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Summary

Galectins are small soluble proteins defined by a conserved sequence motif that forms
a defining B-galactoside binding site shared among galectins; adjacent binding sites
give each galectin a unique fine specificity for a specific subset of galactose containing
glycans. A wealth of data now suggests important roles of galectins in both cancer and
inflammation. The aim of this project is to get a clearer picture of how these simple
proteins can play such a wide variety of roles. Our findings suggest a basic cellular
mechanism— galectins use their unique fine specificities to bind and regulate the
cellular trafficking of glycoproteins, which could lead to functional effects, such as
targeting a glycoprotein to either side of a cell, changing the time it stays at the cell
surface, and organizing it relative to other glycoproteins. Coupled to the well-known
changes of glycans occurring during pathological conditions, this mechanism predicts
a rich and complex array of regulatory functions of the galectins. This will depend on
the match between the binding specificity and cellular expression of the galectin and

the structure and cellular expression of the glycan.
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Populirvetenskaplig sammanfattning

Cellerna i kroppen ir uppbyggda av fyra olika byggstenar: DNA, proteiner, fetter
samt kolhydrater. Kolhydrater forknippas framforallt med energi och det pagar en
intensiv debatt om kolhydraternas vara eller icke vara i var kost. Kolhydraterna har
dock ocksa en helt annan funktion, en som ir obestridligt oumbirlig for alla levande
organismer. | denna roll férekommer de bland annat som en extra tillsatt del pa
proteiner och fetter och bildar péd sa vis sa kallade glykoproteiner och glykolipider.
Dessa finns pa ytan av kroppens alla celler och utgor en stor del av de molekyler som
finns i vért blod. Har har kolhydraterna, eller glykanerna som de kallas, en reglerande
funktion genom att forma en sorts nedskriven kod pa dessa molekyler som informerar
omgivningen om vad som skall hinda med dem. Avlisningen av denna kod gors av
kolhydratsbindande proteiner som kallas lektiner, som finns i vir kropp men dven hos
infekterande bakterier och virus. Olika lektiner kinner igen olika kolhydratsstrukturer
och kan pd s vis sortera ut specifika glykoproteiner eller glykolipider. Bland annat
anvinder sig flera virus av lektiner for att ta sig in i kroppen och det faktum att en
femtedel av befolkningen 4r immuna mot vinterkriksjukan beror pa att dessa saknar
den kolhydratsstruktur som viruset anvinder sig av for att ta sig in i vdvnaden.
Samspelet mellan glykoproteiner och lektiner ir dven av stor vikt for flera celluldra
processer i kroppen. En cell kan dndra vilka kolhydrater den sitter pé sina proteiner
beroende pd hur den mér och vad den vill utféra. Detta ir vildigt uppenbart i cancer
da tumérceller bérjar producera andra kolhydrater 4n vad de normalt gér, t. ex for att

vixa snabbare.

En specifik lektinfamilj dr galektinerna som binder till glykoproteiner som bir
kolhydrater innehéllande galaktos. Genom att binda till dessa kolhydrater, far
galektiner en reglerande roll i immunférsvaret, inflammation och cancer. Galektiners
bindningsstyrka for ett visst glykoprotein, och dirpd foljande biologiska effekt, styrs

inte bara av forekomsten av galaktos, utan dven av angrinsande kolhydratsstrukeurer
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och proteindelar, det vi kallar galektinernas finspecificitet. Denna avhandling stiller
tre frigor baserade pa detta: vad 4r mekanismen f6r denna finspecificitet (arbete I och
I1)? Hur 4r den kopplad till biologisk funktion (arbete LIl och V)? Hur ir den
kopplad till sjukdom (arbete II och III)?

For att fi en djupare forstielse for hur galektinernas finspecificitet fungerar har vi
forst bytt ut (muterat) vissa aminosyror (byggstenarna i proteiner) som bygger upp
den kolhydratbindande dominen, och bildat s kallade mutanter av det ursprungliga
galektinet. Sedan har vi midtt hur dessa mutationer péaverkar bindingen till olika
kolhydratstrukturer och glykoproteiner. Genom att mutera galektin-3, kunde vi
forbattra bindingen till en del kolhydratstrukturer och forsimra den till andra.
Genom att sedan testa dessa i ett biologiskt system kunde vi faststilla vilka delar av
finspecificiteten som ir viktiga for galektinets funktion, vilket i framtiden kan vara en

av startpunkterna for utvecklandet av likemedel som har galektiner som maéltavla for

sin effekt.

For att forstd vad som hinder i celler nir ett galektin binder ett glykoprotein
separerade vi forst tvd av de vanligast férekommande glykoproteinerna i blod,
transferrin och haptoglobin, baserat pd om de binder till galektiner eller inte. En
mindre del (5%) av transferrinet band till galektin-3 och genom att mirka in denna
fraktion med fluorescerande firg, och studera dess upptag i celler med mikroskop,
kunde vi se att denna galektinbindande fraktion styrdes till andra delar inne i cellen
jamfort med den som inte band. I celler som saknar galektin-3 transporteras de bada
fraktionerna likadant, men om galektin-3 tillsdtes utifrdn fair man skillnad i
transporten. Med andra ord styr galektin-3 hur transferrin ska transporteras i cellen.
Transferrin forsorjer alla celler i kroppen med jirn, en livsviktig funktion, och hur
transferrinet ror sig inne i cellen ir grundligt studerat. Likvil har ingen studerat hur
kolhydraterna pa transferrinet paverkar denna process, vilket gor var upptickt mycket
intressant. Vidare visar det pd en biologisk funktion for galektinernas finspecificitet:

att vilja ut en undergrupp av ett glykoprotein och styra det annorlunda inne i cellen.

En tredjedel av allt haptoglobin som en frisk person har i blodet binder till galektin-1.
For att forstd vad detta har for biologisk konsekvens, anvinde vi oss av samma modell
som ovan. Precis som for transferrin styrdes det haptoglobin som band till galektin-1
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annorlunda jimfért med det som inte band. Det forefaller som att galektin-1-
bindande haptoglobin undviker de delar av cellen som skoter nedbrytning och istillet
atercirkulerar ut ur cellen igen. Som tidigare nimnts brukar sjukdomar, som
exempelvis cancer, medfora att celler producerar glykoproteiner med annorlunda
kolhydrater. Nir vi istillet studerade haptoglobin hos patienter med langt
framskriden brostcancer sig vi att mer 4n halften band till galektin-1, d.v.s. vi sig en
okning med nirmare tjugo procentenheter jimfort med friska individer. Denna
forindring skulle betyda att en mindre del haptoglobin bryts ner i cancer in hos
friska, vilket i sin tur kan vara fordelaktigt for cancern da haptoglobin har visat sig

vara viktig for att tumérer skall kunna vixa.

Av den stora mingd studier som gjorts pa galektiner har de flesta en koppling till
sjukdomstillstind som inflammation och cancer. Rollen av galektinernas
finspecificitet i detta dr relativt okidnd, men troligen ir den kopplad tll de
forandringar av kolhydratsstrukturer som forknippas med sjukdom. Ett sdct att
studera detta ir att analysera vilka glykoproteiner, och hur mycket av dessa, som
binder till galektiner i blod fran sjuka patienter och jimfora med friska. Bland annat
sd har vi studerat galektin-8s bindning till glykoproteiner i blodet hos en stor mingd
patienter (100 st) med en inflammatorisk njursjukdom kallad IgA nefrit. Vi fann att
en kolhydratférindring hos en antikropp resulterade i minskad bindning till galektin-
8. Denna forindring ir tidigare kind men har aldrig kopplats dll ett galektin.
Dessutom fann vi en férindrad bindning till andra proteiner, vilket innebir att det

maste ske en forindring av kolhydratstrukturerna dven pa dessa, vilket ar ett helt nytt

fynd.

Varje ar dor uppskattningsvis sju miljoner minniskor i cancer och antalet kar for
varje ar dven om medicineringen har forbéttrats. Tidig uppticke ar kanske det bista
redskapet for att bekimpa cancer men for detta krivs enkla test som kan separera frisk
fran sjuk lingt innan tumdren har hunnit spridas. Enklast vore om man i ett simpelt
blodprov kunde hitta markdrer som kunde tala om detta. Dessa si kallade
biomarkérer dr kraftfulla verktyg for screening, diagnos och prognos samt utvirdering
av olika behandlingar. Svérigheten att fi fram en forstklassig biomarkér ligger i att
hitta en som ir kinslig nog att finga upp alla som ir sjuka, utan, att av misstag,

plocka ut nigra friska i denna process. Detta ir ett stort problem for PSA-provet som
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idag anvinds for att testa min for prostatacancer, och anses dérfor inte vara tillricklig
bra for screening i vissa linder. Att utnyttja forindringar av kolhydratstrukturer for
tidig upptickt av cancer har alla forutsittningar for att bli en ny generation

biomarkorer.

Som tidigare nimnt ser vi en betydande okning av galektin-1-bindande haptoglobin
hos patienter med bréstcancer. Trots att detta ar baserat pa begrinsat antal patienter,
ar 6kningen i galektin-1- bindande haptoglobin statistiskt sikerstilld, och ir en lika
bra biomarkér som minga av de som anvinds idag. Aven galektin-8 band
haptoglobin, men intressant nog inte samma fraktion som galektin-1. Dessutom band
galektin-8 mindre mingd haptoglobin hos cancerpatienterna 4n hos friska. Troligen
kinner dessa tvd galektiner igen helt olika kolhydratsstrukturer pd haptoglobin.
Okningen av galektin-1 bindande haptoglobin 4r en bra biomarkér i sig, men genom
att kombinera den med minskningen av galektin-8-bindande haptoglobin, d.v.s. ta
kvoten av dessa, fir man en biomarkor som ir verligsen de som anvinds idag. Aven
om detta dr preliminira resultat, och fler studier behévs, sa finns det en god chans att
galektiner kan anvindas for att hitta biomarkorer for tidig upptickt av cancer.
Férutom att de verkar vara kinsliga nog for att urskilja sjuka individer i en storre
population, specifika nog for att med stor sikerhet kunna skilja sjuk fran frisk och
med en provtagning som innebir si lite lidande for patienten som mojligt har vi visat
att de dessutom ir kopplade till en biologisk funktion. Dessa, si kallade funktionella
biomarkérer, kan férutom att uppticka och félja sjukdomen, dven anvindas som

méltavlor f6r behandling av sjukdomen.
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Introduction to Glycobiology

The sugar code

The four major classes of organic molecules in living systems are proteins, nucleic
acids, lipids and carbohydrates. Of these, the carbohydrates, is the far most abundant
and makes up a major portion of the biomass on earth; mostly as cellulose or chitin.
The name derives historically from the fact that glucose, the first simple carbohydrate
purified, has the molecular formula CsH1,0O6 and was thought to be a “hydrate of
carbon”. This term persists even though a carbohydrate is definitely not a hydrated
carbon atom and is used to refer loosely to the broad group of polyhydroxylated
aldehydes and ketones commonly called sugars'. Even if most people recognize
carbohydrates as energy source and simply call it food, this is probably its least
intriguing role. Dietary intake of carbohydrates is not essential’, but their biological
roles inside the body are’. We actually mention these roles in everyday life, but do not
reflect that there are carbohydrates behind these processes. They are the D in DNA,
the determining antigens in the ABO blood group system, the homing signal for

many microbes and the slipperiness of secretions we cough up.

Every life form contains free or covalently attached carbohydrates, known as glycans.
The biological functions of glycans are diverse, with different roles in different tissue
or at different times. Hence, studying glycans in their natural setting might be
necessary to fully elucidate their functions. Indeed, the term glycobiology was coined
by Raymond Dwek in 1988 to emphasize the importance of relating glycans back to
basic biology instead of analyzing them after isolation and thereby removing them

from their biological context®.

The spectrum of glycan functions span from nonessential activities to key processes

that are crucial for the development, function and survival of an organism. Some of
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the functions of carbohydrates can be directly related to their structural and
physiological properties, such as stabilizing proteins or increasing solubility. A more
captivating role for glycans is that they function as a code for conveying biological
information, just as DNA encodes protein sequences’. This sugar code, similar to any
language, contains an alphabet with specific letters (monosaccharides) that can be
assembled into a sentence or biological code (glycan structure) by specific writers
(glycan processing enzymes) and attached to a protein or lipid to form
glycoconjugates. The code (sugar moiety) can be recognized by a reader (lectin) that is
familiar with the language and the area, and accordingly interpret and deliver the
message (biological consequence). Almost all major biological events including several
human disease conditions involve acquired (noninherited) glycosylation changes.
Characteristic alterations are observed in several inflammatory disorders such as
rheumatoid arthritis®, cystic fibrosis® and IgA nephritis’.  Moreover, altered
glycosylation is also considered to be a universal feature of cancer cells. Code
rewriting can occur at different stages of the glycosylation processes (red arrows in
figure 1), most of them arise from changes in the expression of glycosyltransferases in
the diseased cell (e.g. cancer cell) but can also occur in “normal cells” as a response to
the disease®. These disease-related modifications are acquired (beside a rare group of
diseases caused by a genetic disorder of glycosylation) and are likely to be the effect
and not the primary cause of the disease. Nevertheless, several of these aberrant glycan
structures have a functional significance in the disease process, related to an altered
recognition by lectins. Accordingly, this recognition can be exploited in assays to

detect functional diagnostic and prognostic markers of the disease.
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Figure 1. Glycans amplify the genomic information content of cells: a schematic
simplified overview of “the sugar code”. The assembly of amino acids to form proteins is
encoded in the genome and a large portion is destined to the ER and Golgi departments of the
cell for the attachment of glycan chains providing dynamic structural and functional diversity.
The process of glycosylation (code writing) is driven by the concerted actions of specific glycan
processing enzymes such as glycosyltransferases (occasionally glycosylated themselves) which in
turn are dependent upon the concentrations and localization of the monosaccharide building
blocks (the alphabet). The glycan moieties can be identified by specific glycan binding
proteins, referred to as lectins, a recognition that can be either intrinsic (same organism) or
extrinsic (different organism, i.e. microbe). The biological consequences of intrinsic
recognition include regulation of cell signaling, intracellular trafficking of glycoproteins and

cell-cell/matrix interactions’ !

, whereas extrinsic recognition mediates attachment of invading
pathogens or their toxins'. It should be noted that host lectins also can recognize microbe
glycans'> ™. Since both lectins and the glycan processing enzymes are encoded in the genome,
glycosylation depend upon many factors directly tied to both gene expression and cellular
metabolism. Hence, there can be a considerable difference in glycosylation of a glycoconjugate
not only between cell types but also within the glycosylation sites in the polypeptide chain.
Physiological events such as development, metabolic changes, malignancy and inflammation
can significantly influence the glycosylation machinery resulting in altered binding to lectins
modifying the specific role of the glycoconjugate. Additional regulation of glycosylation can
occur as a consequence of host-pathogen arms races, the so called “red queen effect” discussed
further in the coming chapter.
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Writing the code

The expanding language

The complexity of the glycome reflects the biodiversity at the cell surface. All cells are
covered with a dense coating of glycans named the glycocalyx® and at this
“outermost” location glycans are in a position to modulate and mediate numerous
biological events which are important for the development, growth and function of
an organism. As the first entities encountered by incoming pathogens, glycans can
also mediate interactions between different organisms i.e. act as specific host cell
binding sites for a variety of microbes. Invading microorganisms exploit host cell
glycans as recognition targets and a large number of pathogens depend on binding of
these to initiate infection. As a consequence the long lived hosts must evade the more
rapidly evolving pathogens that infect them by changing their glycans and
consequently glycans may be trapped in endless cycles of evolutionary “Red Queen”
effects'® 7. The Red Queen metaphor was suggested by Van Valen and recalls the
comment to Alice by the Red Queen in Lewis Carroll's Through the Looking-Glass:

“Now, here, you see, it takes all the running you can do, to keep in the same place. If

you want to get somewhere else, you must run at least twice as fast as that”'®.

