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Abstract. Glycosylation of proteins is a common event
and contributes to protein antigenic properties. Most data
have been obtained from model studies on glycoprotens
with well-defined structure or synthetic glycopeptides
and their respective monoclonal antibodies. Antibodies
raised against glycoprotein antigens may be specific for
their carbohydrate units which are recognized irrespec-
tive of the protein carrier (carbohydrate epitopes), or in
the context of the adjacent amino acid residues (glyco-
peptidic epitopes). Conformation or proper exposure of
peptidic epitopes of glycoproteins is also frequently

modulated by glycosylation due to intramolecular carbo-
hydrate-protein interactions. The effects of glycosylation
are broad: glycosylation may ‘inactivate’ the peptidic
epitope or may be required for its reactivity with the anti-
body, depending on the structure of the antigenic site and
antibody fine specificity. Evidence is increasing that
similar effects of glycosylation pertain to T cell-dependent
cellular immune responses. Glycosylated peptides can be
bound and presented by MHC class I or Il molecules and
elicit glycopeptide-specific T cell clones.
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Introduction

Glycosylation is the most common posttranslational
modification of proteins [1]. Nevertheless, its role was
obscure for a long time. That it may protect proteins
against proteolytic degradation or denaturation was
known, but its contribution to the biological activity of
proteins was not immediately recognized. The questions
remained as to why nature ‘decorates’ proteins with a
variety of complex oligosaccharide structures, why some
inborn errors in biosynthesis or metabolism of glycocon-
jugates lead to severe diseases, and concerning the sig-
nificance of alterations of glycosylation in several other
diseases, including cancer [2—5]. The last two decades
have seen an enormous development in glycobiology
which has provided at least a partial understanding of the
role of glycosylation. In the glycoprotein biosynthetic
pathway, N-linked glycans, which are recognized by

lectin-like chaperonins (calnexin, calreticulin), play the
role of ‘tags’ in protein folding and ‘quality control’
processes [6—8]. The glycans are known to play a role in
oligomerization, targeting, clearance and biological func-
tions of proteins [9, 10]. Most biological processes are
initiated by specific interaction between molecules, that
are cell membrane linked and/or secreted to body fluids.
Oligosaccharide chains directly participate in specific
interactions with lectins and lectin-like proteins, and a
variety of human and animal lectins have been detected
and their importance in biological processes has been
documented [11]. In addition, protein-linked oligosac-
charides, which do not participate directly in the reaction,
can modulate interactions between polypeptide chains, by
‘masking’ or ‘proper exposure’ of the peptidic fragment
involved in the reaction.

Most molecules (e.g. cellular receptors, cytokines, anti-
bodies) involved in the immune system are glycosylated
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and the role of glycosylation in their assembly, stability,
cell surface exposure or secretion, and recognition has
been the subject of several recent reviews [12—16]. The
most important immunological process is the cellular and
humoral response against foreign antigens. This review
focuses on the contribution of oligosaccharide chains
to recognition of glycosylated protein antigens by anti-
bodies and T cell receptors.

Heterogeneity of protein glycosylation

There are two major types of oligosaccharide moieties
linked to proteins in eukariotic cells, O-glycosidic chains
linked via GalNAc to Ser/Thr residues, and N-glycosidic
chains, whose innermost GlcNAc residue is attached to
the amide group of Asn. Each of these types presents a
variety of structures (fig. ). N-glycosylation of Asn
residues requires the sequence Asn-X-Ser/Thr and N-
glycosylated proteins vary from those containing only
one N-glycan to ones carrying over 20 N-linked oligo-
saccharide chains. The multiple O-glycans are present in
mucin-type glycoproteins (mucins, glycophorins, leuko-
sialins), where they frequently form clusters of chains
linked to adjacent Ser/Thr residues. There are also glyco-
proteins with mixed-type glycosylation, i.e. a single or
few O-glycans are present in N-glycosylated proteins
or, vice versa, some richly O-glycosylated proteins may
also carry one or more N-glycans. There are no distinct
rules for the structural requirements of O-glycosylation
sites, but certain amino acid sequences proximal to
Ser/Thr residues are known to favour or inhibit their
O-glycosylation [9]. There are also other types of glyco-
sylation. Collagen carries Galf or Glcf1-2Galf units
linked to hydroxylysine residues. Recently discovered
types of glycosylation of mammalian proteins include
O-fucosylation, O-glucosylation and O-mannosylation
of Ser/Thr residues, or C-mannosylation of tryptophan
residues [17—19]. A unique type of glycosylation is
attachment of a single GIcNAcf to Ser/Thr residues of
nuclear and cytoplasmic proteins [20, 21]. An exact
consensus motif for O-GlcNAc has not been identified.
However, many attachment sites are identical to those
used by Ser/Thr kinases, and several lines of evidence
have been obtained for a reciprocal relationship between
O-GlcNAc and O-phosphorylation. Although the bio-
logical role of this highly dynamic protein modification
remains to be elucidated, the exisitng data imply that O-
GlcNAc is a regulatory modification involved in cellular
signalling.

