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ABSTRACT

Aberrantly expressed carbohydrates occur on cancer cells and are antigenic. This
thesis is focused on studies to elucidate two elusive hybridoma-defined, cancer-
associated carbohydrate antigens: a prostate cancer-associated antigen F77 and a

broadly distributed epithelial cancer-associated antigen AE3.

The key experiments performed are microarray analyses with mucin-type
glycoproteins and generation of designer arrays, multidimensional chromatographies
and mass spectrometry of O-glycomes. Antigen-positive sequences assigned are
corroborated with focused arrays of natural and chemically synthetized

oligosaccharides or glycolipids and products of glycosidase treatments.

The F77 antigen is assigned as blood group H type 2 on a 6-linked branch of a poly-
N-acetyllactosamine backbone (structure a). This sequence is shown to occur on O-
glycans and on glycolipids. The F77 antibody can bind, with lower intensities, to the
blood group A and B analogues of structure a. The minimum F77 antigenic sequence
is shown to be a pentasaccharide (underlined in structure a). The close association
of F77 antigen with prostate cancer is proposed to be a consequence of up-
regulation of branching enzymes together with persistent expression of H antigen.
This may account for the prevalence of F77 antigen in prostate cancers irrespective

of the patients’ ABO blood group status.

GalB-4GIcNAcB-6
|
a Fuca-2 GalB-4GIcNAc-R1 R1=0-glycan or glycolipid backbones

|
...GIcNACB-3

There appear to be two distinct forms of AE3 antigen as evidenced by the ability of
AE3 antibody to bind: (i) the O-glycan structure b, known as T antigen, which is
joined by a-linkage to serine on mucin-type glycoproteins, and (ii) a sulphated
glycolipid known as SM1a (structure c) in which “T” sequence is joined by B-linkage
to galactose. An O-glycan analogue of structure c (structure d), has not been



reported so far. Chemo-enzymatic synthesis of structure d will shortly be attempted

for antigenic analysis.

b GalB-3GalNAca-R2 R2=Serine, poly acrylamide, MUC1,
- MUCS5Ac and aminopropyl spacer

c GalB-3GalNAcB-4GalB-4GlcB-Cer
su-3

d GalB-3GalNAcB-4GalB-4GIcNAcB-3GalNAc
SU-1|3

With knowledge of details of these two antigens, the biosynthetic pathways, the

biological functions and clinical applications can now be rationally pursued.
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Chapter 1
INTRODUCTION



1.1 General introduction to carbohydrates

As one of the major classes of molecules of a living organism, carbohydrates are
ubiquitously distributed. Ranging in size from monosaccharide to polysaccharides of
thousands of units (1,2), carbohydrates serve crucial biological roles. For instance,
mammals utilize monosaccharide glucose as the major source of metabolic fuel and
polysaccharide glycogen for energy storage. Carbohydrates coat most cells in the
form of glycoconjugates, e.g. glycoproteins, glycolipids and proteoglycans. Many
proteins, secreted or inside cells, have oligosaccharides that modulate their
properties and activities. Apart from serving as structural components, these glycan
chains also play key roles in almost every biological process and, directly or indirectly,

in almost every major disease (3-5).

The numerous functions of carbohydrates are based on their structural diversity.
Compared with nucleotides and amino acids, monosaccharides can be linked
together in many ways. Each monosaccharide can theoretically be linked in either an
a- or a B- linkage (anomers) to one of several positions on another monosaccharide
or to another type of molecule. Thus carbohydrates have enormous structural
complexity and heterogeneity in terms of, for example, monosaccharide composition,
linkage position, branching pattern and anomeric configuration. Moreover, the
structural diversity can be further expanded by modifications such as sulphation and

phosphorylation (6,7).

Unlike the protein sequences, which are primary gene products, glycan structures
are not encoded directly by the genome but are products of a cohort of sequentially
acting and competing glycosyltransferases and glycosidases. Therefore, even with
information in the expression levels of the relevant genes in a given cell type, the
precise prediction of all the glycan structures is unachievable. Additionally,
biosynthesis of the glycans is dynamically changed by metabolism, signal
transduction and cellular status (8,9). This variable and dynamic nature of
glycosylation potentially makes glycans more difficult to study than nucleic acids and

proteins. It also results in a myriad of complex glycoconjugates of biological
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importance. The structural characteristics of glycoconjugates and their biological

functions are reviewed in the sections that follow.

1.1.1 Major classes of glycoconjugates

According to the type of carrier molecule (aglycone), the common classes of
glycoconjuates found in or on eukaryotic cells are defined as glycoproteins,
proteoglycans and glycosphingolipids as shown in Figure 1.1. The glycans of

different classes have distinctive core regions whereby they are connected to the

aglycones.
Proteoglycans
\ Hyaluronan
o,
a8
; - @~
R Ser Chondroitin sulfate
Heparan sulfate Glycoproteins
Gal
@® Gic
@ Man
@ NeuAc
4 GlcA
& IdoA
57 Xylose
A Fuc

B GicNAC
GalNAc

Figure 1.1 Common classes of mammalian glycans. The common core structures of each class are boxed in
grey. Sequences are representative structural variations in mammalian cells. Taken from (10).

A glycoprotein is a glycoconjugate in which one or more glycans are covalently
attached to a polypeptide backbone via N- or O-linkages. N-glycans are sugar chains
covalently linked to asparagine (Asn) residues of a polypeptide chain. N-glycan is
linked through an N-acetylglucosamine (GIcNAc) residue to peptide sequence Asn-X-
Ser/Thr, where X can be any amino acid except proline. The biosynthesis of N-
glycans starts on the cytoplasmic face of the ER membrane and continues inside the

endoplasmic reticulum (ER) and Golgi (Figure 1.2). N-glycans share a common
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pentasaccharide core region and can be generally divided into three main classes:
oligomannose (or high-mannose) type, complex type, and hybrid type (Figure 1.3).
The most common O-glycans are linked to a serine or threonine residue on
polypeptide backbones via core N-acetylgalactosamine (GalNAc). They are
synthesized in the Golgi, initiated by addition of GalNAc by polypeptide-N-acetyl-
galactosaminyltransferases (ppGalNAcTs). These O-glycans (also called O-GalNAc
glycans) can be divided into many subtypes (core 1 to 8) based on their common
core regions (Table 1.1). Some glycoproteins, such as mucins, carry many O-glycans
in clustered form (2). There are also several other non mucin type O-glycans such as
O-mannose, O-fucose and O-GIcNAc (3).

Fructose-6-P

CDG—Ihl Asn protein backbone B ¥-acetylglucosamine
Mannose — Mannose-6-P s @ mannose
CDG—Ial @.n dolichol phosphate ® lucose
Mannose-1-P ® phosphate A fucose
Gblp_. @ ribosome O galactose
. sialic acid
Cytoplasm 8 ] Lysosome
5 &4 3 AL% ]
Flip

w..-.(“ g — — ®
(°XF) . [{) Asn: . AS““@
k ML II Q >
K Asn‘..q ‘ Asnilq Secretory
o ‘ - - geacs
: . | LP,
Wghsn
: E ¥ [ coe-118 Y cpe-114, £

Ai‘"@ | maua’ : mr.:: - T'{:
~—— N | =
Trans-Golgi
ER Cis-Golgi Medial-Golgi tran:r-lgolgi
network

Figure 1.2 Biosynthesis and processing pathway of N-linked oligosaccharides. Taken from (11).
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b a6 ab

Jo2 Ja2 Ja2 4 4 4
AL B E R R.R
B4
a3 ab a3 ab a3 ab a3 ab
4 4 4 4
4 4 4 4
B B B B
Asn Asn Asn Asn
Oligomannose Complex Hybrid Bisecting

Figure 1.3 Sequences of the oligomannose, complex, hybrid and bisecting type of N-glycan. They all share
the common core MansGIcNAcAsn. Figure is adapted from (12). Symbols are in Figure 1.1.

Table 1.1 Core sequences of common O-GalNAc glycans.

Core type Sequence
Core 1 Galp-3GalNAca-Ser/Thr
GIcNACc[B-6
Core 2 GalNAca-Ser/Thr
GaIB—B|
Core 3 GIcNAcB-3GalNAca-Ser/Thr
GIcNAcB-6
Core 4 GalNAca-Ser/Thr
GIcNAcB-?!
Core 5 GalNAca-3GalNAca-Ser/Thr
GIcNAcB-6
Core 6
GalNAca-Ser/Thr
GalNAco-6
Core 7 |
GalNAca-Ser/Thr
Core 8 Gala-3GalNAca-Ser/Thr

A proteoglycan is a glycoconjugate that has one or more glycosaminoglycan (GAG)
chains attached to the hydroxyl group of a serine residue of a carrier protein. The
typical core region of a proteoglycan is xylose-galactose-galactose-glucuronic acid
(Xyl-Gal-Gal-GIcA). GAGs are linear polysaccharides with disaccharide repeating
units normally consisting of an uronic acid and an amino sugar with sulphate
substitution. Some proteoglycan polypeptides can carry both GAGs and O- and N-

glycans.
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Glycolipids can be classified into glycosphingolipids, glycosylphosphatidylinositols
(GPls) and glyco-glycerolipids distinguished by their lipid moieties. In vertebrates, the
most abundant glycolipids by far are glycosphingolipids and are often called
glycolipids for convenience. Glycosphingolipids consists of a glycan connected to the
terminal hydroxyl group of the lipid moiety ceramide (Cer), which is composed of a
long carbon chain base (sphingosine) and a fatty acid. Although ceramide also varies
in length, hydroxylation and saturation of both sphingosine and fatty acid moieties,
the major structural and functional classifications have been based on the glycans.
Two types GlcCer and GalCer are distinguished based on the difference of the first
sugar (Glc or Gal) linked to ceramide. Further extension of the former gives rise to a
series of backbone structures (Table 1.2), ganglio-, lacto-, neolacto- and globo-series.
Their patterns of expression are mostly tissue specific. Glycolipids can be neutral or
anionic depending whether they have sialic acid or sulphate. Traditionally,
glycosphingolipids containing one or more residues of sialic acid are called
gangliosides, regardless of whether they are based on the ganglio-series backbone

structure.

Table 1.2 Core sequences of major vertebrate glycosphingolipids.
Subfamily series Sequence

GaINAcB1-4GalB1-4GlcB-Cer
GalB1-3GalNAcB1-4GalB1-4GlcB-Cer
GIcNAcB1-3GalB1-4Glcp-Cer
GalB1-3GIcNAcB1-3GalB1-4GIcp-Cer
Neolacto- GalB1-4GIcNAcB1-3GalpB1-4GlcB-Cer
Gala1-4Galp1-4GlcB-Cer
GalNAcB1-3Gala1-4GalB1-4GlcB-Cer

Ganglio-

Lacto-

Globo-

As the main subject matter of this thesis is glycoproteins and glycolipids, GAGs, GPIs

and other types of glycoconjugates are not discussed further in this thesis.

1.1.2 Glycan sequences common to different glycoconjugates

Although different glycan classes have unique core regions by which they are

attached to proteins, the backbone and peripheral regions are often shared.
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1.1.2.1 Backbone regions

Two types of backbone regions are common to N- and O-glycans and some
glycolipids. Presence of Gal in 31-3 linkage to the terminal GIcNAc residue forms a
type 1 chain GalB1-3GIcNAc (Figure 1.4), whereas its f1-4 linked analogue, Galf31-
4GIcNAc, constitutes a type 2 chain (also called N-acetyllactosamine, LacNAc,
Figure 1.4). These backbone sequences are often further modified by addition of
peripheral sequences such as fucose (Fuc), sialic acid and sulphate to form many
antigenically or biologically active carbohydrate determinants such as the major
blood group A, B, O (H) and Lewis antigens which are discussed below. In humans,
expression of type 1 and type 2 chains is often regulated in a tissue- or lineage-
specific manner. Type 1 backbone is said to be predominantly expressed in cells
derived from the endoderm, whereas its type 2 counterpart is widely distributed in
cells derived from the ectoderm and mesoderm (13). Indeed, type 1 backbone is
mostly found in epithelial tissues of gastrointestinal or reproductive tracts but type 2
backbone is more broadly expressed (14). The regulation is the consequence of the
differential expression and competition of seven [(1-4 galactosyltransferases
(B4GalT1-7) and five B1-3 galactosyltransferases (p3Gal-T1, -T2, -T5, -T8 and
possibly -T4) in human beings. The occurrence of the multiple isoforms of the two
types of enzymes suggests that the regulation of the two types of backbones is very

complicated.

be Galp-3GIcNAG-
bggfs Of] . Galp-4GIcNAc-
pol;'fgx A Galp-4GIcNACB-3Galp-4GIcNAC-
Galp-4GIcNAcp-6
|
pranchoed Galp-4GIcNAC-
poly-LacNAc

|
GalB-4GIcNAcB-3

Figure 1.4 Sequences of type 1 and 2 backbones and the elongated linear and branched poly-LacNAc.
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The LacNAc chain can be elongated sequentially by the addition of B3GIcNAc and
B4Gal by the corresponding glycosyltransferases to form a linear poly-N-
acetyllactosamine (poly-LacNAc) backbone (Figure 1.4). The linear poly-LacNAc
backbone can become branched by addition of 31,6-linked GIcNAc to an internal Gal
(Figure 1.4). Formation of the branched poly-LacNAc backbone is catalysed by 31,6-
N-acetylglucosaminyltransferases GCNT2 (central | branching enzyme, clGnT) or
GCNTS3 (distal | branching enzyme, dIGnT, Figure 1.5A); and the B1,6-linked GIcNAc
branch allows for subsequent poly-LacNAc generation. In contrast to poly-LacNAc,
tandem repeats of type 1 sequence are less common, although poly-LacNAc
sequences are sometimes terminated with a type 1 unit in the peripheral region. The
linear and branched poly-LacNAc backbones are antigenic structures that express
the i and | antigens, respectively. They are found on N- and O-glycans and
glycolipids. On N-glycans they are preferentially expressed on multi-antennary N-
glycans, particularly on the B1-6GIcNAc branch of the pentasaccharide core. This
process is controlled by mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-
glucosaminyltransferase (MGATS, Figure 1.5B). On O-glycans, poly-LacNAc
backbones often occur on the B1-6GIcNAc branch on the core GalNAc and are
regulated by B1-6 glucosaminyl (N-acetyl) transferases (GCNT1, GCNT3 and
GCNT4, Figure 1.5B). These poly-LacNAc sequences serve as scaffolds to present
monosaccharides such as sialic acid, Fuc, Gal, GIcNAc at peripheral region, most of
which are a-linked capping domains of the B-linked backbone. These poly-LacNAc
sequences can be recognized as ligands of some endogenous carbohydrate-binding
proteins, i.e. galectins (15-18). Changes in the expression of poly-LacNAc bearing i
and | antigens occur during embryonic development and in carcinogenesis (19). A

detailed discussion follows in Chapter 3.
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GCNT2 GCNT3
GlIcNAcp-6 (cIGnT) GIcNACcB-6 (dIGNT)
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Galp-4GIcNAc- Galp-4GIcNAc-

| |

Galp-4GIcNAcp-3 GIcNAcp-3
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| |
Galp-4GIcNAcB-2 Manp-4GlcNAcB-4GIcNAc

|
Galp-4GIcNAcB-2Mana-3
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Galp-4GIcNAcp-3Galp-4GIcNACp-6 / GCNT4
I
GalNAc
I
Galp-3

Figure 1.5 Key enzymes responsible for the biosynthesis of the lI-antigens (A) and the B6-branches on N-
and O-glycans (B).

1.1.2.2 Peripheral region

Type 1 and type 2 backbones are often decorated by a1-2 linked Fuc on the terminal
Gal, with or without further additions of a1-3 linked GalNAc or Gal, forming the O(H),
A and B blood group antigens, respectively (Figure 1.6). These antigens were
discovered in the beginning of the twentieth century by Karl Landsteiner and
colleagues (20,21) but it was not until 1950s that Morgan and Watkins, Kabat and
their colleagues determined the structures of the carbohydrate epitopes of the A, B,
O (H) blood groups (22-24). These antigens are not only expressed on the surface of
red cells, but also on cells of many tissues including the vascular endothelium and a
variety of epithelia and on some soluble, secreted glycoproteins and glycolipids.
Therefore they are also known as histo-blood group antigens (25).

The A, B, and H antigens are formed by the concerted action of glycosyltransferases
encoded by three genetic loci [the ABO, H and Secretor (Se) locus]. The synthesis
starts from transfer of a1-2 Fuc to Gal catalysed by a1,2-fucosyltransferases (a1-
2FucTs). Human genome encodes two a1-2FucTs, FUT1 and FUTZ2, encoded by H
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and Se gene, respectively. FUT1 is predominantly expressed on red cells, vascular
endothelium and primary sensory neurons (26) and it transfers Fuc to GalB-
4GIcNAcB- or GalB-3GalNAcp- to form the H antigen. FUT2 transfers Fuc
preferentially to GalB-3GIcNAcB- and GalB-3GalNAca- to form the H antigen (27) in
epithelia lining the lumen of the gastrointestinal, respiratory, urinary and reproductive
tracts, and some exocrine glands e.g. salivary glands (14). Individuals with an active
Se gene express A, B, H antigens in their secretions such as saliva and are
designated secretors. Individuals with an inactive Se gene do not express A, B, H
antigens in their secretions but only the backbone sequences and are termed non-
secretors. It has been found that the secretor status is associated with susceptibility
to some diseases, i.e. Crohn’s disease (28), and infections such as Helicobacter
pylori and HIV. Rare humans that have inactive H and Se genes are called Bombay
phenotype; their sera contain antibodies against red cells from all donors. A related
phenotype is termed para-Bombay. People of para-Bombay type have an inactive H

gene but one functional Se allele (29,30).

The ABO locus contains three alleles A, B and O. A allele encodes a1-3 N-
acetylgalactosaminyltransferase (GTA) adding a1,3-linked GalNAc to Gal residue. B
allele encodes a1-3 galactosyltransferase (GTB) that transfers a1,3-linked Gal to Gal
residue to form blood group B determinant. O allele encodes a functionally inactive
A/B glycosyltransferase that leaves the unmodified Fuca1-2Gal- epitope (Figure 1.6).
The distribution of A and B antigens in tissues and their expression patterns during
development has been reviewed in detail (13,25,31). Moreover, the expression of
ABH antigens changes greatly during human oncogenesis. This is reviewed in
Section 1.2.3. Other mammals such as pigs and cows have non-fucosylated aGal [so
called B-like, (32)] which is synthesized by a different a1-3 galactosyltransferase from
GTB. Humans lack the enzyme activity as the gene encoding this a1-3
galactosyltransferase is inactive (33). Human sera contain high titre anti-aGal
antibodies which reject any nonhuman blood or organs. They are the major barrier to
xenotransplantation of pig organs in humans (34).
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SU-6 Fuca-4

HNK-1 SU-3GlIcAa-3Galp-4GIcNAc-

Figure 1.6 Major peripheral modifications common to different glycoconjugates.

Another common decoration in the peripheral region is the transfer of a1-3/a1-4
linked Fuc to the penultimate GIcNAc to form Lewis antigens. Combined with the
backbone sequence and expression of a1-2 linked Fuc, in humans there are four
Lewis antigen types named Le?, Le®, Le* and Le’ (Figure 1.6), which are synthesized
by eight a1-3/a1-4 fucosyltransferases (FUT3-7, FUT9-11). There also occurs
sialylation or sulphation to these Lewis antigens forming 3’-sialyl Lewis® (sLe?), 3'-
sialyl Lewis™ (sLe”), 3’-sulpho-Le?, 3'-sulpho-Le* etc (Figure 1.6). Among them, only
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two FUTs, FUT3 and FUT5 can generate the type 1 based sequences Le?, Le®, and
sLe®. In vivo these determinants seem to be controlled only by FUT3, which is
encoded by Lewis (Le) locus. FUTS5 is a silent enzyme which is not expressed in any
tissues except in male spermatozoa (35-37). Thus, the concerted action of Le and Se
loci determines the expression of type 1 based Lewis glycans synthesized in an
individual. Indeed, expression of Le® and Le® is mainly restricted to the epithelia of
gastrointestinal or reproductive tracts, where Se is also expressed. The type 2 based
Le*, Le' and sLe* determinants are synthesized by actions of a1-3

fucosyltransferases such as FUT3-7 and FUTO.

Sialic acid is a common capping modification of glycans. There are mainly three
types of sialylated modifications, a2-3, a2-6 and a2-8. The a2-3 and a2-6 linked sialic
acids can be found on N-glycans, O-glycans and glycolipids, but a2-3 sialylation is
more ubiquitously distributed on glycans. In humans, only glycans with terminal Gal
can be further modified by one of the six different a2-3 sialyltransferases (ST3Gal-l to
-VI) to generate the a2-3 sialylated structures. These sequences are generally not
further elongated or capped with a1-2Fuc, a1-3Gal or a1-3GalNAc. The a2-6 linked
sialylated sequences are found on terminal Gal, terminal or penultimate GlcNAc, and
internal GalNAc. These are the products of at least six 02-6 sialyltransferases
(ST6Gal-I and -ll, and ST6GalNAc-I to -IV). These sequences are normally not
modified further except where there is poly a2-8 sialic acid capping. The a2-8
sialylated glycans are expressed in nervous system and in other tissues during
embryogenesis, generated by at least six a2-8 sialyltransferasese (ST8Sia-l to VI).
The a2-8 sialylation can occur on a2,3-linked sialic acid to form di- or trisialic acid
sequences on gangliosides. The repeated a2-8 linked sialic acids of 200 or more
occur on a2-3 or a2-6 sialylated N-glycans to form polysialic acid, specifically by
ST8Sia-Il (STX) or ST8Sia-IV (PST-1 or PST). Glycolipids carry single or multiple
a2,8-linked sialic acid catalysed by ST8Sia-l, -lll and -V. Apart from the linkage,
modifications also occur to the neuraminic acid structure, such as O-acetylation, O-
sulphation, O-methylation, de-N-acetylation (38). Sialic acids play important
biological roles biologically and pathologically. These have been carefully reviewed
by Varki and colleagues (39,40). The relevance to cancer is discussed in Section
1.2.5.
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One well-known example of differential recognition of a2-3 or a2-6 sialylated
sequences is by the human and avian influenza viruses. The haemagglutinin in the
envelope of influenza viruses binds to sialic acid-bearing cellular receptors, and this
binding is followed by release by neuraminidase, both of which are important for
infection. Viruses infecting birds and pigs more commonly recognize a2,3-linked
sialic acid, whereas those infecting humans prefer the a2,6-linked form. A single
amino acid change to the haemagglutinin may change its specificity predisposed to a

human influenza pandemic (41,42).

Another important peripheral sequence is Sd®/Cad (Figure 1.6). It is expressed on
glycoproteins of erythrocytes or in urine (i.e. Tamm-Horsfall glycoprotein) of many
mammals, as well as on glycolipids of various gastrointestinal tissues (43,44). It
shares the same precursor [NeuAca-3GalB-4(3)GIcNAc-] as sLe® or sLe” in its
biosynthesis. The key glycosyltransferase for the generation of Sd®%Cad is
B1,4GalNAc-transferase that transfers GalNAc to the Gal of the 2,3-sialylated type 2
units. Expression of Sd® is found in developing germ cells and spermatogonia in
several species (45), suggesting this glycan sequence is a good marker for these
cells. As both B1,4GalNAc-transferase and fucosyltransferase utilize the same
acceptor, increased expression of Sd%/Cad is often accompanied by reduction in
expression of sLe® or sLe*, which are involved in cancer cell adhesion mediated by
selectins. Restoration of Sd® expression could markedly decrease the adhesion of

cancer cells and suppress the metastatic potential (46).

Sulphation is usually found on Gal, GIcNAc, GIcA and GalNAc at internal or terminal
positions in vertebrates. The most abundant sulphated glycans are GAGs i.e. heparin,
heparan sulphate, chondroitin sulphate and keratan sulphate on proteoglycans - a
detained discussion of which is beyond the scope of this thesis. Many sulphated
sequences such as 3’-sulpho-Le*, 6’-sulpho-sLe*, 6-sulpho-sLe* and 6,6’-sulpho-sLe*
(Figure 1.6) are expressed on O-glycans of high endothelial venules (Figure 1.6).
They are ligands for L-selectin on lymphocytes. Homing of lymphocytes to HEV is
mediated by binding of L-selectin to sulphated sialylated Lewis sequences (47,48).
Another example of a sulphated glycan ligand found on N-glycans and O-glycans, as
well as GAGs and glycolipids, is HNK-1 epitope, which is composed of a 3-O-
sulphated GIcA attached in a1-3 linkage to a terminal LacNAc (Figure 1.6). The HNK-
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1 epitope is expressed on a variety of neuronal cell glycoproteins in the vertebrate
nervous system and serves as ligand for laminin, L-selectin, P-selectin, and a
cerebellar adhesion protein termed amphoterin. The epitope is expressed on O-
mannosyl-glycans among brain glycopeptides (49). Sulphation is normally catalysed
by specific sulphotransferases. Dozens of sulphotransferases have been described
with various substrate specificities. Among them, the sulphation of GIcA on HNK-1 is

generated possibly by carbohydrate sulphotransferase 10 (CHST10).

Other capping modifications of glycan backbones such as Gala1-3Gal- and
GalNAcB1-4GIcNAc- (LacdiNAc) are not within the scope of this thesis and are not
discussed further. But they are also common modifications and may play important

roles in physiological and pathological settings.

1.1.3 Biological functions of glycans

The biological functions of carbohydrates are very diverse: some are crucial for
growth, development or survival of human beings and other living things, but others
are more subtle. Generally, these biological roles can be divided into two categories:
(1) the structural and modulatory roles, which normally do not require binding by
other molecules and (2) the specific recognition of epitopes that needs the binding by
other molecules such as glycan-binding proteins (GBPs). In this regard, the structural
information contained in the entire complement of glycans (glycome) is deciphered
by these GBPs, resulting in various biological effects including host-pathogen
interactions, cell trafficking and transmembrane signalling (50). According to the type
of recognition, the second category can be further subdivided into two groups: (1) the
endogenous recognition system (2) the exogenous recognition system of host-

pathogen interactions. These aspects are discussed below.
1.1.3.1 Structural and modulatory roles of glycans
Many proteins have glycan chains attached to them. These glycans influence the

glycoproteins through indirect mechanisms on their conformation, stability,
oligomerization, folding, turnover and even recognition specificities (51).
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Many glycans expressed on therapeutic proteins have modulatory functions.
Alterations of these glycans by glycoengineering have a great impact on the
biological activities and half-life of these glycoproteins. Erythropoietin (EPO), for
instance, carries three sialylated complex forms of N-glycans and one sialylated O-
glycan. Alpha2,3-sialylated EPOs have longer half-life than the non-sialylated
analogues in the circulation. This is because in the liver, galactose-terminated
glycoproteins can be bound by galactose-binding asialoglycoprotein receptor. The
a2,3-linked sialic acid blocks this interaction and prevents the glycoprotein from rapid
clearance from the circulation thereby prolonging the effective circulating time in vivo
(52). Similar to EPO, optimization of glycosylation of many recombinant glycoproteins,
e.g. recombinant monoclonal antibodies (mAb) and cytokines is desirable as glycan
chains often have great impact on the stability, activity, antigenicity and

pharmacodynamics.

To date, all licensed recombinant mAbs have been of the IgG class. Human IgG is a
glycoprotein with N-glycans attached at Asn297 in the Fc region (Figure 1.7). There
are, in total, 32 possible N-glycan sequences on each glycosylation site on the heavy
chain, and the two heavy chains can be differently glycosylated (53). This gives rise
to a very diverse profile of glycosylation for IgG. Most of the N-glycans are neutral,
with <10% of structures being monosialylated or disialylated (53,54). Some of the
immunological functions of antibodies are crucially dependent on these N-glycans on
IgG Fc.
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Figure 1.7 Modelling structure of the IgG molecule. The glycan chain is integral to the protein structure and
has a defined conformation. CH, constant heavy; Fab, antigen-binding fragment; Fc, crystallizable fragment.
Taken from (53) with permission.

Studies have shown that both antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) are dependent on appropriate
glycosylation (55,56). In order to increase ADCC and CDC of these therapeutic
antibodies, many researchers have tried to manipulate the glycan structures by using
engineered host cells such as Chinese hamster ovary (CHO) and human embryonic
kidney (HEK) cells. For example, recombinant mAbs with bisecting N-glycans (Figure
1.8) were generated by transfecting CHO cells with [-1,4-N-
acetylglucosaminyltransferase Ill (GnTIlll or MGAT3). The antibodies produced in
these cells exhibited a substantial increase in ADCC and Fcy receptor Ill (FcyRIIl)
binding, thus improving the efficacy for treatment of cancer such as neuroblastoma
(67). Given that the formation of bisecting GIcNAc prevents the enzymatic functions
of other GIcNAc-transferases and fucosyltransferase which leads to the decrease of
mutiantennary N-glycans and core-fucosylation [(58), Figure 1.8], the relationship
between non-fucosylated N-glycans and enhanced Fcy receptor binding was further
investigated. Some variants of CHO cells and rat hybridoma cells were used to
generate non-fucosylated IgG and these antibodies showed enhanced ADCC (59-61).
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Furthermore, reduction or removal of the a1-6 fucosyltransferase (FUT8) that is
responsible for transferring the core Fuc in the host cells boosted ADCC (62,63).
Although the molecular basis for the increased affinity of non-fucosylated IgG Fc for
FcyRIll has not been clear, it was proposed that the Fuc on IgG Fc may affect the

binding between the heavily glycosylated FcyRIIl with Fc by steric inhibition (64).
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Figure 1.8 Scheme of further modification of biantennary N-glycan by MGAT-3, MGAT-5 and FUT-8 to form
the bisecting, triantennary and core fucosylated N-glycan. The bisecting GIcNAc prevents the formation of
triantenary and core fucosylated N-glycans. Highlighted in red are the glycosidic bonds that can be formed by the
three glycosyltransferases. MGAT-5 and FUT-8 can only act in the absence of bisecting GIcNAc.

Distinct from the cytotoxic activity, the IgGs can also display anti-inflammatory activity
through inhibitory Fc receptors such as FcyRIIB. Intravenous immunoglobulin (IVIG)
has been widely used for decades to treat a variety of acute and chronic autoimmune
diseases (65). High doses (1-2 g/kg) of IgG purified from sera of thousands of
healthy donors were given to patients in order to treat auto-immune diseases such as
immune thrombocytopenia, rheumatoid arthritis and systemic lupus erythematosus.
The anti-inflammatory activity has been found to be associated with the N-glycans on
IgG Fc fragment and particularly, a minor fraction containing a2-6 sialylated

biantennary N-glycans. These sialic acid-containing antibodies showed decreased
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affinity to the activating receptor FcyRIIl but induced the expression of the inhibitory
receptor FcyRIIB (66,67). The low percentage of sialylated IgG among the total pool
IgGs explained the requirement of high dose for IVIG. This was further demonstrated
using a recombinant human IgG1 Fc with a a2-6 sialylated biantennary glycan. The
glycoengineered IgG Fc recapitulated the in vivo anti-inflammatory activity of intact

IVIG, but a much lower dose was required (68).

Although existence of specific receptors for recognition of the IgG N-glycans cannot
be ruled out, the crystallographic analysis of the IgG Fc region has shown that the N-
glycans mainly display modulatory effects to the IgG glycoproteins. The N-glycans on
Asn297 are located in a hydrophobic patch and form multiple non-covalent
interactions with 1IgG Fc (Figure 1.7), with only the Mana1-3 branch protruding into
the space between the Fc domains (69). These intramolecular interactions help to
maintain the conformation of Fc, which is essential for binding by FcyRs. Some
reports showed that binding sites of Fc for FcyRs only involves protein moiety.
However, recognition of FcyRs is markedly influenced by N-glycans on Fc as
different oligosaccharides show different modulatory abilities to the conformation of
IgG Fc (53). There were reports on the binding to the sialylated Fc by receptors other
than FcyRs, i.e. C-type lectin, specific intercellular adhesion molecule 3-grabbing
non-integrin-related 1 (SIGN-R1) and dendritic cell-specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN; also known as CD209) in mouse and
human, respectively (70,71). It was proposed that binding of SIGN-R1 or DC-SIGN to
the sialylated glycans on Fc triggered downstream signalling which resulted in the
increased ratio of inhibitory- versus activating-FcyR on the vicinal effector cells,
thereby attenuating autoimmunity (68). The conclusion, however, is based on cellular
studies. Involvement of other molecules on the cell surface in the recognition cannot
be excluded. SIGN-R1 or DC-SIGN showed strong binding to mannose-type and
Lewis-type carbohydrates but weak or no binding to sialylated glycans (72-74).
Therefore it would seem likely that other proteins or other mechanisms are involved

in the recognition of IgG N-glycans.
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1.1.3.2 Recognition in cell-cell interactions

At the centre of deciphering the ‘glyco codes’ are the interactions between glycan
ligands and their receptors, i.e. glycan binding proteins (GBPs). The vast diversity of
glycan structures provides recognition epitopes for GBPs which are involved in many
biological activities including both cell-cell interactions and cell-microbe interactions.
Among the best-characterized examples are the binding of the C-type lectins,
selectins, in early cell adhesion events, e.g. tethering and rolling of leukocytes on

vascular surfaces at the initial stages of the inflammation reaction.

Selectins are a family of three membrane proteins comprising E-, P- and L-selectins.
The three selectins have different expression patterns: E-selectin is expressed on
activated endothelial cells; P-selectin is additionally expressed on activated platelets;
L-selectin constitutively expressed on leukocytes. Each selectin has a carbohydrate-
recognition domain (CRD) at the amino terminus with a canonical calcium ligating
elements that mediates carbohydrate binding. This is followed by an epidermal
growth factor (EGF)-like domain and various numbers of short consensus repeats
composed of sushi domains (also known as complement control protein modules). In
the carboxyl terminus, the selectins have a cytoplasmic domain and a single
transmembrane domain (TM) (75). Binding to carbohydrate is directed by the CRDs,
which recognize sialylated or sulphated sequences with a1-3/4-linked fucose

residues.

Based on the knowledge that E- and P-selectins bind granulocytes and monocytes
which express Le* and sLe*, these two glycans, together with sLe® (Figure 1.6),
which is an isomer of sLe*, were first examined as candidate carbohydrate ligands for
the two selectins. Indeed the latter two were shown to be recognized by all three
selectins (76,77). In addition, L- and P-selectins were shown to be able to interact
with a second class of ligands with L-selectin binding to sulphatides (sulphated Gal-
Cer) and sulphotyrosine (77,78), and P-selectin binding to sulphotyrosine (78,79).

A glycoprotein, called “P-selectin glycoprotein ligand-1" (PSGL-1, CD162) is the
major counter-receptor on leukocytes for P- and L-selectin and is also an important

ligand for E-selectin. It is a homodimeric, disulphide-bonded, O-glycosylated protein
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containing many decapeptide repeating units in the ectodomain which is heavily
glycosylated (80). The amino terminus of the ectodomain has been suggested to be
vital for selectin binding. It contains three potentially sulphated tyrosine residues and
an adjacent O-glycosylation site bearing an sLe* motif (81-83). Synthetic
glycosulphopeptides of N-terminal domain of PSGL-1 with sLe* and tyrosine
sulphation at the terminal region were bound by P-selectin with the same high affinity
(~300 nM) as that of native PSGL-1. Crystallographic study of co-complexed P-
selectin and the PSGL-1-derived glycosulphopeptide confirmed the complex and tight

association between these two binding partners (84).

In addition to PSGL-1 as the major counter-receptor common for all the three
selectins, several glycoproteins bearing sLe* can also interact with E-selectin. These
include a glycoprotein called “E-selectin ligand-1” and CD44. Another family of
selectin ligands, namely, the 3’-sulpho-Le® and 3’-sulpho-Le* (Figure 1.6) were
discovered (85). By NMR studies of the sialyl-Le® and sulpho-Le® in solution, it was
found that the carboxyl group of the sialyl-Le® and the sulphate of the sulpho-Le®
occupied the same position in their conformation (86) suggesting a similar role for the

two acidic moieties.

L-selectin mediates lymphocyte homing through interaction with peripheral node
addressins, which are a group of O-glycosylated proteins expressed on high
endothelial venules (HEV) of lymph nodes. These addressins include CD34,
GlyCAM-1 and MAdCAM-1. On these glycoproteins, the ligands for L-selectin are
sulphated glycans, e.g. 6-sulpho-sialyl-Le* (Figure 1.6). Initially 6’-sulpho-sialyl-Le*,
6-sulpho-sialyl-Le*, and 6’,6-sulpho-sialyl-Le* (Figure 1.6) were found on the L-
selectin counter-receptor GlyCAM-1 but it was not possible to compare their relative
potencies as ligands due to limited amounts of oligosaccharides that could be
obtained from this glycoprotein (87). Chemical synthesis of lipid-linked forms of these
glycans enabled a detailed comparison of their ability to support L-selectin binding
(88). The results established that the sulphate at C6 of subterminal GIcNAc
enhances the L-selectin binding elicited by sLe*, whereas sulphate at C6 of terminal
Gal markedly impaired the binding. Co-transfection of an a1-3 fucosyltransferase

(FUT7) and one or other of two N-acetylglucosamine (6-sulphotransferases
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(GIcNAc6ST-1 or GIcNAc6ST-2) into cell lines lacking L-selectin ligands led to the

reconstruction of L-selectin ligands (89,90).

Many cancers overexpress sLe* or sLe® which may mediate metastasis through
interactions with E- and L-selectin. This is discussed in Section 1.2.4. Other than the
sialylated oligosaccharide epitopes, some heparin and heparan sulphate-containing
proteoglycans are also found to be bound by P- and L-selectins (91,92). The
physiological significance of this binding has not been clear but one possible
explanation is that heparan sulphate and heparin display high densities of carboxylic
acid groups and 6-O-sulphate, which resemble the sequence of 6-sulpho-sialyl-Le*.
Regardless of the physiological meaning, this has led to the exploitation of heparin,
which is an approved therapeutic reagent by FDA to suppress selectin activities

(93,94) in cancer metastasis.
1.1.3.3 Recognition in cell-microbe interactions

In addition to functions in endogenous recognition, glycans play a pivotal role in

many microbial pathogen-host interactions.

As a prerequisite to colonization, many microorganisms use their surface
carbohydrate-binding proteins to mediate adhesion to their host cells. Many viruses,
for instance, have GBPs that bind to terminal sialylated sequences on the host cell
surface. An example previously mentioned is the specific recognition of sialylated
glycans by haemagglutinin on influenza virus. Many other viruses such as rotavirus,
adenovirus, reovirus and polyomavirus also use sialylated glycans for adhering to
host cells (95). Bacteria often express more than one type of adhesins that bind
directly to cell surface glycoconjugates or matrix glycoproteins or mucins, thereby
determining tropism. Helicobacter pylori bacteria, for example, express many
adhesins including BabA and SabA that recognize fucosylated blood group H type 1
and Le® (96,97), and sLe* (98), respectively. The expression of blood group H type 1
and Le® in gastric secretions is controlled by secretor phenotype which is a
determinant of infection by H. pylori strains that express BabA (99). This tropism of
the bacteria is dependent on glycosylation patterns in gastric mucosa. The bacteria
are mainly found at the surface of epithelial cells where there is expression of fucose-
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containing Lewis antigens, but not the deeper gastric glands where there is less
fucosylation and glycans capped by a-4GIcNAc are highly expressed. This is
because the terminal a-4GIcNAc could inhibit the synthesis of a-glucosylcholesterol,
an important element of the bacterial cell wall, therefore suppressing bacterial growth
(100). Recently, a new adhesin was discovered and designated as LabA which
recognizes LacdiNAc motif (GalNAcB1-4GIcNAc) (101). It was suggested the tissue
tropism of these strains of H. pylori may be due to the restricted expression of

LacdiNAc in gastric mucosa.

Parasites also utilize glycans as receptors for adhesion. Apicomplexan parasites
such as Toxoplasma gondii, have unique organelles termed micronemes (MIC). They
use MIC proteins to penetrate host cells. A novel fold of microneme adhesive repeat
on the MIC1 was identified by crystallographic studies. With the help of carbohydrate
microarray analysis, it was found that a wide range of sialylated oligosaccharides
could be bound by this domain (102). This explained the capability of T. gondii to
infect a wide range of warm blooded animals. This study was followed by the finding
of a threonine residue crucial for sialic acid-binding in microneme adhesive repeat,
which is not only found on MIC1, but also on other proteins of the same family in
other apicomplexan parasites (103). These MIC proteins have different binding
specificities toward sialylated glycans which correspond to the glycans expressed on

the host cells of these parasites (102-104).

Most microorganisms are covered by glycoconjugates. In most cases, humans have
immune responses, innate and acquired, towards these structures. Structures such
as mannan and lipopolysaccharide (LPS) constitute pathogen-associated molecular
patterns, which are recognized by pattern recognition receptors (PRRs). Some of the
PRRs such as Toll-like receptors trigger the intracellular signalling leading to the
secretion of pro-inflammatory cytokines. Other PRRs such as C-type lectins, e.g. DC-
SIGN, Dectin-1 and the mannose receptor, can mediate endocytosis and
phagocytosis or activate the complement system.

Some pathogens camouflage themselves as “self” to avoid immune recognition by
presenting common host glycan structures, such as sialic acid. Neisseria

gonorrhoeae, for instance, can utilize tissue CMP-sialic acid to generate poly sialic
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acid-containing capsules, which help to evade immune surveillance. A possible
explanation is by presenting these sialylated structures, the bacterium can recruit
host factor H which binds to sialic acid so as to negatively regulate the alternative
complement pathway (105,106). Alternatively, it has also been proposed that the
terminal sialic acid on the pathogens interact with proteins of the host Siglec family,
and thereby sending a negative signal to the innate immune cells (107). The host
cells have also evolved to avoid being recognized by the pathogen GBPs. They
secrete soluble sialylated mucins at the surface of intestinal mucosa to prevent the
microorganisms from binding to the epithelial cell membrane. The microorganisms

are thus removed with the secreted mucins.
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1.2 Changes in expression of carbohydrate structures and

glycosyltransferase activities in cancer

Ubiquitously expressed in humans, the diverse carbohydrate sequences are under
dynamic changes. Altered or abnormal protein glycosylation is a universal feature of
cancer cells (108,109), and many of such glycan structures are potential cancer
biomarkers in both tissue and serum assays (110). Changes in glycans may occur in
the core region, the backbone and the peripheral regions. These include but may not
be confined to the following patterns: incomplete biosynthesis, abnormal elongation,
aberrant branching of backbone regions and neosynthesis of glycan sequences that
are inappropriate for the cell or tissue in question (111,112). Many of these aberrant
structures reflect the altered expression or function of the corresponding

glycosyltransferases.
1.2.1 Truncated O-glycans and associated antigens on mucins

Aberrant forms or amounts of mucins have long been described in epithelial cancer
cells (113). Mucins are a family of high molecular weight proteins produced by
various epithelial cells, either secreted or membrane-associated. The hallmark of
mucin is variable number of tandem repeat (VNTR) domains, which are rich in serine
and threonine that are heavily O-glycosylated. The compositions and biological
functions of mucins, as well as the glycan chains have recently been reviewed in
detail (114). In malignant cells, loss of cell polarity results in the incorrect topology of
the transmembrane and secreted mucins (115). Overexpression of membrane-
associated mucins can be exploited by malignant cells to modulate growth and
survival signalling through various receptors such as receptor tyrosine kinase ERBB2.
Some transmembrane mucins such as MUC1 and MUC16 can be released to blood
plasma instead of to the epithelial lumen, and often, these contain glycan chains that

are distinct from the normal form.

Abnormal glycosylation of mucins has been reported in many carcinomas such as
those of breast, cervix, endometrium, ovary, bladder, prostate, lung, oesophagus,

stomach, colon and pancreas (116-122), as detected by lectins or monoclonal
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antibodies. These changes range from absence or truncation of O-glycans such that
Tn, T and sialyl Tn antigens are expressed (Figure 1.9) (108,116). In fact, it is
estimated that Tn and sialyl Tn are expressed in more than 80% of human
carcinomas (123,124). The expression of these antigens on mucins has been
associated with poor prognosis of breast, cervical, lung, stomach and colorectal
cancers (125-131). Mucins containing truncated O-glycan sequences can elicit
autoantibodies, which together with the aberrant glycoforms, have been extensively
investigated as cancer biomarkers for diagnostic and prognostic purposes, and

targets in cancer therapies. These are reviewed in Section 1.2.7.
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Figure 1.9 Biosynthesis pathways of O-glycans in the core region. The symbols are in Figure 1.1.

Simple though their structures are, the molecular mechanisms for regulation of
expression of these O-glycans are complicated (Figure 1.9). Upon formation of the
Tn antigen, i.e. the addition of core GalNAc by one of the 24 members of ppGalNACT

family, further modifications occur in three competitive ways (132): addition of 31,3-
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linked Gal to generate core 1 (T-antigen), formation of core 3 with B1,3-linked
GIcNAc and generation of sialyl-Tn by addition of a2,6-linked sialic acid. Key
enzymes in these processes are core 1 B3GalT (T-synthase), core 3 [1,3-N-
acetylglucosaminyltransferase (core 3 B3GIcNAcT) and a2,6-sialyltransferase
(ST6GalNAc-I), respectively (Figure 1.9).

Among the three pathways, the core 3 synthase transcripts have restricted
expression in gastrointestinal tract (133) and the activity is down-regulated in colon
carcinoma (134). Core 1-based further elongation and formation of core 2 glycans
occur in normal cells. However, in cancer cells, generation of core 1 is often
abrogated, particularly due to the malfunction of core 1 B3-galactosyltransferase-
specific molecular chaperone (Cosmc, Figure 1.9). This chaperone is required for the
correct folding of the T-synthase (135). The turning-off of the other two biosynthesis
pathways results in the accumulation of Tn and sialyl Tn, as the latter cannot be
further modified. Overexpression of ST6GalNAc | in breast cancer cell line, MDA-MB-
231, can induce the expression of sialyl Tn and the overall change of O-glycan
profiles which results in the decreased adhesion and increased migration in vitro and
increased tumour growth in a mouse model (136). The expression of core 3 synthase
is associated with the suppression of the growth and metastasis of colon (134) and

pancreatic cancer cells (137), partly by suppression of sialyl Tn expression.

1.2.2 Altered branching of N- and O-glycans and expression of l/i

antigens

High expression of (1,6-linked branches on both N- and O-glycans has been
associated with human cancers (138). MGATS synthesizes the B1,6-linked GIcNAc
on B1,6-Man branch on the backbone of N-glycans (Figure 1.8) which can be
immuno-stained with plant lectin L-phytohemagglutinin (L-PHA). Increased
expression of 1,6-GIcNAc has been reported in many cancer specimens including
those of breast, colon, melanomas, esophageal and stomach (139-143). Transfection
of MGAT5 cDNA to immortalized lung epithelial cell line Mv1Lu resulted in a series of
cellular transformations including loss of contact-inhibition and increased

tumourigenicity in nude mice (144). Remarkably, knockout of MGAT5 in mice showed
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reduced tumour growth and metastasis in a polyomavirus induced breast cancer
model (145). A mouse model with overexpressed MGATS showed increased

endothelial-mesenchymal transition and keratinocyte migration (146).

The increased activity of MGAT5 and its glycan products have been closely
associated with epithelial cancer cell growth, decreased cell-cell and cell-matrix
adhesion, increased cell motility, and increased invasiveness and metastasis, as
reviewed by Taniguchi and Korekane (146). Many investigations have been
performed toward understanding how phenotypic changes are caused by the B1,6-
GIcNAc branch on N-glycans. Functions of the cell surface glycoproteins such as
cytokine receptors, adhesion receptors and solute transporters are found to be
regulated by their p1-6 branch of N-glycans through tuning the life cycles of these
receptors. Examples include EGF and transforming growth factor beta (TGF-B)
receptors (147) and T cell receptors (148). The increased 31-6 branching attenuates

signalling from adhesion receptors such as integrins and cadherins (149-151).

The formation of $1,6-GIcNAc is often followed by subsequent elongation of poly-
LacNAc and terminal decorations such as sLe*. The poly-LacNAc and sLe*
sequences are potentially ligands of endogenous lectins, i.e. galectins and selectins.
Many studies did not differentiate the [1,6-branching point per se from the
subsequent modifications following the increased (1,6 branching. For instance, a
recent study indicated galectin-1 engaged vascular endothelial growth factor
receptor-2 (VEGFR2), leading to VEGF-like signalling and enhanced angiogenesis in
tumours refractory to anti-VEGF treatment. It appeared that galectin-1 binding was
associated with the expression of MGATS5 (152). In fact, rather than binding to the 1-
6GIcNAcB1-6Man- branching point, galectin-1 interacted with the poly-LacNAc that is
subsequently added to the 31,6-GIcNAc. It has long been known that poly-LacNAc-
rich glycoconjugates are good ligands for galectin-1, termed calf heart lectin (16).
The branching point per se, which is a consequence of MGATS, is an important

prerequisite for the expression of poly-LacNAc.

As mentioned previously (Figure 1.8), there is an interesting competition for glycan
acceptors in biosynthesis between MGATS and MGAT3. The formation of bisecting
GIcNAc by MGAT3 prevents the enzymatic functions of other GIcNAc-transferases,

48



thus resulting in the decrease of (1,6-branched N-glycans. In many cancers,
overexpression of MGAT3 has been found to suppress cancer metastasis (153). The
bisecting GIcNAc branch and its glycosyltransferase were suggested to be
associated with supressed cell adhesion and migration via adhesion molecules and
extracellular matrix such as E-cadherin, laminin, and integrin. In one particular
example of endometrioid ovarian carcinoma, MGATS transcripts were found
upregulated by 2-3 fold, but only small amounts of 1-6 linked N-glycan products
were detected by L-PHA binding. This was due to the competition by much larger
(13-fold) increase of MGAT3, resulting in mainly the bisected N-glycans (154,155).

Other branched sequences such as core 2 on O-glycans, I|-branching on both
glycoproteins and glycolipids, and linear i antigen-related poly-LacNAc sequences
are also aberrantly expressed in many cancer types. These are discussed in Chapter
3.

1.2.3 Loss or retention of ABO (H) blood group antigens

Expression of A, B, and O (H) and related antigens also undergoes changes during
cellular differentiation, development and aging, as well as pathological progress,

such as carcinogenesis (156,157).

It has long been noted that deletion or reduction of A and B antigen occurs in many
types of human cancers and the decrease has been correlated with degree of
malignancy and metastatic potential in gastrointestinal (158), lung (159), cervical
cancers (160), oral (161), bladder carcinomas (162) and haematological
malignancies (163,164). Transfection of cDNA encoding GTA or GTB into various
H/Le’-expressing human tumour cell lines significantly reduces their directional
(haptotactic) motility (165). A follow-up experiment further separated blood group A
positive from A negative clones among the GTA transfected colorectal carcinoma
SW480 cells and HT29 cells. The blood group A negative clones of both cell lines
showed much higher motility than the A positive clones (166). Furthermore, this
phenotype change was suggested to be correlated with the A/B glycosylation of
integrin chains a3, a6, and 1 (165,166). Interactions between the a and 3 subunits
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may be affected by the A/B glycosylation, which in turn controls haptotactic motility of
colonic tumour cells. As regards H antigen expression, loss of A and B in cancer
reveals the precursor H antigen. But the transformation of H to Le® and Le’ by adding
a1-4/a1-3 linked Fuc also influences the level of H antigen detection in cancer. Thus
factors determining the overall expression are complex. The mechanism underlying
the suppressed expression of A, B, O (H) antigens is not clear although some
evidence showed that the blood group ABO glycosylation change was regulated by
ABO allelic expression at mRNA level (167,168).

People’s blood group, A, B, O (H), has been linked with the individual’'s susceptibility
to some carcinomas, such as gastric and pancreatic cancers. A cohort study showed
patients of blood group A had a higher risk of gastric cancer (169). Wolpin et al
systematically investigated the relationship between the susceptibility to pancreatic
cancer and blood groups in genome-wide studies. The results showed that the ABH
genotypes were significantly associated with pancreatic cancer risk; patients of blood

groups A or B had an increased risk compared to group O patients (170-173).

1.2.4 Altered expression of Lewis-related antigens

The expression patterns of Lewis-related antigens in cancer tissues are very
complicated. Although it is difficult to draw a general conclusion about the expression
pattern of Lewis-related antigens in tumourigenesis, | highlight below a few examples

where changes in expression of these antigens have had a clear impact.

As mentioned in Section 1.1.2.2, there are eight a1-3/a1-4 fucosyltransferases
(FUT3-7, FUT9-11) in total with distinct tissue-specific expression patterns. The
expressions of these a1-3/a1-4 fucosyltransferases, together with those of a1-2
fucosyltransferases, make a diverse combination of Lewis structures on the cell
surface, not to mention the impact of other competing glycosyltransferases (e.g
sialyltransferase), the availability of precursors and donors and the existence of
glycosidases. According to a review by Le Pendu et al (156), Le* and Le’
expressions are often increased in carcinomas with the exception of endometrial

cancer for the former and endometrial and pancreas cancers for the latter; Le? is
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upregulated in many carcinomas but with more exceptions such as colon, breast and
prostate; Le® shows a similar pattern to that of A and B antigens. The biological roles

of these antigens in tumour progression are still not well-understood.

Competition between H/Le’ generating a1,2-fucosyltransferase and sialyl Lewis
forming a2,3-sialyltransferase has also been reported. Transfection of a1,2-
fucosyltransferase, FUT1, induced the expression of H and Le’ antigens and
suppressed sialyl Lewis antigen expression in human pancreatic cancer cell line
BxPC-3, obviating E-selectin-mediated adhesion and decreasing gastrointestinal
metastasis (174,175). This is because the type 1 or type 2 LacNAc backbone
sequences are common substrates for a1,2-fucosyltransferases and a2,3-
sialyltransferase. The expression of these competing enzymes results in the

modulation of the glycans on tumour cell surface.

Overexpression of sLe* and sLe® on both glycoproteins and glycolipids has been
confirmed in many adenocarcinomas, such as lung (176), colorectal (177), gastric
(178) and pancreatic carcinomas (179). As mentioned in section 1.1.2.2, these
glycans are involved in the adhesion events in the lymphoid and vascular system.
Tumour cells hijack the interaction system between selectins and leukocytes to

mediate cancer cell extravasation and metastasis.

Expression of sLe*and sLe® has been reported to be associated with the potency of
adhesion of cancer cells to the vascular endothelium via E-selectin (180,181). Using
either anti-E-selectin antibodies or anti-sLe* antibodies, this adhesion was clearly
inhibited (176). In a transgenic mouse model, metastasis of tumour cells expressing
E-selectin ligands could be redirected to a tissue expressing E-selectin (182). Colon
cancer cells transfected by antisense RNA directed at a1-3/4fucosyltransferase lost
expression of sLe* and sLe?, and this in turn abolished colonization of the cancer
cells to the liver (183,184).

In summary, the general changes in the expression of A, B, O (H) antigens, Lewis

antigens and sialyl Lewis antigens in tumour progression from precancerous stage to

metastatic stage were proposed by Le Pendu et al (156) and shown in Figure 1.10.
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Figure 1.10 Schematic diagram of expressions of blood group A, B, H, Le®, Le’, sialyl Le? and sialyl Le* in
different stages of cancer. Redrawn from reference (156) with permission.

1.2.5 Changes in expression of sialic acid forms

It has long been known that cell-surface sialic acid content is increased on tumour
cells, as evidenced by the increased binding of wheat germ agglutinin (WGA) (185-
187) which has specificity for sialic acid and GIcNAc terminating sequences.
Increased sialylation is believed to be a mechanism whereby tumour cells have
protection from activation of the alternative pathway of the complement system by
recruiting factor H (188). Factor H could inhibit the activation of the alternative
pathway by accelerating the decay of the key players, C3b convertase, and acting as

cofactor for the factor | to inactivate C3b (189).