The Red Queen hypothesis captures the idea that an evolutionary advance by one
species produces a net negative effect of the same magnitude across all other
coexisting species'® . Thus, the remarkable structural variations of glycans, which
play an essential role in biological diversity and specialization, might be attributed to
the Red Queen effect. In addition a secondary Red Queen may arise from many
pathogens masquerading as “self,” by disguising themselves with cell-surface glycans

similar to those of their host?.

Indeed, this is a very complex phenomenon, since the advantage gained under certain
circumstances might be weakness under others. For instance, the inactivation of a
glycosylation gene in 20% of the human population (called non-secretors) has been

associated with decreased susceptibility to infection by caliciviruses causing the winter
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vomiting disease’" but these individuals show increased susceptibility to Streptococcus
infections™. Even if a significant portion of the overall glycan diversity most likely
reflects a pathogen-mediated selection process, a crucial functional role of a glycan
would override the Red Queen effect as well as a positive selection of cell-type-specific
glycans beneficial for the organism. Thus, the most plausible explanation of the
diversification of glycan expression is that it represents a compromise between all

these events!”

. In all, the diverse nature of glycans might contribute to formation of
new species but the cost of this flexibility might be the incidence of aberrant

glycosylation in pathological conditions such as cancer and inflammation.

The main strategies taken by the scientific world to understand glycan functions
include targeting the biosynthesis of glycans (chemically or genetically) to prevent or
alter the formation of glycan structures and the study of naturally occurring variants
of mutants in glycosylation®. Pathophysiological roles of glycans in both genetic
disorders of glycosylation and in acquired human diseases have also contributed to
assign some basic functions to glycans*. As Goethe remarked: “It is in her moments
of abnormalities that nature reveals her secrets”. A major breakthrough was the
discovery that the absence of a certain glycan structure resulted in failure to sort
specific glycoproteins to the lysosomes, causing the rare Inclusion cell disease (“I-cell”
disease)”. This particular sorting relies on lectin recognition of the glycan structure
and was the first definite observation of a biological role for glycans on mammalian
glycoproteins as well as a link between glycan biosynthesis and disease. For a fluent
understanding of the complex glycan language we need a deeper knowledge of all its
elements, from the structure of the letters, words and sentences to the recognition of

these by lectins.

The Letters: Monosaccharides

Carbohydrates are commonly classified into two main groups, simple and complex.
Simple sugars, or monosaccharides, such as glucose, cannot be hydrolyzed into
smaller molecules; while complex sugars or polysaccharides, composed of two or more
monosaccharides linked together can be broken down to their constituent
monosaccharide units by hydrolysis’. Unlike proteins and nucleotides, which are
linear since they contain only one form of linkage, monosaccharides can theoretically
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generate either an a or a P linkage to any of several positions on another
monosaccharide. This is the primary source of glycan diversity, just the combination

of three different monosaccharides could generate up to 27648 unique trisaccharides.

CH,OH CH,0OH
0. OH
< OH
OH
Lactose
CH,0H CH,0H
OH Q. OH Q. OH
OH OH
OH
OH OH
D-galactose D-glucose

Figure 2. Structure of lactose and the products of its hydrolysis.

There are nine monosaccharides used in the enzymatic process of glycosylation in
mammals; glucose (Glc), glucuronic acid (GlcA), xylose (Xyl), mannose (Man),
fucose (Fuc), galactose (Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine
(GalNAc) and sialic acids (N-acetylneuraminic acid and N-glycolylneuraminic acid,
Neu5Ac and Neu5Ge respectively). The monosaccharide iduronic acid is not directly
synthesized from a sugar donor but created from glucuronic acid after incorporation
in a glycan chain. Together with protein and lipid acceptors they produce different

kinds of glycans determined by the assembling glycosyltransferases’.

The code writers: Glycan processing enzymes

Rudely, glycosylation is often put as the fifth member of posttranslational
modifications next to phosphorylation, acetylation, ubiquitination, and methylation.
However, due to their vast diversity, the number of glycan modifications by far
exceeds the other posttranslational alterations. The attachment of glycan chains is one

of the most common and complicated modifications that proteins undergo after
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synthesis and are controlled by factors that differ significantly among cell types and
species?® ?. The human genome consists of at least 250 glycan building enzymes, the
glycosyltransferases and their location and substrate competition primarily control the
glycosylation process®.  Despite the complex nature of glycosylation, glycan
expression patterns can be strikingly regulated and clear-cut, for instance T-cells go

from peanut agglutinin negative to positive during thymic development®.

In eukaryotic cells the main events of this assembly occur in the endoplasmic
reticulum- Golgi pathway, while other machineries are responsible for the assembly in
prokaryotes. The building blocks in this process are monosaccharides e.g. glucose
which is taken up in the cell by specific transporters in the cell membrane. These
monosaccharides have to be activated into a high-energy donor form such as Uridine
diphosphate (UDP) e.g. UDP-Glc. The monosaccharide moiety of these high-energy
donor sugars are transferred to the acceptor substrate such as an oligosaccharide or a

3, 30

polypeptide by the action of glycosyltransferases™ *. Each glycosyltransferase is
essentially responsible to form a specific glycosidic linkage, the so called “one enzyme-
one linkage” concept’, a hypothesis that is not completely accurate since there are
circumstances in which more than one enzyme can catalyze the same linkage from the

same donor substrate®?.

Despite that glycosylation genes are highly conserved among species in the same
taxonomic group, intraspecies variations in glycosylation can be found, e.g. the ABO
blood group system in humans. Interspecies variations are more frequent and can be
quite extreme, such as the loss of the common mammalian sialic acid Neu5Gc among

humans: one of the few true genetic differences between us and the great apes™.

The Words: Glycans

Glycans can be associated with proteins or lipid to form glycoproteins, glycolipids or
glycosaminoglycans in a process called glycosylation. These glycans consist of
polysaccharides that vary in length from a few sugars to several hundreds. The glycans
possess a diversity far beyond that of polymers of amino and nucleic acids through
their capacity for stereochemical linkage (o or P at any of several positions on another

monosaccharide) and becomes even more intricate when the number of
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monosaccharide building blocks increases. Thus, these monosaccharides can be
assembled into an almost unlimited number of combinations®® and this unique
feature of carbohydrates makes them highly suitable as units of hardware for storing
immense amounts of biological information. Storing and receiving information from
this high-density coding system is however not as strait forward as for nucleic acids
and proteins. Glycan structures cannot be predicted from the genome — instead they
are the result of the concerted activity of synthesizing and modifying enzymes, which

in turn are regulated by both gene expression and cell metabolism®.

Given the limited number of genes in the mammalian genome®, post translational
modifications such as glycosylation have a more important role in cell phenotype than
was previously expected. The “glycome” (the totality of glycan structures) has the

capacity to far exceed that of the genome and proteome® *

and while the genome is
essentially the same in all living organisms, the glycome show considerable diversity in
its structure and expression. The central dogma of biology that states that DNA leads
to RNA leads to protein®, fails to explain several biological facts such as phenotypic
differences between genetically identical cells®™. In the now revised version glycans

serve to bridge the gap between genotype and phenotypic expression®.

The Sentences: Glycoconjugates

Glycosylation of proteins and lipids, to form glycoproteins and glycolipids, is a key
factor in modulating their structures and functions. Glycoconjugate is the term used
to describe polymeric substances consisting of carbohydrates covalently linked to a
non-carbohydrate moiety. There are five major classes of glycoconjugates, primarily
defined by the linkage to the protein or lipid (or lack thereof, see hyaluronan). Two
of these are attached to a core protein and therefore defined as glycoproteins (O-
glycans and N-glycans). The third member are the glycolipids, in which the glycans
are linked to the lipid moiety ceramide, while glycosylphosphatidylinositol anchors
(GPI anchors) are defined as a distinct group of glycolipids that are covalently
attached to proteins that anchor them to the cell membrane. The fifth and final class,
hyaluronan, appears to exist primarily as a free sugar chain’. In this thesis, focus will

be on the glycoproteins.
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Approximately 50% of the proteins found in nature have been proposed to be
glycoproteins®. The carbohydrate content of these ranges from less than 1% to over
80%, but for the more common glycoproteins, such as the heavy chain of
immunoglobulins and the transport glycoprotein transferrin, the range is 2 -15%*".
Glycans can be present in various forms of the same glycoprotein, making each
glycoprotein a collection of “glycoforms”. These glycoforms are highly reproducible
in a given physiological state but can alter dramatically in disease® and thereby
change their molecular properties. For example, the occurrence of a particular
glycoform of a specific glycoprotein can significantly affect their serum half-life and
potency in vivo®.

The carbohydrate moiety is covalently linked to a given amino acid in the polypeptide
backbone, either by an O-glycosidic bond to a serine or threonine or by N-glycosidic
bond to an asparagine. These structures are assembled in a step-wise manner by
glycosyltransferases in the ER and the Golgi®, a process initiated by the uptake of
monosaccharides. It has been estimated that 75% of all glycoproteins should be N-
linked, about 10% both N-and O-linked and about 15% only O-linked*.

The structure of a sentence: O-glycans

The formation of O-glycans usually starts with the linkage of N-acetylgalactosamine
(GalNAc) or mannose to the OH-group of serine or threonine residues forming O-

GalNAc or O-mannose structures. However, some other O-linked glycans also exist;

O-xylose, O-fucose and O-GlcNAc.

If the first added sugar to the core protein is a mannose, this linkage occurs in the ER
and is followed by addition of GlcNAc, galactose and sialic acid in the Golgi, forming
complex O-mannose structures. Disruption of this pathway gives rise to a distinct
group of clinical disorders, which all are forms of congenital muscular dystrophy *.
O-linked xylose initiates the assembly of glycosaminoglycans which are found in
heparan sulphate and heparin. Commonly, these are classified as an own group of
glycoconjugates but since most of them actually are initiated with O-linked xylose®,
this definition may be more accurate. O-linked fucose is found on the epidermal

growth factor (EGF)® as well as the Notch receptor where it is necessary for proper
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signaling®. The discovery that nuclear and cytosolic proteins could be dynamically
glycosylated with a single O-GlcNAc moiety”, demolished the dogma that
glycosylation was only found on secreted molecules, on the exterior layer of the
plasma membrane or on intracellular organelle membranes. GIcNAc is found on
nuclear and cystolic proteins and are now considered as one of the most common
posttranslational modifications, with important functions in regulation of cell
signaling and protein expression®® “. The intracellular and extracellular pools of
glycoproteins are subjected to different evolutionary forces- and are therefore also

diverse regarding glycan structure and function'.

The more classical O-glycans start with the addition of a GalNAc initiated by
members of the polypeptide N-acetylgalactosaminyltransferases (ppGalNAcT's) family
of enzymes in the Golgi**. This is followed by the addition of any of galactose,
GleNAg, fucose or sialic acid to generate linear or multi-branched chains. The four
most common O-GalNAc core structures are designated cores 1 to 4 and differ in
their additional extensions (figure 3). Core 1 structures (T-antigen) are most
abundant and are formed when the peptide linked GalNAc is substituted by galactose
in a B1-3 linkage, whereas core 3 glycans contain a GlcNAc in the 3 position of
GalNAc. While the two former are linear, core 2 and core 4 glycans contain a
branching GlcNAc added to the 6 position of the core 1 or core 3 glycan respectively™
0 In addition, several less common core structures exist; sialic acid can terminate

both the Tn and T-antigen to form sialyl-Tn-antigen or sialyl-T-antigen.
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Figure 3. Structures of the major types of O-GalNAc cores (1-4) and some common
antigenic epitopes. Monosaccharides are symbolized according to the Nomenclature
Committee for Functional Glycomics.

Homologues of the ppGalNACT enzymes driving the O-glycosylation machinery is
found throughout the animal kingdom but is lacking in plants and fungi®'. Within
eumetazoans there is both a high sequence and functional conservation among
ppGalNAcTs suggesting unique biological roles. In mammals at least 15
ppGalNACTSs have been found (1-15) (20 genes have been identified in humans and
15 have been confirmed to be expressed and active) and each tissue or cell type

5052 They possess a significant degree of

express more than one of these enzymes
overlap in substrate specificities which likely accounts for the lack of a detectable
phenotype after deletion of ppGalNAcT-8 in murine T-cells. Further upstream
modifications to form a core 1 glycan is synthesized by core 1 P1-3
galactosyltransferase (C1GalT-1) a process that requires the specific molecular
chaperone Cosmc™. Branching of core 1 to form the abundant core 2 structure,
important  for  lymphocyte  activation, involves core 2 PI1-6 N-
acetylglucosaminyltransferase (C2 GalNAcT-1)*. Generally, early acting enzymes
such as ppGalNAcTs are enriched in cis- and medial compartments of the Golgi

whereas late acting enzymes such as sialyltransferases are enriched in the #rans-Golgi
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network®.  The specificities of glycosyltransferases limit the theoretical number of
possible O-glycans to a few hundred. In addition there are only a limited number of
possible assembly pathways. For example, overexpression of 02-6 sialyltransferase
(ST6GalNAC), adds sialic acid to the Tn-antigen at an early stage and prevents further
addition to this structure. This is rarely seen in normal tissue but is common in

CaIlCCI‘SZ.

Several early studies suggest that O-glycans have important biological roles. For
example, O-glycans on glycoproteins in the mouse egg’s zona pellucida serve as
receptors for sperm® and increased expression of core 2 O-glycans are associated with
acquisition of invasive and metastatic potential of mammary carcinoma cells in vitro®
and of bladder tumour cells 77z vivo”’. The regulation of specific enzyme activities is
primarily responsible for these changes and blocking these pathways has provided vast

information of functional roles of these glycans™.

The O-GalNAc glycosylation is most likely an essential process since all mammals
studied express ppGalNAcTs. However, as mentioned above, the partly overlapping
substrate specificity makes it difficult to detect any obvious phenotype after
inactivation of different ppGalNACTs. In this regard it has been speculated that it
may be necessary to knockout two or more ppGalNACTs for any phenotypic effect as

?. However, at least one member of this family has

seen for O-mannosyltransferases”
been shown to be essential for viability and development®'. Most studies focus on the
C2 GalNACTs due to their involvement in the immune response’® *. It has been
demonstrated that a switch in core 2 O-glycan expression is associated with T-cell
activation and development™ and mice deficient in C2 GalNACT displayed defective
neutrophil rolling and recruitment to sites of inflammation. The core 1 glycans tend
to be crucial for survival since depletion of Cl1 GalNACT caused vasculature
deformation and impaired angiogenesis and as a result the mice died from fatal brain

hemorrhages®.