The structure of protein-linked oligosaccharide chains
depends on several factors involved in the biosynthetic
machinery of the cell, such as expression of glycosyl-
transferases (and other enzymes), the availability of
nucleotide-sugar substrates and the correct location of the
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Figure 1. Structures of most common O- and N-glycans of human
and animal glycoproteins.

protein or glycoprotein acceptor in the trafficking route
of biosynthesized glycoproteins [22]. Glycosylation of
individual proteins can be modulated by their own struc-
ture that involves not only the occupancy of potential
glycosylation sites, but also the structure of the outer
parts of glycans. For example, N-glycans carrying ter-
minal GalNAc residues are typical for glycoprotein
hormones [23], and mannosyl residues are selectively
phosphorylated in N-glycans of lysosomal enzymes [24].
Such dependence on the amino acid sequence of the glyco-
sylated protein may also apply to O-glycans. In gly-
cophorin A (GPA), the efficiency of galactosylation of
GalNAc residues linked to Ser/Thr residues 2—4 depends
on adjacent amino acid residue(s) (fig. 2) and is lower in
GPA of blood group N (Leu,, Glus) than in GPA-M (Ser,,
Glys) [25]. The character of the cellular glycosylation
system and modulation of this process by the structure of
the protein recipient result in enormous heterogeneity in
protein-linked oligosaccharide chains. Their structure
depends on the cell type and its developmental state. In
one cell, various glycoproteins are differently glyco-
sylated and, moreover, each individual glycoprotein
shows intermolecular and intramolecular microhetero-
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Figure 2. Structure of N-terminal fragments of GPA (M and N) and
GPC.

geneity of the carbohydrate moiety, resulting from dif-
ferent degrees of occupancy of individual glycosylation
sites and variations in the oligosaccharide structure.

Antigenic epitopes of glycoproteins

Glycosylated proteins carry different types of antigenic
epitopes. Some oligosaccharide units can be antigenic
themselves and elicit various anti-carbohydrate anti-
bodies. Another type are glycopeptidic epitopes defined
by antibodies which recognize specific oligosaccharide
structures and adjacent amino acid residue(s). In contrast
to anti-carbohydrate antibodies, antibodies directed
against glycopeptidic epitopes do not react with free
oligosaccharides. Finally, there are peptidic epitopes
which represent either relatively short sequences of the
polypeptide chain (linear epitopes), or include amino acid
residues less or more distant in the polypeptide chain and
brought into proximity due to the secondary structure of
the protein (conformational epitopes). Many peptidic epi-
topes are independent of protein glycosylation and are
recognized in fully glycosylated glycoprotein and in par-
tially or totally deglycosylated antigen as well. However,
not rarely, and especially in richly glycosylated proteins,
peptidic epitopes are either apparently masked by glycans,
or glycosylation of one or more flanking amino acid
residues enhances the reaction or is even required for anti-
body binding. In the latter case, distinguishing between
whether the oligosaccharide chain directly participates in
the Ag-Ab reaction (glycopeptidic epitope) or is only
required for the proper exposure or steric arrangement of
the peptidic epitope may be difficult. However, one can
tentatively assume that those antibodies which require a
strictly defined carbohydrate unit(s) in a glycoprotein
antigen, and do not bind to free or otherwise linked sac-
charide(s), deglycosylated antigen or to corresponding
peptides are likely to react directly with both sugar and
amino acid residues, and are anti-glycopeptidic antibod-
ies. On the other hand, those antibodies which react with
non-glycosylated peptides, or require glycosylation which
is not limited to the defined carbohydrate structure, are
considered to have anti-peptidic specificity, even if glyco-
sylation modulates their interaction with the antigen.