Modifications to the neuraminic acid structure have been reported, such as
acetylation and de-N-acetylation on C9 and C5, respectively (Figure 1.11). In colon
carcinomas, a decreased amount of acetylation was observed (190) and was
proposed as an early sign of colon cancer progression (191), whereas in melanoma
cells increased acetylation is found on neuraminic acid on gangliosides GM2 and
GD3 [(192), see Figure 1.12 for sequences]. In addition to the modifications to
neuraminic acid, the expression of a2,6-linked sialic acids on type 2 backbones is
increased, as revealed by the staining with the plant lectin Trichosanthes japonica

agglutinin 1 (193). It has been suggested that cell surface p1 integrin is involved as
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the carrier of the aberrant sialylation (194). The biological effects of these

modifications and overexpression are not clear at present.

C9 acetylation

Neu5Ac
OH
HO :(_DH COOH
- 0
0 H HO
Neu5Gc

Figure 1.11 Modifications of sialic acid structure in cancer. Arrow indicates the position of C9 acetylation.
Dashed line shows the C5 de-N-acetylation. Circle indicates the difference between Neu5Ac and Neu5Gc form of
sialic acid.

There is an aberrant expression of the N-glycolyl form of neuraminic acid (Neu5Gc)
in some human tumour cells [(195), Figure 1.11]. The accumulation of the Neu5Gc in
tumours is thought to be due to uptake from dietary sources as the hydroxylase
enzyme responsible for converting NeuS5Ac to NeuS5Gc is lacking (mutated) in
humans (196). The expression of Neu5Gc in tumours may be an explanation for the
presence of “Hanganutziu-Deicher” antibodies (antibodies to Neu5Gc gangliosides)

in some patients (197).

1.2.6 Changes in expression of sialo-glycolipids (gangliosides) and

globosides and biological effects

The sialic acid-containing glycolipids, gangliosides, are often aberrantly expressed by
a range of tumours particularly those of neuroectodermal origin such as melanoma

and neuoblastoma (198,199). They can be detected in sera of patients with

53



mammary carcinomas, neuroblastomas, sarcomas, melanomas, small-cell lung
carcinomas and lymphomas (199). Gangliosides may influence tumour and host cell
interactions through modulating cellular differentiation, adhesion, angiogenesis and
invasion (108,200,201).

Ceramide
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l O a3 a8 o a3
p4 ‘ : B4 ‘ ‘ . B4
. Further
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GlcCer LacCer GM3 GD3
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B4
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Cer
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Further
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Figure 1.12 Sequences of ganglioside that are aberrantly expressed in cancer and their biosynthetic
pathways. Cer is ceramide, the rest of the symbols are as in Figure 1.1.

A monosialoganglioside GM3 (Neu5Aca-3GalB-4Glcp-Cer, Figure 1.12) has been
extensively studied for its tumour inhibitory activity. An initial study showed that the
addition of GM3 inhibited the growth of human epidermoid carcinoma cell lines such
as KB and A431 (202). Further studies indicated that GM3 expression was
associated with enhanced apoptosis (203) and reduced cell motility (203,204). GM3
was suggested to be the key factor in attenuating metastasis of human hepatoma
cells to lymph nodes; and this effect was suggested to be the result of inhibition of
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EGFR phosphorylation and PISK/AKT signalling (205). Addition of GM3 was found to
be able to counteract the pro-angiogenic effects of VEGF and reduce the
phosphorylation of the VEGFR2 (200). Other receptors have also been implicated in
angiogenesis. These include those receptors of insulin-like growth factor-1, basic
fibroblast growth factor, epidermal growth factor and platelet-growth factor, as
reviewed in (206). Carbohydrate-carbohydrate interactions were suggested to be the
underlying mechanism in the engagement between EGFR and GM3. There was
some evidence showing that N-glycans on EGFR could interact with GM3, thereby
inhibiting the activation of EGFR tyrosine kinase (207,208). Other mechanisms such
as regulating metastasis suppressor gene products CD82 and CD9 were also
suggested (203,209). A cell surface sialidase “Neu3” was found to be upregulated in
human colon cancer, resulting in the hydrolysis of sialic acid in gangliosides including
GMa3. This in turn led to the accumulation of desialylated backbone lactosylceramide
(Lac-Cer), which was suggested to inhibit apoptosis through increased bcl-2 and

decreased caspase expression (210).

In contrast to the above mentioned “simple” form, more complex gangliosides
containing longer oligosaccharide chains than GM3 can often enhance tumour
progression. It has long been noted that a mixture of glycolipids enhances xenograft
tumour growth and metastasis (198). As reviewed in (211), the disialoganglioside
GD3 (Figure 1.12) was found to be overexpressed in many types of cancer cells, not
only of neuroectodermal origin, but also in epithelial carcinomas including breast,
prostate and many others, also in acute T-cell lymphoblastic leukemia. Studies
showed that when GD3 knockout cell line F-11 was injected into mice, they produced
less VEGF and the vascularization was significantly reduced compared to the normal
cell line, suggesting that GD3 could promote VEGF production and was involved in
angiogenesis, thereby facilitating tumour progression (212). Interestingly, GM3:GD3
ratio is an important indicator of prognosis in human melanoma. Patients with higher
GM3:GD3 ratio survive significantly longer (213). GD2 (elongated GD3, Figure 1.12)
is uniformly expressed in neuroblastoma and most melanoma, gliomas, but little
expressed in normal tissues. It has now been exploited as a target in immunotherapy
(214). This is reviewed in Section 1.2.7.1 and Chapter 5.
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Gangliosides are also important regulators in the formation of cell membrane lipid
rafts, which facilitate the formation of EGFR complexes. In breast cancer, GM1 was
found to promote the formation of heterodimer Erbb2-Erbb3 receptor and this
oligomerization of tyrosine kinase receptor can in turn regulate the growth of tumour
cells through EGFR-mediated signalling (215).

In addition to gangliosides, aberrant expression of globosides (Figure 1.13) has also
been found in human cancers. Gb3Cer, also known as P* antigen and CD77, is
highly expressed on immature B-cells and Burkitt's lymphoma (216), pancreatic and
colon adenocarcinomas (217), and ovarian carcinoma (218). Gb5Cer (also known as
stage specific embryonic antigen-3 or SSEA-3 antigen) and its monosialylated and
fucosylated forms, sialyl-Gb5Cer (also known as SSEA-4 antigen) and Globo H,
respectively (Figure 1.13), are also expressed on many cancer cells including breast
cancer cells and breast cancer stem cells (219,220). Recently, Chi-Huey Wong group
performed a thorough survey of expressions of SSEA-3, SSEA-4 and Globo H in
various cancer cell lines by flow cytometry (221). These include cancers of brain,
lung, breast, mouse, oesophagus, stomach, liver, bile duct, pancreas, colon, kidney,
cervix, ovary and prostate. SSEA-4 was broadly expressed in every type of cancer
cell line, sharing most of them with SSEA-3. Globo H was less commonly distributed
than SSEA-4 but was also widely detected (221). In addition, SSEA-4 was found on
glioblastoma multiforme cell lines and human glioblastoma multiforme cancer

specimens (221).
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Gb3Cer
Pk antigen Gala-4Galp-4Glcp-Cer
Gb4Cer
P antigen GalNAcB-3Gala-4Galp-4Glcp-Cer
Gb5Cer
SSEA-3 Galp-3GalNAcB-3Gala-4Galp-4Glcp-Cer
Sialyl-GbSCer Neu5Aca-3GalB-3GalNAcp-3Gala-4Galp-4Glcp-Cer
SSEA-4
Globo-H Fuca-2GalB-3GalNAcB-3Gala-4Galp-4GlcB-Cer

Figure 1.13 Sequences of globoside glycolipids.

Although the above mentioned globosides are widely distributed, understanding of
their functions remains limited. Gb4Cer was reported to bind to another glycolipid
nLc4  (GalB-4GIcNAcB-3GalB-4Glcp-Cer) through  carbohydrate-carbohydrate
interaction, which was suggested to promote the activity of transcription factors AP1
and CREB in cell adhesion processes (222). Another study indicated Gb4Cer
promoted the ERK signalling through interaction with EGFR (223). A cytoplasmic
protein, FKBP4 [FK-506 (Tacrolimus, an immunosuppressive drug) binding protein 4],
which was detected in breast cancer cells, was also found to bind to SSEA-4 but the

biological significance has not been clear (224).

1.2.7 Clinical relevance

1.2.7.1 Diagnosis and prognosis

The search for carbohydrates as potential human cancer-associated biomarkers has
been ongoing for many years. This has been discussed in numerous reviews (225-
227). However, the outcomes have been less fruitful than expected. Although there
are numerous reports of inappropriate expression of certain carbohydrate structures
for given cell types, they are almost always normal antigens in other cell types, which

are referred to as “onco-foetal” or “onco-developmental” antigens (228). Therefore,
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few of the candidate cancer-associated carbohydrate antigens have stood up to

critical assessments for cancer diagnosis and prognosis.

Cancer antigen 19-9 (CA19-9) is a carbohydrate tumour-associated antigen sLe?,
which was originally isolated from a human colorectal cancer cell line by Koprowski et
al (229) in 1979. CA 19-9 assay has been established to monitor colorectal, stomach,
and particularly pancreatic cancers in clinical (206). A recent study showed high
serum concentrations of both CA 19-9 and E-selectin significantly correlated with low
5-year survival rate of patients with colorectal cancer (230). One of the major
limitations is that the expression of CA 19-9 is highly dependent on the enzyme FUT3,
which is encoded by Lewis gene. About 10% of the Caucasians are Lewis-negative
and cannot produce CA 19-9 antigen (231). In these populations, a sialylated
precursor, NeuS5Aca-3GalB-3GIcNAc- is expressed and can be detected by antibody
DU-PAN-2.

Many glycoproteins and glycopeptides have been exploited as cancer biomarkers,
such as carcinoembryonic antigen (CEA) for colon cancer, prostate-specific antigen
(PSA) for prostate cancer, cancer antigen 15-3 (CA 15-3, MUC1) for breast cancer,
cancer antigen 125 (CA 125, MUC16) for ovarian cancer, and cancer antigen 72-4
(CA 72-4, tumour associated glycoprotein-72) for gastrointestinal cancer. Serological
studies have been established to measure the quantity of these glycoconjugates. So
far the most important application of these biomarkers has been monitoring tumour
progression, regression and efficacy of treatment but not diagnosis. CA 15-3, for
example, is an abnormally expressed mucin (MUC1) bearing truncated O-glycans
such as Tn, T and sialyl Tn. The aberrantly glycosylated MUC1 is shed into
circulation and can be detected in serum in a CA 15-3 assay. MUC1 level has been
shown to be useful in monitoring cancer progression in some late stage patients with
metastatic breast cancer (232,233); the role of this marker in decision-making for
treatment is not clear, thus it was not recommended by American Society of Clinical
Oncology for cancer screening and diagnosis (234). One exception, however, is CA
125, which is elevated in 50% of patients with stage | ovarian cancer and in 25% of
serum samples collected 5 years before diagnosis of ovarian cancer (235). It has
also been shown to be useful in evaluating and monitoring prognosis of ovarian
cancer (236).
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Most of these glycoconjugate biomarkers have both altered polypeptide and altered
glycosylation. One can use specific glycoforms of these glycoproteins to improve the
sensitivity and specificity of the biomarkers. Therefore, a new strategy trying to
identify aberrations in glycoforms of these glycoproteins or glycopeptides highly
specific to malignancy has been investigated. A glycoprotein a-Fetoprotein (AFP) has
been used as a serum biomarker in clinical diagnosis of hepatocellular carcinoma
(HCC) (237). A detailed study showed that the total AFP can be separated into three
glycoforms AFP-L1,-L2 and -L3 according to the differential affinities to lectin Lens
culinaris agglutinin (LCA). Among the three glycoforms, AFP-L3 with core-fucosylated
N-glycan has been shown to be highly associated with hepatocellular carcinoma
(238).

It should be noted that sometimes the aberrantly glycosylated proteins cannot be
detected shed in the serum. For example, it is known that the truncated glycoforms
such as Tn and T on MUC1 are clearly associated with many types of cancers.
However, these glycans could not be detected on MUC1 in serum of patients with
early stage breast cancer using antibody-based ELISA assay (239). It is thought that
MUC1 carrying these glycoforms is cleared by autoantibodies that are elicited, as
well as scanvenger lectin receptors. Therefore careful investigation is needed when

any of these glycoforms is proposed to be used as biomarkers.

As the aberrant glycosylation is the reflection of the abnormally expressed
glycosyltransferases and/or glycosidases, these enzymes themselves have been
suggested to be able to serve as biomarkers (240). Good examples, as mentioned
above in Section 1.2.2, are the overexpression of f1-6 branching enzymes MGAT5
and GCNT1, and the malfunction of the core 1 O-glycan synthase chaperone Cosmc.

Autoantibodies can be found prior to the manifestations of cancer symptoms (241),
thereby are considered ideal cancer biomarkers for early cancer detection (242). Blixt
et al (243) developed a platform to display large numbers of glycopeptides with
various aberrant glycoforms based on chemoenzymatic synthesis. With this platform,
autoantibodies to Tn and sTn glycosylated MUC1 and MUC4 can be detected in sera
from patients with colon cancer but not in controls, which shows promise (244). They
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later developed a new microarray containing Tn (GalNAca-), STn (Neu5Aca2-
6GalNAca-), ST (NeuAca2-3GalB1-3GalNAca-) and extended core 3 (GIcNACB1-
3GalNAcao-) glycoforms based on two 20mer tandem repeat sequences of MUC1
glycopeptides. The array was used for a screen of sera from 395 breast cancer
patients, 108 benign breast cancer patients and 99 healthy controls. The results
showed that autoantibodies were present and in higher levels in sera of early stage
breast cancer patients. There was also correlation between high levels of
autoantibodies against core 3- and sTn-MUC1 and a better prognosis in terms of
reduced rate and longer time to metastasis (245). However, a follow-up study
showed no significant difference in binding activity between the sera from patients
who subsequently developed invasive breast cancer and those from the control
group (246). Although autoantibodies to truncated glycoforms on MUC1 could be
indicative as prognostic marker, they would seem inappropriate at least for the early

screening of cancers such as breast, ovarian, lung or pancreatic cancers.

1.2.7.2 Therapy

The aberrant glycosylation occurring during cancer progression has for long been

considered a potential target for cancer therapy.

One application under investigation is to target cancer-associated carbohydrate
antigens in both the active and passive immunotherapy (247). The disialoganglioside
GD2 (Figure 1.12) is an excellent target for vaccine development and for cancer
treatment using mADbs. It is uniformly expressed in tumours of neuroectodermal origin
such as neuroblastoma, melanomas and osteosarcoma but only restrictedly
expressed in normal tissues (248). Numerous anti-GD2 antibodies have been
developed and now in clinical trials (249). Among them, a humanised antibody
ch14.18 has been found very promising for cancer treatment. Results of phase Il
clinical trial indicated that adding ch14.18 to standard treatment improved survival in
patients with neuroblastoma (214). Moreover, ch14.18 consolidation immunotherapy
after the induction therapy prevented the relapse and prolonged long-term survival
rate, compared to the oral maintenance chemotherapy and to no consolidation (250).

Other anti-carbohydrate mAbs have been produced targeting gangliosides GD3,
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GM2 and to other glycans such as Le’ and Le* but have not been as successful as
ch14.18.

Another application is to exploit the aberrantly expressed glycoconjugates in design
of cancer vaccine. Although poor in immmunogenicity, many glycolipids have been
used to elicit immune response in patients and some of them have resulted in
promising results (251). But a lot of vaccines against GD2 and GD3 have yet to yield
positive clinical results (252). Some vaccines have been developed based on
conjugated oligosaccharides. A vaccine designated Theratope, based on sialyl Tn
disaccharide in conjugation with the keyhole limpet hemocyanin has been on clinical
trial but could not pass phase Il (123). It did not show improved median time to
disease progression nor overall survival in patients with metastatic breast cancer
(253). More recently, advances in synthetic chemistry have made possible the use of
fully synthetic glycopeptides as vaccines to generate immunoreactions against
homogeneous targets (254). A good example under investigation is the MUC1-based

glycopeptides with aberrant glycoforms such as Tn and sTn (255).

In conclusion, in spite of the great efforts being put into investigating carbohydrates
and their derivatives as biomarkers or targets for cancer therapy, there has been
limited success and the need for better cancer biomarkers is still very evident.
Success requires a better understanding of the biological functions of the
carbohydrates in the context of cancer, especially a better understanding of how
these glycans could modulate key events of cancer cells such as growth, apoptosis,
angiogenesis, adherence, through interactions with their binding proteins.
Investigations of two cancer-associated carbohydrate antigens F77 and AE3, defined
by two hybridoma monoclonal antibodies, are the subjects of Chapter 3 and Chapter
4. It is hoped that the study of the these two cancer-associated antigens would not
only help in better understanding aberrant glycosylation in epithelial cancers and the
biological relevance, but also provide potential cancer biomarkers and novel
therapeutic tools.
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1.3 Methods for investigating expression of carbohydrate

antigens

From the discussions above, it is clear that the interactions between glycans and
GBPs play important roles in numerous biological and pathological events, including
cancer (256). It is desirable therefore to have effective methods to assign the
carbohydrate ligands of GBPs. In this section | discuss the challenges in the
identification of carbohydrate ligands/antigens and strategies applied to tackle these
problems. Emphasis will be placed on the neoglycolipid (NGL)-based array
technology developed in the Glycosciences Laboratory (257-259) in which the

majority of the work within this thesis was performed.
1.3.1 Challenges

Structural heterogeneity and complexity is a big challenge to the investigation of
GBP-glycan interactions. It is estimated that the human glycome contains ~3000
glycan species on glycoproteins and glycolipids, and ~4000 theoretical
pentasaccharide sequences on GAGs (7) but only a small proportion of these
sequences are currently available for bioactivity studies. Due to the complexity of
their structures, many glycans cannot be synthesized in sufficient amounts within a

short period of time, although big progress has been made (260-263).

Isolation of glycans from natural sources is an alternative choice. As glycans are very
heterogeneous in biological systems and the quantities of each glycan that can be
isolated for ligand analyses are rather small, there is a need for powerful separation,
sequencing methods with high sensitivity. Recent progress has been made in both of
these fields (264-268).

Another obstacle to overcome in studying carbohydrate ligands is the typically low
affinity of the interaction between GBPs and glycans. In the natural state this
interaction normally relies on multivalency, accomplished by clustered presentation of
ligands and/or carbohydrate recognition domains to provide increased binding avidity.

In vitro, the clustering of glycans can be achieved chemically by using scaffolds such
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as proteins, peptides, lipids and other molecules and nanoparticles (269) and, as

adopted by the neoglycolipid approach, in the form of liposomes (see below).

1.3.2 Historical aspects of carbohydrate binding assays

In 1931, Landsteiner and van der Scheer established the principles of inhibition
assay (270) and this has been summarized by Watkins in her review (271):
substances with a structure closely related to or identical with, the immunological
determinant (haptenic) group of an antigen can combine with the antibody and
thereby competitively inhibit the reaction between antigen and antibody. Shortly
before 1931, the first study of quantitative precipitation was reported by Heidelberger
and Kendall (272,273) and it was further improved by Heidelberger and Macpherson
(274). These have become the basis of many immunological methods such as
inhibition of precipitation (24) and haemagglutination inhibition (275) to uncover the

structure of an unknown antigen or surface ligand.

The two approaches haemagglutination inhibition and inhibition of precipitation were
used in the assignment of the major blood group A, B, O (H) epitopes by Morgan and
Watkins, and Kabat and colleagues between 1950’s and 1970’s. Important reagents
used in these assays included antisera, obtained by immunizing rabbits or humans
with blood group expressing materials such as peptone and porcine gastric mucin
(276,277). Lectins were also used (278).

Initially, monosaccharides Fuc and GalNAc were found by Morgan and Watkins to
inhibit the haemagglutination of O cells by eel Anguilla Anguilla (279) and that of A
cells by plant lectins (22), respectively. Independently, Kabat laboratory found that
GalNAc could inhibit the precipitation between human anti-A antibody and A
substance from pig stomach mucin (24). In addition, Gal was found to inhibit the
precipitation of B substance from human saliva or horse B stomach by human anti-B
reagents (24). With the help of acidic and alkaline degradation and chromatographies
such as paper chromatography and charcoal-celite column chromatography, O-
glycans were released from ovarian cyst glycoproteins, purified, and tested as
inhibitors one by one. The blood group antigen epitopes A, B and O were
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characterized on O-glycans (280-282). Thereafter, blood group-active glycolipids
(283,284) and N-glycans (285) were also isolated.

Radioimmunoassays were first described in the 1950’s. Feizi and colleagues later
applied this technique to the investigation of the interactions between GBPs and
carbohydrates. Materials under investigation were tested as inhibitors of the binding
of the antibodies (antisera) and radio-iodinated antigen-positive glycoproteins
(286,287). Compared with the conventional inhibition of precipitation, inhibition
assays based on a radiolabelled reference improved sensitivity by several orders of
magnitude and, therefore, smaller amounts of inhibitors could be used (288). This
method could also be used to determine the epitopes on glycolipids when they were
analysed in the form of liposomes complexed with carrier lipids cholesterol and
lecithin (289,290). Feizi and colleagues determined epitopes for the anti-I and anti-i

antibodies and the stage specific embryonic antigen-1 (SSEA-1) by this method.

Solid phase direct binding assay was then developed. Instead of labelling antigen-
positive glycoproteins for inhibition studies, the direct binding assay relies on labelling
the GBPs or secondary antibody, which recognizes certain structural features in the
primary antibody or GBP (291). Originally, the labels used were radio-labels. This
enabled the antigenic analysis of glycolipids by thin-layer chromatography (TLC)-
binding assay. In early 1980s, the ganglioside GM1 was identified in total lipid
extracts as the glycolipid ligand for the radio-labelled cholera toxin (292). Hakomori et
al (293) corroborated the assignment of the antigenic determinant of SSEA-1 made
by Feizi and colleagues (294). They did this by using glycolipids extracted from
human blood cells (294). Since then, TLC-binding assay has been employed to study
the antigenic activities of glycolipid extracts from human normal and cancer cell lines
and tissues. Examples include the characterization of SSEA-3, SSEA-4 (295), and
the glycolipid carriers of sLe* (296), and the identification of carbohydrate receptor for
Shiga toxin (297). For health and safety reasons radioimmunoassay technology has
been superseded by the enzyme-linked immunosorbent assay (ELISA) which is
widely used and is the basis of many biochemical detection methods. Binding is
detected using an enzyme-conjugated protein (using an enzyme such as peroxidase)
and colour development with enzyme-substrates instead of radioactivity. ELISA is

also used in TLC-binding assays for antigenic analyses of glycolipids. In addition to
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enzyme-conjugated proteins, fluorescence-labelled or RNA-labelled proteins are also

used in a variety of binding assays including microarray analysis.

Label free technologies such as surface plasmon resonance (SPR) have been
developed to study the molecular interactions (298). It can also be used in the kinetic
studies to measure the association rate and dissociation rate. This technology has
been used in the investigation of recognitions by the lectins such as Concavalin A
(Con A) and jacalin (299,300).

1.3.3 Neoglycolipid (NGL) technology

In classical inhibition of binding studies performed by Morgan and Watkins, and
Kabat and colleagues, milligram levels of purified free glycans per tube were used for
inhibition of binding assays (288,301). Although these amounts could be achieved in
the investigation of blood group related antigens, it is rare to obtain sufficient purified
material for bioactivity studies and concomitant structural determination by

conventional methods.

To address the requirement of a microscale technique to investigate directly
interactions between GBPs and oligosaccharides, Feizi and colleagues developed
the NGL technology (257,302). This involves microgram-scale conjugation of the
oligosaccharides to a lipid tag, which renders oligosaccharides amphipathic. The
hydrophobicity enables the oligosaccharides to be immobilized on solid matrices, for
example, plastic microwells, silica thin layer chromatography plates, nitrocellose-
coated glass slides, in a clustered mode, thereby enabling the detection of binding by
GBPs. Furthermore, similar to natural glycolipids, NGL mixtures could be resolved by
high performance TLC (HPTLC) (also referred to as macroarray), which is a big
advantage compared with the glycan-protein conjugates. In addition to generation of
macroarrays of oligosaccharides released from O- and N-glycosylated proteins, the
NGL technology makes possible to investigate the antigen or ligand activity of
glycans of natural glycolipids after their release using endo-ceramidase or those of

GAGs and polysaccharides derived after their partial depolymerisation.
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Reducing oligosaccharides with free aldehyde group can be linked to an amino-
phospholipid, such as 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE,
Figure 1.14) by reductive amination. Reduced O-glycans released from antigen-
positive glycoproteins can also be conjugated after mild periodate oxidation (303).
With the fluorescent lipid tag N-aminoacetyl-N-(9-anthracenylmethyl)-1,2-
dihexadecyl-sn-glycero-3-phosphoethanolamine, [ADHP, (304)], the AD-NGLs
(Figure 1.14) can be visualized directly under UV light or by a fluorescence detector
in an HPLC system. In addition, the NGLs have excellent ionization properties,
enabling sequencing in situ by mass spectrometry (MS) to reveal molecular mass,
monosaccharide sequence, branching pattern and the presence of functional groups
such as sulphate or phosphate (85,305,306).

The NGL-based techniques enable identification of antigen-positive oligosaccharides,
or ligands, from highly heterogeneous O-glycome of epithelial mucins. A particularly
important example was the study of the HNK-1 antigen (See Figure 1.6 for
sequence). This antigen is a target of auto-antibodies that give rise to a
demyelinating disease. Among the O-glycans released from glycopeptides of the
brain, a minor population were shown to carry the HNK-1 epitope (Figure 1.6). These
were unusual O-mannosyl sequences rather than the well-known, commonly
occurring, O-GalNAc sequences (49). Thereafter, upon analysis of the antigen-
negative O-glycans, it was found that the O-mannose species constitute about 30%
of total O-glycans in the brain (307). In addition, the NGL technology has contributed
to a better understanding of the binding specificities of endogenous GBPs of the
immune system, such as selectins. This is highlighted by the discovery of a new
family of E-selectin ligand, sulphated Le® and Le* (3’-sulpho-Le® and 3’-sulpho-Le"),
isolated from an epithelial mucin and characterized by MS (85,308). Subsequent
studies showed that these two structures are also recognized by L-selectin and more

strongly bound than the sialylated analogues (48,309).

Generation of NGLs by reductive amination leads to the ring opening of the
monosaccharide on the reducing terminal (DH-NGL and AD-NGL, Figure 1.14),
limiting its application to the investigation of GBPs whose binding epitopes involve
the reducing terminal core monosaccharide. An alternative conjugation method using
aminooxy-functionalized DHPE (AOPE) by oxime ligation (AO-NGLs, Figure 1.14)
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has been developed (310). A significant proportion of the AO-NGLs synthesized were
in ring closed form, thereby enabling the binding of short-chain oligosaccharides and
enhancing the applicabilities of the NGLs. Notably, binding of plant lectins Pisum
sativum, which requires the fucosylated core sequence, can be detected with the AO
form, but not with the conventional DH-NGLs (310).

o) OH T\/O WOH H Q
F/ OKJNH-DHPE % O/\/\/N\AKN—DHPE
n n
DH-NGLs AD-NGLs
DHPE ADHP
reductive amination reductive amination

‘\;&) S—°

0/

% n \/A’UOH
Reducing oligosaccharides

AOPE
oxime ligation

AO-NGLs

Figure 1.14 Reaction schemes for preparation of the DH-, AD- and AO-NGLs from reducing
oligosaccharides by reductive amination and oxime ligation. Updated and redrawn from (310).

1.3.4 Microarray system based on the NGL technology
There was a need, however, to further miniaturize the platform to fulfil the increasing

demand for smaller consumption and higher throughput of glycan samples during

structural and ligand analyses.
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In 2002, the first sequence-defined oligosaccharide microarray system based on
NGL technology was introduced in the Glycosciences Laboratory (258). Each lipid-
linked probe is incorporated in a liposome together with carrier lipids, cholesterol and
lecithin, and is robotically arrayed at low fmol level, on nitrocellulose coated glass
slides (Figure 1.15). This platform features noncovalent presentation of lipid-linked
probes in clustered display and an element of probe mobility within the liposome.
These characteristics confer high avidity and mimick to some extent the status of
natural glycans on the cell surface (311). The library of probes has expanded to 800,
including NGLs and glycolipids, naturally occurring and synthetic, comprising a
variety of mammalian type N- (high mannose, complex and hybrid forms) and O-
glycans (O-GalNAc, O-Fuc and O-Man), blood group-related sequences (A, B, H, Le?,
Le®, Le* and Le¥ and their sialylated and sulphated forms), glycolipids (neutral,
sialylated and sulphated), GAG-related sequences, as well as probes derived from

oligosaccharides of fungal, bacterial and plant polysaccharides (259).

Figure 1.15 Schematic representation of the NGL-based microarray. NGLs of generated from N-glycans, O-
glycans, depolymerized polysaccharides, GAGs and naturally occurring glycolipids were depicted. Symbols were
in Figure 1.1. Taken from (259) with permission.

Applications of the microarray platform have included the study of the carbohydrate
ligands for diverse GBPs of parasites (102,103,312,313), viruses (314-318) and
antibodies (319-322). Of special interest were the analysis of pandemic human
influenza A (H1N1) 2009 viruses, using a NGL-based microarray of 80 sialylated
oligosaccharides and 6 neutral controls (323). The microarray encompassed
sialylated sequences with different backbone types, chain lengths, branching

patterns, and various combinations of sialylation, fucosylation and sulphation
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patterns. Results showed that the 2009 pandemic human influenza viruses bound to
a2,3-sialylated sequences in addition to the a2,6-sialylated sequences. In
comparison, the seasonal human H1N1 viruses lacked binding to the a2,3-sialylated
sequences (323). The lower respiratory tract expresses a larger proportion of a2,3-
linked sialylated glycans than the a2,6-linked, which are mainly expressed in upper
respiratory tract. Binding to a2,3-linked sialic acid receptors may therefore account,
at least in part, for the higher virulence of the pandemic virus. A follow-up study
showed that binding to the a2,3-sialylated sequences was increased by an
spontaneous single mutation of the haemagglutinin (D222G) in viruses isolated from

fatal or severe cases of infection (41).

One big advantage of the NGL technology is the so-called ‘designer’ array approach,
by which the probes can be generated from a targeted ligand/antigen-containing
source so that the oligosaccharide ligands can be revealed, isolated and
characterized. Using this approach, Palma et al. (324) determined the carbohydrate
ligand structure of the C-type lectin-like receptor Dectin-1, an important player in the
innate immune system against fungal pathogens. The ‘designer probes were
generated from partially depolymerized Dectin-1 ligand-positive and -negative glucan
polysaccharides. Only (1,3-linked gluco-oligosaccharides longer than 10mer were
bound, whereas the (31,6-linked analogues were not bound (324). The NGL-based
carbohydrate microarray system is moreover a powerful platform which enables the
generation of a comprehensive array of oligosaccharides from the glycomes of
antigen- or ligand-positive cells, tissues or glycoconjugates to isolate and
characterize the bioactive components (311). This is exemplified by the
characterization of an elusive human prostate cancer-associated antigen F77, which
is the subject of Chapter 3 in this thesis.

Of particular importance to any microarray platform is software for data presentation,

storage and retrieval. Dr. Mark Stoll in the Glycosciences Laboratory has developed
dedicated software to fulfil this need (325).
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1.3.5 Other microarray platforms

Since 2002, carbohydrate microarray platforms have flourished with the need to
rapidly probe glycan-GBP interactions. There are two glycan microarray platforms
with the large coverage of glycan sequences. One is the Welcome Trust supported
NGL-based carbohydrate microarray facilities in the Glycosciences Laboratory (259),
the other is that of the Consortium of Functional Glycomics (CFG) built by National
Institute of General Medical Sciences in the US (10,326). In addition numerous
microarray systems containing small focused repertoires of glycan sequences have

been set up.

Overall, the existing oligosaccharide microarrays can be divided into two categories
based on immobilization strategies: non-covalent and covalent. The NGL-based
microarray platform is an example of non-covalent immobilization strategy. The lipid
moiety of NGLs forms hydrophobic interactions with the nitrocellulose-coated solid
surface (Figure 1.16A). In addition to NGLs, biotin- and oligonucleotide-conjugated
oligosaccharides can be immobilized to streptavidin- and oligonucleotide-coated

surfaces, both through non-covalent interactions.

The other strategy is to immobilize the glycans via covalent bonds. This often
requires a modified solid surface and glycan derivatives with special functional
groups. These glycans are often obtained by chemical derivatization or by de novo
chemical or chemo-enzymatic synthesis. Amine functionalized glycans, for example,
can be immobilized to the N-hydroxysuccinimide (NHS) ester-derivatized glass slides.
This is the basis of the CFG microarrays (Figure 1.16B) (327). So far many reactions
have been explored to prepare glycan microarrays, including Diels-Alder reaction,
Staudinger ligation, and click chemistry. These have been reviewed in reference
(326).
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Figure 1.16 Examples of the two immobilization strategies, non-convalent (A) and covalent (B), used for
generating carbohydrate microarrays. In (A) the neoglycolipids were immobilized on the hydrophobic surface
via hydrophobic lipid chains. In (B) the amine functionalized glycans react to the N-hydroxysuccinimide (NHS) -
coated surface by covalent bond. Taken from (326) with permission.

Presentation of the glycans in the microarrays is an important consideration for all the
carbohydrate microarray platforms. There is consensus that features of presentation,
such as glycan orientation and density, could have a great impact on the interactions
between glycans and GBPs. One particular factor that influences the orientation is
the linker which connects the glycans to the solid phase. Using molecular dynamics
simulations, Wood et al suggested that the chain length, 3D structure and the
potential interactions of the linker with the surface could have impact on the glycan
orientation (328). This influence cannot be neglected as it could lead to false-

negative results (329).

Glycoconjugates printed onto surfaces present glycans in a multivalent form and are
valuable for screening GBPs for binding. These include natural glycoproteins,
neoglycoproteins, neoglycopeptides and glycodendrimers. In the Glycosciences
Laboratory, high molecular weight mucin-type glycoproteins are immobilized after
enrichment from crude materials and being treated with proteases. These mucin
arrays have become unique tools for screening for ligand- or antigen-positive sources,
which open way to the “designer’ array approach. Examples are discussed in
Chapter 3 and Chapter 4.
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A microarray strategy recently developed has been termed “shotgun array” (330), a
term Cummings and colleagues refer to, for focusing structural analyses on
functionally important glycans in the complex glycomes of animal cells and tissues.
There are many analogies with designer arrays. In the “shotgun array” approach,
oligosaccharides empirically from glycomes such as bovine brain gangliosides (330),
human milk (331) and pig lung (332) have been resolved and arrayed, although the
glycans may not be fully structurally characterized. These arrays can subsequently
be probed with various GBPs. Those of interest are characterized using a
combination of binding data obtained with a series of sequence-specific GBPs and
other biochemical approaches including MS, MS" and exoglycosidase treatments of
the glycans. Song et al prepared a shotgun array of 40 fractions of glycolipids derived
from bovine brain gangliosides. Using this ganglioside array, they found that the
antibody profile of sera of patients with Lyme disease was different from those of
control group. In particular, a ganglioside GD1b-lactone was found to be bound by
sera of the patients but not of controls (330). The most recent example was the
generation of pig lung shotgun array for the purpose of identification of receptors for
a panel of influenza viruses isolated from human, birds and swine (332). The glycan
library consisted of 96 N-glycan, 62 O-glycan and 36 glycolipid fractions. Interestingly,
the viruses tested by this method showed binding to variously sialylated N-glycans,

but binding to O-glycans and glycolipid-derived probes was not detected (332).

In sum carbohydrate microarrays now enable the studies of carbohydrate recognition
systems at the glycome level. With accumulating knowledge on binding specificities
of each GBP, it is anticipated that we can finally investigate GBP-glycan interaction at
the interactome level. Comprehensive understanding of each GBP-glycan interaction

will provide key information for further biological studies (311).

1.3.6 Cell transfection with glycosyltransferases

The last two decades have witnessed a boom in gene technology. In the field of
glycobiology, the discovery and cloning of genes encoding glycosyltransferases and
sulphotransferases enables cell transfection studies.
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This approach has been well exemplified by the characterization of the antigenic
determinant of HMOCC-1, which is recognized by humanized mAb HMOCC-1 raised
against ovarian cancer RMG-I cells (333). Immunohistochemistry studies showed
that the antibody stained 83.2% of ovarian carcinomas, also to a lesser extent some
other epithelial tumours such as gastric, colonic, and pancreatic tumours. HMOCC-1
could attenuate tumour metastasis by inhibiting the attachment of RMG-I cells to
mesothelial cells (334). The researchers first identified an antigen-negative cell line,
which was HEK293T cell in this study. A mixture of glycosyltransferases and
sulphotransferases were transferred into the HEK293T cells to generate a new cell
line which expresses the HMOCC-1 antigen. By subtraction and various
combinations of these enzymes, the key enzymes responsible for antigen generation
finally emerged to be a sulphotransferase GAL3ST3 and a glycosyltransferase
B3GNT7. Another sulphotransferase, CHST1, could enhance the antigen intensity.
This was complemented by gene expression analysis and knockdown of the
identified enzymes in the HMOCC-1-positive cells. Based on the specificities of these
enzymes, the antigen was deduced as a sulphated poly-LacNAc sequence SU-
3GalB-4GIcNACcB-(xSU-6)3GalB-4GIcNAcB-. Finally the deduction was confirmed by
inhibition assays using four synthetic mono- and di-sulphated and non-sulphated
oligosaccharides (333). Using the same strategy, another antigen recognized by a
endometrial cancer-associated antibody HMMC-1 was characterized as a blood
group H-related structure Fuca-2GalB-4GIcNAcB-3GalB-3GalNAc- (335).

The transfection approach can be applicable to the characterization of carbohydrate
antigens carried on many glycoconjugate species. It can be informative and is a good
complement to the microarray binding analysis and other approaches mentioned
above. It gives insights to the gene expression of the relevant glycosyltransferases
and sulphotransferases, which link the sequences of carbohydrate ligand/antigen
(glycome) to the biosynthesis pathways (genome). The application will be further
discussed in Chapter 3.
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Aims of this thesis

The aims of this thesis have been to characterize two cancer-associated
carbohydrate antigens. The first is F77, which is a human prostate cancer-associated
carbohydrate antigen, and the second is AE3, which is more broadly distributed and
has been considered a promising serum biomarker for epithelial cancers. |

investigate the sequences of these antigens by carbohydrate microarray approaches.

| have made two approaches to elucidate these antigens. The first is the ‘designer’
array approach whereby antigen-positive mucin-type glycoproteins are identified as
sources. Glycans are released from them and converted to NGLs. Multidimensional
chromatographies are used to isolate the antigen-positive components and mass
spectrometric analyses are performed for sequence assignment. The second
approach is the generation of focused microarrays of sequence-defined
oligosaccharides (as NGLs) or glycolipids for close comparisons of the antigenic
activities of the closely-related glycan sequences. The assignments of the F77 and

AE3 antigens are corroborated using chemically synthesized oligosaccharides.
The sequences of the two antigens and their biological relevance are discussed, as

well as the potential clinical applications of the antigens and the corresponding

antibodies.
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Chapter 2
MATERIALS AND METHODS
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2.1 Reagents and solvents

2.1.1 Solvents for HPTLC and HPLC

Table 2.1 Mixed solvents for HPTLC and HPLC
Solvent* Ratio (v/v)
130/50/9
60/35/8
55/45/10
105/100/28
25/25/8
50/55/18
40/70/30
25/70/30
20/70/30
15/70/30
130/70/9
10/20/8

CHCI3/MeOH/0.05 M NH,OAc 25/25/8
80/20
ACN/H,0 50/80
*storage of the solvents was at ambient temperature, except for the
two ACN/H,O solvents which are stored at 4 °C.

CHCI3/MeOH/H0

2.1.2 Reagents for HPTLC staining

Table 2.2 Reagents for HPTLC staining

Name Preparation*

Dissolve 0.9 g orcinol monohydrate (Sigma) in 25 ml H,0,
Orcinol spray reagent add 375 ml ethanol, 50 ml concentrated H,SO, with stirring
and cool to 4 °C

Dissolve resorcinol (Sigma) in H,O to make 2 % resorcinol
Resorcinol spray reagent solution. Mix 5 ml of 2 % resorcinol solution with 45 ml 5 M
HCl and 125 pl 0.1 M CuSO, and stay for 4 h

Dissolve primulin (Sigma) in acetone/H,0, 1:9 (v/v) to make 1

Primulin stock solution .
mg/ml solution

Dilute the primulin stock solution to 1/100 in acetone/H,0, 4:1

Primulin spray reagent (WIV)

Primulin  TLC  staining

Dilute the primulin stock solution to 1/100 in PBS buffer
reagent

Ninhydrin spray reagent Dissolve 0.2 g ninhydrin (Sigma) in 100 ml ethanol

*storage of the solvents was at 4 °C, except for the orcinol spray reagent and resorcinol
spray reagent were stored at ambient temperature, and the primulin TLC staining reagent
was freshly made.
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2.1.3 Buffers and solutions for binding assays

Table 2.3 Buffers and solutions for binding assays

overlay solution

ether/hexane (1:5, v/v)

Name Recipe Preparation*

PBS buffer ;ﬂ Ml phosphate buffer, 150 mM NaCl, | pilute from 10X solution (Sigma)
Add 2.5 ml 1 M Hepes (Fisher

HBS buffer ?TM Hepes, 150 mM, 5 mM CaClz, pH | gieniific), 15 ml 5 M NaCl and

) 2.5 ml 1M CaCl, to 480 ml H,O
. o :

3% BSA 3% bovine serum albumin in HBS buffer Dilute ~from 3.0A’ BSA (Sigma,
protease free) in HBS buffer

Casein 1% casein in 100 mM  sodium Directly use (Pierce)

phosphate, 150 mM NaCl, pH 7.4
Plexigum TLC | 0.5%  poly(ethyl methacrylate) in | Dissolve poly(ethyl methacrylate)

(Sigma) in ether/hexane (1:5, v/v)

Streptavidin-HRP

5 pg/ml in 3% BSA

Dilute the 1 mg/ml streptavidin-
HRP solution (Sigma) in 3% BSA

FAST OPD

hydrogen peroxide, 0.05 M phosphate-
citrate, pH 5.0

2igr;1inobenzi dine Add 30 ul of the DAB liquid
(DAB) liquid N/A chromogen solution to 1 ml DAB
substrate system liquid buffer solution (Sigma)

0.4 mg/ml o-phenylenediamine

dihydrochloride, 0.4 mg/ml urea Drop two _ tablets of the

commercial FAST OPD (Sigma)
into 20 ml H,O

*These were all freshly prepared except for the casein.
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2.2 Materials

2.2.1 Antibodies and lectins
Table 2.4 Antibodies

Name Clone Isotype Source Cat. No. Dilution _or
concentration
F77 not known mlgG3* Hongtao Zhang 170712 10 pg/ml
AE3 culture migM Juthathip 200711 1:3
supernatant Mongkolsapaya
Anti-H type 1 17-206 migG3 Abcam ab3355 1:100
Anti-H type 2 BRIC-231 mlgG1 Abcam ab33404 1:100
Anti-A T36 mlgG3 Abcam ab3353 1:100
Anti-B 89-F migM Santa Cruz sc-52371 1 ug/ml
Developmental
Anti-SSEA-1 MC480 migM Studies Hybridoma | N/A 1:300
Bank, Univ of lowa

Anti-Le” C14 migM Lindy Durrant 290513 Neat
Anti-Le” FG27/18 mlgG Lindy Durrant 290513 20 ug/mi
Ma anti-serum hlgM** Glycosciences Lab 4°-Daniel-0 | 1:100
Biotin = anti-migG polyclonal not known | Sigma B7264 1:200
(whole molecule)
(Blzlztg]peciﬁg)t'_mlgc; polyclonal not known | Sigma B7401 1:200
Biotin . a”“‘.”?'g'\" polyclonal not known | Sigma B9265 1:200
(u-chain specific)
B'Ot.m ant|—_h_IgM (k- not known not known | Vector BA-3020 1:200
chain specific)
*m is mouse.
**h is human.

Table 2.5 Lectins

Name Abbr. Source Cat. No. Concentration

(ug/ml)

Biotin Ulex Europaeus agglutinin | UEA-| B-1065 50

Biotin Aleuria Aurantia lectin AAL B-1395 2

Biotin Peanut agglutinin PNA Vector B-1075 5

Biotin Ricinus Communis Agglutinin | | RCA;5 B-1085 5

Biotin Wheat Germ Agglutinin WGA B-1025 2

Biotin Helix pomatia lectin HPA Sigma L-6512 10

2.2.2 Glycosidases

Table 2.6 Glycosidases
Name Buffer Source Cat. No.
50 mM sodium citrate buffer,

containing 100 mM NaCl (pH 6.0) PO730
B-N- 50 mM sodium citrate buffer,
acetylglucosaminidase containing 1 ug/ml BSA (pH 6.0) New England BiolLabs
50 mM sodium citrate buffer,
a1,2-fucosidase containing 100 mM NaCl and 1 PQO724
pug/mi BSA (pH 6.0)

B1,4-galactosidase

P0732
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2.2.3 Glycoproteins

Fifty-one preparations of mucin-rich glycoproteins were examined in this thesis
(Table 2.7). These had been previously enriched or purified as described below and
included in Mucin Array Set 1 (Table 3.1) and Mucin Array Set 2 (Table 4.2).

Samples 1 to 31 were derived from lyophilised ovarian cystadenoma fluids and were
from collections of Winifred Watkins and Walter Morgan at the former Lister Institute.
These were enriched for mucin type glycoproteins by treatment at 37 °C for up to 16
h with pepsin, pronase or trypsin. The ratio of enzyme to dry weight was 1% w/w.
After reaction, the samples were centrifuged (4,000 x g, 10-20 min), the supernatants
were lyophilised and taken up in 3.5 mg/ml sodium acetate and precipitated with
ethanol, 80% v/v at -20 °C. After centrifugation (4,000 x g, 10-20 min), the pellets
were washed with 80% (v/v) ethanol at -20 °C and reconstituted in H,O. Sample 31
had been further purified by phenol extractions (336). Samples 32 to 37 were purified
ovarian cystadenoma glycoproteins from the Elvin A Kabat collection (Columba
Medical Center, New York). These had been pepsin-treated and precipitated with
various concentrations of ethanol (301,337). Samples 38-42 were from meconium
and enriched after pronase digestion and ethanol precipitation (338). Sample 43,
HCA, the so-called human carcinoma antigen (gift of Dr Joe Zhou, Egenix), had been
extracted from human prostate cancer cell line PC3 by ammonium sulphate
precipitation, followed by purification by gel filtration chromatography and affinity
chromatography using antibody AE3 (8). Two mucin-rich milk preparations, batch #3
and #6, were also included as sample 44 and 45. Two mucin preparations,
designated sheep stomach (S1+S10) and new sheep pool had been obtained from
sheep gastric mucosal scrapings after pepsin digestion and ethanol precipitation
(339), and were included as samples 46 and 47. Samples 48-51, porcine stomach
mucin (PSM), bovine submaxillary mucin (BSM), transferrin and invertase were from

Sigma.
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Table 2.7 Mucin-type epithelial glycoproteins used in this thesis

Position | Designation Elonor red - cell Secretor status
ood-group
Enriched cystadenoma glycoproteins
1 Cys 301 (Pro)* weak A Non-secretor
2 Cys 301 (Pep) weak A Non-secretor
3 Cys 350 (Trp) A1 Non-secretor
4 Cys 379 (Pro) A2B1 Non-secretor
5 Cys 379 (Pep) A2B1 Non-secretor
6 Cys 444 (Trp) Unknown Non-secretor
7 Cys 444 (Pro) Unknown Non-secretor
8 Cys 444 (Pep) Unknown Non-secretor
9 Cys 446 (Pro) B Non-secretor
10 Cys 446 (Pep) B Non-secretor
11 Cys 461 (Trp) Unknown Non-secretor
12 Cys 461 (Pro) Unknown Non-secretor
13 Cys 461 (Pep) Unknown Non-secretor
14 Cys 654 (Pro) B Non-secretor
15 Cys 654 (Pep) B Non-secretor
16 Cys 705 (Pro) Unknown Non-secretor
17 Cys 717 (Pro) A1 Non-secretor
18 Cys 717 (Pep) A1 Non-secretor
19 Cys 733 (Pro) A1 Secretor
20 Cys 745 (Pro) A Non-secretor
21 Cys 745 (Pep) A Non-secretor
22 Cys 754 (Pro) Unknown Non-secretor
23 Cys 754 (Pep) Unknown Non-secretor
24 Cys 756 (Trp) A Non-secretor
25 Cys 756 (Pro) A Non-secretor
26 Cys 756 (Pep) A Non-secretor
27 Cys 762 (Trp) (0] Non-secretor
28 Cys 762 (Pro) (0] Non-secretor
29 Cys 762 (Pep) (0] Non-secretor
30 Cys 765 (Pro) (0] Non-secretor
Purified cystadenoma glycoproteins
31 B substance (Pro) B Secretor
32 Og 10% 2x (Pep) Unknown Non-secretor
33 Og 10% from 20% (Pep) Unknown Non-secretor
34 Og 20% 2x (Pep) Unknown Non-secretor
35 N1 20% (Pep) Unknown Non-secretor
36 Tij 10% 2x (Pep) B Secretor
37 0C2 Unknown Unknown
Meconia
38 Meconium B (Pro) B Unknown
39 Meconium Mo (Pro) Unknown Unknown
40 Meconium Wo (Pro) Unknown Unknown
41 Meconium He (Pro) Unknown Unknown
42 Meconium Pa (Pro) Unknown Unknown
Other glycoproteins
43 HCA Unknown Unknown
44 Milk batch #3 Unknown Unknown
45 Milk batch #6 Unknown Unknown
46 Sheep stomach (S1+S10) (Pep) Unknown Unknown
47 New sheep stomach pool (Pep) Unknown Unknown
48 Porcine gastric mucin A+H (Sigma)
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49 Bovine submaxillary mucin Unknown (Sigma)
50 Transferrin Unknown Unknown
51 Invertase Unknown Unknown

* Trp, Pro and Pep refer to pronase, trypsin or pepsin enzyme treatments for solubilizing mucin type glycoproteins.

2.2.4 Oligosaccharides and a glyco-amino acid

The key oligosaccharides and a glyco-amino acid used in this thesis and their
structural features are listed in Table 2.8. Ten oligosaccharides were from Elicityl and
were purified by normal-phase HPLC using an XBridge amide column (Waters). The
elution was with a solvent system of ACN/H,O (Solvent A: ACN/H,0, 80:20 and B:
ACN/H;0, 20:80), with a gradient from 25% to 33%B in 33 min at a flow rate of 0.7
ml/min. Detection was by UV at 196 nm. The oligosaccharide TFiLNO (1-2, -2, -3)
was from Dextra and its sequence was confirmed by negative-ion ES-CID-MS/MS. A
difucosylated decasaccharide was received from Dextra as an unknown impurity of
TFILNO( 1-2,-2,-3), which was later characterized by ES-CID-MS/MS and renamed
as DFILNO. Oligosaccharides referred to as Orsay-1 to -7 were chemically
synthesized in the laboratory of the late Professor S. David [cited in (340)]. GSC-915
is a nonasaccharide synthesized in Kiso Laboratory of Gifu University, Japan
(unpublished). Four other oligosaccharides GSC-915-2 to -5 were generated by
sequential glycosidase treatment (Section 2.10). A T disaccharide (GalB-3GalNAc)-

containing glyco-amino acid GalB-3GalNAca-Ser was also purchased from Dextra.

Table 2.8 Oligosaccharides and a glycoamino acid used in the thesis

Designation Sequences Source Cat. No. Structural
features
GalB-4GIcNAcB-3Gal
H-tetra-T2 | Elicityl GLY032-2 H type 2
Fuca-2
GalB-3GIcNACB-3Galp-4GIc .
LNFP-| | Gl'_y‘fsc'tence N/A H type 1
Fuca-2 aboratory
GalB-4GIcNAcB-3GalB-4Glc
LnNFPI | Elicityl GLY033-2 H type 2
Fuca-2
GalNAca-3GalB-4GIcNAcB-3Gal .
A-penta-T2 Elicityl GLY036-2 A type 2
Fuca-2
GalNAca-3GalB-3GIcNACB-3GalB-4GIc o
A-Hexa-T1 Elicityl GLY037-1 A type 1
Fuca-2
GalNAca-3GalB-4GIcNAcB-3GalB-4Glc .
A-Hexa-T2 Elicityl GLY037-2 A type 2
Fuca-2

81




Gala-3GalB-4GIcNAcBR-3Gal

B-penta-T2 Elicityl GLY039-2 B type 2
Fuca-2
Gala-3GalB-3GIcNAcB-3GalB-4Glc .
B-Hexa-T1 Elicityl GLY040-1 B type 1
Fuca-2
Gala-3GalB-4GIcNAcB-3GalB-4Glc .
B-Hexa-T2 Elicityl GLY040-2 B type 2
Fuca-2
Galp-4GIcNACB-3Gal o
Le*tetra Elicityl GLY050 Le
Fuca-3
Galp-4GIcNACB-3Gal o
Le’-penta Elicityl GLY052 Le¥
Fuca-2 Fuca-3
Galp-4GIcNACB-6
GalB-4Glc
MFLNH-I Dextra L735 H type 1
GalB-3GIcNAcB-3
Fuca-2
GalB-4GIcNAcB-6
MSDFLNnH Fuca-2 Fuca-3 Galp-4Glc Dextra SLN907 Le’
NeuAca-6GalB-4GIcNAcB-3
Galp-3GIcNACB-3GalB-4GICNACR-6
: Fuca-2 Fuca-3 GalB-4Glc
T1Fg'N203 | Dextra L1001 H type 1
(1-2,-2,-3) Galp-3GIcNACB-3
Fuca-2
GalB-3GIcNAcB-3GalB-4GIcNAcB-6
Fuca-3 GalB-4Glc
DFIiLNO Dextra N/A H type 1
Galp-3GIcNACB-3
Fuca-2
Orsay-1 GalB-4GIcNAcB-6Gal Serge David N/A Type 2
backbone
Orsay-2 GalB-4GIcNAcB-3Gal Serge David N/A Type 2
backbone
. . ; Type 1
Orsay-3 GalB-3GIcNAcB-6Gal Serge David N/A backbone
. . ; Type 1
Orsay-4 GalB-3GIcNAcB-3Gal Serge David N/A backbone
GIcNAcB-6
- : Type 1
Orsay-5 Gal Serge David N/A backbone
Galp-3GIcNACB-3
GaIB-4GIcNAc[3-6|
. Type 1
Orsay-6 Gal Serge David N/A backbone

GalB-4GIcNAcB-3
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Galp-4GIcNACB-6
. Type 2 & 1
Orsay-7 Gal Serge David N/A backbone
GalB-3GIcNAcB-3
GalB-4GIcNAcB-6
GSC-915 Fuca-2 GalB-4GIcNAcB-3GalB-4Glc Kiso 010514 H type 2
GalB-4GIcNACB-3
GalB-4GIcNAcB-6
Enzymatic
GSC-915-2 Fuca-2 GalB-4GIcNAcB-3GalB-4Glc treatment N/A H type 2
GIcNACcB-3
GalB-4GIcNAcB-6GalB-4GIcNAcB-3GalB-4Glc :
GSC-915-3 | Enzymatic N/A H type 2
Fuca-2 treatment
GSC-915-4 GalB-4GIcNACB-6GalB-4GIcNACR-3Galp-4Glc Enzymatic N/A Type 2
treatment backbone
GSC-915-5 GIcNACB-6GalB-4GIcNACB-3Galp-4Glc Enzymatic N/A N/A
treatment
B B ) B ) Glycoscience Type 1
pLNH GalB-3GIcNAcB-3GalB-4GIcNAcB-3GalB-4Glc Laboratory N/A backbone
pLNnH GalB-4GIcNACB-3GalB-4GIcNACB-3GalB-4Glc Glycoscience N/A Type 2
Laboratory backbone
T-Ser GalB-3GalNAca-Ser Dextra GS203 T antigen

2.2.5 Glycolipids

A glycolipid extract of prostate cancer cell line PC3 was prepared as described (341)
and provided by our collaborator Dr. Hongtao Zhang in Professor Mark Greene’s lab
of University of Pennsylvania. Other glycolipids and their structural features are
shown in Table 2.9. Four human red cell-derived blood group H and A-active
glycolipids were from archival collections of Professor Michiko Fukuda of Sanford-
Burnham Medical Research Institute. They were further purified by semi-preparative
HPTLC as described in Section 2.7. The branched blood group A-active glycolipid Ad
was de-fucosylated by a1,2-fucosidase as described in Section 2.10 to remove the
minor H residue to ensure the absence of H-activity. Two branched blood group B-
active glycolipids BIlll and BIV, a B-like decaglycosylceramide and an l-active
octaglycosylceramide were from Dr. Peter Hanfland of University of Bonn. Two
sulphated glycolipids, SM1a and SB1a, were chemically synthesized in Professor
Makoto Kiso Lab in Gifu University.
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Table 2.9 Glycosylceramides used in this thesis

Designa- Sequences Source Ref | Structural
tion features
GalB-4GIcNAcB-3GalB-4GIcNAcB-3GalB-4Glc-Cer Michiko
Ho* | (342) H type 2
Fuca-2 Fukuda
GalB-4GIcNAcB-6
| |
Fuca-2 GalB-4GIcNAcB-3GalB-4Glc-Cer Lo
. Michiko
Hs . | Fukuda | (342) H type 2
alB-4GIcNAcB-3
|
Fuca-2
GalNAca-3GalB-4GIcNACB-3GalR-4GIcNACR-3GalB-4Glc-Cer Michiko
Ab* | (343) A type 2
Fuca-2 Fukuda
GalNAca-3GalB-4GIcNAcB-6
| |
Fuca-2 Galp-4GIcNACB-3GalB-4Glc-Cer .
Michiko
Ad* | (343) A type 2
GalNAca-3GalB-4GIcNACB-3GalB-4GIcNACE-3 Fukuda
|
Fuca-2
Gala-3GalB-4GIcNAcB-6
| |
B-Ill Fuca-2 GlaIB-4GIcNAcB-3GaIB-4Glc-Cer Peter (344) B type 2
dodeca Gala-3GalB-4GIcNAGB-3 Hanfland
|
Fuca-2
Gala-3GalB-4GIcNAcB-6
| |
B-IV Fuca-2 (|3aIB-4G|cNAcB-SGaIB-4Glc-Cer Peter (344) B type 2
tetradeca | 15 3GalB-4GIcNACE-3GalB-4GIGNACB-3 Hanfland
|
Fuca-2
. Gala-3GalB-4GIcNAcB-6
B-like | Peter )
decaglycos GalB-4GIcNAcB-3GalB-4Glc-Cer (345) B-like
. Hanfland
ylceramide |
Gala-3GalB-4GIcNAcB-3
Galp-4GIcNACB-6
|-active |
) ) AT Peter (346, Type 2
octaglyc_os GalB-4GIcNAcB-3GalB-4Glc-Cer Hanfland 347) backbone
ylceramide |
Galp-4GIcNACB-3
Gal-3GalNACB-4Galp-4Glc-Cer Su"O?ate/
SM1a Kiso (348) di harid
SU-3 isacchari
e
GalB-3GalNAcB-4GalB-4Glc-Cer
SB1a Kiso (349) | disulphate

SuU-3 SuU-3

*A minor component with an additional fucose residue was detected in Hz, Ab and Ad preparations and a minor

component lacking one fucose residue was detected in Hz, by MALDI-MS analysis.
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2.3 Release of O-glycans in reduced form from mucins

For typical experiments of reductive and non-reductive O-glycan release, 800-1,000
mg and 20-250 mg (dry weight) of mucin were referred to as large-scale and small-

scale hydrolysis, respectively.