The most common defects in the O-glycan machinery that lead to human disease
occur in the O-mannose and O-xylose pathways. At least five types of congenital
muscular dystrophy (CMD), which can result in severe muscular abnormalities, are
caused by mutations in genes responsible for the synthesis of O-mannose glycans.
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Mutations in the O-xylose pathway affect various stages in GAG synthesis and cause
distinct disease phenotypes. Defects in the formation of heparan sulphate cause

hereditary multiple exostosis (HME) leading to bone and cartilage abnormalities®.

Defects in O-GalNAc glycans can cause familiar tumoral calcinosis, a severe
autosomal recessive metabolic disorder that shows phosphataemia and massive
calcium deposits in the skin and subcutaneous tissues. Moreover, a rare autoimmune
disease, the Tn syndrome, is caused by a mutation in the Cosmc gene affecting folding
and activity of C1GalT-1 which results in a loss of core 1 glycans on blood cells,
exposing the immunoreactive Tn-antigen. These are recognized by anti-Tn antibodies
that are present in almost all humans, triggering an autoimmune response leading to a
range of disease states such as anemia®. IgA nephropathy (IgAN), the most common
glomerulonephritis worldwide, is thought to be caused by a similar defect in the
Cosme gene. Considerable evidence point towards that the accumulation of IgA in the
mesanglial deposits of the kidney originates from circulating aberrantly glycosylated
IgA1 complexes in which the hinge-region O-linked glycans are deficient in galactose.
It is speculated that IgA producing B-cells have an O-glycosyltransferase imbalance
which results in decreased formation of core 1 structures and instead increased
addition of NeuAca2-6 to the GalNAc’. The absence of galactose prevents further
addition of NeuAca2-3 to form the most common O-glycan structure found on
healthy human IgA®'. Tt has been implied that IgG antibodies specific for the Gal-
deficient O-glycans of IgAl form complexes that accumulated in the glomerular

mesanglial area inducing glomerular injury®?, but this has not been further evaluated.

Functional information can also be found by studying their carriers, i.e. the O-
GalNAc glycoproteins such as mucins. The mucins are heavily O-glycosylated
proteins (O-glycans may comprise 80% of its molecular weight) that are assembled
into homo-oligomers which give mucus its viscous property that forms a physical
barrier between lumen and epithelium. Consistent with the general role of
glycosylations, O-glycosylation of mucins also offers a practically complete protection

from protease degradation®.
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The structure of a sentence: N-Glycans

The most common protein-attached oligosaccharides are N-linked and no mammals
are able to survive without them®. N-glycan synthesis starts with the formation of an
amide linkage between GlcNAc and asparagine with a minimal amino acid sequence
of Asn-X-Ser/Thr (X represents any amino acid except proline). Of all these sequons
it has been estimated that 90% are glycosylated®. The biosynthesis of a N-glycan is
complicated and the pathway begins in the ER with assembly of a precursor
oligosaccharide initially synthesized on a lipid like molecule, dolichol phosphate (Dol-
P) to form a lipid-linked oligosaccharide containing 2 GlcNAc, 9 mannose and 3
glucose units. This is followed by an “en bloc” transfer in the ER lumen of the entire
glycan to a newly synthesized protein with an available asparagine in a suitable
context as mentioned above®

sequence: Manal-6(Manal-3)Manf1-4GIcNAcB1-4GlcNAcB1-Asn-X-Ser/Thr. V-

glycans are classified into three main groups: high mannose (or oligomannose), with

. Indeed, all N-glycans share a common sugar

only mannose residues linked to the pentasaccharide core; complex, in which both
terminal GlcNAc residues are attached to both of the terminal mannoses in the core
structure; and hybrid, which is a combination of high mannose and complex type
with only mannose residues attached to the Mana1-6 and a GIcNAc on the Manal-
3°.

The early processing after the attachment of the 14 sugar oligomannose glycan to the
protein starts with trimming of the glycan by glucosidases and a mannosidase to
remove three glucose residues and one mannose residue in the ER. This is also an
important check point in protein folding, in which specialized chaperones act by
binding to monoglucosylated proteins and prevent them from exciting the ER until
properly folded. Upon proper folding the last glucose is removed and the complex
dissociates and the glycoprotein is transported to the Golgi for additional
processing67. Here additional mannose residues are removed, to give MansGlcNAc,
which either can escape further processing to form high mannose structures or be

subjected to additional modification forming complex or hybrid N-glycans.

Biosynthesis of complex and hybrid N-glycans are initiated by the addition of
GlcNAc to the al-3 mannose by GIcNACT-I® and mice lacking this enzyme
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(disruption of the Mgatl gene that encodes GIcNACT-I) die before birth, showing
that these carbohydrate structures are essential for proper development®. GlcNAc
addition is usually followed by the action of 0-mannosidase II which removes the two
terminal mannoses to form a GIcNAcMan3;GleNAc which will be further processed to
form complex N-glycans. If these are not removed, hybrid N-glycans will be formed
as seen in mutant cells lacking o-mannosidase II activity or cells treated with a o-
mannosidase inhibitor which results in the accumulation of hybrid N-glycans and
inhibition of complex oligosaccharide synthesis®. If the two mannoses are removed, a
second GleNAc will be added to the a1-6 Man by GIcNACT-II which will be a
precursor to all complex N-glycans. From this biantennary structure more highly
branched N-glycans (glycans with more than two antennae) can be generated by
addition of GlcNAc to the terminal mannoses. Six different types of antennae have
been characterized based on to which mannose the GIcNAc is attached (a1-3 or a1-6)
and the type of linkage (B1-2, B1-4, P1-6)"°. These are generated by the actions of
GIeNAcTs (IV, V, VI and IX) and form tri-, tetra-, penta- and hexa- antennary
structures, see figure 4. Hepta-antennary structures exist, but have so far only been
found in birds and fish”" 2. Moreover, GIcNACT-IX expression is restricted to the
brain and testis and catalyzes the transfer of a GIcNAc with a B1-6 linkage to the al-6

mannose’> 74

. Branching is also dependent on previous glycosylation events. An
additional bisecting GIcNAc can be transferred to the “central” or B-linked mannose
by GIcNACT-IIL. If a bisecting GIcNAc is inserted, this prevents further branching of
complex N-glycans as this residue inhibits the action of a-mannosidase, resulting in

generation of hybrid N-glycans™.

Highly branched complex N-glycans are required for normal function of multicellular
animals. Incomplete N-glycan branching due to absence of a-mannosidase II lead to
an autoimmune disease in mice similar to human systemic lupus erythematosus
(SLE), probably triggered by innate immune self-recognition”. Disruptions in both
the f1-4 and B1-6 GlcNAc branching have been shown to cause apparent phenotypic
abnormalities, most likely as a consequence of altered residence time of cell surface
receptors. Reduction of GIceNACT-IV expression in mice reduces the residence time of
the glucose receptor, resulting in metabolic dysfunction diagnostic of type 2
diabetes’. In contrast, an increase in GIcNACT-V expression as seen in oncogenic

7, modifies the N-glycans on cell surface growth receptors delaying
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their removal by constitutive endocytosis and consequently, enhancing cell migration

and tumour metastasis9.

Complex N-glycans are further processed in the #rans-Golgi to produce a broad array
of mature complex N-glycans. This maturation modification can be divided into
three main groups: (1) sugar additions to the core, such as the addition of a1-6 fucose
to the innermost GlcNAc moiety by fucosyltransferase VIII in vertebrates’®; (2)
elongation of GlcNAc residues such as the addition of Gal to a GIcNAc in the core to
form a GalPf1-4GlcNAc (LacNAc) which can be further elongated with LacNAc
repeats to form poly(LacNAc)”” and (3) capping of elongated branches with galactose,

fucose, GalNAc, sulphate or sialic acid’.
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Figure 4. Biosynthetic scheme for hybrid and complex N-glycans. After initial processing
in the ER and cis-Golgi, glycoproteins transit to the medial-Golgi to generate hybrid or
complex N-glycans due to the action of a number of GIcNAcTs. Trimming of the
MansGleNAc, starts with the action of GIcNAcT-I which adds a GlcNAc to the C-2 of
a3Man. [t should be noted that no GleNACT can act prior to the action of GIeNACT-1. After
the addition of the first GlcNAc, the glycoprotein can be subjected to the actions of either
GIcNACT-III which transfers a GleNAc to the B-linked Man to generate hybrid N-glycans or
a-mannosidase which removes the two Man on the core a6Man in a reaction that will allow
addition of GlcNAc to yield a biantennary complex N-glycan. Their cell-type specific
localization within the Golgi determines which enzyme that will encounter the N-glycan first.
This will limit the future fate of the NV-glycan since action of one will prevent additional
processing from the other’®. More highly branched N-glycans can be generated by the actions
of GIeNACT (IV, V, VI and XI). The f1-6 GlcNAc branching structures catalyzed by

80, 81

GIcNACT-V are associated with tumour metastasis and the gene expression of this enzyme

is significantly increased during oncogenic transformation”.
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The end of a sentence: Sialic acids

Sialylation on the distal end of glycan chains is a typical characteristic of most
intestinal epithelium in mammals. While sialic acids, unlike other monosaccharides,
are generally not found in plants, prokaryotes (except bacterial capsules) and
invertebrates, they appear to be critical in the development of vertebrates®. Sialic acid
is defined as a nine-carbon sugar containing an a-ketoacid group and is a large family
with over 50 members. The two most common sialic acid structures in mammalian
cells are Neu5Ac and Neu5Ge, the latter being absent from normal adult human
tissue®. The capping with sialic acid (Neu5Ac) has been shown to be a remarkably
significant modification on both V- and O-linked glycans. It is formed by a a-linkage
between the C-2 of Neu5Ac and the C-3 or C-6 positions of Gal or the C-6 position
of GalNAc (O-glycans) and these linkages are directed by distinct sialyltransferases®.
Sialic acids have been shown to be important contributors to both physiological as
well as pathological interactions. Just like their structural variations in nature, the
physiological roles of sialic acids are equally diverse, ranging from fertilization and
development® to the sense of fear®. Moreover, sialic acids are central in T-cell
homeostasis®” as well as regulation of IgG properties - loss of sialylation switched IgG
from having anti-inflammatory effects at steady state to having pro-inflammatory
activity after antigen challenge®. These roles are mediated through numerous of
cellular and molecular processes. Beside general functions such as stabilization of
molecules and membranes and protection from proteases and glycosidases, sialic acids
can modulate cell signaling by regulating the affinity of receptors®. Here the role of
sialic acids are dual: the presence of sialic acid can act either as a glycan mask
shielding recognition sites so that they are nor recognized by lectins® or they can
themselves serve as ligands for a variety of lectins®. Such regulation has been shown
to have a fundamental role in immunity by skewing the Th1/Th2 balance by a

galectin mediated recognition mechanism®.

The most well-known role of sialic acids may be as targets for invading microbes such
as influenza viruses. Only a subtle difference in structure, i.e. the linkage to the core
structure, can have a considerable impact on how viruses infect and spread. For

example, the differences in distribution of 02-3 and 02-6-linked sialic acids between
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birds and humans account for the rare human-to-human transmission of the avian flu
91

virus
Since sialic acids are involved in so many cellular mechanisms, disturbances in their
biosynthesis can cause or be a result of several diseases. Especially, distinct changes in
sialylation are associated with malignant transformation, progression and prognosis of
tumours. Predominantly these changes are caused by increased activities of specific
sialyltransferases and subsequent overall increase of sialic acid content. This increase is
often manifested as an increase in 02-6-linked sialic acids” but increased amounts of
a2-3-linked has also been reported”. Examples of specific cancer-associated sialic acid
epitopes are sialyl Lewis x (NeuAco2-3GalB1-4(Fucal-3)GlcNAc, sialyl-Tn and
polysialic acid® ¥. Finally, changes in sialic acid expression is also linked to other
diseases, such as previously mentioned IgA nephritis” and loss of sialylation on serum
transferrin has been found to be an effect of both chronic alcohol consumption’ and

congenital disorders of glycosylation (CDG)”.

Altered glycosylation in disease

The glycome is influenced by the cell’s genome, transcriptome and proteome as well
as by environmental factors such as nutrients. Individual glycosylation sites on the
same polypeptide may contain different glycan structures that reflect both the type
and status of the cell in which they are synthesized. For example, the glycans on one
protein can differ significantly depending on if it is expressed in the brain or in
immune cells*. Hence, determining the glycome would allow us to get a clearer
insight on the physiological state of the cell and enable us to expand our knowledge of
biological systems and subsequently provide us with new clinical tools for future

diagnosis and treatment®.

Altered glycosylation is a hallmark of disease. This is however not simply the random
consequence of a disease associated disturbance, but may be a result of a selective
process during disease progression. While glycans are essential for the host cells to
function properly they also act as specific ligands for invading microbes'” and

metastasizing tumour cells®> 7. Just as host cells are constantly trying to evade the
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evolving pathogens, cancer cells can evade the attacking immune cells by altering their

glycans”, (figure 5).

Figure 5. Illustration of the possible selectivness of cancer-associated glycosylation
changes. Similar to pathogens evolving to bind host glycans or avoid immune recognition,
cancer specific glycan changes shown to mediate tumour growth, metastatic potential and
immune evasion, may be driven by a related vicious cycle. Figure showing colour-enhanced
scanning electron microscopy pictures of bacteria invading a host cell (top left) macrophage
engulfing bacteria (low left) glycocalyx of epithelial cells (center), prostate cancer cells (blue-
green) attached to epithelial cells (top right) and T-cells attacking a tumour cell (low left).
(Courtesy of Science photo library).

Since just minor alterations in the physiological state of the cell can have a significant
impact on the glycosylation machinery, aberrant glycosylation can potentially affect
nearly every glycoprotein produced in the diseased cell. Hence, glycans might reflect
pathologies in instances when reliable changes in protein profiles cannot be identified.
Besides the previously mentioned inherited CDGs, cancer is the best documented

disease accompanied by glycosylation changes.

Cancer-associated altered glycosylation patterns was observed over 4 decades ago by

the demonstration that healthy fibroblasts have smaller membrane glycoproteins than
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their virus-transformed counterparts®. Since then, a comprehensive characterization
of these cancer-associated changes using lectins, specific monoclonal antibodies and
mass spectrometry has provided a sizable array of potential glycan biomarkers”.
Cancer-associated glycosylation changes take a variety of forms, which have to be
distinguished from glycosylation changes originated from non-neoplastic and

inflammatory diseases'® as well as other factors such as age and gender'”". Still, some
striking correlations between certain alteration of glycosylation and malignancy are

discussed below.