Review Article 447

Glycosidic and glycopeptidic epitopes
of glycoproteins

Structures of many oligosaccharide chains linked to pro-
teins are identical or closely similar among species and
are not or are only weakly immunogenic. Despite dif-
ficulties in generating antibodies against such structures,
there are reports on obtaining murine monoclonal anti-
bodies against common oligomannosidic and complex-
type N-glycosidic chains [26—28]. However, certain car-
bohydrate structures are expressed only in some individ-
uals (e.g. ABH/Le, P1, or Sd* blood group antigens [29])
or occur rarely (e.g. polyagglutination antigens). Such
carbohydrate units are strongly immunogenic in individ-
uals or animals missing these structures, and in most cas-
es, ‘natural’ alloantibodies exist in human sera (table 1).
The O-GlcNAc present in intracellular proteins is
also immunogenic. An O-GIcNAc-specific antibody
binds various O-GlcNAc-containing proteins which
can be eluted from the antibody with free GIcNAc [21].
An interesting monoclonal antibody was obtained which
recognized a unique a-linked GlcNAc in O-glycans
(structure in table 1) of mucin from mammalian gastric
gland mucous cells [30]. A species-specific structure
will also generate carbohydrate antigenicity. The xeno-
antigenic non-reducing terminal unit Galal-3Gal is
widely present in glycoproteins and glycolipids in
mammals, but not in humans, and natural antibodies
against this structure, present in all human sera, are a
major reason for acute rejection of xenotransplants [31].
In an attempt to use this epitope as a target for gene
therapy of cancer, transfection of functional al,3-Gal
transferase into human cancer cells made them suscep-
tible to lysis by natural human antibodies [32]. The
specific features of plant and insect N-glycans are the
PB1,2-xylose and core al,3-fucose (table 1) which cause
glycoproteins from plants and some invertebrates to
elicit strong IgG and IgE (allergic) responses in humans
and animals [33—-35]. The problem is particularly impor-
tant in view of the potential immunogenicity of pharma-
ceutical recombinant glycoproteins produced in trans-
genic plants [36].

Many monoclonal anti-carbohydrate antibodies have
been obtained, and most of which are directed against
oligosaccharide structures typical for glycosphingolipids
[37]. Several ‘glycotopes’ are typical for glycoproteins
and some epitopes are present in N- and O-glycans as
well, and also in glycosphingolipids. Therefore, anti-
carbohydrate antibodies are not specific for a defined
glycoprotein, because they usually recognize their target
epitopes in different antigens, irrespective of the glycan
core structure and its carrier. However, anti-carbohydrate
antibodies specific for the same structure may differ in
fine specificity, since they recognize different fragments
or sides of the target structure [37].
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Table 1. Examples of immunogenic carbohydrate antigens.
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Antigen Structure Comments

H Fucal-2Galp1-3/4GlcNAc-R blood group ABH/Lewis antigens

A GalNAcal-3[Fucal-2]Galf1-3/4GlcNAc-R

B Galal-3[Fucal-2]Galp1-3/4GIcNAc-R

Le? Gal B1-3[Fucal-4]GlcNAc-R

Le® Fucal-2Galf1-3[Fucal-4]GlcNAc-R

Lex Galpl-4[Fucal-3]GlcNAc-R

LeY Fucal-2Galp1-4[Fucal-3]GlcNAc-R

P1 Galal-4Galp1-4GIcNAc-R P blood group system antigen, alloantibodies
in P1-negative individuals

Sialyl-Le? NeuAca2-3Galpl-3[Fucal-4]GlcNAc-R sialo-Lewis antigens, ligands for selectins

Sialyl-Le* NeuAca2-3Galfl-4[Fucal-3]GlcNAc-R

(and related structures)
Cad NeuAca2-3[GalNAcf1-4]Galf1-3[NeuAca2-6]- rarely occurring on polyagglutinable red blood cells
GalNAc-Ser/Thr

Sd# NeuAca2-3[GalNAcf1-4]Galf1-4GlcNAc-R antigen frequent in humans, antibodies
in Sd(a—) individuals

TF Galp1-3GalNAcal-O-Ser/Thr Thomsen-Friedenreich and Tn antigens cryptic
in normal tissues, antibodies in all human sera

Tn GalNAcal-Ser/Thr

Sialyl-Tn NeuAca2-6GalNAcal-Ser/Thr

GIcNAcp-O-Ser/Thr

epitope of nuclear and cytoplasmic proteins

GlcNAcal-4Galf1-4GlcNAcS1-6
GalNAc
GlcNAcal-4Galpl-3

GlcNAca-related epitope of gastric mucin

Galal-3Galp1-3GIcNAc-R

antigen common in nonprimates and absent
in humans, antibodies in all human sera

Manal-6
Manp1-4GlcNAcp1-4GlcNAcS-Asn
Manal-3 T

Xylb1,2 Fucal,3

epitopes present in plant and some invertebrate
glycoproteins eliciting humoral responses
and allergic reactions in humans

Another type of carbohydrate epitopes are Thomsen-
Friedenreich (TF) and Tn antigens (table 1) which re-
present core structures of O-glycans present in erythrocyte
glycophorins and other mucin-type glycoproteins. Gly-
cophorins are densely O-glycosylated type 1 membrane
sialoglycoproteins, and a major structure of their O-
glycans is the tetrasaccharide NeuAca2-3Galpl-3-
[NeuAca2-6]GalNAc [38]. The TF and Tn antigens were
first identified in rare polyagglutinable erythrocytes, either
transiently carrying asialoglycophorins (TF), or present in
individuals with acquired Tn syndrome, carrying glyco-
phorins with non-galactosylated O-glycans (Tn or sialyl-
Tn). These normally cryptic structures are exposed in
many cancer tissues and are used as targets for immuno-
therapy [39—41]. Anti-TF, anti-Tn and anti-sialyl-Tn anti-
bodies recognize Ser/Thr-linked Gal-GalNAc, GalNAc or
NeuAc-GalNAc units, respectively, and frequently require
clusters of such units present on mucin-type glycoproteins