Reductive release was performed using the alkaline borohydride degradation method
established by Carlson (350,351). Powder of lyophilised mucin was taken up in 0.05
M NaOH-1 M NalQO4 at a final concentration of 25 mg/ml and heated at 45 °C for 16 h.
After the reaction, AcOH/H,O (1:1) was added to destroy borohydride and the
mixture was then passed through a column of AG50W-X8 (H form, Bio-Rad) which
was pre-equilibrated with H,O. The boric acid generated was removed by repeated
co-evaporation with methanol under N, stream, followed by lyophilisation. The
products of PSM were reconstituted in H,O for further analysis and fractionation. The
products of crude ovarian cystadenoma materials (such as Cyst 756) were taken up
with 0.05 M NH4OAc and were further purified by size fractionation. The products
were applied to a Bio-Gel P6 column (1.6 x 30 cm, Bio-Rad) equilibrated by 0.05 M
NH4OAc. Elution was with the same buffer so as to separate the oligosaccharide-
enriched fraction in the included volume from residual glycoproteins or large
glycopeptides eluted at void volume and salts eluted in the total volume. The
oligosaccharide-enriched fraction was pooled, lyophilised, and reconstituted in 0.05
M NH4OAc for further analysis.
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2.4 Release of O-glycans in reducing form from mucins

Two non-reductive methods were applied in this study to release the

oligosaccharides in reducing form.

Hydrazinolysis was performed by our collaborator Radoslaw Kozak at Ludger (Oxford)
to release O-glycans from PSM as described (352). In brief, 50 mg (dry weight) PSM
were dissolved in 10 ml of H,O and divided into 1 ml aliquots. To each aliquot 1 ml
hydrazine was added. Incubation was at 60 °C for 6 h. The products were re-N-
acetylated and desalted by passing over LudgerClean CEX cartridges (cation
exchange cartridge). One percent of the released products was labelled with 2-
aminobenzamide (2-AB) using a Ludger 2-AB Glycan Labelling Kit as described (352)
and analysed by HPLC and MALDI-MS. The rest were lyophilised and sent to us for

further analysis.

Ethylamine was used to release the oligosaccharides in reducing form from ovarian
cystadenoma material as described previously (308). Typically, ovarian Cyst 756
(250 mg, dry weight) was dissolved in 10 ml 70% (w/v) aqueous ethylamine and kept
in the dark at either 22°C for 48 h or at 65°C for 6 h. These two conditions are
referred to as E22 and E65, respectively. The bulk of ethylamine was evaporated
under a stream of Ny at 20°C and 60°C for the two reaction conditions, respectively,
and the viscous yellow syrup was diluted with a small volume of H,O before
acidification to pH 4-5 by addition of AcOH/H,0 (1:1, v/v). The mixture was left at 4°C
overnight and then passed through a cation-exchange column (AG50W-X8, H* form,
10 ml gel) equilibrated with H,O. The column was washed with three bed-volumes of
H,O. The combined fall-through and washes were further purified using Bio-Gel P6
as described in Section 2.3, and the oligosaccharide-enriched fraction was freeze-

dried and reconstituted in 0.05 M NH4OAc for further analysis and fractionation.
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2.5 Fractionation and purification of the oligosaccharides

from reaction mixtures

2.5.1 Fractionation of O-glycans by charge

Two anion-exchange methods were used to fractionate the oligosaccharide mixtures

released from PSM or ovarian cyst material.

For the reducing oligosaccharides released from PSM by hydrazinolosis and the
reduced oligosaccharide alditols released from Cyst 756 by Carlson degradation,
fractionation was performed with a column of DEAE-Sephadex A25 (OH form, GE).
The oligosaccharide-enriched fraction was applied onto the column prewashed with 2
M NacCl, 500 mM NH4OAc buffer (pH 5.0) and 10 mM NH4OAc buffer (pH 5.0). The
column was washed stepwise with 10 mM. 100 mM, 300 mM, and 500 mM NH;,OAc
buffer (pH 5.0). After removal of the NH4OAc by repeated co-evaporation with H,O by
lyophilisation, the fractions were ready for analysis or size fractionation. For the
fractions of reducing O-glycans of PSM released by hydrazinolysis, further
purification was performed. Each fraction was passed through a C18 Sep-Pak
cartridge (Waters) and applied to a graphitised carbon SPE cartridge (Grace Davison
Discovery Sciences) equilibrated with H,O containing 0.1% (v/v) TFA. Elution was by
25% CH3CN containing 0.1% (v/v) TFA. The purified fractions were lyophilised

repeatedly and re-dissolved in H,O for analysis and conjugation.

For the reducing oligosaccharides non-reductively released from Cyst 756 by
ethylamine (E65), charge fractionation was performed using a column of AG1-X8
(acetate form, Bio-Rad). The column was washed with 300 mM pyridine/AcOH and
equilibrated by 2 mM pyridine/AcOH. The reaction products were reconstituted in 2
mM pyridine/AcOH (pH 5.0) and applied on the column. Three fractions were eluted
by 2 mM pyridine/AcOH (pH 5.0), 100 mM pyridine/AcOH (pH 5.0) and 300 mM
Na,SOq, respectively. The former two fractions were repeatedly lyophilised to remove
the pyridine/AcOH. The Na,;SO4 eluent was desalted by Superdex peptide column (1
x 30cm, GE) with 0.05 M NH4OAc as the solvent. All the fractions were lyophilised

and reconstituted in H,O for analysis and conjugation.
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2.5.2 Fractionation of O-glycans by size

The oligosaccharide fractions obtained above and the O-glyan products from Carlson
degradation of PSM were further fractionated by gel filtration chromatography on a
Bio-Gel P4 column (1.6 x 90 cm, Bio-Rad). Samples containing mainly neutral
oligosaccharides were dissolved in H,O and were applied onto the column pre-
equilibrated with H,O. Samples with both neutral and acidic oligosaccharides were
dissolved in 0.05 M NH4OAc and were applied onto the column pre-equilibrated with
0.05 M NH4OAc. Elution was at a flow rate of 15 ml/h with H,O or 0.05 M NH4OAc for
the former or latter situations. Detection was by refractive index detector. The column
was pre-calibrated using dextran and dextran hydrolysate under the same condition.
Fractions were pooled according elution position. For refractionation of a pool of
subfractions in the F77 study, a Bio-Gel P6 column (1.6 x 90 cm, Bio-Rad) was used
and the conditions were the same as those used for Bio-Gel P4. Subfractions were
combined and lyophilised. NH;OAc was removed by repeated co-evaporation with
H2O. The dried fractions were re-dissolved in H,O for further analysis or conjugation

reaction.

2.5.3 Affinity chromatography for enrichment of antigen-positive O-

glycans

Affinity chromatography was carried out using both UEA-I column and F77 antibody

column for the purpose of enriching F77 antigen-positive O-glycan alditols.

The UEA-I absorbent (10 ml, Vector Labs) was packed in a syringe (1.6 x 5 cm) and
prewashed with 10 mM PBS (pH 7.4). An O-glycan fraction, F3, obtained from size
fractionation of the O-glycans released from PSM was dissolved in PBS and applied
on top of the column. This was followed by washing with the same buffer until no
materials appears in the effluent monitored by a refractive index detector. The bound
material was then eluted by 40 ml of 10 mM, 30 mM and 50 mM Fuc in PBS. Fall-

through and eluents were collected and combined according to the elution profile.
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The obtained subfractions were purified by graphitised carbon SPE cartridge as

described in Section 2.5.1 to remove the Fuc and salts.

The F77 affinity column was prepared by conjugating the F77 antibody to NHS-
activated agarose (Thermo) in a spin column by our collaborators in Mark Greene
Laboratory of University of Pennsylvania. An O-glycan fraction, F3, obtained from
size fractionation of the O-glycans released from PSM was dissolved in PBS and
applied onto the F77 affinity column equilibrated with the same buffer. The fall-
through was collected and designated A1F. After a two-hour incubation at room
temperature, the column was centrifuged (1000 x g) and washed with PBS three
times. The washes were combined as A1W. Elution was with 100 mM glycine HCI
(pH 2.5-3) and the eluents were neutralized by 1 M (NH4),CO3 and designated as
A1E. The fraction A1F was then reapplied onto the column. The procedure was
repeated and A2F, A2W and A2E were similarly obtained. All the five fractions were

desalted by graphitised carbon SPE cartridge as mentioned in Section 2.5.1.

All the fractions obtained by affinity chromatographies were lyophilised and dissolved

in H2O for analysis and conjugation.
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2.6 Preparation of NGLs

2.6.1 Lipid conjugation
2.6.1.1 Reducing oligosaccharides

Oligosaccharides listed in Table 2.8 and those O-glycans in reducing form in each
fraction were converted into NGLs by reductive amination (for DH- and AD-NGLSs)
(353) or oxime ligation (for AO-NGLs) (310). Typically, 100 nmol of oligosaccharide
was lyophilised and 80 upl DHPE, ADHP or AOPE solution (10 nmol/pl) in
CHCI3/MeOH, 1:1 (v/v) was added. For DH- and AD-NGL generation, 20 ul freshly
prepared tetrabutylammonium cyanoborohydride (20 ug/ul in MeOH) were added to
the mixture. Incubation of the reaction mixture was at 60 °C for 16 h. For AO-NGL
generation, the solution was directly incubated at 60 ‘C for 16 h. When
oligosaccharides larger than hexasacharides were used in both cases, a small
amount of H,0 (~5%, w/v) was included at the beginning and the incubation time was
prolonged to 72 h. After incubation, the solvent was evaporated and the residue was
reconstituted in CHCIl3/MeOH/H,0 25:25:8 for TLC analysis.

2.6.1.2 Reduced oligosaccharide alditols

Reductively released oligosaccharide alditols were conjugated to ADHP after mild
periodate oxidation (303). Oligosaccharides in each fraction (~100 nmol) were
lyophilised, followed by addition of 70 ul freshly prepared NalO4 (1.25 mg/ml) in
imidazole buffer (40mM, pH 6.5). The mixture was incubated on ice in the dark for 5
min. Butane-2,3-diol (8 ul, 9 mg/ml in MeOH) was added and the mixture was
incubated on ice for a further 40 min. Thereafter 200 pl ADHP solution (10 nmol/ul in
CHCI3/MeOH, 1:1) and 145 pul freshly prepared tetrabutylammonium
cyanoborohydride solution (20 pg/pl in MeOH) was added followed by further
incubation at 60 °C for 16 h. The solvent was evaporated and the mixture was
dissolved in CHCI3/MeOH/H,0 25:25:8 for TLC analysis.
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2.6.1.3 Glycoamino acid

The amino-terminating glyco-amino acid GalB-3GalNAca-Ser (Table 2.8) was
converted to NGL using a novel lipid reagent (designated DHPA) with an aldehyde
functionality linked to DHPE (unpublished) developed by Pengtao Zhang, Chunxia Li
(Ocean University of China, Qingdao) and Wengang Chai (Glycosciences
Laboratory). The details of preparation of the DHPA conjugate will be described

elsewhere.

2.6.2 HPTLC analysis of conjugation products

Aliquots of the reaction mixtures (~1 nmol starting sugar) were analysed by HPTLC
as described (353). The reaction product was applied onto aluminium-backed HPTLC
plates (Merck) and developed in suitable solvents listed in Table 2.1. After
development, the fluorescent NGLs and excess lipids were directly visualized under
long-wave UV light. The non-fluorescent DH- and AO- NGLs were stained with
primulin reagent (Table 2.2) before visualization under long-wave UV light. The same
plate can be sprayed with orcinol reagent (Table 2.2) further and heated at 105 °C for

detection of hexose.
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2.7 Separation and purification of NGLs or glycolipids

For the purpose of removing excess lipid and isolating and purifying antigen-positive

NGLs or glycolipids, silica cartridge, semi-prep HPTLC and HPLC were performed.

For normal-phase chromatography on silica cartridge, the reaction mixture was dried
under N, stream, reconstituted in CHCI3/MeOH/H,0, 130:50:9 and applied onto a
silica Sep-Pak cartridge containing 100 mg or 200 mg sorbents (Waters)
preconditioned by CHCI;. The column was then washed sequentially with
CHCI3/MeOH/H,0, 130:50:9 (x3), 60:35:8 (x3), and 25:25:8 (x3). An aliquot of each
fraction was analysed by HPTLC to monitor the separation as mentioned in Section
2.6.2. According to the mobility profile, washes were pooled into one or several
fractions according to activity and interest and dried under N, stream for further

investigation.

Alternatively, semi-prep HPTLC was performed to remove excess lipid and to purify
the NGLs and glycolipids. The dried samples were reconstituted in CHCIl3/MeOH/H0,
25:25:8 and applied as long straits on HPTLC plates. The plates were then
developed in a suitable solvent (Table 2.1). For fluorescent NGL fractions, after
visualization under UV light, the TLC bands of interest were cut out and the silica
gels were scraped off the plates. The NGLs were extracted from the silica gels with
CHCI3/MeOH/H,0 25:25:8; alternatively a mini-column was packed with the scraped
slilica gels and the NGLs were eluted off by the same solvent. Non-fluorescent NGLs
and glycolipids can also be purified in the same way but they were localized by

primulin staining of the two vertical edges (a few mm) cut from the plate.

Fluorescent NGLs can be fractionated and separated by HPLC (Gilson system) with
a fluorescence detector at Aex 255 nm and Aem 405 nm or a UV detector at Apmax 255
nm as described (304). An APS-2 column (5 pm Hypersil, 4.6 x 250 mm) was used
with a gradient of CHCI3/MeOH/H,0 130:70:9 (solvent A) to 10:20:8 (solvent B) in 60
min at a flow rate of 0.5 ml/min. Fractions were pooled according to the

chromatogram and were dried under N, stream for further investigation.
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The NGL fractions obtained in silica cartridge, semi-prep TLC and HPLC were
desalted by reverse-phase chromatography using C18 cartridge. Samples were
reconstituted in a minimal amount of CHCI3;/MeOH/H,0, 15:70:30 and applied onto a
C18 Sep-Pak cartridge (100 mg or 200 mg sorbents, Waters) prewashed by
CHCI3/MeOH/H0, 15:70:30. After washing with MeOH/H,O, 1:1, the NGLs were
eluted by CHCI3/MeOH/H,0, 60:35:8, dried under N, stream and stored at -20 °C for

further analysis.
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2.8 Quantitation

2.8.1 Quantitation of oligosaccharides

Quantification of hexose in samples was carried out by dot orcinol-sulphuric acid
method on TLC plates, using galactose as standard. Oligosaccharide fractions and
serially diluted standard galactose were dotted on HPTLC plates. After spraying with
orcinol reagent, the colour developed was measured by densitometry on a Shimadzu
CS-9000 flying-spot scanner at 550 nm. Hexose content in samples was determined
against the calibration curve recorded by the standard galactose samples. The molar
quantities of the oligosaccharides in each fraction were estimated based on hexose

content and molecular mass determined by MS analysis.

Quantification of sialic acid was carried out by resorcinol assay, using NeuSAc as
standard. The oligosaccharide fractions and standard Neu5Ac were dotted on
HPTLC plates and sprayed with resorcinol reagent (Table 2.2). The silica surface of
the plates was immediately sealed by clamping with two glass plates and heated at
140 °C for 10 min. Measurement was by densitometer at 580 nm. Content of sialic
acid in samples was determined against the calibration curve recorded by the

standard Neu5Ac samples.

2.8.2 Quantitation of NGLs

NGLs were generally quantified on HPTLC plates. The purified NGLs were dissolved
in CHCI3/MeOH/H,0, 25:25:8 and applied on the HPTLC plate together with DH- or
AD-NGL standards. After development the plate was sequentially immerged in PBS
buffer, primulin solution, and PBS buffer for 10, 20 and 10 min, respectively, and air-
dried. The fluorescence was measured by densitometer in linear reflectance
fluorescence mode with excitation at 370 nm and detection through a filter with cut-
off at 460 nm. The quantities of the NGLs in each fraction were then calculated by
the calibration curve with the standard DH-NGLs. The NGLs were then adjusted to
50-100 pmol/ul as stock solution and stored at -20 °C.

94



2.9 Mass spectrometry of oligosaccharides, glycolipids and
NGLs

MALDI-MS of the oligosaccharides and the derived NGLs was carried out on a TOF
Spec-2E (Waters) or an AXIMA Assurance instrument (Shimadzu). Negative-ion
MALDI-MS/MS was performed on an AXIMA Resonance instrument (Shimadzu). The
oligosaccharides were dissolved in H,O and the NGLs in CHCI3/MeOH/H,0, 25:25:8.
The sample was deposited on the sample target together with ~1 ul of matrix of
2,4’ 6’-trinydroxyacetophenon. Laser energy was set at 20% (coarse) and 60% (fine)
for TOF Spec-2E and at attenuation scale 80 for the AXIMA Assurance. For MS/MS,
a collision gas Ar (2 bar) and collision energy set at 80-140 depending on specific

samples were used for oligosaccharides and NGLs.

ES-MS and ES-CID-MS/MS of oligosaccharides were carried out on a Synapt G2-S
instrument (Waters). Cone voltage was at 80 eV for the oligosaccharides while
capillary voltage was maintained at 2.7 kV for conventional scale electrospray. The
source temperature was at 120 °C and the desolvation temperature at 150 °C.
Product-ion spectra were obtained using argon as the collision gas at a pressure of
1.7 bar. The collision energy was adjusted between 12 and 20 eV for optimal
fragmentation of reducing oligosaccharides. A scan rate of 1.0 s/scan was used for
both ES-MS and MS/MS experiments and the acquired spectra were summed for
presentation. For analysis, oligosaccharides were dissolved in H,O at a concentration
of 10—20 pmol/pl, of which 1 ul was injected via HPLC injector. Solvent (ACN/H,0 1:1)
was delivered by a HPLC pump (Waters) at a flow rate of 10 pl/min.
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2.10 Glycosidase treatment of oligosaccharides and NGLs

The synthetic nanosaccharide GSC-915 was treated sequentially with
exoglycosidases, B1,4-galactosidase, [(-N-acetylglucosaminidase, a1,2-fucosidase
and B1,4-galactosidase to prepare a series of oligosaccharides GSC-915-2 to GSC-
915-5 as shown in Table 2.8. The conditions were indicated in Table 2.6.
Oligosaccharide substrates were lyophilised before reaction and dissolved in the
reaction buffer to make 1 nmol/ul solution. The enzymes (3-20 U/nmol sugar) were
added in the solution and incubated at 37 °C for 48 h. Thereafter, the reaction
mixtures in each step were separated by HPLC on a Click-Mal column (5 pm,
4.6x150 mm) with a solvent system of A (ACN/H,0, 80/20) and B (ACN/H,0, 20/80).
The gradient was from 20 to 45% B in 30 min at a flow rate of 1 ml/min and detection
was by UV at 196 nm. The products were analysed by MALDI-MS, reconstituted in
H>O, quantified by dot-orcinol before converting to NGLSs.

The NGLs and glycolipids were also treated with a1,2-fucosidase to remove minor
component or to verify the carbohydrate sequences. Typically, 2 nmol of the NGL or
glycolipids were taken up with 70 pl 50 mM sodium citrate buffer (pH 6.0), containing
100 mM NaCl, 1 pg/ml BSA and 0.5 mg/ml sodium cholate. The reaction mixture was
sonicated briefly before addition of 200 U of a1-2 fucosidase, followed by incubation
at 37 °C for 48 h. A standard LnNFPI AD-NGL was treated and analysed in parallel.
The reaction process was monitored by MALDI-MS. After the reaction, the products
were purified on a Sep-Pak C18 cartridge, reconstituted in CHCI3/MeOH/H,0,
25:25:8 and stored at -20 °C for further analysis.
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2.11 Assays of antigen activities of glycoproteins,

glycolipids, NGLs and oligosaccharides

Binding of mAb F77 was found to be temperature-dependent. Thus temperature of
the binding experiments involving F77 was specified in the Chapter 3. Unless
otherwise specified, the binding and inhibition experiments described below were
performed at ambient temperature. The buffers and solutions used in the binding
assays are listed in Table 2.3. The antibodies and lectins are listed in Table 2.4 and

Table 2.5, respectively.
2.11.1 Chromatogram-binding and dot-blot assays

Mixtures of NGLs (~1 nmol of starting oligosaccharides) derived from
oligosaccharides released from mucins, together with NGL standards (50-150 pmol)
were applied onto a HPTLC plate. The plate was then developed in a suitable solvent
(Table 2.1) and air-dried. The fluorescent AD-NGLs were visualized directly under UV
light. If glycolipids or non-fluorescent DH- and AO-NGLs were included in the
analysis, a duplicate plate was prepared for visualization by UV light after primulin
staining of lipids. Thereafter, the plate was cut to a desired size (e.g. 3 x 3 cm) and
immerged in plexigum solution for 1 min and air-dried. The plate was then soaked in
3% BSA or casein blocking solution for 1 h followed by overlay with antibodies or
biotinylated lectins for 2 h. For antibody binding, appropriate, biotinylated secondary
antibodies (typically at 3 pg/ml) were used. The incubation time was 1 h. This was
followed by incubation of streptavidin-peroxidase at 5 pg/ml. Plates for probing with
biotinylated lectins were overlaid with streptavidin-peroxidase directly after the lectin
binding. The binding signals were detected by 3,3’-diaminobenzidine (DAB) liquid
substrate system.

For dot-blot assays, dilutions of glycoproteins (1 pl) were spotted directly onto a
nitrocellulose membrane using an Eppendorf pipette. Purified glycolipids or NGLs
(50-150 pmol) were applied as a mini-band using a Linomat IV TLC applicator
(CAMAG). The nitrocellulose sheet was blocked with 3% BSA and the remaining

procedures for detection binding were similar to these mentioned above.
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2.11.2 Microwell-binding and inhibition assays

PC3 cells were grown in 96-well microplates (Nunc MaxiSorp, Thermo Fisher
Scientific). Thereafter the cells were fixed with 4% (w/v) paraformaldehyde in PBS
and treated with MeOH containing 0.3% H2O, overnight at 4 °C. Alternatively, the
microwell plates were coated with PSM solution (0.5 pg/well) in PBS buffer by
incubating overnight at 4 °C. After removal of the coating solutions, 3% BSA was
added to each well and incubated for 1 h. This was followed by the addition of serial
dilutions of mAb F77 or biotinylated lectins and further incubation for 2 h. To the wells
with mAb F77, anti-mouse IgG (Fc specific) (1:2000) was added, followed by
streptavidin-peroxidase polymer (2 pg/ml). To the wells with biotinylated lectins,
streptavidin-peroxidase polymer was added directly. Colour development was using
FAST OPD substrate (200 ul/well) and absorbance was read at 492 nm by plate

reader.

Inhibition of F77 binding was performed similarly. PC3 cells or PSM were in the
microwells as described above. The F77 antibody at the indicated dilution was pre-
incubated with serially diluted oligosaccharides and the mixtures were added to each
well after blocking with 3% BSA. The remaining procedures were the same as in the
binding assays mentioned above. The results were expressed as percentage
inhibition according to:

[ODwithout inhibitor) = ODwith inhibitor) / ODwithout inhibitor) ] X 100

2.11.3 Microarray analysis

Four microarrays were used in this thesis. Three of them were prepared previously. A
microarray of 492 sequence-defined oligosaccharide probes (319), designated
Glycosciences Array Set 32-39 (Appendix S1) was used for screening analysis of
mAbs F77 and AE3. The probes included were from the collection assembled in the
course of research in Glycosciences Laboratory. These include a variety of
mammalian type sequences, representative of N-glycans (high-mannose-type and

neutral and sialylated complex-type), peripheral regions of O-glycans; blood group
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antigen-related sequences (A, B, H, Le?, Le®, Le* and Le') on linear or branched
backbones and their sialylated and/or sulphated analogues; linear and branched
poly-N-acetyllactosamine sequences; gangliosides, oligosaccharide fragments of
GAGs and polysialic acid. They also include microbial and plant-derived homo-
oligomers of glucose and of other monosaccharides. Two glycoprotein microarrays
designated Mucin Array Set 1 and Mucin Array Set 2, (Table 3.1 and Table 4.2,
respectively) were used for screening of mAb F77 and AE3 for binding. All the
glycoproteins included are listed in Table 2.7 and the details of treatment are in
Section 2.2.3. These glycoproteins were arrayed in duplicate at 30 and 150 pg per
spot on nitrocellulose-coated glass slides (Grace Bio-Labs) using a noncontact
robotic Piezorray arrayer (PerkinElmer LAS). Cy3 was included in each probe for
spot localization and monitoring the arrayed spots. A new microarray (designated
F77/li focused array) containing 54 lipid-linked oligosaccharide probes (Table 3.7)
was generated during the studies of the F77 antigen. The probes were arrayed as
described previously (354) at 2 and 5 fmol per spot in duplicate, with Cy3 included for

localization and monitoring of arrayed spots.

Microarray analyses were performed essentially as described (354). The arrayed
slides were placed in a 16 pad silicon gasket and inserted into a FAST frame. To
each pad of the slide, 3% BSA or casein was added and blocking was for 1 h.
Thereafter the blocking reagents were removed and each pad was overlaid with
antibodies of interest for 2 h. Antibody binding was detected using biotinylated
secondary antibodies (typically at 3 pg/ml) followed by an Alexa Fluor-647-labelled
streptavidin (Molecular Probes, 1 ug/ml). Binding by plant lectins was detected
directly by Alexa Fluor-647-labelled streptavidin. The slides were thereafter scanned
at 633 nm using a ProScanArray scanner (PerkinElmer LAS). Signals quantified with
the scanner software. Microarray data were stored, analysed and presented using
dedicated glycan array software developed by Mark Stoll of the Glycosciences
Laboratory (325). Binding signals were related to dose of probe spotted; results
presented are at 150 pg per spot for glycoproteins and 5 fmol per spot for lipid-linked

probes.
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Chapter 3

CHARACTERIZATION OF THE PROSTATE
CANCER-ASSOCIATED CARBOHYDRATE
ANTIGEN F77
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3.1 Introduction

Prostate cancer is the second most common cancer and the fifth leading cause of
death from cancer in males worldwide. It is estimated that 1.1 million men were
diagnosed with prostate cancer and more than 0.3 million died of prostate cancer in
2012 (355). In the UK, it is the most common cancer in men in 2011, accounting for
25% cases of cancer in males (356). Prostate cancer incidence has increased in the
UK and worldwide (355,356). This is partially due to the introduction and increasing
usage of prostate-specific antigen (PSA) test. The crude 5-year survival rate of
prostate cancer is 84.1%, but the 5-year survival rate for metastatic prostate cancer
is only around 30% (356,357).

As an existing serum biomarker, PSA has made great contributions to prostate
cancer diagnosis and significantly reduced prostate cancer mortality because of
better diagnosis (358). However, it has been found that the PSA test may give false-
positive and false-negative results. On the one hand, serum PSA level is elevated in
some benign diseases such as prostatic hyperplasia and subclinical prostatic
inflammation (359). On the other hand, although PSA level of 4 ng/ml or less is
considered normal, many ‘normal’ cases can still be determined as prostate cancer
by biopsy detection (360). Reliable biomarkers for prostate cancer are therefore

urgently needed for both diagnostic and prognostic purposes.

Originally generated in 1984, mAb F77 (IgG3) was raised against the human prostate
cancer cell line PC3 in the laboratory of Mark Greene (361). Recently the F77
antigen was considered as a potential biomarker for human prostate cancer (341). It
was detected on both androgen-independent (PC3-MM2, PC3 and Du145) and
androgen-dependent (LNCap) human prostate cancer cell lines, with little or no
detection on non-prostatic cell lines from lung, kidney or skin. The mAb F77 was
found to label 112 of 116 primary and 29 of 34 metastatic cancer specimens but with
only limited focal staining in benign prostate tissues. Minimal staining to a small
fraction of small blood vessels in human brain was observed. No specific staining

was detected on normal or tumour tissues of human colon, kidney, cervix, pancreas,
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lung and skin (341). Thus it was concluded that the F77 antigen is highly restricted to

the prostate and overexpressed in prostate cancer.

In a nontumourigenic human prostate epithelial cell line RWPE-1, F77 antigen
expression was associated with a small malignant subpopulation which led to
tumours after being transplanted in nude mice. Transfection of the oncogene K-ras to
RWPE-1 cells resulted in a more tumourigenic cell line RWPE-2, which had a higher

F77 antigen level, grew faster and displayed enhanced colony-forming activity.

In vitro studies showed that mAb F77 could directly promote PC3 cell death by
apoptosis/necrosis process and it also mediated complement-dependent and
antibody-dependent cell death of PC3 and Du145 cells. In vivo, treatment of mice
bearing established prostate cancer xenografts with mAb F77 significantly inhibited
the tumour growth, with no activity against an F77-negative xenograft. Altogether,
these findings suggest that the F77 antigen is a novel, biologically important,

clinically relevant prostate cancer-associated molecule.

Efforts have been made to identify the nature of the antigenic determinant of mAb
F77. Immuno-precipitation of PC3 cell extracts with mAb F77 followed by gradient
SDS/ polyacrylamide gel electrophoresis (4-16%) revealed a significant band with
MW <5 KD, which was not stained by Coomassie blue but only by carbohydrate
staining (Figure 3.1A). A dose-dependent decrease of F77 antigen expression was
observed on surface of PC3 and Du145 cells after treatment with the glycolipid
synthase inhibitor 1-phenyl-2-palmitoylamino-3-morpholino-1-propanol, but not with
the protein N- and O-glycosylation inhibitors, tunicamycin and benzyl-a-GalNAc,
respectively (Figure 3.1B). Indeed, the lipid extracts of PC3 and Du145 cells were
bound by mAb F77, whereas lipid extracts from A431 and HEK293 cells lacked the
activity (Figure 3.1C). Taken together, these data indicated that glycolipids were the
main carriers of F77 antigen in PC3 cells, but the carbohydrate structure was not

determined.

This chapter is concerned with the characterization of the carbohydrate structure of

the F77 antigen using a multifaceted approach.
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Figure 3.1 F77 binds to a glycolipid antigen. (A) F77 Immunoprecipitation. Lane 1: PC3 + F77. Lane 2: A431 +
F77. Lane 3: PC3 + control IgG. Samples were separated by Tris SDS-PAGE (4-16%). Gel was first stained with
Pro-Q Emerald 300 carbohydrate staining (left panel), and then stained with Coomassie blue (right panel). H and
L indicate the position of heavy and light chains of mAb F77. (B) PPMP treatment. Anti-CD147 mAb 3B3 was
used as a control. (C) Specific binding of mAb F77 to glycolipids extracted from PC3 and DU 145 but not from
A431 or 293T cells. Glycolipids extracted by chloroform/methanol/water (5.4/10.8/6.5, v/v/v) were examined in
ELISA assay with F77 antibody or a control antibody at 1 pg/ml. Taken from Zhang et al reference (341).
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3.2 Microarray screening analysis of mAb F77 with

sequence-defined oligosaccharide probes

Here in the Glycosciences Laboratory, my colleague Dr. Yan Liu explored the
carbohydrate sequence of the F77 antigen in microarray screening analysis of mAb
F77 using an existing array of 492 sequence-defined oligosaccharide probes
(Glycosciences Array Set 32-39, Appendix S1). Only two branched, poly-N-
acetyllactosamine-based, blood group B-related glycolipids Bl
(dodecaglycosylceramide, probe 226) and BIV (tetradecaglycosylceramide, probe
227) were revealed, in a strikingly selective manner (Figure 3.2). These two probes
were also strongly bound by anti-blood group B, which proved their identity. In
contrast, the unbranched blood group B-related hexaglycosylceramide (probe 147),
although bound by anti-blood group B, gave no detectable binding signal with mAb
F77, nor were binding signals detected with the branched B-like analogues lacking
a1,2-fucose (probe 209) and the polyLacNAc based I-octaosylceramide (probe 205)
lacking both a1,2-fucose and a1,3-galactose. Though at that stage the possibility
could not be excluded that a minor component exists in these two glycolipids which
was bound very strongly by mAb F77, the microarray results suggested the a1,2-
fucose present on the 6-branch is involved in the recognition of the antibody. As the
branched blood group H and A analogues were not readily available for inclusion in
the existing microarray, it was not possible to assign the epitope to a particular

domain on the Blll and BIV glycolipids.
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Figure 3.2 Microarray analyses of mAbs F77 and anti-B (89-F) with lipid-linked sequence-defined
oligosaccharide probes. The results are the means of fluorescence intensities of duplicate spots, printed at 5
fmol with error bars representing half of the difference between the two values. These 492 lipid linked probes
(Glycosciences Laboratory Array Set 32-39) are arranged according to their backbone sequences as annotated in
the coloured panels below the figure. The binding intensities are listed together with the probe sequences in
Appendix S1.
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3.3 Initial mAb F77 binding studies with a glycolipid extract
from PC3 cells

Initially, | analysed the antigenic activity of a glycolipid extract from PC3 cells (5%108).
An aliquot of the extract was desalted using C18 cartridge, resolved by HPTLC and
stained with primulin to detect the lipid moieties. Numerous primulin stained
components were revealed (Figure 3.3). However, when mAb F77 was overlaid onto
the PC3 glycolipid extract, only multiple minor components were detected and they
did not correspond to the migration positions of any clearly primulin-stained

components.

These results suggest that the F77 antigen is strongly expressed on a series of
glycolipids that are extremely minor cellular components. As glycolipids from PC3 cell
extracts are limited in amount and not readily amenable to detailed characterization,
these were not investigated further. Rather, | searched for abundant sources of F77

antigen.

Primulin F77 anti-mlgG

O .

Figure 3.3 Binding of mAb F77 to PC3 glycolipid extract resolved by HPTLC. The PC3 glycolipid extract was
chromatographed on a silica gel HPTLC plate using the solvent CHCl3/MeOH/0.5M sodium acetate, 25:25:8 (v/v)
and visualized with lipid stain primulin (left panel). Duplicate lanes were overlaid with mAb F77 (middle panel) or
with the secondary antibody alone (right panel). Binding was visualized by colour development using the
streptavidin-peroxidase followed by DAB liquid substrate system. O indicates the origin.
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3.4 O-glycome designer array to detect and characterize
the F77 antigen

3.4.1 Identification of porcine stomach mucin (PSM) as a F77

antigen-positive glycoprotein

Given that O-glycans and glycolipids have glycan sequences in common, | performed
an exploratory microarray analysis of mAb F77 (Section 2.11.3) using an array of 30
preparations of mucin type glycoproteins (Mucin array Set 1, Table 3.1) in order to
identify abundantly available F77 antigen-positive sources from which to isolate the
antigen. Among the 30 mucin type glycoprotein preparations, blood group A, B or H
antigen activities were detected by microarray analysis using anti-A, anti-B antibodies

and the plant lectin UEA-I, respectively (Figure 3.4).

The strongest F77 binding activity was with PSM (glycoprotein 29). Little or no
binding of mAb F77 was detected to the other human glycoproteins included in the
array. As predicted from the classical work with PSM (362), strong binding signals
were elicited with PSM using anti-A and UEA-I, corresponding to blood group A and
H antigen activities, respectively. Blood group B activity was not detected on PSM.
Four strongly B-active glycoproteins (glycoproteins 18, 22, 23 and 27) were only very
weakly bound by mAb F77, indicating that the blood group B trisaccharide
determinant per se is not an essential part of the F77 antigen. Two glycoproteins (10
and 21), which were strongly A-active and relatively weakly H-active compared with
PSM, gave no binding signals with mAb F77. Collectively, these results suggested
that mAb F77 bound to a blood group H-related structural motif present on PSM.
Therefore, PSM was selected for further investigation by the glycome designer array

approach.
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Table 3.1 Mucin-type epithelial glycoproteins arrayed in Mucin array Set 1.
Donor red cell

Position Designation bl Secretor status
ood-group
Enriched cystadenoma glycoproteins
1 Cys 350 (Trp)* A1 Non-secretor
2 Cys 444 (Trp) Unknown Non-secretor
3 Cys 444 (Pro) Unknown Non-secretor
4 Cys 446 (Pro) B Non-secretor
5 Cys 461 (Trp) Unknown Non-secretor
6 Cys 461 (Pro) Unknown Non-secretor
7 Cys 654 (Pro) B Non-secretor
8 Cys 705 (Pro) Unknown Non-secretor
9 Cys 717 (Pro) A1 Non-secretor
10 Cys 733 (Pro) A1 Secretor
11 Cys 745 (Pro) A Non-secretor
12 Cys 754 (Pro) Unknown Non-secretor
13 Cys 756 (Trp) A Non-secretor
14 Cys 756 (Pro) A Non-secretor
15 Cys 762 (Trp) (0] Non-secretor
16 Cys 762 (Pro) (0] Non-secretor
17 Cys 765 (Pro) (0] Non-secretor
Meconia
18 Meconium B (Pro) B Unknown
19 Meconium Mo (Pro) Unknown Unknown
20 Meconium Wo (Pro) Unknown Unknown
21 Meconium He (Pro) Unknown Unknown
22 Meconium Pa (Pro) Unknown Unknown
Purified cystadenoma glycoproteins
23 B substance (Pro) B Secretor
24 Og 10% 2x (Pep) Unknown Non-secretor
25 Og 10% from 20% (Pep) Unknown Non-secretor
26 N1 20% (Pep) Unknown Non-secretor
27 Tij 10% 2x (Pep) B Secretor
Other glycoproteins
28 HCA Unknown Unknown
29 Porcine gastric mucin A+H (Sigma)
30 Bovine submaxillary mucin Unknown (Sigma)

Details for the enrichment procedures for the mucin preparations 1-27 from the lyophilised powders and of sample
28 are given in Section 2.2.3. Samples 29 to 30 were commercial samples.
*Trp, Pro and Pep refer to proteases, pronase, trypsin or pepsin, used in the process of solubilizing the mucins.
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Figure 3.4 Microarray analyses of mAbs F77, anti-B (89-F), anti-A (T36), and UEA-I lectin with mucin type
glycoproteins. The descriptions of the glycoproteins are in Table 3.1. Results are the means of fluorescence

intensities of duplicate spots printed at 150 pg glycoprotein per spot. The error bars represent half of the
difference between the two values.

3.4.2 Detection of F77 antigen activity among non-reductively

released O-glycans from PSM

In order to investigate the F77 antigen sequence expressed on PSM, | performed
antigenic analysis with the reducing O-glycans released from PSM. With the help of
our collaborators at Ludger (Oxford), PSM (50 mg) was subjected to non-reductive O-

glycan release by hydrazinolosis (Section 2.4).
With the products obtained from hydrazinolosis of PSM, | first performed anion-

exchange chromatography to separate the neutral oligosaccharides from the acidic
as described in Section 2.5.1. As the results of microarray screening analysis with
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sequence-defined glycans suggested that the F77 antigen is expressed on neutral

oligosaccharides, the neutral fraction was investigated further.

Fluorescent AD-NGLs were prepared with the neutral reducing O-glycans using
ADHP as the lipid reagent (Section 2.6.1.1). After removal of excess lipid, the NGLs
were analysed by MALDI-MS (Table 3.2). The monosaccharide compositions (in
terms of dHex, Hex and HexNAc) of the major components were deduced based on
their molecular ions. The results indicated that there are in total 25 glycan species
corresponding to O-glycans ranging from di- to nona-saccharide. Three of these
glycans (labelled P) in Table 3.2 are most likely products of alkaline catalysed

degradation (peeling).

Table 3.2 MALDI-MS of the NGLs of O-glycans non-reductively released from PSM. Monosaccharide
compositions of were deduced from MALDI-MS analysis. P refers to possible peeled O-glycan.

[M-HJ Monosaccharide Compositions

1219 dHex1.Hex1”
1276 Hex1.HexNAc1
1318 HexNAc2
1479 Hex1.HexNAc2
1422 dHex1.Hex1.HexNAc1
1439 Hex2.HexNAc1”
1585 dHex1.Hex2.HexNAc1
1627 dHex1.Hex1.HexNAc2
1642 Hex2.HexNAc2
1682 Hex1.HexNAc3
1723 HexNAc4?
1787 dHex1.Hex2.HexNAc2
1828 dHex1.Hex1.HexNAc3
1845 Hex2.HexNAc3
1950 dHex1.Hex3.HexNAc2
1991 dHex1.Hex2.HexNAc3
2007 Hex3.HexNAc3
2048 Hex2.HexNAc4
2096 dHex2.Hex3.HexNAc2
2153 dHex1.Hex3.HexNAc3
2194 dHex1.Hex2.HexNAc4
2221 Hex3.HexNAc4

2299 dHex2.Hex3.HexNAc3
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2356 dHex1.Hex3.HexNAc4

2502 dHex2.Hex3.HexNAc4
Abbreviations: dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine

F77 antigenic analysis was carried out on HPTLC with mAb F77 using 1 nmol of the
starting O-glycans. Although multiple fluorescent NGL bands were resolved on the
plate and revealed by UV light (Figure 3.5A), no antigen-positive band was detected
(not shown). The total NGL products were thereafter fractionated into four
subfractions a-d (Figure 3.5A) by preparative HPTLC so that larger amounts of NGLs
could be applied to detect any very minor antigen-positive components. Higher
amounts of subfractions ¢ and d, 10 and 20 nmols, respectively, were subjected to
chromatogram binding assay with mAb F77 (Figure 3.5B). A smear of weak
immunostaining was detected in faction d, in a slow migrating region. Similar to the
glycolipid extracts of PC3 cells, the F77 antigen-positive oligosaccharides were

extremely minor and heterogeneous.

uv  F77

Figure 3.5 F77 antigenic analyses with NGLs derived from O-glycans non-reductively released from PSM.
(A). HPTLC analysis of the total NGLs derived from O-glycans non-reductively released from PSM. a to d indicate
the four subfractions collected from prep-TLC. (B). Binding analysis with mAb F77 of the NGLs in subfractions c
and d. The TLC plates were developed using CHCIl3/MeOH/H20, 60:35:8 (v/v), as solvent. The fluorescent NGLs
were visualized under UV light and binding by mAb F77 was detected as in the legend to Figure 3.3. O indicates
the origin.

It would be extremely difficult to isolate the F77 antigen-positive components from
this minor, and highly heterogeneous population of O-glycans. Therefore an
alternative approach was made to identifying the F77 antigenic components as

described in the sections that follow.
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3.4.3 Detection of F77 antigen activity among reductively released

O-glycans from PSM

O-glycans were released by reductive alkaline borohydride degradation from 800 mg
PSM. The reduced oligosaccharides (alditols) were enriched from the reaction
mixture as described in Section 2.3. These were quantified by hexose assay: total
hexose content was 15 mg. The products were thereafter fractionated by size using
Bio-Gel P4 (Figure 3.6A). Six fractions a to f were collected based on the elution
profile. MALDI-MS analysis indicated the major components of fractions b to d were
small oligosaccharides mono- to tri-saccharides. Orcinol assay showed fractions e to

f did not contain oligosaccharides (not shown).
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Figure 3.6 Gel filtration chromatography of the products of reductive alkaline hydrolysis from PSM. (A)
Initial chromatography profile using a Bio-Gel P4 column (1.6x90cm) eluted with H>O. (B) Rechromatogrph of
fraction a in panel (A) using a Bio-Gel P6 column (1.6x90cm) eluted with H2O. Vy is the void volume of the column;
Vi is the total volume; glucose units 1-11 indicate positions of elution of oligosaccharides with degrees of
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polymerization 1-11 in an acid hydrolysate of dextran. a to f and F1 to F7 designate the pooled fractions in each
preparation.

Elutions between 4.5-8 h on the Bio-Gel P4 column were pooled as fraction a. The
major components in a ranged from tetra- to tridecasccharide. This fraction was
subjected to further Bio-Gel P6 fractionation. Seven fractions (F1 to F7) were
harvested from Bio-Gel P6 (Figure 3.6B) and analysed by MALDI-MS. The
monosaccharide compositions of the major components in each fraction are deduced
and listed in Table 3.3. There are in total 43 glycan species with various
compositions. The two peaks to the left of F1 gave no detectable orcinol but strong
ninhydrin staining signals, suggesting these peaks were dominated by peptides. F1
contained a small amount of oligosaccharides larger than undecasaccharides;
fractions 2-5 contained hepta- to nona-saccharides; fractions 6-7 contained penta- to

hexa-saccharides, as indicated by MALDI-MS profiling.

Table 3.3 Compositions of the reductively released O-glycan alditols in the Bio-Gel P6 fractions 1-7,
deduced from MALDI-MS analysis.

Fractions  [M+Na]’ Composition Fractions  [M+Na]" Composition
7 1430 Fuc2, Hex3, HexNAc2, HexNAcol1
814 Hex1, HexNAc2, HexNAcol1 1471 Fuc2, Hex2, HexNAc3, HexNAcol1
919 Fuc1, Hex2, HexNAc1, HexNAcol1 1487 Fuc1, Hex3, HexNAc3, HexNAcol1
935 Hex3, HexNAc1, HexNAcol1 1544 Hex3, HexNAc4, HexNAcol1
960 Fuc1, Hex1, HexNAc2, HexNAcol1 1633 Fuc2, Hex3, HexNAc3, HexNAcol1
976 Hex2, HexNAc2, HexNAcol1 1649 Fuc1, Hex4, HexNAc3, HexNAcol1
1017 Hex1, HexNAc3, HexNAcol1 1690 Fuc1, Hex3, HexNAc4, HexNAcol1
1065 Fuc2, Hex2, HexNAc1, HexNAcol1 1795 Fuc2, Hex4, HexNAc3, HexNAcol1
1081 Fuc1, Hex3, HexNAc1, HexNAcol1
1122 Fuc1, Hex2, HexNAc2, HexNAcol1 2
1138 Hex3, HexNAc2, HexNAcol1 1487 Fuc1, Hex3, HexNAc3, HexNAcol1
1179 Hex2, HexNAc3, HexNAcol1 1544 Hex3, HexNAc4, HexNAcol1
1633 Fuc2, Hex3, HexNAc3, HexNAcol1
6 1690 Fuc1, Hex3, HexNAc4, HexNAcol1
122 Fuct, Hex2, HexNAG2, HexNAcolt 1747 Hex3, HexNACS, HexNAcol
1179 Hex2, HexNAc3, HexNAcol1 1;33 E“Cfv :e"g’ Eexmcg, :E"mwﬂ
uc1, Hex3, HexNAc5, HexNAcol
1325 Fuc1, Hex2, HexNAc3, HexNAcol1 1852 Fuct Hexd, HexNAcA, HexNAcol1
5 1942 Fuc3, Hex4, HexNAc3, HexNAcol1
e R ea Heac Moo Beo  Fuk ek Hedho, et
1179 Hex2, HexNAc3, HexNAcol1 ! ! !
1284 Fuc1, Hex3, HexNAc2, HexNAcol1 1
1325 Fuc1, Hex2, HexNAc3, HexNAcol1 1747 Hex3, HexNAGS5, HexNAcal1
1430 Fuc2, Hex3, HexNAc2, HexNAcol1 1836 Fuc2, Hex3, HexNAc4, HexNAcol1
1852 Fuc1, Hex4, HexNAc4, HexNAcol1
4 1894 Fuc1, Hex3, HexNAc5, HexNAcol1
179 Hex2, HexNAc3, HexNAcal1 1909 Hex4, HexNAc5, HexNAcol1
1284 Fuct, Hex3, HexNAc2, HexNAcol1 1998 Fuc2, Hexd, HexNAc4, HexNAcol1
1325 Fuc1, Hex2, HexNAC3, HexNAcol1 2055 Fuc1, Hex4, HexNAc5, HexNAcol1
1341 Hex3, HexNAc3, HexNAcol1 2112 Hex4, HexNAc6, HexNAcol1
1382 Hex2, HexNAc4, HexNAcol1 2160 Fuc2, Hex5, HexNAc4, HexNAcol1
1430 Fuc2, Hex3, HexNAc2, HexNAcol1 2201 Fuc2, Hex4, HexNAc5, HexNAcol1
1471 Fuc2, Hex2, HexNAc3, HexNAcol1 2258 Fuc1, Hex4, HexNAc6, HexNAcol1
1487 Fuc1, Hex3, HexNAc3, HexNAcol1 2306 Fuc3, Hex5, HexNAc4, HexNAcol1
1503 Hex4, HexNAc3, HexNAcol1 2364 Fuc2, Hex5, HexNAc5, HexNAcol1
1633 Fuc2, Hex3, HexNAc3, HexNAcol1 2405 Fuc2, Hex4, HexNAc6, HexNAcol1
1690 Fuc1, Hex3, HexNAc4, HexNAcol1 2421 Fuc1, Hex5, HexNAc6, HexNAcol1
2510 Fuc3, Hex5, HexNAc5, HexNAcol1
3 2567 Fuc2, Hex5, HexNAc6, HexNAcol1
1325 Fuc1, Hex2, HexNAc3, HexNAcol1
1382 Hex2, HexNAc4, HexNAcol1
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Abbreviations: dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine, HexNAcol, N-
acetylhexosaminitol.

Fluorescent NGLs were prepared from fractions 1 to 7 after mild periodate oxidation
using ADHP as the lipid reagent as in Section 2.6.1.2. The periodate oxidation results
in the splitting of each O-glycan alditol at the core GalNAcol into two fragments and
each is converted into an NGL (Figure 3.7). The NGLs derived from the 3-linked
branches are designated —OX (OX: -OCHj,-CH(NHACc)-CH,OH-CH»>-ADHP). Those
derived from the 6-linked branches are designated —OY (OY: -OCH,-CH,-ADHP).
Monosaccharide compositions of the resulting NGLs were deduced by MALDI-MS
(Table 3.4). In total 29 NGL species with different compositions were detected in
these seven fractions. Clearly a substantial number of species were shared in many
fractions as different parent oligosaccharides can have the same 3- or 6-fragment

after periodate oxidation.

As a result of the cleavage of the core GalNAcol, the glycans in the NGLs
represented branches of the parent oligosaccharide. For example, the major
components of fraction 4 among the parent oligosaccharides were hepta- to octa-
saccharide alditols (Table 3.3), whereas the NGL components were di- to hepta-
saccharides derived from the 3-linked branches (-OX) and mono- to tetra-

saccharides from the 6-linked branches (-OY) as shown in Table 3.4.
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R,: 6-linked saccharide or H

R,: 3-linked saccharide

CH,OR,

| 6-linked fragment |
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3-linked fragment |

—O0
ADHP
‘CNBH;
OH
Reductive amination
NHAc

ADHP

OR,

NHAc

Figure 3.7 Reaction scheme of periodate oxidation cleavage and conjugation to the ADHP lipid (363). The
sugar ring splits between C4 and C5 of the core GalNAc, yielding 3- and 6-linked fragments. The NGL that
derives from the 3-linked fragment is designated 3-OX. The other, which derives from the 6-linked fragment, is
designated 6-0Y.

Table 3.4 Compositions of the NGLs derived from the O-glycan alditols in Bio-Gel P6 fractions 1-7,
deduced from MALDI-MS analysis.