Increased branching in cancer

Alterations of glycosylation during cancer progression are often a consequence of
changed expression of glycosyltransferases in the Golgi leading to modifications of the
core structures of both N- and O-linked glycans. The early observation of an
increased size of tumour glycans by Meezan ez 4/ was later explained by an increase in
GIcNACT-V expression resulting in an increase in f1-6 branching of N-glycans®'.
This was followed up by strong functional evidence; first Demetriou ez 2/ showed that
GIcNACT-V-transfected cells formed solid tumours in mice due to loss of contact

192 Consistent with this hypothesis,

inhibition of growth and increased motility
Granovsky ez a/ found a striking reduction of tumour growth and metastasis in mice
lacking GIcNACT-V expression®. Amplified branching due to increased GIeNACT-V
expression is now considered as major hallmark of cancer progression'® ' with
several links to a functional, rather than just simply correlative role in tumour growth
and metastasis” ** 1% 1%, Also GIcNACT-IV activity is remarkably increased (up to 66
times) upon oncogenic activation, resulting in formation of abnormal biantennary
and triantennary sugar chains'”. In addition, the increased branching also provides
additional sites for terminal sialic acids which ultimately leads to the overall increase
in sialylation observed in cancer®. It is important to stress that these features not only
are found on cell surface glycoproteins but also on secreted glycoproteins. Indeed,
increased branching of the glycans on the acute phase serum glycoproteins
haptoglobin and al acid glycoprotein has been observed in cancer, mostly carrying

fucosylated di-, tri- and tetra-branched glycans'® '?.
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In addition, increased branching of O-linked glycans, as the previously mentioned
additional branching of core 1 to form core 2 O-glycans, may be an important feature
of cancer. Increased C2GalNACT expression in bladder tumour cells has been shown
to promote a NK cell escape mechanism by silencing NK cell activation, resulting in

longer survival of the tumour cells”.

Incomplete O-linked glycans in cancer

In addition to changes in the glycan core structure, alterations in the terminal

structures are also a universal feature of cancer. Altered activity of different
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sialyltransferases has been observed in cancer''’ with the ability to generate a more

malignant phenotype, i.e. a more aggressive cell behavior'''. One study has even

reported a mutation in the chaperone protein Cosmc in cervical cancer patients as the

112

underlying mechanism for this aberrant glycosylation''”. One of the most common

cancer-associated changes is the expression of truncated O-glycans due to “poor
glycosylation” on the cell surface. Increased number of Tn-, sialyl-Tn- and T-antigens

have been reported in several type of cancer and are associated with cancer

113, 114

malignanc In conjunction, overexpression of mucins carrying aberrant
gnancy rying

glycosylations has been described in cancer for many years. Intriguingly,

autoantibodies directed against these O-glycopeptide epitopes have been found in

breast, ovarian, and prostate cancer patients, but are rare in normal adult tissues. The
p p

clinical or physiological role of these autoantibodies is unknown but might provide a
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novel specific form of early biomarkers , which will be discussed later.

Sialylated Lewis structures in cancer

The Lewis blood group antigens (such as sialyl-Le*), are overexpressed in human

)8, 117

carcinomas (pancreatic, breast, lung and colon and correlates with prognosis''®.

Similar to several other cancer-associated changes, this is the result of altered activities
119

of sialyltransferases and fucosyltransferases'”. These sialylated and fucosylated

structures serve as key targets for cell surface lectins, such as selectins, and thus
increased expression of sialyl Le* can promote metastasis by mediating attachment of
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colon tumour cells to selectins in wvitro”’. Acute phase glycoproteins such as
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haptoglobin and al-acid glycoprotein show increased numbers of sialyl-Le* epitopes
in ovarian cancer, but the functional consequences of these glycoforms are

unknown'?.

In contrast, no increase of sialyl-Le* haptoglobin glycoforms was
observed in sera from colon cancer patients, only a general increase of fucosylated

haptoglobin'®.

Interestingly, for some acute phase proteins (transferrin and oal-antitrypsin)
glycosylation is essentially unaffected in cancer with no increase in branching or sialyl-
Le* epitopes, suggesting that particular glycan modifications are relevant for the

function of individual glycoproteins in malignancy'®.

Inflammation associated glycans

In contrast to the puzzling functional roles of the cancer-associated glycosylation
changes discussed above, chronic inflammation associated glycans are well
understood. Upon activation, the immune cell glycome is altered to mediate critical
biological functions such as cell adhesion and trafficking, as well as receptor binding
and activation. For example, leukocyte migration into lymphoid organs or inflamed
tissues during an immune response requires glycan recognition of selectins. The
selectins bind sialylated and fucosylated epitopes such as sialyl-Le* and form a cell—cell
adhesion system that operates mainly between leukocytes and endothelial cells'*" ">
Thus, a general feature observed in any inflammatory response is an increased
expression of both selectins, glycoproteins that “carry” sialyl-Le* and the enzymes that
contribute to the synthesis of sialyl-Le"'*. Indeed, sialylation plays a crucial role in the
inflammatory response, e.g. mice deficient in the 02,3 sialyltransferase show
significantly impaired leukocyte adhesion and extravasation'*. Tt should also be noted
that certain glycans are highly inflammation specific, such as 6-sulpho-sLe*, which are
absent from non-inflamed endothelial tissues, but are generally expressed on the

endothelium of chronically inflamed tissues®.

Altered glycosylation of acute phase proteins are common in response to an
inflammatory stimulus. These changes are induced by specific inflammation-derived

cytokines that independently of their effects on the production of acute phase
37



proteins alter the expression of glycosyltransferases in the hepatocytes'”. Similar to
cancer increased branching of glycoproteins has been observed, as well as the

inflammation characteristic increase of sialyl-Le*'"’.

Specific glycoforms of glycoproteins have been linked to different inflammatory
conditions; heavily fucosylated al acid glycoprotein have been reported in patients

126

with rheumatoid arthritis and type 1 diabetes'*®, poorly galactosylated IgG is

associated with rheumatoid arthritis® and undergalactosylated IgA has been suggested

7. Transferrin with decreased sialylation, called

as the cause of IgA nephritis
carbohydrate deficient transferrin (CDT) is a biomarker for excessive alcohol intake,
routinely used to diagnose chronic alcoholism'”. In contrast to this and the reported
conserved glycosylations in cancer, increased sialylation of transferrin has been
observed in several chronic inflammatory conditions, such as rheumatoid arthritis and
ulcerative colitis'*®. This shows that glycosylation can change in opposite directions
depending on the disease. Inflammation related glycosylation changes of haptoglobin
have only been found in a few studies, mainly reporting a minor increase of
fucosylation, galactosylation and branching of this acute phase protein'®® 2 1%,
Finally, high fat diet induced type 2 diabetes (today considered to be an inflammatory
condition) is associated with reduced GIcNACT-IV expression and subsequent

reduced branching of N-linked glycans’.

Alterations in glycosylation as cancer biomarkers

It has been estimated that more than seven million people died of cancer in 2008
worldwide, making cancer the leading cause of death in economically developed

countries'?.

Population aging and growth, in combination with an unhealthier
lifestyle (physical inactivity and diet), this number will most likely increase over time.
To counter this, biomarkers for earlier and more specific diagnosis as well as
monitoring the effect of medication are required to increase the survival rate of those
afflicted with the disease’”. Cancer biomarkers are valued according to their
specificity and sensitivity, suiting them for different clinical roles. Sensitivity measures
the proportion of actual cancer positives which are correctly identified as such, while
specificity measures the proportion of cancer negatives which are correctly identified.

The most popular measure of biomarker discrimination is the receiver operating
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characteristic (ROC) curve, a plot of sensitivity vs. 1 — specificity. Accuracy is
measured as area under the curve (AUC) and can range from 0.5 (no predictive
ability) to 1 (perfect discrimination) where values being >0.90 are considered
excellent in the field'®. The desire of the cancer biomarker field is to develop simple
non-invasive tests that allow early cancer detection, are able to classify tumours (to be
able to select the appropriate therapy) and monitor disease progression, regression and
recurrence. However, none of the available biomarkers have been able to provide the

sensitivity and specificity needed for sufficient clinical impact'" '%.

Exploiting differences in glycosylation between malignant and healthy tissues will
most likely provide excellent opportunities to identify sensitive and specific cancer
biomarkers. Abnormal glycosylation in cancer has been observed from early stages
(proliferation), to late stages, i.e. invasion and metastasation. For example, increased
branching has been connected to prolonged cell surface residence time of growth
receptors’, promotion of cell detachment and increased motility'®>. Glycosylation
changes on glycoconjugates are mainly present on the surface of cancer cells, but are
also often expressed in the circulation, either on secreted products or by shedding
from cell surfaces (and therefore identifiable as serum biomarkers)'*. Roughly, the

circulation is considered to reflect the glycome of all tissues'*“.

As discussed earlier these serum biomarkers can be produced in some non-neoplastic
tissues and inflammatory conditions such as liver cirrhosis, nephrotic syndrome and
pancreatitis'”’. Consequently the glycosylation changes observed in cancer can be less
specific for screening purposes due to “clouding” inflammatory glyco-biomarkers.
Hence, a cancer-derived glycosylation change unbiased from inflammation would

yield a more specific and sensitive biomarker.
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Figure 6. Glycans in all stages of tumour progression. The progression from primary to

metastatic tumours is a multigenic and multistep process that involves proliferation (A),
detachment (B), cell invasion (C), migration, cell adhesion (D), and angiogenesis (E). These
steps are often associated with altered glycosylation of tumour-derived glycoproteins and
increased expression of selectins and galectins” '%. (A) Changes in the expression levels of
glycosyltransferases in the Golgi compartment of cancerous cells lead to altered glycan
structures of cell surface proteins and secreted glycoproteins. One of the most common
cancer- associated changes is an increased branching, represented here by a triantennary V-
glycan. Increased branching has been shown to cause growth receptor hyperactivation due to
an increased cell surface residence time resulting in increased cell proliferation’. Constitutive
endocytosis appears to be prevented by lattice formation following the binding of galectins to
these branched N-glycans, effectively trapping the glycoprotein receptors at the cell surface. In
addition, malignant cells release glycoproteins carrying disease-related glycan epitopes into the
extracellular matrix (ECM), where they can reach the circuladon. (B) Increased expression of
sialylated glycans has been shown to promote dissociation of tumour cells. (C) Tumour cells
secrete glycosidases to degrade ECM components as well as galectins, known to attract
macophages'*, which contribute further to the ECM breakdown. (D) Sialylated Lewis
structures form critical components of most natural ligands for selectins on activated
epithelium promoting tumour cell migration. (E) Several evidence support a pro-angiogenetic
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role for heparan sulphate’® galectin-1 and galectin-3'%% 1%,
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Today many of the most widely used clinical cancer biomarkers, such as
carcinoembryonic antigen (CEA), cancer antigen 15-3 (CA 15-3) and prostate-
specific antigen (PSA) are glycoproteins with increased serum levels in colon, ovarian

119

and prostate cancer, respectively'””. All of these, however, lack specificity and
sensitivity (AUC of about 0.75), two of the main criteria for a good biomarker. In
fact, for many cancers there are no serum markers available at all. Despite that the
glycan moieties of CEA, CA 15-3 and PSA change during oncogenesis they are
monitored solely based on protein levels. Capitalizing on the glycan alterations may
boost the clinical performance of these biomarkers significantly, increasing diagnostic

135,140 Based on the numerous distinct cancer-derived

sensitivity and specificity®
glycan structures discussed in the preceding chapter, one could imagine that these

coupled with a protein may serve as attractive biomarker candidates.

In general, two separate approaches have been applied to detect glycan biomarkers;
characterization of the entire genome of a tissue or body fluid or characterization of
glycans on a specific glycoprotein. Due to the dynamic nature and pleiotropic effects
of glycosylation, the broad “glycomic” overview might be beneficial. However,
studying glycans from a specific glycoprotein may provide functional information
important for the understanding of the pathogenesis of the disease®®. We are still far
from having the technologies to completely characterize the glycome of even a simple
cell. Hence, choosing the best suited approach to address the problem should be
based on which level of information is required, whether quantitative or qualitative

data are needed and how much material is available'.

Several technologies offer the possibility of analyzing tumours at the molecular level
without subjecting the patients to clinical interventions to obtain tumour tissue
(biopsy). The dynamic nature of the circulatory system and its constituents (serum
proteins) reflects diverse physiological or pathological states, and the ease with which
the blood can be sampled perhaps makes it the most logical choice for biomarker
purposes'”'. The main challenge of analyzing serum proteins is their wide abundance
range, which spans nine orders of magnitude. The tumour derived proteins are most
likely in the lower range of this spectrum, under the detection limit of the mass-
spectrometry detectors. Numerous tactics have been used to overcome these issues to
achieve an in depth analysis of low abundance plasma proteins as potential
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biomarkers"'. Essentially, these can be divided into three main approaches, of which

two involve glycan-lectin recognition, figure 7.
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Figure 7. Main approaches for in depth analysis of serum proteins. (1) A proteomic

approach is to subject serum proteins to extensive fractionation (by ion-exchange
chromatography and reversed-phase chromatography) before MS analysis of individual
fractions. (2) Serum samples labeled with fluorescent probes can be directly analyzed with
lectin or glycan specific antibody microarrays to provide global information about the types of
glycan epitopes present. (3) The third approach (highlighted in red) first selects a subgroup of
glycoproteins for detailed analysis using lectin affinity chromatography. These can be used
singly, in serial combinations, or as mixtures of lectins depending on which information is
required. Fractionated glycoproteins are commonly denaturated and subjected to trypsin
digestion before enzymatic release of glycans using an amidase. Profiling of released glycans
can be performed either by high-performance liquid chromatography (HPLC) or capillary
electrophoresis (CE) after labeling with fluorescent probes, or by different MS

methodologies'!.

All these methods have weaknesses; the proteomic approach completely disregards the
glycans and subsequently fails to provide biomarkers with high sensitivity and
specificity. The high-throughput lectin/antibody microarray neither delivers any

detailed structural information nor provides information about the core protein'*.
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Lectin enrichment followed by analysis of released glycans probably suffers the least
drawbacks, and these are mostly due to the multiple steps involved. Given the wide
concentration range of serum proteins, lectin affinity chromatography is usually used
prior to analysis for depletion of abundant proteins (or concentration of low
abundant proteins). Recently, Zeilinska e a/ showed that using lectin enrichment
prior to MS analysis increased the proportion of detected glycans with a factor of
about 100"%. As a result of advances in determining the specificities of many
lectins'®, this step may also provide additional information about glycan structure,
e.g. linkage. Indeed, by using a combination of plant lectins that selectively enrich
sialic-acid-containing glycoproteins from cancer patients, Zhao ez al/ gained
information about the abundance of specific glycoproteins and the glycosylation state
of these, including the linkage of the sialic acids'“. Because of easy isolation and
commercial availability, plant-derived lectins have been the basic choice for glycomic
analysis. These, however, suffer from multiple disadvantages including varying
activity and availability as well as autoreactivity since most plant lectins are
glycoproteins themselves’. In addition, despite that plant lectins recognize animal
glycans with high specificity (e.g. ricin as discussed in the next chapter) these
interactions are not physiologically relevant since they only occur under particular
circumstances (e.g. poisoning)'®. Hence, the use of plant lectin specificity to find
endogenous glycoprotein ligands for human lectins is an indirect method and involves
several assumptions'. Only a few studies have used recombinant human lectin
affinity columns to detect natural ligands in serum followed by glycan analysis'*® %/
and only one has been used to identify a cancer biomarker linked to a cellular

function'®.