[42, 43]. Some anti-Tn antibodies react similarly with Tn
and sialyl-Tn units, i.e. they recognize GalNAc residues
irrespective of their substitution at C6 with sialic acid.
Moreover, immunization of mice with asialo-glycophorin
A (asialoGPA, GPA-TF) or asialo-agalactoGPA (GPA-Tn)
showed that two types of anti-TF or anti-Tn antibodies are
induced, with anti-carbohydrate or anti-glycopeptidic
specificity [44 and our unpublished results]. Antibodies
with anti-carbohydrate specificity react with various
glycoproteins carrying TF or Tn determinants and are
convenient reagents for identifying of these sugar units in
biological material, including cancer cells. There are also
antibodies which react only with the antigen used for
immunization, i.e. recognize the respective carbohydrate
structures in the context of a specific sequence in the
polypeptide chain. Such antibodies recognize glycopep-
tidic epitopes and can serve for detection of the defined
glycoform (TF or Tn) of a specific glycoprotein.
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Strongly immunogenic N-terminal fragments of GPA and
glycophorin C (GPC) from human erythrocytes (fig. 2)
are also examples of glycopeptidic epitopes. GPA exists
in two forms differing in amino acids 1 and 5 (blood
group M and N antigens), and there are many antibodies
which are specific or react preferentially with one of
these forms (M or N specificity). Anti-M and anti-N
monoclonal antibodies represent a wide spectrum of fine
specificities [38]. Most recognize a difference in the first
amino acid residue, although some anti-M are specific
for epitopes dependent on Glys. Moreover, the blood
group M- or N-related epitopes differ in their requirement
for the terminal a-amino group and most are sensitive to
desialylation. Interestingly, examination of modified
GPAs carrying exclusively monosialylated linear (NeuAc-
Gal-GalNAc) or branched (Gal-[NeuAc]GalNAc) O-
glycans showed that some antibodies, reactive with epi-
topes sensitive to total desialylation, require the presence
in the epitope of Gal-linked sialic acid only, while for oth-
er antibodies, GalNAc-linked sialic acid residues are
essential [45]. GPC has an entirely different amino acid
sequence compared to GPA, but antibodies directed
against its N-terminal fragment (fig. 2) also recognize
epitopes dependent on the first amino acid residue (Met)
and usually dependent on sialylation [38, 46]. The pres-
ence of only one (Ser, or Leu, in GPA) or two (Met,-Trp,
in GPC) terminal non-glycosylated amino acid residues in
the epitopes and lack of reactivity of desialylated and/or
de-O-glycosylated antigens suggest that N-terminal frag-
ments of GPA and GPC represent glycopeptidic epitopes
in which both amino acid residues and carbohydrate
components are directly involved in the antigen-anti-
body reaction. However, this does not apply to the Gly;-
dependent blood group M-related epitopes (see below).

Effects of glycosylation on peptidic epitopes
of glycoproteins

To understand these effects it is important to realize that
intramolecular interactions between glycans and the pep-
tide backbone occur in glycosylated proteins and affect
the conformation and flexibility of both glycan and
peptide. Most physiological interactions occur in a water
environment. Recent studies on glycopeptide and glyco-
protein conformation in solution [reviewed in refs
47-50] using circular dichroism and advanced nuclear
magnetic resonance spectroscopy techniques combined
with computational molecular dynamics simulation have
allowed the following general conclusions to be drawn:
glycosylation usually increases the local structural order
of the polypeptide chain (e.g. induces turn-like structures
in glycopeptides), and the spatial arrangement of glycans
is affected by their interaction with the peptide; the
intramolecular carbohydrate-protein interactions and
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their effects depend on the glycan structure and its
microenvironment and may be different in individual
glycosylation sites. These data are in full agreement with
observations that the reactivity of many antibodies direct-
ed against peptidic epitopes is modulated in different
ways by antigen glycosylation. Several examples will
serve to illustrate this problem.