Fractions  [M+H]* Composition Fractions _ [M+H]* Composition Fractions __ [M+H]* Composition

7 2298 Fuc1, Hex3, HexNAc3-OX 1991 Hex2, HexNAc3-OX
1218 Hex1-0X 2355 Hex3, HexNAc4-OX 2035 Fuc1, Hex2, HexNAc3-OY
1364 Fuc1, Hex1-OX 2095 Fuc1, Hex3, HexNAc2-OX
1421 Hex1, HexNAc1-OX 3 2137 Fuc1, Hex2, HexNAc3-OX
1466 Fuc1, Hex1, HexNAc1-OY 955 -0y 2153 Hex3, HexNAc3-OX
1523 Hex1, HexNAc2-OY 1057 -0OX 2241 Fuc2, Hex3, HexNAc2-0OX
1158 HexNAc1-OY 2298 Fuc1, Hex3, HexNAc3-OX
6 1321 Hex1, HexNAc1-OY 2355 Hex3, HexNAc4-OX
1219 Hex1-0X 1364 Fuc1, Hex1-OX 2445 Fuc2, Hex3, HexNAc3-0OX
1365 Fuc1, Hex1-OX 1422 Hex1,HexNAc1-0OX 2505 Fuc1, Hex3, HexNAc4-OX
1422 Hex1, HexNAc1-OX 1467 Fuc1, Hex1, HexNAc1-OY 2648 Fuc2, Hex3, HexNAc4-OX
1467 Fuc1, Hex1, HexNAc1-OY 1524 Hex1, HexNAc2-OY 2693 Fuc2, Hex2, HexNAc5-OX

1524 Hex1, HexNAc2-OY 1568 Fuc1, Hex1, HexNAc1-OX

1670 Fuc1, Hex1, HexNAc2-QY 1
5 1730 Fuc1, Hex2, HexNAc1-OX 955 -0y
955 -0y 1787 Hex2, HexNAc2-0X 1158 HexNAc1-0OY
1158 HexNAc1-OY 1890 Hex2, HexNAc3-OY 1218 Hex1-OX
1422 Hex1,HexNAc1-OX 1934 Fuc1, Hex2, HexNAc2-OX 1321 Hex1, HexNAc1-OY
1524 Hex1, HexNAc2-OY 1991 Hex2, HexNAc3-0X 1422 Hex1 ,HexNAc1-OX
1568 Fuc1, Hex1, HexNAc1-OX 2095 Fuc1, Hex3, HexNAc2-OX 1467 Fuc1, Hex1, HexNAc1-OY
1670 Fuc1, Hex1, HexNAc2-OY 2241 Fuc2, Hex3, HexNAc2-OX 1524 Hex1, HexNAc2-OY
1787 Hex2, HexNAc2-0X 2298 Fuc1, Hex3, HexNAc3-0X 1568 Fuc1, Hex1, HexNAc1-OX
1934 Fuc1, Hex2, HexNAc2-OX 1670 Fuc1, Hex1, HexNAc2-OY
2 1787 Hex2, HexNAc2-OX
4 955 -0y 1934 Fuc1 Hex2, HexNAc2-OX
955 -0Y 1057 -0X 1991 Hex2, HexNAc3-OX
1158 HexNAc1-OY 1158 HexNAc1-OY 2137 Fuc1 ,Hex2, HexNAc3-OX
1321 Hex1, HexNAc1-OY 1218 Hex1-OX 2298 Fuc1 ,Hex3, HexNAc3-OX
1422 Hex1,HexNAc1-OX 1321 Hex1, HexNAc1-OY 2355 Hex3, HexNAc4-OX
1524 Hex1, HexNAc2-OY 1364 Fuc1, Hex1-OX 2399 Hex2, HexNAc5-OX
1568 Fuc1, Hex1, HexNAc1-OX 1422 Hex1, HexNAc1-OX 2445 Fuc2, Hex3, HexNAc3-0X
1670 Fuc1, Hex1, HexNAc2-OY 1467 Fuc1, Hex1, HexNAc1-OY 2501 Fuc1, Hex3, HexNAc4-OX
1730 Fuc1, Hex2, HexNAc1-OX 1524 Hex1, HexNAc2-OY 2545 Fuc1, Hex2, HexNAc5-OX
1787 Hex2, HexNAc2-OX 1670 Fuc1, Hex1, HexNAc2-OY 2607 Fuc2, Hex4, HexNAc3-OX
1934 Fuc1, Hex2, HexNAc2-OX 1730 Fuc1, Hex2, HexNAc1-OX 2648 Fuc2, Hex3, HexNAc4-OX
1991 Hex2, HexNAc3-0X 1787 Hex2, HexNAc2-0X 2692 Fuc2, Hex2, HexNAc5-0X
2095 Fuc1, Hex3, HexNAc2-OX 1890 Hex2, HexNAc3-OY 2749 Fuc1, Hex2, HexNAc6-OX
2241 Fuc2, Hex3, HexNAc2-OX 1934 Fuc1, Hex2, HexNAc2-OX 2811 Fuc2, Hex4, HexNAc4-OX
Abbreviations: dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine, HexNAcol, N-

acetylhexosaminitol. -OX and —QY are the 3- and 6- linked fragments of core GalNAc after periodate oxidation as
further explained in Figure 3.7.
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The NGLs in each fraction were first resolved by HPTLC, visualized by UV light, and
then probed for binding by mAb F77 (Figure 3.8). In each fraction, UV detection
revealed numerous fluorescent bands. Many discrete F77-positive bands were
detected in the middle migrating area in fractions 1, 3, 4 and 5. F77 binding was also
detected to the slow migrating area in fractions 1-3. None of these were bound by
IgG3 control, which revealed binding to the fast migrating region. The F77 antigen-
positive bands did not correspond with the major fluorescent components, suggesting
that mAb F77 binding was to minor components among the large number of

heterogeneous components.

F77 IgG3 (control)

F1 234567 F1234567 F12345¢67

Figure 3.8 Chromatogram binding of mAb F77 to NGLs derived from the O-glycan alditols in fractions 1-7.
The NGLs derived from the O-glycan alditols in fractions 1-7 were chromatographed on HPTLC plates, using
CHCI3/MeOH/H20, 60:35:8 (v/v), as solvent. The fluorescent NGLs were visualized under UV light (left panel).
The same plate and a duplicate plate were incubated with mAb F77 (middle panel) and the isotype IgG3 control,
MG3-35 (right panel), followed by biotinylated anti-mouse immunoglobulins. Binding was detected as in Figure 3.3.
O indicates the origin.

3.4.4 Attempts to enrich the F77 antigen-positive O-glycan alditols
by affinity chromatography

As results so far indicated that the F77 antigen is expressed only on minor
components among O-glycans released from PSM, an attempt was made to enrich
the F77 antigen-positive O-glycans in fraction 3 (PSMF3) by affinity chromatography
using an anti-H specific lectin UEA-I and the F77 antibody as absorbents. Below |

summarize the results.
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UEA-I affinity chromatography was initially investigated. This is because the F77
antigen-positive motif on O-glycans of PSM was proposed to be a blood group H
sequence from the results of the initial screening analysis with oligosaccharide
microarray (Figure 3.2) and glycoprotein array (Figure 3.4). After application of the O-
glycan alditols of fraction 3 (Figure 3.6) onto the column, a retarded peak was
observed by refractive index detection (Figure 3.9A). Two fall-through fractions (a
and b) and three retarded fractions (c to e) were obtained. Elution was with 10 mM,
30 mM and 50 mM Fuc stepwise and three fractions f to h, were collected. The two
fall-through fractions were later combined; the oligosaccharides in these seven

fractions (a+b, c to h) were converted to NGLs for probing with mAb F77.

By UV detection multiple fluorescent bands were revealed in fractions a+b and c to f,
indicating the presence of heterogeneous NGLs in these NGL subfractions (Figure
3.9B). Very weak fluorescent bands were detected in the NGLs derived from
fractions g and h, indicating that the amounts of oligosaccharides tightly bound and
eluted from the UEA-I column were limited. F77 antigen activity was restricted mainly
to the middle- and slow-migrating area of fractions e-g (Figure 3.9D) and correlated
with blood group H type 2 activities, as shown by binding of UEA-I (Figure 3.9E).
Clearly the column had a relatively low capacity as the H type 2 activity was also
detected in the fall-through fraction a+b and the retarded fractions ¢ and d. In addition,
the separation of the retarded fractions from the fall-through was not complete.

Therefore this approach was not pursued further.
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Figure 3.9 Affinity chromatography to enrich F77 antigen-positive O-glycan alditols from PSMF3 using
UEA-I column. (A) Refractive index detection of the affinity chromatography using an UEA-I column (1.6x5cm). a
to h are the fractions collected. Arrows indicate the time points changing the elution buffer. (B) TLC analysis of the
NGLs derived from O-glycan alditols of the seven subfractions, a+b and c to h, revealed by UV light. (C-E)
Chromatogram binding analysis of the IgG3 control, MG3-35 (C), mAb F77 (D), and UEA-I (E) on replicate TLC
plates to panel (B). The fluorescent NGLs derived from the O-glycans in the seven subfractions of PSMF3 and
the unfractionated F3 were chromatographed using CHCIl3/MeOH/H,0, 60:35:8 (v/v), as solvent, visualized by UV
light. Binding was detected as described in Figure 3.8. O indicates the origin.

Enrichment of F77 antigen-positive O-glycans was then attempted using the F77
affinity column. The procedures are described in Section 2.5.3 and the workflow is in
Figure 3.10A. In total, five fractions were obtained and NGLs were generated (Figure
3.10B) with the O-glycans in these fractions. Surprisingly, except for the second
eluent A2E, the fractions all contained F77 antigen-positive components (Figure
3.10C) and the binding patterns of these fractions were very similar to that observed
with the starting material F3. These binding data indicated that the F77 affinity

column had a very small capacity and could not be exploited for antigen enrichment.
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Figure 3.10 Affinity chromatography to enrich the F77 antigen-positive O-glycan alditols from PSMF3
using F77 antibody column. (A) Workflow of the F77 affinity chromatography. In total, five fractions were
obtained, A1W, A1E, A2F, A2W and A2E. (B) TLC analysis of the NGLs derived from O-glycan alditols of the five
subfractions in (A), revealed by UV light. (C-D) Chromatogram bindings of mAb F77 (C) and the IgG3 control (D)
on replicate TLC plates to panel (B). The fluorescent NGLs derived from the O-glycan alditols in the five
subfractions of F3 and the unfractionated F3 were chromatographed, visualized and detected as described in
Figure 3.8. O indicates the origin.

AW |' AF | AE | AW | AP | AE
A1E A Fa A1E AW F3

In summary, although affinity chromatography of the O-glycans in fraction 3 with
UEA-I or F77 showed fractionation to some extent, the limited capacities of the UEA-I
and F77 columns precluded their application to the F77 antigen enrichment.

Therefore other avenues were explored.
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3.4.5 Separation of a F77 antigen-positive NGL by preparative TLC
and HPLC

Separation of the F77 antigen-positive NGL component was then attempted by
combined preparative TLC and HPLC (Section 2.7). For this, the NGLs in fraction 4
were resolved by semi-preparative TLC (Figure 3.11A) and the region designated 4M
which includes the F77 antigen-positive component was harvested. The NGLs in 4M
were resolved by HPLC (Figure 3.11B). Eight subfractions 4M-a to -h were obtained.
F77 activity in each fraction was monitored using chromatogram-binding assays.
One of the subfractions 4M-f was found to be F77-positive. The F77 antigen activity
was detected in the top (4M-f1) of the triplex bands resolved by HPTLC (inset Figure
3.11B). The other HPLC fractions were F77 antigen-negative (not shown). Attempts
to isolate the F77 antigen-positive component in subfraction 4M-f by a repeated
HPLC were unsuccessful (data not shown). However, 4M-f could be well resolved
into three bands by semi-preparative HPTLC (Figure 3.11C); and subfractions 4M-f1

to -f3 were harvested.

A Fraction 4 B 4M
400 F77
4u 300 —
2
AM S 200
E
4 100
> o.—a bcde _

e
0 10 20 30 4
Minutes

Figure 3.11 Isolation of a F77 antigen-positive component in fraction 4 of PSM O-glycans. (A).
Chromatography of NGLs prepared from fraction 4 (Figure 3.8) on HPTLC plates. Three fractions (upper 4U,
middle 4M and lower 4L) were harvested. O indicates origin. (B). Separation of fraction 4M into eight subfractions
(a-h) by HPLC. Inset shows binding of mAb F77 to the upper band in subfraction 4M-f (designated 4M-f1). (C).

Resolution of subfraction 4M-f by HPTLC. Three bands 4M-f1 to 4M-f3 were harvested. O indicates origin. All the
HPTLC plates were chromatographed, visualized and detected as described in Figure 3.8.

3.4.6 Assignment of the sequence of the F77 antigen-positive NGL

NGL subfractions 4M-f1 to -f3 were analysed by negative-ion MALDI-MS (Figure
3.12). Subfraction 4M-f1 gave a [M-H] at m/z 2033, corresponding to the NGL of a 6-
linked branch with a composition dHex{HexoHexNAc3-OY (Figure 3.12A). Subfraction
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4M-f2 contained two components, which gave [M-H] at m/z 2240 and m/z 2297,
corresponding to NGLs of 3-linked branches with compositions dHex,HexsHexNACc,-
OX and dHexiHexsHexNAc3-OX, respectively (Figure 3.12B). The components in
subfraction 4M-f3 gave [M-H] ions at m/z 2094 and 2297 corresponding to
dHexi{HexzHexNAc,-OX and dHexiHexsHexNAc;-OX, respectively (Figure 3.12C).

In order to assign the oligosaccharide sequence of the F77 antigen-positive 4M-f1,
MALDI-CID-MS/MS was performed (Section 2.9). The fragmentation pattern is shown
in Figure 3.13. The oligosaccharide sequence was deduced based on the
fragmentation pattern. Neutral loss of 146 Da from [M-H] (m/z 2033) corresponded to
the loss of dHex (-dHex). Similarly, loss of 162 Da from the fragment m/z 1887 and
203 from m/z 1725 correlated with the loss of Hex (-Hex) and HexNAc (-HexNAc),
respectively. The large gap (365 Da) between m/z 1522 and 1157 corresponded to
the loss of Hex.HexNAc, indicating the branching point as shown in the structure.
After further loss of HexNAc (-HexNAc from m/z 1157), the fragment ion at m/z 954
was assigned to 6-linked fragment linked to ADHP (-OY). From information above, a
dHex-Hex-HexNAc-Hex-HexNAc-OY sequence can be deduced. The fragment at
m/z 1830 with a neutral loss of 203 Da from [M-H] indicated the presence of a
HexNAc branch. Taken together, the deduced sequence is clearly identified as an
NGL derived from the 6-linked branch of the GalNAcol core with the hexasaccharide

sequence shown in Figure 3.13.
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Figure 3.12 Negative-ion MALDI-MS analysis of the fraction 4M-f1 (A), 4M-f2 (B) and 4M-f3 (C). The
deduced monosaccharide compositions were shown in each spectrum. dHex, deoxyhexose; Hex, hexose;
HexNAc, N-acetetylhexosamine; OY and OX, 6- and 3-linked fragment of core GalNAc after periodate oxidation
as described in Figure 3.8. OY: -OCH2-CH2-ADHP. OX: -OCH2-CH(NHACc)-CH>OH-CH2-ADHP (304).
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9 ] 2033
E 50 1522
D
& -HexNAc
0 1000 1200 1400 1600 1800 2000 m/z

1887 1725 1522

dHex-Hex{HexNAc 1157 954
\Hex HexNAc{OY

/
HexNAc 7

1830

Figure 3.13 MALDI-CID-MS/MS analysis and the proposed sequence of the F77-positive 4M-f1.
Abbreviations are as in legend to Figure 3.12.
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Considering the origin of 4M-f1 is blood group H and A-active PSM, it is reasonable
to predict that the component is a branched blood group H related structure. Indeed,
when 4M-f1 was treated with a1-2 fucosidase as shown in Section 2.10, the [M+H]"
shifted from m/z at 2035 to 1889 (Figure 3.14). The 146 Da loss from the parent NGL

4M-f1 confirms the presence of a a1,2-linked, blood group fucose.

[MH]*
A 2035
100, Hex-HexNAc +Na
| | +2Na
Hex-HexNAc-OY

| Fuca-2

O\o 4

HexNAc

 Hp————y

m/z
1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
B
100 Hex-HexNAc +Ng T2Na
Il-lex-HexNAc-OY E“é' gg
EN HexNAc ‘
m/z

0 . |
1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

Figure 3.14 MALDI-MS analysis of NGL 4M-f1 before (A) and after (B) treatment with a1-2 fucosidase. The
change in molecular ion [MH]" from m/z 2035 (A) to 1889 (B) indicated the capping sequence Fuca1-2Gal in 4M-
f1. Abbreviations are as in legend to Figure 3.12.

In separate experiments (microarray analyses) described in Section 3.6, 4M-f1 was
shown to be bound by UEA-I, but not anti-H type 1. Taking into account the F77
antigen activity of the branched blood group B glycolipid (BIlIl), the proposed
oligosaccharide sequence of 4M-f1 is that of a blood group H on a branched, poly-
LacNAc backbone (289), originating from the 6-branch of the core GalNAcol as

depicted below.

Galp-4GIcNAcB-6
Fuca-2 Galp-4GIcNAc

GIcNACcB-3
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Thus we can deduce that the parent O-glycan alditol before periodate oxidation is at

least the octasaccharide as shown below.
Galp-4GIcNAcB-6
Fuca-2 Galp-3/4GIcNAcp-6
GIcNAcB-3 GalNAc
...Gal/GIcNAcpB-3
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3.5 Investigation of F77 antigen expression on blood group

H-, A- and B-active sequences

Having identified the red cell-derived branched blood group B glycolipids Blll and BIV,
and the mucin-derived branched blood group H-related O-glycan sequence (Section
3.4.6) as being bound by mAb F77, the question arose as to whether a branched
blood group A analogue would also be bound by the antibody. If they were, it would

be desirable to compare the antigenic activities of blood group H, A and B sequences.

To address this, | performed antigenic analyses with some linear and the branched
blood group A and H glycolipids, also inhibition assays using the free

oligosaccharides.

3.5.1 Chromatogram-binding analyses with linear and branched

blood group H and A glycolipids

As the branched blood group H and A glycolipids were not present in the initial
screening array (Appendix S1), we requested some preparations of the desired
glycolipids from Dr. Michiko Fukuda at Sanford-Burnham Medical Research Institute.
HPTLC and primulin analysis showed that each of these preparations from Dr
Fukuda’s archival collection contained multiple components (data not shown). To
isolate the targeted glycolipids, | performed extensive purifications by HPTLC with
monitoring by help of MALDI-MS analysis. Finally four human red cell-derived
glycolipids were isolate: linear and branched blood group H, designated H, and Hs,
respectively and linear and branched blood group A, designated Ab and Ad,
respectively (Table 3.5).

The four glycolipid preparations Ab, Ad, H, and H3 were resolved on an HPTLC plate
and visualized by primulin (Figure 3.15A). Duplicate plates were probed for binding
by mAb F77 (Figure 3.15B) and anti-H type 2 (Figure 3.15C). The branched H3z and
Ad but not the linear H, or Ab were bound by mAb F77. The anti-H type 2 antibody

bound to both H, and H3 but not to Ab and Ad, thus ruling out the presence of minor
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H contaminants in the preparations of Ab and Ad. Collectively the results above
showed that the mAb F77 recognizes the blood group H sequence on a 6-branched
backbone but can also accommodate an additional a1,3-linked GalNAc or Gal, which
constitute the blood group A or B analogues, respectively. These results, together
with those obtained from the initial microarray analyses, were summarized in Table
3.5.

A Primulin B F77 C Anti-H type 2

s

o—>

H, H, Ab Ad H, H; Ab Ad H, H, Ab Ad

Figure 3.15 Chromatogram binding with mAbs F77 and anti-H type 2 to the four human blood group H-
and A-derived glycolipids Hz, H3, Ab, and Ad. (A). The four blood group H and A glycolipids were resolved by
HPTLC and revealed by primulin staining for lipid. (B). Binding analysis of mAb F77 on a replicate TLC plate to
(A). (C). Binding analysis of mAb anti-H type 2 on a replicate TLC plate to A. Solvent used for development was

CHCI3/MeOH/H20, 60:35:8 (v/v). O indicates the origin. Binding was detected as described in the legends to
Figure 3.3.

Table 3.5 Blood group H-, A- and B-active and B-like glycosylceramides and their binding activities with
mAb F77.

Designation Carbohydrate sequence rg'?;%:;g
GalB-4GIcNAcB-3Galp-4Glc-Cer
H,* GalB-4GIcNAcB-3 -
Fuca-2
GalB-4GIcNAcB-6
" Fuca-2 GalB-4GIcNAcB-3GalB-4Glc-Cer .

GalB-4GIcNAcB-3

Fuca-2
GalB-4GIcNAcB-3GalB-4Glc-Cer

Ab* GalNAca-3GalB-4GIcNAcB-3
| —

Fuca-2
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GalNAca-3GalB-4GIcNAcB-6
Fuca-2 GalB-4GIcNAcB-3Galp-4Glc-Cer
Ad GalNAca-3GalB-4GIcNAcB-3GalB-4GIcNACB-3 *
Fuca-2

GalB-4Glc-Cer

Gala-3GalB-4GIcNAcB-3

leon

B-hexa-
Fuca-2

Gala-3GalB-4GIcNAcB-6

Fuca-2 GalB-4GIcNAcB-3Galp-4Glc-Cer

§
Bill Gala-3GalB-4GIcNACE-3 +

Fuca-2

Gala-3GalB-4GIcNAcB-6

Fuca-2 GalB-4GIcNAcB-3Galp-4Glc-Cer
BIV | +3
Gala-3GalB-4GIcNAcB-3GalB-4GIcNAcB-3

Fuca-2

Gala-3GalB-4GIcNAcB-6
B-like deca- GalB-4GIcNAcB-3GalB-4Glc-Cer ]

Gala-3GalB-4GIcNAcB-3
*The asterisked glycolipid preparations contain a minor component with an additional fucose residue detected by
MALDI-MS; most likely part of di-fucosylated Le’ sequence.
*The glycolipid H3 contains a minor component lacking one fucose residue detected by MALDI-MS.
$These results were from the screening array analysis in Figure 3.2.

3.5.2 Inhibition assays with synthetic linear blood group A, B and O

(H) oligosaccharides

It is desirable to corroborate the mAb F77 binding by other methods, e.g. inhibition
assays. Unfortunately, only short and unbranched blood group-containing analogues
were available in sufficient amounts. These were type 2-based blood group H, A, B,
Le* and Le’-containing tetra- or pentasaccharides (Table 3.6). Although in direct
binding assays, such as microarray analysis, the NGL derivatives of these short and
unbranched oligosaccharides gave no binding signals (Appendix S1), it was
considered possible that they could inhibit mAb F77 binding at high concentrations.
Their inhibitory activities were tested in binding assays using PC3 cells and PSM as

the reference immobilized substrates (Section 2.11.2).
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When a monolayer of PC3 cells was immobilized on a microwell plate as substrate,
mAb F77 showed good binding signals at concentrations between 3x10° and 3 pg/ml
(Figure 3.16A). A concentration of 0.03 pg/ml of the antibody was selected for
inhibition assays. At millimolar concentrations of oligosaccharide inhibitors, partial
inhibitory activity (~50% inhibition) was recorded with blood group H sequence, H-

tetra-T2, but not with the blood group A, B, Le* and Le” analogues (Figure 3.16B).

Table 3.6 Oligosaccharides included in the inhibition assays.

Designation Carbohydrate sequence

GalB-4GIcNAcB-3Gal

H-tetra-T2
Fuca-2
GalNAca-3GalB-4GIcNAcB-3Gal
A-penta-T2
Fuca-2
Gala-3GalB-4GIcNAcB-3Gal
B-penta-T2
Fuca-2
GalB-4GIcNAcB-3Gal
Le*-tetra
Fuco-3
GalB-4GIcNAcB-3Gal
LeY-penta
Fuca-2 Fuca-3
A B
41 100-
_
£ 37 £ 80 - :
o = - —a— H-tetra-T2
2 2+ c —o— A-penta-T2
& E 60 1 —a&— B-penta-T2
e 2 —v— Le“tetra
O 14 I~
I 40 - —— L&-penta
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Concentration of F77 (ug/ml) Oligosaccharide concentration (mh)

Figure 3.16 ELISA binding assays of mAb F77 to PC3 cells and inhibition of binding by short unbranched
blood group oligosaccharides. (A). ELISA binding analysis of mAb F77 to PC3 cells. Arrow indicates the
concentration of antibody used for inhibition assays. (B). Inhibition of mAb F77 binding to PC3 cells by the five
oligosaccharides H-tetra-T2, A-penta-T2, B-penta-T2, Le*-tetra and Le'-penta. PC3 cells were grown in 96-well
plates and reacted with mAb F77, with/without the presence of oligosaccharides between 3-10 mM, followed by
incubation of biotinylated anti-mlgG and streptavidin-peroxidase polymer. Binding was detected using FAST OPD
substrate.

When the A+H-active PSM was used as the immobilized substrate, mAb F77 binding
was detected from 1x10°to 0.1 ug/ml (Figure 3.17A). A concentration of 0.01 pg/ml
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was selected for inhibition assays. H, A and B oligosaccharides were almost equal
potent in inhibiting binding of mAb F77 at high millimolar levels of inhibitors (Figure
3.17B).

A B
6 1201
ch / 1007
E <
c 4 i e -
9 = 80 —a— H-tetra-T2
T3] £ . —e— A-penta-T2
® £ —&— B-penta-T2
8 2 | B 60 1 —v— Le'tetra
] w i —¢—Le-penta
1 . 40 1
4 ./
0 T T T 20 ; ;
0.001 0.01 0.1 0.1 1 10
Concentration of F77 (ug/ml) Oligosaccharide concentration (mM)

Figure 3.17 ELISA binding assays of mAb F77 to A+H antigen-positive PSM and inhibition of binding by
short unbranched blood group oligosaccharides. (A). ELISA binding analysis of mAb F77 to PSM. Arrow
indicates the concentration of antibody used for inhibition assays. (B). Inhibition of mAb F77 binding to PSM by
the five oligosaccharides H-tetra-T2, A-penta-T2, B-penta-T2, Le*-tetra and Le’-penta. PSM was added in 96-well
plates and reacted with mAb F77, with/without the presence of oligosaccharides between 3-10 mM. Binding was
detected as described in the legend to Figure 3.16.

Thus when A+H active PSM was immobilized, H, A and B oligosaccharides were
equally active as inhibitors, whereas when PC3 cells were used, the inhibitory activity
of H oligosaccharide was stronger than the A and B analogues. In subsequent ELISA
binding analysis, we found that the PC3 cells only express H antigen but lack of A
and B antigens (Figure 3.18). It is likely that the abundant H antigen expression on
PC3 cells made the H sequence a better inhibitor than the A and B analogues.
Collectively, these results corroborate the ability of mAb F77 to accommodate the

three blood group antigens but with a preference for the H analogue.
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Figure 3.18 ELISA binding assays of UEA-I, anti-A and anti-B to PC3 cells. The PC3 cells were incubated
with mAbs anti-A (dilutions between 1:10° and 1:100) or anti-B (10'3—10 pg/ml), or biotinylated UEA-I (0.05-50
ug/ml), followed biotinylated secondary antibody and streptavidin-peroxidase polymer (for mAbs), or streptavidin-
peroxidase polymer alone (for UEA-I). Binding was detected using FAST OPD substrate.
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3.6 Further investigation of mAb F77 specificity using a

focused glycan array

In order to complement the initial screening microarray analyses, a focused
microarray (F77/li focused array) was assembled (Table 3.7). This included the
aforementioned glycan probes with blood group A, B and H activities based on linear
and branched poly-LacNAc sequences: Hy, Hiz, Ab, Ad, BIll and BIV, and PSM-4M-f1
(probes 3, 7, 10, 12, 16, 17 and 18). The microarray also included twelve additional
probes of the blood group H, A, B and Le’ series with type 1 and/or type 2 backbones
(probes 1, 2, 4-6, 8-9, 11, 13-15 and 26). Other probes including selected Lewis
antigen-containing sequences (probes 19-25), and linear and branched type 1 and/or
type 2 backbone sequences (probes 27-54) were arrayed as well to further

investigate the F77 binding specificity.

The mAb F77, together with UEA-I and mAbs anti-A, anti-B and anti-H type 1 were
used to probe with the focused microarray (Figure 3.19). F77 binding was clearly
restricted to the blood group H-, A- and B-active sequences with branched type 2
backbones. These included Hj (probe 7), Ad (probe 12), Blll and BIV (probes 16 and
17) and the O-glycan-derived NGL PSM-4M-f1 (probe 18). Signals elicited by BllI
and BIV were lower than with the two blood group H sequences Hz and PSM-4M-f1,
and the signal with Ad was even lower. The unbranched blood group H (probes 1-3),
A (probes 8-10) and B (probes 13-14), A-Le® (probe 11) and B-Le’ (probe 15)
sequences were not bound. There was also no binding to probes with type 1 blood
group H (probes 4, 5 and 6). Binding was also not detected to the Lewis antigen-
containing sequences (probes 19-26), and to the non-fucosylated LacNAc and poly-
LacNAc backbone sequences (probes 27-54). The binding of UEA-I, anti-A, anti-B
and anti-H type 1 were in accord with their known specificities to blood group H type
2, A, B and H type 1 sequences, respectively. In particular, the binding of UEA-I to
the purified PSM-4M-f1 (probe 18) and the lack of binding of anti-H type 1

corroborated the assignment of a type 2 H sequence.
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Table 3.7 Oligosaccharide probes included in the F77/li focused array.

Pos® | Probe” Sequence
1 LNFP-I Fuco-2GalB-3GlcNAcR-3GalB-4Glc-DH
2 LnNFPI Fuco-2GalB-4GlcNAcR-3GalB-4Glc-DH
3 H2 (& H2+Fuc) Fuca-2GalB-4GlcNAcB-3GalB-4GlcNACB-3GalB-4GlcNACB-Cer
GalB-4GlcNAch-6
GalB-4Glc-DH
4 MFLNH-I |
GalR-3G1lcNAcR-3
Fuca-2
GalB-3GlcNAch-3Galh-4GlcNAch-6
Fuco-3 GalR-4Glc-DH
5 DFILNO(1-2,-,-3) |
GalB-3GlcNAch-3
Fuco-2
GalB-3GlcNAch-3Galh-4GlcNAch-6
Fuco-2 Fuco-3 GalR-4Glc-DH
6 TFILNO(1-2,-2,-3) |
GalR-3G1lcNAcR-3
Fuco-2
GalR-4G1lcNAcR-6
Fuco-2 GalR-4G1lcNAcR-3GalR-4Glc-Cer
7 H3 (& H3-Fuc) |
GalR-4G1lcNAcR-3
Fuco-2
GalNAca-3GalR-3G1lcNAcBR-3GalBR-4Glc-DH
8 A-Hexa-T1 |
Fuco-2
GalNAca-3GalR-4G1lcNAcBR-3GalBR-4Glc-DH
9 A-Hexa-T2 |
Fuco-2
GalNAca-3GalBR-4GlcNAcBR-3GalB-4GlcNAcRh-3Gall-4GlcB-Cer
10 | Ab (& Ab+Fuc) |
Fuco-2
GalNAca-3GalR-3G1lcNAcBR-3GalBR-4Glc-DH
11 A-Hepta |
Fuco-2 Fuco-4
GalNAca-3GalR-4G1cNAcR-6
Fuco-2 Galh-4GlcNAch-3Galh-4Glch-Cer
12 | Ad (& Ad+Fuc) |
GalNAca-3GalBR-4G1lcNAcR-3GalB-4G1lcNAcCh-3
Fuco-2
Galo-3Galh-3GlcNAch-3Galh-4Glc-DH
13 B-Hexa-T1 |
Fuco-2
Galo-3Galk-4G1lcNAcR-3Galk-4Glc-DH
14 B-Hexa-T2 |

Fuco-2
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Galo-3Galk-4Glc-AO

15 B penta-AO | |
Fuca-2 Fuco-3
Gala-3GalB-4GlcNAch-6
Fuca-2 GalB-4GlcNAch-3Galh-4Glch-Cer
16 B-Ill dodeca |
Galo-3GalR-4G1lcNAcR-3
Fuca-2
Galo-3GalR-4G1lcNAcR-6
Fuca-2 GalB-4GlcNAch-3Galh-4Glch-Cer
17 B-IV tetradeca |
Galo-3Gall-4G1lcNAcR-3Gall-4G1lcNAcR-3
Fuco-2
GalR-4G1lcNAcR-6
18 PSM-4M-f1 Fuco-2 GalB-4GlcNAcB-0Y
G1lcNAcCB-3
GalR-3GlcNAcR-3Gall-4Glc-DH
19 LNFP-II |
Fuco-4
Fuco-2Gall-3G1lcNAcR-3GalRk-4Glch-Cer
20 Leb- |
hexaosylceramide
Fuco-4
GalR-4G1lcNAcR-3Gall-4Glc-DH
21 LNFP-III |
Fuca-3
Fuco-2Gall-4G1lcNAcR-3Gall-4Glc-DH
22 LNnDFH-I |
Fuca-3
GalR-4G1lcNAcR-6
Fuco-3 GalR-4Glc-DH
23 DFLNH(b) |
GalR-3G1lcNAcR-3
Fuco-4
GalR-4G1lcNAcR-6
Fuco-3 GalR-4Glc-DH
24 | TFLNH |
Fuco-2GalB-3G1lcNAcR-3
Fuco-4
GalR-4G1lcNAcR-6
Fuco-3 GalR-4Glc-DH
25 | DFLNnH |
GalBR-4G1lcNAcR-3
Fucoa-3
GalR-4G1lcNAcR-6
26 MSDFLNnH Fuca-2 Fuco-3 GalB-4Glc-AO0
NeuAca-6GalB-4G1lcNAch-3
27 Orsay-1 GalB-4GlcNAcB-6Gal-RO
28 Orsay-2 GalB-4GlcNAcB-3Gal-RA0
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29 Orsay-3 GalB-3GlcNAcR-6Gal-A0
30 Orsay-4 GalB-3GlcNAcB-3Gal-A0
31 LNT GalBR-3G1lcNAcR-3GalR-4Glc-DH
32 LNNnT GalB-4GlcNAch-3GalRk-4Glc-DH
33 LSTa NeuAca-3GalB-3GlcNAcB-3GalB-4Glc-DH
34 LSTc NeuAca-6GalB-4GlcNACR-3GalB-4Glc-DH
35 LSTd NeuAco-3GalB-4GlcNAcB-3GalB-4Glc-DH
36 pLNH GalB-3G1lcNAcB-3GalR-4GlcNAcBR-3GalR-4Glc-DH
37 pLNnH GalB-4GlcNACR-3GalB-4GlcNAcR-3GalR-4G1lc-DH
38 LNnO GalBk-4GlcNAcR-3Galh-4GlcNAcB-3GalB-4GlcNAcB-3GalB-4Glc-DH
G1lcNAcCB-3
39 01.AO Gal-AO
G1lcNAcR-6
G1lcNAcR-6
40 Orsay-5 Gal-AO
GalR-3GlcNAch-3
GalR-4GlcNAch-6
41 Orsay-6 Gal-A0
GalR-3GlcNAch-3
GalR-4GlcNAch-6
42 Orsay-7 Gal-A0
GalR-4G1lcNAch-3
GalR-4GlcNAch-6
43 LNH Galp-4Glc-DH
GalR-3GlcNAch-3
GalR-4GlcNAch-6
44 LNnH Galpk-4Glc-DH
GalR-4GlcNAch-3
NeuAco-6GalB-4GlcNAcR-6
45 MSLNH GalR-4Glc-DH
GalBR-3GlcNAcR-3
GalBR-4GlcNAcR-6
46 MSLNnNH-I GalB-4Glc-DH
NeuAco-6GalB-3GlcNAcRh-3
NeuAca-6GalR-4G1lcNAch-6
47 DSLNnH GalB-4Glc-DH

NeuAco-6Gall-4G1lcNAcR-3
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GalR-3GlcNAcRh-3GalB-4G1lcNAcCRh-6
48 iLNO GalBR-4Glc-DH
GalR-3G1lcNAcR-3
GalR-4G1lcNAcR-6
GalR-4G1lcNAcR-6
49 LND | |
GalR-3GlcNAch-3 GalR-4Glc-DH
GalR-3G1lcNAcR-3
G1lcNAcCB-6
G1lcNAcR-6 GalR-4GlcNAch-3GalB-4GlcR-Cer
50 Nonaosylceramide | |
GalR-4GlcNAch-3
G1lcNAcR-3
GalR-4GlcNAch-6
51 l-octaosylceramide GalB-4GlcNAcB-3GalB-4GlcB-Cer
GalR-4GlcNAch-3
GalR-4GlcNAch-6
- GalR-4GlcNAch-6 GalR-4GlcNAch-3GalB-4GlcR-Cer
52 dodecaosylceramid | |
e GalR-4G1lcNAch-3
GalR-4G1lcNAch-3
Gala-3GalBR-4G1lcNAcR-6
B-like |
53 . GalB-4GlcNAch-3GalB-4GlcB-C
decaosylceramide |a cRAchToba ehTer
Gala-3GalR-4G1lcNAcR-3
Gala-3GalBR-4G1lcNAcR-6
B-like Gala-3GalB-4G1lcNAcR-6 GalB-4GlcNAcR-3GalRk-4GlcB-Cer
54 pentadecaosylcera | |
mide GalBR-4GlcNAcR-3
Gala-3GalR-4G1lcNAcR-3

#Pos, Probe position in the screening microarray.

®The oligosaccharide probes are all lipid-linked, neoglycolipids (NGLs) or glycosylceramides. Unless
otherwise specified the NGLs are prepared from reducing oligosaccharides by reductive amination with
the amino lipid, 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE) (353); AO, NGL prepared
from reducing oligosaccharides by oxime ligation with an aminooxy (AO) functionalized DHPE (310);
Cer, natural glycolipids with various ceramide moieties; —QY is the 6-linked fragment of core GalNAc
after periodate oxidation as further explained in Figure 3.7.
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Figure 3.19 Microarray analysis of mAbs F77, anti-A, anti-B and anti-H type 1, and lectin UEA-I with
oligosaccharide probes in F77/li focused array. The results are the means of fluorescence intensities of
duplicate spots, printed at 5 fmol with error bars representing half of the difference between the two values. These
54 lipid linked probes (F77/li focused array) are arranged according to their epitopes and backbone sequences as
annotated in the coloured panels below the figure. The probe sequences are in Table 3.7.
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3.7 Haemagglutination properties and temperature-
dependent binding of mAb F77

The results above have shown that mAb F77 binds specifically to blood group H, A
and B sequences on branched poly-LacNAc backbones. The linear and branched
poly-LacNAc-based blood group sequences are highly expressed on human red cells,
with the linear (i-antigen type) being predominantly on cord cells and the branched (I-
antigen type) on adult cells, respectively (30). We therefore tested if mAb F77
agglutinates human red cells (Table 3.8). The haemagglutination assays were done
by our collaborator Dr. Don Siegel at Univerisity of Pennsylvania. Indeed, at ambient
temperature, when dilutions of mAb F77 were tested with blood group O (H) adult
cells and cord blood cells, there was, as predicted, agglutination of both cell types,
but to a higher titre with the adult cells: haemagglutination of the adult and cord cells
giving 4+ were at 625 and 5,000 ng/ml, respectively. Haemagglutination activity of
mAb F77 at 37 'C was lower than at ambient temperature; the 4+ score with group O
adult red cells was 1,250 ng/ml. Thus mAb F77 had features resembling those of

anti-l cold-agglutinins (30).

Blood group B and A adult red cells were also agglutinated by mAb F77, but to lower
titres with 4+ score at concentration of 1,250 ng/ml at ambient temperature. There is
a resemblance here also to the so-called anti-HI in normal human sera that have
been detected serologically in blood transfusion laboratories; these behave as low
titre cold-agglutinins, with the hierarchy of titres: adult group O > adult groups A , B
and AB, and >> cord blood (31).

Table 3.8 Haemagglutination assay of mAb F77 with adult and cord red blood cells at 20 and 37 °C. Data
from Don Peehl.

Blood mAb F77 concentrations (ng/ml)
Group/Temp 5000 2500 1250 625 313 156 78 39
Adult 0/20 °C 4+ 4+ 4+ 4+ 3+ 3+ 2+ 0
Adult A/20 °C 4+ 4+ 4+ 3+ 2+ 1+ 0 0
Adult B/20 °C 4+ 4+ 4+ 3+ 3+ 2+ 1+ 0
Cord 0/20 °C 4+ 3+ 3+ 2+ 0 0 0 0
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Adult O/37 °C 4+ 4+ 4+ 3+ 3+ 2+ 1+ 0

To further investigate the temperature-dependent property of mAb F77, | performed
microarray analysis of mAb F77 at three temperatures, 4, 20 and 37 °C, together with
a typical anti-I cold-agglutinin, anti-l Ma. This latter antibody recognizes the [31-6-
linked backbone branch GalB-4GIcNAcB-6Gal (19) which is present in the probes
designated Orsay-1, -6, -7 and B-like deca (Table 3.7). The binding intensities of
mAb F77 were indeed the highest at 4 °C and lower at 20 °C, and even lower at 37
°C (Figure 3.20A and B). The temperature effect was most prominent at 0.1 ug/ml
(Figure 3.20B). The temperature-dependence of ligand binding was very similar to
that of anti-l Ma (Figure 3.20C), whose binding was abolished at 37 °C.

A mAb F77 at 1ug/ml
60K 4c 60K 20C 60K 3rc
40K | 40K 40K
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Figure 3.20 Temperature dependence of the binding intensities of mAb F77 and anti-l Ma. (A and B).
Binding intensities elicited in microarray analyses of mAb F77, 1.0 (panel A) and 0.1 pug/ml (panel B), at 4 °C, 20
°C and 37 °C with the four branched human blood group H, A and B glycolipids, Hs, Ad, Blll and BIV. (C). Binding
intensities elicited in microarray analyses of anti-l Ma (1:100) at 4 °C, 20 °C and 37 °C with NGLs of the
chemically synthesized oligosaccharides designated Orsay-1, -6, -7 and the B-like decaosylglyceramide. The
experiments were performed using the F77/li focused array and only probes relevant were shown. The
carbohydrate sequences of the probes are listed in Table 3.7.
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3.8 Corroboration of the specificity of mAb F77 with a

chemically synthesized glycan

The assignment of the F77 antigen described in Section 3.4.5 was made using
naturally occurring glycolipids and O-glycan. It was desirable to corroborate this
finding with a chemically synthesized glycan and to gain insights into the size of the

F77 antigen.

A nonasaccharide GSC-915 was synthesized in Laboratory of Makoto Kiso of Gifu
University (Table 3.9). | performed treatments with specific glycosidases (Section
2.10) to sequentially remove Gal and GIcNAc on the 3-linked branch, to obtain
oligosaccharides designated GSC-915-2 and GSC-915-3, respectively (Table 3.9).
The Fuc and Gal on the 6-linked branch were sequentially removed from GSC-915-3
to obtain GSC-915-4 and GSC-915-5, respectively (Table 3.9). The oligosaccharide
products were purified by HPLC and analysed by ES-CID-MS and ES-CID-MS/MS to

corroborate their sequences (not shown).

Table 3.9 Sequences of the chemically synthesized nonasaccharide and its four enzymatic treatment
products

Designation Sequences

GalB-4GIcNACB-6

|
GSC-915 Fuca-2 GalB-4GIcNAcB-3Galp-4Glc

I
GalB-4GIcNAcB-3

GalB-4GIcNACB-6
|

GSC-915-2 | Fuca-2 GalB-4GIcNAcB-3GalB-4Glc

I

GIcNACcB-3

GalB-4GIcNACcB-6

GSC-915-3 |

Fuca-2 GalB-4GIcNAcB-3Galp-4Glc
GSC-915-4 GalB-4GIcNAcB-6GalB-4GIcNAcB-3GalB-4Glc
GSC-915-5 GIcNAcB-6GalB-4GIcNAcB-3Galp-4Glc

NGLs were generated from these five oligosaccharides. MALDI-MS (Figure 3.21)
analysis confirmed the high purity of each NGL product. [M-H]" of each NGL was
consistent with the predicted molecular mass of each NGL product. The mass
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differences between the products and the starting oligosaccharide, GSC-915, clearly

indicated the successful removal of Gal, GIcNAc, Fuc and Gal, respectively.

Antigenic analyses were performed using NGLs of GSC-915 and the glycosidase
digestion products (Figure 3.22). Clearly, F77 antigen-activity was retained after
removal of the Gal and GIcNAc from the 3-linked branch. Defucosylation of the 6-
linked branch markedly reduced mAb F77 binding but it was not until the 6-linked Gal
was removed that the F77 antigen activity was abolished. The complete
defucosylation of GSC-915-3 was confirmed by the lack of binding of GSC-915-4 by
UEA-I and AAL. These results highlighted the importance of LacNAc on the 6-linked
branch in the F77 antigen. The minimal sequence that elicited the strongest F77
binding signal was the unbranched blood group H sequence with the (31,6-linked
LacNAc backbone. This contrasts with the lack of mAb F77 binding to the
unbranched H with the 31,3-linked LacNAc backbone discussed in Section 3.6.
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Figure 3.21 Negative-ion MALDI-MS analysis of the NGLs derived from the synthetic nonasaccharide,
GSC-915, and its four glycosidase treated products GSC-915-2, -3, -4 and -5.
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Figure 3.22 Microarray analysis of mAb F77, UEA-l and AAL with NGLs derived from the synthetic
oligosaccharide GSC-915 and its four glycosidase treated products GSC-915-2, -3, -4 and -5. The results
are the means of fluorescence intensities of duplicate spots, printed at 5 fmol with error bars representing half of
the difference between the two values. The glycan sequences of the five NGLs are depicted on the top of the
figure and listed in Table 3.9.
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3.9 Discussion

This study illustrates the value of microarrays of sequence-defined glycans in
conjunction with glycome-scale designer arrays for the elucidation of novel
carbohydrate antigenic determinants. The initial microarray analysis of mAb F77 with
existing glycan probes clearly pointed to the presence of the F77 antigen on the two
blood group B sequences (Blll and BIV) based on branched poly-N-
acetyllactosamine backbones. This was quite unpredicted as F77 antigen is known to
be widely expressed in prostate cancer tissues (341) whereas the prevalence of
blood group B in Caucasians is only 9% (364). The branched blood group H and A
equivalents of Blll and BIV glycolipids were not available in the microarray initially.
However, the lack of F77 antigen activity on the unbranched analogue, the blood
group B hexaglycosylceramide, and on an analogue of the branched blood group B
glycolipids lacking the terminal a1,2-linked blood group H fucose (so called B-like),
was an important clue indicating the presence of the F77 antigen on the branched

blood group H, and this was indeed corroborated by the studies that followed.

The F77-active glycolipids of PC3 cells were found to be very minor components
within an extremely heterogeneous population. Therefore, the discovery of F77
antigen on an abundantly available mucin, PSM, opened up an alternative route to
isolating the antigen, namely, by generating designer arrays from the PSM O-
glycome. Antigenic analyses of the O-glycan population released from PSM and
arrayed as NGLs led to the isolation and characterization of a F77 antigen-positive
component, 4M-f1, as being a blood group H sequence on a 6-linked branch of a di-
lactosamine backbone. This assignment is supported by the lack of F77 antigen
activity of the two unbranched H-active sequences LnNFPI and H; (probes 2 and 3 in
Figure 3.19).

It was essential thereafter to evaluate directly the F77 antigen expression on a
branched blood group A analogue. This was achieved by analysis of the glycolipid Ad,
the blood group A analogue of BIV, isolated from a glycolipid extract of human red
cells. Ad was included in conventional chromatogram-binding analyses and

compared with the red cell-derived branched blood group H glycolipid Hs. In addition
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microarray analyses were performed using a newly generated set of probes among
which Ad and Hj; glycolipids were included, also their respective analogues BIV and
Blll, their unbranched analogues, the Lewis antigen-related probes and the linear
and branched nonfucosylated backbones. It was thus shown that mAb F77 binds to
the branched rather than the linear blood group A in addition to the branched blood
group B and H on poly-N-acetyllactosamine backbones. The agglutination of red cells
of A, B and O types, and more strongly those of adults than of cord blood, were also
in accord with the conclusions above that mAb F77 can bind each of the branched A,
B and H antigens. The specificity was clinched using a synthetic oligosaccharide
GSC-915 and the products obtained by serial enzymatic treatments. The minimum
sequence that mAb F77 recognizes was shown to be a type 2 blood group H (Fuca-
2GalB-4GIcNAc) linked to poly-LacNAc backbone through B-6 linkage; and the 3-

linked branch was not required.

The approach of generating designer probes (NGLs) from O-glycans, following
alkaline reductive release from PSM and mild periodate-oxidation, has three
advantages: first, there is a higher yield of glycans than by non-reductive release
(308); second, there are diagnostic MS features with respect to their origins from 3-
linked (OX) or 6-linked (OY) branches at the core GalNAcol residues (363); and third,
the cleavage at the core GalNAcol residues gives rise to a population of NGLs with
reduced heterogeneity as there arise branches of the same size and sequence from
different cores. Thus the antigen-positive components among the NGLs were
resolved into discrete bands on HPTLC (Figure 3.8) unlike those derived from non-
reductively released glycans which were not only larger but also more heterogeneous
(Figure 3.5), and would be difficult to purify in sufficient amounts for detailed analyses.
The patterns of binding of F77 to the NGLs from the reductively released O-glycans
together with the fluorescence labelling of the NGLs facilitated both the visualization

and isolation of the main antigen-positive component, 4M-f1.

In the previous study (341), there was a lack of a perceptible effect on F77 antigen
expression on PC3 and DU 145 cells after treatment with the O-glycosylation inhibitor
benzyl-a-GalNAc, contrasting with diminished antigen expression after treatment with
the glycolipid synthase inhibitor 1-phenyl-2-palmitoylamino-3-morpholino-1-propanol.
The authors concluded that the F77 antigen was expressed on glycolipids rather than
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O-glycosylated proteins. However, in our study, we identified PSM [which has O-
glycan sequences that resemble those of humans (365)] to express strongly the F77
antigen and we isolated an antigen-positive O-glycan fragment. Thus our studies
established the F77 antigen can be expressed not only on glycolipids, but also on O-
glycans of glycoproteins. This conclusion is supported by the finding in our
collaborator, Minoru Fukuda’s lab that benzyl-a-GalNAc treatment abolished F77
antigen activity in another cell line human prostate epithelial 267B1 that had been co-
transfected with FUT1 and GCNT3 (366). Collectively these results indicate that there
is a predominance of glycolipids with F77 antigen activity in PC3 and DU 145 cells
and a low content of O-glycosylated proteins relative to those on the transfected
267B1 cells such that the inhibition of O-glycan biosynthesis would not have a
perceptible effect on expression of the F77 antigen. Recent more sensitive analyses
using immunoprecipitation followed by Western blotting have revealed a glycoprotein
that is bound by mAb F77 (Mark Greene lab, unpublished). The entity of the carrier

protein is under investigation.

The marked differences in carbohydrate antigen expression on cancer cells
compared with normal counterparts have been discussed and reviewed in Section
1.2. These changes reflect the altered activities of the corresponding
glycosyltransferases. Highly relevant to F77 antigen expression are a1,2-
fucosyltransferase encoded by FUT1, which adds a1,2-linked blood group H fucose
(367) and, B1,6-N-acetylglucosaminyltransferase branching enzymes encoded by
GCNTs 1-4, which synthesize the 6-linked GIcNAc for cores 2, core 4 and l-antigen
type backbones (289,368), as depicted in Scheme 3.1.
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GalB-4GIcNACB-6 / GCNTS3 (dIGnT)

FUT1 | GCNT1 (Core 2)
Fuca-2 GaIB 4GIcNAB-6 GCNT3 (Core 2/4)
| GCNT4 (Core 2)

GlcNACcB-3 GalNAc

-Gal/GIcNACcp-3

GCNT1 (Core 2)

GCNT3 (Core 2/4)
Galp-4GIcNAcB-6 {
FUT1 | P- b- / GCNT4 (Core 2)

Fuca-2 GaINAc
-Gal/GIcNACcB-3

GaIB-4GIcNAcB-6| S GCNT2 (celGnT)

FUTT |
Fuca-2 Galp-4GlcNAcB-3Galp-4Glc-Cer

-Galp-4GIcNACB-3

Scheme 3.1 Key glycosyltransferases responsible for the biosynthesis of F77 antigen

With the exception of GCNT3, the expression of which was found to be down-
regulated in colorectal cancer (369), the above-mentioned branching enzyme genes
have been observed to be increased in epithelial cancers. Notably, over-expression
of GCNT1 has been reported to be associated with progression of prostate cancer
(370,371). Indeed upregulation of GCNT1 has been reported to be associated with
invasiveness and high metastasis in many cancer types, including endometrial
carcinoma (372), breast cancer (373), bladder cancer (374), testicular germ cell
tumour (375), colorectal cancer and pulmonary carcinoma (376,377). Recently,
GCNT2 has been reported to be involved in metastasis of breast cancer through
TGF-B signalling, and blocking the expression of GCNT2 was shown to abrogate the

tumour cell migration and invasion (378).

The question then arises as to why F77 antigen that includes a branched backbone
sequence is strongly expressed in prostate cancer rather than in other cancers. We
propose that the answers lie in the finding that the type 2 blood group H antigen,
which is expressed in the normal prostate irrespective of the ABO blood group status,
is increased in prostate cancer tissues (379-382). This contrasts with many other

cancers in which the branching enzyme genes are overexpressed, but the type 2 H
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antigen expression is decreased due to a1,3-fucosylation and the formation of Le’
antigen sequence, which we have shown not to be bound by mAb F77 (probe 26 in
Figure 3.19). Alternatively, there may occur competition by sialylation on the terminal
galactose instead of a1,2-fucosylation (156). Results of glycosyltransferase gene
transfections in the Fukuda lab (366) are in complete accord both with our findings
and our hypothesis. These include first, expression of F77 antigen was induced in
267B1 cells lacking the antigen by co-transfection of the gene for a1,2-
fucosyltransferase and those for the branching enzymes GCNT1, GCNT2 or GCNT3;
second, the antigen activity persisted when A or B enzyme was transferred into the
cells but binding was less strong; third, RT-PCR analysis revealed the expression of
the genes for FUT1 and GCNT2, and those for FUT1 and GCNT3 in F77 antigen-
positive cells PC3 and LNCaP, respectively; and fourth, siRNA targeting these
enzyme genes in antigen-positive cells resulted in significantly reduced levels of the

antigen.

With knowledge of the structure, prevalence and potential biological function of F77
antigen in prostate cancer, the way is open to explore rationally its applications as a
biomarker. Whereas direct use of mAb F77 in cancer sero-diagnosis and tumour
imaging would be precluded because of the expression of the antigen on red cells.
One possibility under current investigation is the detection of the antigen on
circulating tumour cells. We are also exploring F77-antigen-positive prostatic
glycoproteins as potential serum biomarkers of prostate cancer. Possible new
approaches to immunotherapy of prostate cancer using the single chain variable

region (scFv) of F77 antibody in are discussed in Chapter 5.

147



Chapter 4
STUDIES OF AN EPITHELIAL CANCER-
ASSOCIATED CARBOHYDRATE ANTIGEN AE3
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4.1 Introduction

Monoclonal antibody AE3 (IgM) was raised against sialidase treated (asialo) murine
epiglycanin (383), which is a large (~500 kDa) sialylated mucin produced by murine
mammary adenocarcinoma TA3-Ha cells (384). The mAb bound to high molecular
weight (>1,000 kDa) human cancer-associated epithelial glycoproteins that are
collectively designated HCA (human carcinoma antigen) (385). Among more than 40
mADbs raised against epiglycanin, mAb AE3 was considered the ‘most carcinoma-
specific’ (386). Using mAb AE3, the HCA could be immunochemically detected in
ascites fluid of patients with ovarian cancer (385) and in sera of patients with breast
cancer (386). The AE3 antibody strongly stained human cancer tissues such as
those of breast (386), prostate (387), bladder (388) and oesophagus (389).

The molecular identities of the murine epiglycanin and HCA have been investigated.
By differential analyses of the murine mammary carcinoma cell variants that express
or lack epiglycanin (designated TA3-Ha and TA3-St, respectively), a mouse
epiglycanin cDNA fragment was first identified. Using homology searching, the
human orthologue was cloned, expressed and designated MUC21 (390). This was
followed by the clone of the mouse complete epiglycanin gene which was designated
as Muc21 (391). The two human and murine orthogogues have been shown to be
highly glycosylated transmembrane mucins with 28 and 98 tandem repeat domains,

respectively, rich in serine and threonine residues (390,391).

