the
a-GalNAc moiety, and only a few of the T-cell clones showed
weak cross-reactivity with glycopeptides having a different glycan
moiety, even though some of these were structurally very simi-
lar to a-GalNAc. Subsequently, MHC-II-associated glycopeptide
epitopes were implicated in inflammatory autoimmune diseases
such as rheumatoid arthritis and lupus erythematosus®.

Rheumatoid arthritis, which is an autoimmune disease that
causes chronic inflammation of peripheral joints and subsequent
destruction of cartilage and bone, has been genetically linked to
the MHC-II proteins DR1 and DR4. There is evidence to support
that these MHC-II molecules can present glycopeptides derived
from type II collagen (CII) to circulating CD4* T} cells, leading to
the initiation of autoimmune responses. CII is a cartilage-specific
homotrimeric fibrillar protein that contains a large number of
lysine residues that are often hydroxylated and subsequently gly-
cosylated with a B-p-galactopyranosyl or an a-p-glucopyranosyl-
(1—2)-p-p-galactopyranosyl moiety. By employing a panel of
synthetic glycopeptides, it was found that most T-cell hybrido-
mas obtained in collagen-induced arthritis specifically recognize
a B-Dp-galactopyranoside moiety located at Hyl264 of the peptide
sequence CII256-270 (refs. 65,66). Further studies showed that the
axial hydroxyl group of the galactoside was critical for T-cell acti-
vation. Vaccination with a collagen type II glycopeptide in com-
plex with MHC-II prevented the development of collagen-induced
arthritis in mice and improved chronic relapsing disease®.
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In several studies, peptides have been employed that are known
binders of MHC class I and modified with relatively short oligosac-
charides'®*. Examination of binding to MHC-I and induction of the
T-cell immune response showed that glycans are tolerated only at
amino acid positions that are not critical for anchoring the peptide
to MHC-I. In many cases, immunizations of mice with glycosylated
peptides, known to bind MHC-I, activated T cells that required the
peptide and glycan for recognition. Support for direct recognition
of glycans by TCRs of CD8* cells came from crystal structures of
MHC-I (H-2D") complexed with glycopeptides derived from an
immunodominant epitope of the Sendai virus nucleoprotein®. The
peptide carried a GIcNAcP1-O-Ser moiety at the fourth or fifth
amino acid. The crystal structure of the complex showed that the
glycans of the glycopeptides were solvent exposed and available for
direct binding to TCRs. Modeling of the ternary complex of MHC,
glycopeptide and TCR indicated that the monosaccharide residue
can be accommodated by the TCR. The models also suggested the
possible molecular basis for the observed cross-reactivity pattern
of the cytotoxic T lymphocyte (CTL) clones, which appeared to be
influenced by the length of the CDR3 loop and the nature of the
immunizing ligand.

Appropriate glycosylation of MHC-I epitopes is relevant for the
design of cancer vaccines®. In this respect, the mucin MUCI is
often aberrantly glycosylated by epithelial cancer cells manifested
by truncated O-linked saccharides such as Tn (aGalNAc-Thr),
STn (aNeu5Ac-(2,6)-0GalNAc-Thr) and Thomsen-Friedenreich
antigen (BfGal-(1,3)-aGalNAc-Thr)®. CTLs isolated from patients
with breast carcinoma can recognize epitopes derived from the
MUCI tandem repeat peptide™. It has been proposed that tumor
cells present epitopes derived from the core domain of MUCI in
their truncated glycosylation state in complex with MHC-I mol-
ecules, leading to natural MHC-restricted recognition of ‘hypo-
glycosylated’ epitopes®”'~7. Early efforts to develop MUCI-based
cancer vaccines focused on the use of unglycosylated MUCI tan-
dem repeat peptides of different lengths, conjugated to differ-
ent carriers and/or administered with an adjuvant’”. In general,
these strategies have failed to elicit effective immune responses to
MUCI-expressing cancer cells, probably owing to the conforma-
tional disparities between nonglycosylated vaccine sequences and
tumor-expressed, aberrantly glycosylated MUC1 (refs. 76-78).
Immunizations with densely glycosylated MUC1 peptides have also
been ineffective owing to impaired susceptibility to antigen process-
ing. We have identified the minimum requirements to consistently
induce CTLs and cytotoxic antibodies specific for the tumor form
of MUCI1, resulting in a therapeutic response in a mouse model of
mammary cancer. The vaccine is composed of the immunoadjuvant
Pam,CysSK,, a peptide T}, epitope and an aberrantly glycosylated
MUCI peptide (Fig. 4)”. The vaccine elicited cytotoxic T cells that
recognized both glycosylated and unglycosylated peptides, whereas
a similar nonglycosylated vaccine gave cytotoxic T cells that recog-
nized only nonglycosylated peptide. Antibodies elicited by the gly-
cosylated tripartite vaccine were significantly more lytic compared
to the unglycosylated control. As a result, immunization with the
glycosylated tripartite vaccine was superior in tumor prevention.
Other efforts have to develop MUCI-based glycopeptide vaccines
been reported®.