After glycoprotein enrichment, different approaches are required for the release of /V-
and O-glycans. Intact N-glycans can be released from glycoproteins with peptide N-
glycosidase F (PNGase F) or endoglycosidase D (endo D), while endo H selectively
cleaves high mannose and hybrid type structures. Up to now, only one specific O-
glycanase, active against the Core 1 glycan structure has been described'*®, which
made chemical methods such as alkaline B elimination (despite striking limitations
due to the high pH required), the preferred choice for O-glycan cleavage. Another
chemical method, hydrazinolysis, is currently the best method for generating O-
glycans with high yield and has therefore been widely adopted.
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The sequential analysis of released glycans with HPLC, CE or MS all have
limitations. HPLC suffers from unstable baselines, loss of sensitivity and high salt
concentrations. EC requires chemical modifications of glycans, while MS primarily

28 141 Despite its problems,

lack the sensitivity and quantitative power of the others
MS is considered to be the key technique for future glycomic studies and recently a
number of improvements have been made to overcome some of the issues'®’. The use
of a separation technique such as HPLC prior to MS analysis significantly improves
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sensitivity'** and other strategies have been developed to yield improved

quantitative data'".

Based on the methods described in the previous paragraph, several promising glycan
cancer biomarkers have been detected. To date most of the focus is on the mucins,
owing to their high expression in carcinomas and for their proposed contribution to
the biological properties of tumours. They also function as scaffolds for most of the
above-listed  cancer-associated  epitopes. Mucins are  overexpressed and
underglycosylated in most cancers and several diagnostic target glycan epitopes are
present on the core protein such as CA 19-9 and CA 125 as well as the previously
mentioned CA 15-3"% Beside their role as diagnostic biomarkers they appear to have
important pathophysiological roles in cancer progression. Detection of these
“functional biomarkers” may therefore not only be valuable for the diagnosis but may
also be used to develop glycan-based therapies in future cancer treatment. Likewise,
one cancer-associated underglycosylated mucin has been used for noninvasive imaging

of breast cancer, monitoring the course of the disease'™’.

Using the immunogenic response towards aberrantly glycosylated mucin epitopes has
great potential as biomarkers for early detection of cancer. Autoantibodies to aberrant
O-glycopeptide mucin epitopes have been detected in breast, ovarian and prostate
patients, while having very low prevalence in healthy controls'”. As previously noted,
cancer marker levels may be increased due to various secondary factors, such as
inflammation. For example, CA 15-3 levels increase in chronic active hepatitis and
132

liver cirrhosis Detecting autoantibodies directed against cancer-associated

glycopeptide epitopes may circumvent such effects, since these are essentially absent

in sera from inflammatory bowel disease (IBD) patients'**.
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Beside the mucins, several other glycoproteins carrying aberrant glycosylations have
been suggested as promising biomarkers. A change of haptoglobin glycosylation was
first discovered 20 years ago in ovarian cancer and has been shown to be a potential
biomarker for other cancer types'. Fucosylated haptoglobin has been suggested as a
novel marker for pancreatic cancer® and an enhanced branching and fucosylation of
haptoglobin has been associated with prostate'” and lung cancer®. Just measuring
total serum haptoglobin has proven to be a slightly better prognostic marker for
hepatocellular carcinoma (HCC), than Alpha-fetoprotein (AFP), the currently best
available serum marker'”. The main disadvantage with using haptoglobin as a cancer
biomarker, is that in addition to various malignant diseases, elevated serum levels of
this protein can be observed in infection and acute inflammation'*> '®*. In addition,
many of the known cancer-derived haptoglobin glycoforms have been detected in
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chronic inflammatory conditions'”. Nevertheless, distinct haptoglobin glycoforms

unbiased of benign causes have recently been detected in serum from metastatic breast
cancer patients and thus provide an interesting novel cancer biomarker candidate'®'.
PSA has been used for the diagnosis of prostate cancer and monitoring patient
response to treatment for approximately 20 years. However, elevated levels can also be
caused by benign prostate diseases and therefore PSA detection can be unspecific and
unreliable resulting in false positives. Indeed, in ROC curves, the AUC for the PSA
test scored only 0.76'®. Recently, a number of studies have successfully focused on

PSA glycosylation changes as an indicator of prostate cancer to improve diagnostics'®.

Analyzing N-glycans of the total serum glycoproteins have also been highly fruitful.
The cancer-associated increase in sialyl-Le* has been shown to be a better indicator of
metastasis and breast cancer progression in individual patients than CA 15-3, the
most commonly used marker for breast cancer'®” 'Y, By analyzing the entire serum
glycomes from 100 lung cancer patients and comparing it to 84 age-matched
controls, Arnold e a/ found several potential disease markers. The combination of all
these glyco-biomarkers gave the best AUC, a remarkable 0.938, unbiased of

smoking'*®.
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Reading the Code

Owing to their structural richness, glycans could be as versatile as the protein
backbone that carries them. Nature seems to have taken full advantage of its
enormous selection of glycan structures expressed in organisms by evolving an array of
specialized proteins that recognize discrete glycan structures deciphering their
physiological or pathological message. Specific biological roles of glycans are mediated
via recognition of glycan binding proteins. Lectins (from Latin leczus, the past tense of
legere, to select or choose) are glycan binding proteins other than enzymes or
antibodies'®. Nevertheless, interaction of lectins with particular carbohydrates can be
as specific as the interaction between those of antigen and antibody or substrate and
enzyme'® and is generated by their carbohydrate recognition domain (CRD). The
lectin binding affinities for small carbohydrates are often relatively low, with a Ky in
the range of 1000-100 pM, which is too weak to be biologically relevant. Biology may
compensate for this low avidity, by multivalent interactions'®’. However, there are
some notable exceptions in which most of the binding affinity is provided by a single

CRD and the multimerization has more of a functional role'®®.

From their discovery in plants in the end of the 19" century, as proteins with the
ability to agglutinate erythrocytes, lectins have been found in all living organisms
studied'®. There is no single universal accepted classification of these, but using
structural and evolutionary sequence similarities some generally agreed upon names
have emerged’. Simplified, microbial lectins can be classified into a separate family

»

which includes the well-studied influenza virus hemagglutinin (The “H” in the virus
nomenclature) which binds to sialic acid-containing glycans on target epithelial cells
of the host. The specificity of the interaction with the sialic acid capped glycan
structure varies significantly between different subtypes of the virus, e.g. human or
avian strains'”’, hence determining the host tropism of the virus as discussed in the

previous section.
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Eukaryote lectin classification is not straightforward, mostly due to the fact that they
++)l7l

have been classified based either on what they bind; ions (Ca**)'”', phosphorylated

residues'’?

or glycan structures (B-galactoside)'”’; where they are primarily found
(leguminous plants or R. communis seeds)'’*; or if they are related to other protein
families (immunoglobulin superfamily)'””. From this classification six major families
of animal lectins emerge, i.e. C-type lectins, I-type lectins, P-type lectins, R-type

lectins, L-type lectins and galectins (first classified as S-type lectins).

The classification of C-type lectins is based on its CRD architecture and its Ca*
dependent glycan binding. The unique compact globular structure of the C-type
lectin CRD is also found in proteins that do not bind carbohydrates. There are at
least 17 subgroups of C-type lectins, distinguished by their CRD structures'”".
Selectins are most likely the best characterized of these due to their well-studied role
in tethering and subsequent rolling of leukocyte from the blood stream into sites of
inflammation and lymphatic tissues, probably by high affinity binding to fucosylated
core 2 O-glycans containing a sulphated sialyl Lewis X determinant on leukocyte
glycoproteins'”.  Other members of the family also have well established functions
within the immune system such as DC-SIGN, collectins and NK receptors'”'. In
addition, a novel class of C-type lectins has displayed antibacterial activity that targets
primarily Gram positive bacteria, revealing a primitive mechanism of lectin-mediated

innate immunity'’°.

L-type lectins were first discovered in the seeds of leguminous plants in which they are
primarily found. Some structural motifs of these have also been found in eukaryotic
organisms such as pentraxins, a superfamily of plasma proteins in innate immunity,

such as the frequently used biomarker C-reactive protein (CRP)'”’.

There are only two members of the P-#ype lectin family; cation-dependent mannose 6-
phosphate receptor (CD-MPR) and the insulin-like growth factor II/mannose 6-
phosphate receptor (IGF-II/MPR). They are distinguished by their ability to
recognize phosphorylated mannose residues mainly found in a family of mannose-6-
phosphate-bearing N-glycans. The predominant role of P-type lectins are as receptors
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for lysosomal enzyme trafficking'”>. Disruption of this pathway, either by a deficiency
in mannose-6-phosphate signal generation or a lack of the two P-type lectin receptors,
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results in a failure of intracellular degradation as seen in patients with the I-cell

disease®.

The first R-type lectin, ricin, was found as a hemagglutinating protein in the seed
extracts of the poisonous plant Ricinus communis (castor bean)'. Beside its
agglutinating properties it is widely known as an extremely potent toxin; less than 0.3
mg is considered a lethal dose for humans depending on the mode of exposure. Ricin
preferentially binds B-linked galactose and enters cells via binding to cell surface
glycans terminating in the sequence Galf1-4GIcNAc-R (terminal LacNAc). Inside
the cytoplasm, ricin effectively blocks ribosome function and subsequent protein
synthesis'®. Membership in the R-type lectin family requires structural and sequential
similarities to the ricin-type CRD. This lectin fold is found in several vertebrate and
invertebrate proteins, such as glycosidases and hydrolases. The fact that the ricin-type
CRD is the only one conserved between animal and bacterial lectins suggests an early
origin for these domains'’®. In animals, the R-type lectin domain is mainly found in
the mannose receptor family important for phagocytosis of mannose rich bacteria,
leukocyte trafficking to the germinal center and antigen presentation, and in
ppGalNACTs involved in the O-glycans biosynthesis discussed earlier. The slightly
different acceptor specificity of the lectin domains found between ppGalNAcTs most

likely contributes to the large variety of O-linked glycoconjugates'”.

All I-type lectins contain an immunoglobulin-like fold with non-antibody glycan-
binding properties. The family can be divided into two main groups, sometimes
referred to as Siglecs (sialic acid-binding, immunoglobulin like lectin) and “others™'*.
Of these the Siglecs are undoubtedly the best characterized I-type lectins, all being
integral membrane proteins with an amino terminal V-set domain that binds sialic
acid. In contrast to other sialic acid binding lectins, such as the selectins, sialic acid
glycan moieties are an absolute requirement for Siglec binding. The Siglecs can be
further divided into two subgroups, based on sequence similarity and evolutionary
conservation between mammalian species: the conserved Siglecs and human CD33-

related Siglecs'®'.

The conserved Siglecs includes sialoadhesin, CD22; myelin-
associated protein (MAG) and Siglec-15 and have clear orthologues in all mammals.
Of these CD22 is the most well studied and has been found to be a strong negative

regulator of B-cell signaling. This is due to a complex interplay between CD22, its
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sialylated ligands and the B-cell receptor'®. In addition, CD22 is evolutionary
interesting due to its equally strong preference for Neu5Aca2—6Gal and Neu5Gceo2—
6Gal structures in humans and in apes, while murine CD22 prefers Neu5Gca2—-6Gal

suggesting that this adaption occurred before the human specific loss of Neu5Gcea®.

In contrast to the conserved Siglecs, the human CD33 related Siglecs have evolved
rapidly making it difficult to define orthologues between species. Predominantly
expressed on immune cells, the CD33 related Siglecs regulate the immune response,
e.g. by down-regulating leukocyte activity. Notably, human T-cells lack CD33 related
Siglecs on their surfaces, while our closest ancestors, the chimpanzees express
considerable numbers of CD33 related Siglecs on their T-cell surfaces. These Siglecs
were particularly abundant on chimpanzee CD4" T-cells. These T-cells are involved
in the pathology of many human diseases, including AIDS, inflammatory bowel
disease, rheumatoid arthritis and type 1 diabetes'®’. Remarkably, neither of these
diseases have been reported in chimpanzees. Hence, lack of CD33-related Siglec
expression in humans may contribute to CD4 T-cell hyperactivity in these

disorders'®.

49



Galectins

In 1852 Charcot and Robins observed small crystals in the blood and spleen of a
leukemia patient and 19 years later Ernst Viktor von Leyden found similar crystals in
the mucus secretion from a patient suffering from bronchial asthma. Leyden
described them as follows: “Amidst this just described graft we found a large number
of very delicate soft crystals with a colorless gloss and with uninterrupted point
shaped ends creating an octahedron” (translated from Leyden'®). Similar crystals,
termed Charcot-Leyden crystals, were later discovered in both malignant and
inflammatory conditions and their origin was tracked to the cytoplasm of eosinophils
and basophils'®. Cloning of the Charcot-Leyden crystal revealed a polypeptide of
16.5 kDa with 142 amino acids similar to members of a superfamily of S-type lactose

and IgE-binding animal lectins'®.

The first member of this family was a lactose-inhibited hemagglutinin termed
electrolectin, isolated from the extracts of the electronic organ of the eel'™. The
following years, numerous of structurally related lectins were discovered in
vertebrates, forming a distinct group of animal lectins. All members in this group
share some essential properties: affinity for B-galactosides, one or more free cysteines,
extra- and intracellular localization (despite lacking a classical signal peptide for
secretion) and soluble in the absence of detergents. These were referred to as S-type
lectins to stress their sulphohydryl dependency, since they all required the presence of
B-mercaptoethanol to maintain activity (reducing conditions)'®. When a number of
structurally related lectins with affinity for B-galactosides that did not require reduced

conditions were identified, such as a ~30 kDa IgE binding protein'®’

the term S-type
lectin seemed obsolete and confusing. To simplify classification the main co-workers
in the field agreed on the general term galectin. They stated that: “Membership in the
galectin family requires fulfillment of two criteria: affinity for B-galactosides and

significant sequence similarity in the carbohydrate binding site, the relevant amino
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acid residues of which have been identified by X-ray crystallography (Lobsanov ez 4L,
1993)173,

Galectins form a moderate sized protein family of 15 mammalian members (named
galectin-1 to -15) not counting a few galectin like proteins that share the sequence
similarity but lacks the PB-galactoside binding activity. They are an evolutionary
conserved and ubiquitous group of lectins represented in most animal taxa examined
so far, even in plants and fungi' "”'. While the majority of galectins have orthologues
in most mammalian species, galectin-5 has only been found in rat, galectin-6 only in

mouse and galectin-15 only in sheep'”

. The galectin family can further be classified
based on structural features in the presentation of their CRD, figure 8. A majority of
galectins contain one CRD (mono-CRD type or prototype), while some others
contain two distinct CRDs connected by a short linker region (bi-CRD type or
tandem repeat type). Galectin-3 is the sole mammalian chimera type galectin, with
two separate domains consisting of one CRD and one non-CRD N-terminal peptide.
This classification was established a year before the term “galectin® was introduced
and therefore based on very few proteins'®? and may be passé as discussed in Leffler ez
al”'. Hence, for clarity, galectins will further on be described as having one or two
CRDs (mono-CRD or bi-CRD). Since most galectins act as multivalent lectins, the
mono-CRD galectins exist in a dimerized form. This makes them very well suited for
cross-linking of ligands and a number of the functional roles of galectins have been
attributed to their ability to cross-link glycoprotein receptors at the cell surface,

forming lattices that enhance residence time at the cell surface'”.
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Prototype Chimera type Tandem repeat type
Galectin-1, -2, -5, -7, Galectin-3 Galectin-4, -6, -8, -9, -12
-10, -13, -14, -15

Figure 8. Classification of galectins.