In earlier studies, the binding of epiglycanin by most of the 40 mAbs was reduced
after incubation of the glycoprotein with trypsin or pronase, suggesting a high
molecular weight dependency for binding by the antibodies (392). The binding of
these antibodies to epiglycanin was also attenuated by periodate treatment, and
inhibited by peanut agglutinin (PNA) or high concentrations of the T disaccharide,
Galp-3GalNAc. Another plant lectin, Ricinus communis agglutinin | (RCA12), could
also inhibit the binding of one of these 40 antibodies (392). Treatment of the AE3
antigen-positive cells with endo-a-N-acetyl-D-galactosaminidase abolished binding of

mAb AE3 (383). This enzyme removes the T disaccharide from the reducing terminal
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on O-glycans. Collectively, these results suggested the involvement of carbohydrate,

and specifically the GalB-3GalNAc in the antigenic determinant.

The authors investigated the specificity of mAb AE3 by performing inhibition assays
(inhibition of binding to epiglycanin) using T disaccharide and synthetic glycopeptides
carrying this disaccharide sequence (393). The results are summarized in Table 4.1.
Binding of mAb AE3 to epiglycanin was inhibited by the glycoproteins epiglycanin
(number 1) or asialoglycophorin (number 2) at very low concentration (~0.7 pg/ml).
Seven glycopeptides with various combinations of T disaccharide and Tn (GalNAc)
monosaccharide (numbers 3 to 9, listed in Table 4.1) also inhibited AE3 binding, but
at a higher concentration with 1Csy between 150 and 5,000 ug/ml. The glycopeptides
with triple Tn (number 10) did not show inhibitory activity. The free T disaccharide
(number 11) could inhibit mAb AE3 binding although the inhibitory activity was
relatively low (ICso at 5000 pug/ml). These results suggested that mAb AE3 resembles
PNA which recognizes the T antigen disaccharide GalB-3GIcNAc. However, mAb
AE3 differed from PNA in that the concentration of the T disaccharide required for
inhibition was 10* times greater than for PNA, suggesting that the T disaccharide
sequence forms part of a larger antigenic determinant recognized by mAb AE3 (393).
In addition, among the glycopeptides, the one that had the strongest inhibitory activity
was a glycopeptide with one Tn monosaccharide (GalNAc) on the first threonine
residue and two T disaccharides on the second and third threonine residues (number
3). This was followed by the glycopeptide with one T on the middle threonine
(number 4) and by the one with trivalent T on all three threonines (number 5). This
was suggestive of the requirement for clustered presentation of T disaccharide, but
not conclusive. The structure of AE3 antigen has remained an open question over
the ensuing years. The molecular basis of ordering of the clustered mucin-type O-
glycosylation has been investigated in detail. Recent results have shown that this is
dependent on the specificities and catalytic activities of the UDP-GalNAc:polypeptide
a-N-acetylgalactosaminyltransferases (ppGalNAc Ts), which initiate O-glycosylation,
these, are influenced by the amino acid sequence and pre-existing GalNAc on the
substrate (394,395).

Palma et al in the Glycosciences Laboratory (319) carried out microarray analysis of
mAb AE3 using almost 500 glycan probes (Glycosciences Lab Array Sets 32-39).
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The binding profile for mAb AE3 partially overlapped with that of PNA but was clearly
distinct from that of RCA+2 (Figure 4.1A). There was an unpredicted finding that the
strongest binding of mAb AE3 was to a sulphoglycolipid SM1a, an analogue of the
sialoglycolipid GM1 (Figure 4.1B). The AE3 antibody bound relatively weakly to the
three structurally-related sequences asialo-GM1, GM1 and GM1 (Gc) (probes 301,
306 and 308, respectively in Figure 4.1A and B). Additional sulphation on the
terminal Gal impeded the AE3 binding as evidenced by the lack of binding to SB1a
(probe 304, Figure 4.1A and B). This was the first report of a glycolipid carrier of
human HCA.

Table 4.1 Inhibition of mAb AE3 binding to epiglycanin by glycoproteins, synthetic
glycopeptides and T disaccharide. Data were taken from reference (393).

Number Inhibitor ‘ IC5 (ug/ml)
Glycoprotein
1 Asialoglycophorin ~0.7
2 Epiglycanin ~0.7
Synthetic glycopeptides
™" T T
3 Ac---P----T----T----T----P----|----S----T---NH, ~150
Tn T Tn
A Ac---P----T----T----T----P----|----S----T---NH, ~300
T T 7T
X Ac---P----T----T----T----P----|----S----T---NH, ~1200
T Tn T
6 Ac---P----T----T----T----P----|----S----T---NH, ~2100
T T Tn
’ Ac---P----T----T----T----P----|----S----T---NH, ~2100
T Tn Tn
8 Ac---P----T----T----T----P----|----S----T---NH, 3000
Tn Tn T
0 Ac---P----T----T----T----P----|----S----T---NH, >5000
Tn Tn Tn N
10 AC-—-PoeT oo ToeeT e o Son-T-—-NH, not inhibited
T disaccharide
11 | Galp1-3GalNAc | ~5000

The carbohydrate sequence of SM1a has not been reported on mucin-type
glycoproteins so far. Sequences related to SM1a have been described (348) among
O-glycans of glycoproteins in normal descending colon (Figure 4.1C): These are
structures a, with sulphate on Gal but lacking terminal Gal1-3GalNAc and structure
b, a Sd*/Cad sequence (Figure 1.6 and Section 1.1.2.2) lacking a terminal Gal but
with sialic acid instead of sulphate on Gal. Taken together, these findings led to a

proposal that an O-glycan analogue of SM1a with a non-reducing terminal GalB1-
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3GalNAc, a sulphate on an inner galactose and the core 3 sequence at the reducing

end (Figure 4.1C) may be present on mucin-type glycoproteins bound by mAb AE3.
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Figure 4.1 Microarray screening analyses of mAb AE3 and the plant lectins peanut agglutinin (PNA) and
Ricinus communis agglutinin | (RCA120). (A) The results with 492 lipid-linked probes (>370 mammalian type)
printed at 5 fmol in the arrays (means of fluorescence intensities of duplicate spots with error bars). The probes
are grouped according to their backbone sequences as annotated by the coloured panels. (B) Relative intensities
of binding of AE3 and PNA to five glycolipids sharing the asialo-GM1 backbone sequence in the microarray
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screening analyses. (C) Schematic presentation of oligosaccharide sequences, structures a and b, related to that
of SM1a and based on the O-glycan core 3 that have been described among O-glycans of glycoproteins in
descending colon; also shown is a possible O-glycan analogue of SM1a. Taken from (319) with permission.

This chapter has been to investigate whether the AE3 determinant among O-glycans
indeed occurs as an SM1a analogue or if it is a sequence with which SM1a cross
reacts. It is important to determine which glycan sequence constitutes the cancer-
associated antigen and thereby to have an indication of which glycosyltransferases

are involved.
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4.2 Antigenic analysis of an AE3 antigen-positive glycolipid
SM1a

The sulphoglycolipid SM1a that was unexpectedly bound by mAb AE3 in the
microarray screening analysis was from a natural source. It could not be ruled out
that a minor component existed in the preparation and could not be detected by MS.
In order to corroborate the mAb AE3 binding to SM1a, two glycolipids,
monosulphated SM1a and disulphated SB1a, were chemically synthesized in the

Laboratory of Makato Kiso of Gifu University for this project.

Purity of the two synthetic glycolipids was corroborated by HPTLC and MS analyses.
They were then arrayed for probing with mAb AE3 (Figure 4.2). The result showed
that the synthetic and the naturally occurring SM1a were equally well bound by mAb
AE3, whereas the disulphated glycolipid SB1a was completely AE3 antigen-negative.
This corroborated the finding in the screening array analysis that AE3 binding was
restricted to the monosulphated glycolipid SM1a. Sulphation on the terminal Gal

masked the AE3 binding epitope.

12000 -

#1 Naturally occurring SM1a
Galp-3GalNAcB-4GalpB-4Glcp-Cer
8000 - |
SuU-3
#2 Synthetic SM1a
4000 -
#3 Synthetic SB1a GalpB-3GalNAcp-4GalB-4Glcp-Cer
| |
SU-3 SU-3
0 - ' . )
1 2 3

Probes arrayed at 5 fmol/spot

Fluorescent intensity

Figure 4.2 Microarray analyses of mAb AE3 with naturally occurring and chemically synthesized SM1a
and synthetic SB1a. The results shown are binding intensities with the three glycolipids printed at 5 fmol in the
arrays (means of fluorescence intensities of duplicate spots with error bars).
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4.3 ldentification of an AE3 antigen-positive ovarian cyst

mucin, Cyst 756

In the hope of finding a source of the proposed O-glycan analogue of SM1a (Figure
4.1C), microarray analysis of mAb AE3 was performed using an array of 46
preparations of mucin-type glycoproteins (Mucin Array Set 2, Table 4.2). These
included most of the 30 glycoproteins in Mucin Array Set 1 used in the F77 study
(Table 3.1) and some additional glycoproteins: 11 enriched cystadenoma
glycoprotein preparations being pepsin treated, 4 glycoprotein preparations of human
milk and sheep stomach and 2 glycoproteins transferrin and invertase. A preparation
of HCA served as the positive control. Two lectins PNA and RCA2 were tested in

parallel to compare their binding profiles with that of mAb AE3.

Twenty eight of the mucin preparations gave binding signals with mAb AE3 (Figure
4.3). Glycoproteins giving moderate or high binding signals were those purified from
cystadenomas (probes 29 to 32, Figure 4.3), preparations from meconia (probes 34
to 37), transferrin (probe 45) and the positive control, HCA (probe 42). The AE3
antibody bound only moderately or weakly to the enriched (but not purified)
cystadenoma glycoproteins (probes 1, 5 to 12, 15, 16 and 23 to 26). Among them,
three preparations of cystadenoma 756 (Cyst 756), probes 23 to 25, elicited relatively
strong mAb AES3 binding. These samples had been enriched for high molecular mass
glycoproteins (mucins) by trypsin, pronase or pepsin treatment, respectively, followed
by ethanol precipitation (Section 2.2.3). The plant lectins PNA and RCA2, showed
similar binding profiles which also overlapped with that of mAb AE3. In this sense,
mAb AE3 indeed resembled the two plant lectins, albeit binding with a lower intensity.
These results were in accord with the inhibition of binding of mAb AE3 and related
mADbs raised against epiglycanin in the presence of RCA12 and PNA (392). However,
mAb AE3 differed from the two plant lectins clearly in its lack of bindings to the two
sheep stomach glycoproteins (probes 40 and 41). These findings suggested that the
epitope of this antibody may partially overlap with those of the lectins but it is clearly

not identical as indicated in the glycan array data in Figure 4.1A.
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One of the samples most strongly bound by AE3, samples 29 to 32 and 35 to 36,
would have been desirable sources of antigen-positive O-glycans for investigation.
But these glycoproteins are available only in limited amounts. Thus an abundantly
available ovarian cystadenoma glycoprotein preparation (Cyst 756) was selected for

the studies described in this Chapter.

Table 4.2 Mucin-type epithelial glycoproteins arrayed as Mucin Array Set 2 for screening for mAb AE3
binding.

Donor red cell
blood-group
Enriched cystadenoma glycoproteins

Position Designation Secretor status

1 Cys 301 (Pro)*

2 Cys 301 (Pep)

3 Cys 379 (Pro) A1 Non-secretor
4 Cys 379 (Pep)

5 Cys 444 (Trp) Unknown Non-secretor
6 Cys 444 (Pro) Unknown Non-secretor
7 Cys 444 (Pep) Unknown Non-secretor
8 Cys 446 (Pro) B Non-secretor
9 Cys 446 (Pep) B Non-secretor
10 Cys 461 (Try) Unknown Non-secretor
11 Cys 461 (Pro) Unknown Non-secretor
12 Cys 461 (Pep) Unknown Non-secretor
13 Cys 654 (Pro) B Non-secretor
14 Cys 654 (Pep) B Non-secretor
15 Cys 705 (Pro) Unknown Non-secretor
16 Cys 717 (Pro) A1 Non-secretor
17 Cys 717 (Pep) A1 Non-secretor
18 Cys 733 (Pro) A1 Secretor

19 Cys 745 (Pro) A Non-secretor
20 Cys 745 (Pep) A Non-secretor
21 Cys 754 (Pro) Unknown Non-secretor
22 Cys 754 (Pep) Unknown Non-secretor
23 Cys 756 (Trp) A Non-secretor
24 Cys 756 (Pro) A Non-secretor
25 Cys 756 (Pep) A Non-secretor
26 Cys 762 (Pro) (0] Non-secretor
27 Cys 762 (Pep) (0] Non-secretor
28 Cys 765 (Pro) (0] Non-secretor

Purified cystadenoma glycoproteins

29 Og 10% from 20% (Pep) Unknown Non-secretor
30 Og 10% 2x (Pep) Unknown Non-secretor
31 N1 20% (Pep) Unknown Non-secretor
32 Tij 10% 2x (Pep) B Secretor

33 0C2 Unknown Unknown

Meconia

34 Meconium B (Pro) B Unknown

35 Meconium Mo (Pro) Unknown Unknown

36 Meconium Wo (Pro) Unknown Unknown

37 Meconium He (Pro) Unknown Unknown
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Milk glycoproteins
38 Milk batch #3 Unknown Unknown
39 Milk batch #6 Unknown Unknown

Sheep stomach glycoproteins
40 Sheep (S1+S10) (pep)
41 New sheep pool (pep)

Other glycoproteins

42 HCA Unknown Unknown
43 Porcine gastric mucin A+H (Sigma)
44 Bovine submaxillary mucin Unknown (Sigma)
45 Transferrin Unknown (Sigma)
46 Invertase Unknown (Sigma)

Details for the enrichment procedures for the mucin preparations 1-37, 40-41 and of 42 are given in Section 2.2.3.
Samples 43 to 46 were from commercial sources.
*Trp, Pro and Pep refer to proteases, pronase, trypsin or pepsin, used in the process of solubilizing the mucins.

40000 -
AE3 Cyst 756
20000 - ¥
—=
0 .
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46
2 50000 -
@ PNA
5
£
= 25000 -
(]
Q
()]
o
E 0 -
i 1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46
50000 -
RCA 5
25000 -
0 -

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46
Glycoproteins

Enriched cystadenoma glycoproteins Human milk
Purified cystadenoma glycoproteins Sheep stomach glycoproteins
Meconia Other glycoproteins

Figure 4.3 Microarray analyses of mAb AE3-containing culture supernatant, PNA and RCA1 with mucin-
type glycoproteins. The mucin-type epithelial glycoproteins are from enriched and purified ovarian
cystadenomas, meconia, human milk, sheep stomach and commercial glycoproteins such as porcine gastric
mucin, bovine submaxillary mucin, transferrin and invertase. They are arranged according to their sources as

157



annotated in the coloured panels below the figure. Results are the means of fluorescence intensities of duplicate
spots printed at 150 pg glycoprotein per spot. The error bars represent half of the difference between the
duplicate values. In brackets are the three preparations of cystadenoma 756 selected for further investigation of
the AE3 antigen.
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4.4 Antigenic analyses of O-glycans reductively released
from Cyst 756

Following the success in the F77 study, reductive release was initially attempted. The
workflow is summarized in Scheme 4.1. Five hundred milligrams of the crude Cyst
756 lyophilised powder was used to release the O-glycans by reductive alkaline
borohydride degradation. Total hexose content of the products was 12.4 mg
determined by dot-orcinol assay. The products were initially fractionated by charge
using DEAE-Sephadex A25 column (Section 2.5.1). Four fractions were successively
eluted using 10, 100, 300 and 500 mM NH4OAc buffer, and they were designated
Cyst 756-C-N, Cyst 756-C-A1, Cyst 756-C-A2 and Cyst 756-C-A3, respectively
(Scheme 4.1). The four subfractions were analysed by ES-MS and the
monosaccharide compositions of each component in these fractions were deduced
and listed in Table 4.3. One molecular ion may correspond to multiple possible
monosaccharide compositions. Sometimes both with and without sialic acid (SA) or
sulphate (SU) is possible. There were in total 72 molecular species based on the m/z
values observed as singly, doubly and triply charged ions, corresponding to
oligosaccharides ranging from disaccharide to hexadecasaccharide. The major
components in Cyst 756-C-N were neutral oligosaccharides, ranging from
disaccharide to heptasaccharide, whereas in Cyst 756-C-A1, Cyst 756-C-A2 and
Cyst 756-C-A3 the major components were acidic and ranged from disaccharide to
hexadecasaccharide. The ion corresponding to the predicted AE3 antigen-positive O-
glycan (Figure 4.1C), SU1.Hex2.HexNAc2.HexNAcol, was not observed, however,
suggesting that the sought-after antigen may be a minor component as was the case

with F77 antigen in PSM or that it was absent.
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Scheme 4.1. Workflow of the reductive O-glycan release, fractionation and conjugation to lipid to
generate NGLs.

Table 4.3 Compositions of the reductively released O-glycans in fractions Cyst 756-C-N (N), Cyst 756-C-
A1 (A1), Cyst 756-C-A2 (A2) and Cyst 756-C-A3 (A3) deduced from ES-MS analysis (tick indicates the
corresponding ion is found in this fraction).

- m/z 7 3 Monosaccharide composition Fractions
[M-HT" | [M-2H] [M-3H] N A1 A2 A3
384.1 Hex1, HexNAcol1 |
478.6 SA1, SU1-Hex1, HexNAc1, HexNAcol1 S
482.6 SA2-Hex1, HexNAcol1 \/ S
513.2 SA1-HexNAcol1 V V
530.2 dHex1, Hex1, HexNAcol1 v
553.3 SU1-dHex2, Hex1 v
559.6 SA1, SU1-Hex2, HexNAc1, HexNAcol1 v \
584.2 SA2-Hex1, HexNAc1, HexNAcol1 v
587.2 Hex1, HexNAc1, HexNAcol1 v
623.2 SU3-Hex1, HexNAcol1 v
632.7 SA1, SU1-dHex1, Hex2, HexNAc1, HexNAcol1 v
SA1, SU1-dHex3, Hex3, HexNAc2, HexNAcol1
640.2 SU2-Hex7, HexNAc2, HexNAcol1 J
SA2, SU1-dHex1, Hex3, HexNAc2, HexNAcol1
SU2-Hex2, HexNAc3, HexNAcol1
657.2 SU1-Hex5, HexNAc1, HexNAcol1 v
SA2-dHex1, Hex1, HexNAc1, HexNAcol1
665.2 SA2-Hex2, HexNAc1, HexNAcol1 V
667.2 SU1-Hex1, HexNAc1, HexNAcol1 V J

160



675.2

SA1-Hex1, HexNAcol1

702.2

SA1-Hex3, HexNAc2, HexNAcol1

733.2

dHex1, Hex1, HexNAc1, HexNAcol1

734.2

SA1, SU1-dHex1, Hex2, HexNAc2, HexNAcol1

SA1-dHex1, Hex5, HexNAcol1

742.2

SA1SU1-Hex3, HexNAc2, HexNAcol1
SA1-Hex6, HexNAcol1
SU1-dHex2, Hex3, HexNAc2, HexNAcol1

749.3

Hex2, HexNAc1, HexNAcol1

755.2

SA1, SU1-Hex1, HexNAcol1

785.2

SU3-Hex2, HexNAcol1

793.2

SU3-dHex3, Hex3, HexNAc1, HexNAcol1

812.3

SU1-dHex1, Hex1, HexNAc1, HexNAcol1

815.2

SU1-dHex3, Hex3, HexNAc2, HexNAcol1

SA1, SU1-dHex1, Hex3, HexNAc2, HexNAcol1

SA1-dHex1, Hex6, HexNAcol1
dHex3, Hex6, HexNAcol1

829.2

SU1-Hex2, HexNAc1, HexNAcol1

878.3

SA1-Hex1, HexNAc1, HexNAcol1

887.7

SA1, SU1-dHex2, Hex3, HexNAc2, HexNAcol1

892.2

SU2-dHex1, Hex4, HexNAc3, HexNAcol1
SA2-dHex2, Hex3, HexNAc1, HexNAcol1
SA3-Hex3, HexNAc1, HexNAcol1

898.7

SA2, SU2-dHex1, Hex3, HexNAc1, HexNAcol1

895.3

dHex1, Hex2, HexNAc1, HexNAcol1

931.3

SU3-dHex1, Hex2, HexNAcol1

920.8

SA1-dHex3, Hex3, HexNAc2, HexNAcol1
SA2-dHex1, Hex3, HexNAc2, HexNAcol1
SU2-Hex4, HexNAc4, HexNAcol1

SA1, SU1-dHex3, Hex5, HexNAcol1
SU1-Hex7, HexNAc2, HexNAcol1

9562.3

Hex2, HexNAc2, HexNAcol1

958.2

SA1, SU1-Hex1, HexNAc1, HexNAcol1

958.0

SA2, SU1-dHex2, Hex5, HexNAc4, HexNAcol1

dHex4, Hex4, HexNAc7, HexNAcol1
SA1-dHex2, Hex4, HexNAc7, HexNAcol1

960.8

SA1, SU1-dHex3, Hex3, HexNAc2, HexNAcol1

SU2-Hex7, HexNAc2, HexNAcol1

SA2, SU1-dHex1, Hex3, HexNAc2, HexNAcol1

966.3

SA1-dHex2, Hex1, HexNAcol1
SA2-Hex1, HexNAcol1

971.8

SA2, SU2-dHex2, Hex3, HexNAc1, HexNAcol1

SU1-dHex2, Hex6, HexNAc1, HexNAcol1

980.2

SA1, SU2-dHex1, Hex1, HexNAcol1

988.3

SU3-Hex2, HexNAc1, HexNAcol1

997.8

SA1, SU1-dHex1, Hex4, HexNAc3, HexNAcol1

SU1-dHex3, Hex4, HexNAc3, HexNAcol1
SA1-dHex1, Hex7, HexNAc1, HexNAcol1
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1008.0

SA1, SU1-dHex5, Hex8, HexNAc2, HexNAcol1
SA1, SU2-dHex5, Hex5, HexNAc4, HexNAcol1
SA1, SU2-Hex7, HexNAc6, HexNAcol1
SU2-dHex2, Hex7, HexNAc6, HexNAcol1
SA2-dHex3, Hex6, HexNAc4, HexNAcol1

1024.3

SA1-dHex1, Hex1, HexNAc1, HexNAcol1

1040.4

SA1-Hex2, HexNAc1, HexNAcol1

1070.8

SA1, SU1-dHex2, Hex4, HexNAc3, HexNAcol1
SA1-dHex2, Hex7, HexNAc1, HexNAcol1
SA2, SU1-Hex4, HexNAc3, HexNAcol1
SU2-dHex4, Hex6, HexNAc1, HexNAcol1
SU1-dHex4, Hex4, HexNAc3, HexNAcol1
dHex4, Hex7, HexNAc1, HexNAcol1

1110.9

SA1, SU1-dHex2, Hex7, HexNAc1, HexNAcol1
SU1-dHex4, Hex7, HexNAc1, HexNAcol1

1111.3

SU2-dHex4, Hex4, HexNAc3, HexNAcol1
SU1-dHex4, Hex7, HexNAc1, HexNAcol1
SA2-Hex5, HexNAc3, HexNAcol1

SA2-dHex5, Hex3, HexNAc1, HexNAcol1
SA1, SU1-dHex2, Hex7, HexNAc1, HexNAcol1

1114.4

Hex3, HexNAc2, HexNAcol1

1120.3

SA1, SU1-Hex2, HexNAc1, HexNAcol1

1142.3

SA1, SU2-dHex1, Hex2, HexNAcol1

1160.4

SU2-dHex2, Hex3, HexNAcol1
SA1, SU1-Hex1, HexNAc2, HexNAcol1

1178.3

SA1-dHex1, Hex2, HexNAc2, HexNAcol1

1178.4

SA2, SU2-dHex4, Hex6, HexNAc5, HexNAcol1
SA1, SU2-dHex1, Hex8, HexNAc7, HexNAcol1
SA1, SU2-dHex6, Hex6, HexNAc5, HexNAcol1

1186.4

SA1-dHex1, Hex2, HexNAc1, HexNAcol1

1194.4

SU1-Hex3, HexNAc2, HexNAcol1
Hex6, HexNAcol1

1216.4

SA2, SU1-dHex2, Hex4, HexNAc3, HexNAcol1
SA2-dHex2, Hex7, HexNAc1, HexNAcol1

1226.7

SA2, SU2-Hex8, HexNAc7, HexNAcol1
SA2, SU2-dHex5, Hex6, HexNAc5, HexNAcol1
SA1, SU2-dHex2, Hex8, HexNAc7, HexNAcol1

1243.4

SA1-Hex2, HexNAc2, HexNAcol1

1253.4

SA1, SU1-dHex2, Hex5, HexNAc4, HexNAcol1

1260.4

dHex1, Hex3, HexNAc2, HexNAcol1

1296.4

SU3-dHex1, Hex3, HexNAc1, HexNAcol1

1306.4

SU2-dHex3, Hex3, HexNAcol1

1326.4

SA1, SU1-dHex3, Hex5, HexNAc4, HexNAcol1

1340.4

SU1-dHex1, Hex3, HexNAc2, HexNAcol1

1405.4

SA1-Hex3, HexNAc2, HexNAcol1

1439.4

SA2, SU1-dHex2, Hex8, HexNAc2, HexNAcol1
SA1, SU2-dHex4, Hex5, HexNAc4, HexNAcol1
SA1, SU1-dHex4, Hex8, HexNAc2, HexNAcol1
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1450.4 SA2, SU2-dHex3, Hex8, HexNAc1, HexNAcol1 V
1485.4 SA1, SU1-Hex3, HexNAc2, HexNAcol1 v
1551.5 SA1-dHex1, Hex3, HexNAc2, HexNAcol1 | x/
1587.4 SU3-dHex3, Hex3, HexNAc1, HexNAcol1 N

Abbreviations: SA, NeuAc; SU, sulphate; dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine;
HexNAcol, N-acetylhexosaminitol.

The fractions Cyst 756-C-N, Cyst 756-C-A1 and Cyst 756-C-A2 were further
fractionated by size using Bio-Gel P4 and the elution profiles are in Figure 4.4. Seven
pooled subfractions were obtained in each of the fractions. These were N-1 to N-7 in
Figure 4.4A, A1-1 to A1-7 in Figure 4.4B and A2-1 to A2-7 in Figure 4.4 C. As the
material in Cyst 756-C-A3 was very limited, it was not further fractionated. Twenty-
one subfractions of Cyst756-C-N, -A1 and -A2, together with the unfractionated
Cyst756-C-A3, were quantified by hexose assay (Table 4.4). The subfractions N-1 to
N-7 were the most abundant, with hexose content ranging from 300-2,300 pg. The
hexose content was less in subfractions in Cyst 756-C-A1 and -A2 (10 to 340 ug and
7 to 260 ug, respectively) and even less (140 ug) in Cyst756-C-A3.

Table 4.4 Quantitation of hexose in the subfractions N-1 to -7, A1-1 to -7 and A2-1 to -7 obtained from size
fractionation and A3.

. Total Hex . Total Hex . Total Hex . Total Hex
Fractions Fractions Fractions Fractions
(Mg) (Mg) (Mg) (H9)
N-1 2314.6 A1-1 337.8 A2-1 258.5 A3 140.0
N-2 1867.9 A1-2 233.9 A2-2 99.2
N-3 1835.8 A1-3 212.1 A2-3 75.5
N-4 1351.3 Al1-4 323.4 A2-4 24.9
N-5 1147.5 A1-5 112.3 A2-5 82.3
N-6 1280.9 A1-6 347 A2-6 35.6
N-7 300.0 A1-7 10.8 A2-7 7.3
Total 10098.0 Total 1265.1 Total 583.2 Total 140.0
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Figure 4.4 Size fractionation of the three subfractions, Cyst756-C-N (A), Cyst756-C-A1 (B) and Cyst756-C-
A2 (C). The chromatography was on a Bio-Gel P4 column (1.6x90cm) eluted with 0.05 M NH4OAc. V, is the void
volume of the column; numbers 2-12 indicate the positions of elution of oligosaccharides with degrees of
polymerization 2-12 in an acid hydrolysate of dextran glucose units. N-1 to N-7, A1-1 to A1-7 and A2-1 to A2-7
designate the pooled fractions in each preparation.

Fluorescent NGLs of these 22 subfractions were prepared using ADHP after mild
periodate oxidation. The reaction mixture in each fraction was resolved by HPTLC

together with the positive control SM1a (Figure 4.5). Numerous fluorescent bands
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were detected in each fraction under UV light. The same plates were then probed for
binding with mAb AE3 (Figure 4.5). The SM1a control was clearly bound by mAb
AE3 on each of the plates. Immunostained bands were detected in subfractions 5
and 6 of Cyst 756-C-N, subfractions 2 to 5 of Cyst 756-C-A1, subfractions 2 to 5 of
Cyst 756-C-A2, and Cyst 756-A3 (Figure 4.5). However the intensities of these
immunostained bands seemed to correlate with the amounts of NGLs visualized by
fluorescence. This raised the possibility that the immunostained bands were non-

specific.

The reaction mixtures of the two fractions Cyst 756-C-A1-3 and Cyst 756-C-A2-2
(squared in Figure 4.5) were then selected for further fractionation on a silica column
(Section 2.7) followed by binding analysis (Figure 4.6). The reaction mixture A1-3
yielded four subfractions a to d (Figure 4.6A); the other, A2-2, yielded five
subfractions a to e (Figure 4.6B). In both cases, subfraction a contained mainly
excess lipid (not shown) and was not studied further. The remaining subfractions
were chromatographed on two HPTLC plates with lactose AD-NGL (Lac.AD) and
SM1a in the control lane. The plates were visualized by UV light and probed for
binding by mAb AE3 (panel C and D, Figure 4.6). Clearly, numerous fluorescent
bands with differing mobilities were observed in subfractions b to d in A1-3 and b to e
in A2-2. In the control lane, only the fluorescent Lac.AD was visualized by UV. The
position of the non-fluorescent glycolipid SM1a was marked. Immunostaining was
observed only with SM1a by mAb AE3 on these two plates (panel C and D, Figure
4.6).
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Figure 4.5 Chromatogram binding analysis of mAb AE3 to NGLs in subfractions of Cyst 756-C-N, Cyst
756-C-A1 and Cyst 756-C-A2, and of fraction Cyst 756-C-A3. The NGLs in the fractions were
chromatographed together with the glycolipid SM1a on HPTLC plates, using CHCIls/MeOH/H,0, 60:35:8 (v/v), as
solvent. The fluorescent NGLs were visualized under UV light (left panel). The same plate was incubated with
mAb AE3 (right panel), followed by biotinylated anti-mouse IgM (u-chain specific). Binding was visualized by
colour development using the streptavidin-peroxidase followed by DAB liquid substrate system. O indicates the
origin. Arrow indicates the position of SM1a, which was revealed by immunostaining with mAb AE3. Squares
highlight the two subfractions Cyst 756-C-A1-3 and Cyst 756-C-A2-2 which were selected for further fractionation.
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Figure 4.6 TLC analysis and mAb AE3 binding analyses of the NGLs in fractions Cyst 756-C-A1-3 and
Cyst 756-C-A2-2. (A). TLC analysis of NGLs in Cyst 756-C-A1-3 (A1-3). (B). TLC analysis of NGLs in Cyst 756-
C-A2-2 (A2-2). b to e indicate subfractions obtained in in the prep-TLC of A1-3 and A2-2. The subfractions a
which contained excess lipid in the two preparations was not shown. (C). Binding analysis of mAb AE3 using the
NGLs in subfractions b to d of A1-3. (D). Binding analysis of mAb AE3 using the NGLs in subfractions b to e of
A2-2. The NGLs were chromatographed together with the glycolipid SM1a and Lac.AD (Lane controls) on HPTLC
plates, using CHCIl3/MeOH/H20, 60:35:8 (v/v), as solvent. The fluorescent NGLs were visualized under UV light
(left panel). The same plate was incubated with mAb AE3 (right panel), followed by biotinylated anti-mouse IgM
(u-chain specific). Binding was visualized as in the legend to Figure 4.5. Arrows indicate the positions of Lac.AD
and SM1a. O indicates the origin.

The NGLs in subfractions N-1 to N-7, A1-1 to A1-7, and A2-1 to A2-7 as well as
fraction A3 (Scheme 4.1) were analysed by MALDI-MS; the results are listed in three
tables. Table 4.5 contained MS data of the seven subfractions in Cyst 756-C-N,

Table 4.6 for the nine subfractions in Cyst 756-C-A1 and Table 4.7 for the ten
subfractions in Cyst 756-C-A2 and the unfractionated Cyst 756-C-A3. In total, thirty-
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six molecular species were identified in NGL subfractions of N-1 to N-7, fifty in A1-1
to A1-7 and fifty-one in A2-1 to A2-7. There were fourteen molecular species
detected in the unfractionated A3 NGL fraction. Note that only major components are
observed in the MALDI-MS spectra, very minor components cannot be seen. The
same molecular ion may arise from different NGL components. In the absence of
additional data (such as MS/MS), it is difficult to assign unambiguously the
compositions of each component and to draw conclusions as to the number of
sialylated or sulphated species in each subfraction. Therefore only the possible
monosaccharide compositions corresponding to individual ions are listed in the three
tables. The major components deduced to be present in N-1 to N-7 ranged from
monosaccharide to nonasaccharide and most of these were neutral (Table 4.5). The
deduced major components in subfractions A1-1 to A1-7 contained acidic moieties
such as sialic acid and sulphate. In addition, there were neutral components as in N-
1 to N-7. Among subfractions of Cyst 756-C-A2 components with multiple negatively
charged moieties, sulphate and sialic acid were deduced to be present. However,
none of the molecular ions deduced corresponded to that of the putative AE3
antigen-positive O-glycan (Figure 4.1C), SU1.Hex2.HexNAc2-OX.

Thus from the results of antigenic analysis and MS we concluded that O-glycans
reductively released from Cyst 756 contained little if any of the proposed AE3

antigen-positive O-glycan.

Table 4.5 Compositions of the NGLs in the seven subfractions of Cyst 756-C-N (tick indicates the
corresponding ion is found in this fraction).

) . Subfractions of Cyst 756-C-N
m/z Monosaccharide composition

1 2 3 4 5 6 7
954.3 -oY \ \ \
1055.3 -0X \ \ \ \

1157.3 HexNAc1-OY S \ \
1217.3 Hex1-OX | S \ \ \ \ \
1258.4 HexNAc1-OX \ \
1319.3 Hex1, HexNAc1-OY | + S S \ \ \ \
1363.4 dHex1, Hex1-OX \/
1379.3 Hex2-0X v
1420.3 Hex1, HexNAc1-OX | S S \ \ \ \

1465.0 dHex1, Hex1, HexNAc1-OY S \ \

1522.3 Hex1, HexNAc2-OY \ \ \ \
1525.4 dHex1, Hex2-OX S

1538.3 SU2-Hex2-0X \ \
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1566.4 dHex1, Hex1, HexNAc1-OX \ \ \ \
1582.3 Hex2, HexNAc1-OX v v v v \ \
1640.3 SU2-Hex2, HexNAc1-OY S S
1684.3 Hex2, HexNAc2-OY \ \ \ \
1728.3 dHex1, Hex2, HexNAc1-OX v v v v \
1785.3 Hex2, HexNAc2-OX S S
1830.3 dHex1, Hex2, HexNAc2-OY \ \ \ \
1887.3 SU2-dHex1, ﬂiig Eiiﬁf\?gi v
1932.2 dHex1, Hex2, HexNAc2-OX \ \ \
e K
G Lo e K
2033.2 dHex1, Hex2, HexNAc3-OY N
2049.2 Hex3, HexNAc3-OY S
2077.3 dHex2, Hex2, HexNAc2-OX \ \
2093.4 dHex1, Hex3, HexNAc2-OX \ \ \
2151.1 Hex3, HexNAc3-OX S S
2195.2 dHex1, Hex3, HexNAc3-OY \ \
2239.2 dHex2, Hex3, HexNAc2-OX S S S
2297.1 dHex1, Hex3, HexNAc3-OX S S
Hex2, Hex3, HexNAc3-OY
234121 gpq, suz-gngﬁ H:xg: ngNAg?-gx VoV
2444 1 dHex2, Hex3, HexNAc3-0X \
dHex1, Hex4, HexNAc3-OX
2458.3 SA2, SU2-dHex3, Hex2-OY S
SU1-dHex1, Hex1, HexNAc5-OX
SA2, SU2-dHex4, Hex2-OY
2604.1 dHex2, Hex4, HexNAc3-OX \ S \
SU1-dHex2, Hex1, HexNAc5-OX

Abbreviations: —OX and —QY are the 3- and 6- linked fragments of core GalNAc after periodate oxidation; -OX: -
OCH,-CH(NHACc)-CH2OH-CH2-ADHP; OY: -OCH2-CH,-ADHP; the rest abbreviations are in legends to Table 4.3.

Table 4.6 Compositions of the NGLs in the nine subfractions of Cyst 756-C-A1 (tick indicates the
corresponding ion is found in this fraction).

m/z Monosaccharide composition Subfractions of Cyst 756-C-A1

1 2 |3 |3 |3| 4|5 |6 |7
954.3 -oY NN AN AN AN A
1055.3 -OX N A NN A
1157.3 HexNAc1-OY NN A
1217.3 Hex1-OX | ~ | | NN NN A
1319.3 Hex1,HexNAc1-OY | N | ~ | ~ | ~N | N | N | v | V
1420.3 Hex1, HexHexNAc1-OX | ~ | ~ | ~ | NN AN A
1465.0 dHex1, Hex1, HexNAc1-OY NN N A A
1508.3 SA1-Hex1-OX \ \
1522.3 Hex1, HexNAc2-OY \ \
1564.4 SU2-dHex1, HexNAc1-OX \
1566.4 dHex1, Hex1, HexNAc1-OX v \ v
1582.3 Hex2, HexNAc1-OX | N | ~ | ~ | + \ v
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1640.3 SU2-Hex2, HexNAc1-OY N A
1654.9 SA1-dHex1, Hex1-OX \
1668.3 SU2-dHex2, Hex1-OX #
1684.3 Hex2, HexNAc2-OY x/
1698.4 Hex1, HexNAc2-OY \
1728.3 dHex1, Hex2, HexNAc1-OX | N A
1749.5 SA1, SU1-Hex2-0X
1785.3 Hex2, HexNAc2-OX x/
1830.3 dHex1, Hex2, HexNAc2-OY | N o N
oy ik
1854.0 SA1-HexNAc3-OY
1873.0 SA1-Hex2, HexNAc1-OX
1887.3 Hex2, HexNAc3-OY \
1932.2 dHex1, Hex2, HexNAc2-OX v oW
o e X ¢
e SRASRITNES] ik
2005.0 SA2, SU2-dHex1, Hex1-OY S
2033.2 dHex1, Hex2, HexNAc3-OY N v
2049.3 Hex3, HexNAc3-OY NN
2077.3 dHex2, Hex2, HexNAc2-OX V
2093.4 dHex1, Hex3, HexNAc2-OX | v | W
2142.0 SU1-dHex3, Hex1, HexNAc2-OX
2151.1 Hex3, HexNAc3-OX \
2195.2 dHex1, Hex3, HexNAc3-OY | N
2904.5 SA1, SU2-dHex2, HexNAc2-OX
SA1, SU1-dHex2, Hex3-OX
2239.2 dHex2, Hex3, HexNAc2-OX | S
22971 dHex1, Hex3, HexNAc3-OX v
2341.2 1 gpq, suz-gnz?: :Zig ﬂiimﬁ?gi v v
2376.3 SU1-dHex1, Hex3, HexNAc3-OX
dHex1, Hex1, HexNAc5-OX
2378.5 SA1, SU1-Hex4, HexNAc2-OY
SA1, SU2-Hex1, HexNAc4-OY
SU2-dHex1, Hex7-OY
2394.3 SA2, SU1-dHex2, Hex3-OY
SA2, SU2-dHex2, HexNAc2-OY
dHex2, HexNAc5-OX
2444 1 dHex2, Hex3, HexNAc3-OX \
dHex1, Hex4, HexNAc3-OX
2458.3 SA2, SU2-dHex3, Hex2-OY S
SU1-dHex1, Hex1, HexNAc5-OX
SU2-dHex4, Hex4, HexNAc1-OY
2549.2 SA2, SU1-Hex2, HexNAc3-OY | <
SA2-Hex5, HexNAc1-OY
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2560.1 dHex1, Hex4, HexNAc4-OY v
dHex2, Hex4, HexNAc3-OX
2604.1 SU1-dHex2, Hex1, HexNAc5-OX v v v
2706.0 dHex2, Hex4, HexNAc4-OY v
SA1, SU2-dHex1, Hex4, HexNAc3-OY
2809.0 SU2-dHex3, Hex4, HexNAc3-OY \
SA2-dHex4, Hex3, HexNAc1-OY

Abbreviations are in the legends to Table 4.5.

Table 4.7 Compositions of the NGLs in the ten subfractions of Cyst 756-C-A2 and the unfractionated A3
(tick indicates the corresponding ion is found in this fraction).

Subfractions of Cyst 756-C-A2

m/z Monosaccharide composition ] % | 2c 12d | 26 | 3 2 5 6 7 A3
954.3 -OY v v Vv
1055.3 -OX v v '
1157.3 HexNAc1-OY v v v '
1217.3 Hex1-OX | Vv v v v v
1319.3 Hex1, HexNAc1-OY v v v v v
1409.0 dHex2, Hex1-OY '

1420.3 Hex1, HexNAc1-OX v v v ' ' '
1464.9 dHex1, Hex1, HexNAc1-OY v v v v '
1504.4 SU1-dHex1, Hex2-OY v

1508.3 SA1-Hex1-OX '

15622.3 Hex1, HexNAc2-OY v v

1564.4 SU2-dHex1, HexNAc1-OX v

1566.4 dHex1, Hex1, HexNAc1-OX v '
1582.3 Hex2, HexNAc1-OX v v v v v v v v
1625.2 SU2-dHex1, Hex1, HexNAc1-OY v
1640.3 SU2-Hex2, HexNAc1-OY v v v v '

SA1-dHex1, Hex1-OX

1654.9 dHex3, Hex1-OX Vi vy

1668.3 dHex1, Hex1, HexNAc2-OY v v

1684.3 Hex2, HexNAc2-OY v v v v v v
1694 .4 SA1-dHex1, HexNAc1-OX v

1705.9 SU3-dHex1, Hex1, HexNAc1-OY

1721.9 Su3-Hex2, HexNAc1-OY

1728.3 dHex1, Hex2, HexNAc1-OX | Vv v v v v v
1749.5 SA1, SU1-Hex2-OX v

1785.3 Hex2, HexNAc2-OX v

1794 .4 SA1, SU1-dHex1, Hex2-OY \

1800.9 dHex2, Hex1, HexNAc1-OX v v

1830.3 dHex1, Hex2, HexNAc2-OY v v v v v
1844.3 SU2-Hex2, HexNAc2-OY y

SA2-dHex1, Hex1-OY

1851.9 SA1, SU1-Hex2, HexNAc1-OY v

Hex2, HexNAc3-OY

1887.2 SU2-dHex1, Hex2, HexNAc1-OX
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dHex1, Hex2, HexNAc2-OX

19322 SA1, SU2-Hex2, HexNAG1-OY
Hex3, HexNAc2-OX

1947.2 SU1-HexNAc4-OX
dHex2, Hex2, HexNAc2-OY

1977.2 SA1, SU1-dHex1, HexNAc2-OX
SA1-dHex1, Hex3-OX

19951 SU1-dHex2, Hex1, HexNAc2-OX
) dHex2, Hex4-OX
2005.0 SA2, SU2-dHex1, Hex1-OY
2033.2 dHex1, Hex2, HexNAc3-OY
Hex3, HexNAc3-OY

2050.2 SU2-dHex1, Hex3, HexNAC1-OX
2094.2 dHex1, Hex3, HexNAc2-OX
: SA1, SU2-Hex3, HexNAc1-OY
Hex3, HexNAc3-OX

21511 SA3-Hex2-OY
dHex1, Hex3, HexNAc3-OY

2195.2 SU1-dHex1, HexNAc5-OY
SA1, SU2-Hex3, HexNAc1-OX

22751 SU1-dHex1, Hex3, HexNAc3-OY
2297 1 dHex1, Hex3, HexNAc3-OX
dHex2, Hex3, HexNAc3-OY

2342.2 SU2-dHex3, Hex3, HexNAc1-OX
SA1, SU2-dHex1, Hex3, HexNAc1-OX

2376.3 SU1-dHex1, Hex3, HexNAc3-OX
SU2-dHex1, Hex7-OY

2394.3 SA2, SU1-dHex2, Hex3-OY
: SA2, SU2-dHex2, HexNAc2-OY
dHex2, HexNAc5-OX

2421.1 SU1-dHex2, Hex3, HexNAc3-OY
2443 1 SA1, SU2-dHex1, Hex3, HexNAc2-OY
) dHex2, Hex3, HexNAc3-OX
dHex1, Hex4, HexNAc4-OY

25601 SA1-dHex4,Hex2, HexNAc2-OY
) SA1, SU3-Hex1, HexNAc4-OX
SA1, SU2-Hex4, HexNAc2-OX

2706.0 dHex2, Hex4, HexNAc4-OY
SA1-dHex2, HexNAc6-OY

SA2-dHex3, HexNAc4-OY

27870 dHex2, Hex7, HexNAc2-OY

SU1-dHex2, Hex4, HexNAc4-OY
SU3-dHex3, Hex4, HexNAc2-OX
SA1, SU3-dHex1, Hex4, HexNAc2-OX

Abbreviations are in the legends to Table 4.5.
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4.5 Antigenic analyses of O-glycans non-reductively

released from Cyst 756

As discussed in Section 3.4.3, reductively released O-glycans need to be oxidized by
periodate before conjugation to obtain reactive aldehydes at their reducing ends. The
periodate oxidation causes cleavage of the core GalNAcol. However, as the core
GalNAc may be a part of the AE3 antigenic determinant on the possible O-glycan
structure (Figure 4.1C), non-reductive release of O-glycans was carried out. The

resulting reducing oligosaccharides would be conjugated without periodate oxidation.

Cyst 756 was subjected to preparative-scale (500 mg) non-reductive degradation
using ethylamine at 22 °C or 65 °C as described in Section 2.4. This procedure lends
itself better to large-scale degradation in a biochemical laboratory, rather than the
use of hydrazine which is highly flammable and toxic and unsuitable for large scale
use in a basic biosafety level 2 (risk group 2) laboratory environment. The two
ethylamine conditions were referred to as E22 or E65. Hexose content of the
products, as determined by dot-orcinol assay, was 3.2 for E22 and 6.6 mg for E65. It
is well known that the yield of non-reductive was less than reductive release. The

products from E22 were not investigated further.

The workflow of non-reductive release under condition of E65 is summarized in
Scheme 4.2. The products of EG5 were fractionated by anion exchange
chromatography using AG1-X8 as described in Section 2.5.1. Three fractions were
successively eluted using 2 mM and 100 mM pyridine/AcOH (pH 5.0), and 300 mM
Na,SO4. The first fraction was designated E65-N and the latter two were combined
and designated E65-A (Scheme 4.2). Size fractionation of the E65-N and the E65-A
fractions was carried out using a Bio-Gel-P4 (Figure 4.7). Twelve subfractions were
obtained in the E65-N and the E65-A fractions (N-1 to N-6, and A-1 to A-6) based on
the individual elution profile. These twelve subfractions were quantified by hexose
assay (Table 4.8). Hexose content of the subfractions of N-1 to N-6 and A-1 to A-6
ranged from 380-2,000 pg and 100-520 ug, respectively.
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Cyst 756

) Nonreductive release (Ethylamine)

Cation exchange purification

h 4

O-glycans (reducing)

l Anion exchange fractionation

2mM 100 mM 300 mM
|, pyridine/AcOH pyridine/AcOH  |Na,SO,
\ E65-N E65-A
Size fractionation Size fractionation
N v

0 Y O O O

N-1 | N2 | N3 N6 A1 A2 A3 A4 A5 | A Oglycans

l l l l l l l l l l l lConjugation

N-1 | N-2 | N-3 | N-4 | N-5 | N-6 A1 A2 | A3 | A4 | A5 | A6 NGLs

Scheme 4.2 Workflow of the non-reductive O-glycan release, fractionation and conjugation.

Table 4.8 Quantitation of hexose in the subfractions N-1 to -6, and A-1 to -6 obtained from size
fractionation.

. Total Hex . Total Hex
Fractions Fractions
(Mg) (Mg)

N-1 2020.0 A-1 538.8
N-2 1159.2 A-2 264.0
N-3 528.4 A-3 146.4
N-4 372.4 A-4 184.8
N-5 591.8 A-5 376.8
N-6 386.2 A-6 105.6
Total 5058.0 Total 1616.4
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Figure 4.7 Size fractionation of the two subfractions, E65-N (A) and E65-A (B). The chromatography was on
a Bio-Gel P4 column (1.6x90cm) eluted with 0.05 M NH4OAc. V, is the void volume of the column; numbers 1 to 9
indicate the positions of elution of oligosaccharides with degrees of polymerization 1 to 9 in an acid hydrolysate of
dextran glucose units. N-1 to N-6, and A-1 to A1-6 designate the pooled fractions in each preparation.

Fluorescent NGLs of these 12 subfractions were prepared using ADHP. The reaction
mixture in each fraction was resolved by HPTLC together with the positive and
negative controls, SM1a and Lactose-AD (Figure 4.8). Numerous fluorescent bands
were detected in the NGL fractions N-1 to N-6 and A-1 to A-6 by UV light. The
mobilities of the NGLs generated gradually increased from N-1 to N-6 and from A-1
to A-6. This was in accord with the decreased size of the O-glycans in the
corresponding fractions. Faint or no fluorescent bands were detected in N-1 and A-1,
suggesting the limited amounts of NGLs in these two fractions. When the same
plates were probed for binding with mAb AE3, only the positive control SM1a
glycolipid gave immunostaining. No binding was detected to the NGLs in the twelve
subfractions of E65-N and E65-A (Figure 4.8).
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Figure 4.8 Chromatogram binding analysis with mAb AE3 of NGLs in subfractions of Cyst 756-E65-N (A),
and Cyst 756-E65-A (B). The NGLs in the fractions were chromatographed together with the glycolipid SM1a and
Lac-AD (lane controls) on HPTLC plates, using CHCI3/MeOH/H,O, 60:35:8 (v/v), as solvent. The fluorescent
NGLs were visualized under UV light (left panel in A and B). The same plate was incubated with mAb AE3 (right
panel), followed by biotinylated anti-mouse IgM (u-chain specific). Binding was detected as in the legend to Figure
4.5. O indicates the origin.

Thus, although innumerable fluorescent NGLs were obtained from O-glycans non-
reductively released from Cyst 756, no AE3 antigen-positive bands were detected
among them. This approach was not pursued further. Rather, we plan to
chemoenzymatically synthesize the proposed core-3-based O-glycan sequence

(below) and examine its AE3 antigen activity. This will be discussed in Section 4.7.

Galp-3GalNACB-4GalR-4GIcNACR-3GalNAC

I
SU-3
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4.6 AE3 binding to a T antigen-containing glyco-amino acid

| next revisited the T disaccharide sequence, Galp-3GalNAca-, as a recognition motif
for mAb AE3 using a novel approach. The starting material was a commercially
available glyco-amino acid GalB-3GalNAca-O-Ser, in which the core GalNAc is intact
and is linked to the hydroxyl group of the Ser in a-configuration as in mucin-type

glycoproteins.

The glyco-amino acid was converted into an NGL by using an aldehyde-
functionalized DHPE developed by Dr Wengang Chai (to be described elsewhere).
This lipid designated DHPA can be conjugated to the amine-terminating Ser by a
peptide-type bond. In this NGL (GalB-3GalNAca-O-Ser-DHPA), designated T-Ser-
DHPA (Figure 4.9A), the ring-closed a form of the GalNAc is preserved as the
conjugation reaction involves the amino group of the amino acid moiety. The AE3
antigenicity of the T-Ser-DHPA was compared with that of two conventional NGLs.
The first is T-DHPE (GalpB-3GalNAc-DHPE) designated T-DH generated by reductive
amination and the second is T-AOPE (GalB-3GalNAc-AOPE) designated T-AO
generated by oxime ligation. In T-DH, the core GalNAc is in ring-open form. In T-AO,
a proportion of GalNAc is in ring-closed form, but in B-configuration (310) (Figure
4.9A).

These three NGLs, together with the SM1a as the positive control and Lac.AD as a
negative control were chromatographed on a HPTLC plate. The plate was visualized
by primulin staining (Figure 4.9B). Clearly the glyco-amino acid derivative T-Ser-
DHPA had different mobility from the two glycan derivatives, T-DH and T-AO. Two
replicate plates were probed for binding by mAb AE3 and the plant lectin PNA
(Figure 4.9C and D). The T-Ser-DHPA and SM1a were bound by mAb AE3. The
glycan NGL derivatives, T-DH and T-AO, and the negative control Lac.AD gave no
detectable binding. This binding pattern was very similar to that of PNA.

These results show that the T disaccharide-containing glyco-amino acid with intact

GalNAca- core is recognized by mAb AE3, whereas the ring-opening and the [3-

177



configuration of the core GalNAc in T-DH and T-AO, respectively abolish binding by
mAb AE3.

A Designation Sequence
OH OH
o
T-DH HO = 0 NH-DHPE
NHCOCHS
Galp-3GalNAc-DHPE
oH OH
o iy
T-AO HO o B H“o NH-DHPE
OH NHCOCH; 8
GalB-3GalNAc-AOPE
oH OH
o} H
T-Ser DHPA Ho ® a
e o H3;COCHN o COOH
"N—DHPA

GalB-3GalNAca-Ser-DHPA M

OH
OH OH
o oH
Lac.AD HO \PS
OH L o O

(o]
N—DHPE
H

GalB-4Glc-ADHP

SM1a Gal[3-3GaINAcﬁ-4(|3aIB-4GIc[3-Cer
SU-3

B Primulin C AE3 D PNA
—Lac.AD —Lac.AD
— SM1a = —SM1a

T-DH | T-Ser | T-DH | T-Ser | T-DH | T-Ser |

DHPA DHPA DHPA
T-AO Controls T-AO Controls T-AO Controls

Figure 4.9 Chromatogram binding analysis of mAb AE3 and PNA with two T disaccharide-related NGLs.
(A) Sequences of the T glycan-derived NGLs T-DH and T-AO, a glyco-amino acid derived T-Ser-DHPA and
controls Lac.AD and SM1a. The anomeric configurations of T-AO and T-Ser-DHPA were shown in red. (B)
HPTLC analyses of the NGLs and glycolipid visualized by primulin lipid staining. (C and D) Binding analysis of
mAb AE3 and PNA on replicate HPTLC plates to A. The plates were developed by CHCI3/MeOH/H,0O, 60:35:8
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(v/v) as solvent. Then the plates were incubated with mAb AE3 followed by biotinylated anti-mIgM or biotinylated
PNA directly. Detection of binding was in the legend to Figure 4.5.
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4.7 Discussion

Early work on mAb AE3 in the 1990s had indeed suggested that the T disaccharide
(GalB-3GalNAc) is involved in mAb AES3 binding but it was concluded that it might be
only a part of a larger antigenic determinant (393). Our new results show that the
core GalNAc must be intact and in a-configuration for mAb AE3 recognition. In the
initial large screening microarray analysis (Section 4.1), the T-disaccharide was
represented, but as DH- and AO-NGLs. These two probes are in ring-open and ring-
closed B-configuration, respectively. Thus our new results account for the lack of
mAb AE3 binding to these.

In the course of investigating the binding specificity of mAb AE3 in relation to the O-
glycan core region, we collaborated with other labs using recombinant or synthetic
glycoproteins carrying different glycoforms including T disaccharide. As discussed

below, their results corroborate our new findings.