The enhancement of antibody binding to partially or
totally deglycosylated antigen suggested recognition of a
peptidic epitope which in the native glycoprotein is more
or less shielded by glycans, especially the large ones.
However, it is not always a simple steric hindrance effect,
as shown by the example of influenza virus haemagglu-
tinins [51]. The haemagglutinins of pathogenic avian
influenza viruses of Dutch and Rostock strains differ in
that only the haemagglutinin of the Rostock strain carries
a complex-type N-glycan at Asn,,,. Rabbit antibodies
against peptide comprising amino acid residues 143—162
of haemagglutinin reacted only with the non-glycosylat-
ed epitope of the Dutch strain. An apparent ‘masking’
effect of N-glycan was independent of its size. The Asn-
linked GIcNAc residue was sufficient to prevent recogni-
tion of the epitope and its removal was required for
restoration of the antigenic activity. The opposite effect,
i.e. creation of a neoepitope by a single monosaccharide,
was shown in the example of an interesting monoclonal
antibody (FDC-6) which reacted with oncofetal fibro-
nectin but did not react with normal fibronectin [52]. The
minimal structure required for the reaction with FDC-6
was found to be the hexapeptide VTHPGY with an O-gly-
cosylated threonine residue. The same sequence is pre-
sent in normal fibronectin, but is not glycosylated. mAb
FDC-6 reacted only with the glycosylated epitope, irre-
spective of O-glycan size, which can be NeuAc-Gal-
GalNAc (present in native antigen), Gal-GalNAc, or only
a GalNAc residue. These results indicate that in both
cases, a single monosaccharide residue directly linked to
the peptide alters peptide conformation or flexibility to
either inactivate the antigenic structure [51] or create a
new epitope [52].

The effect of antigen glycosylation was extensively
studied with anti-MUC1 monoclonal antibodies, using
synthetic peptides and glycopeptides comprising the
immunodominant amino acid sequences of MUCI
mucin. Identification of epitopes by means of peptides
synthesized in immobilized form on multiple plastic pins
(Pepscan analysis) showed that most anti-MUCI1 anti-
bodies are specific for various overlapping epitopes within
the sequence APDTRPAP of the tandem repeat unit of
MUCI1 [53]. Two anti-MUC1 monoclonal antibodies
were tested with the synthetic MUCI1 fragment, TAP-
PAHGVT,SAPDTRPAPGS,T,, APPA, in a non-glyco-
sylated form or carrying one, two or three GalNAc
residues on amino acids 9, 9/21 or 9/20/21, respectively
[54]. The antibodies recognized overlapping epitopes
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PDTR (mAb HMFG1) and RPAP (mAb C595). All gly-
cosylated peptides showed distinctly decreased reactivity
with mAb HMFG1, while monoglycosylation showed no
effect and di- or triglycosylation enhanced the reactions
with mAb C595 compared to the non-glycosylated
peptide. Circular dichroism studies revealed that a left-
handed polyproline II helix adopted by this peptide in
solution is further stabilized by addition of the GalNAc
residues [55].

Another set of peptides and glycopeptides was used to
study a large number of anti-MUC1 monoclonal anti-
bodies recognizing peptidic epitopes in the same immuno-
dominant MUCI region [56, 57]. Substitution of peptides
with carbohydrate residues gave variable results, depend-
ing on the antibody and glycopeptide used, but in many
cases, glycosylation altered the reaction with antibody.
Surprisingly, for some antibodies, even extensive glyco-
sylation of the peptide may be without effect. For ex-
ample, two mAbs, SM3 and HMPYV, reacted equally well
with the MUCI peptide and its counterpart carrying five
GalNAc residues [58]. Together, these results revealed
that glycosylation of MUC1 may modulate the reactivity
of peptidic epitopes, from decreasing, through no effect,
to enhancing their reactivity, in a manner that depends on
the site of glycosylation and fine specificity of the anti-
body. Similar effects of glycosylation were found for
human anti-MUC1 antibodies from breast cancer patients
which were examined with various MUCI peptides,
either non-glycosylated or containing GalNAc residues
[59]. The MUC1 mucin, whose glycosylation is altered in
cancer cells, is one of the targets for cancer immuno-
therapy. The data on the antigenic properties of MUCI1
and a role for its glycosylation are important for choosing
the correct MUCI peptides or glycopeptides as the most
effective anti-cancer vaccines.

In our laboratory, peptidic epitopes for anti-GPA and anti-
GPC monoclonal antibodies were identified by Pepscan
analysis [46, 60—64]. Many anti-peptidic GPA antibodies
recognize various overlapping epitopes within two seg-
ments of the extracellular domain of the GPA polypeptide
chain (highlighted below), where several adjacent Ser and
Thr residues are glycosylated (asterisks):

SAAT*PRAHEVS*EIS*VRT*VYPPEEETGE ©

Interestingly, reactions of these antibodies with erythro-
cytes or GPA are either unaffected or strongly enhanced
by GPA desialylation, even if antibodies recognize iden-
tical or closely similar epitopes on synthetic peptides. For
example, one of two antibodies (OSK4-1) recognizing
the RAHEYV sequence reacted comparably with untreated
and desialylated GPA, while the second (GPA33) reacted
weakly with the untreated antigen and showed strong
enhancement of reactivity (up to 100-fold) after its
desialylation or de-O-glycosylation [60, 65]. To explain
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this difference, the epitope was examined using 95 re-
placement analogues of the RAHEV peptide in which
each amino acid residue was replaced by one of 19 other
amino acids. The mAbs OSK4-1 and GPA33 showed
entirely different binding patterns and recognized a Glu
or His residue, respectively, as an immunodominant
amino acid [60]. Most likely, these antibodies react with
different ‘sides’ of the same sequence, and only that with
an exposed His residue is apparently masked by sialic
acid present in O-glycans carried by flanking amino
acid residues.