As illustrated by Leffler ez a/, using the term “galectin” to search the PubMed gave
over 1150 hits in 2004"'. Today the same search gives over 3500 hits, so it is a

rapidly growing field of research. In these publications, galectins have been assigned

194, 195 196

important regulatory functions in immunity , inflammation'® and cancer''.

197

Galectins are found intracellularly in the nucleus and cytoplasm'’ but are also

secreted through a nonclassical mechanism that is not well understood'”®. Given this

widespread localization, multiple functions have been assigned to this protein family

7 to anti-bacterial activity'’. Some galectins are widely expressed

) 199-201

from RNA splicing
and are distributed in a variety of tissues (e.g. galectin-1, -3 and -8 , while others
are more specific (e.g. galectin-7 in the skin and galectin-12 in adipose tissue)'”.
Malignant transformation is often accompanied with altered galectin expression,
usually overexpression’”, but in some cases when normal cells do express high levels
of selected galectins, these are downregulated when those cells become cancerous'”.
Increased concentrations of circulating galectins have also been found in several types
of cancer. It is however unclear if this is functionally relevant since the concentrations

seem relatively low, <InM?* 2% (except for galectin-1 in one study®®).

The crystal structure of galectin-2 solved by Lobsanov et a/ showed that the galectin
conserved CRDs consist of about 130 amino acids, arranged in two anti-parallel -

sheets (F1-5 and S1-6). The two sheets are slightly bent with the F-sheet forming
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the convex side and the S-sheet the concave side. The concave side forms the binding
groove which is long enough to accommodate a linear tetrasaccharide and may
therefore be divided into four subsites A-D'"??. Site C is the defining B-galactoside
binding site made up of approximately six conserved amino acids (with some
exceptions, e.g. human galectin-4C has an arginine replaced by a lysine not found in
other galectins or species). Elongation with a Glc (to form a LacNAc) into site D may

d?® 29 Sjte D is the second most conserved site but

enhance affinity hundred-fol
nonetheless a source to the variation in binding specificity between galectins. For
example, galectin-1 and -3 prefer LacNAc (GalBf1-4GlcNAc) over lactose (GalP1-

212

4Glc)?2"" while galectin-8 displays the opposite profile*”.

In addition to interactions in site D, further elongation (site B and A) with
substitutions at positions 2 and 3 of the Gal are tolerated or favored in different ways
by different galectins, giving each its unique fine specificity for longer saccharides®” *'®
213214 For example, substitution at the 3 position of Gal with a GalNAca(Fucal-2)
significantly improves binding by galectin-3, while binding to galectin-1 is reduced*"?,
and galectin-8 demonstrate particularly high affinity if the B-galactoside is 2-3-
sialylated as found in the common O-glycan structure NeuAco2-3Galf1-4GalNAc*'>
214, Several biological functions of galectins seem to be determined or tuned by their
fine specificity’'® *"°, while others seem to depend on a broader binding specificity*'*.
Equally important is that substitutions at the 4 and 6 position, such as 02—6-linked
sialic acid of Gal, prevent binding to all galectins®* and has been suggested as an “off
switch” for galectin function®. Indeed, a2-6-sialylation protected human and mouse
T2 cells from galectin-1 induced apoptosis resulting in hyper-Tx1 and hyper-T117

responses®’.

Given the broad expression and unique specificities of this lectin family, the spectrum
of potential binding partners (e.g. glycoproteins) presumably is equally extensive and
specific. This suggests different preferences for certain natural ligands of galectins, not
only of individual glycoproteins, but also different glycoforms of these. This selective
recognition may be a way of regulating glycoproteins, as proposed in several studies”
7610519 "and could explain why galectins display such divergent functions. The next
section will aim to summarize the link between the specificity, natural ligands and
biological function of galectin-1, -3 and -8.
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Galectin-1

Human galectin-1 (14kDa) exists as a homodimer in solution and most of the
biological activities of galectin-1 require the dimeric form?'. The dimerization is
however not required for enhancing its binding affinity, but more likely permits

cross-linking important for biological function'®.

The galectin-1 CRD prefers glycans with terminal LacNAc residues with or without
sialic acid at the 3-position”?, but this binding is relatively weak compared to
galectin-3*'"". For higher affinity, divalent binding to two glycans at the same time has
been proposed?'®. However, a recent study argued against this by showing that
galectin-1 interaction with ligands are mainly monovalent'®® and therefore, additional
interactions with adjacent glycans and/or neighboring parts of the protein are
presumably required for high-affinity galectin-1 binding. Modifications of the glycan
itself, e.g. capping with 2-3 linked sialic acid, could be an explanation, but the

presence of terminal a2-3NeuAc seems only to be tolerated by galectin-1 and not

106 213,217

required for binding to serum glycoproteins'® or cell surfaces
As mentioned in the previous section, galectin-1 and -3 share some binding features,
but differ in others (such as preference for extensions of Gal with GalNAco or
GIcNACP in site B). This is reflected in their binding to natural ligands, e.g. galectin-
3 binds a considerable fraction and wide range of serum glycoproteins, while galectin-
1 (despite being the most abundant of all galectins in serum””) binds a smaller
fraction of a more limited set of glycoproteins®®. In addition, galectin-1 shows
3

limited affinity towards blood group determinants®”’ signified by that it fails to

recognize blood group antigens expressed on E.coli"®. While early studies suggested
that galectin-1 mainly binds glycoproteins carrying LacNAc repeats (poly(LacNAc))*"
it is apparent that most of the binding of galectin-1 to serum glycoproteins is not
mediated by poly(LacNAc). Instead, galectin-1 binding of serum glycoproteins
requires increased proportion of branched N-glycans (as found on e.g. tumour-

derived glycoproteins) lacking terminal 2-6 linked sialic acid'®.
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The fine specificity of galectin-1 shapes its biological functions giving it some unique

features in regulation of immunity and tumour progression'" % 19

. In general,
galectin-1 is established as a negative regulator of both innate and adaptive immune
responses. Early studies showed that galectin-1 is able to induce T-cell death, with
CD4S5 as a potential ligand for this effect™. This was later found to be a characteristic
of several galectins, including galectin-3"*' and -8**2. At first, it was suggested that
galectin-3 and galectin-1 kill T-cells by binding to the same cell surface glycoproteins,
since both of them bind CD29, CD43 and CD45. However, the subtle differences in
specificity were later found to dictate how the different galectins can interact with
glycosylated receptors on the cell surface. Whereas galectin-1 induced T-cell death
requires CD7, galectin-3 does not bind CD7 nor require CD7 to trigger T-cell death.
Moreover, CD45 is not required for galectin-1-induced death, while it appears to be
required for galectin-3-induced death®”. In an elegant study, Toscano ez a/ revealed
that galectin-1, but not galectin-3 selectively induces apoptosis in proinflammatory
Tul and Tul7 cell subsets but not in Tu2 cells. This “hyper-Tul” response in
galectin-1 null mice was associated with greater susceptibility to autoimmune
disease”’. Accordingly, galectin-1 has demonstrated a protective role by shifting the

> as well as

Tu-cell balance in both type 1 diabetes? and autoimmune retinal disease?
in fetomaternal tolerance?. In contrast to the well-studied role for galectin-1 in the
adaptive immune response, the potential effects on the innate immune response have
only been moderately examined. In general, galectin-1 has been suggested as an anti-
inflammatory regulator of macrophage activation, either by promoting alternative

activation of macrophages (M2) or by “deactivating” inflammatory macrophages
(M1)227.

There is a distinctive high abundance of galectin-1 in privileged immune sites, such as
the brain, placenta and the reproductive organs and growing evidence shows that
galectin-1 expression is correlated with aggressive phenotypes in many types of

195228 29 " This suggests that galectin-1’s role as negative regulator of

tumours
immunity may provide an immune escape mechanism for cancer cells, in which
tumour-derived galectin-1 might trigger the death of infiltrating tumour targeting T-
cells and protect these sites from antitumour immune responses. In fact, blocking of
galectin-1 promotes tumour rejection, presumably by shifting the balance in favor of

an efficient T-cell-mediated antitumor immune response**. In addition, galectin-1
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participate in tumour transformation by binding oncogenic H-Ras resulting in Ras

1

membrane anchorage™' and in cancer cell invasion and metastasis by interactions

with a number of ECM components including laminin, fibronectin, vitronectin and

2

integrins™”. Galectin-1 has also been shown to facilitate tumour metastasis by

mediating cell-cell interactions such as the interaction between cancer and endothelial

cells???

. Another important role of galectin-1 in cancer progression is in the tumour
vasculature during cancer progression. Galectin-1 is upregulated in angiogenically
active endothelial cells and galectin-1-null mice reveal inhibited tumour growth due
to decreased angiogenic activity and do not respond to galectin-1 targeted anti-

angiogenesis therapy!'?® 234,

Galectin-3

The structure of galectin-3 (29kDa) seems to be unique among all vertebrate galectins
(but common in invertebrates), consisting of a single polypeptide chain that forms
two structurally distinct domains: one uncharacteristic N-terminal domain lacking

carbohydrate-binding activity and a C-terminal CRD"".

Galectin-3 has been revealed to have a remarkable multifaceted fine specificity.
Similar to galectin-1 it prefers Galp1-4GlcNAc over Galf1-4Glc and does not bind
GalB1-3GalNAc (T-antigen) but in contrast to galectin-1 it also accepts GalP1-
3GlcNAc in sites C-D*' *!°. Several additions on the 3 position of the galactose are
tolerated or may enhance its affinity. Extension with GIcNAcP and 2-3aNeuAc are
tolerated while extensions with GalNAca and Gala (as found in blood group
antigens) increase binding affinities significantly”'’. For example, galectin-3 showed
specificity for human blood group A and B antigens expressed on E.coli but in
contrast to galectin-4 and -8 it did not affect the viability of the bacteria'’. Unlike
galectin-1, which requires the terminal LacNAc for poly(LacNAc) recognition,
galectin-3 shows a preference for internal poly(LacNAc), probably due to its tolerance
for GIcNACcP extensions®. This may also explain the protective role of terminal 02-6-
sialylation on Th2 cells from galectin-1 but not from galectin-3 induced cell death®’.

Commonly, binding to poly(LacNAc) has been proposed to be involved in galectin-3-

56



mediated modulation of intracellular trafficking'’, surface retention of growth

9, 104 210

receptors , immune r(::cogjrnitionz?’5 and neutrophil activation®'”. However, as seen
for several serum glycoproteins, galectin-3 does not require poly(LacNAc) for high

affinity binding (K4<5uM)*'®.

Numerous of natural ligands for galectin-3 have been identified. These are
structurally and functionally very diverse and include cytoplasmic proteins, cell
surface glycoproteins, glycosylated components of extracellular matrix, and serum

00, 218

glycoproteins® Binding of cell surface glycoproteins commonly involves

recognition of poly(LacNAc) structures'®> °

. For example, galectin-3 binds cell
surface LAMP-1 and -2, perhaps the most densely N-glycosylated cellular protein and
major carriers of poly(LacNAc) antennae™®. These are, however, unlikely binding
sites for serum glycoproteins since poly(LacNAc) has not been reported among
human serum N-glycans®’. Among mature serum glycoproteins, complex, highly
branched N-glycans are most abundant’” and these are potentially suitable galectin-3
ligands with the reservation that they carry at least one available LacNAc residue (free
or 2-3 sialylated)®'® *'®. Statistically, at least one such structure is present on 0-2-
macroglobulin and accordingly all bound galectin-3 when subjected to affinity
chromatography. Galectin-3 also binds less glycosylated proteins e.g. a small fraction
(~5%) of transferrin carrying partially sialylated bi- and triantennary glycans®'®. While
this galectin predominantly binds serum glycoproteins known to carry N-glycans,
binding of O-glycans can’t be ruled out®®. Most O-linked glycans found on serum
proteins are poor galectin-3 ligands, such as the common core 1 structures Galp1-
3GalNAc (T-antigen) and NeuAco2-3Galp1-3GalNAC*”. For example, galectin-3
binds only traces of IgA known to carry O-glycans predominantly containing these
epitopes. Despite this, galectin-3 has been shown to bind the heavily O-glycosylated
mucin MUCI, an interaction mediated largely via binding to the T-antigen®®. In
fact, for galectin-3-dependent apical sorting, O- and not N-glycans seem to play a key
role and it is speculated that the sterical arrangement of the O-glycan is critical for the

binding affinity of galectin-3*.

The multifaceted specificity of galectin-3 may reflect its different properties for
different cell types and/or cell compartments. The preference for LacNAc over lactose
seems to be a universal galectin-3 binding feature since it is required for binding to
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serum glycoproteins®'®, activation of neutrophils, intracellular targeting into vesicles*'

10.239 T addition, extra numbers and levels of

and apical targeting of glycoproteins
branching increase the probability for galectin-3 binding (similar to galectin-1)'%.
Additional branching is as discussed above considered to be a trademark of cancer
progression. Lau ez a/ showed that the metabolic flux of the donor substrate, UDP-
GlcNAc elicits increased branching of EGFR and TCR N-glycans and can therefore
serve as regulator of the strength of the association with the galectin-3 lattice and thus

105

a modulator of the choice between growth and arrest Similarly, shortage in

branched N-glycans (Mgat5") reduces galectin-3 cross-linking which in turn cause

receptor internalization and reduces downstream EGFR and TCR signaling” **°.

In addition to the growth promoting properties described above, galectin-3 has
important roles during different steps of tumorigenic processes. Similar to galectin-1,
galectin-3 interacts with oncogenic activated Ras and promotes strong K-Ras
activation that downstream regulates the gene expression at the transcriptional level.
Activated Ras is capable of preventing apoptosis and this may explain the anti-
apoptotic activity of galectin-3. Indeed, both Ras activation and anti-apoptotic ability
was abrogated by a point mutation in the galectin-3 CRD*" ?*2. Further support for a
tumour promoting role for galectin-3 is that breast cancer cells transfected with
43

antisense galectin-3 cDNA show significantly decreased cell proliferation**® and

treatment with truncated galectin-3 (galectin-3C) inhibits tumour growth and

metastasis iz vivo**

. Moreover, galectin-3 has been found to bind and regulate B-
catenin in a carbohydrate dependent manner subsequently affecting downstream

oncogenic signaling events*®.

In vitro, galectin-3 controls the inflammatory responses by modulating cell adhesion,
migration and activation of various innate immune cells. Galectin-3 has been shown
to promote neutrophil adhesion to laminin, a mechanism which might have

implications in pathological processes such as metastasis**

. Additionally, galectin-3
promotes neutrophil activation most likely through binding of receptors containing
LacNAc repeats (poly(LacNAc))*'. Studies of galectin-3 null mice suggest a pro-
inflammatory role for this galectin iz vivo. Upon immune challenge, these mice
revealed fewer and less activated recruited immune cells*”. Furthermore, in a mouse
model of asthma, the null mice also developed less severe allergic airway inflammation
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and airwa hyper-responsiveness compared to wild-type mice?.
y Y P P

Contradictory, intranasal administration of plasmids carrying galectin-3 in a murine
model of chronic allergic asthma, led to an early complete blockade of antibody

responses, airway hyper-responsiveness, and remodeling®®.