Glycosylation of protein antigen is expected to be relevant for
the development of many types of vaccines. A major stumbling
block in the design of such vaccines is a lack of technology to
determine protein glycosylation sites®. In general, the discovery
of glycosylation sites has been performed on isolated proteins. A
recently developed method is beginning to address the deficiencies
of analyzing complex mixtures of glycoproteins®. In this approach,
zinc finger nuclease-based gene targeting was applied to mutate
the gene for the chaperone Cosmc, which is essential for translo-
cation of the glycosyl transferase C1GalT1 to the Golgi apparatus.
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This enzyme is the only one that extends core-1-type O-glycans
(Fig. 1c), and, as a result, only simple GalNAc-O-Ser/Thr or
NeuAc(2-6)GalNAc-O-Ser/Thr glycoforms will be biosynthesized.
The identity of proteins and the localization of glycosylation sites
were determined by proteolysis of glycoproteins and treatment
with a sialidase, followed by the isolation of O-GalNAc-modified
peptides using nanoflow lectin chromatography combined with
MS detection by electron transfer dissociation fragmentation. This
approach led to the identification of well over 100 O-glycoproteins
with more than 350 O-glycan sites.

T-cell priming and glycoconjugate vaccine development

It has long been thought that T cells can only recognize peptides
presented in complex with MHC-II that are modified by relatively
simple glycans. Recent studies have, however, shown that a CD4*
T-cell population exists, designated as T, which can recognize
polysaccharides®. It appears that priming of such T cells is relevant
for eliciting optimal immune responses against glycoconjugates
vaccines.

In general, bacterial polysaccharides cannot activate T cells and
therefore elicit only IgM antibodies and do not induce memory
responses. Conjugation of a polysaccharide to a foreign carrier pro-
tein such as tetanus toxoid, CRM,,, or KLH will provide a source of
peptides that can be presented in the context of MHC-II, thereby
overcoming the T cell-independent properties of polysaccharides®.
Therefore, glycoconjugate vaccines can readily induce a class switch
to the superior IgG antibodies and immunological memory (Fig. 2).
These vaccines are among the safest and most efficacious vaccines
developed to date and are widely used for the prevention of life-
threatening bacterial infections such as meningitis and pneumonia.

Until recently, little was known about the fate of the polysac-
charide conjugated to a carrier protein during antigen processing
and presentation by APCs. Studies employing fluorescently labeled
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containing the vaccine. Three biweekly immunizations were given before

a tumor challenge with MUCT-expressing MMT tumor cells followed by
one boost one week after. Middle, induction of antibody-dependent cell-
mediated cytotoxicity (ADCC). Right, induction of CD8* cytolytic T cells

in MUC1.Tg mice. Reprinted with permission from reference 79. Each data
point represents an individual mouse, and the horizontal lines indicate the
mean for the group of mice.

NATURE CHEMICAL BIOLOGY | VOL 9 | DECEMBER 2013 | www.nature.com/naturechemicalbiology



© 2013 Nature America, Inc. All rights reserved.

&

NATURE CHEMICAL BIOLOGY DoI: 10.1038/NCHEMBIO.1403

pneumococcal polysaccharides conjugated to CRM,, labeled with
another dye indicated that the polysaccharide component of the gly-
coconjugate can enter endosomes, travel with peptides to surface of
an APC and co-localize with MHC-II*. Further studies by Kasper
and co-workers® have demonstrated that endolysosomal processing
by APCs of group B streptococcal type III polysaccharides coupled
to a carrier protein results in peptides modified by the polysac-
charide. MHC-II can present these glycopeptides, and the result-
ing complex can activate CD4* T cells. Specifically, it was shown
that the glycoconjugates can stimulate carbohydrate-specific CD4*
T-cell clones to produce interleukins 2 and 4, which are cytokines
that provide T-cell help to antibody-producing B cells. A glycocon-
jugate vaccine was designed to maximize the presentation of car-
bohydrate-specific T-cell epitopes, which was 50-100 times more
potent and substantially more protective in a neonatal mouse model
of group B Streptococcus infection than a vaccine constructed by a
conventional conjugation method.