Professor Joy Burchell at King’s College London has shown that mAb AE3 could bind
to the T disaccharide a-linked to polyacrylamide [T-PAA, (396)], and to recombinant
MUC1 expressing T-disaccharide (designated MUC1-T) (Figure 4.10, Burchell and
Taylor-Papadimitriou unpublished). A glycosylation variant, MUC1-Tn with only
GalNAc-linked MUC1, was not bound, nor were MUC1-sialylated T (MUC1-ST) with
Neu5Aca-3Galp-3GalNAc or the non-glycosylated MUC1. The Laboratory of
Professor Ola Blixt in University of Copenhagen performed microarray analysis of
mAb AE3 using a series of synthetic MUC5Ac-based glycopeptides, including non-
glycosylated and various glycosylation variants of the glycopeptide, Tn-, T-, STn-
(Neu5Aca-6GalNAc-), 3ST- (NeubAca-3GalB-3GalNAc-), 6ST- [GalB-3(NeuSAca-
6)GalNAc-] and diST- [Neu5Aca-3GalB-3(Neu5Aca-6)GalNAc-]. The binding of mAb
AE3 was restricted to the MUCS5ACc-T (Figure 4.11, Blixt unpublished).
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Figure 4.10 ELISA binding assay of mAb AE3 to different glycoforms (T-, ST-, Tn) of MUC1, naked MUC1
and polyacrylamide (PAA) conjugated T and ST. Results obtained from Joy Burchell (unpublished).

_ T- MUC5Ac-
60000 related
47-57T, 58-65Tn
-] 40T, 74Tn
30T,36Tn  \f
40000+
]
d
x
20000+
STn- 3§T- GSIT- Di§T-
O- r 1T 10 1

A L A A B T d AT IS AT LS
B R e A A A N R TR UAL
<> N S I R N S A A A R S R S R R S TR A RS e AR SR Y
o B S T o AR BRI OR e
& 5 q,"bo PN «:;'\3&«“ o DG TP O P IZIP
D > s
& & o
‘\@ ‘\@5

Glycans/mucins

Figure 4.11 Microarray analysis of mAb AE3 with 15 glycans and 30 mucin-type glycoproteins. The
glycoproteins are based on MUC2, MUC5 or MUCSB, with different combinations of glycoforms. Results obtained
by curtsey of Ola Blixt (unpublished).

The naturally occurring glyco-amino acids, as part of O-glycopeptides, all have ao-
linkage between the core GalNAc and the polypeptide backbone. The T-PAA also
has an a-linkage in the core region. In order to confirm that the configuration of the
core GalNAc is important for mAb AE3 binding, Blixt lab performed microarray
analysis using more than 310 sequence-defined synthetic glycan probes which

encompassed a variety of mammalian type sequences, representative of complex-
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type N-glycans, core and peripheral regions of O-glycans, blood group antigen-
related sequences and gangliosides. The a- and the B- isomers of T disaccharide
were printed on the microarray with a propyl spacer (designated Sp8, which is -CHa-
CH2-CH2-NH-). The a-isomer, GalB-3GalNAca-O-Sp8, was the only probe that gave
positive binding with mAb AE3. There was no detectable binding to the B-analogue
(Figure 4.12, Blixt unpublished). This result corroborates our finding that the
anomeric configuration of the core GalNAc is important in the recognition by mAb
AE3.

Taken together, the results above and the loss of AE3 antigen after treatment of cells
with endo-a-N-acetyl-D-galactosaminidase observed earlier (383) show that the a-
linked T disaccharide GalB-3GalNAca-O- is indeed a moiety recognized by mAb AE3.
Modification to either of the two monosaccharide residues including sialylation of the

galactose, ring-opening, or splitting of the core GaNAc obviates the mAb AE3

recognition.
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Figure 4.12 Microarray analysis of mAb AE3 with more than 310 sequence-defined glycans. These glycans
were covalently immobilized on solid membranes. Two sequences below the chart are the AE3 antigen-positive
probe T-a and a close comparison, T-B, which lacks AE3 binding activity. The microarray contains a variety of
mammalian type glycan sequences, representative of complex-type N-glycans, core and peripheral regions of O-
glycans, blood group antigen-related sequences and gangliosides. Results obtained by curtsey of Ola Blixt
(unpublished).

The results above do, however, need to be reconciled with our previous data that
show both the natural and synthetic forms of the sulphated glycolipid SM1a to be

bound by mAb AE3. Therefore, there are two structurally and biosynthetically distinct
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carbohydrate sequences bound by mAb AE3 (Structures A and B in Scheme 4.3).
One is the T-disaccharide with GalNAc in a-configuration (Structure A in Scheme 4.3)
and the other is a sulpho-oligosaccharide sequence with GalNAc in B-configutaion
(Structure B in Scheme 4.3). This was the impetus for me to attempt to isolate an O-
glycan (Scheme 4.3C) containing such a sequence. | performed microarray analyses
with mucin type glycoproteins, identified an abundantly available AE3 antigen-
positive glycoprotein preparation, Cyst 756, and carried out antigenic analyses of the
reductively and non-reductively released O-glycans therefrom. We reasoned that
although the conjugation of both the reduced and the reducing O-glycans to ADHP
by reductive amination would sacrifice the core GalNAc, the remaining backbone
sequences would be available for binding with mAb AE3. However, neither
immunoreactivity nor MS of the NGLs were suggestive of these sequences. These
findings suggest that such O-glycans, if present, must be extremely minor
components on the mucin preparation investigated, which in fact was not among the

most antigenically active substances in the glycoprotein array.

A GalB-3GalNAca-R R=Serine, poly acrylamide, MUC1,
MUC5Ac and aminopropyl spacer
B GalB-3GalNAcB-4Galp-4Glcp-Cer
|
SU-3
C Galp-3GalNAcB-4Galp-4GIcNAcB-3GalNAc
|
SU-3

Scheme 4.3 Two glycan sequences (A and B) recognized by mAb AE3 and the proposed O-glycan
sequence recognized by AE3 (C).

Evidence for the existence of two kinds of AE3 active antigens has been obtained
from immunohistochemical analyses in Joy Burchell Laboratory (Figure 4.13, Burchell
and Taylor-Papadimitriou unpublished) using two MUC1-reactive antibodies in
addition to mAb AE3. HMFG2, an antibody reacting with a wide range of MUCA1
glycoforms, showed strong and homogeneous binding to the membrane. The mAb
AE3 showed not only strong immunoreactivity in areas bound by HMFG2, but also to
cytoplasmic components. Another antibody, 1B9, which is known to bind to T-MUCA1,

gave more heterogeneous membrane-associated staining. The results suggest that
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mAb AE3 binds to two types of components in breast cancer tissue; these may be T

antigen-carrying MUC1 and glycolipids. This will require investigation.
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Figure 4.13 Immunostaining of mAb AE3 and two other T-antigen targeting antibodies HMFG2 and 1B9 to
primary breast cancers. Formalin fixed paraffin embedded sections of primary breast cancers were used.
Results obtained by curtsey of Joy Burchell (unpublished).

Two avenues are being considered to prove the existence of the two types of AE3
antigen. One is to extract these AE3 antigen-positive components from breast tumour
tissues and determine their glycan sequences. The other is to synthesize the
proposed core-3-based O-glycan sequence (Scheme 4.3C) by a chemoenzymatic
approach and examine its AE3 antigen activity. Assignment of the sequences of the
two AE3 antigens would help to reveal the key glycosyltransferases required for their
synthesis and will lead to genetic studies of the corresponding genes that are altered

in epithelial oncogenesis.

Another study under current investigation in our collaborator Professor Mark
Greene’s Lab in University of Pennsylvania is the crystallographic studies of mAb
AE3 complexed with the two different glycan sequences. It is hoped that a
comparison of the complexes generated, will elucidate the structural basis of the

apparent dual specificity of mAb AE3.
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Chapter 5
DISCUSSION
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Two cancer-associated carbohydrate antigens F77 and AE3 were studied in this
thesis. Their higher levels of expression in cancer cells and tissues than in normal
raise the possibility of their involvement in cancer biology through interaction with
endogenous binding receptors. The detailed understanding of the two antigens, the
key glycosyltransferases and the two antibodies also gives rise to opportunities for
exploring clinical applications, as cancer biomarkers and therapeutic agents. This

chapter is concerned with these aspects.

5.1 Possible biological relevance of antigens of F77 and
AE3

In the pages that follow, | discuss the possible involvement of the two antigens, F77
and AE3 and their corresponding glycosyltransferases in the pathobiology of cancer

cells.
5.1.1 F77 antigen and related carbohydrate sequences

The F77 antigen encompasses the type 2 blood group H sequence [1,6-linked to a
poly-LacNAc backbone. As reviewed in Chapter 3, there is elevated expression of
branching N-acetylglycosaminyltransferases, GCNTs, and persistent expression of
both type 2 blood group H antigen and corresponding a1-2 fucosyltransferase FUT1
in prostatic cancer tissues and cell lines compared to normal prostate tissues and
cells. In a recent study, using the cancer progression model of low (androgen-
dependent) and high passage (androgen-independent) LNCaP cells, Bennun et al
showed that the major glycosylation difference between the two states was the
increased expression of type 2 blood group H and Le” antigens. There was elevated
FUT1 activity in the more aggressive high passage cells (397). Similarly, real time
PCR showed FUT1 expression was elevated in prostate cancer tissue relative to
normal tissue (398). The expression of blood group H may also arise from loss of
expression of blood group A and B antigens, which unmasks blood group H antigens,
among these is F77 antigen.
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The biological relevance of the blood group H expression on cancer cells has not
been well understood. In different biological contexts, some correlations have been
described with respect to apoptotic potential of cancer cells and expression of blood
group H antigen. It has been reported that mAb F77 can induce modest apoptosis of
prostate cancer cells (341). However, in a colon carcinoma model, poorly tumorigenic
REG cells transfected with human (FUT1) or rat a1,2-fucosyltransferases (FTA and
FTB) were more resistant to apoptosis; knockdown of these enzymes in the
spontaneously tumorigenic PRO cells increased sensitivity to apoptosis induced by
serum deprivation (399). The anti-apoptotic effect of the a1,2-fucosylated antigens
was suggested to be associated with the evasion of CD4 lymphocyte-mediated

immune surveillance (399).

The F77 antigen may be involved in the modulation of the growth of prostatic gland. It
was found that in serum-free culture medium, the addition of the type 2 blood group
H specific lectin, UEA-I, significantly reduced testosterone-stimulated growth and
branching morphogenesis of rat ventral prostates compared with the addition of other
lectins (400). This suggested that blood group H antigen and the corresponding
fucosyltransferases may somehow be involved in normal prostatic development. It is
tempting to predict that the type 2 blood group H may be also involved in the growth
of prostate cancer given that blocking the F77 antigen by mAb F77 has been noted to
inhibit tumour growth (341).

It is also possible that F77 antigen is involved in prostate tumour metastasis. As
reviewed in Section 1.2.3, the decreased expression of blood group A and B is
associated with increased cellular motility (165,166). In particular, loss of capping of
the H antigen by the blood group A and B monosaccharides in prostate cancer has
been reported (380,381,401). It is thus possible that F77 antigen facilitates tumour

metastasis by promoting prostate cancer cell motility.

The proteins carrying the F77 antigen are not known. One of the carrier proteins has
been detected from the extracts of prostate cancer cells (Hongtao Zhang in Mark
Greene’s laboratory, unpublished), as mentioned in Chapter 3. But the identity of it is
not clear. Some glycoproteins have been reported to carry blood group antigens,
such as a splice variant of CD44 and integrin. These glycoproteins are involved in
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cell-cell and cell-matrix adhesions. Alteration of glycosylation of these molecules can
potentially influence their biological functions such as in tumour cell invasion and
metastasis. In a highly tumourigenic clone of rat colon carcinoma, blood group H
antigen was found to be largely carried by a splice variant of CD44 (402). It was
found that the tumorigenicity could be influenced by blood group H antigen
modification of CD44 (402). Integrins were found to be a major carrier of the type 2
blood group A and B antigens in some human colon cancer cell lines (403).
Expression of blood group A or B antigen on integrins a3, a6 or 31 was suggested to
affect the interactions between the a and  subunits, thereby changing the matrigel-
dependent haptotactic motility (which is a measure of invasive activity of tumour cells)
of colonic tumour cells (165,166). The glycosylation of integrins was also found
important in the interaction between integrins and laminin in the extracellular matrix
(404). Furthermore, integrin-mediated adhesion and growth can be promoted by
expression of hyaluronic acid (Figure 1.1) and large tumour-associated glycoproteins
such as mucins . Evidence has been presented that these large molecules can
mechanically push matrix-bound integrins to enter a focal adhesion where integrins
are clustered and integrin-dependent growth factor signalling is elicited. This was
believed to be independent of the biochemical interactions of the glycans with their
binding proteins (405).

Although from the discussion above it can be inferred that F77 antigen participates in
a number of ways in prostate cancer progression, the biological receptor of F77
antigen has not been described. Here | propose that the biological functions of F77
antigen and its poly-LacNAc backbone sequences are mediated, at least in part by
galectins. Proteins of the galectin family has been reported to be variously involved in
cancer pathology, including cell proliferation, apoptosis, angiogenesis, and
metastasis. Particularly, it has been known that many prostate cancer cell lines,
including PC3, express galectin-3 (406). The galectin-3 has also been reported to be
expressed in human prostate cancer tissues (406,407) but some results using
various polyclonal or monoclonal antibodies have been contradictory (408). In a
recent study, galectin-3 was uniformly detected in the basal cell layer of prostate
cancer tissues (409). Basal cells are suggested to be cells of origin of prostate
cancers (410). Indeed, in prostate cancer cells, knockdown of galectin-3 was

associated with reduced cell proliferation, migration and invasion in vitro, and with
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decreased tumour formation and increased apoptosis in vivo (409,411). Galectin-1,
which was reported to be the most abundant galectin in prostate cancers, was also
positively correlated with the disease progression (412). Immunostaining of galectin-1
on capillary endothelial cells was increased in prostate tumour tissues compared to
the non-tumoural stroma area (413). Expression of this endogenous lectin was highly
associated with angiogenesis. Knockdown of galectin-1 reduced the formation of new
vasculature in prostate cancer (412). Recently it was found that binding of galectin-1
to B1,6-linked poly-LacNAc on VEGFR2 could initiate VEGF-like signalling, and could

lead to the tumour neovascularization (152).

There are many reports on galectins in cancer events mediated by interaction with
poly-LacNAcs on N-glycans as reviewed in Section 1.2.2. Relatively few reports have
focused on interactions of galectins with poly-LacNAcs on O-glycans. In bladder
tumour cells which were shown to highly express the branching enzyme GCNT1,
poly-LacNAc containing O-glycans were detected on MHC class |-related chain A
(MICA). Galectin-3 binding to core 2 O-glycans on MICA reduced the affinity of MICA
to its biological receptor NKG2D (natural killer group 2 member D) on NK cells (374).
In addition, MUC1 was found to be expressed on both bladder and prostate tumour
cells. On these tumour cells expressing GCNT1, MUC1 was found highly O-
glycosylated, carrying poly-LacNAc chains. Engagement of galectin-3 with its ligands
on MUC1 attenuated the interaction of tumour cells with NK cells, leading to the
reduced granzyme B secretion by NK cells. The interaction of galectin-3 with MUCA1
also interfered with the access of tumour necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) to the tumour cell surface. Thus poly-LacNAc on O-glycans
could mediate the evasion of tumour cells from the NK cell-mediated Kkilling,
facilitating tumour dissemination through the circulation (414,415).

Although multiple galectins are implicated in the pathobiology of prostate cancer,
there is currently a lack of evidence of galectin interactions with the branched blood
group H sequence, although it is well-known that most galectins bind well to poly-
LacNAc sequences. Prediction of the interaction between F77 antigen and galectins
is based on two pieces of evidence. First, earlier studies of Ten Feizi’'s lab showed
that blood group H antigen on a linear backbone was clearly bound by galectin-1; the
branched poly-LacNAc sequences could also be bound (18). Second, Cummings’
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group corroborated those findings by microarray analyses of galectins 1, 2 and 3 with
sequence-defined glycans. It was found that these galectins, at different
concentrations, could bind to blood group H on linear poly-LacNAc backbones (17). It
is therefore reasonable to predict that the F77 antigen which combines blood group H
and the branched poly-LacNAc would also interact with galectins. We will shortly

investigate this.

5.1.2 AE3 antigen and related carbohydrate sequences

One of the sequences recognized by mAb AE3 is T disaccharide a-linked to serine or
threonine (GalB-3GalNAca-Ser/Thr). It is a well-known pan-carcinoma antigen,
variously designated as Thomsen-Friedenreich antigen, TF antigen, T antigen or
core 1. This antigen is found on the surface of about 90% of all human carcinomas
including colon, breast, bladder, prostate, liver, ovary and stomach (416), but is
lacking on normal adult tissues (417). The expression pattern of T antigen was found
to overlap considerably with AE3 antigen on many epithelial cancers (385-389),
implying a relationship between the T disaccharide and the antigens that mAb AE3
recognizes. The mechanism for the increased expression of T antigen in cancers is
not fully understood. It is likely that the expression of such a structure is the
consequence of the alterations of several glycosyltransferases in conjunction with
other mechanisms such as the increased availability of substrate UDP-Gal (416).

This needs investigation.

In spite of the high prevalence of T antigen in tumour cells, little is known about the
carrier proteins. A recent study using an enzymatic approach to label the T antigen
on human breast adenocarcinoma MCF-7 cells identified more than 700 putative T
antigen-carrying glycoproteins (418). Among these glycoproteins, MUC1 has been
extensively investigated. Immunohistochemical studies revealed that MUC1 was the
predominant carrier of T antigen in gastric and colorectal adenocarcinomas (419). In
one study it was observed that galectin-3 in the circulation promoted adhesion of
human breast or colon cancer cells to human umbilical vein endothelial cells through
an interaction with MUC1 carrying T antigen (420). The interaction was suggested to
change the distribution of MUC1 on tumour cell surface, exposing cell adhesion
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molecules, which would otherwise be “shielded”, and thus allowing epithelium to

endothelium interaction (420).

Given its broad distribution in cancers and lack of expression in normal tissues, the T
antigen has been suggested to be associated with tumour formation. It has been
implicated in cancer cell proliferation, metastasis and angiogenesis (416).
Interestingly, investigations of these associations of T antigen in cancer cell biology
so far have also focused on galectin-mediated interactions, especially galectin-3.
Expression of galectin-3 could be induced on endothelial cells by T antigen-bearing
glycoproteins or cancer cells. Galectin-3 could then mediate docking of T antigen-
expressing tumour cells onto endothelium (421). Galectin-3 was also found to be
expressed on breast and prostate cancer cells. It could help the homotypic
aggregation of tumour cells in the circulatory system (422,423). In addition to tumour
cell-endothelium interactions, galectin-3 has been suggested to facilitate the evasion

of tumour cells from immune surveillance by inducing apoptosis of T cells (424,425).

However, there has been evidence contradicting the results above. A detailed study
of galectins 1, 2 and 3 using glycan microarray analysis indicated that galectin-1 and
-3 did not bind significantly to T antigen and suggested T antigen may not be the
glycan that was responsible for the effects reported for the galectins (17). This needs
to be further investigated as the highly clustered presentation of T antigen on the
cancer cell surface may enhance the avidity for the galectins. A T antigen-carrying
glycopeptide was recently isolated from Pacific cod and was shown to bind to
galectin-3 with picomolar affinity. The glycopeptide was able to inhibit galectin-3-
mediated angiogenesis, tumour-endothelial cell interaction, metastasis and T cell
apoptosis (426). Earlier studies reported that galectin-3 interacted with human serum
albumin carrying T antigen; this interaction could be inhibited by either a T antigen-
targeting peptide (designated P30) or a T antigen-mimicking glyco-amino acid
lactulosyl-L-leucine (421,422). Further studies demonstrated that T antigen-mediated
tumour cell adhesion and metastasis could be inhibited by antibodies (such as JAA-
F11) against T antigen (427) or galectin-3 (428). It would be interesting to test if mAb

AE3 shows inhibitory effects similar to those of T antigen-targeting antibodies.
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The other carbohydrate sequence that mAb AE3 recognizes is the sulphoglycolipid
SM1a. So far this glycolipid has only been described as a minor component in rat
kidney (429) and in the monkey kidney cell line Verots S3 (349). SM1a was
postulated to be a precursor of the di-sulphated glycolipid analogue SB1a (349),
which was shown to be abundantly expressed on the surface of human
hepatocellular carcinoma cell line PLC/PRF/15 but not detectable in glycolipid
extracts from cirrhotic liver or normal liver using a mAb against SB1a (430). SB1a
glycolipid was shown to mediate binding of human colon carcinoma CCK-81 cells to
galectin-4 coated plates. This binding of the cancer cells was inhibited by antibodies
against SB1a or galectin-4 (431). The sulphated O-glycan analogue of SM1a on
mucin type glycoprotein has not been described to our knowledge. The involvement
of SM1a and the proposed O-glycan analogue based on core 3 in cancer pathology

is yet to be investigated.
In sum, although the sequences of the two carbohydrate antigens F77 and AE3 are

distinct, one thing in common is both of them can be potentially recognized by

galectins. This will be investigated in the follow-up studies.
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5.2 Potential clinical applications of the antigens and
antibodies of F77 and AE3

In the pages that follow, | discuss possible uses of the F77 and AE3 systems as

biomarkers or in cancer therapy.
5.2.1 Diagnostic and prognostic biomarkers

There are limitations to the direct use of F77 antigen as a serum biomarker because
of the presence of the antigen on red blood cells. As referred to in Chapter 3, there is
potential, however, to explore the F77 antigen expressing glycoproteins as
biomarkers, given that F77 has now been detected on glycoproteins of prostate
cancer cells. Although it is still not known whether F77 antigen is present on N-
glycans, it is conceivable that mAb F77 would bind to the N-glycan sequences a and
b depicted below. Highlighted in red are the residues potentially involved in the

recognition of mAb F77.

Fuca-2Galp-4GIcNAcB-6

GalB-4GIcNACB-6

a Galp-4GIcNAcpB-3 Mana-6
Galp-4GIcNAcB-2 Man(-4GIcNAcB-4GIcNAc
GaIB-4GIcNAc[3-2Mana-I|3
Fuca-2Galp-4GIcNAcB-6
Illlana-6
b

Galp-4GIcNACcB-2 Manp-4GIcNAcB-4GIcNAc

Galp-4GIcNAcB-2Mana-3

Both a and b are type 2 blood group H-based sequences. Structure a is a type 2
blood group H on poly-LacNAc -6 linked to N-glycan backbone on the 6-linked Man

branch. It is the N-glycan equivalent of the F77 antigen sequence characterized on
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O-glycans and glycolipids. In addition, the type 2 blood group H sequence directly
linked to the 6-branch Man expressed on N-glycan as depicted in structure b may

also be bound.

The question then arises as to whether such N-glycans and O-glycans of the type
described in Chapter 3 can occur on glycoproteins, such as the prostate cancer-
associated glycoproteins PSA, prostate-specific membrane antigen (PSMA), and
prostate stem cell antigen (PSCA). If they indeed contain F77 antigen-positive
sequences, targeting the F77 glycoforms of the glycoproteins could potentially
improve the sensitivity and specificity of the current assays. In the past, evidence has
been presented for the elevated expression of blood group H (Fuca1,2-Gal-) antigen
on PSA in sera of prostate cancer patients, relative to that of patients with benign

prostatic hyperplasia (398).

As mentioned in Section 5.1.2, the T antigen recognized by mAb AE3 is broadly
expressed in many cancers but rarely in normal tissues. Thus it has been extensively
investigated as to whether this carbohydrate motif can be used as a diagnostic or
prognostic biomarker (432). Historically, the detection of T antigen has relied on
lectins such as Amaranthus caudatus lectin, Artocarpus integrifolialjacalin and PNA,
and mAbs such as A78-G/A7 and HH8. However, most of these reagents are not
purely specific to GalB-3GalNAca- sequence. Lectins of A. caudatus and A.
integrifolia/jacalin can bind to GalNAca-, as in Tn antigen, and a2,3-linked sialyl-T
antigen NeuAca-3GalB-3GalNAc (433,434). PNA and antibody A78-G/A7 are able to
bind to GalB-3GalNAcB- such as asialo-GM1 (433,435). The antibody HH8 could
accommodate C6 substituted GalNAc (core 2) (436). The differing binding
specificities of these reagents may have led to contradictory results on the value of T
antigen in prognosis and metastasis. Having said that, generally higher levels of T
antigen expression have been associated with poorer prognosis in many types of
cancers (437). In this regard, although mAb AE3 is not purely specific to the a-linked
T disaccharide (GalpB-3GalNAca-) either, it is clear from our investigation that asialo-
GM1 or C6 substituted GalNAc are not bound by mAb AE3. It would be interesting
therefore to test whether mAb AE3 is able to better detect a-linked T antigen than the

above-mentioned antibodies or lectins.

194



An alternative to detecting glycans or glycoproteins directly is to analyse the antigen
expression on circulating tumour cells (CTCs). This can be applied to both F77 and
AE3 antigens. Our collaborators are now investigating if there occur CTCs containing
F77 antigen in patients with prostate cancer. If CTCs can be detected, it will be
desirable to evaluate whether their presence correlates with prostate tumour

progression.

Glycosyltransferases are another type of good candidate for biomarkers. As
suggested by the glycosyltransferase transfection study (366) the branching
glycosyltransferases GCNTs and the fucosyltransferase FUT1 play a key role in the
biosynthetic pathway of the F77 antigen. As these glycosyltransferases are essential
for the synthesis of F77 antigen, their levels of expression in the tumour cells may be

correlated with prostate cancer progression and thus be of prognostic value.

Another strategy is to look for autoantibodies, which have been considered as prime
candidates for biomarkers in early stage cancer (242). The presence of
autoantibodies against F77 antigen in sera of prostate cancer patients requires
investigation. In order to perform this investigation, the blood samples should be
collected at 37 °C to avoid absorption of the potential autoantibodies to red cells.
Clearly, patients carrying these autoantibodies are likely to be only mild cases,
otherwise large amounts of autoantibodies would cause anaemia given their ability to
agglutinate red cells and would have been detected. The autoantibodies against the
AE3 antigen, T disaccharide, may be used as diagnostic biomarkers. It was reported
that all humans have naturally occurring antibodies against T antigen (438). Early
studies suggested that these antibodies were probably elicited by our own intestinal
microbiome, which contain strains of bacteria that express T antigen (439). Level of
autoantibodies against T antigen can be used as an indication of the stage of cancer.
Higher levels of autoantibodies in sera of patients with stomach and breast cancer
were found to correlate with better survival rates (440,441). Perhaps this is a
reflection of lower levels of the circulating T antigen. In addition, glycosylation pattern
of the IgG isotype of autoantibodies have also been suggested to have diagnostic

and prognostic value in gastric cancer (442,443). This needs systematic investigation.
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5.2.2 Therapy

The two antibodies F77 and AE3 do offer therapeutic possibilities. Antibody AE3 with
specificity to T antigen deserves investigation in tumour therapy and imaging.
Recently an antibody JAA-F11 which is highly specific to a-linked GalB-3GalNAc has
shown promising results in preclinical settings (444,445). It has strong anti-
metastasis activity in vivo and in vitro (427,445,446). JAA-F11 stained 32 of 41
human breast cancer cell lines, irrespective of their estrogen, progesterone or HER2
receptor status (447). This antibody was also capable of imaging human triple-
negative breast tumours in mice (447). Therefore as an antibody targeting the same
antigen, it would be desirable to compare the capability of mAb AE3 in the same
settings as JAA-F11.

Although direct applications of mAb F77 in tumour imaging and tumour therapy are
precluded on account of binding of this IgG3 antibody to red cells, engineering of the
antibody for cancer therapy is a possible strategy. Efforts are being made to
generating single chain variable region (scFv) and humanized forms of mAb F77 by
our collaborators. There is considerable potential to capitalize on the cold reactive
(‘cold agglutinin’) property of the native antibody, namely the diminished antigen
binding at temperatures above 20 °C. A monomeric scFv F77 antibody will further
reduce the binding affinity. Therefore at body temperature, it is possible that the low
affinity scFv would not agglutinate human red cells. If this is indeed the case, creating
a hybrid molecule fusing the F77 scFv and a second prostate-specific scFv would
target different antigenic determinants on prostate tumour cells. This hybrid antibody

could also be used for immunodetection of human prostate cancer.

Another avenue has been to engineer the T lymphocytes and other immune cells to
direct them to cancer cells using chimeric antigen receptors (CARs). These receptors
are engineered recombinant transmembrane molecules that often consist of scFv of
an antibody and a transmembrane- and cytoplasmic domain such as CD3-(, to
transduce signals to activate the T cells. As CARs can target not only processed
antigens but also native cell surface antigens such as glycans and glycolipid
structures, T cells grafted with CARs open immunotherapy possibilities of directing at
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cancer-associated carbohydrate antigens. Examples of CARs targeting glycans
currently under investigation include those targeting GD2, GD3 and Le’ (448). In
order to confer stronger signalling properties and persistence to the T cells, a second
generation of CARs has been designed by fusing the antigen-binding site with the
activating receptor and the cytoplasmic domain of a costimulatory receptor such as
CD28, 4-1BB and OX40 (Scheme 5.1A). Recently, engineered T cells containing
scFv of an anti-GD3 mAb (MB3.6) in frame with {-chain and CD28 dual signalling
showed great growth inhibitory of subcutaneously transplanted melanoma cells in the
presence of IL-2 (449). Many of these second-generation CARs are in clinical trials
(448). One of the big challenges to overcome is the paucity of truly tumour-restricted
antigens. Recently a new strategy has been reported by splitting the activating and
costimulatory signals, and installing two different receptors, a CAR and a chimeric
costimulatory receptor (CCR) to a T cell. The two receptors target two different
antigens. Although neither antigen is strictly tumour-specific, the co-expression of the
two tumour-associated antigens can efficiently differentiate the tumour cells from
normal cells. Using this strategy, Sadelain group produced T cells carrying CAR and
CCR against PSCA and PSMA, respectively (450). They selected a low-affinity scFv
targeting PSCA to generate a CAR with diminished activities such that T cells could
not be activated without the costimulatory signal from CCR. The engineered T cells
specifically targeted double positive prostate cancer cells and subsequently killed
these, leaving tumour cells expressing only one antigen intact (450). We propose the
potential application for mAb F77 is to create engineered T-cells transduced with
both a CAR containing scFv of F77 and a CCR that recognizes a second prostate
cancer-associated antigen, such as erbB3. By critical adjustment of activating signals,
a F77 CAR could be generated with low binding activity to F77 antigen. Therefore
normal cells such as red cells expressing F77 antigen alone would not activate T
cells (Scheme 5.1B). The hypothesis is that when prostate cancer tumour cells
expressing both F77 antigen and erbB3 are recognized, the costimulatory signal from
the recognition by CCR, in conjunction with the signal from CAR, would activate T
cells, leading to the specific attack of tumour cells (Scheme 5.1C).
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A scFv ‘[
Second-generation A L|nk<-j,'r
CAR Costimulatory
module (CD28,
4-1BB or
- OX40)
B CAR

F77 antige

Red cells expressing
only F77 antigen

Engineered T-cells
with CAR and CCR

4-1BB CD28 scrv

CCR

F77 antigen

erbB3

Engineered T-cells Cancer cells expressing both F77 antigen
with CAR and CCR and an additional antigen such as erbB3

Scheme 5.1 Scheme of the engineered T cell with second-generation CAR and the strategy for designing
T cells with two receptors: CAR and CCR to spare normal cells and selectively attack tumour cells. (A) A
second-generation CAR is usually composed of an scFv, a CD3( activating subunit and a costimulatory motif
which can be CD28, 4-1BB or OX40. A strategy is proposed to specifically target tumour cells by generating T
cells transduced with a CAR that recognizes F77 antigen with low affinity and a CCR (with two costimulatory
motifs CD28 and 4-1BB) that binds with high affinity to another antigen (such as erbB3). When these T-cells
encounter normal cells, such as red cells expressing F77 antigen as in (B), they cannot be activated because the
signal from the low-affinity CAR alone is not strong enough. When the engineered T-cells encounter tumour cells
expressing both antigens as in (C), they receive both CAR and CCR signals and become activated.
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5.3 Future prospects

The studies in this thesis have fully characterized the prostate cancer-associated
antigen F77, as well as partially characterized the broadly distributed epithelial
cancer-associated antigen AE3. As mAb AE3 has been found to recognize two
distinct glycan sequences (structures a and b in Scheme 4.3), and the likely O-glycan
analogue of structure b has proven difficult to isolate, future work will be focused on
the chemo-enzymatic synthesis and antigenic analysis of the proposed AE3-active
O-glycan:

Galp-3GalNACB-4GalR-4GIcNACR-3GalNAC

I
SU-3

One of the future studies planned, which | am interested to pursue, is to examine
whether the F77 and AE3 antigens are ligands for galectins, and whether mAbs F77
and AE3 can inhibit recognition by galectins. It is hoped this follow-up study will

contribute to a better understanding of these antigens in epithelial cancer progression.

With knowledge of the structure of the two antigens F77 and AE3, the way is open to
explore rationally their applications as biomarkers. The two well-characterized mAbs
F77 and AE3 can be used as tools, to detect CTCs and specific glycoforms of
glycoproteins; and these in turn would serve as biomarkers in monitoring cancer
progression during treatment. The two antigens and the related glycan sequences
generated in this thesis project are valuable reference probes for glycan arrays.
These can be used in serological studies in the search for tumour-associated
autoantibodies. There are good prospects for such autoantibodies as biomarkers in

cancer diagnosis.
With the advent of technologies for engineered T cells, especially with the two-
receptor strategy, there is considerable potential for exploiting scFvs of antibodies

F77 and AE3 in cancer therapy.

In sum, the two antibodies and the corresponding antigens have tremendous

biological and functional implications. Further research should be carried out to
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understand how the aberrant glycosylations occur during cancer progression, and to
elucidate details of the contributions of these glycan sequences to the neoplastic
processes, and to determine whether therapies targeting these modifications can

lead to beneficial clinical outcomes.

200



10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

Ju, T., Otto, V. I, and Cummings, R. D. (2011) The Tn Antigen—Structural
Simplicity and Biological Complexity. Angewandte Chemie International
Edition 50, 1770-1791

Hanisch, F. G. (2001) O-glycosylation of the mucin type. Biological Chemistry
382, 143-149

Haltiwanger, R. S., and Lowe, J. B. (2004) Role of glycosylation in
development. in Annual Review of Biochemistry

Ohtsubo, K., and Marth, J. D. (2006) Glycosylation in Cellular Mechanisms of
Health and Disease. Cell 126, 855-867

van Kooyk, Y., and Rabinovich, G. A. (2008) Protein-glycan interactions in the
control of innate and adaptive immune responses. Nat Immunol 9, 593-601
Muthana, S. M., Campbell, C. T., and Gildersleeve, J. C. (2011) Modifications
of Glycans: Biological Significance and Therapeutic Opportunities. ACS
Chemical Biology 7, 31-43

Cummings, R. D. (2009) The repertoire of glycan determinants in the human
glycome. Molecular BioSystems 5, 1087-1104

Dennis, J. W., Nabi, I. R., and Demetriou, M. (2009) Metabolism, Cell Surface
Organization, and Disease. Cell 139, 1229-1241

Parker, R. B., and Kohler, J. J. (2009) Regulation of Intracellular Signaling by
Extracellular Glycan Remodeling. ACS Chemical Biology 5, 35-46

Rillahan, C. D., and Paulson, J. C. (2011) Glycan microarrays for decoding the
glycome. Annual Review of Biochemistry 80, 797-823

Nakayama, Y., Nakamura, N., Tsuiji, D., ltoh, K., and Kurosaka, A. (2013)
Genetic Diseases Associated with Protein Glycosylation Disorders in
Mammals. in Genetic Disorders (Puiu, M. ed.), InTech. 243-269

Varki, A. (2009) Essentials of glycobiology, Cold Spring Harbor Laboratory
Press

Oriol, R., Le Pendu, J., and Mollicone, R. (1986) Genetics of ABO, H, Lewis, X
and related antigens. Vox sanguinis 51, 161-171

Ravn, V., and Dabelsteen, E. (2000) Tissue distribution of histo-blood group
antigens. APMIS : acta pathologica, microbiologica, et immunologica
Scandinavica 108, 1-28

de Waard, A., Hickman, S., and Kornfeld, S. (1976) Isolation and properties of
beta-galactoside binding lectins of calf heart and lung. Journal of Biological
Chemistry 251, 7581-7587

Childs, R. A., and Feizi, T. (1979) Calf heart lectin reacts with blood group li
antigens and other precursor chains of the major blood group antigens. FEBS
Letters 99, 175-179

Stowell, S. R., Arthur, C. M., Mehta, P., Slanina, K. A., Blixt, O., Leffler, H.,
Smith, D. F., and Cummings, R. D. (2008) Galectin-1, -2, and -3 Exhibit
Differential Recognition of Sialylated Glycans and Blood Group Antigens.
Journal of Biological Chemistry 283, 10109-10123

Solomon, J. C., Stoll, M. S., Penfold, P., Abbott, W. M., Childs, R. A., Hanfland,
P., and Feizi, T. (1991) Studies of the binding specificity of the soluble 14,000-
dalton bovine heart muscle lectin using immobilised glycolipids and
neoglycolipids. Carbohydr Res 213, 293-307

201



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Feizi, T. (1981) The blood group li system: a carbohydrate antigen system
defined by naturally monoclonal or oligoclonal autoantibodies of man.
Immunological communications 10, 127-156

Landsteiner, K. (1900) Zur Kenntnis der antifermentativen, lytischen und
agglutinierenden Wirkungen des Blutserums und der Lymphe. Zbl Bakt 27,
357-362

Landsteiner, K. (1901) Ueber agglutinationserscheinungen normalen
menschlichen blutes. Wien Kli Wchnschr 14, 1132-1134

Morgan, W. T., and Watkins, W. M. (1953) The inhibition of the
haemagglutinins in plant seeds by human blood group substances and simple
sugars. British journal of experimental pathology 34, 94-103

Watkins, W. M., and Morgan, W. T. J. (1955) Inhibition by Simple Sugars of
Enzymes Which Decompose the Blood-Group Substances. Nature 175, 676-
677

Kabat, E. A., and Leskowitz, S. (1955) Immunochemical Studies on Blood
Groups. XVII. Structural Units Involved in Blood Group A and B Specificity1.
Journal of the American Chemical Society 77, 5159-5164

Clausen, H., and Hakomori, S. (1989) ABH and related histo-blood group
antigens; immunochemical differences in carrier isotypes and their distribution.
Vox sanguinis 56, 1-20

Mollicone, R., Davies, D. R., Evans, B., Dalix, A. M., and Oriol, R. (1986)
Cellular expression and genetic control of ABH antigens in primary sensory
neurons of marmoset, baboon and man. Journal of Neuroimmunology 10,
255-269

Le Pendu, J., Cartron, J. P., Lemieux, R. U., and Oriol, R. (1985) The
presence of at least two different H-blood-group-related beta-D-gal alpha-2-L-
fucosyltransferases in human serum and the genetics of blood group H
substances. American journal of human genetics 37, 749-760

McGovern, D. P., Jones, M. R., Taylor, K. D., Marciante, K., Yan, X., Dubinsky,
M., lppoliti, A., Vasiliauskas, E., Berel, D., Derkowski, C., Dutridge, D.,
Fleshner, P., Shih, D. Q., Melmed, G., Mengesha, E., King, L., Pressman, S.,
Haritunians, T., Guo, X., Targan, S. R., and Rotter, J. |. (2010)
Fucosyltransferase 2 (FUT2) non-secretor status is associated with Crohn's
disease. Human molecular genetics 19, 3468-3476

Kelly, R. J., Ernst, L. K, Larsen, R. D., Bryant, J. G., Robinson, J. S., and
Lowe, J. B. (1994) Molecular basis for H blood group deficiency in Bombay
(Oh) and para-Bombay individuals. Proc Natl/ Acad Sci U S A 91, 5843-5847
Bhende, Y. M., Deshpande, C. K., Bhatia, H. M., Sanger, R., Race, R. R,,
Morgan, W. T., and Watkins, W. M. (1952) A "new" blood group character
related to the ABO system. Lancet 1, 903-904

Oriol, R. (1995) ABO, Hh, Lewis, and Secretion. in Molecular Basis of Human
Blood Group Antigens (Cartron, J.-P., and Rouger, P. eds.), Springer US. pp
37-73

Galili, U., Shohet, S. B., Kobrin, E., Stults, C. L., and Macher, B. A. (1988)
Man, apes, and Old World monkeys differ from other mammals in the
expression of alpha-galactosyl epitopes on nucleated cells. J Biol Chem 263,
17755-17762

Galili, U., and Swanson, K. (1991) Gene sequences suggest inactivation of
alpha-1,3-galactosyltransferase in catarrhines after the divergence of apes

202



34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

from monkeys. Proceedings of the National Academy of Sciences 88, 7401-
7404

Oriol, R., Ye, Y., Koren, E., and Cooper, D. K. (1993) Carbohydrate antigens
of pig tissues reacting with human natural antibodies as potential targets for
hyperacute vascular rejection in pig-to-man organ xenotransplantation.
Transplantation 56, 1433-1442

Cameron, H. S., Szczepaniak, D., and Weston, B. W. (1995) Expression of
Human Chromosome 19p a(1,3)-Fucosyltransferase Genes in Normal Tissues:
Alternative Splicing, Polyadenylation, and Isoforms. Journal of Biological
Chemistry 270, 20112-20122

Borsig, L., Kleene, R., Dinter, A., and Berger, E. G. (1996) Immunodetection of
alpha 1-3 fucosyltransferase (FucT-V). European journal of cell biology 70, 42-
53

Chiu, P. C. N., Chung, M.-K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P.-
C.,Ng, E.H. Y, Lee, K.-F., and Yeung, W. S. B. (2007) Glycodelin-A interacts
with fucosyltransferase on human sperm plasma membrane to inhibit
spermatozoa-zona pellucida binding. Journal of Cell Science 120, 33-44

Varki, A. (1992) Diversity in the sialic acids. Glycobiology 2, 25-40

Varki, A. (2008) Sialic acids in human health and disease. Trends Mol Med 14,
351-360

Varki, A., and Gagneux, P. (2012) Multifarious roles of sialic acids in immunity.
Annals of the New York Academy of Sciences 1253, 16-36

Liu, Y., Childs, R. A., Matrosovich, T., Wharton, S., Palma, A. S., Chai, W,
Daniels, R., Gregory, V., Uhlendorff, J., Kiso, M., Klenk, H.-D., Hay, A., Feizi,
T., and Matrosovich, M. (2010) Altered Receptor Specificity and Cell Tropism
of D222G Hemagglutinin Mutants Isolated from Fatal Cases of Pandemic
A(H1N1) 2009 Influenza Virus. J. Virol. 84, 12069-12074

Glaser, L., Stevens, J., Zamarin, D., Wilson, I|. A., Garcia-Sastre, A., Tumpey,
T. M., Basler, C. F., Taubenberger, J. K., and Palese, P. (2005) A single
amino acid substitution in 1918 influenza virus hemagglutinin changes
receptor binding specificity. Journal of virology 79, 11533-11536

Blanchard, D., Cartron, J. P., Fournet, B., Montreuil, J., van Halbeek, H., and
Vliegenthart, J. F. (1983) Primary structure of the oligosaccharide determinant
of blood group Cad specificity. Journal of Biological Chemistry 258, 7691-7695
Donald, A. S., Soh, C. P., Yates, A. D., Feeney, J., Morgan, W. T., and
Watkins, W. M. (1987) Structure, biosynthesis and genetics of the Sda antigen.
Biochem Soc Trans 15, 606-608

Klisch, K., Contreras, D. A., Sun, X., Brehm, R., Bergmann, M., and Alberio, R.
(2011) The Sda/GM2-glycan is a carbohydrate marker of porcine primordial
germ cells and of a subpopulation of spermatogonia in cattle, pigs, horses and
llama. Reproduction 142, 667-674

Dohi, T., and Kawamura, Y. I. (2008) Incomplete synthesis of the Sda/Cad
blood group carbohydrate in gastrointestinal cancer. Biochimica et Biophysica
Acta (BBA) - General Subjects 1780, 467-471

Mitsuoka, C., Sawada-Kasugai, M., Ando-Furui, K., Izawa, M., Nakanishi, H.,
Nakamura, S., Ishida, H., Kiso, M., and Kannagi, R. (1998) Identification of a
Major Carbohydrate Capping Group of the L-selectin Ligand on High
Endothelial Venules in Human Lymph Nodes as 6-Sulfo Sialyl Lewis X.
Journal of Biological Chemistry 273, 11225-11233

203



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Galustian, C., Lubineau, A., le Narvor, C., Kiso, M., Brown, G., and Feizi, T.
(1999) L-selectin interactions with novel mono- and multisulfated Lewisx
sequences in comparison with the potent ligand 3'-sulfated Lewisa. J Biol
Chem 274, 18213-18217

Yuen, C.-T., Chai, W., Loveless, R. W., Lawson, A. M., Margolis, R. U., and
Feizi, T. (1997) Brain Contains HNK-1 Immunoreactive O-Glycans of the
Sulfoglucuronyl Lactosamine Series that Terminate in 2-Linked or 2,6-Linked
Hexose (Mannose). Journal of Biological Chemistry 272, 8924-8931

Paulson, J. C., Blixt, O., and Collins, B. E. (2006) Sweet spots in functional
glycomics. Nat Chem Biol 2, 238-248

Cummings, Richard D., and Pierce, J. M. (2014) The Challenge and Promise
of Glycomics. Chemistry & biology 21, 1-15

Fukuda, M., Sasaki, H., Lopez, L., and Fukuda, M. (1989) Survival of
recombinant erythropoietin in the circulation: the role of carbohydrates,
Jefferis, R. (2009) Glycosylation as a strategy to improve antibody-based
therapeutics. Nature reviews. Drug discovery 8, 226-234

Arnold, J. N., Wormald, M. R., Sim, R. B., Rudd, P. M., and Dwek, R. A. (2007)
The Impact of Glycosylation on the Biological Function and Structure of
Human Immunoglobulins. Annual Review of Immunology 25, 21-50

Nose, M., and Wigzell, H. (1983) Biological significance of carbohydrate
chains on monoclonal antibodies. Proc Nat/ Acad Sci U S A 80, 6632-6636
Tao, M. H., and Morrison, S. L. (1989) Studies of aglycosylated chimeric
mouse-human IgG. Role of carbohydrate in the structure and effector
functions mediated by the human IgG constant region. The Journal of
Immunology 143, 2595-2601

Umana, P., Jean-Mairet, J., Moudry, R., Amstutz, H., and Bailey, J. E. (1999)
Engineered glycoforms of an antineuroblastoma IgG1 with optimized antibody-
dependent cellular cytotoxic activity. Nature biotechnology 17, 176-180
Schachter, H. (1986) Biosynthetic controls that determine the branching and
microheterogeneity of protein-bound oligosaccharides. Biochemistry and cell
biology = Biochimie et biologie cellulaire 64, 163-181

Shields, R. L., Lai, J., Keck, R., O'Connell, L. Y., Hong, K., Meng, Y. G,,
Weikert, S. H. A., and Presta, L. G. (2002) Lack of Fucose on Human IgG1 N-
Linked Oligosaccharide Improves Binding to Human FcyRIll and Antibody-
dependent Cellular Toxicity. Journal of Biological Chemistry 277, 26733-26740
Shinkawa, T., Nakamura, K., Yamane, N., Shoji-Hosaka, E., Kanda, Y.,
Sakurada, M., Uchida, K., Anazawa, H., Satoh, M., Yamasaki, M., Hanai, N.,
and Shitara, K. (2003) The Absence of Fucose but Not the Presence of
Galactose or Bisecting N-Acetylglucosamine of Human IgG1 Complex-type
Oligosaccharides Shows the Critical Role of Enhancing Antibody-dependent
Cellular Cytotoxicity. Journal of Biological Chemistry 278, 3466-3473

Niwa, R., Natsume, A., Uehara, A., Wakitani, M., lida, S., Uchida, K., Satoh,
M., and Shitara, K. (2005) IgG subclass-independent improvement of
antibody-dependent cellular cytotoxicity by fucose removal from Asn297-linked
oligosaccharides. Journal of Immunological Methods 306, 151-160
Yamane-Ohnuki, N., Kinoshita, S., Inoue-Urakubo, M., Kusunoki, M., lida, S.,
Nakano, R., Wakitani, M., Niwa, R., Sakurada, M., Uchida, K., Shitara, K., and
Satoh, M. (2004) Establishment of FUT8 knockout Chinese hamster ovary
cells: An ideal host cell line for producing completely defucosylated antibodies

204



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

with enhanced antibody-dependent cellular cytotoxicity. Biotechnology and
Bioengineering 87, 614-622

Imai-Nishiya, H., Mori, K., Inoue, M., Wakitani, M., lida, S., Shitara, K., and
Satoh, M. (2007) Double knockdown of alpha1,6-fucosyltransferase (FUT8)
and GDP-mannose 4,6-dehydratase (GMD) in antibody-producing cells: a new
strategy for generating fully non-fucosylated therapeutic antibodies with
enhanced ADCC. BMC Biotechnology 7, 84

Ferrara, C., Stuart, F., Sondermann, P., Brinker, P., and Umana, P. (2006)
The Carbohydrate at FcyRlIlla Asn-162: An Element Required For High Affinity
Binding To Non-fucosylated IgG Glycoforms. Journal of Biological Chemistry
281, 5032-5036

Dwyer, J. M. (1992) Manipulating the Immune System with Immune Globulin.
New England Journal of Medicine 326, 107-116

Samuelsson, A., Towers, T. L., and Ravetch, J. V. (2001) Anti-inflammatory
Activity of IVIG Mediated Through the Inhibitory Fc Receptor. Science 291,
484-486

Kaneko, Y., Nimmerjahn, F., and Ravetch, J. V. (2006) Anti-Inflammatory
Activity of Immunoglobulin G Resulting from Fc Sialylation. Science 313, 670-
673

Anthony, R. M., Nimmerjahn, F., Ashline, D. J., Reinhold, V. N., Paulson, J. C.,
and Ravetch, J. V. (2008) Recapitulation of IVIG Anti-Inflammatory Activity
with a Recombinant IgG Fc. Science 320, 373-376

Deisenhofer, J. (1981) Crystallographic refinement and atomic models of a
human Fc fragment and its complex with fragment B of protein A from
Staphylococcus aureus at 2.9- and 2.8-.ANG. resolution. Biochemistry 20,
2361-2370

Anthony, R. M., Wermeling, F., Karlsson, M. C. I., and Ravetch, J. V. (2008)
Identification of a receptor required for the anti-inflammatory activity of IVIG.
Proceedings of the National Academy of Sciences 105, 19571-19578

Anthony, R. M., Kobayashi, T., Wermeling, F., and Ravetch, J. V. (2011)
Intravenous gammaglobulin suppresses inflammation through a novel TH2
pathway. Nature 475, 110-113

Galustian, C., Park, C. G., Chai, W., Kiso, M., Bruening, S. A, Kang, Y. S.,
Steinman, R. M., and Feizi, T. (2004) High and low affinity carbohydrate
ligands revealed for murine SIGN-R1 by carbohydrate array and cell binding
approaches, and differing specificities for SIGN-R3 and langerin. International
Immunology 16, 853-866

van Liempt, E., Bank, C. M. C., Mehta, P., Garci'a-Vallejo, J. J., Kawar, Z. S.,
Geyer, R., Alvarez, R. A., Cummings, R. D., Kooyk, Y. v., and van Die, I.
(2006) Specificity of DC-SIGN for mannose- and fucose-containing glycans.
FEBS Letters 580, 6123-6131

Guo, Y., Feinberg, H., Conroy, E., Mitchell, D. A., Alvarez, R., Blixt, O., Taylor,
M. E., Weis, W. |., and Drickamer, K. (2004) Structural basis for distinct ligand-
binding and targeting properties of the receptors DC-SIGN and DC-SIGNR.
Nat Struct Mol Biol 11, 591-598

Bevilacqua, M., Butcher, E., Furie, B., Furie, B., Gallatin, M., Gimbrone, M.,
Harlan, J., Kishimoto, K., Lasky, L., McEver, R., and et al. (1991) Selectins: a
family of adhesion receptors. Cell 67, 233

Rosen, S. D., and Bertozzi, C. R. (1996) Leukocyte adhesion: Two selectins
converge on sulphate. Current Biology 6, 261-264

205



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Crocker, P. R., and Feizi, T. (1996) Carbohydrate recognition systems:
functional triads in cell—cell interactions. Current opinion in structural biology
6, 679-691

Galustian, C., Childs, R. A., Stoll, M., Ishida, H., Kiso, M., and Feizi, T. (2002)
Synergistic interactions of the two classes of ligand, sialyl-Lewis(a/x) fuco-
oligosaccharides and short sulpho-motifs, with the P- and L-selectins:
implications for therapeutic inhibitor designs. Immunology 105, 350-359
McEver, R. P., Moore, K. L., and Cummings, R. D. (1995) Leukocyte
trafficking mediated by selectin-carbohydrate interactions. J Biol Chem 270,
11025-11028

Moore, K. L., Stults, N. L., Diaz, S., Smith, D. F., Cummings, R. D., Varki, A.,
and McEver, R. P. (1992) Identification of a specific glycoprotein ligand for P-
selectin (CD62) on myeloid cells. The Journal of cell biology 118, 445-456
Wilkins, P. P., Moore, K. L., McEver, R. P., and Cummings, R. D. (1995)
Tyrosine sulfation of P-selectin glycoprotein ligand-1 is required for high
affinity binding to P-selectin. J Biol Chem 270, 22677-22680

Sako, D., Comess, K. M., Barone, K. M., Camphausen, R. T., Cumming, D. A,,
and Shaw, G. D. (1995) A sulfated peptide segment at the amino terminus of
PSGL-1 is critical for P-selectin binding. Cell 83, 323-331

Pouyani, T., and Seed, B. (1995) PSGL-1 recognition of P-selectin is
controlled by a tyrosine sulfation consensus at the PSGL-1 amino terminus.
Cell 83, 333-343

Somers, W. S., Tang, J., Shaw, G. D., and Camphausen, R. T. (2000) Insights
into the molecular basis of leukocyte tethering and rolling revealed by
structures of P- and E-selectin bound to SLe(X) and PSGL-1. Cell 103, 467-
479

Yuen, C. T., Lawson, A. M., Chai, W., Larkin, M., Stoll, M. S., Stuart, A. C.,
Sullivan, F. X., Ahern, T. J., and Feizi, T. (1992) Novel sulfated ligands for the
cell adhesion molecule E-selectin revealed by the neoglycolipid technology
among O-linked oligosaccharides on an ovarian cystadenoma glycoprotein.
Biochemistry 31, 9126-9131

Kogelberg, H., Frenkiel, T. A.,, Homans, S. W., Lubineau, A., and Feizi, T.
(1996) Conformational Studies on the Selectin and Natural Killer Cell Receptor
Ligands Sulfo- and Sialyl-lacto-N-fucopentaoses (SuLNFPIl and SLNFPII)
Using NMR Spectroscopy and Molecular Dynamics Simulations. Comparisons
with the Nonacidic Parent Molecule LNFPII. Biochemistry 35, 1954-1964
Hemmerich, S., Leffler, H., and Rosen, S. D. (1995) Structure of the O-glycans
in GlyCAM-1, an endothelial-derived ligand for L-selectin. J Biol Chem 270,
12035-12047

Galustian, C., Lawson, A. M., Komba, S., Ishida, H., Kiso, M., and Ten, F.
(1997) Sialyl-Lewisx sequence 6-O-sulfated at N-acetylglucosamine rather
than at galactose is the preferred ligand for L-selectin and de-N-acetylation of
the sialic acid enhances the binding strength. Biochemical and Biophysical
Research Communications 240, 748-751

Kimura, N., Mitsuoka, C., Kanamori, A., Hiraiwa, N., Uchimura, K., Muramatsu,
T., Tamatani, T., Kansas, G. S., and Kannagi, R. (1999) Reconstitution of
functional L-selectin ligands on a cultured human endothelial cell line by
cotransfection of alpha1-->3 fucosyltransferase VII and newly cloned
GIcNAcbeta:6-sulfotransferase cDNA. Proc Natl Acad Sci U S A 96, 4530-
4535

206



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Bistrup, A., Bhakta, S., Lee, J. K., Belov, Y. Y., Gunn, M. D., Zuo, F. R., Huang,
C. C,, Kannagi, R., Rosen, S. D., and Hemmerich, S. (1999) Sulfotransferases
of two specificities function in the reconstitution of high endothelial cell ligands
for L-selectin. The Journal of cell biology 145, 899-910

Norgard-Sumnicht, K. E., Varki, N. M., and Varki, A. (1993) Calcium-
dependent heparin-like ligands for L-selectin in nonlymphoid endothelial cells.
Science 261, 480-483

Nelson, R. M., Cecconi, O., Roberts, W. G., Aruffo, A., Linhardt, R. J., and
Bevilacqua, M. P. (1993) Heparin oligosaccharides bind L- and P-selectin and
inhibit acute inflammation. Blood 82, 3253-3258

Stevenson, J. L., Choi, S. H., and Varki, A. (2005) Differential metastasis
inhibition by clinically relevant levels of heparins--correlation with selectin
inhibition, not antithrombotic activity. Clinical cancer research : an official
Journal of the American Association for Cancer Research 11, 7003-7011
Ludwig, R. J., Alban, S., Bistrian, R., Boehncke, W. H., Kaufmann, R.,
Henschler, R., and Gille, J. (2006) The ability of different forms of heparins to
suppress P-selectin function in vitro correlates to their inhibitory capacity on
bloodborne metastasis in vivo. Thrombosis and haemostasis 95, 535-540
Stencel-Baerenwald, J. E., Reiss, K., Reiter, D. M., Stehle, T., and Dermody, T.
S. (2014) The sweet spot: defining virus-sialic acid interactions. Nat Rev Micro
12, 739-749

Borén, T., Falk, P., Roth, K. A., Larson, G., and Normark, S. (1993)
Attachment of Helicobacter pylori to Human Gastric Epithelium Mediated by
Blood Group Antigens. Science 262, 1892-1895

llver, D., Arnqvist, A., (")gren, J., Frick, I.-M., Kersulyte, D., Incecik, E. T., Berg,
D. E., Covacci, A., Engstrand, L., and Borén, T. (1998) Helicobacter pylori
Adhesin Binding Fucosylated Histo-Blood Group Antigens Revealed by
Retagging. Science 279, 373-377

Mahdavi, J., Sondén, B., Hurtig, M., Olfat, F. O., Forsberg, L., Roche, N.,
Angstrém, J., Larsson, T., Teneberg, S., Karlsson, K.-A., Altraja, S., Wadstrom,
T., Kersulyte, D., Berg, D. E., Dubois, A., Petersson, C., Magnusson, K.-E.,
Norberg, T., Lindh, F., Lundskog, B. B., Arnqvist, A., Hammarstrom, L., and
Borén, T. (2002) Helicobacter pylori SabA Adhesin in Persistent Infection and
Chronic Inflammation. Science 297, 573-578

Azevedo, M., Eriksson, S., Mendes, N., Serpa, J., Figueiredo, C., Resende, L.
P., Ruvoén-Clouet, N., Haas, R., Borén, T., Le Pendu, J., and David, L. (2008)
Infection by Helicobacter pylori expressing the BabA adhesin is influenced by
the secretor phenotype. The Journal of pathology 215, 308-316

Kawakubo, M., Ito, Y., Okimura, Y., Kobayashi, M., Sakura, K., Kasama, S.,
Fukuda, M. N., Fukuda, M., Katsuyama, T., and Nakayama, J. (2004) Natural
Antibiotic Function of a Human Gastric Mucin Against Helicobacter pylori
Infection. Science 305, 1003-1006

Rossez, Y., Gosset, P., Boneca, |. G., Magalhaes, A., Ecobichon, C., Reis, C.
A., Cieniewski-Bernard, C., Joncquel Chevalier Curt, M., Léonard, R., Maes,
E., Sperandio, B., Slomianny, C., Sansonetti, P. J., Michalski, J.-C., and
Robbe-Masselot, C. (2014) The LacdiNAc-Specific Adhesin LabA Mediates
Adhesion of Helicobacter pylori to Human Gastric Mucosa. Journal of
Infectious Diseases 210, 1286-1295

Blumenschein, T. M., Friedrich, N., Childs, R. A., Saouros, S., Carpenter, E. P.,
Campanero-Rhodes, M. A., Simpson, P., Chai, W., Koutroukides, T.,

207



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Blackman, M. J., Feizi, T., Soldati-Favre, D., and Matthews, S. (2007) Atomic
resolution insight into host cell recognition by Toxoplasma gondii. The EMBO
journal 26, 2808-2820

Friedrich, N., Santos, J. M., Liu, Y., Palma, A. S., Leon, E., Saouros, S., Kiso,
M., Blackman, M. J., Matthews, S., Feizi, T., and Soldati-Favre, D. (2010)
Members of a Novel Protein Family Containing Microneme Adhesive Repeat
Domains Act as Sialic Acid-binding Lectins during Host Cell Invasion by
Apicomplexan Parasites. Journal of Biological Chemistry 285, 2064-2076
Garnett, J. A, Liu, Y., Leon, E., Allman, S. A., Friedrich, N., Saouros, S., Curry,
S., Soldati-Favre, D., Davis, B. G., Feizi, T., and Matthews, S. (2009) Detailed
insights from microarray and crystallographic studies into carbohydrate
recognition by microneme protein 1 (MIC1) of Toxoplasma gondii. Protein
Science 18, 1935-1947

Madico, G., Ngampasutadol, J., Gulati, S., Vogel, U., Rice, P. A., and Ram, S.
(2007) Factor H Binding and Function in Sialylated Pathogenic Neisseriae is
Influenced by Gonococcal, but Not Meningococcal, Porin. The Journal of
Immunology 178, 4489-4497

Ngampasutadol, J., Ram, S., Gulati, S., Agarwal, S., Li, C., Visintin, A., Monks,
B., Madico, G., and Rice, P. A. (2008) Human factor H interacts selectively
with Neisseria gonorrhoeae and results in species-specific complement
evasion. Journal of immunology (Baltimore, Md. : 1950) 180, 3426-3435
Crocker, P. R., and Varki, A. (2001) Siglecs, sialic acids and innate immunity.
Trends in immunology 22, 337-342

Hakomori, S. (2002) Glycosylation defining cancer malignancy: New wine in
an old bottle. Proceedings of the National Academy of Sciences 99, 10231-
10233

Varki A, C. R., Esko JD, et al. (2009) Chapter 44 Glycosylation Changes in
Cancer. Essentials of Glycobiology. 2nd edition.