It has been known for 30 years that macrophages express galectin-3*" and today it is
acknowledged as being one of the top five most abundant proteins in macrophages
(FO. Martinez, personal communication). Consequently, there are large amounts of
information on the function of galectin-3 in macrophages e.g. in phagocytosis,
chemotaxis and protection against apoptosis®”’. Galectin-3 expression is significantly
higher in alternatively activated macrophages (M2) than in the classically activated

)251

macrophages (M1)*' and may have an important role in regulating this polarization.

Evidently galectin-3 drives M2-polarization, since macrophages upon gene disruption
of galectin-3 fail to become alternatively activated, both in vitro and in vive®™.
Consistently, galectin-3 null mice have a reduced fibrotic phenotype probably as a

consequence of reduced numbers of pro-fibrotic M2 macrophages®”.

Galectin-8

Galectin-8 (34kDa) belongs to the bi-CRD galectins (or tandem repeat type) and was
first isolated from a rat liver cDNA library screened with an antibody against insulin

receptor substrate-1 (IRS-1)%*

. Since galectin-8 bears no sequence similarity either to
IRS-1 or to the peptide used as immunogen, this interaction was probably caused by
an undefined recognition; e.g. binding of galectin-8 to the IgG, as rabbit IgG
contains O-glycans to which galectin-8 may bind with high affinity” (author’s own
speculation). The two galectin-8 CRDs show 38% sequence similarity to each other
and hence are as different from each other as they are from other members of the
lectin family'”'. Undeniably, this sequence dissimilarity is reflected in their
specificity. The N-terminal CRD of galectin-8 (galectin-8N) has a particularly high
affinity if the P-galactoside is 2-3-sialylated, which is a unique feature among
galectins. In contrast to galectin-1 and -3, the preferred sialylated B-galactosides are
GalPB1-4Glc, GalB1-3GlcNAc or Galf1-3GalNAc and not GalB1-4GIcNAc. The
strong affinity for 2-3-sialylated galactosides is not shared by the C-terminal of
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galectin-8 (galectin-8C) which generally displays weaker affinities towards most
glycans, but with a slight preference for Galp1-3(Fucal-2)GalB1-3/4GlcNAc (blood
group A determinant)”'?. This comparatively weak affinity for blood group antigens is
however relevant when it comes to immune recognition. Whereas galectin-8C
independently recognized blood group antigens and killed £. co/7, galectin-8N failed
to bind these blood group antigens and was consequently also unsuccessful in killing

the bacteria®.

The unique specificity of the N-terminal appears necessary for binding of serum

26 °7 as well as for proper intracellular targeting*'®, but not

glycoproteins®™® and integrins®
for binding to cell surfaces or activation of neutrophils*'>. The galectin-8N preference
for Galp1-3GalNAc over Galp1-4GlcNAc suggests that it favors O- over N-linked
glycans. Accordingly galectin-8 binds approximately 50 percent of all IgA (carrying
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mainly O-glycans) in serum from healthy individuals”®. In addition, galectin-8

specifically interacts with CD44 (not known to bind any other galectin) which carries

a number of O-glycans®®

. Undeniably, galectin-8 binds a slightly different spectra of
serum glycoproteins compared to galectin-1 and -3 and BAL-fluid glycoproteins
compared to galectin-3*'* **°. Unlike galectin-3, galectin-8 does not bind significant
amounts of serum transferrin and in contrast to galectin-1, binds IgA instead of IgM.

Similar to galectin-1 and -3, galectin-8 binds haptoglobin containing mostly N-
260

glycans but also suggested to carry at least one O-glycan®®. The presence of an O-

glycan would explain the observed variation of the galectin-1/-8 haptoglobin binding

11 Nevertheless, galectin-8 also

patterns in different directions with different diseases
binds the highly N-glycosylated o-2-macroglobulin not known to carry any O-
glycans. This could be explained by binding of 2-3-sialylated galactosides on one of
the antennae in a fraction of tri- or tetra-antennary N-glycans in serum (a known but

less common feature in normal human serum N-glycans)®’.

Like other galectins, galectin-8 exhibit immunoregulatory functions such as

8 and

modulation of immune cell adhesion, migration261, growthm, apoptosis’
pathogen recognition'”. Galectin-8 has been shown to bind several members of the
main cell adhesion molecules, the integrins, with both inhibitory and stimulatory
effects on cell adhesion. Galectin-8 seems to selectively interact with subgroups of B1

integrins while it interacts to a very limited extent with B3 integrins. Addition of
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galectin-8 in the presence of serum was shown to inhibit adhesion of human
carcinoma cells to plates coated with integrin ligands. Galectin-8 also induced
apoptosis in these cells, but in contrast to inhibition of cell adhesion, this required the
absence of serum®?. A year later, another study showed that coating plats with
galectin-8 promotes cell adhesion and migration and that this was partially inhibited
by serum proteins®”. These findings suggest that complex formation between
galectin-8 and serum components (serum glycoproteins) generates a matrix that
attenuates cell adhesion. Moreover, galectin-8 has been shown to promote cell
adhesion by binding to 1 integrin in activated T-cells and galectin-8 autoantibodies

produced in patients with systemic lupus erythematosus could block this process®'.

The galectin-8 binding of integrins, must at least in part, be due to the unique affinity
of the N-CRD for 2-3-sialylated galactosides. Indeed, one study showed that 1
integrins in the eye trabecular meshwork (TM), primarily carrying 2-3-linked sialic
acid, served as galectin-8N ligands (but not galectin-1 and -3) and promoted cell
adhesion”’. The pro- and anti-adhesive roles of galectin-8 might seem unorganized
and confusing. Generally, soluble galectin-8 negatively regulates cell-matrix
interactions while immobilized galectin-8 promotes cell adhesion by ligation of cell
surface integrin receptors. However, this is further complicated by the suggested

complex formation between galectin-8 and serum components.

Galectin-8 is the most frequently expressed galectin in cancer, found in 59 out of 61
tested human tumour cell lines of different origin®”. It is therefore feasible that the
anti-adhesive mechanism operates in tumours, and that tumour derived galectin-8
will augment the detachment of tumour cells and promote metastasis. Paradoxically,
overexpression of galectin-8 inhibits cell growth by promoting the accumulation of
the cyclin-dependent kinase inhibitor p21?%%. In view of these cytostatic effects, it is
an interesting question how the overexpression of galectin-8 observed in cancer could

benefit its progression.

Recently, galectin-8 (and galectin-3 and -9) was found to accumulate on damaged
S. Typhimurium bacteria-containing vesicles, by binding to exposed luminal
glycans®. By using siRNA to deplete galectin expression, Thurston et 4/ found an
enhanced proliferation of bacteria in cells lacking galectin-8, but not -3 and -9. This
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was caused by disruption of a galectin-8 mediated sorting mechanism that target
bacteria-containing vesicles to lysosomes for degradation. The exact mechanism is
unclear, but it seems like galectin-8N senses cytosolic host glycans exposed on
damaged vesicles and the C-terminal binds the autophagy receptor NDP52, that
directs the complex for lysosomal degradation. Interestingly, this finding may shed
some light on the observation that the intracellular targeting of galectin-8 is
determined by the unique fine specificity of the N-terminal CRD to 2-3 sialylated

galactosides™.
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Present investigation

Aim

It is without doubt that galectins play a key role in both health and disease. This is
primarily based on a variety of intriguing observations iz vitro and in vivo, in a
context where a particular galectin is absent, e.g. null mutant mice. These studies
however fail to provide a link between the galectin’s carbohydrate ligands and the
resulting biological consequence of the interaction with them. It is like flipping to the
last page of an Agatha Christie novel - to try to find out the ending. You will perhaps
find out who the murderer is but you will miss out on the rest. In this setting “the
rest” may conceal critical elements, such as potential drug targets and/or first-rate

biomarkers.

All the observed biological effects of galectins must depend on a match between the
structural context of the glycan in the particular glycoprotein and the fine specificity of
the particular galectin. Alterations in the glycosylation machinery during disease will
undoubtedly disturb this pairing and accordingly also modify the corresponding

biological effects. In this thesis we are trying to answer three questions based on this:
1. What is the molecular mechanism for the galectin fine specificity?

2. How is this related to biological function?

3. How is this related to disease?
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Molecular mechanisms of the galectin fine specificity

(paper I and IT)

Several approaches have been used to elucidate the mechanism of galectin fine
specificity, including frontal affinity chromatography®', glycan array’”® and
fluorescence polarization’. These methods differ considerably in some aspects, e.g.
how the glycans or galectins are presented (immobilized or in solution) and hence
may also generate slightly different binding constants. Moreover, while the first two
are powerful high-throughput tools that give an overview of the glycan specificities of

a lectin, they fail to provide detailed structural information of the interactions.

Fluorescence polarization is a more sensitive method for studying molecular
interactions in solution that does not require physical separation between the galectin
and its ligand. The method measures the movement of a fluorescently tagged
saccharide (probe) that is excited with plane polarized light. The following emitted
light is largely depolarized because the molecule rotates rapidly in solution during the
fluorescence event (the time between excitation and emission). However, if the
fluorescently tagged saccharide is bound to a much larger molecule (e.g. a galectin) its
effective total volume is increased, the rotation reduced and the emitted light becomes
less depolarized. In fluorescence polarization or anisotropy assays (polarization and
anisotropy is closely related and anisotropy is usually used to simplify calculations)
this relationship can be used to estimate the concentrations of bound and free probe
and in turn the affinity of the interaction. In detail, a dilution series of galectin is
added to a fixed concentration of the fluorescent saccharide probe followed by
excitation with plane polarized light. A binding curve can be generated by plotting
the anisotropy against the galectin concentration; the anisotropy will increase with
increased galectin concentration (if binding occurs) to finally reach saturation. The
position and shape of the curve will provide a good approximation of affinity. The
method can also be used for indirect binding studies, in which a non-fluorescent
ligand (e.g. glycoprotein) competes with the fluorescent probe for galectin binding.
The potency of the competing ligand to inhibit the galectin probe interaction

(reflected in the % bound probe) can be used to estimate the binding constants®®.
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We have previously exploited a combination of both glycan array and fluorescence
anisotropy (FA) to characterize the fine specificity of galectin-8 and its separate
CRDs. By combining the glycan array analysis, which simultaneously tests the
binding to a panel of surface bound glycans, with the solution based FA assay that
delivers affinity constants and binding mode, we achieved an in depth analysis of
galectin-8’s binding specificities’>. Here (paper I), we use a similar approach for a
comprehensive analysis of the galectin-3 fine specificity. From this we could confirm
that galectin-3 displays a broad fine specificity with a clear binding to representatives
of three structural groups (Galf1-4GlcNAc, Galf1-3GlcNAc, Galp1-4Glc but not
GalB1-3GalNAc) in site C-D as well as evident binding to all representative groups
extending into site B (sulfate-3, NeuAco2—3, GalNAcal-3, Galal-3, GIctNAcB1-3).
I an attempt to gain an even more detailed analysis of the galectin-3 fine specificity,
we produced 10 mutants of human galectin-3, with changes in or near site B-D and
tested their binding. In this way we managed to fine tune the binding specificity of
galectin-3, i.e. alter carbohydrate-binding fine specificity while retaining the basic B-

galactoside binding activity.

The most striking consequence was the specific loss of affinity for the galectin-3
preferred saccharide LacNAc (Galf1-4GlcNAc), when substituting Argl86 to Ser or
Ile (R186S and R1861). Notably, their affinity for lactose was only slightly reduced,
thus giving these mutants a more galectin-8N like binding profile (prefering lactose
over LacNAc). This was quite reasonable since galectin-8N has an Ile instead of an
Arg at this position. Correspondingly, a mutation in site B, shifting the Ala146 to a
Glu (A146Q) as found in galectin-8N, retained the affinity for the 2-3-sialylated

galactosides while it decreased binding to all other tested glycan structures.

Replacing the Lys176 with a Leu (K176L), also in site B, indeed fine-tuned the
specificity; while it lost affinity for NeuAc substituted galactosides, it gained affinity
for GIcNAcB1-3-substituted galactosides, commonly found in poly(LacNAc)
structures. The fine specificity of the KI176L mutant resembles that of
Xenopus galectin-3, which has the Lys replaced with a Met, giving some insight in the
species specific sequence differences most likely caused by an adaptation to recognize

encountered host or pathogen glycans.
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From this it is apparent that subtle variations in the CRD significantly alter the
specificities of galectins for glycan epitopes, but how does this reflect their binding to

endogenous ligands?

A simple and powerful method for purifying binding partners is affinity
chromatography. In this technique, the protein of interest, e.g. a galectin is
immobilized on an affinity support, e.g. NHS-activated Sepharose. Ligands from a
mixture of biomolecules, such as serum, will non-covalently interact with the
stationary phase and be retained. These can then be eluted with a competitive ligand
(lactose, in the case of galectin) and be used for further analysis, e.g. MS for
proteomics. Affinity chromatography has proven to be a highly suitable method to
evaluate galectin specificity for natural ligands, since it selectively separates and
collects the bound and unbound glycoproteins. In combination with a method like
MS, a vast number of ligands can be identified, but equally important, it provides the
possibility to study differences between binding and non-binding glycoforms in

biological systems, as discussed later.

We earlier used affinity chromatography to identify endogenous galectin ligands in

serum?'®.

From this we could conclude that the multifaceted specificity of galectin-3
also is evident when it comes to recognition of serum glycoproteins. Galectin-3 binds
approximately 50% of all glycoproteins in serum, whereas galectin-8 and especially
galectin-1 binds a smaller fraction of a more restricted set. The identities of these
imply that galectin-3 binds primarily N-linked glycans, as it binds all of the heavily
N-glycosylated 0-2-macroglobulin, but very little of the O-glycosylated IgA. Most
likely, galectin-3 selects glycoproteins in serum based on at least one available LacNAc
residue (free or 2-3-sialylated), probably on the third antennae of triantennary
glycans, as suggested for galectin-3 binding of transferrin (paper V). As discussed
earlier, a larger number and more branching of N-glycans were shown to increase

galectin-3 binding to cell surface receptors'®

, further supporting this theory.
Generally, recognition of LacNAc seems to be required for galectin-3 binding of
endogenous ligands, since the R186 mutant which has lost this affinity, does not bind
any serum glycoproteins®®. In contrast, the presence of terminal 2-3 sialic acids seem
to be irrelevant for galectin-3 binding, as removal of sialylations generated only an
additional 4% of galectin-3 binding transferrin (paper II). Together this suggests that
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the multifaceted specificity of galectin-3 enables it to recognize most N-glycosylated
glycoproteins, stipulating that they carry at least one triantennary N-glycan with an
available LacNAc.