Most anti-peptidic antibodies directed against GPC rec-
ognize epitopes related to the sequence EPDPGM which
is repeated twice in the GPC polypeptide chain:

HLS*LEPDPGMAS*AS*T*T*MHT*T*T*
IAEPDPGMSGVP#

Pepscan analysis showed that some antibodies require the
presence of Leu,, in the epitope, while other antibodies
should potentially react with both sites. However, un-
predictable reactions of these antibodies with rare deletion
variants of GPC (Gerbich and Yus, each containing one
LEPDPGM sequence) and differentiated dependence of
epitopes on antigen glycosylation indicate that in the
glycosylated antigen there are additional requirements
for the proper exposure of the peptidic epitope [38, 46, 61].
An interesting example is anti-GPC mAb NaM26-4C6
which cross-reacted with the band 3 protein [64]. This
antibody recognized the epitope LEPDPGM of GPC and
EDPDIP of the cytoplasmic (non-glycosylated) tail of
band 3 protein. However, desialylation or de-O-glycosy-
lation of GPC abolished its reactivity. This suggests that
the LEPDPGM epitope, reactive with mAb NaM26-4C6
in synthetic peptides, requires full glycosylation in the
GPC molecule for proper exposure.

There are also antibodies which react with peptidic epi-
topes inactivated by desialylation of the glycoprotein
antigen and ‘reactivated’ after complete de-O-glycosyla-
tion. For example, anti-leukosialin (CD43) antibodies
have been obtained which react with native and recom-
binant non-glycosylated (expressed in Escherichia coli)
leukosialin, but do not react with desialylated leukosialin
[66]. This is not a unique phenomenon, because similar
properties are shown when anti-M antibodies cross-react
with the rare variant Me antigen. The M¢ antigen is carried
by GPA-N in which Thr, is replaced by Asn, and Ser,/
Thr, residues are not glycosylated (the Me N-terminal
sequence is: LSTNEVAMH-). Some of the antibodies
which recognize a blood group M-related epitope, depen-
dent on Gly; and sialylation (see fig. 2), surprisingly react
with the non-glycosylated Mé antigen. Pepscan analysis
of the epitopes for anti-M/Mé antibodies revealed that
they react similarly with the peptides representing N-
terminal sequences of GPA-M, GPA-N or GPA-Mé¢ and
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the immunodominant amino acids in the epitope are Val,
and Met; [67]. Immunoblotting experiments showed that
such antibodies bind specifically to untreated GPA-M,
but after de-O-glycosylation they bind to GPA-M and
GPA-N as well [65]. In conclusion, the Valy/Met,-related
epitope is recognized in sialylated GPA, provided that a
Gly (and not Glu) residue is present at position 5, is not
or is only weakly reactive in asialoGPA, and is strongly
reactive in non-glycosylated GPAs, regardless of the
amino acid sequence at positions 1-5.

The role of glycosylation in T cell-dependent cellular
immune responses

There are two subtypes of the major histocompatibility
complex (MHC)-restricted T cell-dependent response.
Antigens of endogenous origin (including antigens of
replicating viruses) are proteolytically degraded in the
cytoplasmic compartment of the target cell, and the pep-
tides are transported into the endoplasmic reticulum.
Here, the peptides ‘meet’ the nascent MHC class I pro-
teins which upon binding the peptide can progress along
the secretory pathway to the cell surface and present the
peptide to cytotoxic T lymphocytes (CTLs). Exogenous
antigens from outside the cell, or cell surface antigens,
are internalized, degraded in the endosomal compart-
ment, bound to MHC class II proteins and presented to
helper (Th) cells. The Th cells and CTLs recognize pre-
sented peptides via T cell receptors (TCRs) which show
clonal specificity for foreign antigens and presenting
MHC molecules. The clones of primed T cells expand
and either directly kill the virus-infected cells (CTLs), or
activate the immune function of other cells (Th cells). The
peptides bound to the groove of MHC class I molecules
usually contain eight to ten amino acids; MHC class II
can bind longer peptides.

There was an established view that only peptides are re-
cognized by effector T cells in the context of MHC mole-
cules and no evidence has been obtained so far that
oligosaccharides can be bound and presented in this way.
However, studies performed over the past decade have
supplied increasing evidence that glycosylated peptides
can also participate in the cellular immune response and
that the contribution of the carbohydrate to T cell recog-
nition is greatly differentiated. This problem was re-
viewed in 1997 [68] and will be briefly discussed here,
with a stress on new findings.