Glycosylation and immune cell receptor function

All of the key proteins involved in antigen recognition and the
orchestration of effector functions including MHC class I and II are
glycosylated®. A diverse range of glycan-binding proteins, such as
galectins (sialic acid-binding Ig-like lectins, also known as Siglecs)
and CLRs, can interact with these glycoproteins, thereby modulat-
ing cell-cell interactions and cell signaling events®. It is becoming
increasingly apparent that the regulation of glycan structures, the
expression of glycan-binding proteins by immune cells and their
complex interplay is crucial to proper functioning of immune sys-
tem events, including antigen presentation and T-cell activation. A
detailed understanding of these interactions and their downstream
effector functions is providing unique opportunities for the design
of peptide or glycopeptide-specific immunotherapies for the treat-
ment of diseases such as allergy and autoimmunity.

The best-studied involvement of cell-surface glycans in modu-
lating immune responses involves selectins, which are surface-
localized CLRs that mediate leukocyte rolling, ultimately resulting
in extravasation into inflamed or infected tissues®. Thus, the regula-
tion of glycan structures on endothelial and leukocyte surfaces dur-
ing an inflammatory response is a key factor in the recruitment and
homing of immune cells.

Galectins are an ancient family of proteins that preferentially
bind N-acetyllactosamine sequences (Galp(1,4)GlcNAc) of O- and
N-linked glycoproteins®®®. They typically act as cell surface scaf-
folding proteins to organize specific cell surface glycoproteins into
lattices. The resulting galectin-glycoprotein lattices can modulate
intracellular signaling events and regulate cellular processes such as
apoptosis, proliferation and migration®. Galectins have been impli-
cated in a wide range of immune responses and can provide positive
as well as negative regulatory signals. For example, the binding of
galectin-1 to developing thymocytes influences the strength of TCR
signaling, which is an important determinant for proper recogni-
tion of antigen by a T cell’’. Galectin-1 can also induce apoptosis
of specific thymocyte subsets and activated T cells>. As expected,
galectin-1 knockout mice exhibit aberrant thymocyte selection,
resulting in alteration in the T-cell repertoire and the responses of
the mature T cell.

Galectin-3, which is absent in resting CD4* and CD8* T cells but
inducible by various stimuli, such as TCR ligation, can also induce
suppressive responses®. In this respect, each subunit of afTCRs
contains multiple acceptor sites for N-linked glycans. It is thought
that the N-glycans do not directly influence MHC interactions but
influence the threshold of immune activation. For example, a defi-
ciency in the ((1,6)-N-acetylglucosaminyltransferase V (Mgat5)
alters the branching pattern of N-glycans, which in turn leads to
a lower activation threshold of T cells in vitro and increases the
incidence of autoimmunity in vivo®. These effects are a result of a
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lack of galectin-binding sites on afTCR, and therefore no protein
complexes can be formed with CD45, which, if appropriately glyco-
sylated, can also be recruited by galectin-3 (ref. 95). The cytoplas-
mic tail of CD45 contains phosphatase activity that maintains Lck,
which is a critical signaling molecule for initiating the signaling
cascade, leading to T-cell activation from a dephosphorylated and
inactive state (Fig. 5). Thus, galectin-3 is responsible for holding
CD45 and the TCR signaling complex in close proximity via their
glycans, thereby preventing low-avidity T-cell activation. Galectin-1
also binds CD45 but organizes it differently on the cell surface.
The differential effects of galectin-1 and galectin-3 on CD45 bind-
ing may be due to their structural differences; the former is a rigid
homodimer, whereas the latter forms pentamers upon glycoprotein
binding through its flexible N-terminal domain®. Although galec-
tins often act as suppressors of inflammation and T-cell responses,
some members can induce activation signals; for example, bind-
ing of galectin-8 to T cells promotes T-cell proliferation, possibly
through unique interactions with CD45 (ref. 97).

With the exception of resting T cells, most human and mouse
immune cells express at least one Siglec'>. Some are expressed in a
cell type-restricted manner, whereas others are found on multiple
cell types. Furthermore, each Siglec has a unique specificity for a
sialylated glycan, supporting the notion that each protein medi-
ates a distinct or partially overlapping function. CD22 and most
CD33-related Siglecs have one or more cytosolic immune-receptor
tyrosine-based inhibitory motifs that can modulate cell signaling
events.

CD22, which recognizes a(2,6)-linked sialylated glycans, is a
B-cell co-receptor that can attenuate BCR signaling®. Such signals
are critical for the prevention of autoimmunity. For example, CD22-
deficient mice exhibit hyperimmune responses in vitro and in vivo®.
In contrast, ST6Gall-deficient mice, which cannot make CD22
ligands, exhibit hypoimmune responses'®. Immune activation to
foreign antigens leads to the crosslinking of BCR and exclusion of
CD22 from the BCR signalosome. This leads to robust cell signal-
ing, culminating in robust downstream positive signals for B-cell