It is obvious that galectin-1 and galectin-3 differ significantly in their recognition of
glycans, as demonstrated in their binding to serum glycoproteins. Both recognize
poly(LacNAc), but while galectin-3 is capable of binding internal poly(LacNAc),
galectin-1 only recognizes the terminal LacNAc. Substituting Val32 in site B of
galectin-1 with an Ala (as found in galectin-3) opens the ability to bind the
GIcNAcB1-3  substituted galactosides found in internal poly(LacNAc) glycans.
However, this mutation did not alter the binding to serum glycoproteins. Hence,
most of the binding of galectin-1 to serum glycoproteins is not mediated by
poly(LacNAc), which was as expected, since as discussed above, poly(LacNAc)s have
not been reported among human serum N-glycans. This signifies that the binding of
galectin-3 to its unique ligands, such as transferrin, must be due to other binding
features. Sialylation could be an explanation, since galectin-3 tends to bind these
structures better (galectin-3 but not galectin-1 binds the considerably sialylated
glycoprotein fetuin). Still, similar to galectin-3, galectin-1 tolerates, but does not
require terminal 2-3 sialylations for binding of serum glycoproteins (paper II), leaving
the mechanisms of the different recognition of glycoproteins between the two

galectins unanswered.

Despite its generally low affinity for most serum glycoproteins, galectin-1 binds
almost all a-2-macroglobulin and approximately one-third of all serum IgM and
haptoglobin. As pointed out above, an a-2-macroglobulin molecule should
statistically display several promising galectin binding sites and hence also bind
galectin-1. The same applies for IgM and haptoglobin which both tend to form
higher-order multimers, giving rise to a substantial number of N-glycosylation sites.
Glycan analysis of galectin-1 bound haptoglobin revealed that the major recognition
site for galectin-1 is a triantennary N-glycan directed away from the suggested
binding sites for haemoglobin. As the interaction with galectin-1 is mainly
monovalent, interaction of one galectin-1 CRD with this haptoglobin N-glycan is
probably sufficient for binding, leaving the other open for interaction with cellular
glycoproteins involved in the function of haptoglobin.
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The major discrepancy between serum ligands of galectin-1 and galectin-8 is that
galectin-8 binds IgA instead of IgM. IgA carries mainly O-glycans and approximately
one-third of these contain the galectin-8N favored NeuAco2-3GalB1-3GalNAc and
an equal amount of IgA also binds galectin-8N. An additional one-third of the IgA
O-glycans includes uncapped GalB1-3GalNAc, not sufficient for galectin-8N
binding, since the binding of galectin-8N to serum glycoproteins depends on the
presence of 2—3-sialylated galactosides (paper III). Galectin-8 binds a significant but
variable (unbiased of disease) fraction of haptoglobin, ranging from 20-50%
depending on the source (pooled purified haptoglobin or haptoglobin analyzed
directly from serum). Notably, this is a largely different fraction of haptoglobin
glycoforms compared to galectin-1, suggesting that these two galectins recognize
separate glycosylation features of this glycoprotein (paper IV). However, the N-
glycans on galectin-8N binding haptoglobin does not appear to contain any
identifiable characteristics that could account for this discrepancy. One plausible
explanation for this would be that galectin-8 recognizes O-glycans, but nearly all
studies have neglected or ruled out the existence of these on haptoglobin.
Nevertheless, at least two recent studies have reported the presence of O-glycans on

haptoglobin®® % which might clarify this issue.

From the above it is apparent that galectins are able to bind a large and diverse set of
glycoforms and it is highly conceivable that these interactions must have functional
consequences. Even if these interactions must occur in serum itself, it is doubtful that
these are physiologically relevant since the concentration of galectin is relatively low
compared to its ligands (more than a thousand-fold, for either of the main bound
glycoproteins). However, as serum glycoproteins encounter circulating immune cells
and erythrocytes, or surrounding endothelial cells, all with considerable amounts of
galectins, these interactions may well be functionally relevant. In fact, the estimated
steady-state concentration of most serum proteins in tissue is as high as half of that in
serum itself?®®, providing suitable binding partners for the tissue abundant galectins.
Indeed, several of the serum glycoproteins, such as haptoglobin, also have functions

outside the circulation by interaction with tissue cells*®’.
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Biological function of the galectin fine specificity (paper I,

II and V).

Given that galectins are present both inside and outside cells, their biological
functions are a result of intracellular and/or extracellular effects. Extracellularly,
galectins can bind to cell-surface and ECM glycoconjugates to modulate cell
adhesion, proliferation or apoptosis (discussed repeatedly in the previous section).
They are also capable of activating NADPH-oxidase in primed neutrophils, causing
the production of reactive oxygen species (oxidative burst) critical for innate
immunity*'> ?7°. While the fine specificity appeared to be of minor importance for
galectin-8 activation of neutrophils, the galectin-3 fine specificity seems decisive in
this context. Both galectin-3 mutations in site D, R186S and R186I, were incapable
of cell surface binding and activation of neutrophils (paper I). Similarly, another
study showed that the R186S mutant failed to attract neutrophils as well as promote

771, suggesting that galectin-3 requires its

macrophage clearance of apoptotic cells
preference for LacNAc for its innate immune functions. The most potent neutrophil
activators were mutants with the K176L substitution, suggesting that binding of
GIcNACP in site B is decisive, while sialylations seemed to be of minor importance.
Overall the ability to accommodate GIcNAcP in site B correlates best with the ability
to activate neutrophils, suggesting binding to cell surface poly(LacNAc) structures

(paper I).

Several of the regulatory roles of galectins involve their role in guiding intracellular
traffic of glycoproteins” ' 7°. We have previously shown that the fine specificity of
galectin-8 determines its intracellular trafficking after endocytosis®® and galectin-3
recognition of LacNAc is required for apical sorting of glycoproteins™.
Correspondingly, we found that binding to LacNAc was essential for galectin-3 entry
into vesicles and that a more subtle modification in fine specificity could significantly

alter the intracellular trafficking of galectin-3 (paper I).

Intracellular sorting of a number of glycoproteins is a critical process and disruption
of this could have severe consequences, e.g. the I-cell disease”. Several of the serum

glycoproteins recognized by galectins have important functions after uptake into
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tissue cells, such as iron delivery by transferrin®” or haemoglobin scavenging by

3. Considering that transferrin is a highly glycosylated protein and its

haptoglobin
endocytosis has been extensively studied, it is surprising that no effort has been made
to find a function of its glycans in this process. Here (paper V) we show that galectin-
3 binding and non-binding glycoforms of transferrin are sorted to different
endosomal compartments and with diverse kinetics. The galectin-3 binding
transferrin utilizes a shorter and faster route of recycling and shows a distinct overlap
with endogenous galectin-3, verifying an important role for this lectin in the sorting
machinery. Indeed, in cells lacking galectin-3 no difference in intracellular
localization could be observed. It has previously been shown that in the absence of
endogenous galectin-3, exogenously added galectin-3, can “rescue” its function both

74 and in vivo™. Likewise, in our study galectin-3 deficient cells could acquire

in vitro
the ability for diverse intracellular sorting of these glycoforms when treated with
exogenously added wild type galectin-3, but not with the R186S mutant. To our
knowledge this is the first report of a functional role for transferrin glycans in

intracellular trafficking after uptake.

A relatively large fraction of haptoglobin binds galectin-1 (30 % compared to the 5%
of galectin-3 bound transferrin) and as discussed in the next section this goes up in
cancer. In order to study a possible biological consequence of this interaction, we
studied the uptake of haptoglobin into alternatively activated macrophages (M2
macrophages) in complex with haemoglobin (paper II). The major function of
haptoglobin is to capture free haemoglobin (Hb) released in the circulation during
haemolysis, resulting in clearance of potentially oxidative and toxic iron groups that
haemoglobin contains. This complex can subsequently be taken up by M2
macrophages through haptoglobin binding to CD163°”. We show that the
interaction of haptoglobin with galectin-1 becomes decisive in this process, as
galectin-1 binding appears to divert the complex from lysosomal degradation, and
instead targets it to galectin-1 positive vesicles with a so far unknown function. To
reveal the identity of these vesicles, further studies are needed, but it is liable to
suspect that they carry out some sort of protein recycling. Nevertheless, it is clear that,
under healthy conditions one-third of all haptoglobin involved in haemoglobin
scavenging carry N-glycans recognized by galectin-1 and this recognition may

determine its intracellular faith after uptake into tissue cells. Since galectin-1 is highly
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" and one of the main

abundant in macrophages, especially the M2 phenotype®

functions of these cells is to remove free haemoglobin, it is feasible that this

interaction actually occurs 72 vivo.
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Figure 9. Schematic illustration of selective intracellular targeting of glycoproteins based
on galectin interactions. Intracellular sorting of certain glycoproteins after uptake appears to
be determined by galectin interactions. Endocytosed glycoproteins most likely enter galectin
containing vesicles accumulated in approximity to the cell surface. Here they appear to be
subjected to a galectin selection process in which glycoforms recognised by galectins are
targeted to different intracellular compartments than unrecognized glycoforms.

Galectin fine specificity in relation to disease (paper 11, I1I,
IV).

There is ample evidence linking galectins to inflammatory and malignant conditions.
Numerous of these are based on addition or removal of the galectin in question,
resulting in a disease phenotype. Others are based on novel observations in
“naturally” developed diseases, commonly signified by an increased expression of one

or more galectins. Together this suggests that the increased amounts of galectins must
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recognize and alter the function of aberrantly glycosylated glycoproteins important for
the disease process. Indeed, it has been shown that glycosylation changes of specific
glycoproteins are advantageous to the disease; as a result of altered galectin
recognition (e.g. prolonged residence time of growth receptors). This may explain
some of the diverse effects observed for galectins, but it does not provide a direct link
to disease. Serum contains an enormous pool of glycoproteins, which are known to be
altered in disease. A number of these disease associated changes may increase galectin
binding (e.g. increased branching in cancer) or decrease binding (e.g. degalactosylated
IgA in IgA nephritis). Based on the previous section these may provide the basis for a

new type of functional biomarkers.

Galectin-1 has previously been proven to bind a small selective group of serum
glycoproteins (a-2-macroglobulin, IgM and haptoglobin). This makes it highly
suitable to detect disturbed glycosylation of any of these as a result of disease. The
characteristic increased glycan branching seen in cancer may very well give rise to
increased galectin-1 binding of these glycoproteins. Indeed, by subjecting sera to
affinity chromatography using immobilized galectin-1 we found that serum from 25
metastatic breast cancer patients contained approximately twice as much galectin-1
binding serum glycoproteins compared with healthy individuals (paper II). This was
mainly due to an increase of galectin-1 binding haptoglobin, which increased from on
average 30% in healthy sera to about 50% in cancer sera, probably due to increased
proportion of additional antennae with less terminal sialic acids. In contrast, galectin-
1 binding to IgM actually decreased in cancer (from 37% in healthy to 28 % in
cancer patients). Despite that further studies are needed to fully evaluate the potential
of galectin-1 binding glycoforms as a cancer biomarker, it is at present clear that the
method has the capacity to discriminate breast cancer patients from healthy controls.
Individually, the galectin-1 binding concentrations of haptoglobin and IgM gave an
AUC value of 0.90, and using the ratio of these improved the AUC to 0.95, which by
far exceeds several of the currently used biomarkers for breast cancer. Certainly, this
study compares late stage metastatic cancer patients with healthy controls which are at
the far ends of the disease spectrum. For the limited number of patients studied here
no correlation with treatment or disease severeness (i.e. number of metastatic lymph
nodes) was found. Moreover, there is a trend that patients with larger primary

tumours have more galectin-1 binding glycoproteins, suggesting that small primary
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tumours at the early stages of cancer development may not alter the serum glycome
significantly enough for detection with this method. To evaluate this, future studies
need to include different stages of cancer development, especially early, and also

patients with benign tumours.

Several pieces of evidence suggest that abnormally O-glycosylated IgA plays a key role
in the pathogenesis of the relatively common disease IgA nephritis. This is probably
due to a galactosyltransferase imbalance in the IgA producing B cells, leading to
decreased formation of GalP1-3GalNAc and the consequent lack of galactose in turn
prevents further addition of NeuAca2-3. This should in theory reduce the binding of
IgA to galectin-8N. To address whether altered glycosylation of IgA would lead to an
altered binding to galectin-8N, we subjected 100 sera from IgA nephritis patients, 92
sera from patients with other histological patterns of glomerulonephritis and 20 sera
from healthy controls to affinity chromatography with immobilized galectin-8N
(paper III). As expected we found that the IgA in patients with IgAN have reduced
binding to galectin-8N. However, since IgA nephritis patient’s sera contain
significantly more total IgA, this is not a result of decreased amounts of galectin-8N
binding IgA but rather an increase of galectin-8N non-binding IgA. This decrease in
galectin-8N binding was also associated with disease severity; a low ratio of galectin-
8N bound/unbound IgA leads to faster disease progress. Intriguingly, the galectin-8N
binding fraction of serum glycoproteins other than IgA was significantly higher in the
IgAN cases. These glycoproteins are derived from different sources than IgA, e.g.
haptoglobin is mainly secreted from hepatocytes, suggesting that the disease have cell
specific effects on the glycosylation machinery. Notably, this is not a general feature
of chronic inflammation, since this increase in galectin-8N binding is not seen in
other forms of glomerulonephritis. Hence, it appears as if a substantial proportion of
plasma cells, but not all, overproduces galactose deficient IgA molecules in IgA

nephritis and that this is a result of a cell specific alteration of glycosylation.

As discussed above, galectin-1 and galectin-8 recognize not only different

glycoproteins, but also different glycoforms of the same glycoprotein. Consequently,

it is feasible that this may be reflected in the detection of disease associated

glycoforms. To evaluate this, a number of breast cancer sera from paper II were

subjected to affinity chromatography with immobilized galectin-8N and a number of
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IgA nephritis sera from paper III were subjected to affinity chromatography with
immobilized galectin-1 (paper IV). We found that the levels of the different
glycoforms recognized by galectin-1 and -8 change in opposite direction with disease.
Most striking was that cancer appears to significantly decrease binding to galectin-8N,
partially due to a reduced yield of haptoglobin, but also other glycoproteins must
contribute. Using the ratio of the galectin-1 bound/galectin-8N bound glycoforms
showed a remarkable correlation (increase) with cancer and displayed an AUC of
0.98, and hence equal to combined data from multiple (>6) biomarkers reported””.
Moreover, this appears to be unbiased of inflammation since this ratio moves in the

other direction, i.e. decrease, in IgA nephritis patients.

Concluding remarks

Because of their wide range of important biological activities, galectins are enigmatic
in terms of identifying a central physiological function, if only one exists. Their role
in intracellular guidance of glycoproteins shown here emerges as a feasible explanation
for these multifaceted activities. Several human diseases are due to defects of

¢, hence altered sorting of some of the major serum

intracellular trafficking”
glycoproteins found here almost certainly will have a physiological impact. Even a
seemingly trivial increase in galectin binding to one of these, e.g. 20 percentage
points, renders a substantial amount of protein (0.1-1 mg/ml), far beyond that of the
common cancer-associated and functionally relevant mucins (5-100ng/ml).
Moreover, this effect will be boosted even further since increased numbers of galectin-
1 ligands found in cancer sera will encounter increased numbers of galectin-1 in the
tissue cells, since the latter is a feature of most cancers. Such increase in both ligand
and receptor is most likely not circumstantial, but instead coordinated to benefit the
tumour. At first glance, it is puzzling how these concerted actions could promote

tumour progression, but evasion of lysosomal degradation by a considerable fraction

of a pro-angiogenic protein, such as haptoglobin emerges as a conceivable hypothesis.
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