Reis, C. A., Osorio, H., Silva, L., Gomes, C., and David, L. (2010) Alterations
in glycosylation as biomarkers for cancer detection. Journal of Clinical
Pathology 63, 322-329

Feizi, T. (1985) Carbohydrate antigens in human cancer. Cancer surveys 4,
245-269

Hakomori, S. (1989) Aberrant glycosylation in tumors and tumor-associated
carbohydrate antigens. Advances in cancer research 52, 257-331
Hollingsworth, M. A., and Swanson, B. J. (2004) Mucins in cancer: protection
and control of the cell surface. Nat Rev Cancer 4, 45-60

Corfield, A. P. (2015) Mucins: A biologically relevant glycan barrier in mucosal
protection. Biochimica et Biophysica Acta (BBA) - General Subjects 1850,
236-252

Kufe, D. W. (2009) Mucins in cancer: function, prognosis and therapy. Nat Rev
Cancer9, 874-885

Springer, G. (1984) T and Tn, general carcinoma autoantigens. Science 224,
1198-1206

Springer, G. F. (1997) Immunoreactive T and Tn epitopes in cancer diagnosis,
prognosis, and immunotherapy. J Mol Med 75, 594-602

Desai, P. R. (2000) Immunoreactive T and Tn antigens in malignancy: role in
carcinoma diagnosis, prognosis, and immunotherapy. Transfusion medicine
reviews 14, 312-325

208



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Ikeda, Y., Kuwano, H., Baba, K., Ikebe, M., Matushima, T., Adachi, Y., Mori,
M., and Sugimachi, K. (1993) Expression of Sialyl-Tn antigens in normal
squamous epithelium, dysplasia, and squamous cell carcinoma in the
esophagus. Cancer research 53, 1706-1708

Schuessler, M. H., Pintado, S., Welt, S., Real, F. X., Xu, M., Melamed, M. R.,
Lloyd, K. O., and Oettgen, H. F. (1991) Blood group and blood-group-related
antigens in normal pancreas and pancreas cancer: enhanced expression of
precursor type 1, Tn and sialyl-Tn in pancreas cancer. International journal of
cancer. Journal international du cancer 47, 180-187

Ravn, V., Mandel, U., Svenstrup, B., and Dabelsteen, E. (1995) Simple mucin-
type carbohydrates in normal and malignant human endometrium.
International journal of gynecological pathology : official journal of the
International Society of Gynecological Pathologists 14, 158-166

Nishiyama, T., Matsumoto, Y., Watanabe, H., Fujiwara, M., and Sato, S. (1987)
Detection of Tn antigen with Vicia villosa agglutinin in urinary bladder cancer:
its relevance to the patient's clinical course. Journal of the National Cancer
Institute 78, 1113-1118

Julien, S., Videira, P. A., and Delannoy, P. (2012) Sialyl-tn in cancer: (how) did
we miss the target? Biomolecules 2, 435-466

Ju, T., Otto, V. I., and Cummings, R. D. (2011) The Tn antigen-structural
simplicity and biological complexity. Angew Chem Int Ed Engl 50, 1770-1791
Inoue, M., Ogawa, H., Nakanishi, K., Tanizawa, O., Karino, K., and Endo, J.
(1990) Clinical value of sialyl Tn antigen in patients with gynecologic tumors.
Obstetrics and gynecology 75, 1032-1036

Springer, G. F. (1989) Tn epitope (N-acetyl-D-galactosamine alpha-O-
serine/threonine) density in primary breast carcinoma: a functional predictor of
aggressiveness. Mol Immunol 26, 1-5

Laack, E., Nikbakht, H., Peters, A., Kugler, C., Jasiewicz, Y., Edler, L.,
Hossfeld, D. K., and Schumacher, U. (2002) Lectin histochemistry of resected
adenocarcinoma of the lung: helix pomatia agglutinin binding is an
independent prognostic factor. The American journal of pathology 160, 1001-
1008

Kakeiji, Y., Tsujitani, S., Mori, M., Maehara, Y., and Sugimachi, K. (1991) Helix
pomatia agglutinin binding activity is a predictor of survival time for patients
with gastric carcinoma. Cancer 68, 2438-2442

Werther, J. L., Rivera-MacMurray, S., Bruckner, H., Tatematsu, M., and
Itzkowitz, S. H. (1994) Mucin-associated sialosyl-Tn antigen expression in
gastric cancer correlates with an adverse outcome. Br J Cancer 69, 613-616
Konno, A., Hoshino, Y., Terashima, S., Motoki, R., and Kawaguchi, T. (2002)
Carbohydrate expression profile of colorectal cancer cells is relevant to
metastatic pattern and prognosis. Clin Exp Metastasis 19, 61-70

ltzkowitz, S. H., Bloom, E. J., Kokal, W. A., Modin, G., Hakomori, S., and Kim,
Y. S. (1990) Sialosyl-Tn. A novel mucin antigen associated with prognosis in
colorectal cancer patients. Cancer 66, 1960-1966

Barrow, H., Tam, B., Duckworth, C. A., Rhodes, J. M., and Yu, L.-G. (2013)
Suppression of Core 1 Gal-Transferase Is Associated with Reduction of TF
and Reciprocal Increase of Tn, sialyl-Tn and Core 3 Glycans in Human Colon
Cancer Cells. PLoS ONE 8, €59792

Iwai, T., Inaba, N., Naundorf, A., Zhang, Y., Gotoh, M., lwasaki, H., Kudo, T.,
Togayachi, A., Ishizuka, Y., Nakanishi, H., and Narimatsu, H. (2002) Molecular

209



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Cloning and Characterization of a Novel UDP-GIcNAc:GalNAc-peptide 31,3-N-
Acetylglucosaminyltransferase (B3Gn-T6), an Enzyme Synthesizing the Core
3 Structure of O-Glycans. Journal of Biological Chemistry 277, 12802-12809
Iwai, T., Kudo, T., Kawamoto, R., Kubota, T., Togayachi, A., Hiruma, T.,
Okada, T., Kawamoto, T., Morozumi, K., and Narimatsu, H. (2005) Core 3
synthase is down-regulated in colon carcinoma and profoundly suppresses the
metastatic potential of carcinoma cells. Proc Natl Acad Sci U S A 102, 4572-
4577

Ju, T., Lanneau, G. S., Gautam, T., Wang, Y., Xia, B., Stowell, S. R., Willard,
M. T., Wang, W., Xia, J. Y., Zuna, R. E., Laszik, Z., Benbrook, D. M., Hanigan,
M. H., and Cummings, R. D. (2008) Human tumor antigens Tn and sialyl Tn
arise from mutations in Cosmc. Cancer research 68, 1636-1646

Julien, S., Adriaenssens, E., Ottenberg, K., Furlan, A., Courtand, G.,
Vercoutter-Edouart, A. S., Hanisch, F. G., Delannoy, P., and Le Bourhis, X.
(2006) ST6GalNAc | expression in MDA-MB-231 breast cancer cells greatly
modifies their O-glycosylation pattern and enhances their tumourigenicity.
Glycobiology 16, 54-64

Radhakrishnan, P., Grandgenett, P. M., Mohr, A. M., Bunt, S. K, Yu, F,,
Chowdhury, S., and Hollingsworth, M. A. (2013) Expression of core 3 synthase
in human pancreatic cancer cells suppresses tumor growth and metastasis.
International Journal of Cancer 133, 2824-2833

Freire-de-Lima, L. (2014) Sweet and sour: the impact of differential
glycosylation in cancer cells undergoing epithelial-mesenchymal transition.
Front Oncol 4, 59

Dennis, J. W., and Laferte, S. (1989) Oncodevelopmental expression of--
GIcNAc beta 1-6Man alpha 1-6Man beta 1--branched asparagine-linked
oligosaccharides in murine tissues and human breast carcinomas. Cancer
research 49, 945-950

Fernandes, B., Sagman, U., Auger, M., Demetrio, M., and Dennis, J. W. (1991)
B1-6 Branched Oligosaccharides as a Marker of Tumor Progression in Human
Breast and Colon Neoplasia. Cancer research 51, 718-723

Takano, R., Nose, M., Nishihira, T., and Kyogoku, M. (1990) Increase of beta
1-6-branched oligosaccharides in human esophageal carcinomas invasive
against surrounding tissue in vivo and in vitro. The American journal of
pathology 137, 1007-1011

Tian, H., Miyoshi, E., Kawaguchi, N., Shaker, M., Ito, Y., Taniguchi, N.,
Tsujimoto, M., and Matsuura, N. (2008) The implication of N-
acetylglucosaminyltransferase V expression in gastric cancer. Pathobiology :
Journal of immunopathology, molecular and cellular biology 75, 288-294
Huang, B., Wu, Q., Ge, Y., Zhang, J., Sun, L., Zhang, Y., Fu, L., Fan, J., and
Wang, Z. (2014) Expression of N-acetylglucosaminyltransferase V in gastric
cancer correlates with metastasis and prognosis. International journal of
oncology 44, 849-857

Demetriou, M., Nabi, I. R., Coppolino, M., Dedhar, S., and Dennis, J. W. (1995)
Reduced contact-inhibition and substratum adhesion in epithelial cells
expressing GlcNAc-transferase V. The Journal of cell biology 130, 383-392
Granovsky, M., Fata, J., Pawling, J., Muller, W. J., Khokha, R., and Dennis, J.
W. (2000) Suppression of tumor growth and metastasis in Mgat5-deficient
mice. Nat Med 6, 306-312

210



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Terao, M., Ishikawa, A., Nakahara, S., Kimura, A., Kato, A., Moriwaki, K.,
Kamada, Y., Murota, H., Taniguchi, N., Katayama, |., and Miyoshi, E. (2011)
Enhanced epithelial-mesenchymal transition-like  phenotype in  N-
acetylglucosaminyltransferase V transgenic mouse skin promotes wound
healing. J Biol Chem 286, 28303-28311

Partridge, E. A., Le Roy, C., Di Guglielmo, G. M., Pawling, J., Cheung, P.,
Granovsky, M., Nabi, I. R., Wrana, J. L., and Dennis, J. W. (2004) Regulation
of cytokine receptors by Golgi N-glycan processing and endocytosis. Science
306, 120-124

Demetriou, M., Granovsky, M., Quaggin, S., and Dennis, J. W. (2001)
Negative regulation of T-cell activation and autoimmunity by Mgat5N-
glycosylation. Nature 409, 733-739

Isaji, T., Sato, Y., Zhao, Y., Miyoshi, E., Wada, Y., Taniguchi, N., and Gu, J.
(2006) N-Glycosylation of the p-Propeller Domain of the Integrin a5 Subunit Is
Essential for a5p31 Heterodimerization, Expression on the Cell Surface, and Its
Biological Function. Journal of Biological Chemistry 281, 33258-33267

Guo, H.-B., Johnson, H., Randolph, M., and Pierce, M. (2009) Regulation of
Homotypic Cell-Cell Adhesion by Branched N-Glycosylation of N-cadherin
Extracellular EC2 and EC3 Domains. Journal of Biological Chemistry 284,
34986-34997

Langer, M. D., Guo, H., Shashikanth, N., Pierce, J. M., and Leckband, D. E.
(2012) N-glycosylation alters cadherin-mediated intercellular binding kinetics.
Journal of Cell Science 125, 2478-2485

Croci, Diego O., Cerliani, Juan P., Dalotto-Moreno, T., Méndez-Huergo,
Santiago P., Mascanfroni, lvan D., Dergan-Dylon, S., Toscano, Marta A.,
Caramelo, Julio J., Garcia-Vallejo, Juan J., Ouyang, J., Mesri, Enrique A.,
Junttila, Melissa R., Bais, C., Shipp, Margaret A., Salatino, M., and Rabinovich,
Gabriel A. (2014) Glycosylation-Dependent Lectin-Receptor Interactions
Preserve Angiogenesis in Anti-VEGF Refractory Tumors. Cell 156, 744-758
Yoshimura, M., Nishikawa, A., lhara, Y., Taniguchi, S., and Taniguchi, N.
(1995) Suppression of lung metastasis of B16 mouse melanoma by N-
acetylglucosaminyltransferase Ill gene transfection. Proceedings of the
National Academy of Sciences 92, 8754-8758

Abbott, K. L., Nairn, A. V., Hall, E. M., Horton, M. B., McDonald, J. F.,
Moremen, K. W., Dinulescu, D. M., and Pierce, M. (2008) Focused glycomic
analysis of the N-linked glycan biosynthetic pathway in ovarian cancer.
PROTEOMICS 8, 3210-3220

Abbott, K. L., Aoki, K., Lim, J.-M., Porterfield, M., Johnson, R., O'Regan, R. M.,
Wells, L., Tiemeyer, M., and Pierce, M. (2008) Targeted Glycoproteomic
Identification of Biomarkers for Human Breast Carcinoma. Journal of
Proteome Research 7, 1470-1480

Le Pendu, J., Marionneau, S., Cailleau-Thomas, A., Rocher, J., Le Moullac-
Vaidye, B., and Clement, M. (2001) ABH and Lewis histo-blood group
antigens in cancer. APMIS : acta pathologica, microbiologica, et immunologica
Scandinavica 109, 9-31

Hakomori, S.-i. (1999) Antigen structure and genetic basis of histo-blood
groups A, B and O: their changes associated with human cancer. Biochimica
et Biophysica Acta (BBA) - General Subjects 1473, 247-266

Kapadia, A., Feizi, T., Jewell, D., Keeling, J., and Slavin, G. (1981)
Immunocytochemical studies of blood group A, H, I, and i antigens in gastric

211



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

mucosae of infants with normal gastric histology and of patients with gastric
carcinoma and chronic benign peptic ulceration. J Clin Pathol 34, 320-337
Matsumoto, H., Muramatsu, H., Shimotakahara, T., Yanagi, M., Nishijima, H.,
Mitani, N., Baba, K., Muramatsu, T., and Shimazu, H. (1993) Correlation of
expression of ABH blood group carbohydrate antigens with metastatic
potential in human lung carcinomas. Cancer 72, 75-81

Davidsohn, I., and Stejskal, R. (1972) Tissue antigens A, B and H in health
and disease. Haematologia 6, 177-184

Dabelsteen, E., Vedtofte, P., Hakomori, S., and Young, W. W., Jr. (1983)
Accumulation of a blood group antigen precursor in oral premalignant lesions.
Cancer research 43, 1451-1454

Orntoft, T. F. (1992) Carbohydrate changes in bladder carcinomas. APMIS.
Supplementum 27, 181-187

Van Loghem, J. J., Jr., Dorfmeier, H., and Van Der Hart, M. (1957) Two A
antigens with abnormal serologic properties. Vox sanguinis 2, 16-24

Bianco, T., Farmer, B. J., Sage, R. E., and Dobrovic, A. (2001) Loss of red cell
A, B, and H antigens is frequent in myeloid malignancies. Blood 97, 3633-
3639

Ichikawa, D., Handa, K., Withers, D. A., and Hakomori, S.-i. (1997) Histo-
Blood Group A/B versus H Status of Human Carcinoma Cells as Correlated
with Haptotactic Cell Motility: Approach with A and B Gene Transfection.
Cancer research 57, 3092-3096

Ichikawa, D., Handa, K., and Hakomori, S. (1998) Histo-blood group A/B
antigen deletion/reduction vs. continuous expression in human tumor cells as
correlated with their malignancy. International journal of cancer. Journal
international du cancer 76, 284-289

Orntoft, T. F., Meldgaard, P., Pedersen, B., and Wolf, H. (1996) The blood
group ABO gene transcript is down-regulated in human bladder tumors and
growth-stimulated urothelial cell lines. Cancer research 56, 1031-1036
Bianco-Miotto, T., Hussey, D. J., Day, T. K., O'Keefe, D. S., and Dobrovic, A.
(2009) DNA Methylation of the ABO Promoter Underlies Loss of ABO Allelic
Expression in a Significant Proportion of Leukemic Patients. PLoS ONE 4,
e4788

Edgren, G., Hjalgrim, H., Rostgaard, K., Norda, R., Wikman, A., Melbye, M.,
and Nyren, O. (2010) Risk of gastric cancer and peptic ulcers in relation to
ABO blood type: a cohort study. American journal of epidemiology 172, 1280-
1285

Wolpin, B. M., Chan, A. T., Hartge, P., Chanock, S. J., Kraft, P., Hunter, D. J.,
Giovannucci, E. L., and Fuchs, C. S. (2009) ABO Blood Group and the Risk of
Pancreatic Cancer. Journal of the National Cancer Institute 101, 424-431
Amundadottir, L., Kraft, P., Stolzenberg-Solomon, R. Z., Fuchs, C. S,
Petersen, G. M., Arslan, A. A., Bueno-de-Mesquita, H. B., Gross, M.,
Helzlsouer, K., Jacobs, E. J., LaCroix, A., Zheng, W., Albanes, D., Bamlet, W.,
Berg, C. D., Berrino, F., Bingham, S., Buring, J. E., Bracci, P. M., Canzian, F.,
Clavel-Chapelon, F., Clipp, S., Cotterchio, M., de Andrade, M., Duell, E. J.,
Fox, J. W., Jr., Gallinger, S., Gaziano, J. M., Giovannucci, E. L., Goggins, M.,
Gonzalez, C. A., Hallmans, G., Hankinson, S. E., Hassan, M., Holly, E. A.,
Hunter, D. J., Hutchinson, A., Jackson, R., Jacobs, K. B., Jenab, M., Kaaks, R.,
Klein, A. P., Kooperberg, C., Kurtz, R. C., Li, D., Lynch, S. M., Mandelson, M.,
McWilliams, R. R., Mendelsohn, J. B., Michaud, D. S., Olson, S. H., Overvad,

212



172.

173.

174.

175.

176.

177.

K., Patel, A. V., Peeters, P. H., Rajkovic, A., Riboli, E., Risch, H. A., Shu, X. O.,
Thomas, G., Tobias, G. S., Trichopoulos, D., Van Den Eeden, S. K., Virtamo,
J., Wactawski-Wende, J., Wolpin, B. M., Yu, H., Yu, K., Zeleniuch-Jacquotte,
A., Chanock, S. J., Hartge, P., and Hoover, R. N. (2009) Genome-wide
association study identifies variants in the ABO locus associated with
susceptibility to pancreatic cancer. Nature genetics 41, 986-990

Wolpin, B. M., Kraft, P., Gross, M., Helzlsouer, K., Bueno-de-Mesquita, H. B.,
Steplowski, E., Stolzenberg-Solomon, R. Z., Arslan, A. A., Jacobs, E. J.,
Lacroix, A., Petersen, G., Zheng, W., Albanes, D., Allen, N. E., Amundadottir,
L., Anderson, G., Boutron-Ruault, M. C., Buring, J. E., Canzian, F., Chanock,
S. J,, Clipp, S., Gaziano, J. M., Giovannucci, E. L., Hallmans, G., Hankinson,
S. E., Hoover, R. N., Hunter, D. J., Hutchinson, A., Jacobs, K., Kooperberg, C.,
Lynch, S. M., Mendelsohn, J. B., Michaud, D. S., Overvad, K., Patel, A. V.,
Rajkovic, A., Sanchez, M. J., Shu, X. O., Slimani, N., Thomas, G., Tobias, G.
S., Trichopoulos, D., Vineis, P., Virtamo, J., Wactawski-Wende, J., Yu, K.,
Zeleniuch-Jacquotte, A., Hartge, P., and Fuchs, C. S. (2010) Pancreatic
cancer risk and ABO blood group alleles: results from the pancreatic cancer
cohort consortium. Cancer research 70, 1015-1023

Wolpin, B. M., Kraft, P., Xu, M., Steplowski, E., Olsson, M. L., Arslan, A. A.,
Bueno-de-Mesquita, H. B., Gross, M., Helzlsouer, K., Jacobs, E. J., LaCroix,
A., Petersen, G., Stolzenberg-Solomon, R. Z., Zheng, W., Albanes, D., Allen,
N. E., Amundadottir, L., Austin, M. A., Boutron-Ruault, M. C., Buring, J. E.,
Canzian, F., Chanock, S. J., Gaziano, J. M., Giovannucci, E. L., Hallmans, G.,
Hankinson, S. E., Hoover, R. N., Hunter, D. J., Hutchinson, A., Jacobs, K. B.,
Kooperberg, C., Mendelsohn, J. B., Michaud, D. S., Overvad, K., Patel, A. V.,
Sanchez, M. J., Sansbury, L., Shu, X. O., Slimani, N., Tobias, G. S.,
Trichopoulos, D., Vineis, P., Visvanathan, K., Virtamo, J., Wactawski-Wende,
J., Watters, J., Yu, K., Zeleniuch-Jacquotte, A., Hartge, P., and Fuchs, C. S.
(2010) Variant ABO blood group alleles, secretor status, and risk of pancreatic
cancer: results from the pancreatic cancer cohort consortium. Cancer
epidemiology, biomarkers & prevention @ a publication of the American
Association for Cancer Research, cosponsored by the American Society of
Preventive Oncology 19, 3140-3149

Aubert, M., Panicot, L., Crotte, C., Gibier, P., Lombardo, D., Sadoulet, M. O.,
and Mas, E. (2000) Restoration of alpha(1,2) fucosyltransferase activity
decreases adhesive and metastatic properties of human pancreatic cancer
cells. Cancer research 60, 1449-1456

Zerfaoui, M., Fukuda, M., Sbarra, V., Lombardo, D., and El-Battari, A. (2000)
alpha(1,2)-fucosylation prevents sialyl Lewis x expression and E-selectin-
mediated adhesion of fucosyltransferase VIll-transfected cells. European
journal of biochemistry / FEBS 267, 53-61

Martin-Satue, M., Marrugat, R., Cancelas, J. A., and Blanco, J. (1998)
Enhanced expression of alpha(1,3)-fucosyltransferase genes correlates with
E-selectin-mediated adhesion and metastatic potential of human lung
adenocarcinoma cells. Cancer research 58, 1544-1550

Nakamori, S., Kameyama, M., Imaoka, S., Furukawa, H., Ishikawa, O., Sasaki,
Y., lzumi, Y., and Irimura, T. (1997) Involvement of carbohydrate antigen sialyl
Lewis(x) in colorectal cancer metastasis. Diseases of the colon and rectum 40,
420-431

213



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Baldus, S. E., Zirbes, T. K., Monig, S. P., Engel, S., Monaca, E., Rafigpoor, K.,
Hanisch, F. G., Hanski, C., Thiele, J., Pichimaier, H., and Dienes, H. P. (1998)
Histopathological subtypes and prognosis of gastric cancer are correlated with
the expression of mucin-associated sialylated antigens: Sialosyl-Lewis(a),
Sialosyl-Lewis(x) and sialosyl-Tn. Tumour Biol 19, 445-453

Nakamori, S., Nishihara, S., lkehara, Y., Nagano, H., Dono, K., Sakon, M.,
Narimatsu, H., and Monden, M. (1999) Molecular mechanism involved in
increased expression of sialyl Lewis antigens in ductal carcinoma of the
pancreas. Journal of experimental & clinical cancer research : CR 18, 425-432
Takada, A., Ohmori, K., Yoneda, T., Tsuyuoka, K., Hasegawa, A., Kiso, M.,
and Kannagi, R. (1993) Contribution of carbohydrate antigens sialyl Lewis A
and sialyl Lewis X to adhesion of human cancer cells to vascular endothelium.
Cancer research 53, 354-361

Majuri, M. L., Niemela, R., Tiisala, S., Renkonen, O., and Renkonen, R. (1995)
Expression and function of alpha 2,3-sialyl- and alpha 1,3/1,4-
fucosyltransferases in colon adenocarcinoma cell lines: role in synthesis of E-
selectin  counter-receptors. International journal of cancer. Journal
international du cancer 63, 551-559

Biancone, L., Araki, M., Araki, K., Vassalli, P., and Stamenkovic, |. (1996)
Redirection of tumor metastasis by expression of E-selectin in vivo. J Exp Med
183, 581-587

Klopocki, A. G., Laskowska, A., Antoniewicz-Papis, J., Duk, M., Lisowska, E.,
and Ugorski, M. (1998) Role of sialosyl Lewis(a) in adhesion of colon cancer
cells--the antisense RNA approach. European journal of biochemistry / FEBS
253, 309-318

Weston, B. W., Hiller, K. M., Mayben, J. P., Manousos, G. A., Bendt, K. M., Liu,
R., and Cusack, J. C., Jr. (1999) Expression of human
alpha(1,3)fucosyltransferase antisense sequences inhibits selectin-mediated
adhesion and liver metastasis of colon carcinoma cells. Cancer research 59,
2127-2135

Willmott, N., and Simpson, S. (1983) Wheat germ agglutinin binding to cells
derived from in vivo grown solid tumors. Anticancer Res 3, 401-406

Walker, R. A. (1984) The binding of peroxidase-labelled lectins to human
breast epithelium. IlI--The reactivity of breast carcinomas to wheat germ
agglutinin. The Journal of pathology 144, 101-108

Kellokumpu, I., Karhi, K., and Andersson, L. C. (1986) Lectin-binding sites in
normal, hyperplastic, adenomatous and carcinomatous human colorectal
mucosa. Acta pathologica, microbiologica, et immunologica Scandinavica.
Section A, Pathology 94, 271-280

Varki, A. (2007) Glycan-based interactions involving vertebrate sialic-acid-
recognizing proteins. Nature 446, 1023-1029

Ajona, D., Castano, Z., Garayoa, M., Zudaire, E., Pajares, M. J., Martinez, A.,
Cuttitta, F., Montuenga, L. M., and Pio, R. (2004) Expression of complement
factor H by lung cancer cells: effects on the activation of the alternative
pathway of complement. Cancer research 64, 6310-6318

Shen, Y., Kohla, G., Lrhorfi, A. L., Sipos, B., Kalthoff, H., Gerwig, G. J.,
Kamerling, J. P., Schauer, R., and Tiralongo, J. (2004) O-acetylation and de-
O-acetylation of sialic acids in human colorectal carcinoma. European journal
of biochemistry / FEBS 271, 281-290

214



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Corfield, A. P., Myerscough, N., Warren, B. F., Durdey, P., Paraskeva, C., and
Schauer, R. (1999) Reduction of sialic acid O-acetylation in human colonic
mucins in the adenoma-carcinoma sequence. Glycoconj J 16, 307-317
Ravindranath, M. H., Muthugounder, S., and Presser, N. (2008) Ganglioside
signatures of primary and nodal metastatic melanoma cell lines from the same
patient. Melanoma research 18, 47-55

Yamashita, K., Fukushima, K., Sakiyama, T., Murata, F., Kuroki, M., and
Matsuoka, Y. (1995) Expression of Sia alpha 2-->6Gal beta 1-->4GIcNAc
residues on sugar chains of glycoproteins including carcinoembryonic
antigens in human colon adenocarcinoma: applications of Trichosanthes
japonica agglutinin | for early diagnosis. Cancer research 55, 1675-1679
Seales, E. C., Jurado, G. A,, Brunson, B. A., Wakefield, J. K., Frost, A. R., and
Bellis, S. L. (2005) Hypersialylation of 1 Integrins, Observed in Colon
Adenocarcinoma, May Contribute to Cancer Progression by Up-regulating Cell
Motility. Cancer research 65, 4645-4652

Malykh, Y. N., Schauer, R., and Shaw, L. (2001) N-Glycolylneuraminic acid in
human tumours. Biochimie 83, 623-634

Tangvoranuntakul, P., Gagneux, P., Diaz, S., Bardor, M., Varki, N., Varki, A.,
and Muchmore, E. (2003) Human uptake and incorporation of an
immunogenic nonhuman dietary sialic acid. Proceedings of the National
Academy of Sciences 100, 12045-12050

Higashihara, T., Takeshima, T., Anzai, M., Tomioka, M., Matsumoto, K.,
Nishida, K., Kitamura, Y., Okinaga, K., and Naiki, M. (1991) Survey of
Hanganutziu and Deicher antibodies in operated patients. International
archives of allergy and applied immunology 95, 231-235

Alessandri, G., Filippeschi, S., Sinibaldi, P., Mornet, F., Passera, P., Spreafico,
F., Cappa, P. M., and Gullino, P. M. (1987) Influence of gangliosides on
primary and metastatic neoplastic growth in human and murine cells. Cancer
research 47, 4243-4247

Hakomori, S.-i. (1996) Tumor Malignancy Defined by Aberrant Glycosylation
and Sphingo(glyco)lipid Metabolism. Cancer research 56, 5309-5318
Mukherjee, P., Faber, A. C., Shelton, L. M., Baek, R. C., Chiles, T. C., and
Seyfried, T. N. (2008) Thematic review series: sphingolipids. Ganglioside GM3
suppresses the proangiogenic effects of vascular endothelial growth factor
and ganglioside GD1a. J Lipid Res 49, 929-938

Fujimoto, Y., lzumoto, S., Suzuki, T., Kinoshita, M., Kagawa, N., Wada, K.,
Hashimoto, N., Maruno, M., Nakatsuji, Y., and Yoshimine, T. (2005)
Ganglioside GM3 inhibits proliferation and invasion of glioma. Journal of
neuro-oncology 71, 99-106

Bremer, E. G., Schlessinger, J., and Hakomori, S. (1986) Ganglioside-
mediated modulation of cell growth. Specific effects of GM3 on tyrosine
phosphorylation of the epidermal growth factor receptor. J Biol Chem 261,
2434-2440

Ono, M., Handa, K., Withers, D. A., and Hakomori, S. (1999) Motility inhibition
and apoptosis are induced by metastasis-suppressing gene product CD82 and
its analogue CD9, with concurrent glycosylation. Cancer research 59, 2335-
2339

Kawakami, Y., Kawakami, K., Steelant, W. F., Ono, M., Baek, R. C., Handa, K.,
Withers, D. A., and Hakomori, S. (2002) Tetraspanin CD9 is a "proteolipid,"
and its interaction with alpha 3 integrin in microdomain is promoted by GM3

215



205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

ganglioside, leading to inhibition of laminin-5-dependent cell motility. J Biol
Chem 277, 34349-34358

Huang X, Li Y, Zhang J, Xu Y, Tian Y, and K, M. (2013) Ganglioside GM3
inhibits hepatoma cell motility via down-regulating activity of EGFR and
PI3K/AKT signaling pathway. Journal of Cellular Biochemistry 114, 1616-1624
Seyfried, T. N., and Mukherjee, P. (2010) Ganglioside GM3 Is Antiangiogenic
in Malignant Brain Cancer. Journal of Oncology 2010, Article ID 961243

Yoon, S.-J., Nakayama, K.-i., Hikita, T., Handa, K., and Hakomori, S.-i. (2006)
Epidermal growth factor receptor tyrosine kinase is modulated by GM3
interaction with N-linked GIcNAc termini of the receptor. Proceedings of the
National Academy of Sciences 103, 18987-18991

Kawashima, N., Yoon, S.-J., ltoh, K., and Nakayama, K.-i. (2009) Tyrosine
Kinase Activity of Epidermal Growth Factor Receptor Is Regulated by GM3
Binding through Carbohydrate to Carbohydrate Interactions. Journal of
Biological Chemistry 284, 6147-6155

Ono, M., Handa, K., Sonnino, S., Withers, D. A., Nagai, H., and Hakomori, S.
(2001) GM3 ganglioside inhibits CD9-facilitated haptotactic cell motility:
coexpression of GM3 and CD?9 is essential in the downregulation of tumor cell
motility and malignancy. Biochemistry 40, 6414-6421

Kakugawa, Y., Wada, T., Yamaguchi, K., Yamanami, H., Ouchi, K., Sato, I.,
and Miyagi, T. (2002) Up-regulation of plasma membrane-associated
ganglioside sialidase (Neu3) in human colon cancer and its involvement in
apoptosis suppression. Proc Natl Acad Sci U S A 99, 10718-10723

Daniotti, J. L., Vilcaes, A. A., Torres Demichelis, V., Ruggiero, F. M., and
Rodriguez-Walker, M. (2013) Glycosylation of Glycolipids in Cancer: Basis for
Development of Novel Therapeutic Approaches. Frontiers in Oncology 3,
Article 306

Zeng, G., Gao, L., Birkle, S., and Yu, R. K. (2000) Suppression of ganglioside
GD3 expression in a rat F-11 tumor cell line reduces tumor growth,
angiogenesis, and vascular endothelial growth factor production. Cancer
research 60, 6670-6676

Ravindranath, M. H., Tsuchida, T., Morton, D. L., and Irie, R. F. (1991)
Ganglioside GM3:GD3 ratio as an index for the management of melanoma.
Cancer 67, 3029-3035

Yu, A. L., Gilman, A. L., Ozkaynak, M. F., London, W. B., Kreissman, S. G.,
Chen, H. X., Smith, M., Anderson, B., Villablanca, J. G., Matthay, K. K.,
Shimada, H., Grupp, S. A., Seeger, R., Reynolds, C. P., Buxton, A., Reisfeld,
R. A, Gillies, S. D., Cohn, S. L., Maris, J. M., and Sondel, P. M. (2010) Anti-
GD2 Antibody with GM-CSF, Interleukin-2, and Isotretinoin for Neuroblastoma.
New England Journal of Medicine 363, 1324-1334

Nagy, P., Vereb, G., Sebestyén, Z., Horvath, G., Lockett, S. J., Damjanovich,
S., Park, J. W., Jovin, T. M., and Széll6si, J. (2002) Lipid rafts and the local
density of ErbB proteins influence the biological role of homo- and
heteroassociations of ErbB2. Journal of Cell Science 115, 4251-4262

Wiels, J., Fellous, M., and Tursz, T. (1981) Monoclonal antibody against a
Burkitt lymphoma-associated antigen. Proc Natl Acad Sci U S A 78, 6485-
6488

Distler, U., Souady, J., Hulsewig, M., Drmic-Hofman, 1., Haier, J., Friedrich, A.
W., Karch, H., Senninger, N., Dreisewerd, K., Berkenkamp, S., Schmidt, M. A.,
Peter-Katalinic, J., and Muthing, J. (2009) Shiga toxin receptor Gb3Cer/CD77:

216



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

tumor-association and promising therapeutic target in pancreas and colon
cancer. PLoS One 4, e6813

Novak, A., Binnington, B., Ngan, B., Chadwick, K., Fleshner, N., and Lingwood,
C. A. (2013) Cholesterol masks membrane glycosphingolipid tumor-associated
antigens to reduce their immunodetection in human cancer biopsies.
Glycobiology 23, 1230-1239

Chang, W.-W., Lee, C. H., Lee, P., Lin, J., Hsu, C.-W., Hung, J.-T., Lin, J.-J.,
Yu, J.-C., Shao, L.-e., Yu, J., Wong, C.-H., and Yu, A. L. (2008) Expression of
Globo H and SSEA3 in breast cancer stem cells and the involvement of
fucosyl transferases 1 and 2 in Globo H synthesis. Proceedings of the
National Academy of Sciences 105, 11667-11672

Huang, Y.-L., Hung, J.-T., Cheung, S. K. C., Lee, H.-Y., Chu, K.-C,, Li, S.-T.,
Lin, Y.-C., Ren, C.-T., Cheng, T.-J. R., Hsu, T.-L., Yu, A. L., Wu, C.-Y., and
Wong, C.-H. (2013) Carbohydrate-based vaccines with a glycolipid adjuvant
for breast cancer. Proceedings of the National Academy of Sciences 110,
2517-2522

Lou, Y.-W., Wang, P.-Y., Yeh, S.-C., Chuang, P.-K., Li, S.-T., Wu, C.-Y., Khoo,
K.-H., Hsiao, M., Hsu, T.-L., and Wong, C.-H. (2014) Stage-specific embryonic
antigen-4 as a potential therapeutic target in glioblastoma multiforme and
other cancers. Proceedings of the National Academy of Sciences 111, 2482-
2487

Song, Y., Withers, D. A., and Hakomori, S. (1998) Globoside-dependent
adhesion of human embryonal carcinoma cells, based on carbohydrate-
carbohydrate interaction, initiates signal transduction and induces enhanced
activity of transcription factors AP1 and CREB. J Biol Chem 273, 2517-2525
Park, S.-Y., Kwak, C.-Y., Shayman, J. A., and Kim, J. H. (2012) Globoside
promotes activation of ERK by interaction with the epidermal growth factor
receptor. Biochimica et Biophysica Acta (BBA) - General Subjects 1820, 1141-
1148

Hung, T.-C., Lin, C.-W., Hsu, T.-L., Wu, C.-Y., and Wong, C.-H. (2013)
Investigation of SSEA-4 Binding Protein in Breast Cancer Cells. Journal of the
American Chemical Society 135, 5934-5937

Peracaula, R., Barrabés, S., Sarrats, A., Rudd, P. M., and de Llorens, R.
(2008) Altered Glycosylation in Tumours Focused to Cancer Diagnosis.
Disease markers 25, 207-218

Adamczyk, B., Tharmalingam, T., and Rudd, P. M. (2012) Glycans as cancer
biomarkers. Biochimica et Biophysica Acta (BBA) - General Subjects 1820,
1347-1353

Stowell, S. R., Ju, T., and Cummings, R. D. (2015) Protein Glycosylation in
Cancer. Annual Review of Pathology: Mechanisms of Disease 10, 473-510
Feizi, T. (1985) Demonstration by Monoclonal-Antibodies That Carbohydrate
Structures of Glycoproteins and Glycolipids Are Onco-Developmental Antigens.
Nature 314, 53-57

Koprowski, H., Herlyn, M., Steplewski, Z., and Sears, H. (1981) Specific
antigen in serum of patients with colon carcinoma. Science 212, 53-55

Sato, H., Usuda, N., Kuroda, M., Hashimoto, S., Maruta, M., and Maeda, K.
(2010) Significance of serum concentrations of E-selectin and CA19-9 in the
prognosis of colorectal cancer. Japanese journal of clinical oncology 40, 1073-
1080

217



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.
243.

244,

Goonetilleke, K. S., and Siriwardena, A. K. (2007) Systematic review of
carbohydrate antigen (CA 19-9) as a biochemical marker in the diagnosis of
pancreatic cancer. European Journal of Surgical Oncology (EJSO) 33, 266-
270

Kumpulainen, E., Keskikuru, R., and Johansson, R. (2002) Serum Tumor
Marker CA 15.3 and Stage are the Two Most Powerful Predictors of Survival in
Primary Breast Cancer. Breast Cancer Res Tr 76, 95-102

Duraker, N., and Celik, A. N. (2001) The prognostic significance of
preoperative serum CA 19-9 in patients with resectable gastric carcinoma:
comparison with CEA. Journal of surgical oncology 76, 266-271

Harris, L., Fritsche, H., Mennel, R., Norton, L., Ravdin, P., Taube, S.,
Somerfield, M. R., Hayes, D. F., and Bast, R. C. (2007) American Society of
Clinical Oncology 2007 Update of Recommendations for the Use of Tumor
Markers in Breast Cancer. Journal of Clinical Oncology 25, 5287-5312
Zurawski, V. R., Jr., Orjaseter, H., Andersen, A., and Jellum, E. (1988)
Elevated serum CA 125 levels prior to diagnosis of ovarian neoplasia:
relevance for early detection of ovarian cancer. International journal of cancer.
Journal international du cancer 42, 677-680

Nustad, K., Bast, R. C., Jr., Brien, T. J., Nilsson, O., Seguin, P., Suresh, M. R,,
Saga, T., Nozawa, S., Bormer, O. P., de Bruijn, H. W., Nap, M., Vitali, A,,
Gadnell, M., Clark, J., Shigemasa, K., Karlsson, B., Kreutz, F. T., Jette, D.,
Sakahara, H., Endo, K., Paus, E., Warren, D., Hammarstrom, S., Kenemans,
P., and Hilgers, J. (1996) Specificity and affinity of 26 monoclonal antibodies
against the CA 125 antigen: first report from the ISOBM TD-1 workshop.
International Society for Oncodevelopmental Biology and Medicine. Tumour
Biol 17, 196-219

Taketa, K. (1990) a-fetoprotein: Reevaluation in hepatology. Hepatology 12,
1420-1432

Li, D., Mallory, T., and Satomura, S. (2001) AFP-L3: a new generation of
tumor marker for hepatocellular carcinoma. Clinica Chimica Acta 313, 15-19
Wandall, H. H., Blixt, O., Tarp, M. A., Pedersen, J. W., Bennett, E. P., Mandel,
U., Ragupathi, G., Livingston, P. O., Hollingsworth, M. A., Taylor-
Papadimitriou, J., Burchell, J., and Clausen, H. (2010) Cancer Biomarkers
Defined by Autoantibody Signatures to Aberrant O-Glycopeptide Epitopes.
Cancer research 70, 1306-1313

Meany, D. L., and Chan, D. W. (2011) Aberrant glycosylation associated with
enzymes as cancer biomarkers. Clin Proteomics 8, 7

Zaenker, P., and Ziman, M. R. (2013) Serologic autoantibodies as diagnostic
cancer biomarkers--a review. Cancer epidemiology, biomarkers & prevention :
a publication of the American Association for Cancer Research, cosponsored
by the American Society of Preventive Oncology 22, 2161-2181

Brower, V. (2011) Biomarkers: Portents of malignancy. Nature 471, S19-S21
Blixt, O., Clo, E., Nudelman, A. S., Sagrensen, K. K., Clausen, T., Wandall, H.
H., Livingston, P. O., Clausen, H., and Jensen, K. J. (2010) A High-
Throughput O-Glycopeptide Discovery Platform for Seromic Profiling. Journal
of Proteome Research 9, 5250-5261

Pedersen, J. W., Blixt, O., Bennett, E. P., Tarp, M. A,, Dar, |, Mandel, U.,
Poulsen, S. S., Pedersen, A. E., Rasmussen, S., Jess, P., Clausen, H., and
Wandall, H. H. (2011) Seromic profiling of colorectal cancer patients with novel
glycopeptide microarray. International Journal of Cancer 128, 1860-1871

218



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Blixt, O., Bueti, D., Burford, B., Allen, D., Julien, S., Hollingsworth, M.,
Gammerman, A., Fentiman, |., Taylor-Papadimitriou, J., and Burchell, J. M.
(2011) Autoantibodies to aberrantly glycosylated MUC1 in early stage breast
cancer are associated with a better prognosis. Breast Cancer Res 13, R25
Burford, B., Gentry-Maharaj, A., Graham, R., Allen, D., Pedersen, J. W.,
Nudelman, A. S., Blixt, O., Fourkala, E. O., Bueti, D., Dawnay, A., Ford, J.,
Desai, R., David, L., Trinder, P., Acres, B., Schwientek, T., Gammerman, A.,
Reis, C. A, Silva, L., Osorio, H., Hallett, R., Wandall, H. H., Mandel, U.,
Hollingsworth, M. A., Jacobs, |., Fentiman, 1., Clausen, H., Taylor-
Papadimitriou, J., Menon, U., and Burchell, J. M. (2013) Autoantibodies to
MUC1 glycopeptides cannot be used as a screening assay for early detection
of breast, ovarian, lung or pancreatic cancer. Br J Cancer 108, 2045-2055

Li, M., Song, L., and Qin, X. (2010) Glycan changes: cancer metastasis and
anti-cancer vaccines. Journal of biosciences 35, 665-673

Zhang, S., Cordon-Cardo, C., Zhang, H. S., Reuter, V. E., Adluri, S., Hamilton,
W. B,, Lloyd, K. O., and Livingston, P. O. (1997) Selection of tumor antigens
as targets for immune attack using immunohistochemistry: |. Focus on
gangliosides. International journal of cancer. Journal international du cancer
73, 42-49

Rabu, C., Mcintosh, R., Jurasova, Z., and Durrant, L. (2012) Glycans as
targets for therapeutic antitumor antibodies. Future Oncology 8, 943-960
Simon, T., Hero, B., Faldum, A., Handgretinger, R., Schrappe, M., Klingebiel,
T., and Berthold, F. (2011) Long term outcome of high-risk neuroblastoma
patients after immunotherapy with antibody ch14.18 or oral metronomic
chemotherapy. BMC cancer 11, 21

Daniotti, J. L., Vilcaes, A. A., Torres Demichelis, V., Ruggiero, F. M., and
Rodriguez-Walker, M. (2013) Glycosylation of glycolipids in cancer: basis for
development of novel therapeutic approaches. Frontiers in oncology 3, 306
Durrant, L. G., Noble, P., and Spendlove, |. (2012) Immunology in the clinic
review series; focus on cancer: glycolipids as targets for tumour
immunotherapy. Clinical & Experimental Immunology 167, 206-215

Miles, D., Roche, H., Martin, M., Perren, T. J., Cameron, D. A., Glaspy, J.,
Dodwell, D., Parker, J., Mayordomo, J., Tres, A., Murray, J. L., and Ibrahim, N.
K. (2011) Phase Il multicenter clinical trial of the sialyl-TN (STn)-keyhole
limpet hemocyanin (KLH) vaccine for metastatic breast cancer. The oncologist
16, 1092-1100

Liakatos, A., and Kunz, H. (2007) Synthetic glycopeptides for the development
of cancer vaccines. Current opinion in molecular therapeutics 9, 35-44
Gaidzik, N., Westerlind, U., and Kunz, H. (2013) The development of synthetic
antitumour vaccines from mucin glycopeptide antigens. Chemical Society
Reviews 42, 4421-4442

(2012). in National Research Council (US) Committee on Assessing the
Importance and Impact of Glycomics and Glycosciences. Transforming
Glycoscience: A Roadmap for the  Future., Available from:
http://www.ncbi.nlm.nih.gov/books/NBK109958/, Washington (DC): National
Academies Press (US)

Tang, P. W., Gool, H. C., Hardy, M., Lee, Y. C., and Feizi, T. (1985) Novel
approach to the study of the antigenicities and receptor functions of
carbohydrate chains of glycoproteins. Biochem Biophys Res Commun 132,
474-480

219


http://www.ncbi.nlm.nih.gov/books/NBK109958/

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Fukui, S., Feizi, T., Galustian, C., Lawson, A. M., and Chai, W. (2002)
Oligosaccharide microarrays for high-throughput detection and specificity
assignments of carbohydrate-protein interactions. Nat Biotech 20, 1011-1017
Palma, A. S., Feizi, T., Childs, R. A., Chai, W., and Liu, Y. (2014) The
neoglycolipid (NGL)-based oligosaccharide microarray system poised to
decipher the meta-glycome. Current Opinion in Chemical Biology 18, 87-94
Wang, Z., Chinoy, Z. S., Ambre, S. G., Peng, W., McBride, R., de Vries, R. P.,
Glushka, J., Paulson, J. C., and Boons, G.-J. (2013) A General Strategy for
the Chemoenzymatic Synthesis of Asymmetrically Branched N-Glycans.
Science 341, 379-383

Xu, Y., Masuko, S., Takieddin, M., Xu, H., Liu, R., Jing, J., Mousa, S. A.,
Linhardt, R. J., and Liu, J. (2011) Chemoenzymatic synthesis of homogeneous
ultralow molecular weight heparins. Science 334, 498-501

Amin, M. N., McLellan, J. S., Huang, W., Orwenyo, J., Burton, D. R., Koff, W.
C., Kwong, P. D., and Wang, L.-X. (2013) Synthetic glycopeptides reveal the
glycan specificity of HIV-neutralizing antibodies. Nat Chem Biol 9, 521-526
Wang, L.-X., and Amin, Mohammed N. (2014) Chemical and Chemoenzymatic
Synthesis of Glycoproteins for Deciphering Functions. Chemistry & biology 21,
51-66

Chai, W., Lawson, A., and Piskarev, V. (2002) Branching pattern and
sequence analysis of underivatized oligosaccharides by combined MS/MS of
singly and doubly charged molecular ions in negative-ion electrospray mass
spectrometry. J Am Soc Mass Spectrom 13, 670-679

Chai, W., Piskarev, V. E., Mulloy, B., Liu, Y., Evans, P. G., Osborn, H. M. |,
and Lawson, A. M. (2006) Analysis of Chain and Blood Group Type and
Branching Pattern of Sialylated Oligosaccharides by Negative lon Electrospray
Tandem Mass Spectrometry. Analytical Chemistry 78, 1581-1592

Zhang, H., Zhang, S., Tao, G., Zhang, Y., Mulloy, B., Zhan, X., and Chai, W.
(2013) Typing of Blood-Group Antigens on Neutral Oligosaccharides by
Negative-lon Electrospray lonization Tandem Mass Spectrometry. Analytical
Chemistry 85, 5940-5949

North, S. J., Hitchen, P. G., Haslam, S. M., and Dell, A. (2009) Mass
spectrometry in the analysis of N-linked and O-linked glycans. Current opinion
in structural biology 19, 498-506

Leymarie, N., and Zaia, J. (2012) Effective Use of Mass Spectrometry for
Glycan and Glycopeptide Structural Analysis. Analytical Chemistry 84, 3040-
3048

Jayaraman, N. (2009) Multivalent ligand presentation as a central concept to
study intricate carbohydrate-protein interactions. Chemical Society Reviews 38,
3463-3483

Landsteiner, K., and van der Scheer, J. (1931) On the Specificity of
Serological Reactions with Simple Chemical Compounds (Inhibition
Reactions). J Exp Med 54, 295-305

Watkins, W. M. (2001) The ABO blood group system: historical background.
Transfusion Medicine 11, 243-265