Galectin-3

N O
Py

od
.
< B

CD45

—) =/

Downregulation
of TCR signaling

Figure 5 | Galectins can reorganize cell surface receptors by binding their
glycans. Galectin-3 can organize the TCR and CD45 of T cells into lattices
by binding their glycans. In this way, galectin-3 is proposed to block direct
interactions of TCRs. Furthermore, the phosphatase activity of CD45
causes downregulation of T-cell signaling.
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Figure 6 | Modulation of B-cell activation by glycosylation. (a) Polymers
were designed that contain dinitrophenyl as a hapten, a carbohydrate
ligand for CD22 (CD22L) or both. A biphenyl moiety at C6 of the sialoside
of the CD22L greatly increases the affinity of binding. (b) The copolymer
bearing the hapten and CD22 ligand induces clustering of the B-cell
receptor (BCR) and CD22, which results in a suppression of B-cell signaling
and tolerance. In this case, the immune-receptor tyrosine-based inhibitory
motifs of CD22 recruit the inhibitory phosphatases SHP-1and SHIP, which
suppress BCR signaling through unknown mechanisms. It is thought that
trans interactions with 2,6-linked sialosides of self cells induce tolerance
through a similar mechanism. (c) A polymer containing only hapten
mimics a foreign entity that can cluster BCRs, resulting in cell signaling.

In this case, CD22 is largely excluded from the BCR signaling complex.
CD22 is a glycoprotein, and it has been shown that it can bind with its own
glycans forming homomultimeric protein complexes™.

activation. In contrast, self antigens that carry a CD22 ligand recruit
CD22 to the signalosome, which provides negative cell signals that
lead to the suppression of B-cell activation. Thus, the latter condi-
tion has been proposed to induce tolerance.

The proposed model for the CD22-mediated attenuation of B-cell
responses was probed by a series of glycopolymers that displayed
(i) a high-affinity ligand for CD22, (ii) the 2,4-dinitrophenyl hap-
ten that can engage with BCR of a particular B-cell line and (iii) a
combination of CD22 ligands and dinitrophenyl haptens (Fig. 6)'"".
As expected, the CD22 ligand homopolymer did not elicit a change
in intracellular Ca®, consistent with its inability to bind the BCR.
Importantly, the copolymer that can recruit CD22 to the BCR com-
plex exhibited a suppressed Ca?* influx compared to the dinitrophenyl
homopolymer. These data support a model in which coclustering of
CD22 and the BCR results in signal attenuation. A subsequent in vivo
study highlighted the role of trans interactions with CD22 for attenu-
ating B-cell function'®™ In this experiment, mice were treated with
polyacrylamide functionalized with a nitrophenyl hapten and a high-
affinity CD22 ligand. The glycopolymers were nonimmunogenic and
promoted long-lived tolerance, preventing B-cell responses when the
mice were challenged with the hapten. No tolerogenic responses were
observed when CD22-deficient mice were treated with the polymers.
On the basis of these findings, it is to be expected that glycopolymers
containing an immunodominant peptide or glycopeptide epitope that
drives autoimmune responses and a CD22 ligand can serve as thera-
peutics that inhibit autoimmune responses.

Conclusions and perspectives
Protein glycosylation has been implicated in many aspects of
adaptive immune activation. It can greatly influence uptake and
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proteolytic processing of antigens. Glycosylated peptides can be
presented by MHC-I and MHC-II, and the resulting complex can
be recognized by T cells, leading to glycan-dependent Ty, cell and
cytotoxic T-cell responses. Appropriate glycosylation of antigens is
being exploited for the development of more efficacious prophylac-
tic as well as therapeutic vaccines”*.

Most of the receptors involved in adaptive immune activation
are glycosylated. The interaction of these glycoproteins with glycan-
binding proteins, such as C-type lectins, galectins and Siglecs, can
regulate many aspects of immune cell activation. Glycopolymers
have been designed that can interfere with these processes, leading
to tolerance or immune activation'>'%2,

A considerable expansion in glycomics capabilities'®~* will be
required to fully exploit protein glycosylation for the development
of the next generation of immune therapies. The design of appro-
priately glycosylated antigens requires knowledge of glycosyla-
tion patterns of proteins in complex mixtures, which is difficult to
obtain by current analytic methodologies. Although MS has been
employed to study the glycome of immune cells'®, it has not been
possible to establish the glycosylation status of individual proteins
of immune cells. Glycan microarray technology is beginning to
provide important information about the ligands of glycan-binding
proteins'®”'%. However, these arrays contain only a fraction of the
naturally occurring glycans, and new synthetic methodologies'® are
required that make full cellular glycomes. The future capability to
determine the biologically relevant glycoforms of immune receptors
combined with an ability to selectively modulate cellular glycomes
are expected to provide exciting opportunities to control adaptive
immune responses.

Received 4 September 2013; accepted 22 October 2013; published
online 14 November 2013
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