A frequent approach to study this phenomenon has been
to use synthetic peptides as T cell epitopes which are
known to bind in the restricted way to the respective
MHC class I or class IT molecules [refs. in 68]. The
peptides are chemically linked with monosaccharides or
short oligosaccharides and compared with non-glyco-
sylated peptides for their binding to MHC molecules and
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elicitation of the T cell immune response. Glycosylation
of peptides had variable effects on the binding to MHC
proteins: it abrogated or had no effect on binding, or in a
few cases, increased the binding. The effect was greatly
dependent on the carbohydrate location. In peptidic T cell
epitopes, certain amino acids are anchor residues directly
involved in MHC binding, and glycosylation of these
residues reduced or abolished the binding. Carbohydrate
linked to other residues, located within or outside the
MHC groove, was tolerated. In most cases, immunization
of mice with glycosylated peptides known to bind to
MHC elicited the T cell clones which required both
amino acid residues and sugars in the recognized gly-
copeptidic epitopes. To elucidate the role of glycosylation
in TCR recognition of effector T cells, the response of T
cell hybridomas to the same peptides carrying various
carbohydrate residues was compared (table 2). The hen
egg lysozyme (HEL) peptide with Gala1-4Galp (gala-
biose) linked to the terminal amino group elicited T cell
clones which recognized this glycopeptide and its ana-
logues substituted with other carbohydrates, but not the
naked peptide [69]. These results suggested that T cells
recognize a specific conformation of the peptide confer-
red by glycosylation and that this recognition does not
involve specific interaction between the carbohydrate
moiety and the TCR. However, when the carbohydrate
moiety was linked at the central position of the same HEL
peptide, or the self-peptide of mouse haemoglobin, the T
cell hybridomas recognized specifically the carbohydrate
structure present on the peptide used for immunization
[70, 71]. Similarly, immunization of mice with rat type II
collagen elicited T cell clones recognizing specifically
the peptide (collagen epitope) carrying either Gal or
Glc-Gal residues naturally present in collagen [72]. The
requirement for a specific carbohydrate structure and
peptide sequence suggests that both properly exposed
carbohydrate residues and amino acid side chains are
directly recognized by T cells.

Direct recognition of carbohydrates by the TCR has been
recently supported by determination of the crystal struc-
ture of MHC class I/glycopeptide complexes. Two ana-
logues of the peptide FAPGNYPAL (immunodominant
epitope of the Sendai virus nucleoprotein), carrying
GlcNAcp1-O-Ser in place of the fourth or fifth amino
acid (both known to elicit the H-2D"-restricted CTL
response [73]) were studied as complexes with the MHC
H-2D molecule [74]. The glycan was found to be solvent
exposed and available for direct recognition by the TCR.
Modelling the complex between MHC/glycopeptide
complexes and their respective TCRs showed that a
monosaccharide residue can be accommodated in the
standard TCR-MHC geometry. Another crystallographic
study was performed on the glycopeptide analog of
RGYVYQGL (epitope of the nucleoprotein of vesicular
stomatitis virus) where Gln was replaced by homo-
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Table 2. Specificity of carbohydrate recognition in glycosylated peptides by glycopeptide-specific T cell hybridomas.

Origin of peptide MHC restriction  Glycopeptide? R in active peptides R in inactive peptides ~ Reference
(number of
hybridomas)
Hen egg lysozyme class II R—52DYGILQINSR®! Galal-4Galb 69
[-Ak GalpB1-4Glcp
2) Glcf1-4Glcp
Galp
Hen egg lysozyme class IT R Galal-4Galb Gal,,al1-4Galg® 70
I-Ak 2 Galal-4Gal,,, B° GlcB1-4Glep
2) 2DYGI(L—S)QINSR®! Galp
Mouse haemoglobin class II R GalNAca-Thr Manal-Thr 71
I-EX d and/or Glcp-Thr
(19)¢ TVITAF(N—T)EGLK"® GalNAca-Ser GleNAca-Thr
R Glcpl-3GalNAca-Ser
d Glcp1-3(GlcNAcpI-
"VITAF(N—S)EGLK® 6)GalNAca-Ser
Rat type II collagen class I1 R type II collagen
2) d clone 1:
Z6GEPGIAGF(K—hnV)G  Glecal-2Galp Galp 72
EQGPK?*! Galal-4Galp
clone 2:
Galp Glcal-2Galf

Galal-4Galp

The hybridomas tested did not react with non-glycosylated counterparts of glycopeptides.
@ Carbohydrate was bound either to the terminal amino group [69], or to Ser, Thr [70, 71] and hydroxynorvaline [72] which replaced natural
amino acid residues in the peptides. The peptides with carbohydrate residues shown in bold (or type II collagen) were used for immun-

izing of mice.
b Gal,, is Gal reduced at C6.