Heidelberger, M., and Kendall, F. E. (1929) A Quantitative Study of the
Precipitin Reaction between Type lii Pneumococcus Polysaccharide and
Purified Homologous Antibody. J Exp Med 50, 809-823

220



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

Heidelberger, M., Sia, R. H., and Kendall, F. E. (1930) Specific Precipitation
And Mouse Protection In Type | Antipneumococcus Sera. J Exp Med 52, 477-
483

Heidelberger, M., and Macpherson, C. F. (1943) Quantitative Micro-Estimation
of Antibodies in the Sera of Man and Other Animals. Science 97, 405-406
Morgan, W. T., and King, H. K. (1943) Studies in immunochemistry: 7. The
isolation from hog gastric mucin of the polysaccharide-amino acid complex
possessing blood group A specificity. Biochem. J. 37, 640-640

Morgan, W. T. J. (1943) An Artificial Antigen with Blood-group A Specificity.
British journal of experimental pathology 24, 41-49

Bendich, A., Kabat, E. A., Bezer, A. E., With an Appendix by Erwin Brand, P.
D., and Leo, J. S. (1946) Immunochemical Studies on Blood Groups : lii.
Properties of Purified Blood Group a Substances from Individual Hog Stomach
Linings. J Exp Med 83, 485-497

Boyd, W. C., and Reguera, R. M. (1949) Hemagglutinating Substances for
Human Cells in Various Plants. The Journal of Immunology 62, 333-339
Watkins, W. M., and Morgan, W. T. (1952) Neutralization of the anti-H
agglutinin in eel serum by simple sugars. Nature 169, 825-826

Rege, W. P., Painter, T. J., Watkins, W. M., and Morgan, W. T. (1964)
Isolation of Serologically Active Fucose-Containing Oligosaccharides from
Human Blood-Group H Substance. Nature 203, 360-363

Painter, T. J., Watkins, W. M., and Morgan, W. T. (1965) Serologically active
fucose-containing oligosaccharides isolated from human blood-group A and B
substances. Nature 206, 594-597

Lloyd, K. O., Kabat, E. A., Layug, E. J., and Gruezo, F. (1966)
Immunochemical studies on blood groups. XXXIV. Structures of some
oligosaccharides produced by alkaline degradation of blood group A, B, and H
substances. Biochemistry 5, 1489-1501

Hakomori, S.-i., Stellner, K., and Watanabe, K. (1972) Four antigenic variants
of blood group A glycolipid: Examples of highly complex, branched chain
glycolipid of animal cell membrane. Biochemical and Biophysical Research
Communications 49, 1061-1068

Watanabe, K., and Hakomori, S. I. (1976) Status of blood group carbohydrate
chains in ontogenesis and in oncogenesis. J Exp Med 144, 644-653

Finne, J., Krusius, T., Rauvala, H., and Jarnefelt, J. (1980) Molecular nature of
the blood-group ABH antigens of the human erythrocyte membrane. Revue
francaise de transfusion et immuno-hematologie 23, 545-552

Lecomte, J., and Feizi, T. (1975) A common idiotype on human
macroglobulins with anti-l and anti-i specificity. Clinical and experimental
immunology 20, 287-302

Feizi, T., Wood, E., Auge’, C., David, S., and Veyrie'res, A. (1978) Blood
group | activities of synthetic oligosaccharides assessed by radioimmunoassay.
Immunochemistry 15, 733-736

Wood, E., Lecomte, J., Childs, R. A, and Feizi, T. (1979) A radioimmunoassay
for the measurement of blood group Ili activities: Its application to
glycoconjugates, oligosaccharides and intact cells. Molecular Immunology 16,
813-819

Feizi, T., Childs, R. A., Watanabe, K., and Hakomori, S. I. (1979) Three types
of blood group | specificity among monoclonal anti-l autoantibodies revealed

221



290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

by analogues of a branched erythrocyte glycolipid. The Journal of
experimental medicine 149, 975-980

Feizi, T., Childs, R. A., Hakomori, S. |., and Powell, M. E. (1978) Blood-group-
li-active gangliosides of human erythrocyte membranes. Biochem J 173, 245-
254

Brown, A., Feizi, T., Gooi, H. C., Embleton, M. J., Picard, J. K., and Baldwin, R.
W. (1983) A monoclonal antibody against human colonic adenoma recognizes
difucosylated Type-2-blood-group chains. Biosci Rep 3, 163-170

Magnani, J. L., Smith, D. F., and Ginsburg, V. (1980) Detection of gangliosides
that bind cholera toxin: Direct binding of 125I-labeled toxin to thin-layer
chromatograms. Analytical Biochemistry 109, 399-402

Kannagi, R., Nudelman, E., Levery, S. B., and Hakomori, S. (1982) A series of
human erythrocyte glycosphingolipids reacting to the monoclonal antibody
directed to a developmentally regulated antigen SSEA-1. Journal of Biological
Chemistry 257, 14865-14874

Gooi, H. C., Feizi, T., Kapadia, A., Knowles, B. B., Solter, D., and Evans, M. J.
(1981) Stage-specific embryonic antigen involves al— 3 fucosylated type 2
blood group chains. Nature 292, 156-158

Kannagi, R., Cochran, N. A., Ishigami, F., Hakomori, S., Andrews, P. W.,
Knowles, B. B., and Solter, D. (1983) Stage-specific embryonic antigens
(SSEA-3 and -4) are epitopes of a unique globo-series ganglioside isolated
from human teratocarcinoma cells. The EMBO journal 2, 2355-2361
Fukushima, K., Hirota, M., Terasaki, P. |., Wakisaka, A., Togashi, H., Chia, D.,
Suyama, N., Fukushi, Y., Nudelman, E., and Hakomori, S.-l. (1984)
Characterization of Sialosylated Lewisx as a New Tumor-associated Antigen.
Cancer research 44, 5279-5285

Lindberg, A. A., Brown, J. E., Stromberg, N., Westling-Ryd, M., Schultz, J. E.,
and Karlsson, K. A. (1987) Identification of the carbohydrate receptor for Shiga
toxin produced by Shigella dysenteriae type 1. Journal of Biological Chemistry
262, 1779-1785

Barnes, W. L., Dereux, A., and Ebbesen, T. W. (2003) Surface plasmon
subwavelength optics. Nature 424, 824-830

Bellapadrona, G., Tesler, A. B., Grunstein, D., Hossain, L. H., Kikkeri, R.,
Seeberger, P. H., Vaskevich, A., and Rubinstein, I. (2011) Optimization of
Localized Surface Plasmon Resonance Transducers for Studying
Carbohydrate—Protein Interactions. Analytical Chemistry 84, 232-240

Smith, E. A., Thomas, W. D., Kiessling, L. L., and Corn, R. M. (2003) Surface
Plasmon Resonance Imaging Studies of Protein-Carbohydrate Interactions.
Journal of the American Chemical Society 125, 6140-6148

Kabat, E. A. (1982) Philip Levine Award Lecture. Contributions of quantitative
immunochemistry to knowledge of blood group A, B, H, Le, | and i antigens.
American journal of clinical pathology 78, 281-292

Feizi, T., Stoll, M. S., Yuen, C. T., Chai, W., and Lawson, A. M. (1994)
Neoglycolipids: probes of oligosaccharide structure, antigenicity, and function.
Methods in enzymology 230, 484-519

Chai, W., Stoll, M. S., Cashmore, G. C., and Lawson, A. M. (1993) Specificity
of mild periodate oxidation of oligosaccharidealditols: relevance to the analysis
of the core-branching pattern of O-linked glycoprotein oligosaccharides.
Carbohydrate Research 239, 107-115

222



304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

Stoll, M. S., Feizi, T., Loveless, R. W., Chai, W., Lawson, A. M., and Yuen, C.-
T. (2000) Fluorescent neoglycolipids. European Journal of Biochemistry 267,
1795-1804

Chai, W., Cashmore, G. C., Carruthers, R. A., Stoll, M. S., and Lawson, A. M.
(1991) Optimal procedure for combined high-performance thin-layer
chromatography/high-sensitivity liquid secondary ion mass spectrometry.
Biological Mass Spectrometry 20, 169-178

Lawson, A. M., Chai, W., Cashmore, G. C., Stoll, M. S., Hounsell, E. F., and
Feizi, T. (1990) High-sensitivity structural analyses of oligosaccharide probes
(neoglycolipids) by liquid-secondary-ion mass spectrometry. Carbohydrate
Research 200, 47-57

Chai, W., Yuen, C. T., Kogelberg, H., Carruthers, R. A., Margolis, R. U., Feizi,
T., and Lawson, A. M. (1999) High prevalence of 2-mono- and 2,6-di-
substituted manol-terminating sequences among O-glycans released from
brain glycopeptides by reductive alkaline hydrolysis. European journal of
biochemistry / FEBS 263, 879-888

Chai, W., Feizi, T., Yuen, C.-T., and Lawson, A. M. (1997) Nonreductive
release of O-linked oligosaccharides from mucin glycoproteins for
structure/function assignments as neoglycolipids: application in the detection
of novel ligands for E-selectin. Glycobiology 7, 861-872

Galustian, C., Childs, R. A., Yuen, C. T., Hasegawa, A., Kiso, M., Lubineau, A.,
Shaw, G., and Feizi, T. (1997) Valency dependent patterns of binding of
human L-selectin toward sialyl and sulfated oligosaccharides of Le(a) and Le(x)
types: relevance to anti-adhesion therapeutics. Biochemistry 36, 5260-5266
Liu, Y., Feizi, T., Campanero-Rhodes, M. A., Childs, R. A., Zhang, Y., Mulloy,
B., Evans, P. G., Osborn, H. M. I., Otto, D., Crocker, P. R., and Chai, W. (2007)
Neoglycolipid Probes Prepared via Oxime Ligation for Microarray Analysis of
Oligosaccharide-Protein Interactions. Chemistry & Biology 14, 847-859

Feizi, T., and Chai, W. (2004) Oligosaccharide microarrays to decipher the
glyco code. Nat Rev Mol Cell Biol 5, 582-588

Lai, L., Bumstead, J., Liu, Y., Garnett, J., Campanero-Rhodes, M. A., Blake, D.
P., Palma, A. S., Chai, W., Ferguson, D. J. P., Simpson, P., Feizi, T., Tomley,
F. M., and Matthews, S. (2011) The Role of Sialyl Glycan Recognition in Host
Tissue Tropism of the Avian Parasite Eimeria tenella. PLoS Pathog 7,
€1002296

Marchant, J., Cowper, B., Liu, Y., Lai, L., Pinzan, C., Marq, J. B., Friedrich, N.,
Sawmynaden, K., Liew, L., Chai, W., Childs, R. A., Saouros, S., Simpson, P.,
Roque Barreira, M. C., Feizi, T., Soldati-Favre, D., and Matthews, S. (2012)
Galactose recognition by the apicomplexan parasite Toxoplasma gondii. J Biol
Chem 287, 16720-16733

Campanero-Rhodes, M. A., Smith, A., Chai, W., Sonnino, S., Mauri, L., Childs,
R. A, Zhang, Y., Ewers, H., Helenius, A., Imberty, A., and Feizi, T. (2007) N-
glycolyl GM1 ganglioside as a receptor for simian virus 40. Journal of virology
81, 12846-12858

Neu, U., Maginnis, M. S., Palma, A. S., Stroh, L. J., Nelson, C. D. S., Feizi, T.,
Atwood, W. J., and Stehle, T. (2010) Structure-Function Analysis of the
Human JC Polyomavirus Establishes the LSTc Pentasaccharide as a
Functional Receptor Motif. Cell host & microbe 8, 309-319

223



316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

Reiss, K., Stencel, J. E., Liu, Y., Blaum, B. S., Reiter, D. M., Feizi, T.,
Dermody, T. S., and Stehle, T. (2012) The GM2 Glycan Serves as a
Functional Coreceptor for Serotype 1 Reovirus. PLoS Pathog 8, e1003078
Neu, U., Allen, S.-a. A., Blaum, B. S,, Liu, Y., Frank, M., Palma, A. S., Stréh, L.
J., Feizi, T., Peters, T., Atwood, W. J., and Stehle, T. (2013) A Structure-
Guided Mutation in the Major Capsid Protein Retargets BK Polyomavirus.
PLoS Pathog 9, e1003688

Neu, U., Khan, Z. M., Schuch, B., Palma, A. S., Liu, Y., Pawlita, M., Feizi, T.,
and Stehle, T. (2013) Structures of B-Lymphotropic Polyomavirus VP1 in
Complex with Oligosaccharide Ligands. PLoS Pathog 9, e1003714

Palma, A. S., Liu, Y., Childs, R. A., Herbert, C., Wang, D., Chai, W., and Feizi,
T. (2011) The human epithelial carcinoma antigen recognized by monoclonal
antibody AE3 is expressed on a sulfoglycolipid in addition to neoplastic mucins.
Biochemical and Biophysical Research Communications 408, 548-552
Pejchal, R., Doores, K. J., Walker, L. M., Khayat, R., Huang, P.-S., Wang, S.-
K., Stanfield, R. L., Julien, J.-P., Ramos, A., Crispin, M., Depetris, R., Katpally,
U., Marozsan, A., Cupo, A., Maloveste, S., Liu, Y., McBride, R., lto, Y.,
Sanders, R. W., Ogohara, C., Paulson, J. C., Feizi, T., Scanlan, C. N., Wong,
C.-H., Moore, J. P., Olson, W. C., Ward, A. B., Poignard, P., Schief, W. R,
Burton, D. R., and Wilson, I. A. (2011) A Potent and Broad Neutralizing
Antibody Recognizes and Penetrates the HIV Glycan Shield. Science 334,
1097-1103

Klein, F., Gaebler, C., Mouquet, H., Sather, D. N., Lehmann, C., Scheid, J. F.,
Kraft, Z., Liu, Y., Pietzsch, J., Hurley, A., Poignard, P., Feizi, T., Morris, L.,
Walker, B. D., Fatkenheuer, G., Seaman, M. S., Stamatatos, L., and
Nussenzweig, M. C. (2012) Broad neutralization by a combination of
antibodies recognizing the CD4 binding site and a new conformational epitope
on the HIV-1 envelope protein. J Exp Med 209, 1469-1479

Kong, L., Lee, J. H., Doores, K. J., Murin, C. D., Julien, J.-P., McBride, R., Liu,
Y., Marozsan, A., Cupo, A., Klasse, P.-J., Hoffenberg, S., Caulfield, M., King,
C.R., Hua, Y, Le, K. M., Khayat, R., Deller, M. C., Clayton, T., Tien, H., Feizi,
T., Sanders, R. W., Paulson, J. C., Moore, J. P., Stanfield, R. L., Burton, D. R,,
Ward, A. B., and Wilson, I. A. (2013) Supersite of immune vulnerability on the
glycosylated face of HIV-1 envelope glycoprotein gp120. Nat Struct Mol Biol
20, 796-803

Childs, R. A., Palma, A. S., Wharton, S., Matrosovich, T., Liu, Y., Chai, W.,
Campanero-Rhodes, M. A., Zhang, Y., Eickmann, M., Kiso, M., Hay, A,
Matrosovich, M., and Feizi, T. (2009) Receptor-binding specificity of pandemic
influenza A (H1N1) 2009 virus determined by carbohydrate microarray. Nature
biotechnology 27, 797-799

Palma, A. S., Feizi, T., Zhang, Y., Stoll, M. S., Lawson, A. M., Diaz-Rodriguez,
E., Campanero-Rhodes, M. A., Costa, J., Gordon, S., Brown, G. D., and Chai,
W. (2006) Ligands for the B-Glucan Receptor, Dectin-1, Assigned Using
“Designer” Microarrays of Oligosaccharide Probes (Neoglycolipids) Generated
from Glucan Polysaccharides. Journal of Biological Chemistry 281, 5771-5779
Stoll, M. S., and Feizi, T. (2009) Software tools for storing, processing and
displaying carbohydrate microarray data. in Proceeding of the Beilstein
Symposium on Glyco-Bioinformatics (Kettner, C. ed., http://www.beilstein-
institut.de/glycobioinf2009/ProceedingsWeb/Stoll/Stoll.html, Potsdam,
Germany

224


http://www.beilstein-institut.de/glycobioinf2009/ProceedingsWeb/Stoll/Stoll.html
http://www.beilstein-institut.de/glycobioinf2009/ProceedingsWeb/Stoll/Stoll.html

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

Park, S., Gildersleeve, J. C., Blixt, O., and Shin, |. (2013) Carbohydrate
microarrays. Chemical Society Reviews 42, 4310-4326

Blixt, O., Head, S., Mondala, T., Scanlan, C., Huflejt, M. E., Alvarez, R., Bryan,
M. C., Fazio, F., Calarese, D., Stevens, J., Razi, N., Stevens, D. J., Skehel, J.
J., van Die, I., Burton, D. R., Wilson, I. A., Cummings, R., Bovin, N., Wong, C.
H., and Paulson, J. C. (2004) Printed covalent glycan array for ligand profiling
of diverse glycan binding proteins. Proc Natl Acad Sci U S A 101, 17033-
17038

Grant, O. C., Smith, H. M., Firsova, D., Fadda, E., and Woods, R. J. (2013)
Presentation, presentation, presentation! Molecular-level insight into linker
effects on glycan array screening data. Glycobiology

Tessier, M. B., Grant, O. C., Heimburg-Molinaro, J., Smith, D., Jadey, S.,
Gulick, A. M., Glushka, J., Deutscher, S. L., Rittenhouse-Olson, K., and
Woods, R. J. (2013) Computational screening of the human TF-glycome
provides a structural definition for the specificity of anti-tumor antibody JAA-
F11. PLoS One 8, €54874

Song, X., Lasanajak, Y., Xia, B., Heimburg-Molinaro, J., Rhea, J. M., Ju, H.,
Zhao, C., Molinaro, R. J., Cummings, R. D., and Smith, D. F. (2011) Shotgun
glycomics: a microarray strategy for functional glycomics. Nat Methods 8, 85-
90

Yu, Y., Mishra, S., Song, X., Lasanajak, Y., Bradley, K. C., Tappert, M. M., Air,
G. M., Steinhauer, D. A., Halder, S., Cotmore, S., Tattersall, P., Agbandje-
McKenna, M., Cummings, R. D., and Smith, D. F. (2012) Functional glycomic
analysis of human milk glycans reveals the presence of virus receptors and
embryonic stem cell biomarkers. J Biol Chem 287, 44784-44799

Byrd-Leotis, L., Liu, R., Bradley, K. C., Lasanajak, Y., Cummings, S. F., Song,
X., Heimburg-Molinaro, J., Galloway, S. E., Culhane, M. R., Smith, D. F.,
Steinhauer, D. A., and Cummings, R. D. (2014) Shotgun glycomics of pig lung
identifies natural endogenous receptors for influenza viruses. Proceedings of
the National Academy of Sciences 111, E2241-E2250

Shibata, T. K., Matsumura, F., Wang, P., Yu, S., Chou, C.-C., Khoo, K.-H.,
Kitayama, K., Akama, T. O., Sugihara, K., Kanayama, N., Kojima-Aikawa, K.,
Seeberger, P. H., Fukuda, M., Suzuki, A., Aoki, D., and Fukuda, M. N. (2012)
Identification of Mono- and Disulfated N-Acetyl-lactosaminyl Oligosaccharide
Structures as Epitopes Specifically Recognized by Humanized Monoclonal
Antibody HMOCC-1 Raised against Ovarian Cancer. Journal of Biological
Chemistry 287, 6592-6602

Suzuki, N., Aoki, D., Tamada, Y., Susumu, N., Orikawa, K., Tsukazaki, K.,
Sakayori, M., Suzuki, A., Fukuchi, T., Mukai, M., Kojima-Aikawa, K., Ishida, I.,
and Nozawa, S. (2004) HMOCC-1, a human monoclonal antibody that inhibits
adhesion of ovarian cancer cells to human mesothelial cells. Gynecologic
Oncology 95, 290-298

Nozawa, S., Aoki, D., Tsukazaki, K., Susumu, N., Sakayori, M., Suzuki, N.,
Suzuki, A., Wakita, R., Mukai, M., Egami, Y., Kojima-Aikawa, K., Ishida, I.,
Belot, F., Hindsgaul, O., Fukuda, M., and Fukuda, M. N. (2004) HMMC-1: A
Humanized Monoclonal Antibody With Therapeutic Potential Against Mullerian
Duct-Related Carcinomas. Clinical Cancer Research 10, 7071-7078

Watkins, W. M. (1980) Biochemistry and Genetics of the ABO, Lewis, and P
blood group systems. Advances in human genetics 10, 1-136; 379-385

225



337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

Feizi, T., Kabat, E. A., Vicari, G., Anderson, B., and Marsh, W. L. (1971)
Immunochemical studies on blood groups. XLVIl. The | antigen complex--
precursors in the A, B, H, Lea, and leb blood group system--hemagglutination-
inhibition studies. J Exp Med 133, 39-52

Hounsell, E. F., Lawson, A. M., Feeney, J., Gooi, H. C., Pickering, N. J., Stoll,
M. S., Lui, S. C., and Feizi, T. (1985) Structural analysis of the O-glycosidically
linked core-region oligosaccharides of human meconium glycoproteins which
express oncofoetal antigens. European Journal of Biochemistry 148, 367-377
Wood, E., Hounsell, E. F., Langhorne, J., and Feizi, T. (1980) Sheep gastric
mucins as a source of blood-group-I and -i antigens. Biochem. J. 187, 711-718
Wood, E., and Feizi, T. (1979) Blood group | and i activities of straight chain
and branched synthetic oligosaccharides related to the precursors of the major
blood group antigens. FEBS Letters 104, 135-140

Zhang, G., Zhang, H., Wang, Q., Lal, P., Carroll, A. M., de la Llera-Moya, M.,
Xu, X., and Greene, M. |. (2010) Suppression of human prostate tumor growth
by a unique prostate-specific monoclonal antibody F77 targeting a glycolipid
marker. Proc Nat/ Acad Sci U S A 107, 732-737

Fukuda, M. N., and Levery, S. B. (1983) Glycolipids of fetal, newborn, and
adult erythrocytes: glycolipid pattern and structural study of H3-glycolipid from
newborn erythrocytes. Biochemistry 22, 5034-5040

Fukuda, M. N., and Hakomori, S. (1982) Structures of branched blood group
A-active glycosphingolipids in human erythrocytes and polymorphism of A-
and H-glycolipids in A1 and A2 subgroups. Journal of Biological Chemistry
257, 446-455

Hanfland, P., Kordowicz, M., Niermann, H., Egge, H., Dabrowski, U., Peter-
Katalinic, J., and Dabrowski, J. (1984) Purification and structures of branched
blood-group-B-active glycosphingolipids from human erythrocyte membranes.
European Journal of Biochemistry 145, 531-542

Hanfland, P., Egge, H., Dabrowski, U., Kuhn, S., Roelcke, D., and Dabrowski,
J. (1981) Isolation and characterization of an I-active ceramide
decasaccharide from rabbit erythrocyte membranes. Biochemistry 20, 5310-
5319

Egge, H., Kordowicz, M., Peter-Katalini¢c, J., and Hanfland, P. (1985)
Immunochemistry of l/i-active oligo- and polyglycosylceramides from rabbit
erythrocyte membranes. Characterization of linear, di-, and triantennary
neolactoglycosphingolipids. Journal of Biological Chemistry 260, 4927-4935
Hanfland, P., Kordowicz, M., Peter-Katalini¢, J., Egge, H., Dabrowski, J., and
Dabrowski, U. (1988) Structure elucidation of blood group B-like and I-active
ceramide eicosa- and pentacosa-saccharides from rabbit erythrocyte
membranes by combined gas chromatography-mass spectrometry; electron-
impact and fast-atom-bombardment mass spectrometry; and two-dimensional
correlated, relayed-coherence transfer, and nuclear overhauser effect 500-
MHz 1H-N.m.r. spectroscopy. Carbohydrate Research 178, 1-21

Capon, C., Maes, E., Michalski, J. C., Leffler, H., and Kim, Y. S. (2001) Sd(a)-
antigen-like structures carried on core 3 are prominent features of glycans
from the mucin of normal human descending colon. Biochem. J. 358, 657-664
Niimura, Y., and Ishizuka, I. (2006) Isolation and identification of nine sulfated
glycosphingolipids containing two unique sulfated gangliosides from the
African green monkey kidney cells, Verots S3, and their possible metabolic
pathways. Glycobiology 16, 729-735

226



350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

lyer, R. N., and Carlson, D. M. (1971) Alkaline borohydride degradation of
blood group H substance. Archives of Biochemistry and Biophysics 142, 101-
105

Chai, W., Hounsell, E. F., Cashmore, G. C., Rosankiewicz, J. R., Bauer, C. J.,
Feeney, J., Feizi, T., and Lawson, A. M. (1992) Neutral oligosaccharides of
bovine submaxillary mucin. European Journal of Biochemistry 203, 257-268
Kozak, R. P., Royle, L., Gardner, R. A., Fernandes, D. L., and Wuhrer, M.
(2012) Suppression of peeling during the release of O-glycans by
hydrazinolysis. Analytical Biochemistry 423, 119-128

Chai, W., Stoll, M. S., Galustian, C., Lawson, A. M., and Feizi, T. (2003)
Neoglycolipid Technology: Deciphering Information Content of Glycome. in
Methods in enzymology (Yuan, C. L., and Reiko, T. L. eds.), Academic Press.
pp 160-195

Liu, Y., Childs, R., Palma, A., Campanero-Rhodes, M., Stoll, M., Chai, W., and
Feizi, T. (2012) Neoglycolipid-Based Oligosaccharide Microarray System:
Preparation of NGLs and Their Noncovalent Immobilization on Nitrocellulose-
Coated Glass Slides for Microarray Analyses. in Carbohydrate Microarrays
(Chevolot, Y. ed.), Humana Press. pp 117-136

Ferlay J, S. I., Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM,
Forman D, Bray, F. (2013) 2012 v1.0, Cancer Incidence and Mortality
Worldwide: IARC CancerBase No. 11 [Internet]. Available from:
http://globocan.iarc.fr, Lyon, France: International Agency for Research on
Cancer

CRUK. (2014) Prostate cancer incidence statistics. Available from
http://www.cancerresearchuk.org/cancer-
info/cancerstats/types/prostate/incidence/

(SWPHO), S. W. P. H. O. (2008) SWPHO Briefing 4: Prostate cancer survival
by stage. Available from
http://www.swpho.nhs.uk/resource/item.aspx?RID=41287, Bristol: SWPHO
Schréder, F. H., Hugosson, J., Roobol, M. J., Tammela, T. L. J., Zappa, M.,
Nelen, V., Kwiatkowski, M., Lujan, M., Maattanen, L., Lilja, H., Denis, L. J.,
Recker, F., Paez, A., Bangma, C. H., Carlsson, S., Puliti, D., Villers, A.,
Rebillard, X., Hakama, M., Stenman, U.-H., Kujala, P., Taari, K., Aus, G.,
Huber, A., van der Kwast, T. H., van Schaik, R. H. N., de Koning, H. J., Moss,
S. M., and Auvinen, A. (2014) Screening and prostate cancer mortality: results
of the European Randomised Study of Screening for Prostate Cancer (ERSPC)
at 13 years of follow-up. The Lancet

Barry, M. J. (2001) Prostate-Specific—Antigen Testing for Early Diagnosis of
Prostate Cancer. New England Journal of Medicine 344, 1373-1377
Thompson, I. M., Pauler, D. K., Goodman, P. J., Tangen, C. M., Lucia, M. S.,
Parnes, H. L., Minasian, L. M., Ford, L. G., Lippman, S. M., Crawford, E. D.,
Crowley, J. J., and Coltman, C. A. (2004) Prevalence of Prostate Cancer
among Men with a Prostate-Specific Antigen Level <4.0 ng per Milliliter. New
England Journal of Medicine 350, 2239-2246

Carroll, A. M., Zalutsky, M., Schatten, S., Bhan, A., Perry, L. L., Sobotka, C.,
Benacerraf, B., and Greene, M. |. (1984) Monoclonal antibodies to tissue-
specific cell surface antigens. |. Characterization of an antibody to a prostate
tissue antigen. Clin Immunol Immunopathol 33, 268-281

Bendich, A., Kabat, E. A., and Bezer, A. E. (1947) Immunochemical Studies
on Blood Groups. V. Further Characterization of Blood Group A and O

227


http://globocan.iarc.fr/
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/prostate/incidence/
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/prostate/incidence/
http://www.swpho.nhs.uk/resource/item.aspx?RID=41287

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

Substances from Individual Hog Stomachs1a. Journal of the American
Chemical Society 69, 2163-2167

Stoll, M. S., Hounsell, E. F., Lawson, A. M., Chai, W., and Feizi, T. (1990)
Microscale sequencing of O-linked oligosaccharides using mild periodate
oxidation of alditols, coupling to phospholipid and TLC-MS analysis of the
resulting neoglycolipids. European Journal of Biochemistry 189, 499-507

L, D. (2005) Blood Groups and Red Cell Antigens. in The ABO blood group
(Bethesda ed., National Center for Biotechnology Information (US), Available
from: http://www.ncbi.nlm.nih.gov/books/NBK2267/)

Cheng, P.-F., Snovida, S., Ho, M.-Y., Cheng, C.-W., Wu, A., and Khoo, K.-H.
(2013) Increasing the depth of mass spectrometry-based glycomic coverage
by additional dimensions of sulfoglycomics and target analysis of
permethylated glycans. Anal Bioanal Chem 405, 6683-6695

Nonaka, M., Fukuda, M. N., Gao, C,, Li, Z., Zhang, H., Greene, M. |., Peehl, D.
M., Feizi, T., and Fukuda, M. (2014) Determination of Carbohydrate Structure
Recognized by Prostate-specific F77 Monoclonal Antibody through Expression
Analysis of Glycosyltransferase Genes. J Biol Chem 289, 16478-16486
Larsen, R. D., Emst, L. K., Nair, R. P., and Lowe, J. B. (1990) Molecular
cloning, sequence, and expression of a human GDP-L-fucose:beta-D-
galactoside 2-alpha-L-fucosyltransferase cDNA that can form the H blood
group antigen. Proceedings of the National Academy of Sciences 87, 6674-
6678

Stone, E. L., Ismail, M. N., Lee, S. H., Luu, Y., Ramirez, K., Haslam, S. M., Ho,
S. B, Dell, A, Fukuda, M., and Marth, J. D. (2009) Glycosyltransferase
Function in Core 2-Type Protein O Glycosylation. Molecular and Cellular
Biology 29, 3770-3782

Huang, M. C., Chen, H. Y., Huang, H. C., Huang, J., Liang, J. T., Shen, T. L.,
Lin, N. Y., Ho, C. C.,, Cho, I. M., and Hsu, S. M. (2006) C2GnT-M is
downregulated in colorectal cancer and its re-expression causes growth
inhibition of colon cancer cells. Oncogene 25, 3267-3276

Wang, L., Mitoma, J., Tsuchiya, N., Narita, S., Horikawa, Y., Habuchi, T., Imai,
A., Ishimura, H., Ohyama, C., and Fukuda, M. (2005) An A/G polymorphism of
core 2 branching enzyme gene is associated with prostate cancer. Biochem
Biophys Res Commun 331, 958-963

Hagisawa, S., Ohyama, C., Takahashi, T., Endoh, M., Moriya, T., Nakayama,
J., Arai, Y., and Fukuda, M. (2005) Expression of core 2 f1,6-N-
acetylglucosaminyltransferase facilitates prostate cancer progression.
Glycobiology 15, 1016-1024

Miyamoto, T., Suzuki, A., Asaka, R., Ishikawa, K., Yamada, Y., Kobara, H.,
Nakayama, J., and Shiozawa, T. (2013) Immunohistochemical expression of
core 2 B1,6-N-acetylglucosaminyl transferase 1 (C2GnT1) in endometrioid-
type endometrial carcinoma: a novel potential prognostic factor.
Histopathology 62, 986-993

Kim, J., Villadsen, R., Searlie, T., Fogh, L., Grgnlund, S. Z., Fridriksdottir, A. J.,
Kuhn, I., Rank, F., Wielenga, V. T., Solvang, H., Edwards, P. A. W., Bgrresen-
Dale, A.-L., Rennov-Jessen, L., Bissell, M. J., and Petersen, O. W. (2012)
Tumor initiating but differentiated luminal-like breast cancer cells are highly
invasive in the absence of basal-like activity. Proceedings of the National
Academy of Sciences 109, 6124-6129

228


http://www.ncbi.nlm.nih.gov/books/NBK2267/

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

Tsuboi, S., Sutoh, M., Hatakeyama, S., Hiraoka, N., Habuchi, T., Horikawa, Y.,
Hashimoto, Y., Yoneyama, T., Mori, K., Koie, T., Nakamura, T., Saitoh, H.,
Yamaya, K., Funyu, T., Fukuda, M., and Ohyama, C. (2011) A novel strategy
for evasion of NK cell immunity by tumours expressing core2 O-glycans. The
EMBO journal 30, 3173-3185

Hatakeyama, S., Kyan, A., Yamamoto, H., Okamoto, A., Sugiyama, N., Suzuki,
Y., Yoneyama, T., Hashimoto, Y., Koie, T., Yamada, S., Saito, H., Arai, Y.,
Fukuda, M., and Ohyama, C. (2010) Core 2 N-acetylglucosaminyltransferase-
1 expression induces aggressive potential of testicular germ cell tumor.
International journal of cancer. Journal international du cancer 127, 1052-1059
Shimodaira, K., Nakayama, J., Nakamura, N., Hasebe, O., Katsuyama, T., and
Fukuda, M. (1997) Carcinoma-associated Expression of Core 2 [-1,6-N-
Acetylglucosaminyltransferase Gene in Human Colorectal Cancer: Role of O-
Glycans in Tumor Progression. Cancer research 57, 5201-5206

Machida, E., Nakayama, J., Amano, J., and Fukuda, M. (2001)
Clinicopathological Significance of Core 2 B1,6-N-
Acetylglucosaminyltransferase Messenger RNA Expressed in the Pulmonary
Adenocarcinoma Determined by in Situ Hybridization. Cancer research 61,
2226-2231

Zhang, H., Meng, F., Wu, S., Kreike, B., Sethi, S., Chen, W., Miller, F. R., and
Wu, G. (2011) Engagement of I-branching {beta}-1, 6-N-
acetylglucosaminyltransferase 2 in breast cancer metastasis and TGF-{beta}
signaling. Cancer research 71, 4846-4856

Nishi, K., Fukunaga, T., Yamamoto, Y., Yamada, M., Kane, M., Tanegashima,
A., Rande, S., and Brinkmann, B. (1992) ABH-related antigens in human male
genital tract. Int J Leg Med 105, 75-80

Vowden, P., Lowe, A. D., Lennox, E. S., and Bleehen, N. M. (1986) Are blood
group  isoantigens lost  from malignant  prostatic  epithelium?
Immunohistochemical support for the preservation of the H isoantigen. Br J
Cancer 53, 307-312

Abel, P. D., Marsh, C., Henderson, D., Leathem, A., Powell, P. H., and
Williams, G. (1987) Detection of blood group antigens in frozen sections of
prostatic epithelium. British journal of urology 59, 430-435

Perlman, E. J., and Epstein, J. I. (1990) Blood Group Antigen Expression in
Dysplasia and Adenocarcinoma of the Prostate. The American Journal of
Surgical Pathology 14, 810-818

Watkins, S. C., Slayter, H. S., and Codington, J. F. (1991) Intracellular
pathway of a mucin-type membrane glyucoprotein in mouse mammary tumor
cells. Carbohydrate Research 213, 185-200

Codington, J. F., and Haavik, S. (1992) Epiglycanin—a carcinoma-specific
mucin-type glycoprotein of the mouse TA3 tumour. Glycobiology 2, 173-180
Thingstad, T., Haavik, S., Hansen, K., Sletten, K., Codington, J. F., and
Barsett, H. (1998) Human carcinoma-associated antigen (HCA), isolated from
the endometrial carcinoma cell line KLE-1 and ascitic fluid of a patient with
ovarian carcinoma; comparison with epiglycanin. European Journal of
Pharmaceutical Sciences 6, 121-129

Codington, J. F., Haavik, S., Nikrui, N., Kuter, |., Vassileva, C., Zhang, H.,
Matson, S., Chen, X., and Wu, Z. (2002) Immunologic quantitation of the
carcinoma specific human carcinoma antigen in clinical samples. Cancer 94,
803-813

229



387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Li, R.,, Yao, J. L., Bourne, P. A., di Sant'/Agnese, P. A., and Huang, J. (2004)
Frequent Expression of Human Carcinoma-Associated Antigen, a Mucin-Type
Glycoprotein, in Cells of Prostatic Carcinoma. Archives of Pathology &
Laboratory Medicine 128, 1412-1417

Yao, J. L., Bourne, P. A., Yang, Q., Lei, J., di Sant'Agnese, P. A., and Huang,
J. (2004) Overexpression of Human Carcinoma—Associated Antigen in
Urothelial Carcinoma of the Bladder. Archives of Pathology & Laboratory
Medicine 128, 785-787

Liang, S., Yao, J., Bourne, P. A., diSant'/Agnese, P. A., Huang, J., and Lei, J.-
Y. (2004) Overexpression of Human Carcinoma—Associated Antigen in
Esophageal Adenocarcinoma and Its Precursor Lesions. American journal of
clinical pathology 122, 747-751

Itoh, Y., Kamata-Sakurai, M., Denda-Nagai, K., Nagai, S., Tsuiji, M., Ishii-
Schrade, K., Okada, K., Goto, A., Fukayama, M., and Irimura, T. (2008)
Identification and Expression of Human Epiglycanin/MUC21: a Novel
Transmembrane Mucin*. Glycobiology 18, 74-83

Yi, Y., Kamata-Sakurai, M., Denda-Nagai, K., Itoh, T., Okada, K., Ishii-Schrade,
K., lguchi, A., Sugiura, D., and Irimura, T. (2010) Mucin 21/Epiglycanin
Modulates Cell Adhesion. Journal of Biological Chemistry 285, 21233-21240
Haavik, S., Codington, J. F., and Davison, P. F. (1992) Development and
characterization of monoclonal antibodies against a mucin-type glycoprotein.
Glycobiology 2, 217-224

Haavik, S., Nilsen, M., Thingstad, T., Barsett, H., Renouf, D. V., Hounsell, E.
F., and Codington, J. F. (1999) Specificity studies of an antibody developed
against a mucin-type glycoprotein. Glycoconjugate Journal 16, 229-236
Gerken, T. A., Jamison, O., Perrine, C. L., Collette, J. C., Moinova, H., Ravi, L.,
Markowitz, S. D., Shen, W., Patel, H., and Tabak, L. A. (2011) Emerging
Paradigms for the Initiation of Mucin-type Protein O-Glycosylation by the
Polypeptide GalNAc Transferase Family of Glycosyltransferases. Journal of
Biological Chemistry 286, 14493-14507

Gerken, T. A., Revoredo, L., Thome, J. J. C., Tabak, L. A., Vester-Christensen,
M. B., Clausen, H., Gahlay, G. K., Jarvis, D. L., Johnson, R. W., Moniz, H. A,,
and Moremen, K. (2013) The Lectin Domain of the Polypeptide GalNAc
Transferase Family of Glycosyltransferases (ppGalNAc Ts) Acts as a Switch
Directing Glycopeptide Substrate Glycosylation in an N- or C-terminal
Direction, Further Controlling Mucin Type O-Glycosylation. Journal of
Biological Chemistry 288, 19900-19914

Bovin, N. (1998) Polyacrylamide-based glycoconjugates as tools in
glycobiology. Glycoconjugate Journal 15, 431-446

Bennun, S. V., Yarema, K. J., Betenbaugh, M. J., and Krambeck, F. J. (2013)
Integration of the Transcriptome and Glycome for Identification of Glycan Cell
Signatures. PLoS Comput Biol 9, €1002813

Fukushima, K., Satoh, T., Baba, S., and Yamashita, K. (2010) a1,2-
Fucosylated and 3-N-acetylgalactosaminylated prostate-specific antigen as an
efficient marker of prostatic cancer. Glycobiology 20, 452-460

Goupille, C., Marionneau, S., Bureau, V., Hallouin, F., Meichenin, M., Rocher,
J., and Le Pendu, J. (2000) alpha1,2Fucosyltransferase increases resistance
to apoptosis of rat colon carcinoma cells. Glycobiology 10, 375-382

Marker, P. C., Stephan, J.-P., Lee, J., Bald, L., Mather, J. P., and Cunha, G. R.
(2001) fucosyltransferase1 and H-Type Complex Carbohydrates Modulate

230



401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

Epithelial Cell Proliferation during Prostatic Branching Morphogenesis.
Developmental Biology 233, 95-108

Jogrgensen, T., Berner, A., Kaalhus, O., Tveter, K. J., Danielsen, H. E., and
Bryne, M. (1995) Up-Regulation of the Oligosaccharide Sialyl LewisX: A New
Prognostic Parameter in Metastatic Prostate Cancer. Cancer research 55,
1817-1819

Labarriere, N., Piau, J. P., Otry, C., Denis, M., Lustenberger, P., Meflah, K.,
and Le Pendu, J. (1994) H blood group antigen carried by CD44V modulates
tumorigenicity of rat colon carcinoma cells. Cancer research 54, 6275-6281
Prokopishyn, N. L., Puzon-McLaughlin, W., Takada, Y., and Laferte, S. (1999)
Integrin alpha3beta1 expressed by human colon cancer cells is a major carrier
of oncodevelopmental carbohydrate epitopes. J Cell Biochem 72, 189-209
Chammas, R., Veiga, S. S., Line, S., Potocnjak, P., and Brentani, R. R. (1991)
Asn-linked oligosaccharide-dependent interaction between laminin and
gp120/140. An alpha 6/beta 1 integrin. J Biol Chem 266, 3349-3355

Paszek, M. J., DuFort, C. C., Rossier, O., Bainer, R., Mouw, J. K., Godula, K.,
Hudak, J. E., Lakins, J. N., Wijekoon, A. C., Cassereau, L., Rubashkin, M. G.,
Magbanua, M. J., Thorn, K. S., Davidson, M. W., Rugo, H. S., Park, J. W,,
Hammer, D. A., Giannone, G., Bertozzi, C. R., and Weaver, V. M. (2014) The
cancer glycocalyx mechanically primes integrin-mediated growth and survival.
Nature 511, 319-325

Pacis, R. A., Pilat, M. J., Pienta, K. J., Wojno, K., Raz, A., Hogan, V., and
Cooper, C. R. (2000) Decreased galectin-3 expression in prostate cancer.
Prostate 44, 118-123

Ellerhorst, J., Troncoso, P., Xu, X.-C., Lee, J., and Lotan, R. (1999) Galectin-1
and galectin-3 expression in human prostate tissue and prostate cancer.
Urological Research 27, 362-367

van den Brdle, F., Califice, S., and Castronovo, V. (2002) Expression of
galectins in cancer: A critical review. Glycoconjugate Journal 19, 537-542
Wang, Y., Balan, V., Gao, X., Reddy, P. G., Kho, D., Tait, L., and Raz, A.
(2013) The significance of galectin-3 as a new basal cell marker in prostate
cancer. Cell Death Dis 4, €753

Goldstein, A. S., Huang, J., Guo, C., Garraway, I. P., and Witte, O. N. (2010)
Identification of a Cell of Origin for Human Prostate Cancer. Science 329, 568-
571

Wang, Y., Nangia-Makker, P., Tait, L., Balan, V., Hogan, V., Pienta, K. J., and
Raz, A. (2009) Regulation of prostate cancer progression by galectin-3. The
American journal of pathology 174, 1515-1523

Laderach, D. J., Gentilini, L. D., Giribaldi, L., Delgado, V. C., Nugnes, L., Croci,
D. O., Al Nakouzi, N., Sacca, P., Casas, G., Mazza, O., Shipp, M. A., Vazquez,
E., Chauchereau, A., Kutok, J. L., Rodig, S. J., Elola, M. T., Compagno, D.,
and Rabinovich, G. A. (2013) A Unique Galectin Signature in Human Prostate
Cancer Progression Suggests Galectin-1 as a Key Target for Treatment of
Advanced Disease. Cancer research 73, 86-96

Clausse, N., van den Brule, F., Waltregny, D., Garnier, F., and Castronovo, V.
(1999) Galectin-1 expression in prostate tumor-associated capillary
endothelial cells is increased by prostate carcinoma cells and modulates
heterotypic cell-cell adhesion. Angiogenesis 3, 317-325

Suzuki, Y., Sutoh, M., Hatakeyama, S., Mori, K., Yamamoto, H., Koie, T.,
Saitoh, H., Yamaya, K., Funyu, T., Habuchi, T., Arai, Y., Fukuda, M., Ohyama,

231



415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

C., and Tsuboi, S. (2012) MUC1 carrying core 2 O-glycans functions as a
molecular shield against NK cell attack, promoting bladder tumor metastasis.
International journal of oncology 40, 1831-1838

Okamoto, T., Yoneyama, M. S., Hatakeyama, S., Mori, K., Yamamoto, H.,
Koie, T., Saitoh, H., Yamaya, K., Funyu, T., Fukuda, M., Ohyama, C., and
Tsuboi, S. (2013) Core2 O-glycan-expressing prostate cancer cells are
resistant to NK cell immunity. Molecular medicine reports 7, 359-364

Yu, L.-G. (2007) The oncofetal Thomsen—Friedenreich carbohydrate antigen
in cancer progression. Glycoconjugate Journal 24, 411-420

Goletz, S., Cao, Y., Danielczyk, A., Ravn, P., Schoeber, U., and Karsten, U.
(2003) Thomsen-Friedenreich antigen: the "hidden" tumor antigen. Advances
in experimental medicine and biology 535, 147-162

Li, Q., Li, Z., Duan, X., and Yi, W. (2014) A Tandem Enzymatic Approach for
Detecting and Imaging Tumor-Associated Thomsen—Friedenreich Antigen
Disaccharide. Journal of the American Chemical Society 136, 12536-12539
Baldus, S. E., Hanisch, F.-G., Kotlarek, G. M., Zirbes, T. K., Thiele, J.,
Isenberg, J., Karsten, U. R., Devine, P. L., and Dienes, H. P. (1998)
Coexpression of MUC1 mucin peptide core and the thomsen-friedenreich
antigen in colorectal neoplasms. Cancer 82, 1019-1027

Yu, L.-G., Andrews, N., Zhao, Q., McKean, D., Williams, J. F., Connor, L. J.,
Gerasimenko, O. V., Hilkens, J., Hirabayashi, J., Kasai, K., and Rhodes, J. M.
(2007) Galectin-3 Interaction with Thomsen-Friedenreich Disaccharide on
Cancer-associated MUC1 Causes Increased Cancer Cell Endothelial
Adhesion. Journal of Biological Chemistry 282, 773-781

Glinsky, V. V., Glinsky, G. V., Rittenhouse-Olson, K., Huflejt, M. E., Glinskii, O.
V., Deutscher, S. L., and Quinn, T. P. (2001) The Role of Thomsen-
Friedenreich Antigen in Adhesion of Human Breast and Prostate Cancer Cells
to the Endothelium. Cancer research 61, 4851-4857

Glinsky, V. V., Huflejt, M. E., Glinsky, G. V., Deutscher, S. L., and Quinn, T. P.
(2000) Effects of Thomsen-Friedenreich antigen-specific peptide P-30 on
beta-galactoside-mediated homotypic aggregation and adhesion to the
endothelium of MDA-MB-435 human breast carcinoma cells. Cancer research
60, 2584-2588

Glinsky, V. V., Glinsky, G. V., Glinskii, O. V., Huxley, V. H., Turk, J. R.,
Mossine, V. V., Deutscher, S. L., Pienta, K. J., and Quinn, T. P. (2003)
Intravascular metastatic cancer cell homotypic aggregation at the sites of
primary attachment to the endothelium. Cancer research 63, 3805-3811

Hsu, D. K., Chen, H.-Y., and Liu, F.-T. (2009) Galectin-3 regulates T-cell
functions. Immunological Reviews 230, 114-127

Stillman, B. N., Hsu, D. K., Pang, M., Brewer, C. F., Johnson, P., Liu, F.-T.,
and Baum, L. G. (2006) Galectin-3 and Galectin-1 Bind Distinct Cell Surface
Glycoprotein Receptors to Induce T Cell Death. The Journal of Immunology
176, 778-789

Guha, P., Kaptan, E., Bandyopadhyaya, G., Kaczanowska, S., Davila, E.,
Thompson, K., Martin, S. S., Kalvakolanu, D. V., Vasta, G. R., and Ahmed, H.
(2013) Cod glycopeptide with picomolar affinity to galectin-3 suppresses T-cell
apoptosis and prostate cancer metastasis. Proc Natl Acad Sci U S A 110,
5052-5057

Heimburg, J., Yan, J., Morey, S., Glinskii, O. V., Huxley, V. H., Wild, L., Klick,
R., Roy, R., Glinsky, V. V., and Rittenhouse-Olson, K. (2006) Inhibition of

232



428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

4309.

440.

spontaneous breast cancer metastasis by anti-Thomsen-Friedenreich antigen
monoclonal antibody JAA-F11. Neoplasia (New York, N.Y.) 8, 939-948
Glinskii, O. V., Huxley, V. H., Glinsky, G. V., Pienta, K. J., Raz, A., and Glinsky,
V. V. (2005) Mechanical Entrapment Is Insufficient and Intercellular Adhesion
Is Essential for Metastatic Cell Arrest in Distant Organs. Neoplasia (New York,
N.Y.) 7, 522-527

Tadano, K., and Ishizuka, I. (1982) Isolation and characterization of the
sulfated gangliotriaosylceramide from rat kidney. in Journal of Biological
Chemistry

Hiraiwa, N., lida, N., Ishizuka, 1., Itai, S., Shigeta, K., Kannagi, R., Fukuda, Y.,
and Imura, H. (1988) Monoclonal antibodies directed to a disulfated
glycosphingolipid, SB1a (GgOse4Cer-113IV3-bis-sulfate), associated with
human hepatocellular carcinoma. Cancer research 48, 6769-6774

Ideo, H., Seko, A., and Yamashita, K. (2005) Galectin-4 Binds to Sulfated
Glycosphingolipids and Carcinoembryonic Antigen in Patches on the Cell
Surface of Human Colon Adenocarcinoma Cells. Journal of Biological
Chemistry 280, 4730-4737

Springer, G. F. (1997) Immunoreactive T and Tn epitopes in cancer diagnosis,
prognosis, and immunotherapy. Journal of molecular medicine (Berlin,
Germany) 75, 594-602

Wu, A. M., Wu, J. H,, Yang, Z., Singh, T., Goldstein, I|. J., and Sharon, N.
(2008) Differential contributions of recognition factors of two plant lectins —
Amaranthus caudatus lectin and Arachis hypogea agglutinin, reacting with
Thomsen-Friedenreich disaccharide (GalB1-3GalNAca1-Ser/Thr). Biochimie
90, 1769-1780

Tachibana, K., Nakamura, S., Wang, H., lwasaki, H., Tachibana, K., Maebara,
K., Cheng, L., Hirabayashi, J., and Narimatsu, H. (2006) Elucidation of binding
specificity of Jacalin toward O-glycosylated peptides: quantitative analysis by
frontal affinity chromatography. Glycobiology 16, 46-53

Karsten, U., Butschak, G., Cao, Y., Goletz, S., and Hanisch, F. G. (1995) A
new monoclonal antibody (A78-G/A7) to the Thomsen-Friedenreich pan-tumor
antigen. Hybridoma 14, 37-44

Clausen, H., Stroud, M., Parker, J., Springer, G., and Sen-ltiroh, H. (1988)
Monoclonal antibodies directed to the blood group a associated structure,
galactosyl-A: Specificity and relation to the thomsen-friedenreich antigen.
Molecular Immunology 25, 199-204

Heimburg-Molinaro, J., Lum, M., Vijay, G., Jain, M., Almogren, A., and
Rittenhouse-Olson, K. (2011) Cancer Vaccines and Carbohydrate Epitopes.
Vaccine 29, 8802-8826

Butschak, G., and Karsten, U. (2002) lIsolation and characterization of
thomsen-friedenreich-specific antibodies from human serum. Tumour Biol 23,
113-122

Springer, G. F., and Tegtmeyer, H. (1981) Origin of anti-Thomsen-
Friedenreich (T) and Tn agglutinins in man and in White Leghorn chicks.
British journal of haematology 47, 453-460

Kurtenkov, O., Klaamas, K., Mensdorff-Pouilly, S., Miljukhina, L., Shljapnikova,
L., and Chuzmarov, V. (2007) Humoral immune response to MUC1 and to the
Thomsen-Friedenreich (TF) glycotope in patients with gastric cancer: Relation
to survival. Acta Oncologica 46, 316-323

233



441.

442.

443,

444,

445.

446.

447.

448.

449,

450.

Kurtenkov, O., Klaamas, K., Rittenhouse-Olson, K., Vahter, L., Sergejev, B.,
Miljukhina, L., and Shljapnikova, L. (2005) IgG immune response to tumor-
associated carbohydrate antigens (TF, Tn, alphaGal) in patients with breast
cancer: impact of neoadjuvant chemotherapy and relation to the survival.
Experimental oncology 27, 136-140

Kodar, K., Izotova, J., Klaamas, K., Sergeyev, B., Jarvekilg, L., and Kurtenkov,
O. (2013) Aberrant glycosylation of the anti-Thomsen-Friedenreich glycotope
immunoglobulin G in gastric cancer patients. World Journal of
Gastroenterology : WJG 19, 3573-3582

Kodar, K., Kurtenkov, O., and Klaamas, K. (2009) The Thomsen-Friedenreich
antigen and alphaGal-specific human IgG glycoforms: concanavalin A
reactivity and relation to survival of cancer patients. Immunological
investigations 38, 704-717

Rittenhouse-Diakun, K., Xia, Z., Pickhardt, D., Morey, S., Baek, M. G., and
Roy, R. (1998) Development and characterization of monoclonal antibody to
T-antigen: (gal beta1-3GalNAc-alpha-O). Hybridoma 17, 165-173

Chaturvedi, R., Heimburg, J., Yan, J., Koury, S., Sajjad, M., Abdel-Nabi, H. H.,
and Rittenhouse-Olson, K. (2008) Tumor immunolocalization Using (124)I-
lodine labeled JAA-F11 Antibody to Thomsen-Friedenreich alpha-linked
Antigen. Applied radiation and isotopes : including data, instrumentation and
methods for use in agriculture, industry and medicine 66, 278-287

Gassmann, P., Kang, M.-L., Mees, S., and Haier, J. (2010) In vivo tumor cell
adhesion in the pulmonary microvasculature is exclusively mediated by tumor
cell - endothelial cell interaction. BMC cancer 10, 1-11

Ferguson, K., Yadav, A., Morey, S., Abdullah, J., Hrysenko, G., Eng, J. Y.,
Sajjad, M., Koury, S., and Rittenhouse-Olson, K. (2014) Preclinical studies
with JAA-F11 anti-Thomsen-Friedenreich monoclonal antibody for human
breast cancer. Future oncology (London, England) 10, 385-399

Sadelain, M., Brentjens, R., and Riviére, |. (2013) The Basic Principles of
Chimeric Antigen Receptor Design. Cancer Discovery 3, 388-398

Lo, A. S., Ma, Q., Liu, D. L., and Junghans, R. P. (2010) Anti-GD3 chimeric
sFv-CD28/T-cell receptor zeta designer T cells for treatment of metastatic
melanoma and other neuroectodermal tumors. Clinical cancer research : an
official journal of the American Association for Cancer Research 16, 2769-
2780

Kloss, C. C., Condomines, M., Cartellieri, M., Bachmann, M., and Sadelain, M.
(2013) Combinatorial antigen recognition with balanced signaling promotes
selective tumor eradication by engineered T cells. Nat Biotech 31, 71-75

234



APPENDICES

Appendix S1 Oligosaccharide probes included in the screening array (Glycosciences
Array Set 32-39) and the binding signals (means of the fluorescence intensity)

elicited with mAb F77 and 89-F anti-B at 5 fmol probe per spot.
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