¢ There were a few exceptions in the fine specificity of the hybridomas tested; for simplicity, the generalized results are given.

cysteine carrying galabiose [75, 76]. Immunization with
this glycopeptide generated MHC-restricted CTLs spe-
cific for the glycopeptide and unrestricted carbohydrate-
specific CTLs which also recognized the free or glyco-
lipid-bound disaccharide. The crystal structure of the
H-2K%/glycopeptide complex showed that carbohydrate
dominates the central region of the putative TCR-binding
site that allows its direct interaction with the TCR [76].

Of interest is how the results of studies on model gly-
copeptides apply to naturally glycosylated protein anti-
gens. Most MHC class Il-restricted protein antigens are
glycosylated [1], and nuclear and cytosolic class I-re-
stricted proteins undergo the dynamic O-glycosylation
with GlcNAc [20, 21]. It is also important that glyco-
proteins can be partially or totally deglycosylated or/and
reglycosylated during processing in the antigen-present-
ing cell. There are several reports on the carbohydrate-
dependent T cell response to natural antigens. As men-
tioned above, immunization of mice with type II collagen
induced T cell clones specific for glycopeptide carrying
natural collagen-type carbohydrate units, Gal or Glc-Gal
[72, 77]. The peptide carrying galactose was found to be
immunodominant in collagen-induced arthritis in mice
[77]. HLA class II-restricted T cell clones specific for the

glycosylated epitope of the bee venom allergen phospholi-
pase A2 (PLA) were isolated from allergic patients [78].
PLA contains one N-glycan, Manal-6(+Manal-3)Man
B1-4GlcNAcPl-4(+Fucal-3/6)GlcNAcf, and its a-man-
nose residues were necessary for stimulation of the respec-
tive T cell clones. A possibility that glycopeptides with a
relatively large glycan can accommodate within the bind-
ing groove of MHC molecules was also indicated in other
studies. The N-glycosylated Man-6-P containing gly-
copeptides from lysosomal enzyme binding to MHC class
11 [79] and N-glycosylated tyrosinase glycopeptide associ-
ated with MHC class I molecules [80] have been identi-
fied. Although the data are still scarce, they indicate that
proteins glycosylation plays a role in the cellular immune
response. The possible effects of glycosylation are similar
to those found with epitopes recognized by antibodies.
Carbohydrate linked to MHC-presented peptide may have
no effect, may alter conformation and recognition of the
peptidic epitope, or form a glycopeptidic neoepitope re-
cognized by specific MHC-restricted T cell receptors.
Moreover, glycopeptides and other glycoconjugates may
elicit an MHC-unrestricted anti-carbohydrate cellular
response and this approach is used in trials of cancer
immunotherapy with carbohydrate vaccines [81].
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Conclusions

The examples of antigens and antibodies were selected to
illustrate diverse effects of protein glycosylation on anti-
genic epitopes. Glycoproteins may elicit antibodies
against defined carbohydrate stuctures, which are recog-
nized irrespective of their carrier protein or in the context
of their location in the antigen polypeptide chain. More-
over, N- and O-glycans frequently modulate the activity
of adjacent peptidic epitopes due to intramolecular carbo-
hydrate-protein interactions and these effects are greatly
differentiated. The presence of glycan(s) may not only
enhance or decrease the reactivity of the peptidic epitope
(quantitative change), but may also form a neoepitope
or abolish the reaction (qualitative effect). There are no
distinct rules as to which monosaccharide components of
N- or O-glycans are most important for these effects. The
influence of glycosylation on peptidic epitopes may
pertain to the innermost GlcNAc or GalNAc residue
directly linked to the polypeptide chain, to terminal sialic
acid residues, or may be more complex, e.g. various com-
ponents or fragments of the oligosaccharide chain may
exert different (sometimes opposite) effects. Moreover,
reactions of antibodies specific for the same amino acid
sequence may be differentially affected by antigen glyco-
sylation, because they recognize different immunodomi-
nant amino acid residues within the sequence. Glycosyla-
tion effects, presented in the examples of antigen-anti-
body reactions, may also be pertinent to T cell-dependent
cellular immune responses and may apply to other recog-
nition processes, like the formation of biologically active
intermolecular complexes and the reactions of various
ligands with their receptors. Generally, glycosylation
only not supplies oligosaccharide structures participating
directly in some reactions, but can also modulate protein-
protein interactions. This is particularly important in view
of the fact that glycosylation of proteins depends on the
cell type and its developmental state, and is profoundly
altered in cancer and many other pathological conditions.
Full understanding of the role of glycosylation and the
biological significance of glycosylation alterations,
despite the progress already made, awaits further studies.
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